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Abstract

:

With the rising awareness of environmental responsibility in industrial production, a series of recovery strategies have been developed and play different roles in achieving sustainability. In this study, we examine when quality recovery, low-end recovery, and hybrid recovery result in a win-win outcome where both profitability and environmental performance can be improved for a durable product manufacturer. We develop a game-theoretic model to analyze the manufacturer’s payoffs under different recovery strategies. A secondary market where used products can be resold among consumers is also considered. We obtain the results by comparing the profitability and environmental impact under each recovery strategy. Hybrid recovery causes both synergy and a contradiction effect between quality and low-end recovery. It always improves the win-win outcome of low-end recovery and it can also improve the win-win outcome of quality recovery under a high recovery standard when the recovered value is not too high. The technology improvement only achieves environmental sustainability under sufficient stringent recovery standard, otherwise, it may backfire and deteriorate the environment. We offer insights for the policymaker to understand the role of the recovery standard in achieving the win-win outcome and the importance of setting a proper recovery standard in achieving environmental sustainability.
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1. Introduction


The growth of industrial production and over-consumption caused by humans is intensifying the resource shortage and environmental burden of waste. With the rising awareness of environmental responsibility in industrial production, product reuse has been widely accepted as a green strategy to alleviate these crises [1,2]. Product recovery is a general term of product reuse, through which the after-use product is collected and processed by firms in an environmentally friendly manner. This process keeps a product (or part of it) in useful condition for a longer time before it turns into waste, further reducing the need for production materials and the generation of waste [3]. Today, product recovery has been widely adopted by companies to enhance their profit margin, competition edge, as well as enterprise images [4].



With the popularity of product recovery, different ideas and strategies have been shown in the practice of product recovery in achieving the goal of reuse. With the major concern of how to reuse the collected components, the recovery strategy can be grossly classified into quality recovery and low-end recovery. Specifically, under quality recovery, manufacturers terminate the service life of the high-quality used product and produce new products using its components. This strategy is typically adopted by Xerox Copier, who recovers the high-quality materials in old devices to make new products [5]. While under low-end recovery manufacturers prolong the service life of used products as low-end substitutes after being repaired, refurbished, or remanufactured [6]. This strategy is typically adopted by Patagonia, an outdoor apparel firm who encouraged consumers to repair their products instead of discarding them by offering free repairs [7].



Although product recovery is designed to improve the environment and profit at the same time, recent studies show that some recovery strategies may be not environmentally superior under certain circumstances. Gutowski et al. show that if the use impact of remanufactured product is high it may negate the benefit of resource saving during production [8]. Besides, the legislation may also affect the remanufacturing decision and lead to unexpected environmental outcomes [9]. Considering the differentiation of recovery strategies, it is important to understand which recovery strategy is better in obtaining both the profitable and the environmental outcome, i.e., achieving the win-win outcome. To investigate this problem several important factors need to be captured.



Where to collect the used product is a major concern in the recovery process. Quality recovery usually requires a high-quality standard for the collected products, therefore, the time span that a product has been used before recovery is a critical factor for determining which recovery strategy the manufacturer can adopt [10]. If a product has not been used for too long and still contains much residual value, it is more likely to satisfy the requirement for quality recovery. As Xerox adopts a leasing model, they can always recover the copiers in time before the key components become too old to be used in quality recovery [11]. On the contrary, as the components of end-of-life product are usually old and worn out, they are only suitable for low-end remanufacturing or refurbishing. It is interesting to investigate whether these differences impact the optimal choice of recovery strategy.



Another factor that complicates the choice of recovery strategy is product reselling. In a durable good market, the recovery is significantly affected by the reselling of used product in the secondary market. Especially, the emergence of P2P online reselling platforms has simplified the reselling process of used products between individuals [12]. For example, Patagonia launched an online marketplace that allows consumers to swap used product amongst each other [7]. The influence is presented in the following ways. First, core collection becomes more difficult because consumers have an alternative way to exchange their used product for money. Thus, the manufacturer needs to pay more to buy back the used product, which means, even if a trade-in strategy is applied, the rebate needs to be more attractive to consumers. Second, the remanufactured product also competes with the used product in the secondary market, which impairs the profitability of low-end recovery. As this phenomenon is getting more common today, the choice of the optimal recovery strategy is becoming more unclear.



For regulating the environmental performance of recovery activities, the recovery standard plays the most significant role. Although the recoverable part of the used product can be reused through the recovery, it is still costly to reduce the environmental impact of the unrecoverable part. This situation leads to irresponsible recovery. When recovery technology is only driven by profit, the increase of the recovered value is more important than removing the negative environmental impact, which may lead to unfavorable consequences. So, as to regulate the environmental performance of recovery activities, the government and policymaker should carefully set the recovery standard to guarantee the environmental improvement of the recovery. Thus, we consider the recovery standard as a crucial lever to help firms achieve the win-win outcome as well as the sustainable environmental improvement.



In this study, we develop a stylized model to analyze the manufacturer’s optimal choice of recovery strategy. We consider that the manufacturer can adopt quality recovery, low-end recovery, or both to optimize his profit considering a secondary market, which allows consumers to resell used products. Our goal is to understand the role of different recovery strategies in achieving both profitable and environmental outcomes as well as the role of the recovery standard in guaranteeing the environmental improvement, with respect to the development of recovery technology. We first analyze the profit and environmental impact of the two pure recovery strategies. We model the competition of new products, used products, and remanufactured products, in which the manufacturer decides the production and recovery quantity. Firstly, we compare the two outcomes under these recovery strategies and discuss the win-win condition under the pure recovery strategy. Secondly, we analyze the feasibility and feature of hybrid recovery and verify whether it is able to achieve win-win improvement, compared to pure recovery strategies. At last, we discuss the proper recovery standard under which the manufacturer can achieve a win-win outcome and sustainable environmental improvement by enhancing recovery technology. Specifically, we primarily provide insights into the following five questions:

	
What are the conditions in which each recovery strategy is optimal?



	
Why is hybrid recovery a feasible strategy for the manufacturer?



	
What are the conditions in which each recovery strategy leads to win-win outcome?



	
How does the recovery standard influence the realization of the win-win outcome?



	
How does the development of recovery technology influence environmental sustainability?








The rest of this paper is organized as follows: In the next section, we introduce the related literature and demonstrate our main contribution. In Section 3, we present the assumption and model construction process for each recovery strategy and obtain the inverse demand function. In Section 4, we analyze the optimal pure strategy and the win-win condition. In Section 5, we analyze the hybrid recovery strategy and the condition in which it can improve the win-win outcomes. In Section 6, we extend our conclusion to the case where the consumer values used products and remanufactured products differently. In Section 7, we summarize our core conclusion and introduce the remaining problems which could be addressed in the future.




2. Literature Review


This paper is closely related to following three streams of literature: Reverse logistics, durable goods, and environmental sustainability operations. In this section, we review the studies in each stream that are most related to our research and demonstrate how our research makes an extension based on them.



2.1. Reverse Logistics


The problem of recovery mainly stems from reverse logistics literature, which has been extensively studied by researchers from a variety of directions. Our study covers two main recovery strategies, quality recovery and low-end recovery.



For quality recovery, Atasu and Souza provide a definition for quality recovery, under which certain quality-inducing components that can be used, after some reprocessing, in the production of new products [3]. The quality-inducing components can be obtained through the product design for high efficiency reuse [13,14]. From the perspective of the OM (Operations Management) problem, Atasu and Souza examine the impact of quality recovery, profitable material recovery, and costly recovery on firms’ product quality choice [3]. Ferrer and Swaminathan investigate a firm who used returned cores to rebuild remanufactured products and new products at the same time [15]. Toktay et al. investigate the inventory problem of a type of remanufactured product that’s used products are recovered, processed, and sold as new products [16].



Low-end recovery is more frequently studied. Low-end recovery refers to refurbishing or certain types of remanufacturing under which end-of-life products are recovered and the recovered product has a lower relative willingness-to-pay than new product [17]. Given the lower product quality and lower consumer’s valuation, the low-end remanufactured products are extensively studied by researchers. Debo et al. discuss the impact of technology choice on the decision of introducing a remanufacturing strategy in a market with heterogeneous consumers [18]. Atasu et al. investigate the impact of the collection cost structure on the optimal reverse channel choice of manufacturers [19]. Wang et al. compare the remanufacturing performance under in-house and outsource strategies, considering the role of uncertain quality, cost structure, and power structure [20]. Yan et al. examine the optimal pricing problem when a firm sells new and remanufactured products at the same time under make-to-order and make-to-stock policies [21]. Esenduran et al. explore the effect of take-back regulation on several key factors of remanufacturing, including remanufacturing levels, consumer surplus, and profits [22]. Yang et al. examine the impact of cap-and-trade policy on dual-channel supply chains with remanufactured products [23]. Mutha et al. investigate the raw material acquisition strategy, considering the uncertain quality levels of remanufactured cores [24].



It is noteworthy that there is little research that addresses the selection of recovery strategy in the OM field, thus we intent to fill this gap. In this paper, we focus on comparing quality recovery, low-end recovery, and hybrid recovery strategies, which are different in the source of recovery materials and the quality of recovered product. We also consider the environmental impact as the dimension of comparison and focus on the win-win condition, where both outcomes are optimal. Instead of addressing how to run a sustainable product recovery, we point out that choosing the right recovery strategy is also crucial to achieve better outcomes for sustainability.




2.2. Durable Product


The literature of durable products is also closely related to our research. Several researchers extensively investigate durable economics in multiple aspects. Desai and Purohit investigate the role of durability on the optimality of leasing and selling strategies in a durable product market [25]. Ray et al. investigate the role of durability, returned revenue, age profile of existing products, and trade-in strategies for the pricing of durable product [10]. Koenigsberg et al. propose a framework for examining how a profit-maximizing firm might choose the usable life, physical life, and selling price of a durable good [26]. Yin et al. investigate a case where an electronic peer-to-peer (P2P) second-hand market and a used product retailer compete with new products [27]. Bhaskaran and Gilbert examine the interactions between channel structure (direct selling vs. intermediary) and mode of operations (leasing vs. selling) and design durability [28]. Pilehvar et al. study online liquidation markets, which are used for reselling older but functional IT equipment [29]. Oraiopoulos et al. develop a durable good model to examine the case where OEM (Original Equipment Manufacturer) can directly control the resale value through a relicensing fee for the refurbished product [30]. He et al. examine the durable good manufacturer’s optimal group selling and discuss how the product and consumer characteristics interact to affect the group selling decision [12]. Tian et al. investigate the role of online marketplaces that directly connect sellers with buyers and explore its potential in mitigating the double-marginalization effect under cost sharing [31].



However, few studies have involved recovery strategy in durable product market. In this paper, we consider that a secondary market is comprised of used product and low-end remanufactured product and each recovery strategy has different influences on each type of product. Thus, the manufacturer can choose different recovery strategies to influence the secondary market differently. We involve a specific recovery process integrating durable product and the recovery process and we also involve trade-in in the process of quality recovery. This also forms the competition in the secondary market among trade-in, reselling, and remanufacturing at the same time.




2.3. Environmental Sustainability Operation


There are emerging researches that focus on environmental sustainability problems that consider environmental performance as a major concern. Drake and Spinler point out the drivers underlying sustainability as a management issue [32]. Agrawal et al. introduce the current trend of the circular economy movement in practice and point out several open questions inspired by four sample companies [7].



Driven by the goal of establishing the circular economy, a growing amount of literature has begun to study problems considering both profitability and environmental impact. Avci et al. study an electric vehicle’s adoption problem with battery charging and battery switching mode and both the profit and the environmental impact are compared [33]. Qi et al. focus on new logistic planning, which incorporates ride-sharing and last mile logistic services, and discuss the economic benefits and environmental implications [34]. Lim et al. investigate the impact of range-anxiety and resale-anxiety on the profitability and environmental impact, under the selling and leasing model, respectively [35]. Belavina et al. compare the financial and environmental performance of the per-order model and the subscription model for an online groceries retailer and the environmental performance is leveraged between food-waste emissions and logistic emissions [36]. Agrawal and Bellos study the profitability and environmental impact of selling, servicing, and the hybrid model, with respect to the pooling effect [37].



Our research is similar to the studies that aim to achieve a win-win strategy considering profit and the environmental optimum at the same time. Agrawal et al. compare the profit and the environmental impact of leasing and selling and investigate if there is a win-win condition considering the impact of disposal cost [38]. Örsdemir et al. consider the comparison between the selling and the servitization model. They analyze the impact of durability design, the consumer’s preference on the optimal strategy, and investigate the win-win-win strategy on profit, environmental impact, and consumer surplus [39].



Our research is different from these studies based on the following aspects. First, we choose a different angle, which involves two different recovery strategies and their hybrid strategy for comparison. Second, aside from comparing the environmental impact, we also consider the role of the growth of recovery technology. At last, we discuss the role of the recovery standard in obtaining the improvement of both outcomes. We aim to conclude with an effective intuition for the policy-maker that suggests how to set a proper standard for the recovery process in order to guarantee the sustainability of environmental improvement.





3. Assumption and Model Development


We consider a profit-maximizing manufacturer who produces and sells a single type of durable product. According to the recovery strategy in the market, we investigate a single product with four versions in the market, i.e., new product, used product, remanufactured product, and end-of-life product. Note that in our study, we consider the remanufactured product as the outcome for low-end recovery. We develop a discrete-time, dynamic sequential, and infinite-horizon game model to analyze the operational dynamics between the manufacturer and the consumer. The time periods are indexed by the superscript t≥0. The subscripts Q,L,H denote quality of the recovery model, the low-end recovery model, and the hybrid model, respectively, where j∈{Q,L,H}. The symbols and notations are given in Table 1.



