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Abstract

:

This paper examines remanufacturing decisions in the context of outsourcing, which have important implications for environmental and economic sustainability. Specifically, we model the competition between an experienced Original Equipment Manufacturer (OEM) and an emerging Independent Remanufacturer (IR). The OEM can decide the manufacturing quantities of a brand-new product, and the IR can collect the OEM’s used products and remanufacture them for resale. The information structure is asymmetric, as only the OEM knows the market size. We identify the equilibrium quantities of both firms, which are shown to be strongly influenced by the IR’s cost efficiency and the consumers’ willingness to pay for the IR’s products. Asymmetric information also plays an important role. Is it always better to hide information? Interestingly, the OEM makes the most profit when the IR has full information on the market size. We find that when the market size is high, the OEM’s and IR’s production and encroachment decisions are the same as when both parties have equal information. The OEM also does not benefit from hiding market information from the IR when the market size is low. Indeed, if the IR’s cost efficiency is moderate and the market size is low, the OEM’s profits are actually hurt by hiding market information. Here, the diminished profits from hiding market information arises from the OEM’s substantially reduced production quantity to prevent IR encroachment. The OEM’s production quantity is higher if the OEM shares market information and the IR encroaches on the market. Thus, by sharing information, the OEM’s benefit gained from increased production quantity outweighs the cost of losing its monopoly. Additionally, consumer surplus increases when the IR engages in remanufacturing, while social surplus increases only when either the OEM’s or IR’s product is strongly favored. Even if the IR does not engage in remanufacturing, the resulting OEM monopoly can still lead to a higher environmental impact under certain market conditions. This arises when the OEM lowers production quantities when the IR encroaches on the market, thereby improving the overall environmental impact. Therefore, policymakers seeking to improve environmental and economic sustainability by encouraging IRs must consider these complex competition dynamics and consumer preferences, as they indirectly influence OEMs’ production decisions.
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1. Introduction


The rapid growth of electronic waste, or e-waste, poses a major environmental challenge in both developed and developing countries. However, it also emerges as a business opportunity for remanufacturers, who collect discarded components from the original products and re-assemble them for sale again. Remanufacturing has an established foothold across many industries, including toner and inkjet cartridges, electrical equipment, consumer electronics, and furniture. In addition to being environmental friendly, these remanufactured products are usually sold at lower prices than brand-new products, which can benefit bargain-hunting consumers.



Remanufacturing is growing in popularity for a variety of reasons. First, there is a growing trend towards shorter product life cycles. In this context, a product’s life cycle is the time between the customer buying and discarding the product. To stimulate sales, companies are launching new versions of their products with increasing frequency, which leads to shorter product life cycles. The increasing quantities of discarded old products provide more material for remanufacturing. Second, stricter environmental legislation makes it more expensive for companies to manufacture products from scratch, since they need to make additional investments to comply with the legislation. Recycling old materials into remanufactured products is thus more appealing. Third, to remain competitive, companies have more tolerant return policies. Recovering lost sales from returned products that cannot be sold as new is another driver for remanufacturing.



One of the main advantages of recycling and remanufacturing is that they can often be performed at a lower cost than manufacturing a new product from scratch. According to Inc.com (2021) [1], production costs have been estimated to be 40 to 60% lower for remanufactured products, mainly due to using the original shell and most of the original internal parts. The resulting savings can be passed to customers to stimulate demand. A remanufacturing market study (2015) [2] also shows that assembling remanufactured products typically costs 85% less in energy and material consumption compared with assembling a new product from raw materials. As a result of these savings, Original Equipment Manufacturers (OEMs) can be interested in remanufacturing on their own. Such examples include Caterpillar, which collects its old machines and remanufactures them into like-new condition, and Cisco, which runs a program named Cisco Refresh for remanufacturing routers.



In addition to OEMs, remanufacturing can be also be performed by Independent Remanufacturers (IRs). An Independent Remanufacturer collects an OEM’s products from users and then independently remanufactures them into like-new condition. For example, Select Reman Exchange offers a full line of remanufactured Caterpillar diesel engines and thus directly competes with Caterpillar’s own remanufacturing program. Another example is LD, which is an Independent Remanufacturer of printer cartridges.



As both an OEM and an IR may have remanufacturing capability, the IR can supply the remanufactured products to the OEM, or it may encroach on the end market and directly sell to consumers as the OEM’s competitor. An example of IR encroachment is Clover Imaging group, one of the largest collectors and remanufacturers of printer cartridges in North America, which sells self-branded cartridges in direct competition with major OEMs, such as HP. Another example is Gazelle, who sells remanufactured iPhones to consumers in direct competition with Apple.



With IR encroachment, an OEM’s decision making on quantity and production quantities becomes complicated. For example, when an OEM sells a larger quantity of products to consumers, an IR will be able to later collect larger quantities of old products at lower prices. This, in turn, allows the IR to charge lower prices for remanufactured products, forcing the OEM to also slash prices. In other words, a high initial demand for the OEM may hurt its future profits. Navigating these tradeoffs to optimize production quantities and pricing is very challenging.



However, IRs also face several challenges with encroachment. One of them is that OEMs often have competitive advantage, since their products are commonly perceived to have better quality. In addition, OEMs often have better access to market information due to more experience, stronger forecasting skills, and a better understanding of consumer preferences. Such information asymmetry can have a big impact on IRs, e.g., an IR’s incorrect estimate of the market size can lead to sub-optimal product quantities, which either results in unnecessary and costly waste or long delivery delays that dissatisfy consumers and jeopardize its reputation. The focus of our research is to investigate the impact of such information asymmetry on IRs and OEMs in the case of IR encroachment. To be more specific, we aim at answering the following research questions:




	
What are an OEM’s and an IR’s optimal production quantities?



	
How does asymmetric information influence an IR’s encroachment decision?



	
How does asymmetric information affect an OEM’s equilibrium profit?



	
How do these decisions impact consumer surplus, social welfare, and environmental impact?








Here are the main conclusions and contributions drawn from this study:




	
First, we study how an OEM competes with an IR when information about the market size is available to both the OEM and IR. The specific aspects of competition studied are the decisions that the OEM and IR make about production quantity and quality levels and the decision that the IR makes about whether to encroach on the end market. For the latter, we find that the keys to the IR’s encroachment decision are its production cost advantage and the consumers’ preference for remanufactured products. The IR does not encroach on the market if its cost advantage and the consumers’ willingness to pay are low. When an IR’s cost advantage is moderate and the consumers’ willingness to pay is low, however, the IR encroaches on the market but does not remanufacture the full quantity available on the market (i.e., the quantity of products available for remanufacturing). When the IR’s cost advantage is high, the IR not only encroaches on the market but also remanufactures the full quantity available on the market. The OEM’s decisions about production quantity and quality levels also depend on the IR’s cost advantage and the consumers’ willingness to pay for the IR’s product. If the IR’s cost advantage and the consumers’ preference for the IR’s product are low, the OEM does not need to make adjustments to have the monopoly. If the IR’s cost advantage is moderate and the consumers’ willingness to pay for the IR’s product is low, the OEM can maintain the monopoly only if the OEM improves its product quality. If the OEM is unable to improve product quality sufficiently to deter IR encroachment, however, the OEM alters its quantity and quality based on the specific market conditions. If the consumers’ willingness to pay for the IR’s product is low and/or the IR’s cost advantage is low (high  α  and low   β r  , which is explained in detail in Section 3), the OEM increases its product quality. If the consumers’ preference for the IR’s product is high and/or the IR’s cost advantage is high (low  α  and high   β r  ), the OEM reduces its production quantity to limit the available product that the IR can collect and remanufacture.



	
Second, we model whether it is profitable for the OEM to share market information with the IR. We find that the OEM can benefit from sharing market information with the IR. When the market size is high, the OEM’s and IR’s optimal quantities are the same as in the benchmark model, where the OEM and IR have equal market information. Thus, hiding market information from the IR does not positively or negatively impact the OEM. However, when the market size is low, the OEM’s decision to hide market information from the IR hurts the OEM’s profits. To understand why, note that if the market size is low and the OEM does not share market information, the OEM’s optimal decision is to substantially reduce its production quantity to prevent the IR from encroaching on the market. If the OEM shares market information with the IR, however, its production quantity is higher than the quantity when information is not shared, even with IR encroachment. Hence, it is in the OEM’s interest to share market information with the IR when the market size is low.



	
Third, we study how IR remanufacturing decisions affect consumer surplus, social surplus, and environmental impact. We find that consumer surplus increases when the IR engages in remanufacturing, while social surplus increases only when either the OEM’s or IR’s product is strongly favored. Additionally, we find that IR encroachment always has lower environmental impact due to two reasons. First, remanufacturing’s use of most of the original components decreases its environmental impact. Second, if the IR encroaches on the market, the OEM lowers its own production quantity to limit the availability of products for the IR to remanufacture. Hence, when the IR encroaches on the market, the lower overall production quantity results in a lower environmental impact.








In summary, our papers aims to shed some light on the impact of remanufacturing on environmental and economic sustainability.



The rest of this paper is structured as follows: Section 2 provides an overview of the related literature, highlighting the distinctive features and contributions of our work. Our model and assumptions are detailed in Section 3. The results in Section 4.1 outline the equilibrium for the benchmark model, where information is available to both the IR and the OEM. Section 4.2 and Section 4.3 discuss the asymmetric information case, where only the OEM has knowledge of the true market size and the IR uses a threshold quantity to infer the actual market size. In Section 5, we explore the socioeconomic benefit and policy implications. Specifically, we study the impact of the IR’s encroachment decision on consumer and social welfare, as well as its effects on the total environmental impact. Section 6 concludes with a summary of the paper and outlines potential directions for future research. All mathematical proofs are provided in Appendix A.




2. Literature Review


Our paper is closely related to two groups of literature studies, i.e., product remanufacturing and information asymmetry.



2.1. Remanufacturing


Product remanufacturing has received a great amount of attention in the operations literature. Models differ in whether remanufacturing is executed by a sole monopolist (e.g., Ferguson and Toktay [3], Ferrer and Swaminathan [4], Ferrer and Swaminathan [5]) or by an OEM and an IR in competition (e.g., Örsdemir et al. [6], Huang et al. [7], Wu and Wu [8], Wu [9]). In Ferguson and Toktay [3], the authors analyze the competition between new and remanufactured products produced by a monopolist manufacturer and identify conditions under which the monopolist would choose not to remanufacture its products. They then utilize a two-period game theoretical model to characterize the potential profit loss due to IR encroachment and analyze two entry deterrence strategies: in-house remanufacturing and preemptive collection. Aligned with their study, our work considers the circumstances that make it beneficial for an OEM to share market information with a competing IR.



