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Abstract. 
We investigate a durable product retailing and recycling problem in a closed-loop supply chain consisting of a single manufacturer and two competitive retailers, in which the manufacturer collects used products via retailers from the consumers and has sufficient channel power over the retailers to act as a Stackelberg leader; the retailers compete in retail products and recycling used products. In order to analyze the impact of retailing and recycling competitions on the profits of the manufacturer and the competitive retailers, two collection models (coordinated collection (Model C) and decentralized collection (Model D)) are established, respectively. Then, based on game theory, we derive the optimal retail price, the optimal repurchase price, and the optimal profits of the manufacturer and the retailers. The managerial insights demonstrate that more intense retailing competition induces the increase of the manufacturer's profits in both forward and reverse channels and retailers' profits in the forward channel and the decrease of retailers' profits in the reverse channel, while more intense recycling competition induces the decrease of the profits of the manufacturer and retailers in both forward and reverse channels. Finally, numerical examples are given to illustrate the effectiveness of the proposed models.
 

1. Introduction
Durable product remanufacturing and processes for sustainable manufacturing play an important role in closed-loop supply chain operations. Increasingly, manufacturers are establishing economically viable production and distribution systems that enable remanufacturing of used products in parallel with the manufacturing of new units. Remanufactured products are typically upgraded to the quality standards of new products, so that they can be sold in new product markets.
In current practice, HP, Xerox, and Apple are retail competitive products that utilize retailers for collecting their used products and have created a fully integrated manufacturing-remanufacturing strategy around their reusable product lines [1]. For example, HP, on average 
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 of the disposed cartridges are reused in the production of a new one. Each time a cartridge is returned to HP, the retailers are reimbursed a fixed fee per cartridge and the transportation costs [2]. HP collects its used products via retailers, and some remanufacturers or third parties also collect HP’s product, which results in competition between HP and remanufacturers/third parties. Thus, many researchers began to investigate the effect of competition on the channel member’s decisions in closed-loop supply channel problem.
In current literature, the operations of typical closed-loop supply chain have been widely studied [3–6]. Furthermore, Choi et al. [7] and Yalabik et al. [8] provided an analysis for calculating the optimal acquisition price. Liang et al. [9] proposed an option pricing for used products of different quality. Some literature discussed the competition between channel members which affects their behaviors of decision. Savaskan et al. [1] provided a problem of choosing a suitable channel structure for the collection of end-of-life returns from customers and considered that the retailing competition affects channel members’ decision behavior in different collection ways, and Inderfurth [10] extended the research and investigated an optimal pricing decision problem of a fuzzy closed-loop supply chain with retailing competition. Savaskan and van Wassenhove [11] focused on the interaction between a manufacturer’s reverse channel choice to collect used product and the strategic product pricing decisions under retailing competition in the forward channel. Ofek et al. [12] examined how consumer returns affected competitive sellers’ prices, in-store assistance levels, and decisions to offer an online channel in addition to the brick and mortar store.
For the research in reverse channel of closed-loop supply chain, the contracting of collecting the used products affects not only the supply of used products but also the price of the remanufactured product. Hong et al. [13] provided a typical recycling competition of manufacturers who have three reverse collection channel structures to choose: (1) manufacturer and retailer collecting used products have competition at the same time, (2) manufacturer collecting used products have competition with a retailer and a third party, and (3) manufacturer and third party collecting used products have competition at the same time. Choi et al. [14] investigated a closed-loop supply chain (CLSC) which consists of a manufacturer, a third parties collector, and a retailer and examined the performance of different CLSCs under different channel leaderships. Moreover, they illustrated how both the serial and parallel CLSCs can be coordinated by using different kinds of practical contracts. Webster and Mitra [15] and Ferguson and Toktay [16] investigated the joint pricing problem faced by a manufacturer in which a remanufacturable product is derived from heterogeneous consumers and discussed the market and technology drivers of product remanufacturability and identified some phenomena of managerial importance that are typical of a remanufacturing environment. Wu [17] considered a two-period closed-loop supply chain problem consisting of two supply chain members, an original equipment manufacturer, and a remanufacturer and investigated the product design decision of the original equipment manufacturer and both chain members’ competitive pricing strategies. Tayur and Ganeshan [18] considered that a manufacturer used her foresight about the retailer’s and the third party’s reaction functions in her decision making. Majumder and Groenevelt [19] examined how third party remanufacturing could induce competitive behavior when the recycling products cannibalize the demand for the original product. Hickey [20] presented that the third parties, such as GENCO distribution system, were also preferred by some consumer goods, under whose experience manufacturers collect the used product. Jung and Hwang [21] provided a typical example of remanufacturing in a reverse channel supply chain with an original equipment manufacturer and a remanufacturer. Chern et al. [22] provided a multiobjective master planning problem for reverse supply chains by considering product structures.
However, among all the literature associated with the closed-loop supply chain problems under competition, most of them have considered the retailing or recycling competition problems respectively, but few of them consider the impact on the closed loop supply chain members involved in retailing and recycling competitions together. Actually, retailing and recycling competitions often exist together in closed-loop supply chain. For example, HP’s cartridges, Apple’s cellphone, the Xerox’s office equipment, and so forth have both retailing and recycling competitions [2]. Based on observations from current practice and the extant literature, we study a competition of retailing and recycling problem in a closed-loop supply chain, in which a manufacturer collects used products via retailers from the consumers and has sufficient channel power over the retailers to act as a Stackelberg leader; the retailers compete in a Bertrand pricing game in the channels of both forward and reverse. In order to analyze the impact of retailing and recycling competitions on the profits of the manufacturer and the competitive retailers, two collection models (coordinated collection (model 
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) and decentralized collection (model 
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)) are established, respectively. Then we derive the optimal retail price, the optimal repurchase price, and the optimal profits of the manufacturer and the retailers. Finally, numerical examples are given to illustrate the effectiveness of the proposed models.
More specifically, we address the following questions.(1)How do the competitive factors of retailing and recycling affect the decision of the manufacturer and each retailer (i.e., retail price, repurchase price, wholesale price, and buy-back payment)?(2)How do the retailing and recycling competitions affect the profits of the channel members?
The rest of the paper is organized as follows. Section 3 describes the assumptions and notations of the modeling framework. The formulations and analysis are presented in Section 4. Section 5 provides the conclusion of the results and possible directions for future research.
2. Modeling Assumptions and Notations
This paper investigates a durable product retailing and recycling problem in a closed-loop supply chain consisting of a single manufacturer and two competitive retailers; two collection ways (coordinated collection and decentralized collection) are introduced (see Figure 1).







	
	
	
	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	
	




	
	
	
	
	
	
	
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	
	
		
			
				
			
				
			
		
	

















(a) Coordinated collection (model 
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(b) Decentralized collection (model 
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)
Figure 1: Closed-loop supply channel structures.