3.1. Product and Consumer’s Valuation


We assume that a monopolist manufacturer produces a single type of durable product, with marginal cost c. Each new product has a limited two-period lifespan, which is new during the first period and is used during the second period. After two-periods of use, we refer to the product as an end-of-life product that has no use and should be removed from the market, if not being remanufactured. We use the superscripts n,u,eol as new, used, and end-of-life product. If the end-of-life product is processed through low-end recovery, it will have an additional functional period and can be resold to consumers in the secondary market. We denote remanufactured product with the superscript r.



We assume that the market size is constant over time and is normalized to 1, which not only includes new product market but also secondary markets. Consumers are heterogeneous in their willingness-to-pay, θ, for using a new product. We assume θ is uniformly distributed in [0,1] and each consumer is indexed with their type θ. All consumers can only use one product in each time period.



The secondary market contains used product and remanufactured product. Considering that the usage of the product depreciates with time, we denote the durability of the product as δ∈(0,1], where used product keeps a fraction, δ, of the valuation from a new product. The consumer with type θ has a willingness-to-pay of δθ for used product. A similar setting is adopted in Desai and Purohit [25] and Agrawal et al. [38]. Analogously, as the remanufactured product is the low-end substitute for a new product, consumers usually have less willingness-to-pay than for a new product. We denote δrθ as the willingness-to-pay for remanufactured products, where δr∈(0,1] denotes the relative valuation of remanufactured products with respect to new products. When δ and δr are closer to 1, they are better substitutes for new products and the competition between new products and secondary market is more severe.



The relative willingness-to-pay for used and remanufactured products can be affected by numerous factors. Remanufactured products may have a better quality guarantee from the manufacturer through the sophisticated recovery process and testing while it is still made of components of the end-of-life product, therefore consumers usually hold on to the image that they are made of lower quality materials. As for used products, some consumers may consider that they have a better quality than remanufactured products because they are still the formal version of a product, even if they are old. Additionally, it also depends on the use habits of its former owner. Some used products can be in perfect condition because of elaborate protection and cautious use by the previous owner, while some used products may be overused and in poor condition.



In this paper, for compromising these conflicting comments as well as the tractability of the problem, we primarily analyze the special case where used products and remanufactured products are assumed to pose the same expected willingness-to-pay from consumers, i.e., δ=δr, such that consumers cannot differentiate the actual usage and quality between used products and remanufactured products, only knowing an expected utility for the use of them, i.e., δθ=δrθ. It is similar to Esenduran et al., who assumes the willingness-to-pay for independent remanufactured products and in-house remanufactured products is the same in the competitive secondary market [22]. This simplification will not affect our structure results and we will further discuss the case where consumers value these two products differently in Section 6.



In each period, t, there are four types of products for sale in the overall market. The manufacturer sells new products to consumers at price pnt, while he also offers a trade-in service where that new product is sold at a lower price, ptdt, for the consumer who returns their used product to the manufacturer. At the same time, used product and remanufactured products are both provided in the secondary market, which is chosen by consumers with a lower willingness-to-pay at price put and prt, respectively. Used products are resold by consumers and remanufactured products are sold by the manufacturer. As we assume δ=δr, used products and remanufactured products pose the same willingness-to-pay from consumers, therefore, under the market clearing condition, the price should satisfy put=prt.




3.2. Recovery Strategy


The manufacturer’s decision for choosing a recovery strategy depends whether a used product or an end-of-life product is recovered and which type of product should appear in the secondary market. In what follows, we introduce the production, selling, and recovery flow for quality recovery, low-end recovery, and hybrid recovery, respectively. The details and process of each model are illustrated in Figure 1.



3.1.1. Quality Recovery


Under quality recovery, the manufacturer only sells new products to consumers and collects used products through trade-in. The components of used products are recovered into perfect condition and reused in the production process of new products. In this process, used products are first disassembled into components and then filtrated [40]. Useful components that are still in good condition can be reused in the production line or for after-sale service, after professional refurbishing and testing. This reduces the production and operational costs for the manufacturer. We denote the recovered value extracted from a used product as a fraction, h of the production cost of a new product c, where h∈(0,1). If h is high, the manufacturer can extract more value through the recovery and can make it cheaper to produce a new product. Note that using recovered components or new components to produce new products does not make any difference to user experience. Therefore, the manufacturer sells them at the same price, pnt. We denote the demand for new products, used products, and the quantity of trade-in products as qnQ, quQ, and qtdQ, respectively.



This process is similar to quality recovery proposed by Atasu and Souza [3], where end-of-life products are recycled in a more sophisticated process, which can be considered as higher-end remanufacturing. The difference in our model is that we take the used product as the only source of quality recovery, rather than an end-of-life product. The reason is that used products are not used for too long a time from production, therefore, the components do not depreciate too much and are also easier and cheaper to recover to a new condition. However, end-of-life products often depreciate too much and are too costly to be recovered to new condition. This setting is closer to the way that manufacturers differentiate from the source for recovery.




3.1.2. Low-End Recovery


Under low-end recovery, the manufacturer sells both new and remanufactured products to consumers and collect end-of-life products for recovery. The process of low-end product recovery is to prolong the service life of end-of-life products and make them useful again. It can represent the mode of product repairing, refurbishing, and low-end remanufacturing, where recovered products are sold in the secondary market as lower quality substitutes for new products. The advantage of low-end recovery as a recovery strategy is that it provides end-of-life products with a relatively more profitable way to be recovered, rather than low efficiency material recycling. Hereafter, we simplify low-end recovery as remanufacturing.



We denote the cost of low-end recovery as cr. If the recovered value is high, more residual value can be extracted from the end-of-life product, which leads to a low value of cr. When end-of-life products are recovered, their service life can be extended for an extra period with the willingness to pay, δrθ, and can be resold in the secondary market at price prt. We denote the demand for new products, used products, and the quantity of remanufactured products as qnL, quL, and qtdL, respectively.




3.1.3. Hybrid Recovery


Hybrid recovery refers to the combination of quality recovery and low-end recovery. Under this strategy, the manufacturer sells both new and remanufactured products to consumers and collects both used products and end-of-life products for recovery. On one hand, the manufacturer collects and recovers used products in the secondary market, which reduces the volume of used products in the secondary market. On the other hand, the manufacturer also recovers end-of-life products and puts them into the secondary market for reselling. Given this mixed strategy, the manufacturer can control the scale of the secondary market by either reducing or increasing the quantity of the product. Note that, although we assume that used products and remanufactured products are equally functional to consumers, the manufacturer cannot recover remanufactured products for the production of new products because remanufactured products are made up of low quality materials that are not qualified for quality recovery. We denote the demand for new products, used products, and the quantity of trade-in and remanufactured products as qnH, quH, qtdH, and qrH, respectively.





3.3. Environmental Impact and Recovery Standard


To analyze and compare environmental impact under each recovery strategy, we follow the idea from the LCA (life cycle analysis) framework [41,42,43]. In this paper, we consider that the total environmental impact of a single product happens in production, recovery, and disposal phases. The reason we do not consider the impact of the use phase is that we explicitly focus on the influence of the environmental impact caused by the recovery process. This helps us to focus on the role of the recovery standard and the environmental impact during the recovery process. Moreover, we can also limit our research to the products for which the environmental impact of the use phase is not significant compared to the production, recovery and disposal phases, such as electronic equipment and garments.



The total environmental impact of the manufacturer is calculated as the per-unit impact of products in each phase multiplied by the number of products in each phase. We denote en as the per-unit production impact of a new product, which involves the materials and energy consumption during production. Then, we denote er as the impact of the recovery process, which involves the additional material used to produce a recovered product, the impact of unused parts of products, and the energy consumption during the recovery process. At last, we denote ed as the per-unit disposal impact of an end-of-life product. The parameters referring to environmental impact are collected in a set of symbols, e∈(en,er,ed). In sum, the environmental impact under three product recovery strategies is given by the following:


 Ej=(ep+ed) (qnj−qtdj+qrj)+er(qtdj+qrj),j∈{Q,L,H}.











Although it is profitable to reuse the old products, it is also costly to process the recovery as well as reducing the environmental impact of the unrecoverable part of old products. When recovering an old product, the most valuable parts, as well as the parts which are the easiest to recover, are recovered first, followed by the less profitable and less easy parts. It means that as the manufacturer increases the recovery portion of a product, the profit margin declines. As introduced in the research of Esenduran and Ziya [22] and Huang et al. [44], the manufacturer chooses the portion of recovery where the marginal recovery profit equals the margin processing cost. However, as the recovering technology is not high enough, the marginal recovery portion that guarantees the profitability of recovery is quite low. These manufacturers usually recycle only a small portion of the product and still leave a considerable portion for the landfill, which is still a threat to the environment.



In our study, policymakers set a mandatory recovery standard to restrict the lowest recovery portion to ensure the recovery is good enough for the environment, while the negative impact makes the recovery less profitable. We use K to represent the mandatory recovery standard, which is the relative portion of environmental impact through product recovery, i.e., K=erep+ed. We assume that quality recovery and low-end recovery obey the same recovery standard. In the analysis, we take K as an exogenously given parameter and we assume that K is always higher than the manufacturer’s profitable recovery margin, therefore they all follow the given recovery standard, K, to optimize the profit. Moreover, given this condition, we also assume that the enhancement of recovery technology only increases the recovered value, but does not decrease the recovery standard. In the analysis, we assume that a tradeoff exists between the recovered value and recovery impact, therefore, a more stringent recovery leads to lower recovered values. While we do not specifically model this tradeoff, it is considered it in the analysis. In sum, we use the recovered values (h and cr) and the recovery standard (K) to reflect the performance of the manufacture’s recovery.




3.4. Specification of the Game


We develop a sequential game where the manufacturer and consumer make their decisions sequentially. Specifically, in each period of the dynamic game, the manufacturer first determines the quantity of new product production and the quantity of recovered product, and these decisions reveal the price of each type of product under the market clearing condition. Then, consumers decide whether to buy and which product to buy based on the price of the product and their willingness-to-pay. The solving process follows backward induction and the details are shown in Figure 2. We first solve the inverse demand function of the price according to consumers’ utility function, then we substitute the result into manufacturer’s profit maximizing problem. After solving the manufacturer’s problem, we substitute the results of the demand and recovery quantities into the function of profit and the environmental impact function and obtain the results.



The manufacturer and consumer make their decision by maximizing their net utility or profit with a discount factor, ρ∈(0,1). We also assume that the manufacturer has an unlimited production capacity to satisfy all demand in the market. Based on the sequential feature of the game, we solve for the consumer’s subgame perfect equilibria using backward induction before analyzing the manufacturer’s equilibrium strategy.




3.5. Consumer Demand under Different Recovery Modes


In this section, we solve the consumer’s subgame perfect equilibria strategy and obtain an inverse demand function under different recovery strategies.



3.5.1. Quality Recovery


Given our setting of quality recovery, there are four undominated two-period actions for the consumer in period t. Let aQt(θ)=(Bn,Bt,Bu,N) denote the action vector for consumers under quality recovery, where Bn, Bt, Bu, and N represent buying new products, buying trade-in products, buying used products, and not using any product, respectively. According to the analysis in Appendix A.1, we can know that, at most, 4 undominated and time-independent two-period strategies exist, i.e., purchasing new products through trade-in (BtBt), purchasing new products and reselling used products inherited from last period (BnBn), purchasing used products (BuBu), and inactive (NN).



As used products are all inherited from new products from the former period, the quantity of new product in the current period should equal the sum of trade-in products and resold used products, i.e., qnQ=quQ+qtdQ. Moreover, as consumers can always choose to resell their used products at price puQ, the only situation in which trade-in is attractive to consumers is the low trade-in price. Thus, we assume that the trade-in price can always compensate for the loss of not reselling, i.e., ptdQ≥pnQ−puQ, and the manufacturer will always choose ptdQ=pnQ−puQ to optimize the profit. Given the condition of the market clearing price, with respect to the scale of the secondary market, quQ, and through the calculation process in Appendix A.1, we can obtain inverse demand functions pnQ(q)=δ−qnQ−3δqnQ+2δqtdQ+1 and puQ(q)=δ(1−2qnQ+qtdQ).




3.5.2. Low-End Recovery


Next we investigate consumers’ actions under low-end recovery, where the manufacturer does not recover used products collected by trade-in, but recovers end-of-life products into remanufactured products and sells them in the secondary market. Let aLt(θ)=(Bn,Bu,Br,N) denote the 4 single period actions under this strategy, where Br represents buying remanufactured product and the other actions stay the same as with quality recovery. According to the analysis in Appendix A.2, we can know that there exists, at most, 4 undominated time-independent two-period strategies, i.e., purchasing new product and reselling used product inherited from last period (BnBn), purchasing used product (BuBu), purchasing remanufactured product (BrBr), and inactive (NN).



As the scale of the secondary market contains all used products and remanufactured products, the scale of the secondary market is noted as quL+qrL, where quL=qnL. Given the condition of market clearing price with respect to the scale of the secondary market quL+qrL, and through the calculation process in Appendix A.2, we can obtain inverse demand functions pnL(q)=δ(1−3qnL−2qrL)+1−qrL and puL(q)=prL(q)=δ(1−2qrL−qrL).




3.5.3. Hybrid Recovery


Next, we investigate consumers’ actions in the end-of-life product recovery model, where the manufacturer recovers both used products and end-of-life products and both used products and remanufactured products are sold in the secondary market. Let aHt(θ)=(Bn,Bt,Bu,Br,N) denote the action vector for consumers in hybrid recovery, which includes all possible actions in quality and low-end recovery. According to the analysis in Appendix A.3, we can know that there exists, at most, 5 undominated and time-independent two-period strategies, i.e., purchasing new products through trade-in (BtBt), purchasing new products and resell used products inherited from last period (BnBn), purchasing used products (BuBu), purchasing remanufactured products (BrBr), and inactive (NN).