Ferrer and Swaminathan [4] also study a monopolist which makes new products in the first period and offers both remanufactured and new products in future periods. The study finds that when remanufacturing profitability exceeds a threshold, it is beneficial for the monopolist to partially forgo the first-period margin by lowering the purchase price and selling additional units to increase the number of products available for remanufacturing in future periods. Under a duopoly with an IR competitor, this strategy is less appealing, because the competitor uses some of the additional units. Different from their findings, our results suggest that given its information advantage, this strategy could still be beneficial for the OEM.



Ferrer and Swaminathan [5] analyze the monopoly environment in two-period, multi-period (three, four, and five), and infinite planning horizons and characterize the optimal remanufacturing and pricing strategy for a firm. One of their takeaways, contrary to intuition, is that in a finite-horizon, multi-period setting, the optimal policy is not necessarily monotone in remanufacturing savings.



Among studies that model competition between an OEM and an IR in the base case, Örsdemir et al. [6] study how the competition between an IR and an OEM influences the total environmental impact and social welfare. In their study, the OEM also has the option of remanufacturing itself. The authors find that increasing the total amount of remanufacturing improves the environmental impact when the remanufacturing is performed by the OEM, but paradoxically, under certain circumstances, it actually worsens the impact when remanufacturing is performed by the IR. This is because competition increases the total quantity sold. Our work builds upon the framework used in this study to incorporate the effects of information asymmetry on OEM and IR relations.



In another study (Huang et al. [7]), IRs enter the market and compete with OEMs who only make new products and do not know the IRs’ cost of remanufacturing. The paper investigates incentives for IRs to share their cost information with OEMs. In their study, the authors note that the remanufactured product’s quantity is constrained by the new product’s quantity. If the new production cost is low enough such that the remanufactured product’s optimal quantity is less than the new product’s optimal quantity, the IR should always share cost information with the OEM so that the OEM’s quantity decisions at equilibrium are more responsive to market conditions to avoid overproduction or underproduction. However, if the remanufactured product’s optimal quantity is greater than the new product’s optimal quantity, the IR should not always share cost information. In this case, cost information sharing can allow the OEM to adjust the new product’s quantity to limit remanufacturing and hence be detrimental to the IR’s profits. When the IR does not voluntarily share cost information, they find that the environment is negatively impacted. The authors suggest that the government promote information sharing and subsidize IRs under certain conditions. Similar to theirs, our work also concerns information-sharing decisions, but it is the OEM sharing market demand information rather than the IR sharing remanufacturing cost information.



Wu and Wu [8] investigate the competition between OEMs and IRs not only in sales but also in the collection of used items for remanufacturing. They consider four strategies: SS, SC, CS, CC. S represents the economies of remanufacturing driven by sales, where the firm optimizes the price decision for sales and thus collects a sufficient quantity of used products to meet the demand of remanufacturing. C represents the economies of remanufacturing driven by collection, where the firm remanufactures all the collected used products that are acquired without the reward mechanism and thus makes a price decision subject to the collected quantity. This paper uses the consumer utility function regarding purchases and provides insights into how an OEM should respond to changes in competitive scenarios by allocating sales between new and OEM-remanufactured products.



Extending beyond OEMs and IRs, Wu [9] studies a supply chain where there is one manufacturer, one remanufacturer, and one retailer. Both manufacturers can invest in their product services and sell their products to this common retailer. In addition, the remanufacturer can invest in manufacturing cost saving. This paper identifies the equilibrium characteristics with respect to the remanufacturer’s effort spent on cost reduction, and price and service decisions for all members of the supply chain.




2.2. Information Asymmetry


Information asymmetry has been studied for many years in the supply chain literature in various settings. Rather than reporting the ample amount of literature, we focus our attention on the papers that include supplier encroachment. Li et al. [10] consider the case where the retailer is better informed than the supplier. The launch of the supplier’s direct self-branded product results in costly signaling behavior towards the retailer, as a result of which the retailer reduces its order quantity when the market size is small. Such a downward order distortion can amplify double marginalization. As a result, in addition to the “win–win” and “win–lose” outcomes for the supplier and the retailer, supplier encroachment can also lead to “lose–lose” and “lose–win” outcomes, particularly when the retailer has a significant efficiency advantage in the selling process and the prior probability of a large market is low.



Li et al. [10] jointly consider asymmetric information and nonlinear pricing effects within the context of supplier encroachment. The authors find that nonlinear pricing cannot mitigate double marginalization. In addition, apart from the downward distortion effect, upward distortion may also occur when the retailer purchases more than the efficient quantity.



Huang et al. [7] examine a retailer’s incentive to share information about market demand with a supplier who may encroach on the market. The study finds that the retailer may voluntarily share demand information in anticipation of supplier encroachment if demand is low, since this would discourage encroachment.



This paper addresses the knowledge gap of how asymmetric information affects encroachment decisions for an Independent Remanufacturer (IR) that is in competition with an OEM and models the circumstances for which it is beneficial for an OEM to share information with an encroaching IR. These analyses are distinct from those used in the four papers most closely related to our work. Huang et al. [7] and Örsdemir et al. [6] focus on the competition between OEMs and IRs. In Örsdemir et al. [6], the market is purely competitive between the OEM’s original product and an IR’s remanufactured product. Their model also allows the OEM to determine the quality and quantity of their new product. Specifically, the IR and OEM simultaneously make quantity and quality decisions. In our work, this is not the case. In reality, an IR makes production decisions after an OEM’s decisions (i.e., it tries to learn the information about the market that the OEM knows to estimate its own production quantity and quality). Thus, our work is a realistic extension where the IR makes decisions after the OEM. Huang et al. [7] incorporate a different aspect of asymmetric information in their model, where the IR knows the production costs for remanufacturing products more accurately than the OEM does. The authors show when it is beneficial for the IR to share information with the OEM. Our work focuses on the converse, i.e., when it is beneficial for an OEM to share market information with an IR. Li et al. [10] and Zhang et al. [11] discuss manufacturer encroachment and quality decision under asymmetric demand information conditions. These two papers focus on asymmetric information in the context without independent remanufacturing.



Building upon the aforementioned literature, our research questions address the gap about when it is beneficial for an OEM to share private demand information about the market it has with an IR and whether asymmetric information about the market always hurts an IR’s profits. To address our research questions, we use game theoretical modeling with two cases. The main model considers the case where an OEM sells a new product and remanufacturing is performed solely by an IR. Importantly, only the OEM knows the true market size, and the IR must make a guess of the market size with a fixed probability of guessing it right.



We compare the main model against a benchmark case where the OEM’s new product competes with the IR’s remanufactured product, when both parties know the true market size (full information case) and when neither party has information about the market (no information case). This comparison helps us to understand the effects of competition, the OEM’s and IR’s information management, and the IR’s encroachment decisions.





3. Model Notations and Assumptions


We assume that an Original Equipment Manufacturer (OEM, hereafter referred to as he) produces and sells a brand-new product. The OEM can determine the product quality level, which in turn affects demand. An Individual Remanufacturer (IR, hereafter referred to as she) collects used products sold by the OEM and then remanufactures and resells them to consumers. The decisions of the OEM concern the quantity (  q n  ) and quality levels (s) of the new product, and the decision of the IR concerns the quantity of the old product to collect from consumers for remanufacturing (  q r  ). We consider a single-period model with some assumptions below. Note that all these assumptions are either reasonable or found in the literature.



Assumption 1.

Producing a remanufactured product is less costly than manufacturing a new one.





This assumption is justified by the anticipated savings that arise from remanufacturing, i.e., not needing to buy raw materials nor complex machines/labor to convert them into finished products. Forgoing the conversion of raw materials into components also reduces energy costs.



Assumption 2.

The IR’s collection cost of old products is negligible. (This is a common assumption in the remanufacturing literature [3,12,13,14,15,16]).





Assumption 3.

The quantity of products remanufactured (  q r  ) is no more than the quantity of new products manufactured (  q n  ).





This assumption is reasonable, as the IR cannot collect more than what is available on the market.



Assumption 4.

Similar to the assumption proposed by Örsdemir et al. [6], Atasu and Souza [17], and Ferguson and Toktay [3], all cores of the collected products are in good enough shape and can be remanufactured. Therefore, the IR, if willing to, is able to recollect all the products that the OEM manufactured.





Assumption 5.

The price that consumers are willing to pay for the remanufactured product is a fraction of the new product’s price. (  β r   is the remanufactured product price divided by the new product’s price;    β r  ∈  ( 0 , 1 )   ).





This assumption reflects consumers’ view that the remanufactured product has inferior quality compared with the brand-new product.



Assumption 6.

In this single-period model, old products can only be remanufactured once. (See [14,16]).





Assumption 7.

The market size (  a i  ) can only have two distinct values: high size (   a i  =  a h   ) or low size (   a i  =  a l   ) [18].





All the notations are summarized in Table A1 in Appendix A. The game sequence is as follows:




	
The OEM determines the new product’s quantity and quality levels and starts selling the product.



	
The IR collects products from the market and resells them to consumers.



	
The market clearing price is realized. The profits of the OEM and IR are realized.








We adopt the following linear price functions for the OEM’s and IR’s new and remanufactured products [6,16,19]:


      p n  = s  (  a i  −  q n  −  β r   q r  )      



(1)






      p r  =  β r  s  (  a i  −  q n  −  q r  )      



(2)







In Equations (1) and (2), s is the quality level of the brand-new product determined by the OEM. A higher s indicates a higher quality level and thus a higher price.    β r  ∈  ( 0 , 1 )    is regarded as the discount in the consumers’ willingness to pay for the remanufactured product compared with the brand-new product and measures the degree of inferiority of the remanufactured product. As   β r   increases, the remanufactured product’s price increases, and the brand-new product’s price decreases. If    β r  = 1  , then the two products are identical.



As there is only one period, the profit functions for the OEM and IR are given in Equations (3) and (4). The unit variable cost of producing a new product with a quality level of s is   k  s 2    for the OEM. The IR’s unit production is cheaper, as we discussed earlier in Assumption 4. Thus, the IR’s unit variable cost is   α k  s 2   , where   α < 1  , and represents the IR’s cost advantage, diminishing as  α  gets closer to one.


      max   q n  , s     π  O E M    [  q n  , s ]  =  p n   q n  − k  s 2   q n  ,   s . t .    q n  ≥ 0     



(3)






      max  q r     π  I R    [  q r  |  (  q n  , s )  ]  =  p r   q r  − α k  s 2   q r    s . t .    q r  ≥ 0 ,  q n  ≥  q r      



(4)







In the main model, only the OEM knows the market size (  a i  ). To study the impact of asymmetric information, we start from two benchmark cases: in the first case (full information), both the OEM and the IR know the market size (  a i  ), and in the second case (no information), neither knows the market size.