According to the consumption nature of durable product, assume that the variation of retail price has little effect on the size of retailing market; that is, the demand of market sizes for customers has little sensitivity to retail price, and the variation of repurchase price has little effect on the size of recycling market. Consistent with the extant literature [11], we assume that the manufacturer has sufficient channel power over the retailers to act as a Stackelberg leader, and the retailers compete in a Bertrand pricing game. In order to get more product sale opportunities, the retailers should collect used products for the manufacturer. More specifically, we consider a manufacturer who has incorporated remanufacturing of used products into his/her original product system, so that it can manufacture a new product directly from raw materials or remanufacture part or whole of a returned unit into a new product, and there is no distinction between a remanufactured and a manufactured product. The real archetypal example for products is the Kodak single-use camera, where the customer knows that the company utilizes used remanufacturing parts in the production of some cameras but does not know whether a specific product contains used parts or not. The manufacturer sells both new and remanufactured products to the retailer at the same wholesale price 
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 denote the unit cost of manufacturing a new product and remanufacturing a returned product into a new one, respectively. Assume that 
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, which implies that the manufacturer can make savings from remanufacturing. Let 
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 denote the unit saving cost by remanufacturing. We also add a Notations section to help the authors to understand and distinguish the notations.
Consistent with the existing literature [24], we assume that retailer 
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 faces the following linear demand function in the forward channel:
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 denotes the retailing substitution effect.
We assume that retailer 
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 faces the following recycling function in the reverse channel:
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 denotes the competitive retailer’s repurchase price, and 
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 denotes the recycling product recycling substitution effect.
Considering the relationship between the demand functions and recycling functions, we assume 
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, which denotes the market capacity which is recycled by the retailer freely, where 
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 is a recycling coefficient and 
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 [25]. Ceteris paribus, the profit of retailing a new product is more than recycling obsolete products. So, we assume that the retailing substitution effect is more intense than the recycling substitution effect; that is, 
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.
According to the above assumptions and notations, the channel’s profit function in the case of coordinated collection is
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The manufacturer profit function in the case of decentralized collection is
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Each retailer’s profit function in the case of decentralized collection is
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3. Model Formulation and Solution
In this section, two equilibrium models are discussed in the cases of coordinated collection and decentralized collection, respectively.
3.1. Coordinated Collection
According to (3), the coordinated collection model can be formulated as follows:
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Proposition 1.  In the case of coordinated collection, the optimal retail 
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Proof. According to (3), the second-order partial derivatives of 
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				2
			

			

				Π
			

			

				𝐶
			

			
				
			
			
				𝜕
				𝑝
			

			
				2
				𝑅
				𝑖
			

			
				𝜕
				=
				−
				2
				,
			

			

				2
			

			

				Π
			

			

				𝐶
			

			
				
			
			
				𝜕
				𝑝
			

			
				𝑅
				𝑖
			

			
				𝜕
				𝑝
			

			
				𝑅
				𝑗
			

			
				𝜕
				=
				2
				𝛾
				,
			

			

				2
			

			

				Π
			

			

				𝐶
			

			
				
			
			
				𝜕
				𝑝
			

			
				𝑅
				𝑗
			

			
				𝜕
				𝑝
			

			

				𝑖
			

			
				𝜕
				=
				−
				𝑠
				𝛽
				,
			

			

				2
			

			

				Π
			

			

				𝐶
			

			
				
			
			
				𝜕
				𝑝
			

			
				𝑅
				𝑗
			

			
				𝜕
				𝑝
			

			

				𝑗
			

			
				𝜕
				=
				𝑠
				,
			

			

				2
			

			

				Π
			

			

				𝐶
			

			
				
			
			
				𝜕
				𝑝
			

			
				𝑅
				𝑗
			

			
				𝜕
				𝑝
			

			
				𝑅
				𝑖
			

			
				𝜕
				=
				2
				𝛾
				,
			

			

				2
			

			

				Π
			

			

				𝐶
			

			
				
			
			
				𝜕
				𝑝
			

			
				2
				𝑅
				𝑗
			

			
				=
				−
				2
				.
			

		
	

								Then the Hessian matrix is
									
	
 		
 			
				(
				1
				0
				)
			
 		
	

	
		
			
				|
				|
				𝐻
				|
				|
				=
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				|
				.
				−
				2
				2
				𝛽
				𝑠
				−
				𝑠
				𝛽
				2
				𝛽
				−
				2
				−
				𝑠
				𝛽
				𝑠
				𝑠
				−
				𝑠
				𝛽
				−
				2
				2
				𝛾
				−
				𝑠
				𝛽
				𝑠
				2
				𝛾
				−
				2
			

		
	
By using the assumptions 
	
		
			
				0
				≤
				𝛾
				<
				𝛽
				<
				1
			

		
	
 and 
	
		
			
				0
				≤
				𝑠
				<
				𝛽
				<
				1
			

		
	
, we can obtain that 
	
		
			
				|
				𝐷
			

			

				1
			

			
				|
				=
				−
				2
				<
				0
			

		
	
, 
	
		
			
				|
				𝐷
			

			

				2
			

			
				|
				=
				4
				(
				1
				−
				𝛽
				)
				>
				0
			

		
	
, 
	
		
			
				|
				𝐷
			

			

				3
			

			
				|
				=
				−
				2
				(
				1
				−
				𝛽
			

			

				2
			

			
				)
				(
				4
				−
				𝑠
			

			

				2
			

			
				)
				<
				0
			

		
	
, and 
	
		
			
				|
				𝐷
			

			

				4
			

			
				|
				=
				1
				6
				+
				1
				6
				(
				𝛾
			

			

				2
			

			
				−
				𝛽
			

			

				2
			

			
				(
				1
				−
				𝛾
			

			

				2
			

			
				)
				)
				+
				8
				𝑠
			

			

				2
			

			
				(
				𝛽
			

			

				2
			

			
				+
				𝛾
				𝛽
				(
				1
				−
				𝛽
			

			

				2
			

			
				)
				−
				1
				)
				+
				𝑠
			

			

				4
			

			
				(
				1
				−
				𝛽
			

			

				2
			

			

				)
			

			

				2
			

			
				>
				0
			

		
	
. So 
	
		
			

				𝐻
			

		
	
 is negative definite; 
	
		
			

				Π
			

			

				𝐶
			

		
	
 is jointly concave with respect to 
	
		
			

				𝑝
			

			
				𝐶
				𝑖
			

		
	
, 
	
		
			

				𝑝
			

			
				𝐶
				3
				−
				𝑖
			

		
	
, 
	
		
			

				𝑝
			

			
				𝐶
				𝑗
			

		
	
, and 
	
		
			

				𝑝
			

			
				𝐶
				3
				−
				𝑗
			

		
	
; thus, the optimal retailing and repurchase prices can be obtained by the first-order conditions as follows:
									
	
 		
 			
				(
				1
				1
				)
			
 			
				(
				1
				2
				)
			
 			
				(
				1
				3
				)
			
 			
				(
				1
				4
				)
			
 		
	

	
		
			
				𝜕
				Π
			

			

				𝐶
			

			
				
			
			
				𝜕
				𝑝
			

			

				𝑖
			

			
				=
				Φ
			

			

				𝑖
			

			
				−
				2
				𝑝
			

			

				𝑖
			

			
				+
				2
				𝛽
				𝑝
			

			

				𝑗
			

			
				+
				𝑠
				𝑝
			

			
				𝑅
				𝑖
			

			
				−
				𝑠
				𝛽
				𝑝
			

			
				𝑅
				𝑗
			

			
				
				𝑐
				+
				(
				1
				−
				𝛽
				)
			

			

				𝑚
			

			
				
				−
				𝑠
				Δ
				=
				0
				,
				𝜕
				Π
			

			

				𝐶
			

			
				
			
			
				𝜕
				𝑝
			

			

				𝑗
			

			
				=
				Φ
			

			

				𝑗
			

			
				−
				2
				𝑝
			

			

				𝑗
			

			
				+
				2
				𝛽
				𝑝
			

			

				𝑖
			

			
				+
				𝑠
				𝑝
			

			
				𝑅
				𝑖
			

			
				−
				𝑠
				𝛽
				𝑝
			

			
				𝑅
				𝑗
			

			
				
				𝑐
				+
				(
				1
				−
				𝛽
				)
			

			

				𝑚
			

			
				