Several quantity relationships are satisfied because of the integration of two types of recovery. First, the quantity of trade-in products and resold products equals the quantity of new products, i.e., qnH=quH+qtdH. Second, the scale of the secondary market is the sum of the resold products and the remanufactured products, which is equivalent to quH+qrH. Third, the price of trade-in products satisfies ptdH=pnH−puH. Given the condition of the market clearing price, with respect to the scale of the secondary market quH+qrH, and through the calculation process in Appendix A.3, we can obtain the inverse demand functions puH(q)=δ−2qnHδ+qtdHδ−qrHδ and pnH(q)=δ−qnH(1+3δ)+qtdH2δ−2qrHδ+1.






4. Pure Recovery Strategies


In this section, we examine the firm’s optimal production quantity of new products, the optimal quantity of recovery, and the corresponding environmental impact under quality recovery and low-end recovery (remanufacturing). We also compare the profit and environmental impacts of these two recovery strategies.



4.1. Quality Recovery


Under quality recovery, used products are collected through the trade-in program and there are only used products in the secondary market if they are not totally recovered. In each period, the manufacturer jointly decides the product quantity of new products, qnQ, and the recovered quantity of used products, qtdQ. Therefore, the quantity of resold used products in the secondary market is given by qnQ−qtdQ. The profit-maximizing problem which is jointly concave in qnQ and qtdQ is given by the following:


maxqnQ,qtdQΠQ=(ptQ−c(1−h))qtdQ+(pnQ−c)(qnQ−qtdQ),s.t    qnQ≥qtdQ,   qtdQ≥0,  ptQ=pnQ−puQ.











The first two constraints guarantee the non-negative quantity of trade-in products and new products. Meanwhile, the quantity of trade-in products is not more than new products in each period. The third constraint ensures that there is no difference in net utility for consumers to trade-in or to resell used products. The following proposition summarizes the manufacturer’s optimal decision under quality recovery.



Proposition 1.

Under quality recovery, there exist thresholdsh1(c,δ)=δ(δ−1+2c)c(1+3δ),h2(δ)=δ1+δ, whereh1(c,δ)≤h2(δ), such that

	(1) 

	
If0<h<h1(c,δ), the manufacturer does not recover the used products, all used products are resold in the secondary market.




	(2) 

	
Ifh1(c,δ)≤h<h2(δ), the manufacturer trades-in and recovers part of the used products and the other used products are resold in the secondary market.




	(3) 

	
Ifh≥h2(δ), the manufacturer trades-in and recovers all used products in the market and the secondary market does not exist.











The proof of Proposition 1 is given in Appendix A.4.



The main result in Proposition 1 shows that the manufacturer’s optimal decision recovery quantity is mainly driven by the recovered value. For the low recovered value (0<h<h1(c,δ)), the manufacturer would not collect any products for recovery, which leads to a pure reselling strategy, since the profit of recovery is not enough to compensate for the cost of product collection in the trade-in program. When the recovered value increases to a medium level (h1(c,δ)≤h<h2(δ)), the manufacturer would collect and recover part of the used products in the secondary market. The reason is that the higher recovered value makes it profitable for manufacturers to recover the used products. However, when the manufacturer buys back more used products, the used products in the secondary market become scarce and the price of used products increases. This leads to a decline of marginal profit for recovery and the manufacturer does not increase the recovery quantity when the marginal profit equals the collection cost. When the recovered value is high (h≥h2(δ)), the manufacturer would collect all used products in the secondary market, because the recovery is profitable enough to allow the manufacturer to buy back all used products and rule out the entire secondary market. This is the most ideal situation for recovery economics. Figure 3 clearly reveals that, as the recovered value turns from low to high, the quantity of new and recovered products increases weakly and the quantity of resold products decreases weakly.



The results of Proposition 1 also show that the durability of the product also affects the choice of recovery strategy. When δ<1−2c, the threshold is h1(c,δ)<0. This indicates that the manufacturer recovers used products even if the recovered value is 0. This is because, when the durability of the product is low the price of used products is also low, and this lowers the cost for collection. Therefore, the manufacturer would like to spontaneously remove used products from the secondary market to alleviate the cannibalization effect.




4.2. Low-End Recovery


Under low-end recovery, used products are all resold in the secondary market. The end-of-life products can be recovered and be functional again as remanufactured products. This is equivalent to prolonging the lifespan of used products. In each period, the manufacturer jointly decides the production quantity of the new products, qnL, and the remanufacturing quantity of used products qrL. Therefore, the total quantity of used products in the secondary market is given by qrL+quL. The profit-maximizing problem, which is jointly concave in qnL and qrL is given by the following:


maxqnL,qrLΠL=(pnL−c)qnL+(pnL−cr)qrL,s.t    qnL≥qrL,    qrL≥0.











These constraints ensure the non-negative of production quantity of new products and remanufacturing quantity. Meanwhile, the quantity of remanufactured product is not more than new or used products in each period. The following proposition summarizes the manufacturer’s optimal decision under low-end recovery:

Proposition 2.

Under low-end recovery, there exist the thresholdscr1(c,δ)=δ(3c−2+2δ)5δ+1,cr2(c,δ)=δ(δ−1+2c)1+3δ, wherecr1(c,δ)≤cr2(c,δ), such that

	(1) 

	
Ifcr>cr2(c,δ), the manufacturer does not recover end-of-life products;




	(2) 

	
Ifcr1(c,δ)<cr<cr2(c,δ), the manufacturer recovers part of end-of-life products;




	(3) 

	
If0<cr<cr1(c,δ), the manufacturer recovers all end-of-life products.













The proof of Proposition 2 is given in Appendix A.5.



Proposition 2 reveals that whether low-end recovery is more profitable than pure reselling primarily depends on the recovered value of remanufacturing. When the remanufacturing cost is high (cr>cr21(c,δ)), it represents a low recovered value, therefore the recovery is not profitable enough and the manufacturer would rather adopt the pure reselling strategy. With the increase of the recovered value, the remanufacturing cost decreases to a medium range (cr1(c,δ) <cr<cr2(c,δ)), making the recovery profitable. While, with the increase of recovered quantity, the scale of the secondary market expands. This decreases the price of both used and remanufactured products and the profit margin for the recovery declines. When the quantity of remanufactured products is large enough, the profit margin for recovery becomes 0 and the manufacturer will not recover more end-of-life products. When the recovered value is extremely high, the remanufacturing cost would become low enough (0<cr<cr1(c,δ)) to allow all end-of-life products to be recovered. Figure 4 clearly shows that as the recovered value turns from low to high, i.e., the remanufacturing cost turns from high to low, the quantity of new product first decreases weakly and then increases, the quantity of recovered, and resold product increases weakly, the quantity of resold products keeps unchanged.



Moreover, consumers’ valuation of used and remanufactured products also affects the choice of low-end recovery. When the valuation of remanufactured product is low (δ<2−3c2), it leads to cr1(c,δ)<0. Therefore, no matter how profitable the recovery is, it is not optimal for the manufacturer to recover any end-of-life product. Additionally, when the valuation becomes higher (2−3c2≤δ<1−2c), it leads to cr1(c,δ)<0 and cr2(c,δ)>0, thus partial recovery starts to be potentially profitable. When δ≥1−2c, full recovery starts to be potentially profitable. This result implies that if consumers value used and remanufactured products more, low-end recovery is more appealing to the manufacturer.




4.3. Environmental Impact


As the manufacturer’s target is profit maximizing, the decision of the recovery strategy does not depend on the environmental impact, making the environmental impact an endogenously determined result. Next, we analyze how the recovered value impacts the environmental impact under both recovery strategies and how the mandatory recovery standard, K, should be set to ensure that the recovery is environmentally superior to pure reselling as well, as achieving sustainable environmental improvement.



Proposition 3.

There exist thresholdsK1=1+δ3δ+1,K2=1−c+δ(3δ+1)(ch−c+1),K3=2δ3δ+1,K4=cr+4δ+2δ2−5cδ+3crδ(3δ+1)(2δ+1−c−cr), such that

	(1) 

	
When the manufacturer partially recovers used products, ifK<K1, the environmental impact decreases inhand the environmental impact is lower than pure reselling.




	(2) 

	
When the manufacturer recovers all used products, the environmental impact always increases inhand the environmental impact is lower than pure reselling only ifK<K2, whereK1>K2.




	(3) 

	
When the manufacturer partially recovers end-of-life products, ifK<K3, the environmental impact decreases ascrdecreases and the environmental impact is lower than reselling.




	(4) 

	
When the manufacturer recovers whole end-of-life products, the environmental impact always increases ascrdecreases. The environmental impact is lower than pure reselling only ifK<K4, whereK3>K4.











The proof of Proposition 3 is given in Appendix A.6.



Proposition 3 provides the comparison of environmental impact between pure reselling and the two pure recovery strategies. The result shows that, for both types of recovery strategies, partial recovery is greener than pure reselling only if the recovery impact is lower than a certain threshold, which means the environmental impact of recovering old versions of products should be lower than the overall impact of producing a new product and disposing an end-of-life product. The reason is that although product recovery can reduce new material for building new products, it also leads to more demand for new products. Meanwhile, if the unrecovered part of the product is huge, it is possible that the environmental impact caused by increased recovered quantity can backfire and deteriorate the environment. Additionally, when the manufacturer changes from partial recovery to full recovery, the recovery standard that guarantees the recovery being environmentally superior becomes more stringent.



Proposition 3 also shows that when the manufacturer increases the recovered value due to the enhancement of recovery technology, the environmental impact can be improved if the manufacturer still adopts partial recovery strategy. However, when the recovered value is improved to a level where full recovery is optimal, the continuous enhancement of recovery technology may deteriorate the environment.



This result provides insight to the policymaker. For the purpose of continual enhancement of environmental performance, the government should prevent manufacturers from adopting the full recovery strategy and regulate them for keeping partial recovery. To this end, lowering the recovery standard is a potential solution, because setting a more stringent recovery standard can lower the total recovered value and force manufacturers to stay in the range of the recovered value where partial recovery is optimal. It is also a way to progressively transfer the manufacturer’s profit-driven motivation and technology enhancement into an environmental improvement. Thus, in the following discussion, we assume that the policymaker would not allow firms to adopt full recovery by setting regulations and full recovery is ruled out from the analysis.




4.4. Win-Win Condition


As introduced in former sections, two recovery strategies are both applicable in improving environmental performance. Moreover, it is more interesting to discuss when the firm’s profit-maximizing choice of recovery strategy is environmentally superior as well. The next proposition discusses this question.



Proposition 4.

Considering a partial recovery strategy for both used products and end-of-life products

	(1) 

	
There existhp=−crc+2δ(2c+δ−1)c(1+3δ), such that whenh≥hp, quality recovery is more profitable than low-end recovery;




	(2) 

	
WhenK3≤K<K1, quality recovery is strictly greener than low-end recovery. WhenK<K3, there ishe=K(cr+2δ−2δ2−4cδ+3crδ)+δ(−1+δ+2c−2cr)c((1+δ)−K(1+3δ)), such that whenh≥he, quality recovery is greener, otherwise, low-end recovery is greener;




	(3) 

	
hp>he,hedecreases inK.











The proof of Proposition 4 is given in Appendix A.7.



The result in Proposition 4 reveals that there are several cases wherein the manufacturer can obtain a win-win outcome under partial recovery. When the recovery standard is not too low (K3≤K<K1), partial quality recovery is a win-win strategy only if the recovered value from quality recovery is relatively high h≥hp. At this time, quality recovery is always greener than pure reselling and low-end recovery is always environmentally inferior to pure reselling. Therefore, as long as quality recovery is more profitable, it is also a win-win recovery strategy. When the recovery standard is high (K<K3), used products’ partial recovery is a win-win strategy only if the recovered quality of recovery is high enough (h≥hp, (a) in Figure 5). End-of-life products’ partial recovery is a win-win strategy only if the recovered value of quality recovery is low enough (h<he, (c) in Figure 5). The reason is that, at this time, both of the recovery strategies can get environmental improvement by increasing the recovered value. When the recovered value from the used products is low, it is possible for remanufacturing to be greener than quality recovery, especially when the remanufacturing cost is low. Interestingly, when the recovered value of the used product is in the medium range (he≤h<hp, (b) in Figure 5), the manufacturer will never achieve the win-win outcome. As illustrated in Figure 5, at this time, the recovered value of used manufacturers is not enough to make quality recovery more profitable than low-end recovery, while it is already high enough to make quality recovery environmentally superior than low-end recovery.



Comparing these two recovery strategies, quality recovery may have a higher potential for both profit and environmental improvement, because it is always greener when it is more profitable as well. The result also shows us that, under the pure recovery model, the profit-maximizing target can drive firms to choose environmentally inferior decisions, especially when it’s greener to adopt quality recovery but not profitable enough to change from low-end recovery to quality recovery.





5. Hybrid Recovery Strategy


In this section, we discuss the feasibility and feature of the hybrid recovery strategy. We assume that the manufacturer can choose quality recovery and low-end recovery at the same time, where the manufacturer can adjust the scale of the secondary market, not only by removing used products from the secondary market, but also putting remanufactured products in the secondary market. Thus, the quantity of total products in the secondary market is given by qnH−qtdH+qrH. The profit-maximizing problem, which is jointly concave in qnH, qtdH, qrH, is given by the following:


maxqnH,qtdH,qrHΠH=(ptH−c(1−h))qtdU+(pnH−c)(qnH−qtdH−qrH)+(prH−cr)qrHs.t    qnH≥qrH+qtdH,  qtdH≥0,  qrH≥0,  pt=pn−pu.











The first constraint guarantee is that the sum of recovered used products and recovered end-of-life products is less than the production quantity of new products. The following two constraints guarantee the non-negativity of both recovered quantities. The last constraint ensures that there is no difference in net utility for consumers to trade-in or to resell used products.



5.1. Profitability


Proposition 5.

There exist thresholdsh3(cr,δ)=2cδ−crc(1+2δ),h4(cr,δ)=−cr−4δ+6cδ−2crδ+4δ2c(1+8δ),h5(cr)=crc, such that whenh<h3(cr,δ),h5(cr)<h,h<h3(cr,δ)are all satisfied, it is optimal for the manufacturer to adopt the hybrid recovery strategy.