4. Results


4.1. Analysis of Benchmark Model: Full Information


In the full information case, both the OEM and the IR know market size information. The model is solved backward, and the equilibrium quantities and quality for the OEM and IR are summarized in Proposition 1, where   q n   is the OEM’s equilibrium quantity,   q r   is the IR’s equilibrium quantity, and s is the equilibrium quality. Lemma 1 shows that there can be four different types of equilibria, labeled as Regions A, B, C, and D. In Regions A and B, the IR production quantity is zero, which means that the OEM is a monopolist. In Region A, the OEM does not factor the IR into his quantity and quality decisions at all, while in Region B, the OEM has to increase his quality to keep the IR out of the market. In Regions C and D, the OEM cannot keep the IR out of the market. In Region C, the IR only remanufactures a fraction of the available products on the market, while in Region D, the IR remanufactures all of the available products on the market. Which region the equilibrium falls into depends on the IR’s cost advantage,  α , and the consumers’ willingness to pay for the remanufactured product,   β r  . The conditions are also characterized in Proposition 1.



Proposition 1.

In the full information case, the following is a summary of the decisions for the OEM and IR in each region:




	
When   α ∈  min  2  β r  , 1  , 1   , denoted as Region A, the OEM is a monopolist, and the IR does not encroach on the market; the OEM’s and IR’s optimal quantities are    q n  =    a i  3    ,   s =    a i   3 k     , and    q r  = 0  .



	
When   α ∈  min     4  β r    2 +  β r      , 1   , min  2  β r  , 1    , denoted as Region B, the IR does not encroach on the market, and the OEM’s and IR’s optimal quantities are    q n  =    a i  3    ,   s =    2  a i   β r    3 k α     , and    q r  = 0  .



	
When   α ∈  min      ( 3 −  β r  )   β r 2   2   , 1  , min     4  β r    2 +  β r     , 1    , denoted as Region C, the IR remanufactures part of the available products, and the OEM’s and IR’s optimal quantities are    q n  =    a i  3    ,   s =     a i   ( 2 −  β r  )    3 k ( 2 − α )     , and    q r  =     a i   ( 4  β r  − 2 α − α  β r  )    6  β r   ( 2 − α )      .



	
When   α ≤ min      ( 3 −  β r  )   β r 2   2   , 1   , denoted as Region D, the IR remanufactures all available products, and the OEM’s and IR’s optimal quantities are    q n  =    a i   3 (  β r  + 1 )     ,   s =    a i   3 k     , and    q r  =    a i   3 (  β r  + 1 )     .










Figure 1 graphically depicts the equilibrium regions. In this plot, the vertical axis is the IR’s cost advantage ( α ), and the horizontal axis is the consumers’ willingness to pay for the IR’s product (  β r  ). Three critical transition lines divide the plane into four regions. If the IR’s cost advantage is low (that is,  α  is close to one), and the consumers’ willingness to pay is low (that is,   β r   is close to zero), a pure monopoly arises, where the OEM does not consider the IR in his production decisions. Region B is defined by a moderate cost advantage with low consumer willingness to pay. In this region, the OEM still keeps the IR out of the market, but he has to improve his quality to do so. When the IR’s cost advantage is moderate and the consumers’ willingness to pay is low, the equilibrium falls in Region C. In this region, the IR encroaches on the market, but she does not produce the full quantity available on the market. When the IR cost advantage is high, the IR not only encroaches on the market but also produces the full quantity available on the market, which is Region D. Clearly, a lower  α  and a higher   β r   imply a more competitive IR, encouraging a more aggressive encroachment decision.




4.2. Analysis of Benchmark Model: No Information


In the case of no information, neither the OEM nor the IR has information about the market size. In such a case, the market size (  a i  ) is assumed to be random ex ante and can be either high (  a =  a h   ) with probability p or low (  a =  a l   ) with probability   1 − p  , where    a h  >  a l  > 0  . Therefore, the expected market size ( μ ) is given as   μ = p  a h  +  ( 1 − p )   a l   . Both firms maximize their expected profits.


      max   q n  , s     π  O E M    [  q n  , s ]  = E  [  p n   q n  − k  s 2   q n  ]  ,   s . t .    q n  ≥ 0     



(5)






      max  q r     π  I R    [  q r  |  (  q n  , s )  ]  = E  [  p r   q r  − α k  s 2   q r  ]  ,   s . t .    q r  ≥ 0 ,  q n  ≥  q r      



(6)







We solve for   q r  ,   q n  , and s in similar ways as in the full information case and obtain similar results. The equilibrium quantities and quality can also be characterized into four regions, as summarized in Table 1.




4.3. Asymmetric Information Model


In this section, we discuss the asymmetric information scenario where the IR does not know the actual market size. This is realistic in practice when an IR is new to the market and does not have previous experience in selling products to consumers. The OEM, in contrast, can draw on his years of experience selling products to assess market demand accurately. The game sequence for the asymmetric information model is the following:




	
The OEM, observing the market size, sets his production quantity and product quality levels.



	
Using the OEM’s production quantity as a signal of market size, the IR decides the quantity of used products to remanufacture.



	
The market clearing price is realized. The profits of the OEM and the IR are realized.








Following Örsdemir et al. [6], the OEM’s and IR’s price functions for new and remanufactured products are


      p n  = s  (  a i  −  q n  −  β r   q r  )      



(7)






      p r  =  β r  s  (  a i  −  q n  −  q r  )      



(8)






      max   q n  , s     π  O E M    [  q n  , s |  a i  ]  =  p n   q n  − k  s 2   q n  ,     



(9)






      s . t .    q n  ≥ 0     



(10)






      max  q r     π  I R    [  q r  |  (  q n  , s )  ,   a i  ¯  ]  =  p r   q r  − α k  s 2   q r      



(11)






      s . t .    q r  ≥ 0 ,  q n  ≥  q r      



(12)







As with the benchmark case, we use the same linear functions for the prices and profits. However, while they remain the same, the optimal response functions for the IR are different from the benchmark cases. This is because the IR makes her decisions based on her deduction of the market size using the OEM’s quantity as a signal, rather than on the true market size. Although the IR does not know the true market size, she can make rational inferences about it according to the OEM’s production quantity (  q n  ). A larger production quantity signals a larger market size to the IR, who thus produces more. However, based on basic supply/demand, a larger number of products on the market imposes negative pressure on the product’s price. Therefore, the OEM prefers the IR to sell a lower quantity of remanufactured products,   q r  , allowing for a higher price for brand-new products. Therefore, if the OEM knows that the market size is high, in which case he is referred to as a high-type OEM, he has an incentive to pretend that the market size is low, i.e., to be a low-type OEM. This may deceive the IR into believing that the market is low, resulting in a lower   q r   and a higher market price for the OEM. However, the distortions in quantity that arise from a high-type OEM pretending to be a low-type OEM also hurt the low-type OEM’s profit due to a reduced number of products sold. The low-type OEM then wants to separate himself from the high-type OEM to prevent the high-type OEM from successfully mimicking a low-type OEM. A separating equilibrium thus arises.



From Equation (11), the IR forms a belief (   a i  ¯  ) regarding the market size, which depends on the OEM’s selling quantity (  q n  ). In a separating equilibrium, the IR believes that there exists a threshold quantity (  q r s  ), such that if    q n  >  q r s   , the IR believes that     a i  ¯  =  a h   , while if    q n  <  q r s   , the IR believes that     a i  ¯  =  a l   . Such a Perfect Bayesian Separating Equilibrium (PBSE) exists if and only if the OEM’s quantity decision (  q n  ) satisfies


     max   π n   (  q n  >  q r s  |  a h  )  ≥ max   π n   (  q n  ≤  q r s  |  a h  )      



(13)






     max   π n   (  q n  ≤  q r s  |  a l  )  ≥ max   π n   (  q n  >  q r s  |  a l  )      



(14)






      q r s  ≥ 0     



(15)







Inequality (13) ensures that the OEM pretending to be a low type when the market is high hurts his profit. Likewise, Inequality (14) means that the OEM pretending to be a high type when the market is low is also worse off. The last inequality guarantees that the OEM’s production quantity is non-negative.



On the other hand, when the high-type OEM successfully mimics low-type decisions, a pooling equilibrium arises. In a pooling equilibrium, both high-type and low-type OEMs manufacture the same quantities. In this paper, we do not discuss the pooling equilibrium, since according to Zhang et al. [11], no pooling equilibrium survives the intuitive criterion proposed by Cho and Kreps [20].




4.4. Analysis of Asymmetric Information Model


We then solve for the separating equilibrium given these inequality constraints. We report the equilibrium results below in Proposition 2. Briefly, when the market size is high, the OEM’s and IR’s optimal quantities in this separating equilibrium are the same as those obtained from the benchmark model, where the OEM and the IR have equal information. Profits are thus the same for the symmetric and asymmetric information cases, and the OEM does not benefit from having an information advantage.



When the market size is low, under certain market circumstances, the OEM’s profit is less in the asymmetric information case than in the symmetric information case. Thus, under these circumstances, the OEM benefits from sharing market information. Under other circumstances, the OEM’s profits are the same for the symmetric and asymmetric cases.



Proposition 2.

In the presence of asymmetric information, the following is a summary of the equilibrium results for the OEM and IR:




	
When the market size is high, i.e.,    a i  =  a h   , the OEM’s and IR’s optimal quantities are those obtained from the benchmark model above, when the OEM and IR have equal information. Thus, it is sensible for the OEM to share his market information with the IR.



	
When the market size is low, i.e.,    a i  =  a l   , the OEM may make different decisions from the benchmark model. The detailed strategy depends on model parameters and is listed in Table 2.










Focusing on the case when the market size is low, the equilibrium quantities and product quality can be characterized in a similar way as in the benchmark case, i.e., there exist four regions, as summarized in Table 2. Note that for three of the regions, the results are equivalent to the benchmark case with symmetric information. However, Region C is different. This is the region where the IR’s cost advantage is moderate and the consumers’ willingness to pay for the IR’s product is low. In this region, if the market size (    a l  3   ) is smaller than the IR’s quantity threshold for inferring the market size, then the equilibrium results match the benchmark case. However, if the IR’s quantity threshold is smaller than     a l  3   , then the IR does not encroach on the market (her quantity (  q r  ) is zero). In this scenario, the OEM’s quantity is smaller than the benchmark quantity, and his profits are hurt. Thus, in this scenario, it benefits the OEM to share his market information with the IR.



Figure 2 below is a graphical comparison of the symmetric and asymmetric information cases. They are very similar, except for special circumstances in Region C, where the IR may choose not to encroach on the market, which hurts the profits of the OEM, even though the OEM effectively has a monopoly. The reason why the OEM’s profits are hurt in this special case is because he decreases his quantity to deter the IR from encroaching on the market, and the cost from the reduced quantity outweighs the gains in price from the OEM being a monopoly.