				−
				𝑠
				Δ
				=
				0
				,
				𝜕
				Π
			

			

				𝐶
			

			
				
			
			
				𝜕
				𝑝
			

			
				𝑅
				𝑖
			

			
				=
				−
				𝑠
				Φ
			

			

				𝑖
			

			
				+
				𝑠
				𝑝
			

			

				𝑖
			

			
				−
				𝑠
				𝛽
				𝑝
			

			

				𝑗
			

			
				−
				2
				𝑝
			

			
				𝑅
				𝑖
			

			
				+
				2
				𝛾
				𝑝
			

			
				𝑅
				𝑗
			

			
				+
				(
				1
				−
				𝛾
				)
				Δ
				=
				0
				,
				𝜕
				Π
			

			

				𝐶
			

			
				
			
			
				𝜕
				𝑝
			

			
				𝑅
				𝑗
			

			
				=
				−
				𝑠
				Φ
			

			

				𝑗
			

			
				+
				𝑠
				𝑝
			

			

				𝑗
			

			
				−
				𝑠
				𝛽
				𝑝
			

			

				𝑖
			

			
				−
				2
				𝑝
			

			
				𝑅
				𝑗
			

			
				+
				2
				𝛾
				𝑝
			

			
				𝑅
				𝑖
			

			
				+
				(
				1
				−
				𝛾
				)
				Δ
				=
				0
				.
			

		
	
By combining (11), (12), (13), and (14) we can obtain the optimal retail prices 
	
		
			

				𝑝
			

			
				∗
				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				∗
				𝑗
			

		
	
, and optimal repurchase prices 
	
		
			

				𝑝
			

			
				∗
				𝑅
				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				∗
				𝑅
				𝑗
			

		
	
.
Corollary 2.  In the case of coordinated collection, the retail prices 
	
		
			

				𝑝
			

			
				𝐶
				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝐶
				𝑗
			

		
	
 are strictly monotonically decreasing with respect to the recycling substitution effect.
Proof. According to (7), the first-order derivative of 
	
		
			

				𝑝
			

			
				𝐶
				𝑖
			

		
	
 with respect to 
	
		
			

				𝛾
			

		
	
 is
									
	
 		
 			
				(
				1
				5
				)
			
 		
	

	
		
			
				d
				𝑝
			

			
				𝐶
				𝑖
			

			
				
			
			
				=
				
				𝑠
				d
				𝛾
			

			

				2
			

			
				
				𝑋
			

			
				2
				1
			

			
				
				Φ
			

			

				𝑖
			

			
				−
				Φ
			

			
				3
				−
				𝑖
			

			
				
				−
				𝑋
			

			
				2
				2
			

			
				
				Φ
			

			

				𝑖
			

			
				+
				Φ
			

			
				3
				−
				𝑖
			

			
				
				+
				(
				1
				−
				𝛽
				)
				Δ
				𝑠
				−
				2
				𝑐
			

			

				𝑚
			

			
				×
				
				𝑋
				
				
				
				
			

			
				2
				1
			

			

				𝑋
			

			
				2
				2
			

			

				
			

			
				−
				1
			

			

				,
			

		
	

								where 
	
		
			

				𝑋
			

			

				1
			

			
				=
				𝑠
			

			

				2
			

			
				(
				1
				−
				𝛽
				)
				−
				4
				(
				1
				−
				𝛾
				)
			

		
	
 and 
	
		
			

				𝑋
			

			

				2
			

			
				=
				−
				4
				(
				1
				−
				𝛾
				)
				−
				𝑠
			

			

				2
			

			
				(
				1
				+
				𝛽
				)
			

		
	
.It follows from the assumptions 
	
		
			
				0
				≤
				𝛾
				<
				𝛽
				<
				1
			

		
	
 and 
	
		
			
				0
				≤
				𝑠
				<
				𝛽
				<
				1
			

		
	
 that 
	
		
			
				d
				𝑝
			

			
				𝐶
				𝑖
			

			
				/
				d
				𝛾
				<
				0
			

		
	
; thus, the retail prices 
	
		
			

				𝑝
			

			
				𝐶
				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝐶
				𝑗
			

		
	
 are strictly decreasing with respect to the recycling substitution effect.
Corollary 3.  In the case of coordinated collection, the repurchase prices 
	
		
			

				𝑝
			

			
				𝐶
				𝑅
				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝐶
				𝑅
				𝑗
			

		
	
 are strictly increasing with respect to the recycling substitution effect.
Proof. According to (8), the first-order derivative of 
	
		
			

				𝑝
			

			
				𝐶
				𝑅
				𝑖
			

		
	
 is
									
	
 		
 			
				(
				1
				6
				)
			
 		
	

	
		
			
				d
				𝑝
			

			
				𝐶
				𝑅
				𝑖
			

			
				
			
			
				
				𝑋
				d
				𝛾
				=
				2
				𝑠
			

			
				2
				2
			

			
				
				Φ
			

			

				𝑖
			

			
				+
				Φ
			

			
				3
				−
				𝑖
			

			
				−
				
				2
				𝑐
			

			

				𝑚
			

			
				
				
				−
				Δ
				𝑠
				(
				1
				−
				𝛽
				)
				−
				𝑋
			

			
				2
				1
			

			
				
				Φ
			

			

				𝑖
			

			
				−
				Φ
			

			
				3
				−
				𝑖
			

			
				×
				
				𝑋
				
				
			

			
				2
				1
			

			

				𝑋
			

			
				2
				2
			

			

				
			

			
				−
				1
			

			

				,
			

		
	

								where 
	
		
			

				𝑋
			

			

				1
			

			
				=
				𝑠
			

			

				2
			

			
				(
				1
				−
				𝛽
				)
				−
				4
				(
				1
				−
				𝛾
				)
			

		
	
 and 
	
		
			

				𝑋
			

			

				2
			

			
				=
				−
				4
				(
				1
				−
				𝛾
				)
				−
				𝑠
			

			

				2
			

			
				(
				1
				+
				𝛽
				)
			

		
	
.By assumptions 
	
		
			
				0
				≤
				𝛾
				<
				𝛽
				<
				1
			

		
	
 and 
	
		
			
				0
				≤
				𝑠
				<
				𝛽
				<
				1
			

		
	
, we can obtain that 
	
		
			
				d
				𝑝
			

			
				𝑗
				𝐶
				𝐶
			

			
				/
				d
				𝛾
				>
				0
			

		
	
; thus, the repurchase prices 
	
		
			

				𝑝
			

			
				𝐶
				𝑅
				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝐶
				𝑅
				𝑗
			

		
	
 are strictly increasing with respect to the recycling substitution effect.
Corollary 2 implies how the recycling substitution effect impacts the profit of forward channel. Specially, the manufacturer can obtain more profit from forward channel by inducing recycling substitution effect (select the lower retail price to induce more recycling substitution effect). Corollary 3 implies how the recycling substitution effect impacts the profit of reverse channel; the manufacturer can select optimal repurchase price by inducing recycling substitution effect (inducing more recycling substitution effect to select the higher retail price) in order to obtain more profit of reverse channel. Corollaries 2 and 3 illustrate that the recycling substitution effect’s impact on the profit of forward and reverse is converse, so the manufacturer can induce a suitable recycling substitution effect between the retailers to obtain the maximum profit in forward and reverse supply chain.
Proposition 4.  In the case of coordinated collection, the profit of forward channel is strictly increasing with respect to the retailing substitution effect and decreasing with respect to the recycling substitution effect. While the profit of reverse channel is strictly decreasing with respect to the retailing substitution effect and increasing with respect to the recycling substitution effect.
Proof. First, for the analysis of the profit in forward channel, for any given 
	