The proof of Proposition 5 is given in Appendix A.8.



As shown in Proposition 5 and illustrated in Figure 6, the optimality of hybrid strategy depends on the relationship between cr and h. If h and cr are both within the optimal range for the manufacturer to adopt a partial recovery strategy ((a1) in Figure 6), the manufacturer will always prefer hybrid recovery strategy. Moreover, even when one type of recovery is less profitable on its own, it may still be adopted in the hybrid recovery strategy only if the other type of recovery is profitable ((a2) and (a3) in Figure 6). This raises the suspicion that the profitability of either type of recovery enhances the profitability of the other recovery strategy, which forms a synergistic effect between the two recovery strategies. The result also shows that when cr and h are within the range where it is optimal for the manufacturer to adopt the full recovery strategy ((a4) in Figure 6), the hybrid recovery strategy can be optimal, while we exclude this situation hereafter.



An interesting phenomenon is that the hybrid recovery when δ=δr can be seen as another type of full recovery strategy because, as we can see in the proof of Proposition 5, the only scenario where both types of recovery coexist is where the manufacturer’s products are all recovered and part of them follow quality recovery and the others follow low-end recovery. At this time, although the manufacturer is not able to recover all products under the pure recovery strategy, it can achieve full recovery, which simulates the recovery activities even with a low recovered value.



The synergy effect is more clearly reflected in the price of used and remanufactured products. According to the proof of Proposition 5, puH*=prH*=cr+2δ+ch4, we can easily know that, puH* and prH* increase in both h and cr. This implies that, as the recovered value of quality recovery h increases, the manufacturer trades-in more recovered product and lowers the quantity of used products in the secondary market. This further increases the price of used products and remanufactured products, such that a higher recovered value of quality recovery leads to higher profits for selling remanufactured products. In the same sense, when the recovered value of low-end recovery increases, cr decreases correspondingly and the manufacturer would recover more end-of-life products and expand the scale of the secondary market. This further decreases the price of the used products and trade-in prices and increases the profitability for quality recovery. Under this case, as the two types of recovery models share the total demand of quantity, the synergy effect is not shown in the recovered quantity, while it is clearly shown in the price of used and remanufactured products.



Aside from the synergy effect, a contradiction effect also exists. According to the proof of Proposition 5, qrH*=2cδ−cr−ch−2cδh8δ(1−δ), qtdH*=cr+4δ−6cδ+2crδ+ch−4δ2+8cδh8δ(1−δ), it is clear that qrH* decreases in h and qtdH* increases in cr, so the increase of the recovered value of quality recovery can negatively influence the recovery quantity of low-end recovery and the increase of the recovered value of low-end recovery can negatively influence the recovery quantity of quality recovery.



These two effects are clearly shown in Figure 7 and Figure 8. In Figure 7, when h surpasses the lower threshold to adopt hybrid recovery, there is a jumping point for the quality recovery quantity by introducing low-end recovery. At the same time, originally cr is not low enough for firms to implement low-end recovery. However, by adopting hybrid recovery, low-end recovery can be profitable. The contradiction relationship can be also seen in Figure 7, because in hybrid recovery, the increase of one type of recovery always declines the other type of recovery. Figure 8 shows the same situation from the perspective of low-end recovery.




5.2. Environmental Impact


Next, we discuss the environmental impact of hybrid recovery. We consider the situation where the manufacturer changes from adopting a pure recovery strategy to a hybrid recovery strategy, such that the maximum recovery standard should be satisfied, i.e., K<K3 for low-end recovery and K<K1 for quality recovery.



Proposition 6.

(1) When12<K<1+δ1+3δ, quality recovery is always greener than hybrid recovery. WhenK<12, there existshQH=(cr+2cδ)−2δK(2c+cr)c((3+2δ)−2K(2+3δ)), ifh<hQH, hybrid recovery is greener than quality recovery.hQHdecreases inK.



(2) WhenK<2δ1+3δ, hybrid recovery is always greener than low-end recovery.





The proof of Proposition 6 is given in Appendix A.9.



Proposition 6 shows that hybrid recovery is a perfect substitute for low-end recovery. Meanwhile, hybrid recovery can not only improve the environmental impact of quality recovery, but can also deteriorate it as well.



For low-end recovery, when low-end recovery is greener than pure reselling (K<2δ1+3δ), low-end recovery is completely ruled out by hybrid recovery, as it is more profitable and environmentally superior at the same time. For quality recovery, when the recovery standard is not high (12<K<1+δ1+3δ), hybrid recovery deteriorates the environmental impact. When the recovery standard is high (K<12), hybrid recovery improves the environmental performance for quality recovery when the recovered value is relatively low (h<hQH), but deteriorates the environment when the recovered value is relatively high (h>hQH).



The condition where the positive and negative influence on win-win improvement happens is more clearly illustrated in Figure 9. By implementing hybrid recovery, low-end recovery is able to achieve win-win improvement by introducing extra quality recovery (region (c) and (d) in Figure 9). Especially, a decision area that cannot get a win-win situation in Proposition 4 can be improved by hybrid recovery (region (b) in Figure 5). The win-win improvement also happens to quality recovery with a low recovered value by introducing extra low-end recovery when the recovered standard is high (region (a) in Figure 9). However, when the recovered value of quality recovery is high (region (b) in Figure 9), hybrid recovery should be forbidden or negatively interfered by the policymaker. In this situation, enhancing the recovery standard or incentive firms to adopt pure quality recovery helps hybrid recovery to get better environmental performance, especially when firms are not very good at quality recovery. As the technology of quality recovery becomes high enough, it would eventually be the most ideal recovery strategy. Before this happens, hybrid recovery would be an intermediate strategy to get a higher price and environmental performance.




5.3. Impact of the Recovery Standard


At last, we summarize the impact of the recovery standard in determining the win-win condition and the technologically sustainable condition. The results in former propositions are concluded in Figure 10. We can see that the recovery standard greatly influences the optimality of each strategy. Specifically, when the recovery standard is not too stringent, quality recovery is always environmentally superior, when recovery standard is stringent, low-end recovery and hybrid recovery can be environmentally superior to quality recovery. As a stringent recovery standard can also decrease the value of h, policymakers can always implement a stringent recovery standard to keep the manufacture in the (L,L) or (H,H) regions. It is also obvious in Figure 10 that hybrid recovery expands the win-win region when h is low, making it easier and more profitable to obtain a win-win condition because of the less stringent recovery standard.




5.4. Impact of Recovery Technology


As stated in Proposition 3, we can conclude that, under pure recovery, as long as the recovery standard is stringent enough, the development of recovery technology can always benefit the environment. In this section, we discuss the recovery technology under hybrid recovery.



Proposition 7.

Under the hybrid recovery model, the environmental impact decreases in bothhandcr.





The proof of Proposition 7 is given in Appendix A.10.



Proposition 7 shows us the impact of the recovered value on the environmental impact under the hybrid recovery strategy. We find that as the recovered value of quality recovery increases, environmental impact is lowered, therefore the development of the manufacturer’s recovery technology benefits the environment. However, the increase of the recovery value of end-of-life products leads to higher environmental impact, which means the development of the manufacturer’s recovery technology of low-end recovery will cause more damage to the environment. Thus, the hybrid strategy is an ideal strategy for the continual development of quality recovery technology, but not for low-end recovery technology.



Given this condition, policymaker may consider implementing different recovery standards with respect to these two recovery strategies. In particular, policymakers should set a more stringent recovery standard for low-end recovery to resist the portion of low-end recovery in hybrid recovery. However, a too stringent recovery standard also does not work well, because it makes cr too high and the manufacturer may turn to pure quality recovery and may deteriorate the environment when h<hQH. Under this situation, policymakers should keep the minimum quantity of low-end recovery to guarantee the optimality of hybrid recovery.





6. Extension


In this study, we have discussed the situation where consumers have the same willingness-to-pay for used products and remanufactured products. In this section, we relax this assumption and examine whether our main results still hold if consumers value used products and remanufactured products differently. As we defined before, consumers show a willingness-to-pay, δθ, for used products and willingness-to-pay, δrθ, for the remanufactured products. We define δr=rδ to characterize the relationship between δθ and δrθ, where r∈(0,1δ). Therefore when r∈(0,1), the remanufactured product provides lower value to the consumer and when r∈[1,1δ), the remanufactured product provides higher value to the consumer.



First, we examine the win-win outcome under the pure recovery strategy. Recall the results we obtained in the proofs of Proposition 1 and Proposition 2. We can know the profit and environmental impact in different ranges of r under pure and partial recovery strategies, as well as the boundary of h which determines the optimality of each recovery strategy (See Appendix A.10). As we can see, the result shown in Figure 11 is similar to Figure 5. Specifically, (a) and (c) represents the win-win condition for pure quality recovery and low-end recovery, respectively, and (b) represents the condition where the win-win outcome is achieved. This result implies that the value of r does not affect our structure results in Proposition 4.



Second, we check the optimal decision of manufacture considering different values of r. According to the result in Proposition 5, we can obtain a similar structural result of the manufacturer’s with r=1. As we can see in Figure 12, there are also 3 regions in which hybrid recovery is optimal ((a1), (a2), (a3)). The only difference is that a decision area exists where the manufacturer does not recover all products under hybrid recovery (shaded region in Figure 12). Moreover, the synergy effect is also clearly shown ((a2) and (a3) in Figure 12). This does not affect our structure result in Proposition 5.



Finally, we investigate the win-win condition considering hybrid recovery. Recall the results we obtained in the proof of Proposition 5. We can know the profit and environmental impact within different ranges of r under pure and partial recovery strategies. We can also obtain the theoretical boundaries of h, which determine the optimality of each recovery strategy. By numerically examining these boundaries under different settings of r, δ, and K, we test our structure result in Proposition 6. All details are given in Appendix A.10. Specifically, the theoretical boundaries that determine the optimality between low-recovery and hybrid recovery do not fall on the parameter range where hybrid recovery is optimal. This means that the conclusion that hybrid recovery is greener than low-end recovery is robust. Moreover, the theoretical boundaries that determine the optimality between partial hybrid recovery and quality recovery do not fall on the available parameter range either. The boundary always falls on the parameter range of full hybrid recovery. This means that partial hybrid recovery is always environmentally inferior to quality recovery. Additionally, as we can see in Figure 13, involving different values of r does change our structure result such that hybrid recovery is greener than quality recovery when h is low ((a) in Figure 13) and is environmentally inferior when h is high ((b) in Figure 13). Thus, it does not change our structural result in Proposition 6. The result also shows that partial hybrid recovery is always greener than quality recovery ((c) in Figure 13) and forms a joint region with (a) where hybrid recovery can improve the win-win outcome.




7. Conclusions


In this paper, we study whether quality recovery, low-end recovery, or hybrid recovery can be a win-win strategy, both profitably and environmentally and whether these strategies are suitable for the sustainable development of recovery technology. Although product recovery has become an important strategy for firms to fulfill their environmental responsibility, the performance of different recovery strategies is still unclear. To study these problems, we construct a stylized model for quality recovery, low-end recovery, and hybrid recovery in a situation where consumers can resell used products in a secondary market. In our model, under quality recovery, the manufacturer collects and recovers used products for the production of new products and only sell new products to consumers. Under low-end recovery, the manufacturer collects end-of-life products for the production of remanufactured products (low-end recovery) and sells remanufactured products in the secondary market. Under hybrid recovery, these two recovery processes exist simultaneously. Under each recovery strategy, the manufacturer decides the production and recovery quantity and the prices are market clearing price. The key factors which influence the realization of win-win strategy that we mainly consider and discuss in this paper are recovered value, recovery standard.



Our study shows that recovered value is the most significant factor that impacts the choice of the recovery strategy, while the recovery standard ensures the realization of environmental improvement. These two factors jointly determine the realization of win-win outcomes under each recovery strategy. Additionally, hybrid recovery shows both advantages and disadvantages for the improvement of environmental performance. The specific results, corresponding to the question we put forward in Section 1, are as follows:

	(1)

	
A relatively higher recovered value always leads to a higher profit for the corresponding recovery strategy and is more favorable by the manufacturer.




	(2)

	
The hybrid recovery is feasible because it shows both synergy and a contradiction effect which allows quality recovery and low-end recovery to prompt and suppress each other.




	(3)

	
Hybrid recovery is always a better substitute for low-end recovery. While hybrid recovery can only improve the win-win situation for quality recovery when the recovery standard is relatively high and the recovered value is relatively low, otherwise hybrid recovery always deteriorates the environmental performance.




	(4)

	
When the recovery standard is not too stringent, quality recovery is always environmentally superior. When the recovery standard is stringent, low-end recovery and hybrid recovery can be environmentally superior to quality recovery and also achieve a win-win outcome.




	(5)

	
Although a high recovered value leads to higher recovered quantity, it may still backfire and deteriorate the environment when the recovery standard is not high enough. The enhancement of recovery technology improves environmental performance only when the manufacturer adopts a partial recovery strategy. Under hybrid recovery, enhancing the recovered value of quality recovery can benefit the environment, but enhancing the recovered value of low-end recovery does the opposite.









The policymaker should never allow the manufacturer to adopt full pure recovery and should timely enhance the stringency of the recovery standard with respect to the increase of recovered value through the improvement of technology. The policymaker should keep a proper quantity of the recovery volume of low-end recovery under the hybrid recovery strategy and should incentivize quality recovery, rather than hybrid recovery, when the recovered value of quality recovery is high enough.



Some key practical insights for the policymakers can be concluded from our analysis. The policymaker should always be careful about the innovation of recovery technology to justify whether the firm’s current recovery strategy is environmentally superior and how to interfere with their choice of recovery to achieve environmental improvement. Policymakers should progressively rise the recovery standard according to the current recovery technology. This can help them resist the backfire effect of the recovery and also ensure the sustainable improvement of the recovery industry.