We further examine profit in the scenarios of full information, no information, and asymmetric information. We incorporate equilibrium quantity and quality levels from Proposition 1 and Table 2 into the expected profit for the OEM, expressed as follows:    π  O E M   = E  [  p n   q n  − k  s 2   q n  ]  = p  [  p n H   q n  − k  s 2   q n  ]  +  ( 1 − p )   [  p n L   q n  − k  s 2   q n  ]   . The OEM’s profit in the no information case is determined by utilizing the equilibrium data from Table 1 and plugging them into the profit function:    π  O E M   =  p n   q n  − k  s 2   q n   .



Proposition 3.

Profit for the OEM is lower in the no information scenario. Comparing the full information and asymmetric information scenarios, when the market size is low, the expected quantity and profit of the OEM are higher in the full information case; when the market size is high, the OEM’s profits are equivalent in both cases.





Propositions 2 and 3 show how the IR can decide whether to encroach on the market or not based on her production cost advantage and the consumers’ preference for her products. In addition, the OEM can use the IR’s production cost advantage and the consumers’ preference for remanufactured products to decide (a) the quantity and quality of his own product to deter IR encroachment and (b) whether it is beneficial to share his information with the IR.





5. Discussion on Socioeconomic Benefit and Policy Implications


5.1. Consumer and Social Welfare


In this section, we investigate how remanufacturing affects consumer surplus and (  C S  ) and social surplus (  S S  ). Consumer surplus is written as


  C S =  ∫   a i  −  q n  −  q r     a i  −  q n     ( β θ s −  p r  )   d θ +  ∫   a i  −  q n    a i    ( θ s −  p n  )   d θ  



(16)







The first part in Equation (16) is the surplus from remanufacturing products, and the second part is the surplus from new products sold. Social surplus is the sum of consumer surplus and firm profits. Given the relative similarity between the case with asymmetric information and the base model, we will focus solely on the base model scenario. The equilibrium quality, new and remanufactured product quantities, and consumer and social surpluses are summarized in Table 3.



Here,    Υ c  = 4  α 2  + 16  1 − ( 3 − α ) α   β r  +  ( 4 − α )   ( 12 − 5 α )   β r 2   ,    Υ s  = 16  β r   ( 1 + 7  β r  )  +  α 2   28 +  β r   ( 40 + 3  β r  )   − 48 α  β r   ( 3 +  β r  )   .



  C  S B  − C  S A  = −     ( α − 2  β r  )   a i 3    54 α k    > 0   if    β r  >   α 2    . In Region B, the OEM has to increase the product quality to discourage the IR from entering the market, especially when consumers have a strong willingness to pay more for remanufactured products, i.e., when   2  β r  > α  . The better product quality in this region contributes to an augmentation in consumer surplus.


  C  S C  − C  S A  =    a i 3   108 k    ∗      ( 2 −  β r  )   4  α 2  + 16  ( 1 +  α 2  − 3 α )   β r  +  ( α − 4 )   ( 5 α − 12 )   β r 2      β r    ( 2 − α )  3     − 2  .  











Numerically, we can show that       ( 2 −  β r  )   4  α 2  + 16  ( 1 +  α 2  − 3 α )   β r  +  ( α − 4 )   ( 5 α − 12 )   β r 2      β r    ( 2 − α )  3     − 2   is positive when   α ,  β r  ∈  [ 0 , 1 ]   . Hence,   C  S C  − C  S A  > 0  .



  C  S D  − C  S A  =     ( 1 −  β r  )   β r   μ 3    54   ( 1 +  β r  )  2  k      is always positive.



Proposition 4.

Compared with the case where the OEM monopolizes the market and the IR chooses not to encroach on the market (Region A), consumer surplus increases either when the OEM prevents IR encroachment through improved product quality (Region B), given that   α ≤ 2  β r   , or when the IR is involved in remanufacturing (Regions C and D).





Proposition 4 explores how consumer surplus can benefit from the IR’s involvement in remanufacturing. Next, we study the impact of IR’s participation in remanufacturing on social surplus. Using the social surplus results from each region as presented in Table 3, we compare the values of social surplus between Region A and the other regions, as outlined below.



  S  S B  − S  S A  = −     ( 3 α − 4  β r  )   ( α − 2  β r  )   a i 3    54  α 2  k     . It is negative, and social surplus in Region B is less than in Region A if    β r  <   α 2     or    β r  >    3 α  4    .



   S  S C  − S  S A  =     a i 3       ( 2 −  β r  )   16  β r   ( 1 + 7  β r  )  +  α 2   ( 28 + 40  β r  + 3  β r 2  )  − 48 α  β r   ( 3 +  β r  )      β r    ( 2 − α )  3     − 6    108 k      



   =     a i 3       ( 2 −  β r  )   Υ s     β r    ( 2 − α )  3     − 6    108 k      



Under certain conditions for    β r  ∈  (   β r  ̲  ,   β r  ¯  )   , the expression       ( 2 −  β r  )   Υ s     β r    ( 2 − α )  3     − 6   becomes negative. This observation is illustrated in Figure 3. In the figure, the blue area represents 0, while the yellow area corresponds to       ( 2 −  β r  )   Υ s     β r    ( 2 − α )  3     − 6  , which is part of the numerator of   S  S C  − S  S A   . If       ( 2 −  β r  )   Υ s     β r    ( 2 − α )  3     − 6   is positive, then   S  S C  − S  S A    is positive; otherwise,   S  S C  − S  S A    is negative. Thus, Figure 3 visually depicts the conditions under which   S  S C  − S  S A    is positive or negative. The blue area serves as a representation of the value 0, aiding us in determining the specific conditions for   S  S C  − S  S A    to be positive or negative.



According to Figure 3, if   β r   falls within the range   (   β r  ̲  ,   β r  ¯  )  , the expression       ( 2 −  β r  )   Υ s     β r    ( 2 − α )  3     − 6   is negative, resulting in a larger social surplus in Region A compared with Region C.



  S  S D  − S  S A  =     ( 3  β r  − 2 α )   a i 3    54 ( 1 +  β r  ) k     . If   β r   is less than     2 α  3   , the difference   S  S D  − S  S A    is negative, indicating that the social surplus in Region A surpasses that in Region D.



Proposition 5.

There exist thresholds, specifically when    β r  <   α 2    ,    β r  >    3 α  4    ,    β r  ≤   β r  ̲   , or    β r  ≥ min  {    2 α  3   ,   β r  ¯  }   , where social surplus is higher when the IR chooses to encroach on the market and engage in remanufacturing (Regions B, C, and D) than in the case where the OEM has a monopoly on the market (Region A).





From Propositions 4 and 5, consumer surplus is higher when the IR chooses to encroach on the market and engage in remanufacturing. However, this is not the case for social surplus. Social surplus increases only when    β r  <   α 2    ,    β r  >    3 α  4    ,    β r  ≤   β r  ̲   , or    β r  ≥ min  {    2 α  3   ,   β r  ¯  }   . This implies that either the OEM’s product has to be highly favored or the IR’s product has to be highly favored for the social surplus to increase when the IR encroaches on the market and engages in remanufacturing.




5.2. Environmental Impact


In this section, we explore the environmental impact of both new and remanufactured products. We assume that one unit of a new product and a remanufactured product incur environmental impacts denoted by E and e, respectively. Therefore, when the OEM produces   q n   units and the IR produces   q r   units, the total environmental impact is given by    q n  E +  q r  e  . Table 4 provides a summary of the total environmental impact for each region and how the environmental impact depends on the relative IR cost advantage ( α ) and the consumer perception of the remanufactured product (  β r  ).



We compare the total environmental impacts between Regions A and C:   E I  ( A )  − E I  ( C )  =    e  a i   α  ( 2 +  β r  )  − 4  β r     6  ( 2 − α )   β r     > 0   if    β r  <    2 α   4 − α     .



We compare the total environmental impacts between Regions A and D:   E I  ( A )  − E I  ( D )  =     β r  E  a i  − e  a i    3 + 3  β r     > 0   if    β r  >   e E    .



Proposition 6.






	
When the IR’s entry is deterred by the OEM (Region B), the environmental impact is the same as when the IR does not encroach on the market (Region A).



	
When the IR enters the market but does not remanufacture all products on the market (Region C), the environmental impact is higher than when the IR does not encroach on the market (Regions A and B) if    β r  <    2 α   4 − α     . Lower α and higher   β r   increase the environmental impact in Region C.



	
When the IR enters the market and remanufactures all products on the market (Region D), the environmental impact is higher than when IR does not encroach on the market (Regions A and B) if    β r  >   e E    . A lower   β r   increases the environmental impact in Region D.










Proposition 6 shows that when the IR remanufactures in Region C, the environmental impact is sensitive to the IR production cost advantage,  α , and the consumers’ willingness to pay for the remanufactured product,   β r  . When    β r  <    2 α   4 − α     , e is smaller, and there is a smaller difference between   E I ( A )   and   E I ( C )  , the IR encroaching on the market further reduces the environmental impact. When in Region D, the environmental impact is related to    e E   . When the remanufacturer product has a small impact on the environment, with smaller    e E   , the overall environmental impact decreases with IR encroachment.



We believe that remanufacturing has a lower environmental impact compared with manufacturing from scratch. This is because remanufacturing involves using more of the original shell and most of the original internal parts, resulting in a reduced environmental impact. Moreover, within the context of our study, the introduction of competition from an encroaching IR introduces additional complexity into the relationship. When the IR encroaches on the market, the overall production quantity may decrease, as the OEM tries to deter IR entrenchment by reducing production quantity, resulting in a limited pool of available products for the IR to collect. Hence, under specific conditions, an OEM monopoly may yield a higher total quantity, consequently leading to an increased total environmental impact.





6. Conclusions and Future Directions


In this research, we study the competition between an Original Equipment Manufacturer (OEM) and an Independent Remanufacturer (IR) and examine how their optimal decisions and profits are affected by asymmetric market size information. We show that the IR’s cost efficiency and the consumers’ willingness to pay for the IR’s product both strongly influence the OEM’s and IR’s production quantities and IR’s encroachment decisions. When the IR’s cost efficiency is very high, meaning that the production cost to remanufacture the same amount of product is low, the IR collects all the available products sold by the OEM for remanufacturing, while the OEM chooses to restrict his manufacturing of brand-new products. However, when the production efficiency or consumers’ willingness to pay is low, the IR chooses not to encroach on the market.