		
			

				𝑝
			

			

				𝑗
			

		
	
, according to (1), the demand 
	
		
			

				𝐷
			

			

				𝑖
			

		
	
 is invariable for the durable product, and 
	
		
			

				Φ
			

			

				𝑖
			

		
	
 is constant for retailer 
	
		
			

				𝑖
			

		
	
; the retail price is increasing with respect to the retailing substitution effect. Then, it follows from (3) that the profit of forward channel 
	
		
			

				∑
			

			
				2
				𝑖
				=
				1
			

			
				(
				𝑝
			

			

				𝑖
			

			
				−
				𝑐
			

			

				𝑚
			

			
				)
				𝐷
			

			

				𝑖
			

			
				(
				𝑝
			

			

				𝑖
			

			
				,
				𝑝
			

			

				𝑗
			

			

				)
			

		
	
 is increasing with respect to 
	
		
			

				𝑝
			

			

				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			

				𝑗
			

		
	
. Furthermore, by Corollary 2, the retail prices 
	
		
			

				𝑝
			

			

				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			

				𝑗
			

		
	
 are both strictly decreasing with respect to the recycling substitution effect. Hence, the profit of forward channel function 
	
		
			

				∑
			

			
				2
				𝑖
				=
				1
			

			
				(
				𝑝
			

			

				𝑖
			

			
				−
				𝑐
			

			

				𝑚
			

			
				)
				𝐷
			

			

				𝑖
			

			
				(
				𝑝
			

			

				𝑖
			

			
				,
				𝑝
			

			

				𝑗
			

			

				)
			

		
	
 is decreasing with respect to the recycling substitution effect.Second, for the analysis of the profit in reverse channel, for any given 
	
		
			

				𝑝
			

			
				𝑅
				𝑖
			

		
	
, since the recycling function 
	
		
			

				𝑄
			

			

				𝑖
			

		
	
 is invariable for the durable product, and 
	
		
			

				𝜙
			

			

				𝑖
			

			
				=
				𝑠
				𝐷
			

			

				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝑅
				𝑖
			

		
	
 are invariable for retailer 
	
		
			

				𝑖
			

		
	
, by (2), the repurchase price is increasing with respect to recycling substitution effect. Then, the profit of reverse channel 
	
		
			

				∑
			

			
				2
				𝑖
				=
				1
			

			
				(
				Δ
				−
				𝑝
			

			
				𝑅
				𝑖
			

			
				)
				𝑄
			

			

				𝑖
			

			
				(
				𝑝
			

			
				𝑅
				𝑖
			

			
				,
				𝑝
			

			
				𝑅
				𝑗
			

			

				)
			

		
	
 in (3) is decreasing with respect to 
	
		
			

				𝑝
			

			
				𝑅
				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝑅
				𝑗
			

		
	
. According to Corollary 3, the repurchase prices 
	
		
			

				𝑝
			

			
				𝑅
				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝑅
				𝑗
			

		
	
 are strictly increasing with respect to the recycling substitution effect. Therefore, the profit of reverse channel function 
	
		
			

				∑
			

			
				2
				𝑖
				=
				1
			

			
				(
				Δ
				−
				𝑝
			

			
				𝑅
				𝑖
			

			
				)
				𝑄
			

			

				𝑖
			

			
				(
				𝑝
			

			
				𝑅
				𝑖
			

			
				,
				𝑝
			

			
				𝑅
				𝑗
			

			

				)
			

		
	
 is decreasing with the recycling substitution effect.
From what is discussed above, in the case of coordinated collection, we can obtain some managerial insights in practice. It is illustrated that the variation tendency of the forward channel profit is decided by the difference between the increase of forward channel profit from the retailing substitution effect and the decrease of forward channel’s profit stemmed from the recycling substitution effect. Similarly, the variation of reverse channel profit is decided by the difference between the increase of reverse channel profit for the retailing substitution effect and the decrease of reverse channel profit for the recycling substitution effect. Additionally, the variation of the total profit of forward and reverse channel is uncertain. Furthermore, the manufacturer can induce lower retailing substitution effect and higher recovery substitution effect to collect more obsolete products and increase the profit of reverse channel. In other words, the manufacturer can easily achieve the goal of remanufacturing strategy by recovering the residual value of used products.
3.2. Decentralized Collection
In the case of decentralized collection, the manufacturer decides on the wholesale price 
	
		
			

				𝑤
			

		
	
 and reimburses each retailer a fixed fee 
	
		
			

				𝑏
			

		
	
 per unit returned, and the retailers compete with each other and decide on the retail price of the product as well as the repurchase price of collection used product.
We can obtain retailer 
	
		
			

				𝑖
			

		
	
’s reaction function by solving the following optimization problem:
								
	
 		
 			
				(
				1
				7
				)
			
 		
	

	
		
			
				m
				a
				x
			

			

				𝑝
			

			

				𝑖
			

			
				,
				𝑝
			

			

				𝑗
			

			

				Π
			

			
				𝐷
				𝑖
			

			
				=
				
				𝑝
			

			

				𝑖
			

			
				
				𝐷
				−
				𝑤
			

			

				𝑖
			

			
				
				𝑝
			

			

				𝑖
			

			
				,
				𝑝
			

			

				𝑗
			

			
				
				+
				
				𝑏
				−
				𝑝
			

			
				𝑅
				𝑗
			

			
				
				𝑄
			

			
				𝑅
				𝑖
			

			
				
				𝑝
			

			
				𝑅
				𝑖
			

			
				,
				𝑝
			

			
				𝑅
				𝑗
			

			
				
				.
			

		
	

Proposition 5.  In the case of decentralized collection, the retailer’s optimal reaction retail price 
	
		
			

				𝑝
			

			
				𝑖
				∗
				𝐷
			

		
	
and the optimal reaction repurchase price 
	
		
			

				𝑝
			

			
				∗
				𝐷
				𝑅
				𝑖
			

		
	
 satisfy
									
	
 		
 			
				(
				1
				8
				)
			
 			
				(
				1
				9
				)
			
 		
	

	
		
			

				𝑝
			

			
				𝑖
				∗
				𝐷
			

			
				=
				𝑏
				𝑠
				(
				1
				−
				𝛾
				)
				−
				𝑤
				(
				2
				−
				𝛾
				)
			

			
				
			
			

				𝑌
			

			
				1
				1
			

			
				+
				
				Φ
			

			

				𝑖
			

			
				+
				Φ
			

			
				3
				−
				𝑖
			

			
				
				𝑌
			

			

				1
			

			
				
			
			
				2
				𝑌
			

			
				1
				1
			

			
				+
				
				Φ
			

			

				𝑖
			

			
				−
				Φ
			

			
				3
				−
				𝑖
			

			
				
				𝑍
			

			

				1
			

			
				
			
			
				2
				𝑍
			

			
				1
				1
			

			
				,
				𝑝
			

			
				∗
				𝐷
				𝑅
				𝑖
			

			
				=
				𝑠
				
				Φ
			

			

				𝑖
			

			
				+
				Φ
			

			
				3
				−
				𝑖
			

			

				
			

			
				
			
			
				2
				𝑌
			

			
				1
				1
			

			
				−
				𝑠
				
				Φ
			

			

				𝑖
			

			
				−
				Φ
			

			
				3
				−
				𝑖
			

			

				
			

			
				
			
			
				2
				𝑍
			

			
				1
				1
			

			
				
				𝑠
				+
				𝑏
			

			

				2
			

			
				(
				1
				−
				𝛾
				)
			

			
				
			
			

				𝑌
			

			

				1
			

			

				𝑌
			

			
				1
				1
			

			
				+
				
				1
				−
				𝑠
			

			