As we only characterize the product with exogenous recovered values and recovery standard, further study can investigate a more detailed trade-off between these two parameters. Moreover, we can also consider that recovery activities are adopted by third parties or reselling platforms and a commitment for warranty of used products can also make a different impact on the choice of recovery strategy [45]. Additionally, it can also involve factors from more dimensions, such as consumer’s preference and different forms of regulations, for an extensive discussion [46].
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Appendix A


Appendix A.1


Under quality recovery, aQt(θ)=(Bn,Bt,Bu,N) denotes the action vector for consumers, where Bn, Bt, Bu, and N represent buying new product, buying trade-in product, buying used product and, not using any product, respectively. All possible two-period actions are listed in Table A1.





[image: Table]





Table A1. Two-period actions.
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Observing the actions listed in the table above, we first exclude the dominated strategies. Symmetric strategy in the table is redundant because we focus on focal point strategy, which is repeated in the infinite time horizon (“=” in Table A1). Action BnBt is always dominated by BtBt because, if consumers use a new product in each period, buying a new product through trade-in is always cheaper. Action BtBu refers that consumers buy new products through trade-in without holding a used product, thus this action is not valid and, in the same sense, action BtN is not valid either. Consequently, Bt has become a time-independent strategy. Action BnBu refers that consumers purchase a new product in the first period and keep a used product in the second period. As we assume that no transaction cost happens during reselling, thus keeping a used product is equivalent to reselling a used product and buying it back. This assumption splits BnBu into two time-independent actions Bn and Bu. Bn represents buying new products and selling their used products in each period and Bu represents buying used products in each period. The value BnN is not valid because if it is optimal for a consumer to choose the time independent strategy N given a used product, it’s impossible for him to choose any action other than N. The value BuN includes two time-independent strategies, thus is not valid.



Therefore, any strategy where a consumer chooses an action which is different from the previous action is dominated. In summary, BtBt, BnBn, BuBu, and NN are the remaining two-period actions. The net utility of each action in focal point can be found using the consumer’s Bellman equation. For consumers taking action BtBt, BnBn, BuBu we can obtain VBtBtQ=θ−pt+ρVBtBtQ, VBnBnQ=θ−pn+pu+ρVBnBnQ, VBuBuQ=δθ−pu+ρVBuBuQ, which gives VBtBtQ=θ−pt1−ρ, VBnBnQ=θ−pn+pn1−ρ and VBuBuQ=δθ−pu1−ρ. It is also obvious that VNNQ=0.



Comparing VBtBtQ=θ−pt1−ρ and VBnBnQ=θ−pn+pn1−ρ, we know that if pt<pn−pn, then VBtBtQ>VBnBnQ is always satisfied, such that the consumer will not choose to trade-in. It refers that if the manufacturer needs to collect used products, he has to pay at least the same price as reselling, otherwise consumers will find it less profitable to trade-in and choose to resell the used product and buy a new one. To construct the case where reselling and trade-in (collect used product for recovering) exist at the same time, the manufacturer should set the price of trade-in as pt=pn−pn. Given this price setting, manufacturers can decide the quantity of trade-in product, qBtBtQ, and leave the rest of used products resold in the secondary market.



As we know that consumers who choose action BtBt and BnBn have higher θ than that of action BuBu, who have higher θ than NN. We define the marginal consumer type who is indifferent between adopting BuBu (BtBt) and BuBu, BuBu and NN as θ1Q, θ2Q respectively, where θ1Q≥θ2Q. We can obtain θ1Q and θ2Q by solving VBtBtQ=VBuBuQ, VBuBuQ=0, which gives θ1Q=pn−2pu1−δ, θ2Q=puδ. The quantity of new production is given by qnQ=1−θ1Q=1−pn−2pu1−δ and the quantity of product in the secondary market is given by θ1Q−θ2Q=quQ. According to the market clearing condition, we know that the overall quantity of trade-in product and resold product equals the total quantity of new product, i.e., qtdQ+quQ=θ1Q−θ2Q. Thus, we can get the inverse demand function pnQ(q)=δ−qnQ−3δqnQ+2δqtdQ+1, puQ(q)=δ(1−2qnQ+qtdQ).




Appendix A.2


Under low-end recovery, there are 4 single period actions in this model aLt(θ)=(Bn,Bu,Br,N). Recall the analysis for quality recovery as these 4 actions are all time independent, thus if any action is different from the last period action, it is a dominated strategy. Following this rule, there are four two-period actions BnBn,BuBu,BrBr,NN.



For consumers who take actions BnBn, BuBu, BrBr we can obtain VBnBnL=θ−pn+pu+ρVBnBnL, VBuBuL=δθ−pu+ρVBuBuL, VBrBrL=δrθ−pr+ρVBrBrL, which gives VBnBnL=θ−pn+pu1−ρ, VBuBuL=δθ−pu1−ρ and VBrBrL=δrθ−pr1−ρ. It is also obvious that VNNL(pn,pt)=0.



When δ=δr and pu=pr, VBnBnL=VBrBrL should be satisfied. Thus consumers who buy used products and remanufactured products can be considered as the same group. We define the marginal consumer type who is indifferent between adopting BnBn and the mutual group of BuBu and BrBr, the mutual group and NN as θ1L, θ2L respectively, where θ1L≥θ2L. We can obtain θ1L and θ2L by solving VBnBnL=VBuBuL, VBuBuL=0, which gives θ1L=pn−2pu1−δ, θ2L=puδ. The quantity of new product production is given by qnL=1−θ1L=1−pn−2pu1−δ, and the quantity of product in the secondary market is the sum of resold used product and remanufactured product, which is given by θ1L−θ2L=quL+qrL. According to the market clearing condition, we know that the quantity of new product equals the quantity of used product, which gives θ1L−θ2L−qrL=quL=qnL=1−θ1L. Thus, we can get the inverse demand function pnL(q)=δ(1−3qnL−2qrL)+1−qnL, puL(q)=prL(q)=δ(1−2qnL−qrL).



In a general case, we define δr=rδ. First, we discuss the case where r<1, i.e., δ>δr. We define the marginal consumer type who is indifferent between adopting BnBn and BuBu, BuBu and BrBr, BrBr and NN as θ1L, θ2L and θ3L respectively, where θ1L≥θ2L≥θ3L. By solving VBnBnL=VBuBuL, VBnBnL=VBrBrL, VBrBrL=0, we obtain θ1L=pn−2pu1−δ, θ2L=pu−prδ(r−1), θ3L=prδr. Further, we have qnL=1−θ1L=1−pn−2pu1−δ, quL=θ1L−θ2L=pn−2pu1−δ−pu−prδ(r−1), qrL=θ2L−θ3L=pu−prδ(r−1)−prδr. With the market clearing condition qnL=quL, we can obtain the inverse demand function pnL(q)=δ(1−3qnL−2qrL)+1−qnL, prL(q)=δr(1−2qnL−qrL), puL(q)=−δ(2qnL+qrLr−1).



Then we discuss the case where r≥1, i.e., δ≥δr. We define the marginal consumer type who is indifferent between adopting BnBn and BrBr, BrBr and BuBu, BuBu and NN as θ1L, θ2L and θ3L respectively, where θ1L≥θ2L≥θ3L. By solving VBnBnL=VBrBrL, VBrBrL=VBuBuL, VBuBuL=0, we obtain θ1L=pn−2pu1−δ, θ2L=pu−prδ(1−r), θ3L=prδr. Further, we have qnL=1−θ1L=1−pn−2pu1−δ, quL=θ1L−θ2L=pn−2pu1−δ−pu−prδ(1−r), qrL=θ2L−θ3L=pu−prδ(1−r)−prδr. With the market clearing condition 1−θ1L=θ2L−θ3L, we can obtain the inverse demand function puL(q)=−δ(2qnL+qnL−1), prL(q)=δ(r−qnL−qnLr−qrLr), pnL(q)=δ(1−3qnL−qrL−qrLr)+1−qnL.




Appendix A.3


Under hybrid recovery, let aHt(θ)=(Bn,Bt,Bu,Br,N) denote the action vector for consumers, which include all possible actions in used and end-of-life recovery. Recall the analysis for low-end recovery. These 5 actions are all time independent, such that any strategy that a consumer chooses an action which is different from the previous action is dominated. Thus, there remain five two-period actions BnBn,BtBt,BuBu,BrBr,NN.



For consumers who take actions BtBt, BnBn, BuBu, BrBr we can obtain VBnBnH=θ−pn+pu+ρVBnBnU, VBtBtH=θ−pn+pu+ρVBtBtU, VBuBuH=δθ−pu+ρVBuBuH, VBrBrH=δθ−pr+ρVBrBrH, which gives VBnBnH=θ−pn+pu1−ρ, VBtBtH=θ−pn+pu1−ρ, VBuBuH=δθ−pu1−ρ and VBrBrH=δrθ−pr1−ρ. Given the assumption VBnBnH=VBtBtH and VBnBnH=δθ−pu1−ρ, there are three groups of consumers which include new product buyer (BtBt and BnBn), the secondary market buyer (BuBu and BrBr), and the inactive consumer. We define the marginal consumer type who is indifferent between adopting BnBn (or BtBt) and BuBu (or BrBr), BuBu (or BrBr) and NN as θ1H, θ2H respectively, where θ1H≤θ2H. We can obtain θ1H and θ2H by solving VBnBnH=VBuBuH, VBuBuH=0, which gives θ1H=pn−2pu1−δ, θ2H=puδ. The quantity of new product production is given by qnH=1−θ1H=1−pn−2pu1−δ and the quantity of product in the secondary market is the sum of resold product and remanufactured product minus the trade-in product, which is given by θ1H−θ2H=quH+qrH−qtdH. According to the market clearing condition, we know that the overall quantity of trade-in product and resold product equals the total quantity of new product, i.e., θ1H−θ2H−qrH+qtdH=quH=qnH−qtdH=1−θ1H−qtdH. Thus, the inverse demand function is given by puH(q)=δ−2qnHδ+qtdHδ−qrHδ, pnH(q)=δ−qnH(1+3δ)+qtdH2δ−2qrHδ+1.



In a general case, we define δ=rδr. Except for the difference of market clearing condition qnE=quE+qtdE, the market segmentation result is similar to low-end recovery. When r<1, i.e., δ>δr, the inverse demand function is given by pnH(q)=δ(1−3qnH+2qtdH−2qrHr)−qnH+1, prH(q)=δ(r−2qnHr+qtdHr−qrHr), puH(q)=−δ(2qnH−qtdH+qrHr−1). When r≥1, i.e., δ≤δr, the inverse demand function is given by pnH(q)=δ(1−3qnH+2qtdH−qrH−qrHr)−qnH+1, prH(q)=δ(qtdH−qnH+r−qnHr−qrHr), puH(q)=−δ(2qnH−qtdH+qrH−1).




Appendix A.4


Proof of Proposition 1.

Under quality recovery, the profit-maximizing problem is given by


maxqnQ,qtdQΠQ=(ptQ−c(1−h))qtdQ+(pnQ−c)(qnQ−qtdQ)s.t    qnQ≥qtdQ,   qtdQ≥0,  ptQ=pnQ−puQ.











In this problem, pnQ(q)=δ−qBQ−3δqnQ+2δqtdQ+1, puQ(q)=δ(1−2qnQ+qtdQ), are satisfied. The first two constraints guarantee the non-negative quantity of trade-in product and it is not more than the total quantity of sold product. The Hessian matrix of the objective function is given by (−2−6δ4δ4δ−2δ), whose leading coefficients are negative and the determinant 4δ(1−δ) is positive. Thus, the Hessian matrix is negatively defined and the objective function is jointly concave in qnQ and qtdQ. We form the Lagrangian of the problem as follows:


LQ=(ptQ(q)−c(1−h))qtdQ+(pnQ(q)−c)(qnQ−qtdQ)+μ1(qnQ−qtdQ)+μ2qtdQ










σ1Q(qnQ,qtdQ,μ1,μ2)=∂L∂qnQ=δ−2qnQ−c−6δqnQ+4δqtdQ+1+μ1=0










σ2Q(qnQ,qtdQ,μ1,μ2)=∂L∂qtdQ=−δ+4δqnQ−2δqtdQ+ch−μ1+μ2=0











There are 4 candidate cases left to be discussed.



Case 1.μ1=0, μ2>0, qnQ>qtdQ, qtdQ=0. By solving σ1Q=0 and σ2Q=0, we obtain qnQ*=1+δ−c2(3δ+1), μ2=δ−ch−2δ(δ−c+1)3δ+1, thus h<δ(δ+2c−1)c(1+3δ) should be satisfied, where ΠQ*=(1+δ−c)24(3δ+1). With the concern of δ, we know that when δ≥1−2c, 0<h<δ(δ+2c−1)c(1+3δ) is the optimal condition of this case, when δ<1−2c, this case is not optimal.



Case 2.μ1=0, μ2=0, qnQ>qtdQ, qtdQ>0. By solving σ1Q=0 and σ2Q=0, we obtain qnQ*=1+2ch−c−δ2(1−δ), qtdQ*=ch(1+3δ)+δ(1−2c−δ)2δ(1−δ), thus δ(δ+2c−1)c(1+3δ)≤h<δ1+δ should be satisfied, where ΠQ*=3c2δh2−4c2δh+c2δ+c2h2−2cδ2h+2cδ2+2cδh−2cδ−δ2+δ4δ(1−δ). With the concern of δ, we know that when δ≥1−2c, δ(δ+2c−1)c(1+3δ)≤h<δ1+δ is the optimal condition of this case, when δ<1−2c, 0≤h<δ1+δ is the optimal condition.