In addition, in the asymmetric information model, the low-type OEM (the OEM that knows that the market size is low) reduces his production quantity to falsely signal a lower market size when the IR’s cost efficiency is moderate. This prevents the IR from entering the market altogether. However, in case of a high-type OEM or if the IR’s cost efficiency is low or high, the OEM should share his information about the market with the IR to maximize his profits. We also find that the OEM always earns higher profits when both parties have full information, compared with no information or asymmetric information.



Our future research will aim to extend the asymmetric information case by considering the cost of obtaining asymmetric information. In addition, the model can be extended in the following two directions:




	
The OEM sells both new and remanufactured products, and both parties know the true market size.



	
The IR does not encroach on the market but instead sells the remanufactured products to the OEM under asymmetric information conditions.








These two cases could be useful to further understand the effects of information management between the OEM and IR, as well as the IR’s encroachment decisions.
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Table A1. Summary of notations.






Table A1. Summary of notations.





	Symbol
	Definition





	  a h  ,  a l  
	The market bases for high market and low market, respectively



	  α  
	Manufacturing cost efficiency of the IR



	   β r   
	Consumers’ willingness to pay for the remanufactured product



	s
	Quality level of the product



	  p n  ,  p r  
	Prices made by the OEM and IR, respectively



	k
	Scaling parameter



	  π o  ,  π R  
	Profit functions of the OEM and IR, respectively



	  q n  ,  q r  
	Demand functions of the OEM and IR, respectively








Proof of Benchmark Case.

In the benchmark case, we first study the full information case where both parties know the actual market size at the beginning of the selling season. The price and profit functions for the OEM and IR are listed here:


     p n    =    s (  a i  −  q n  −  β r   q r  )       p r    =     β r  s  (  a i  −  q n  −  q r  )        π o    =     p n   q n  − k  s 2   q n        π r    =     p r   q r  − α k  s 2   q r      













We first solve for   q r  ,    π r  =  β r  s  (  a i  −  q n  −  q r  )   q r  − α k  s 2   q r   :


       ∂  π r    ∂  q r       =     β r  s  ( − 1 )   q r  − α k  s 2  +  β r  s  (  a i  −  q n  −  q r  )        =     q r   ( −  β r  s )  − α k  s 2  +  β r  s  (  a i  −  q n  )        =   0       q r   (  q n  )     =       β r  s  (  a i  −  q n  )  − α k  s 2    2  β r  s       











Here, to ensure that    q r   (  q n  )  =     β r  s  (  a i  −  q n  )  − α k  s 2    2  β r  s      is positive,   q n   should be less than      β r   a i  − α k s   β r    . In addition, according to Assumption 3,    q r   (  q n  )  ≤  q n   . In other words,    q r   (  q n  )  −  q n  ≤ 0  . Here, we have       q i  − 3  q n   2   −    α k s   2  β r     −  q n  ≤ 0  , which leads to    q n  ≥     β r   a i  − α k s   3  β r      . By combining these constraints of   q n  , we can list the values of   q r  :


   q r   (  q n  )  =         β r  s  (  a i  −  q n  )  − α k  s 2    2  β r  s       if       β r   a i  − α k s   3  β r     ≤  q n  <     β r   a i  − α k s   β r            q n     if    q n  <     β r   a i  − α k s   3  β r           0     if    q n  >     β r   a i  − α k s   β r           



(A1)







We refer to    q r   (  q n  )  = 0   as Case 1, to    q r   (  q n  )  =     β r  s  (  a i  −  q n  )  − α k  s 2    2  β r  s      as Case 2, and to    q r   (  q n  )  =  q n    as Case 3.



In Case 1, where    q r   (  q n  )  = 0  ,    π o  =  p n   q n  − k  q n   s 2  = s  q n   (  a i  −  q n  − k s ) ;    then, we have      ∂  π o    ∂  q n     = s  (  a i  − 2  q n  − k s )   .



In Case 2, where    q r   (  q n  )  =     β r  s  (  a i  −  q n  )  − α k  s 2    2  β r  s     ,    π o  =     q n  s  2     ( 2 −  β r  )   (  a i  −  q n  )  −  ( 2 − α )  k s  ;   hence,      ∂  π o    ∂  q n     =    s   ( 2 −  β r  )   (  a i  − 2  q n  )  −  ( 2 − α )  k s   2    .



In Case 3, where    q r   (  q n  )  =  q n *   ,    π o  =  q n  s  (  a i  −  q n  −  β r   q n  − k s )   ; here,      ∂  π o    ∂  q n     = s   a i  − 2  ( 1 +  β r  )   q n  − k s   . We consider the solution of equilibrium by applying the Karush–Kuhn–Tucker (KKT) conditions.



In Case 3,    π o  =  q n  s  (  a i  −  q n  −  β r   q n  − k s )   ,


       Δ 1  =  q n  s  (  a i  −  q n  −  β r   q n  − k s )  + λ  (  q n  −     β r   a i  − α k s   3  β r     )  ,          ∂  Δ 1    ∂  q n     = s   a i  − 2  ( 1 +  β r  )   q n  − k s  + λ  ( 1 )  = 0 ,          ∂  Δ 1    ∂ s    =  q n    a i  −  ( 1 +  β r  )   q n  − 2 k s  + λ  (    α k   3  β r     )  = 0 ,       λ   q n  −     β r   a i  − α k s   3  β r      = 0 ,      



(A2)







When   λ = 0  ,    q n  <     β r   a i  − α k s   3  β r      , we have


       q n  =    a i   3 (  β r  + 1 )          s =    a i   3 k           π o  =    a i 3   27 k ( 1 +  β r  )         



(A3)







Since we need to ensure that    q n  <     β r   a i  − α k s   3  β r      , we include Equation (A3) in this inequality, and we obtain   α <    3  β r 2     β r  + 1     .



When   λ ≠ 0  , we have    q n  =     β r   a i  − α k s   3  β r      , and   α ≥    3  β r 2     β r  + 1     . Here,      α k   3  β r     ×    ∂  Δ 1    ∂  q n     =    ∂  Δ 1    ∂ s     .



After solving the equation above, we conclude as shown below.



When   α <    3  β r 2     β r  + 1     , we refer to it as Case 3-A:


       q n  =    a i   3 (  β r  + 1 )          s =    a i   3 k         



(A4)







When   α ≥    3  β r 2     β r  + 1     , we refer to it as Case 3-B:


       q n  =     a i   6  β r  − α  ( 4 +  β r  )  +   Δ  2     9   ( 3 − α )   β r  − α           s =     a i   β r     Δ 2   − α − 3  β r  + 2 α  β r     3 α + α  β r  − 3  β r          



(A5)







Here,    Δ 2  =  α 2   ( 7 −  β r  +  β r 2  )  − 3 α  β r   ( 4 +  β r  )  + 9  β r 2   .



We move on to Case 2, where    q r   (  q n  )  =     β r  s  (  a i  −  q n  )  − α k  s 2    2  β r  s     .



   π o  =     q n  s  2     ( 2 −  β r  )   (  a i  −  q n  )  −  ( 2 − α )  k s   .



Here,   Δ =     q n  s  2     ( 2 −  β r  )   (  a i  − 2  q n  )  −  ( 2 − α )  k s  +  λ 1   (  q n  −     β r   a i  − α k s   β r    )  +  λ 2   (     β r   a i  − α k s   3  β r     −  q n  )   .



To summarize this case, we conclude as shown below.



When   α <    4  β r     β r  + 2     , we refer to it as Case 2-A:


       q n  =    a i  3         s =     a i   ( 2 −   β r  )   3 k ( 2 − α )         



(A6)







When   α ≥    4  β r     β r  + 2     , we refer to it as Case 2-B:


       q n  =    a i  3         s =    2  a i   β r    3 α k         



(A7)







Then, we move on to Case 1, where    q r   (  q n  )  = 0  .



   π o  =  p n   q n  − k  q n   s 2  = s  q n   (  a i  −  q n  − k s )   .



  Δ = s  q n   (  a i   q n  − k s )  + λ  (     β r   a i  − α k s   β r    −  q n  )   .



After solving the equilibrium, we can summarize the OEM’s decisions as shown below.



When   α <  β r   , we refer to it as Case 1-A:


       q n  =  a i        s = 0      



(A8)







When   0 < α ≤ 2  β r   , we refer to it as Case 1-B1:


       q n  =    a i  3         s =    2  a i   β r    3 α k         



(A9)







When   α > 2  β r   , we refer it to as Case 1-B2:


       q n  =    a i  3         s =    a i   3 k         



(A10)







After studying the three cases, we conclude that there are four thresholds for  α :   2  β r   ,     4  β r    2 +  β r     ,     3  β r 2     β r  + 1    , and   β r  . We study all conditions in the three cases as follows (the summary results can also be found in Proposition 1):




	
When    β r  ∈  (   2 3   , 1 )   , the following apply:




	–

	
When   α ∈ ( 0 ,     ( 3 −  β r  )   β r 2   2   )  , cost efficiency is high. The dominant strategy is Case 3-A, where the IR produces the same amount as the OEM:    q n  =    a i   3 (  β r  + 1 )     ,   s =    a i   3 k     .




	–

	
When   α ∈ [     ( 3 −  β r  )   β r 2   2   , 1 )  , cost efficiency is low, but   β r  , the customers’ preference for the IR’s product, is high, so the dominant strategy is Case 2-A, where the IR produces her optimal amount:    q n  =    a i   3 (  β r  + 1 )     ,   s =    a i   3 k     .









	
When    β r  ∈  (   1 2   ,   2 3   ]   , the following apply:




	–

	
When   α ∈ ( 0 ,     ( 3 −  β r  )   β r 2   2   )  , the dominant strategy is Case 3-A, where the IR produces the same amount as the OEM:    q n  =    a i   3 (  β r  + 1 )     ,   s =    a i   3 k     .




	–

	
When   α ∈ [     ( 3 −  β r  )   β r 2   2   ,    4  β r    2 +  β r     )  , the dominant strategy is Case 2-A, where the IR produces her optimal amount:    q n  =    a i   3 (  β r  + 1 )     ,   s =    a i   3 k     .




	–

	
When   α ∈ [    4  β r    2 +  β r     , 1 )  , the dominant strategy is Case 2-B, where the IR’s optimal amount is 0:    q n  =    a i   3 (  β r  + 1 )     ,   s =     a i   ( 2 −  β r  )    3 k ( 2 − α )     .









	
When    β r  ∈  ( 0 ,   1 2   ]   , the following apply:




	–

	
When   α ∈ ( 0 ,     ( 3 −  β r  )   β r 2   2   )  , the dominant strategy is Case 3-A, where the IR produces the same amount as the OEM:    q n  =    a i   3 (  β r  + 1 )     ,   s =    a i   3 k     .




	–

	
When   α ∈ [     ( 3 −  β r  )   β r 2   2   ,    4  β r    2 +  β r     )  , the dominant strategy is Case 2-A, where the IR produces her optimal amount:    q n  =    a i   3 (  β r  + 1 )     ,   s =    a i   3 k     .