				2
			

			
				
				𝑍
			

			

				1
			

			
				
			
			
				𝑇
				
				
				𝑍
				−
				𝑤
				𝑠
			

			

				1
			

			
				
			
			
				𝑇
				
				,
				+
				(
				2
				−
				𝛾
				)
			

		
	

								where 
	
		
			

				𝑌
			

			

				1
			

			
				=
				𝑠
			

			

				2
			

			
				+
				𝛾
				−
				2
			

		
	
, 
	
		
			

				𝑌
			

			
				1
				1
			

			
				=
				𝑠
			

			

				2
			

			
				−
				2
				(
				2
				−
				𝛾
				)
				+
				𝛽
				(
				2
				−
				𝑠
			

			

				2
			

			
				−
				𝛾
				)
			

		
	
, 
	
		
			

				𝑍
			

			

				1
			

			
				=
				2
				+
				𝛾
				−
				𝑠
			

			

				2
			

		
	
, 
	
		
			

				𝑍
			

			
				1
				1
			

			
				=
				2
				(
				2
				+
				𝛾
				)
				−
				𝛽
				(
				2
				+
				𝑠
			

			

				2
			

			
				−
				𝛾
				)
				−
				𝑠
			

			

				2
			

		
	
, and 
	
		
			
				𝑇
				=
				𝛾
			

			

				2
			

			
				−
				𝑠
			

			

				4
			

			
				−
				4
				(
				1
				−
				𝑠
			

			

				2
			

			

				)
			

		
	
.
Proof. The second-order partial derivatives of retailer’s profit 
	
		
			

				Π
			

			
				𝐷
				𝑖
			

		
	
 are
									
	
 		
 			
				(
				2
				0
				)
			
 		
	

	
		
			

				𝜕
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑖
			

			
				
			
			
				𝜕
				𝑝
			

			
				2
				𝑖
			

			
				𝜕
				=
				−
				2
				,
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑖
			

			
				
			
			
				𝜕
				𝑝
			

			

				𝑖
			

			
				𝜕
				𝑝
			

			

				𝑗
			

			
				𝜕
				=
				𝑠
				.
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑖
			

			
				
			
			
				𝜕
				𝑝
			

			

				𝑗
			

			
				𝜕
				𝑝
			

			

				𝑖
			

			
				𝜕
				=
				𝑠
				,
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑖
			

			
				
			
			
				𝜕
				𝑝
			

			
				2
				𝑗
			

			
				=
				−
				𝑠
				𝛽
				.
			

		
	

								Then the Hessian matrix is
									
	
 		
 			
				(
				2
				1
				)
			
 		
	

	
		
			
				|
				|
				𝐻
				|
				|
				=
				|
				|
				|
				|
				|
				|
				|
				|
				𝜕
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑖
			

			
				
			
			
				𝜕
				𝑝
			

			
				2
				𝑖
			

			

				𝜕
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑖
			

			
				
			
			
				𝜕
				𝑝
			

			

				𝑖
			

			
				𝜕
				𝑝
			

			

				𝑗
			

			

				𝜕
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑖
			

			
				
			
			
				𝜕
				𝑝
			

			

				𝑗
			

			
				𝜕
				𝑝
			

			

				𝑖
			

			

				𝜕
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑖
			

			
				
			
			
				𝜕
				𝑝
			

			
				2
				𝑗
			

			
				|
				|
				|
				|
				|
				|
				|
				|
				.
			

		
	
By using the assumptions 
	
		
			
				0
				≤
				𝛾
				<
				𝛽
				<
				1
			

		
	
 and 
	
		
			
				0
				≤
				𝑠
				<
				𝛽
				<
				1
			

		
	
, we can obtain that 
	
		
			
				|
				𝐷
			

			

				1
			

			
				|
				=
				𝜕
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑖
			

			
				/
				𝜕
				𝑝
			

			
				2
				𝑖
			

			
				=
				−
				2
				<
				0
			

		
	
 and 
	
		
			
				|
				𝐷
			

			

				2
			

			
				|
				=
				2
				𝑠
				(
				𝛽
				−
				𝑠
				)
				>
				0
			

		
	
. So 
	
		
			

				𝐻
			

		
	
 is negative definite; 
	
		
			

				Π
			

			

				𝐷
			

		
	
 is jointly concave with respect to 
	
		
			

				𝑝
			

			

				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			

				𝑗
			

		
	
. Thus, the optimal retailing and repurchase price can be obtained by the first-order condition as follows.According to (17), for retailer 
	
		
			

				1
			

		
	
, the first-order conditions of 
	
		
			

				Π
			

			
				𝐷
				𝑖
			

		
	
 are
									
	
 		
 			
				(
				2
				2
				)
			
 			
				(
				2
				3
				)
			
 		
	

	
		
			
				𝜕
				Π
			

			
				𝐷
				𝑖
			

			
				
			
			
				𝜕
				𝑝
			

			

				𝑖
			

			
				=
				Φ
			

			

				𝑖
			

			
				−
				2
				𝑝
			

			

				𝑖
			

			
				+
				𝛽
				𝑝
			

			

				𝑗
			

			
				
				+
				𝑤
				−
				𝑠
				𝑏
				−
				𝑝
			

			
				𝑅
				𝑖
			

			
				
				=
				0
				,
				𝜕
				Π
			

			
				𝐷
				𝑖
			

			
				
			
			
				𝜕
				𝑝
			

			
				𝑅
				𝑖
			

			
				
				Φ
				=
				−
				𝑠
			

			

				𝑖
			

			
				−
				𝑝
			

			

				𝑖
			

			
				+
				𝛽
				𝑝
			

			

				𝑗
			

			
				
				−
				𝑝
			

			
				𝑅
				𝑖
			

			
				+
				𝛾
				𝑝
			

			
				𝑅
				𝑗
			

			
				+
				𝑏
				−
				𝑝
			

			
				𝑅
				𝑖
			

			
				=
				0
				.
			

		
	

								Similarly, for retailer 
	
		
			

				2
			

		
	
, the first-order partial conditions of 
	
		
			

				Π
			

			
				𝐷
				𝑗
			

		
	
 are
									
	
 		
 			
				(
				2
				4
				)
			
 			
				(
				2
				5
				)
			
 		
	

	
		
			
				𝜕
				Π
			

			
				𝐷
				𝑗
			

			
				
			
			
				𝜕
				𝑝
			

			

				𝑗
			

			
				=
				Φ
			

			

				𝑗
			

			
				−
				2
				𝑝
			

			

				𝑗
			

			
				+
				𝛽
				𝑝
			

			

				𝑖
			

			
				
				+
				𝑤
				−
				𝑠
				𝑏
				−
				𝑝
			

			
				𝑅
				𝑗
			

			
				
				=
				0
				,
				𝜕
				Π
			

			
				𝐷
				𝑗
			

			
				
			
			
				𝜕
				𝑝
			

			
				𝑅
				𝑗
			

			
				
				Φ
				=
				−
				𝑠
			

			

				𝑗
			

			
				−
				𝑝
			

			

				𝑗
			

			
				+
				𝛽
				𝑝
			

			

				𝑖
			

			
				
				−
				𝑝
			

			
				𝑅
				𝑗
			

			
				+
				𝛾
				𝑝
			

			
				𝑅
				𝑖
			

			
				+
				𝑏
				−
				𝑝
			

			
				𝑅
				𝑗
			

			
				=
				0
				.
			