Case 3.μ1>0, μ2=0, qnQ=qtdQ, qtdQ>0. By solving σ1Q=0 and σ2Q=0, we obtain qnQ*=qtdQ*=ch+1−c2, μ1=c(δh−δ+h), thus h>δ1+δ should be satisfied, where ΠQ*=(ch−c+1)24. Thus when h>δ1+δ, this case is optimal.



Case 4.μ1>0, μ2>0, qnQ=0, qtdQ=0. By solving σ1Q=0 and σ2Q=0, we obtain μ1=c−δ−1, μ2=c−ch−1 which violate the constraints μ1>0, μ2>0. Thus this case is ruled out.



The results are summarized in Table A2.
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Table A2. The solutions under quality recovery.






Table A2. The solutions under quality recovery.





	Condition
	Quantity
	Price





	0<h<δ(δ+2c−1)c(1+3δ)
	qnQ*=1+δ−c2(3δ+1), qtdQ*=0
	pnQ*=c+δ+12



	δ(δ+2c−1)c(1+3δ)≤h<δ1+δ
	qnQ*=1+2ch−c−δ2(1−δ), qtdQ*=ch(1+3δ)+δ(1−2c−δ)2δ(1−δ)
	pnQ*=c+δ+12

puQ*=ch+δ2



	h>δ1+δ
	qnQ*=qtdQ*=ch+1−c2
	pnQ*=(δ+1)(c−ch+1)2

puQ*=δ(c−ch+1)2










 □






Appendix A.5


Proof of Proposition 2.

Under the low-end recovery model, the profit-maximizing problem is given by the following:


maxqnL,qrLΠL=(pnL−c)qnL+(puL−cr)qrLs.t    qnL≥qrL,    qrL≥0.











In this problem, pnL(q)=δ(1−3qnL−2qrL)+1−qnL, puL(q)=δ(1−2qnL−qrL) are satisfied. The first two constraints guarantee the non-negative quantity of trading in and reselling product. The Hessian matrix of the objective function is given by (−2−6δ−4δ−4δ−2δ−2k), whose leading coefficients are negative and the determinant 4δ+4k+12δk−4δ2 is positive. Thus, the Hessian matrix is negatively defined and the objective function is jointly concave in qnE and qrE. We form the Lagrangian of the problem as follows:


LL=(pnL(q)−c)qnL+(puL(q)−cr)qrL+μ1(qnL−qrL)+μ2qrL










σ1L(qnL,qrL,μ1,μ2)=∂L∂qnL=1+δ−2qnL(1+3δ)−4qrLδ−c+μ1=0










σ2L(qnL,qrL,μ1,μ2)=∂L∂qrL=δ−4qnLδ−2qrL(δ+k)−μ1+μ2=0











There are 4 candidate cases left to be discussed.



Case 1.μ1=0, μ2>0, qnL>qrL, qrL=0. By solving σ1L=0 and σ2L=0, we obtain qnL*=1+δ−c2(3δ+1), μ2=cr−δ+4δ(δ−c+1)2(3δ+1), thus cr>δ+2c−11+3δ should be satisfied, where ΠL*=(1+δ−c)24(3δ+1). Thus when cr>δ+2c−11+3δ , this case is optimal.



Case 2.μ1=0, μ2=0, qnL>qrL, qrL>0. By solving σ1L=0 and σ2L=0, we obtain qnL*=1+2cr−c−δ2(1−δ), qrL*=δ(δ+2c−1)−cr(1+3δ) 2δ(1−δ), thus δ(3c−2+2δ)5δ+1 <cr<δ(δ+2c−1)1+3δ should be satisfied, where ΠL*=c2δ−4ccrδ+2cδ2−2cδ+3cr2δ+cr2−2crδ2+2crδ−δ2+δ4δ(1−δ). Thus, when δ>2−3c2, δ(3c−2+2δ)5δ+1<cr<δ(δ+2c−1)1+3δ is the optimal condition. When 1−2c<δ<2−3c2, 0<cr<δ(δ+2c−1)1+3δ is the optimal condition. When δ<1−2c, this case is not optimal.



Case 3.μ1=0, μ2>0, qnL=qrL, qrL>0. By solving σ1L=0 and σ2L=0, we obtain qnL*=qrL*=1+2δ−c−cr2(1+8δ), μ1=3cδ+2δ2−2δ−5crδ−cr8δ+1, thus cr<δ(3c+2δ−2)1+5δ should be satisfied, where ΠL*=(1+2δ−c−cr)24(8δ+1). Thus, when δ>2−3c2, 0<cr<δ(3c+2δ−2)1+5δ is the optimal condition of this case, when δ<2−3c2, this case is not optimal.



Case 4.μ1>0, μ2>0, qnL=0, qrL=0. By solving σ1L=0 and σ2L=0, we obtain μ1=c−δ−1, μ2=c+cr−2δ−1 which violate the constraints μ1>0, μ2>0. Thus, this case is ruled out.



The results are summarized in Table A3.
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Table A3. The solutions under low-end recovery.






Table A3. The solutions under low-end recovery.





	Condition
	Quantity
	Price





	cr≥δ+2c−11+3δ
	qnL*=1+δ−c2(3δ+1), qrL*=0
	pnL*=c+δ+12, puL*=δ(c+2δ)3δ+1



	δ(3c−2+2δ)5δ+1≤cr<δ(δ+2c−1)1+3δ
	qnL*=1+2cr−c−δ2(1−δ), qrL*=δ(δ+2c−1)−cr(1+3δ)2δ(1−δ)
	pnL*=c+δ+12, puL*=cr+δ2



	cr<δ(3c+2δ−2)1+5δ
	qnL*=qrL*=1+2δ−c−cr2(1+8δ)
	pnL*=c+cr+11δ+5cδ+5crδ+6δ2+12(8δ+1), puL*=δ(3c+3cr+10δ−1)2(8δ+1)










When r<1, i.e., δ>δr, we can solve the optimal solution in a similar way, which is given in the Table A4.
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Table A4. The solutions under low-end recovery when r<1.






Table A4. The solutions under low-end recovery when r<1.





	Condition
	Quantity
	Price





	cr≥δr(2c+δ−1)3δ+1
	qnL*=1+δ−c2(3δ+1), qrL*=0
	pnL*=c+δ+12, puL*=δ(c+2δ)3δ+1



	δr(3c+2δr−2)3δ+2δr+1≤cr<δr(2c+δ−1)3δ+1
	qnL*=2cr−c+δ−2δr+16δ−8δr+2, qrL*=cr+3crδ+δr−δ2r−2cδr8δ2r2−6δ2r−2δr
	pnL*=c+δ+12, puL*=cr+2cδ−crδ+δr−5δ2r+4δ2−2cδr6δ−8δr+2



	cr<δr(3c+2δr−2)3δ+2δr+1
	qnL*=qrL*=δ−cr−c+δr+16δ+10δr+2
	pnL*=(c+cr+4δ+3cδ+3crδ+7δr+5δ2r+3δ2−2δ2r2+2cδr+2crδr+1)6δ+10δr+2, puL*=δ(2c+2cr+4δ−r+cr+crr+7δr−δr2)6δ+10δr+2










When r≥1, i.e., δ≤δr, we can solve the optimal solution in a similar way, which is given in Table A5.






[image: Table]





Table A5. The solutions under low-end recovery when r≥1.






Table A5. The solutions under low-end recovery when r≥1.





	Condition
	Quantity
	Price





	cr≥δ(c−δ+cr+2δr−1)3δ+1
	qnL*=1+δ−c2(3δ+1), qrL*=0
	pnL*=c+δ+12, puL*=δ(c+2δ)3δ+1



	δ(c−δ−r+2cr+2δr+δr2−1)4δ+r+1≤cr<δ(c−δ+cr+2δr−1)3δ+1
	qnL*=−(cr+r−cr+crr−δr2)2δ−2r−2δr+2δr2, qrL*=−(cr+δ−cδ+3crδ−2δ2r+δ2−cδr)−2δ2r2+2δ2r−2δ2+2δr
	pnL*=c+δ+12, puL*=−(cr+δ−cδ+crδ−δ2+cδr−2crδr)2δ−2r−2δr+2δr2



	cr<δ(c−δ−r+2cr+2δr+δr2−1)4δ+r+1
	qnL*=qrL*=δ−cr−c+δr+110δ+6δr+2
	pnL*=(c+cr+7δ+4cδ+4crδ+4δr+δ2r+6δ2−δ2r2+cδr+crδr+1)10δ+6δr+2, puL*=δ(3c+3cr+7δ+3δr−1)10δ+6δr+2










 □






Appendix A.6


Proof of Proposition 3.

(1) Quality recovery



According to Proposition 1, we obtain the environmental impact under each situation as follows:



Pure reselling ErQ=(δ−c+1)(ed+ep)2(3δ+1). Full recovery EfQ=er(ch−c+1)2. Partial recovery EpQ=c(ed+ep)(h−δ+δh)−er(δ−2cδ+ch−δ2+3cδh)2δ(δ−1). We take first order derivative of EpQ in respect of h, which gives ∂EpQ∂h=c(ed+ep)(1+δ)−cer(1+3δ)2δ(δ−1). Thus, when K<K1=1+δ3δ+1, EpQ decreases in h. We take first order derivative of EfU in respect of h, which gives ∂EfQ∂h=cer2>0, thus EfU always increases in h. When partial recovery is greener than pure reselling, ErQ−EfQ>0 should be satisfied, which gives K<K1=1+δ3δ+1. When full recovery is greener than pure reselling, ErQ−EpQ>0 should be satisfied, which gives K<K2=1−c+δ(3δ+1)(ch−c+1). Comparing K1 and K2, we obtain K1−K2=c(h−δ+δh)(3δ+1)(ch−c+1)>0, thus K1>K2.



(2) Low-end recovery



According to Proposition 2, we obtain the environmental impact under each situation as follows:



Pure reselling ErL=(δ−c+1)(ed+ep)2(3δ+1). Full recovery EfL=(ed+ep+er)(1+2δ−c−cr)2(8δ+1). Partial recovery EpL=(ed+ep)(c−2cr+δ−1)+er(cr+δ−2cδ+3crδ−δ2)2δ(δ−1). We take first order derivative of EpL in respect of cr, which gives ∂EpL∂h=−2δ(ed+ep)+er(1+3δ)2δ(δ−1). Thus, when K<K3=2δ3δ+1, EpL decreases in cr. We take first order derivative of EfL in respect of cr, which gives ∂EfL∂h=−(ed+ep+er)8(2δ+1)<0, thus EfL always decreases in cr. When partial recovery is greener than pure reselling, ErL−EpL>0 should be satisfied, which gives K<K3=2δ3δ+1. When full recovery is greener than pure reselling, ErL−EfL>0 should be satisfied, which gives K<K4=cr+4δ−5cδ+3crδ+2δ2(3δ+1)(2δ+1−c−cr). Comparing K3 and K4, we obtain K3−K4=cr+2δ−3cδ+5crδ−2δ2(3δ+1)(c+cr−2δ−1)>0, thus K1>K2. □






Appendix A.7


Proof of Proposition 4.

(1) According to Propositions 1 and 2, we know the manufacturer’s profit under each recovery strategy ΠQ* and ΠL*. By solving ΠQ*−ΠL* in respect of h, we obtain h1=−cr−2δ+4cδ−3crδ+2δ2c(1+3δ), h2=crc. As h and cr should be both within the range of partial recovery, thus we check these two solutions. We know that h1 and h2 all cross the point where (cr,h)=(δ(δ+2c−1)1+3δ,δ(δ+2c−1)c(1+3δ)), while h1 decreases in cr and h2 increases in cr, thus h2 definitely does not pass through the valid range of partial recovery under both recovery strategy and h1 does, thus h1 is the discrimination boundary between quality recovery and low-end strategy, which is noted as hp.



(2) According to Propositions 2 and 4, we know that when 2δ3δ+1<K<1+δ3δ+1, ErQ<Er<EpL, thus quality recovery is greener than low-end recovery.



We compare the environmental impact in these two models when K<2δ3δ+1 by checking if the equation ΔE=ErQ−EpL is positive or negative. By solving the first order derivative of ΔE with respect to h and set it equal to 0, we can obtain the point where the environmental impact under these two strategies is the same, i.e., he=K(cr+2δ−2δ2−4cδ+3crδ)+δ(−1+δ+2c−2cr)c((1+δ)−K(1+3δ)). Then we check if he falls within the valid range of h. By getting first order derivative of he with respect to cr, we obtain dhedcr=K(1+3δ)−2δc((1+δ)−K(1+3δ)). As K<2δ3δ+1, dhedcr<0, he decreases in cr. Then we check if there are certain value of cr that get he to the boundary of h. We substitute the upper and lower bound value of cr into he and see if the result violates the valid range of h. We obtain a higher bound of he as h¯e=δ(2c−1+δ2+4cδ)+Kδ(−c+4δ−4δ2−11cδ)c(5δ+1)((1+δ)−K(1+3δ)) and a lower bound of he as h_e=δ(2c+δ−1)c(3δ+1). By checking δ1+δ−h¯e=δ(1−δ)(δ−c+1)((1+δ)−4δK)c(5δ+1)(δ+1)((1+δ)−K(1+3δ)), we know that, he is valid only if K<1+δ4δ. Since 1+δ4δ−2δ1+3δ=(5δ+1)(1−δ)4δ(3δ+1)>0, thus when K<2δ1+3δ, K<1+δ4δ is also satisfied, thus he exists within the valid range of h.



(3) First, we solve hp−he=0 which gives cr=δ(δ−1+2c)1+3δ, then we check ∂(hp−he)∂er which gives ∂(hp−he)∂er=δ−1c(δ−er−3δer+1). When both recovery strategies are greener than pure reselling, ∂(hp−he)∂er<0 should be satisfied, thus hp>he always holds. Next, we find that ∂he∂er=−(δ−1)(cr+δ−2cδ+3crδ−δ2)c(δ−er−3δer+1)2 is negative when cr<δ(δ−1+2c)1+3δ, thus he decreases in K. □






Appendix A.8


Proof of Proposition 5.