	–

	
When   α ∈ [    4  β r    2 +  β r     , 2  β r  )  , the dominant strategy is Case 2-B, where the IR’s optimal amount is 0:    q n  =    a i   3 (  β r  + 1 )     ,   s =     a i   ( 2 −  β r  )    3 k ( 2 − α )     .




	–

	
When   α ∈ [ 2  β r  , 1 )  , the dominant strategy is Case 2-A, where the IR produces a 0 amount:    q n  =    a i  3    ,   s =    a i   3 k     .














Next, we move on to the no information case, where neither the OEM nor the CM has information about the actual market size at the beginning of the selling season. When there is no information, we consider the market size (  a i  ) random ex ante, and it can be either high with probability p or low with probability   ( 1 − p )  .



The expected market size ( μ ) is given as   μ = p  a h  +  ( 1 − p )   a l   . Hence, the expected profits for the OEM and the CM are as follows:


      max  q n     π  O E M    [  q n  , s ]  = E  [  p n   q n  − k  s 2   q n  ]  ,   s . t .    q n  ≥ 0     



(A11)






      max  q r     π  I R    [  q r  |  (  q n  , s )  ]  = E  [  p r   q r  − α k  s 2   q r  ]  ,   s . t .    q r  ≥ 0 ,  q n  ≥  q r      



(A12)






   π o  = p  [  p n H   q n  − k  s 2   q n  ]  +  ( 1 − p )   [  p n L   q n  − k  s 2   q n  ]   










   π r  = p  [  p r H   q r  − α k  s 2   q r  ]  +  ( 1 − p )   [  p r L   q r  − α k  s 2   q r  ]   











Here, we solve for   q r  .    π r  = p  [  β r  s  (  a h  −  q n  −  q r  )   q r  − α k  s 2   q r  ]  +  ( 1 − p )   [  β r  s  (  a l  −  q n  −  q r  )   q r  − α k  s 2   q r  ]   .



The first-order condition is


     ∂  π R    ∂  q r     = p  [  β r   (  a h  −  q n  −  q r  )  s −  β r   q r  s − α k  s 2  ]  +  ( 1 − p )   [  β r   (  a l  −  q n  −  q r  )  s −  β r   q r  s − α k  s 2  ]  = 0  











We can simplify the equation above as   s [  β r  μ −  β r   q n  − 2  β r   q r  − α k s ] = 0  . Therefore,    q r   (  q n  , s )  =     β r   ( μ −  q n  )  − α k s   2  β r     > 0  . Similar to the case with full information, we have three cases for the IR’s decisions: Case 1, where the IR produces 0; Case 2, where the IR produces an optimal amount; and Case 3, where the IR produces the same amount as the OEM. The analysis for the no information case follows the same steps as that for the full information case. Below, we summarize the equilibrium for the no information case:




	
When    β r  ∈  (   2 3   , 1 )   , the following apply:




	–

	
When   α ∈ ( 0 ,     ( 3 −  β r  )   β r 2   2   )  , cost efficiency is high. The dominant strategy is Case 3-A, where the IR produces the same amount as the OEM:    q n  =   μ  3 (  β r  + 1 )     ,   s =   μ  3 k     .




	–

	
When   α ∈ [     ( 3 −  β r  )   β r 2   2   , 1 )  , cost efficiency is low, but   β r  , the customers’ preference for the IR’s product, is high, so the dominant strategy is Case 2-A, where the IR produces her optimal amount.:    q n  =   μ  3 (  β r  + 1 )     ,   s =   μ  3 k     .









	
When    β r  ∈  (   1 2   ,   2 3   ]   , the following apply:




	–

	
When   α ∈ ( 0 ,     ( 3 −  β r  )   β r 2   2   )  , the dominant strategy is Case 3-A, where the IR produces the same amount as the OEM:    q n  =   μ  3 (  β r  + 1 )     ,   s =   μ  3 k     .




	–

	
When   α ∈ [     ( 3 −  β r  )   β r 2   2   ,    4  β r    2 +  β r     )  , the dominant strategy is Case 2-A, where the IR produces her optimal amount:    q n  =   μ  3 (  β r  + 1 )     ,   s =   μ  3 k     .




	–

	
When   α ∈ [    4  β r    2 +  β r     , 1 )  , the dominant strategy is Case 2-B, where the IR’s optimal amount is 0:    q n  =   μ  3 (  β r  + 1 )     ,   s =    μ ( 2 −  β r  )   3 k ( 2 − α )     .









	
When    β r  ∈  ( 0 ,   1 2   ]   , the following apply:




	–

	
When   α ∈ ( 0 ,     ( 3 −  β r  )   β r 2   2   )  , the dominant strategy is Case 3-A, where the IR produces the same amount as the OEM:    q n  =   μ  3 (  β r  + 1 )     ,   s =   μ  3 k     .




	–

	
When   α ∈ [     ( 3 −  β r  )   β r 2   2   ,    4  β r    2 +  β r     )  , the dominant strategy is Case 2-A, where the IR produces her optimal amount:    q n  =   μ  3 (  β r  + 1 )     ,   s =   μ  3 k     .




	–

	
When   α ∈ [    4  β r    2 +  β r     , 2  β r  )  , the dominant strategy is Case 2-B, where the IR’s optimal amount is 0:    q n  =   μ  3 (  β r  + 1 )     ,   s =    μ ( 2 −  β r  )   3 k ( 2 − α )     .




	–

	
When   α ∈ [ 2  β r  , 1 )  , the dominant strategy is Case 2-A, where the IR produces a 0 amount:    q n  =   μ 3    ,   s =   μ  3 k     .














□



Proof of Asymmetric Case.

We move on to Section 4.3 and study the case where information is asymmetric.





In the separating equilibrium model, the OEM uses quantity as a signal of market size for the IR.



The OEM’s and IR’s price functions for the new and remanufactured products are


      p n  = s  (  a i  −  q n  −  β r   q r  )      



(A13)






      p r  =  β r  s  (  a i  −  q n  −  q r  )      



(A14)






      max  q n     π  O E M    [  q n  , s |  a i  ]  =  p n   q n  − k  s 2   q n  ,     



(A15)






      s . t .    q n  ≥ 0     



(A16)






      max  q r     π  I R    [  q r  |  (  q n  , s )  ,   a i  ¯  ]  =  p r   q r  − α k  s 2   q r      



(A17)






      s . t .    q r  ≥ 0 ,  q n  ≥  q r      



(A18)







From Equation (A17), the IR’s belief regarding the market size is    a i  ¯   and depends on the OEM’s selling quantity (  q n  ), and the market size signal quantity made known to the IR is denoted by   q r s  . If    q n  >  q r s   , the IR deems the market size (   a i  ¯  ) to be high, i.e.,     a i  ¯  =  a h   . On the other hand, if    q n  <  q r s   , the IR deems the market size to be low, i.e.,     a i  ¯  =  a l   .



When the market size is high and the OEM tells the truth about the market size, we refer to this equation as Case HH. Then, we have


   π o  H H   = s  (  a h  −  q n  −  β r   q r  )   q n  − k  s 2   q n   










   π r  H H   =  β r  s  (  a h  −  q n  −  q r  )  − α k  s 2   q n   











   q r   (  q n  )    can take three values:


   q r   (  q n  )  =         β r  s  (  a h  −  q n  )  − α k  s 2    2  β r  s       if       β r   a h  − α k s   3  β r     ≤  q n  <     β r   a h  − α k s   β r            q n     if    q n  <     β r   a h  − α k s   3  β r           0     if    q n  >     β r   a h  − α k s   β r           



(A19)







The results and profit stay the same as in the base model, the full information case.



When the OEM sends fake signals regarding the market size, that is, when the market size is high but the OEM prefers the IR to believe it is low, we refer to it as Case HL. Then, we have


   π o  H L   = s  (  a h  −  q n  −  β r   q r  )   q n  − k  s 2   q n   










   π r  H L   =  β r  s  (  a l  −  q n  −  q r  )  − α k  s 2   q n   











In Case HL,    q r   (  q n  )    can take three values:


   q r   (  q n  )  =         β r  s  (  a l  −  q n  )  − α k  s 2    2  β r  s       if       β r   a l  − α k s   3  β r     ≤  q n  <     β r   a l  − α k s   β r            q n     if    q n  <     β r   a l  − α k s   3  β r           0     if    q n  >     β r   a l  − α k s   β r           



(A20)







Accordingly, when    q n  >     β r   a l  − α k s   β r     ,    q r  = 0  , then    π o  H L    (  q r  = 0 )  = s  (  a h  −  q n  − k s )   q n   .



When       β r   a l  − α k s   3  β r     ≤  q n  <     β r   a l  − α k s   β r     , then    q r  =  q r *  =     β r  s  (  a l  −  q n  )  − α k  s 2    2  β r  s     . The profit function is



   π o  H L    (  q r  =     β r  s  (  a h  −  q n  )  − α k  s 2    2  β r  s    )  =     q n  s  2    [ 2  a h  −  β r   a l  −  ( 2 −  β r  )   q n  −  ( 2 − α )  k s ]   .



When    q n  <     β r   a l  − α k s   3  β r      ,    q r  =  q n   , the profit function is    π o  H L    (  q r  =  q n  )  = s  (  a h  −  q n  −  β r   q n  )   q n  − k  s 2   q n   .



Figure A1 summarizes each case. When    q r  =  q n    or    q r  = 0  , the IR’s decision is fixed and is not affected by the OEM’s decision.
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Figure A1. Competition in remanufacturing: profits in different cases. 
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We denote    q n L  ̲   as      β r   a l  − α k s   3  β r     ,    q n L  ¯   as      β r   a l  − α k s   β r    ,    q n H  ̲   as      β r   a h  − α k s   3  β r     , and    q n H  ¯   as      β r   a h  − α k s   β r    .



There exists a Perfect Bayesian Separating Equilibrium (PBSE) if and only if the OEM’s strategy of quantity (  q n  ) satisfies


     m a x   π n   (  q n  >  q r s  |  a h  )  ≥ m a x   π n   (  q n  ≤  q r s  |  a h  )      



(A21)






     m a x   π n   (  q n  ≤  q r s  |  a l  )  ≥ m a x   π n   (  q n  >  q r s  |  a l  )      



(A22)






      q r s  ≥ 0     



(A23)







Inequality (A21) means that the OEM pretending to be a low type when the market is high hurts his own profits. Inequality (A22) means that the OEM pretending to be a high type when the market is low also hurts him. The last inequality guarantees that the production quantity of the IR is non-negative.



We now look at each HL scenario in Case HH.