		
	
By combining (22), (23), (24), and (25), we can obtain the optimal retail prices 
	
		
			

				𝑝
			

			

				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			

				𝑗
			

		
	
 and optimal repurchase prices 
	
		
			

				𝑝
			

			
				𝑅
				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝑅
				𝑗
			

		
	
.
Corollary 6.  The retail price is increasing with respect to the wholesale price 
	
		
			

				𝑤
			

		
	
 and decreasing with respect to the buy-back payment 
	
		
			

				𝑏
			

		
	
. But the repurchase price is decreasing with respect to the wholesale price 
	
		
			

				𝑤
			

		
	
 and increasing with respect to the buy-back payment 
	
		
			

				𝑏
			

		
	
.
Proof. By the assumptions 
	
		
			
				0
				≤
				𝛾
				<
				𝛽
				<
				1
			

		
	
 and 
	
		
			
				0
				≤
				𝑠
				<
				𝛽
				<
				1
			

		
	
, we can easily obtain 
	
		
			

				𝑌
			

			

				1
			

			
				=
				𝑠
			

			

				2
			

			
				+
				𝛾
				−
				2
				<
				0
			

		
	
, 
	
		
			

				𝑌
			

			
				1
				1
			

			
				=
				𝑠
			

			

				2
			

			
				−
				2
				(
				2
				−
				𝛾
				)
				+
				𝛽
				(
				2
				−
				𝑠
			

			

				2
			

			
				−
				𝛾
				)
				<
				0
			

		
	
, 
	
		
			

				𝑍
			

			

				1
			

			
				=
				2
				+
				𝛾
				−
				𝑠
			

			

				2
			

			
				>
				0
			

		
	
, and 
	
		
			
				𝑇
				=
				𝛾
			

			

				2
			

			
				−
				𝑠
			

			

				4
			

			
				−
				4
				(
				1
				−
				𝑠
			

			

				2
			

			
				)
				<
				0
			

		
	
. Thus, according to (18), we can obtain that the retail prices 
	
		
			

				𝑝
			

			

				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			

				𝑗
			

		
	
 are increasing with respect to the wholesale price 
	
		
			

				𝑤
			

		
	
, while decreasing with respect to the buy-back payment 
	
		
			

				𝑏
			

		
	
. And it follows from (19) that the repurchase prices 
	
		
			

				𝑝
			

			
				𝑅
				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝑅
				𝑗
			

		
	
 are decreasing with respect to the wholesale price 
	
		
			

				𝑤
			

		
	
, while increasing with respect to the buy-back payment 
	
		
			

				𝑏
			

		
	
.
Substituting (18) and (19) into (17) yields
								
	
 		
 			
				(
				2
				6
				)
			
 		
	

	
		
			
				m
				a
				x
			

			
				𝑤
				,
				𝑏
			

			

				Π
			

			
				𝐷
				𝑚
			

			
				=
				
				𝑤
				−
				𝑐
			

			

				𝑚
			

			

				
			

			

				2
			

			

				
			

			
				𝑖
				=
				1
			

			

				𝐷
			

			

				𝑖
			

			
				
				𝑝
			

			
				𝑖
				∗
				𝐷
			

			
				,
				𝑝
			

			
				𝑗
				∗
				𝐷
			

			
				
				+
				(
				Δ
				−
				𝑏
				)
			

			

				2
			

			

				
			

			
				𝑖
				=
				1
			

			

				𝑄
			

			

				𝑖
			

			
				
				𝑝
			

			
				∗
				𝐷
				𝑅
				𝑖
			

			
				,
				𝑝
			

			
				∗
				𝐷
				𝑅
				𝑗
			

			
				
				.
			

		
	

Proposition 7.  In the case of decentralized collection, the manufacturer’s optimal wholesale price 
	
		
			

				𝑤
			

			

				∗
			

		
	
 and optimal buy-back payment 
	
		
			

				𝑏
			

			

				∗
			

		
	
 satisfy
									
	
 		
 			
				(
				2
				7
				)
			
 			
				(
				2
				8
				)
			
 		
	

	
		
			

				𝑤
			

			

				∗
			

			
				=
				
				Φ
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			

				
			

			
				
			
			
				+
				4
				(
				1
				−
				𝛽
				)
				𝛾
				𝑠
			

			

				2
			

			
				
				4
				𝐾
			

			

				2
			

			
				−
				𝐾
			

			

				1
			

			
				
				Φ
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			
				
				
			

			
				
			
			
				4
				𝐾
			

			

				1
			

			
				
				𝐾
			

			

				1
			

			
				(
				
				+
				𝐾
				𝛽
				+
				1
				)
				+
				4
				(
				1
				−
				𝛾
				)
			

			

				3
			

			
				(
				1
				−
				𝛾
				)
			

			
				
			
			

				𝐾
			

			

				1
			

			
				,
				𝑏
				(
				2
				−
				𝛾
				)
			

			

				∗
			

			
				=
				2
				Δ
				𝑁
			

			

				1
			

			
				+
				𝛾
				𝑁
			

			

				2
			

			
				
				+
				𝛽
				𝛾
				2
				𝑐
			

			

				𝑚
			

			
				
				𝑠
				−
				4
				Δ
			

			
				
			
			
				
				4
				𝛽
				2
				−
				𝑠
			

			

				2
			

			
				
				
				+
				2
				𝛾
				8
				−
				𝑠
			

			

				2
			

			
				
				
				−
				2
				(
				2
				+
				𝛽
				𝛾
				)
				4
				−
				𝑠
			

			

				2
			

			
				
				,
			

		
	

								where 
	
		
			

				𝐾
			

			

				1
			

			
				=
				4
				(
				𝛾
				−
				1
				)
				+
				𝑠
			

			

				2
			

			
				(
				2
				−
				𝛾
				)
			

		
	
, 
	
		
			

				𝐾
			

			

				2
			

			
				=
				(
				2
				𝑐
			

			

				𝑚
			

			
				−
				Δ
				𝑠
				)
				(
				1
				−
				𝛾
				)
			

		
	
, 
	
		
			

				𝐾
			

			

				3
			

			
				=
				𝑐
			

			

				𝑚
			

			
				(
				𝑠
			

			

				2
			

			
				−
				2
				)
				(
				𝛾
				−
				2
				)
				+
				2
				Δ
				𝛾
				𝑠
			

		
	
, 
	
		
			

				𝑁
			

			

				1
			

			
				=
				𝛽
				(
				2
				−
				𝑠
			

			

				2
			

			
				)
				−
				(
				4
				−
				𝑠
			

			

				2
			

			

				)
			

		
	
, and 
	
		
			

				𝑁
			

			

				2
			

			
				=
				8
				Δ
				+
				(
				Φ
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			
				−
				2
				𝑐
			

			

				𝑚
			

			
				)
				𝑠
			

		
	
.
Proof. The second-order partial derivatives of 
	
		
			

				Π
			

			
				𝐷
				𝑚
			

		
	
 are
									
	
 		
 			
				(
				2
				9
				)
			
 		
	

	
		
			

				𝜕
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑚
			

			
				
			
			
				𝜕
				𝑤
			

			

				2
			

			
				=
				4
				𝑠
			

			

				2
			

			
				(
				2
				−
				𝛾
				)
				(
				1
				−
				𝛽
				)
				(
				1
				−
				𝛾
				)
			

			
				
			
			
				
				2
				−
				𝛾
				−
				𝑠
			

			

				2
			

			
				𝑠
				
				
			

			

				2
			

			
				
				,
				𝜕
				(
				1
				−
				𝛽
				)
				−
				(
				2
				−
				𝛽
				)
				(
				2
				−
				𝛾
				)
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑚
			

			
				
			
			
				𝜕
				𝑏
			

			

				2
			

			
				=
				4
				𝑠
			

			