We assume that the manufacturer can choose these strategies at the same time, the profit-maximizing problem is given by the following:


maxqnH,qtdH,qrHΠH=(ptH−c(1−h))qtdH+(pn−c)(qnH−qtdH−qrH)+(prH−cr)qrHs.t    qnH≥qtdH,   qnH−qtdH≥qrH,  qtdH≥0,  qrH≥0,  ptH=pnH−puH.











In this problem, puH(q)=δ−2qnHδ+qtdHδ−qrHδ, pnH(q)=δ−qnH(1+3δ)+2qtdHδ−2qrHδ+1. The Hessian matrix of the objective function is given by (−2−6δ4δ−4δ4δ−2δ2δ−4δ2δ−2δ), whose leading coefficients are negative, the second determinant is 4δ(1−δ) with respect to qnH and qtdH, qtdH and qrH, but is 0 with respect to qtdH and qrH. The third determinant is 0. Thus, the Hessian matrix is semi-negatively defined and the profit is jointly concave in qnH, qtdH and qrH. We form the Lagrangian of the problem as follows:


LH=(ptH(q)−c(1−h))qtdH+(pnH(q)−c)(qnH−qtdH)+(puH−cr)qrH+μ1(qnH−qtdH)        +μ2(qnH−qtdH−qrH)+μ3qtdH+μ4qrH










σ1H(qnH,qtdH,qrH,μ1,μ2)=∂L∂qnH=δ−2qnH−c−6qnHδ+4qtdHδ−4qrHδ+1+μ1+μ2=0σ2H(qnH,qtdH,qrH,μ1,μ2,μ3)=∂L∂qtdH=−δ+4qnHδ−2qtdHδ+2qrHδ+chμ3−μ1−μ2=0σ3H(qnH,qtdH,qrH,μ2,μ4)=∂L∂qrH=δ−cr−4qnHδ+2qtdHδ−2qrHδ−μ2+μ4=0








There are 7 candidate cases left to be discussed.



Case 1.qnH>qtdH,  qnH=qtdH+qrH,  qtdH>0,  qrH>0,  μ1=0,  μ2>0,  μ3=0,  μ4=0. By solving σ1H=0, σ2H=0 and σ3H=0, we obtain qnH*=cr−2c−2δ+3ch+24(1−δ), qrH*=2cδ−cr−ch−2cδh8δ(1−δ)qtdH*=cr+4δ−6cδ+2crδ+ch−4δ2+8cδh8δ(1−δ), thus h>crc, h>−cr−4δ+6cδ−2crδ+4δ2c(1+8δ), h<2cδ−crc(1+2δ) should be satisfied, where pnH*=2c+cr+2δ−ch+24, puH*=prH*=cr+2δ+ch4, ΠH*=8c2δh2−12c2δh+4c2δ+c2h2+4ccrδh−4ccrδ+2ccrh−8cδ2h+8cδ2+8cδh−8cδ+cr2−4δ2+4δ16δ(1−δ). Thus the optimal condition of this case is cr<δ(3c+2δ−2)1+5δ, −cr−4δ+6cδ−2crδ+4δ2c(1+8δ)<h<2cδ−crc(1+2δ) or cr>δ(3c+2δ−2)1+5δ, crc<h<2cδ−crc(1+2δ).



Case 2.qnH>qtdH,  qnH>qtdH+qrH,  qtdH>0,  qrH=0,  μ1=0,  μ2=0,  μ3=0,  μ4>0. By solving σ1H=0, σ2H=0 and σ3H=0, we obtain qnH*=1+2ch−c−δ2(1−δ), qtdH*=ch(1+3δ)+δ(1−2c−δ)2δ(1−δ), μ4=cr−ch thus δ(δ+2c−1)c(1+3δ)≤h<δ1+δ, h<crc should be satisfied,



Case 3.qnH=qtdH,  qnH=qtdH+qrH,  qtdH>0,  qrH=0,  μ1>0,  μ2>0,  μ3=0,  μ4>0. By solving σ1H=0, σ2H=0 and σ3H=0, we obtain qnH*=qtdH*=ch+1−c2, ΠH*=(ch−c+1)24, μ1+μ2=c(h−δ+δh), μ4=cr−2cδ+ch+2cδh, thus h>δ1+δ and h>2cδ−crc(1+2δ) should be satisfied.



Case 4.qnH>qtdH,  qnH>qtdH+qrH,  qtdH=0,  qrH>0,  μ1=0,  μ2=0,  μ3>0,  μ4=0. By solving σ1H=0, σ2H=0 and σ3H=0, we obtain qnH*=1+2cr−c−δ2(1−δ), qrH*=δ(δ+2c−1)−cr(1+3δ) 2δ(1−δ), μ3=cr−ch thus h<crc, δ(3c−2+2δ)5δ+1 <cr<δ(δ+2c−1)1+3δ should be satisfied.



Case 5.qnH>qtdH,  qnH=qtdH+qrH,  qtdH=0,  qrH>0,  μ1=0,  μ2>0,  μ3>0,  μ4=0. By solving σ1H=0, σ2H=0 and σ3H=0, we obtain qnE*=qrE*=1+2δ−c−cr2(1+8δ), μ2=3cδ+2δ2−2δ−5crδ−cr8δ+1, μ3=−(cr+4δ−6cδ+2crδ+ch−4δ2+8cδh)8δ+1, thus cr<δ(3c+2δ−2)1+5δ, h<−cr−4δ+6cδ−2crδ+4δ2c(1+8δ) should be satisfied.



Case 6.qnH>qtdH,  qnH>qtdH+qrH,  qtdH=0,  qrH=0,  μ1=0,  μ2=0,  μ3>0,  μ4>0. By solving σ1H=0, σ2H=0 and σ3H=0, we obtain qnH*=1+δ−c2(3δ+1), μ3=−δ+2cδ−ch+δ2−3cδh3δ+1, μ4=cr+δ−2cδ+3crδ−δ23δ+1, thus cr>δ(3c+2δ−2)1+5δ, h<δ(3c+2δ−2)c(1+5δ) should be satisfied.



Case 7.qnH>qtdH,  qnH>qtdH+qrH,  qtdH>0,  qrH>0,  μ1=0,  μ2=0,  μ3=0,  μ4=0. By solving σ1H=0, σ2H=0 and σ3H=0, we obtain qnH=δ−2cδ+2qrHδ+ch−2qrHδ2−δ2+3cδh2δ(1−δ) and qtdH=cr+δ−2cδ+3crδ+2qrHδ−2qrHδ2−δ22δ(1−δ), while there is no solution for qrH, thus this case does not exist.



In summary, case 1 is the only situation that hybrid recovery is valid and the other cases overlap with all the situations in pure quality recovery and low-end recovery.



When r<1, i.e., δ>δr, we can solve the optimal solution in a similar way. As the Hessian metric (−2−6δ4δ−4δr4δ−2δ2δ−4δr2δ−2δr) is negatively defined, we know that the problem is jointly concave in qnH, qtdH, and qrH. The result is given in Table A6.
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Table A6. The solutions under hybrid recovery when r<1.






Table A6. The solutions under hybrid recovery when r<1.





	Condition
	Quantity





	h≥c2δ(r−1) or

h≥cr−δ+2cδ−crδ+δr−δ2r+δ2−2cδrc(3δ−4δr+1) and

h<cr−crδ+crr+cδr−crδr−cδr22cr(1−δr)
	qrH=cr−chr2δr(r−1)

qtdH=δ−cr−2cδ+crδ+ch−δr+δ2r−δ2+3cδh+2cδr−4cδhr2δ(δ−1)(r−1)

qnH=c+δ−2ch−12(δ−1)



	h≥cr−crδ+crr+cδr−crδr−cδr22cr(1−δr) and

h<cδ−cr+cδrc(δ+δr+1) and

h≥−(cr+δ−2cδ+crδ+3δr−2δ2r−δ2−δ2r2−4cδr+crδr)c(3δ+5δr+1)
	qrH=cr−cδ+ch+cδh−cδr+cδhr2(δ−3r+2δr+δr2−1)

qtdH=−(cr+δ−2cδ+crδ+ch+3δr−2δ2r−δ2−δ2r2+3cδh−4cδr+crδr+5cδhr)2(δ−3r+2δr+δr2−1)

qnH=−(cr−c−δ+3r+2ch−3cr+crr−2δr−δr2+4chr+1)2(δ−3r+2δr+δr2−1)










When r≥1, i.e., δ≤δr, we can solve the optimal solution in a similar way. As the Hessian metric (−2−6δ4δ−2δ(r+1)4δ−2δ2δ−2δ(r+1)2δ−2δr) is negatively defined, we know that the problem is jointly concave in qnH, qtdH, and qrH. The result is given in Table A7.
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Table A7. The solutions under hybrid recovery when r≥1.






Table A7. The solutions under hybrid recovery when r≥1.





	Condition
	Quantity





	h≥cr+cδ−crδ−cδrc(δ−2δr+1) or

h≥−(cr+δ−cδ+crδ−δr−δ2r+δ2r2+cδr−2crδr)c(δ−r−δr+δr2)

and h<−(crδ−cδ−2cr+cδr+crδr)c(δ+r−2δr−δr2+1)
	qrH=−(crδ−cδ−cr+ch+cδh+cδr−2cδhr)2δ(δr−1)(r−1)

qtdH=cr+δ−cδ+crδ−δr−δ2r+δ2r2+cδh+cδr−2crδr−chr−cδhr+cδhr22δ(δ−1)(r−1)

qnH=−(cr−c+ch−δr+1)2(δr−1)



	h<cδ−cr+cδrc(δ+δr+1) and

h≥−(cr+3δ−4cδ+crδ+δr−2δ2r−δ2−δ2r2−2cδr+crδr)c(5δ+3δr+1)

and h≥−(crδ−cδ−2cr+cδr+crδr)c(δ+r−2δr−δr2+1)
	qrH=cr−cδ+ch+cδh−cδr+cδhr2δ(δ−r+2δr+δr2−3)

qtdH=−(cr+3δ−4cδ+crδ+ch+δr−2δ2r−δ2−δ2r2+5cδh−2cδr+crδr+3cδhr)2δ(δ−r+2δr+δr2−3)

qnH=−(cr−3c−δ+r+4ch−cr+crr−2δr−δr2+2chr+3)2(δ−r+2δr+δr2−3)










 □






Appendix A.9


Proof of Proposition 6.

According to Proposition 3 and 5, we obtain the environmental impact under hybrid recovery, EH=(ed+ep)(cr−2cδ+ch+2cδh)+er(−4δ+4δ2+4cδ−2crδ−6cδh)8δ(δ−1), partial recovery under quality recovery EpQ=c(ed+ep)(h−δ+δh)−er(δ−2cδ+ch−δ2+3cδh)2δ(δ−1) and low-end recovery EpL=δ(ed+ep)(c−2cr+δ−1)−er(cr+δ−2cδ+3crδ−δ2)2δ(δ−1). First, we check when EH−EpQ<0 is satisfied. As ∂(EH−EpQ)∂h=c((ed+ep)(3+2δ)−2er(2+3δ))8δ(1−δ), when K>3+2δ2(3δ+2), ∂(EH−EpQ)∂h<0, thus when h>hQH=(cr+2cδ)−2δK(2c+cr)c((3+2δ)−2K(2+3δ)), hybrid recovery is greener. When K<3+2δ2(3δ+2), ∂(EH−EpQ)∂h>0, thus when h<hQH, hybrid recovery is greener. Next, we check if hQH is within the valid range of h. It happens that hQH always cross the point where (cr,h)=(cδ1+δ,δ1+δ), which is also on the boundary of the decision space of hybrid recovery. Thus, it is obvious that if the slope of hQH in respect of cr is larger than 0 and lower than 1c, hQH exists.



When K>3+2δ2(3δ+2), we know that if K>12δ, hQH exists, if 3+2δ2(3δ+2)<K<12δ quality recovery is always greener, thus when 3+2δ2(3δ+2)<K<1+δ1+3δ, quality recovery is always greener.



When K<3+2δ2(3δ+2), we know that if K<12, hQH exists, if h<hQH hybrid recovery is greener, if 12<K<3+2δ2(3δ+2) quality recovery is always greener.



In summary, when 12<K<1+δ1+3δ, quality recovery is always green than hybrid recovery, when K<12, there exists hQH, when h<hQH, hybrid recovery is greener. We also find that ∂hQH∂er=−(4(δ−1)(cr−cδ+crδ))c(2δ−4er−6δer+3)2 is negative when cr<cδ1+δ, thus hQH decreases in K.



Second, we check when EH−EpL<0 is satisfied. As ∂(EH−EpL)∂h=c((ed+ep)(1+2δ)−6δer)8δ(δ−1), when K<1+2δ6δ, ∂(EH−EpL)∂h<0, thus when h>hLH=K(4cr+8δ−8δ2−12cδ+14crδ)−(cr+4δ−4δ2−6cδ+8crδ)c(1+2δ−6δK), hybrid recovery is greener. We rule out K>1+2δ6δ, because when 1+2δ6δ>K3, low-end recovery is not greener than pure reselling strategy. Next, we check if hEH is within the valid range of h. It happens that hEH always cross the point where (cr,h)=(cδ1+δ,δ(3c−2+2δ)c(1+3δ)), which is also on the boundary of decision space of hybrid recovery. Thus, it is obvious that if the slope of hLH in respect of cr is larger than 1c, hLH exists. When K<1+2δ6δ, we know that if 12<K<1+2δ6δ, hLH exists, if h>hLH, hybrid recovery is greener. If K<12, hybrid recovery is always greener.



In summary, when K<2δ1+3δ, hybrid recovery is always greener. □






Appendix A.10


Proof of Proposition 7.