The below applies to the case where   α <     ( 3 −  β r  )   β r 2   2   <  β r    and    β r  ∈  ( 0 ,   1 2   )   .



When   α <     ( 3 −  β r  )   β r 2   2   <  β r    and    β r  ∈  ( 0 ,   1 2   )   , we learn from the main model that    π o   (  q n  =    a h  3   )  <  π o   (  q n  =    a h   3 (  β r  + 1 )    )   . In Case HL, when    q n  <   q n L  ̲   ,    q r  =  q n   ; hence, the IR’s decision is fixed.



When    q n  ∈  (   q n L  ̲  ,   q n L  ¯  )   ,    q r  =     β r  s  (  a l  −  q n  )  − α k  s 2    2  β r  s     .



   π o  H L    (  q r  =     β r  s  (  a l  −  q n  )  − α k  s 2    2  β r  s    )  =     q n  s  2    2  a h  −  β r   a l  −  ( 2 −  β r  )   q n  −  ( 2 − α )  k s   .



  Δ =     q n  s  2    2  a h  −  β r   a l  −  ( 2 −  β r  )   q n  −  ( 2 − α )  k s  +  λ 1   (  q n  −     β r   a l  − α k s   3  β r     )  +  λ 2   (     β r   a h  − α k s   β r    −  q n  )   .


      Δ =     q n  s  2    ( 2  a h  −  β r   a l  −  ( 2 −  β r  )   q n  −  ( 2 − α )  k s )  +  λ 1   (  q n  −     β r   a l  − α k s   3  β r     )  +  λ 2   (     β r   a h  − α k s   β r    −  q n  )  ,          ∂ Δ   ∂  q n     =   s 2    2  a h  −  a l   β r  − 4 −  q n  + 2  β r   q n  − 2 k s + α k s  +  λ 1  −  λ 2  = 0 ,          ∂ Δ   ∂ s    =    q n  2    2  a h  −  β r   a l  −  ( 2 −  β r  )   q n  − 4 k s  +  λ 1   (    α k   3  β r     )  −  λ 2   (    α k   β r    )  = 0 ,        λ 1    q n  −     β r   a l  − α k s   3  β r      = 0 ,        λ 2   (     β r   a h  − α k s   β r    −  q n  )  = 0      



(A24)







Here, we have four different combinations for the values of   λ 1   and   λ 2  :


       λ 1  = 0 ,  λ 2  = 0        λ 1  ≠ 0 ,  λ 2  = 0        λ 1  = 0 ,  λ 2  ≠ 0        λ 1  ≠ 0 ,  λ 2  ≠ 0      



(A25)







To ensure that    λ 1  = 0   and    λ 2  = 0  , we need       β r   a l  − α k s   3  β r     <  q n  <     β r   a l  − α k s   β r     , and we have    q n  =    2  a h  −  β r   a l    3 ( 2 −  β r  )    , s =    2  a h  −  β r   a l    3 k ( 2 − α )     .



First, we need to check that      2  a h  −  β r   a l    3 ( 2 −  β r  )    >     β r   a l  − α k s   3  β r      . After expanding this equation, we obtain   2  a h  −  (  β r  + 2 −  β r  )   a l  > −  ( 2 −  β r  )  α k s  . This equation is satisfied, since   2  a h  −  (  β r  + 2 −  β r  )   a l  = 2  (  a h  −  a l  )  > 0 > −  ( 2 −  β r  )  α k s  . Therefore,    λ 1  = 0  .



Second, we need to ensure that      2  a h  −  β r   a l    3 ( 2 −  β r  )    <     β r   a l  − α k s   β r     . This condition is satisfied if   4  (  a h  −  a l  )   ( α +  β r  − α  β r  )  <  a l   ( 2 −  β r  )   [ 4  β r  − α  ( 2 +  β r  )  ]   .



If   4  (  a h  −  a l  )   ( α +  β r  − α  β r  )  ≥  a l   ( 2 −  β r  )   [ 4  β r  − α  ( 2 +  β r  )  ]   , then    λ 1  = 0  , but    λ 2  ≠ 0  ,    q n  =     β r   a l  − α k s   β r     . We have


      Δ =     q n  s  2    ( 2  a h  −  β r   a l  −  ( 2 −  β r  )   q n  −  ( 2 − α )  k s )  +  λ 2   (     β r   a h  − α k s   β r    −  q n  )  ,          ∂ Δ   ∂  q n     =   s 2    2  a h  −  a l   β r  − 4 −  q n  + 2  β r   q n  − 2 k s + α k s  −  λ 2  = 0 ,          ∂ Δ   ∂ s    =    q n  2    2  a h  −  β r   a l  −  ( 2 −  β r  )   q n  − 4 k s  −  λ 2   (    α k   β r    )  = 0      



(A26)







Using the equations above, we have    (    α k   β r    )  ∗    ∂ Δ   ∂  q n     =    ∂ Δ   ∂ s     . By solving this equality, we obtain


       q n  =  a l  −     a h  α k − 2  a l  α k +  a l   β r  k − k   Δ 3     3 k ( α −  β r  )          s =     β r   [  a h  α k − 2  a l  α k +  a l   β r  k − k   Δ 3   ]    3  k 2  α  (  β r  − α )          



(A27)




where    Δ 3  =  a h 2   α 2  −  a h   a l  α  ( α +  β r  )  +  a l 2   (  α 2  − α  β r  +  β r 2  )   .



Next, we examine each scenario.



When    q n  H L   =    2  a h  −  β r   a l    3 ( 2 −  β r  )     , it is also obvious that      2  a h  −  β r   a l    3 ( 2 −  β r  )    >    2  a h  −  β r   a h    3 ( 2 −  β r  )    =    a h  3    . First, let us see that when     q n L  ¯  >    a h  3    , the profits in Cases HH and HL are shown below in Figure A2.
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Figure A2. Competition in remanufacturing: HH and HL profits when     q n L  ¯  >    a h  3    . 
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Here, the OEM chooses to reveal his information when    q r s  <  q r *   .    π n   (  q r *  >  q r s  |  a h  )  ≥  π n   (  q r *  ≤  q r s  |  a h  )   . Here,    q r s  =    a h   3 (  β r  + 1 )     .



Then, let us examine     q n L  ¯  ≤    a h  3    . The profits in Cases HH and HL are shown below in Figure A3. Similarly, when the market size is high, it is optimal for the OEM to set the first–best-order quantity as    q n  =    a h   3 (  β r  + 1 )     . In this scenario, the OEM chooses to reveal true information when    q r *  <    a h   3 (  β r  + 1 )     .
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Figure A3. Competition in remanufacturing: HH and HL profits when     q n L  ¯  ≤    a h  3    . 
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In the low-market case, the profits can be viewed as shown below in Figure A4.
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Figure A4. Competition in remanufacturing: LL and LH profits. 
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The below applies to the case where       ( 3 −  β r  )   β r 2   2   < α <    4  β r    2 +  β r       and    β r  ∈  ( 0 ,   1 2   )   .



When       ( 3 −  β r  )   β r 2   2   < α <    4  β r    2 +  β r       and    β r  ∈  ( 0 ,   1 2   )   , we learn from the main model that    π o   (  q n  =    a h  3   )  >  π o   (  q n  =    a h   3 (  β r  + 1 )    )   . For the HH market, we still have two cases, depending on    q n L  ¯   and     a h  3   , and accordingly, the profits can be viewed as shown below in Figure A5.
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Figure A5. Competition in remanufacturing: HH and HL profits. 
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In the case where     q n L  ¯  >    a h  3    , we have    π n   (  q r *  >  q r s  |  a h  )  ≥  π n   (  q r *  ≤  q r s  |  a h  )   . Here, the OEM uses     a h  3    to indicate that the market is high.    π n   (  q r *  >  q r s  |  a h  )  =     a h 3    ( 2 −  β r  )  2    54 ( 2 − α ) k     , and    π n   (  q r *  ≤  q r s  |  a h  )  =     q n  s  2    2  a h  −  β r   a l  −  ( 2 −  β r  )   q n  −  ( 2 − α )  k s   . The quantity that ensures that       a h 3    ( 2 −  β r  )  2    54 ( 2 − α ) k    <     q n  s  2    2  a h  −  β r   a l  −  ( 2 −  β r  )   q n  −  ( 2 − α )  k s    is satisfied is used as the upper bound for   q n  .



In the case where     q n L  ¯  ≤    a h  3    ,    q r s  =    a h  3    , since    π n   (  q r *  >  q r s  |  a h  )  ≥  π n   (  q r *  ≤  q r s  |  a h  )    when    q r s  <    a h  3    .



Then, let us move on and check the case where the market size is low. The profits are summarized in Figure A6.
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Figure A6. Competition in remanufacturing: LL and HL profits when     q n L  ¯  >    a h  3    . 
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   π o  L H   =     q n  s  2    2  a L  −  β r   a H  −  ( 2 −  β r  )   q n  −  ( 2 − α )  k s   .    q n  L H   =    2  a l  −  a h   β r    3 ( 2 −  β r  )      when    q n  L H   <    a l  3    .    q r  * *    (  q n  , s )    is used when    π n   (  q r *  >  q r s  |  a l  )  =  π n   (  q r *  ≤  q r s  |  a l  )   .    π n   (  q r *  >  q r s  |  a l  )  =     ( 2  a L  −  β r   a H  )  3   54  ( 2 − α )   ( 2 −  β r  )  k     ,    q r  * *    (  q n  , s )    is used when the following equality is satisfied:       ( 2  a L  −  β r   a H  )  3   54  ( 2 − α )   ( 2 −  β r  )  k    =     q n  s  2    [  ( 2 −  β r  )   (  a l  −  q n  )  −  ( 2 − α )  k s ]   . If   q r *   from the HH market is less than   q r  * *   , the OEM has incentive to deviate from telling the truth.



Another case we need to consider is when     q n  L H   ̲  >    a l  3    . Figure A7 shows the profits for Cases LL and LH.





[image: Sustainability 16 00471 g0a7] 





Figure A7. Competition in remanufacturing: LL and HL profits when     q n L  ¯  <    a h  3    . 
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Here, when    q n  =   q r s  ̲  = m i n     a l  3   ,  q r *    , the market is low; otherwise, the market is high. Here, we also need to ensure that    π n   (  q n  <  q r s  |  a l  )  ≥  π n   (  q n  >  q r s  |  a l  )   . Here, the constraint is satisfied if    q r *  >  q r  * *     and if    q r *  < m i n     a l  3   ,  q r *    .