				2
			

			
				(
				2
				−
				𝛾
				)
				(
				1
				−
				𝛾
				)
			

			

				2
			

			
				
			
			
				
				2
				−
				𝛾
				−
				𝑠
			

			

				2
			

			
				𝑠
				
				
			

			

				2
			

			
				
				,
				𝜕
				(
				1
				−
				𝛽
				)
				−
				(
				2
				−
				𝛽
				)
				(
				2
				−
				𝛾
				)
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑚
			

			
				
			
			
				=
				𝜕
				𝜕
				𝑤
				𝜕
				𝑏
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑚
			

			
				
			
			
				=
				𝜕
				𝑏
				𝜕
				𝑤
				4
				𝑠
			

			

				2
			

			
				(
				2
				−
				𝛾
				)
			

			

				2
			

			
				[
				]
				1
				−
				𝛽
				+
				2
				𝑠
				(
				1
				−
				𝛾
				)
				−
				(
				2
				−
				𝛽
				)
				(
				2
				−
				𝛾
				)
			

			
				
			
			
				
				2
				−
				𝛾
				−
				𝑠
			

			

				2
			

			
				𝑠
				
				
			

			

				2
			

			
				
				,
				|
				|
				𝐻
				(
				1
				−
				𝛽
				)
				−
				(
				2
				−
				𝛽
				)
				(
				2
				−
				𝛾
				)
			

			

				𝑚
			

			
				|
				|
				=
				|
				|
				|
				|
				|
				|
				|
				𝜕
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑚
			

			
				
			
			
				𝜕
				𝑤
			

			

				2
			

			

				𝜕
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑚
			

			
				
			
			
				𝜕
				𝜕
				𝑤
				𝜕
				𝑏
			

			

				2
			

			

				Π
			

			
				𝐷
				𝑚
			

			
				
			
			
				𝜕
				𝜕
				𝑏
				𝜕
				𝑤
			

			

				2
			

			

				Π
			

			
				𝑚
				𝐷
				𝐶
			

			
				
			
			
				𝜕
				𝑏
			

			

				2
			

			
				|
				|
				|
				|
				|
				|
				|
				.
			

		
	
By the assumptions 
	
		
			
				0
				≤
				𝛾
				<
				𝛽
				<
				1
			

		
	
 and 
	
		
			
				0
				≤
				𝑠
				<
				𝛽
				<
				1
			

		
	
, we can easily obtain that 
	
		
			

				𝐻
			

			

				𝑚
			

		
	
 is negative definite, so 
	
		
			

				Π
			

			
				𝐷
				𝑚
			

		
	
 is jointly concave with respect to the wholesale price 
	
		
			

				𝑤
			

		
	
 and buy-back payment 
	
		
			

				𝑏
			

		
	
. Thus, the optimal wholesale price 
	
		
			

				𝑤
			

		
	
 and buy-back payment 
	
		
			

				𝑏
			

		
	
 can be obtained by the first-order condition.According to (26), the first-order conditions of 
	
		
			

				Π
			

			
				𝐷
				𝑚
			

		
	
 with respect to 
	
		
			

				𝑤
			

		
	
 and 
	
		
			

				𝑏
			

		
	
 are as follows:
									
	
 		
 			
				(
				3
				0
				)
			
 			
				(
				3
				1
				)
			
 		
	

	
		
			
				𝜕
				Π
			

			
				𝐷
				𝑚
			

			
				
			
			
				=
				
				𝜕
				𝑤
				2
				(
				2
				−
				𝛾
				)
				2
				𝑤
				−
				𝑏
				𝑠
				+
				𝑐
			

			

				𝑚
			

			
				
				+
				2
				Δ
				𝑠
			

			
				
			
			

				𝑠
			

			

				2
			

			
				+
				
				
				
				Φ
				+
				𝛾
				−
				2
				(
				𝛾
				−
				2
				)
				2
				𝑏
				𝑠
				(
				1
				−
				𝛾
				)
				+
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			
				𝑠
				
				
			

			

				2
			

			
				
				
				𝑐
				+
				𝛾
				−
				2
				+
				2
				𝑤
				(
				𝛾
				−
				2
				)
				+
				2
			

			

				𝑚
			

			
				
				×
				
				−
				𝑤
				(
				2
				−
				𝛾
				+
				2
				𝑠
				(
				𝑏
				−
				Δ
				)
				)
				
				
				(
				𝑠
			

			

				2
			

			
				+
				𝛾
				−
				2
				)
				[
				2
				𝛾
				−
				𝛽
				(
				𝑠
			

			

				2
			

			
				+
				𝛾
				−
				2
				)
				+
				𝑠
			

			

				2
			

			
				
				−
				4
				]
			

			
				−
				1
			

			
				=
				0
				,
				𝜕
				Π
			

			
				𝐷
				𝑚
			

			
				
			
			
				=
				
				𝜕
				𝑏
				2
				(
				1
				−
				𝛾
				)
				2
				𝑏
				−
				Δ
				+
				𝑐
			

			

				𝑚
			

			
				𝑠
				
				−
				2
				𝑤
				𝑠
				(
				2
				−
				𝛾
				)
			

			
				
			
			

				𝑠
			

			

				2
			

			
				+
				
				𝑠
				
				
				Φ
				+
				𝛾
				−
				2
				2
				𝑏
				𝑠
				(
				1
				−
				𝛾
				)
				+
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			
				𝑠
				
				
			

			

				2
			

			
				
				]
				𝑐
				+
				𝛾
				−
				2
				+
				2
				𝑤
				(
				𝛾
				−
				2
				)
				+
				2
				𝑠
				(
				1
				−
				𝛾
				)
				
				
			

			

				𝑚
			

			
				
				×
				
				−
				𝑤
				(
				2
				−
				𝛾
				)
				+
				𝑠
				(
				𝑏
				−
				Δ
				)
				
				
				(
				𝑠
			

			

				2
			

			
				+
				𝛾
				−
				2
				)
				[
				2
				𝛾
				−
				𝛽
				(
				𝑠
			

			

				2
			

			
				+
				𝛾
				−
				2
				)
				+
				𝑠
			

			

				2
			

			
				
				−
				4
				]
			

			
				−
				1
			

			
				=
				0
				.
			

		
	

								By combining (30) and (31), we can obtain the optimal retail wholesale price 
	
		
			

				𝑤
			

			

				∗
			

		
	
 and buy-back payment 
	
		
			

				𝑏
			

			

				∗
			

		
	
; that is, (27) and (28) hold.
Proposition 8.  In the case of decentralized collection, the optimal retail 
	
		
			

				𝑝
			

			
				𝑖
				∗
				𝐷
			

		
	
 and optimal repurchase price 
	
		
			

				𝑝
			

			
				∗
				𝐷
				𝑅
				𝑖
			

		
	
 of retailer 
	
		
			

				𝑖
			

		
	
 satisfy
									
	
 		
 			
				(
				3
				2
				)
			
 		
	

	
		
			

				𝑝
			

			
				𝑖
				∗
				𝐷
			

			
				=
				
				Φ
			

			

				𝑖
			

			
				−
				Φ
			

			
				3
				−
				𝑖
			

			

				
			

			
				
			
			
				2
				
				𝑍
			

			

				1
			

			
				
			
			

				𝑍
			

			
				1
				1
			

			
				−
				𝑌
			

			

				1
			

			
				
			
			

				𝑌
			

			
				1
				1
			

			
				
				+
				𝑠
				(
				1
				−
				𝛾
				)
			

			
				
			
			
				2
				𝑌
			

			
				1
				1
			

			
				
				2
				Δ
				𝑀
			

			