According to Proposition 5, we obtain the environmental impact under hybrid recovery EH=(ed+ep)(cr−2cδ+ch+2cδh)+er(−4δ+4δ2+4cδ−2crδ−6cδh)8δ(δ−1). We check the influence of the recovered value to the environmental impact of hybrid recovery. As ∂ErH∂h=c(ed+ep)(1+2δ)−6cδer8δ(δ−1), when K<1+2δ6δ, the increase of the recovered value of quality recovery can decrease the environmental impact. As ∂ErH∂cr=ed+ep−2δer8δ(δ−1), thus when K<12δ, the decrease of remanufacturing cost can increase the environmental impact. □






Appendix A.11


Proof of Extension. 

First, we examine the pure recovery strategy. Recall the results we obtain in Proposition 1 and Proposition 2, we can know the environmental impact under each case when r∈(0,1δ), which is given in Table A8.
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Table A8. The profit and environmental impact under pure recovery.






Table A8. The profit and environmental impact under pure recovery.





	Case
	Profit and Environmental Impact





	r∈(0,1)
	Πr1L=c2δr−4ccrδr+4cδ2r2−2cδ2r−2cδr+3cr2δ+cr2−2crδ2r+2crδr−δ2r2+δ2r−3δ2r2+2δ2r+δr4δr(3δ−4δr+1)

Er1L=(ed+ep)(2cr−c+δ−2δr+1)6δ−8δr+2−er(cr+3crδ+δr−δ2r−2cδr)2δr(3δ−4δr+1)



	r∈[1,1δ)
	Πr2L=−c2δr+2ccrδr+2ccrδ−2cδ2r2+2cδr−3cr2δ−cr2+4crδ2r−2crδ2−2crδ−δ3r2+δ3r+δ2r2−δr4δ(δ−r−δr+δr2)

Er2L=−(ed+ep)(cr+r−cr+crr−δr2)2δ−2r−2δr+2δr2+er(cr+δ−cδ+3crδ−2δ2r+δ2−cδr)2δ(δ−r−δr+δr2)










Compared with pure quality recovery, we can know several boundaries that determine the optimal condition, which are shown as follows:


hr1p=1c+3cδ(−δ+2cδ+δ2+(−cr−2crδ+3crδ2−δr+2cδr+2δ2r+2cδ2r+δ3r)−1r(−1+δ)(1+3δ−4δr))










hr1e=2δ(δ−1)c(1+δ−K−3δK)(c2(δ−1)−K(2c+δ−1)2(δ−1)+(2cr−c+δ−2δr+1)(6δ−8δr+2)−K(cr+3crδ+δr−δ2r−2cδr)2δr(3δ−4δr+1))










hr2p=1c+3cδ(−δ+2cδ+δ2+(−cr−δ+cδ−2crδ−cδ2+3crδ2+δ3+cδr+2δ2r−cδ2r−2δ3r)1(−1+δ)(δ−r−δr+δr2))










hr2e=2δ(δ−1)c(1+δ−K−3δK)(c2(δ−1)−K(2c+δ−1)2(δ−1)−cr+r−cr+crr−δr22δ−2r−2δr+2δr2+K(cr+δ−cδ+3crδ−2δ2r+δ2−cδr)2δ(δ−r−δr+δr2))











When r∈(0,1), if h>hr1p quality recovery is more profitable, if h>hr1e, quality is environmentally superior. When r∈[1,1δ), if h>hr2p quality recovery is more profitable, when h>hr2e quality is environmentally superior. The win-win situation is shown in the numerical analysis in Figure 12.



Next, we introduce hybrid recovery strategy. Recall the results we obtained in Proposition 1, Proposition 2 and Proposition 5, we can know the environmental impact under each case when r∈(0,1δ), which is given in Table A9.
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Table A9. The profit and environmental impact under hybrid recovery.






Table A9. The profit and environmental impact under hybrid recovery.





	Case
	Environmental Impact





	r∈(0,1)
	Er1,pH=(−(er+ep)(cr−δ2r2−crδ+crr−δr+δr2+δ2r−2chr−2cδr2+2cδr−crδr−2cδhr+4cδhr2)−(ed+ep)(−crr+chr+cδr2−cδr+crδr+cδhr−2cδhr2))2δr(δ−1)(r−1)

Er1,fE=(ed+ep)(cr−cδ+ch+cδh−cδr+cδhr)+er(−δ+δ2+δ2r2+cδ−crδ−3δr+2δ2r−2cδh+3cδr−crδr−4cδhr)2δ(δ−3r+2δr+δr2−1)



	r∈[1,1δ)
	Er2,pE=(ep+ed)(cr−chr)+er(−2cr−δ+ch+δr−chr)2δ(r−1)

Er2,fE=er(−3δ+δ2+δ2r2+3cδ−crδ−δr+2δ2r−4cδh+cδr−crδr−2cδhr)+(ep+ed)(cr−cδ+ch+cδh−cδr+cδhr)2δ(δ−r+2δr+δr2−3)










Compared with pure quality recovery and pure low-end recovery, we can know several theoretical boundaries that determine the optimal condition, which are given as follows:


hr1,pQH=c2(−1+δ)−K(−δ+2cδ+δ2)2δ(−1+δ)−crK−crr+crKr−crKδ−crδ+crrδ−Krδ+2cKrδ−crKrδ+cr2δ+Kr2δ−2cKr2δ+Krδ2−Kr2δ22r(−1+r)(−1+δ)δc(1+δ)2δ(−1+δ)−K(c+3cδ)2δ(−1+δ)+cr−2cKr+crδ−2cKrδ−2cr2δ+4cKr2δ2r(−1+r)(−1+δ)δ










hr1,fQH=−c2(−1+δ)+K(−δ+2cδ+δ2)2δ(−1+δ)+−cr+cδ+Kδ−cKδ+crKδ+crδ+3Krδ−3cKrδ+crKrδ−Kδ2−2Krδ2−Kr2δ22δ(−1−3r+δ+2rδ+r2δ)−c(1+δ)2δ(−1+δ)+K(c+3cδ)2δ(−1+δ)+c+cδ−2cKδ+crδ−4cKrδ2δ(−1−3r+δ+2rδ+r2δ)










hr1,pLH=−(2(−1+r)r(−1+δ)δ(1−c+2cr+δ−2rδ2+6δ−8rδ−K(cr+3crδ+rδ−2crδ−rδ2)2rδ(1+3δ−4rδ)+(crK−crr+crKr−crKδ−crδ+crrδ−Krδ+2cKrδ−crKrδ+cr2δ+Kr2δ−2cKr2δ+Krδ2−Kr2δ2)2(−1+r)r(−1+δ)δcr−2cKr+crδ−2cKrδ−2cr2δ+4cKr2δhr1,fLH=2δ(−1−3r+δ+2rδ+r2δ)(−cr+r−cr+crr−r2δ−2r+2δ−2rδ+2r2δ+K(cr+δ−cδ+3crδ−crδ+δ2−2rδ2)2δ(−r+δ−rδ+r2δ)+−cr+cδ+Kδ−cKδ+crKδ+crδ+3Krδ−3cKrδ+crKrδ−Kδ2−2Krδ2−Kr2δ22δ(−1−3r+δ+2rδ+r2δ))c+cδ−2cKδ+crδ−4cKrδ










hr2,pQH=−c2(−1+δ)−cr−2crK−Kδ+Krδ2(−1+r)δ+K(−δ+2cδ+δ2)2(−1+δ)δcK−cr+cKr2(−1+r)δ−c(1+δ)2(−1+δ)δ+K(c+3cδ)2(−1+δ)δ










hr2,fQH=−c2(−1+δ)+K(−δ+2cδ+δ2)2(−1+δ)δ+−cr+cδ+3Kδ−3cKδ+crKδ+crδ+Krδ−cKrδ+crKrδ−Kδ2−2Krδ2−Kr2δ22δ(−3−r+δ+2rδ+r2δ)c(1+δ)2(−1+δ)δ+K(c+3cδ)2(−1+δ)δ+c+cδ−4cKδ+crδ−2cKrδ2δ(−3−r+δ+2rδ+r2δ)










hr2,pLH=2δ(−1+r)(−1−c+2cr+δ−2rδ2+6δ−8rδ+cr−2crK−Kδ+Krδ2(−1+r)δ+K(cr+3crδ+rδ−2crδ−rδ2)2rδ(1+3δ−4rδ))cK−cr+cKr










hr2,fLH=2δ(−3−r+δ+2rδ+r2δ)(−cr+r−cr+crr−r2δ−2r+2δ−2rδ+2r2δ+K(cr+δ−cδ+3crδ−crδ+δ2−2rδ2)2δ(−r+δ−rδ+r2δ)+−cr+cδ+3Kδ−3cKδ+crKδ+crδ+Krδ−cKrδ+crKrδ−Kδ2−2Krδ2−Kr2δ22δ(−3−r+δ+2rδ+r2δ))(c+cδ−4cKδ+crδ−2cKrδ)











In the notation of different thresholds, QH (LH) represents the threshold between quality recovery (low-end recovery) and hybrid recovery, f and p represent the full hybrid recovery and partial hybrid recovery respectively, r1 and r2 represent the situation where r∈(0,1), and r∈[1,1δ), respectively. Through repetitive testing, we find that except for hr1,fQH and hr2,fQH, the boundaries hr1,pQH, hr1,pLH, hr1,fLH, hr2,pQH, hr2,pLH, hr2,fLH do not fall on the available range of hybrid recovery. Therefore full hybrid recovery is either environmentally superior or inferior than pure quality recovery if h is larger than hr1,fQH or hr2,fQH, low-end recovery is either always environmentally superior or inferior to hybrid recovery and partial hybrid recovery is always environmentally superior or inferior to quality recovery. We only need to check an available point to determine which solution is correct.




	(1)

	
Comparing full hybrid recovery and quality recovery, we set δ=0.4, c=0.6, ed+ep=1, er=0.2. Let r=0.8, h=0.27, cr=0.07, EpQ−hr1,fQH=−0.0226. Let r=0.8, h=0.22, cr=0.07, EpQ−hr1,fQH=0.0142. Let r=1.2, h=0.27, cr=0.15, EpQ−hr2,fQH=−0.0136. Let r=1.2, h=0.22, cr=0.15, EpQ−hr2,fQH=0.0237. These results show that, when h≥hr1,fQH or h≥hr2,fQH, quality recovery is greener.




	(2)

	
Comparing partial hybrid recovery and quality recovery, we set δ=0.4, c=0.6, ed+ep=1, er=0.2. Let r=0.8, h=0.19, cr=0.07, EpQ−hr1, pQH=0.0729. Let r=1.2, h=0.19, cr=0.155, EpQ−hr2,pQH=0.0323. These results show that, partial hybrid recovery is always greener than quality recovery.




	(3)

	
Comparing full hybrid recovery and low-end recovery, we set δ=0.4, c=0.6, ed+ep=1, er=0.2. Let r=0.8, h=0.22, cr=0.07, EpL−hr1,fLH=0.0541. Let r=1.2, h=0.22, cr=0.15, EpL−hr2,fLH=0.0617. These results show that, full hybrid recovery is always greener than low end recovery.




	(4)

	
Comparing partial hybrid recovery and low-end recovery, we set δ=0.4, c=0.6, ed+ep=1, er=0.2. Let r=0.8, h=0.19, cr=0.07, Er1,pL−hr1, pLH=0.0768. Let r=1.2, h=0.19, cr=0.155, Er2,pL−hr2,pLH=0.0382. These results show that partial hybrid recovery is always greener than low-end recovery. □
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Figure 1. The product flows under three recovery strategies. (Note: The full line represents selling flow and the dotted line represents collecting flow). 
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Figure 2. The process of obtaining the optimal results under each recovery strategy, following backward induction. 
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Figure 3. The manufacturer’s decision under quality recovery. (Note: c=0.6, δ=0.4). 
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Figure 4. The manufacturer’s decision under low-end recovery. (Note: c=0.6, δ=0.4). 
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Figure 5. The win-win condition under pure recovery. (Note: c=0.6, δ=0.4,K=0.2). 
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Figure 6. The manufacturer’s decision for recovery strategies with hybrid recovery. (Note: c=0.6, δ=0.4). 
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Figure 7. Impact of h on the manufacturer’s decision with hybrid recovery. (Note: c=0.6, δ=0.4, (A) cr=0.12, (B) cr=0.1). 
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Figure 8. Impact of cr on the manufacturer’s decision with hybrid recovery. (Note: c=0.6, δ=0.4, (A) h=0.17, (B) h=0.25). 
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Figure 9. The condition where hybrid recovery achieves win-win improvement. (Note: c=0.6, δ=0.4,K=0.2). 
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Figure 10. Win-win condition and recovery strategy with respect to h and K. (Note: This is a sketch map, the lines are not all in the exact position. The left and right letter in (·) represent profit optimality and environmental superiority, respectively, the same letters in (·) represent win-win condition. The value N represents invalid situations). 
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Figure 11. Win-win condition of pure recovery strategy with the different value of r. (Note: c=0.6, δ=0.4,K=0.2, (A) r=0.8, (B) r=1.2). 
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Figure 12. The manufacturer’s decision of recovery strategy with the different values of r. (Note: c=0.6, δ=0.4,r=0.8). 
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Figure 13. The condition when hybrid recovery achieves win-win improvement with the different values of r. (Note: c=0.6, δ=0.4,K=0.2, (A) r=0.7, (B) r=1.2). 
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Table 1. Notations and Explanation.
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	Notations
	Explanation





	j∈{Q,L,H}
	Set of recovery strategies



	i∈{n,u,r,td,rs}
	Set of product types



	e∈{ep,ed,er}
	Set of environmental impact during each product phase



	c
	The production cost of a new product



	δ
	Durability of the product



	δr
	Relative willingness-to-pay of remanufactured product



	h
	Recovered value of quality recovery



	cr
	The production cost of remanufactured product in low-end recovery



	pij
	Price of each product



	qij
	The quantity of products which are sold or recovered



	Ej
	Total environmental impact



	Πj
	Total profit
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