Figure A8 summarizes both the high- and low-market cases.
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Figure A8. Competition in remanufacturing: profits when       ( 3 −  β r  )   β r 2   2   < α <    4  β r    2 +  β r       and    β r  ∈  ( 0 ,   1 2   )   . 
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When the market is low,    q n  = m i n     a l  3   ,  q r *     when    q r *  >  q r  * *    . When    q r *  ≤  q r  * *     and the market is low, the OEM does not have incentives to reveal true information, since pretending to have a high market makes the OEM be better off, but the best option for the OEM is to choose    q n  =  q r *   . When the market is high,    q n  =    a h  3    . But to ensure that the OEM does not deviate, we need to ensure that    q r *  >  q r  * *    ; otherwise, there is no separating equilibrium in this scenario. Hence,    q n  = m i n     a l  3   ,  q r *    .



In other cases, where    β r  ∈  (   1 2   ,   2 3   )    and    β r  ∈  (   2 3   , 1 )   , the proofs are very similar to the case for    β r  ∈  ( 0 ,   1 2   )   . When   α <     ( 3 −  β r  )   β r 2   2    , we can easily obtain the most profitable quantity when the market size is low as    q n  = m i n     a l   3 (  β r  + 1 )    ,    a h   3 (  β r  + 1 )      ; therefore,    q n  =    a l   3 (  β r  + 1 )     . Hence, we will not list all of them here. The results are summarized below.



When    β r  ∈  (   2 3   , 1 )    and   α <     ( 3 −  β r  )   β r 2   2    ,    q n  =    a l   3 (  β r  + 1 )     . When   α ∈ [     ( 3 −  β r  )   β r 2   2   , 1 )  ,    q n  = m i n     a l  3   ,  q r *    .



When    β r  ∈  (   1 2   ,   2 3   )    and   α <     ( 3 −  β r  )   β r 2   2    ,    q n  =    a l   3 (  β r  + 1 )     . When   α ∈ [     ( 3 −  β r  )   β r 2   2   ,    4  β r    2 +  β r     )  ,    q n  = m i n     a l  3   ,  q r *    . When   α ∈ [    4  β r    2 +  β r     , 1 )  ,    q n  =    a l  3    .



When    β r  ∈  ( 0 ,   1 2   )    and   α <     ( 3 −  β r  )   β r 2   2    ,    q n  =    a l   3 (  β r  + 1 )     . When   α ∈ [     ( 3 −  β r  )   β r 2   2   ,    4  β r    2 +  β r     )  ,    q n  = m i n     a l  3   ,  q r *    . When   α ∈ [    4  β r    2 +  β r     , 2  β r  )  ,    q n  =    a l  3    . When   α ∈ [ 2  β r  , 1 )  ,    q n  =    a l  3    .



When the market is high, the OEM’s decisions are those obtained from the benchmark model, where the OEM and the IR have equal information. Profits are the same for the symmetric and asymmetric information cases, and the OEM does not benefit from having an information advantage.



When the market size is low, under certain market circumstances, the OEM’s profits are the same for the symmetric and asymmetric cases. Under other circumstances, the OEM’s profit is lower in the asymmetric information case than in the symmetric case. Hence, we focus on the case where the OEM’s profit is lower. We notice that when the market size is low,   α ∈      ( 3 −  β r  )   β r 2   2   ,    4  β r    2 + b e t  a r       , and    β r  ∈  ( 0 ,   1 2   )   , we need to ensure that Inequality (A22) is satisfied. When the IR’s inference on the market size (  q r s  ) is less than     a l  3   , the OEM’s decision stays the same as in the benchmark case; otherwise, the OEM chooses a lower quantity to produce, and the IR produces 0. □



Proof of Proposition 3.

Full information vs. no information: We use the results from Proposition 1 and Table 1. In Region A, when information is unknown,    q n  =   μ 3    ;   s =   μ  3 k     ; and    q r  = 0  . We have    π  O E M   n o   =    μ 3   27 k     . When information is known,    q n  =    a i  3    ;   s =    a i   3 k     ; and    q r  = 0  . We have    π  O E M   F u l l   = p    a h 3   27 k    +  ( 1 − p )     a l 3   27 k     . Then, we have    π  O E M   F u l l   −  π  O E M   N o   =      (  a h  −  a l  )  2   ( 1 − p )   p (   a h  + 2  a l  + p  a h  − p  a l    27 k    > 0  . Hence, the absence of information leads to a profit drop for the OEM.



In Region D, in case of full information,    q r  =  q n  =    a i   3 (  β r  + 1 )     , and   s =    a i   3 k     .    π o  F u l l   = p    a h 3   27 ( 1 +  β r  ) k    +  ( 1 − p )     a l 3   27 ( 1 +  β r  ) k     .



In case of no information,    q r  =  q n  =   μ  3 (  β r  + 1 )     , and   s =   μ  3 k     .    π o  N o   =    μ 3   27 ( 1 +  β r  ) k     .



   π o  F u l l   −  π o  N o   =     (  a h  −  a l  )   ( 1 − p )   p (   a h  + 2  a l  +  a h  p −  a l  p   27 ( 1 +  β r  ) k    > 0  . Hence, the OEM has more benefits in the full information case.



For the other two regions, the proof is very straightforward, and the results are similar, i.e., the OEM’s profit is higher in the full information scenario.



We further compare the quantities and qualities of the OEM and the CM between the no information and full information cases. We notice that given the structural similarities between the full information and no information cases, the only difference is the market size. In the case of no information, the market size is denoted by  μ , whereas the full information case involves considering the expected value arising from high and low markets. Comparing the quantity and quality differences between the full information and no information cases, the equilibrium values in the full information case are always higher than those in the no information case.



Full information vs. asymmetric information: According to Proposition 2 and Figure 2, when the market size is large, the OEM and IR have the same quantities as those obtained from the benchmark model when information is known to both parties. However, when the market size is small, the OEM’s behavior is different.



As shown in Region C in Figure 2, specifically, the OEM signals the market size with    q r s  =  q r *   (  a i  =  a h  )  <  q r  * *    (  a i  =  a l  )   , leading to    q n  =   q r s  ^  =  q r *   (  a i  =  a h  )  <    a l   3 k     . In this case, it is observed from Figure A8 that    π o   (  q n  =   q r s  ^  )  <  π o   (  q n  =    a l   3 k    )   . Note that   q r *   is the quantity that satisfies the inequality in constraint (13) and   q r  * *    is the quantity that satisfies the inequality in constraint (14). Consequently, the profit in the full information scenario with    q n   (  a i  =  a h  )  =    a h   3 k      and    q n   (  a i  =  a l  )  =    a l   3 k      surpasses that in the asymmetric information case with    q n   (  a i  =  a h  )  =    a h   3 k      and    q n   (  a i  =  a l  )  =   q r s  ^   . □
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Figure 1. Competition in remanufacturing: characterization of equilibrium regions in terms of IR production cost advantage,  α , and consumers’ willingness to pay for the remanufactured product,   β r  . 
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Figure 2. Competition in remanufacturing: symmetric vs. asymmetric information. 






Figure 2. Competition in remanufacturing: symmetric vs. asymmetric information.



[image: Sustainability 16 00471 g002]







[image: Sustainability 16 00471 g003] 





Figure 3. Visualization of conditions for positive/negative   S  S C  − S  S A    in relation to the IR’s production cost advantage,  α , and the consumers’ willingness to pay (  β r  ). 
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Table 1. Competition in remanufacturing when information is unknown: equilibrium for quantity and quality.






Table 1. Competition in remanufacturing when information is unknown: equilibrium for quantity and quality.





	Region
	    q n    
	s
	    q r    





	A—OEM monopoly
	    μ 3    
	    μ  3 k     
	0



	B—The IR produces 0
	    μ 3    
	     2 μ  β r    3 k α     
	0



	C—The IR produces partial quantity
	    μ 3    
	     μ ( 2 −  β r  )   3 k ( 2 − α )     
	     μ ( 4  β r  − 2 α − α  β r  )   6  β r   ( 2 − α )      



	D—The IR produces all quantity
	    μ  3 (  β r  + 1 )     
	    μ  3 k     
	    μ  3 (  β r  + 1 )     










 





Table 2. Competition in remanufacturing: separating equilibrium for quantity and quality when the market is low.






Table 2. Competition in remanufacturing: separating equilibrium for quantity and quality when the market is low.





	Region
	    q n    
	s
	    q r    





	A—OEM monopoly
	     a l  3    
	     a l   3 k     
	0



	B—The IR produces 0
	     a l  3    
	     2  a l   β r    3 k α     
	0



	C—The IR produces 0 or partial quantity
	   m i n     a l  3   ,   q r s  ^     
	     a l   ( 2 −  β r  )    3 k ( 2 − α )     or      β r   (  a l  −   q r s  ^  )    α k    
	     a l   ( 4  β r  − 2 α − α  β r  )    6  β r   ( 2 − α )      or 0



	D—The IR produces all quantity
	     a l   3 (  β r  + 1 )     
	     a l   3 k     
	     a l   3 (  β r  + 1 )     










 





Table 3. Competition in remanufacturing: equilibrium for quantity, quality, and consumer and social surpluses.






Table 3. Competition in remanufacturing: equilibrium for quantity, quality, and consumer and social surpluses.





	Region
	    q n    
	s
	    q r    
	   CS   
	   SS   





	A
	     a i  3    
	     a i   3 k     
	0
	     a i 3   54 k     
	     a i 3   18 k     



	B
	     a i  3    
	     2  a i   β r    3 k α     
	0
	      β r   a i 3    27 α k     
	      β r   ( 5 α − 4  β r  )   a i 3    27  α 2  k     



	C
	     a i  3    
	      a i   ( 2 −  β r  )    3 k ( 2 − α )     
	      a i   ( 4  β r  − 2 α − α  β r  )    6  β r   ( 2 − α )      
	       ( 2 −  β r  )   a i 3    108   ( 2 − α )  3   β r  k     Υ c    
	       ( 2 −  β r  )   a i 3    108   ( 2 − α )  3   β r  k     Υ s    



	D
	     a i   3 (  β r  + 1 )     
	     a i   3 k     
	     a i   3 (  β r  + 1 )     
	      ( 1 + 3  β r  )   a i 3    54   ( 1 +  β r  )  2  k     
	      ( 1 + 3  β r  )   a i 3    54   ( 1 +  β r  )  2  k     










 





Table 4. Environmental impact.






Table 4. Environmental impact.





	Region
	Environmental Impact
	   α   
	    β r    





	A
	     E  a i   3    
	   C o n s t a n t   
	   C o n s t a n t   



	B
	     E  a i   3    
	   C o n s t a n t   
	   C o n s t a n t   



	C
	      a i   2  ( 2 − α )   β r  E − 2 α e +  ( 4 − α )   β r  e    6  ( 2 − α )   β r      
	↓
	↑



	D
	      ( E + e )   a i    3 ( 1 +  β r  )     
	   C o n s t a n t   
	↓
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