				1
			

			
				+
				𝛾
				𝑀
			

			

				2
			

			
				
				𝑐
				+
				2
				𝛽
				𝛾
			

			

				𝑚
			

			
				
				𝑠
				−
				2
				Δ
			

			
				
			
			
				2
				𝑀
			

			

				1
			

			
				+
				𝛾
				𝑀
			

			

				2
			

			
				
				−
				(
				2
				−
				𝛾
				)
			

			
				
			
			

				𝑌
			

			
				1
				1
			

			
				
				
				Φ
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			

				
			

			
				
			
			
				+
				4
				(
				1
				−
				𝛽
				)
				𝛾
				𝑠
			

			

				2
			

			
				
				4
				𝐾
			

			

				2
			

			
				−
				𝐾
			

			

				1
			

			
				
				Φ
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			
				
				
			

			
				
			
			
				4
				𝐾
			

			

				1
			

			
				
				𝐾
			

			

				1
			

			
				(
				
				+
				𝐾
				1
				+
				𝛽
				)
				+
				4
				(
				1
				−
				𝛾
				)
			

			

				3
			

			
				(
				1
				−
				𝛾
				)
			

			
				
			
			

				𝐾
			

			

				1
			

			
				
				,
				𝑝
				(
				2
				−
				𝛾
				)
			

			
				∗
				𝐷
				𝑅
				𝑖
			

			
				=
				
				(
				1
				−
				𝛾
				)
				𝑠
			

			

				2
			

			
				
			
			

				𝑌
			

			

				1
			

			

				𝑌
			

			
				1
				1
			

			
				−
				
				1
				−
				𝑠
			

			

				2
			

			
				
				𝑍
			

			

				1
			

			
				
			
			
				𝑇
				
				×
				
				2
				Δ
				𝑀
			

			

				1
			

			
				+
				𝛾
				𝑀
			

			

				3
			

			
				
				+
				𝛽
				𝛾
				2
				𝑐
			

			

				𝑚
			

			
				
				𝑠
				−
				4
				Δ
			

			
				
			
			
				2
				𝑀
			

			

				1
			

			
				+
				𝛾
				𝑀
			

			

				2
			

			
				
				
				𝑍
				−
				𝑠
				(
				2
				−
				𝛾
				)
				+
			

			

				1
			

			
				
			
			
				𝑇
				
				×
				
				
				Φ
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			

				
			

			
				
			
			
				+
				4
				(
				1
				−
				𝛽
				)
				𝛾
				𝑠
			

			

				2
			

			
				
				4
				𝐾
			

			

				2
			

			
				−
				𝐾
			

			

				1
			

			
				
				Φ
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			
				
				
			

			
				
			
			
				4
				𝐾
			

			

				1
			

			
				
				𝐾
			

			

				1
			

			
				
				+
				𝐾
				(
				𝛽
				+
				1
				)
				+
				4
				(
				1
				−
				𝛾
				)
			

			

				3
			

			
				(
				1
				−
				𝛾
				)
			

			
				
			
			

				𝐾
			

			

				1
			

			
				
				+
				
				𝑠
				
				Φ
				(
				2
				−
				𝛾
				)
			

			

				𝑖
			

			
				+
				Φ
			

			
				3
				−
				𝑖
			

			

				
			

			
				
			
			
				2
				
				
				1
			

			
				
			
			

				𝑌
			

			
				1
				1
			

			
				−
				1
			

			
				
			
			

				𝑍
			

			
				1
				1
			

			
				
				,
			

		
	

								where 
	
		
			

				𝑀
			

			

				1
			

			
				=
				𝛽
				(
				2
				−
				𝑠
			

			

				2
			

			
				)
				−
				(
				4
				−
				𝑠
			

			

				2
			

			

				)
			

		
	
, 
	
		
			

				𝑀
			

			

				2
			

			
				=
				(
				8
				−
				𝑠
			

			

				2
			

			
				)
				−
				𝛽
				(
				4
				−
				𝑠
			

			

				2
			

			

				)
			

		
	
, 
	
		
			

				𝑀
			

			

				3
			

			
				=
				8
				Δ
				+
				(
				Φ
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			
				−
				2
				𝑐
			

			

				𝑚
			

			
				)
				𝑠
			

		
	
, 
	
		
			

				𝐾
			

			

				1
			

			
				=
				4
				(
				𝛾
				−
				1
				)
				+
				𝑠
			

			

				2
			

			
				(
				2
				−
				𝛾
				)
			

		
	
, 
	
		
			

				𝐾
			

			

				2
			

			
				=
				(
				2
				𝑐
			

			

				𝑚
			

			
				−
				Δ
				𝑠
				)
				(
				1
				−
				𝛾
				)
			

		
	
, 
	
		
			

				𝐾
			

			

				3
			

			
				=
				𝑐
			

			

				𝑚
			

			
				(
				𝑠
			

			

				2
			

			
				−
				2
				)
				(
				𝛾
				−
				2
				)
				+
				2
				Δ
				𝛾
				𝑠
			

		
	
, 
	
		
			

				𝑁
			

			

				1
			

			
				=
				𝛽
				(
				2
				−
				𝑠
			

			

				2
			

			
				)
				−
				(
				4
				−
				𝑠
			

			

				2
			

			

				)
			

		
	
, 
	
		
			

				𝑁
			

			

				2
			

			
				=
				8
				Δ
				+
				(
				Φ
			

			

				1
			

			
				+
				Φ
			

			

				2
			

			
				−
				2
				𝑐
			

			

				𝑚
			

			
				)
				𝑠
			

		
	
, 
	
		
			

				𝑌
			

			

				1
			

			
				=
				𝑠
			

			

				2
			

			
				+
				𝛾
				−
				2
			

		
	
, 
	
		
			

				𝑌
			

			
				1
				1
			

			
				=
				𝑠
			

			

				2
			

			
				−
				2
				(
				2
				−
				𝛾
				)
				+
				𝛽
				(
				2
				−
				𝑠
			

			

				2
			

			
				−
				𝛾
				)
			

		
	
, 
	
		
			

				𝑍
			

			

				1
			

			
				=
				2
				+
				𝛾
				−
				𝑠
			

			

				2
			

		
	
, 
	
		
			

				𝑍
			

			
				1
				1
			

			
				=
				2
				(
				2
				+
				𝛾
				)
				−
				𝛽
				(
				2
				+
				𝑠
			

			

				2
			

			
				−
				𝛾
				)
				−
				𝑠
			

			

				2
			

		
	
, and 
	
		
			
				𝑇
				=
				𝛾
			

			

				2
			

			
				−
				𝑠
			

			

				4
			

			
				−
				4
				(
				1
				−
				𝑠
			

			

				2
			

			

				)
			

		
	
.
Proof. By substituting (27) and (28) into (18) and (19), respectively, we can obtain the optimal retail price and repurchase price of retailer 
	
		
			

				𝑖
			

		
	
.
Proposition 9.  In the case of decentralized collection, the manufacturer’s profit of forward channel is strictly increasing with respect to the retailing substitution effect and decreasing with respect to the recycling substitution effect, while the manufacturer’s reverse channel’s profit is increasing with respect to the retailing substitution effect and decreasing with respect to the recycling substitution effect.
Proof. First, we analyze the retailing substitution effect’s impact on the manufacturer’s profit in forward channel. According to (1), the demand of retailing 
	
		
			

				𝐷
			

			

				𝑖
			

		
	
 is invariable for the durable product, and 
	
		
			

				Φ
			

			

				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			

				𝑗
			

		
	
 are invariable for retailer 
	
		
			

				𝑖
			

		
	
; thus, the retail price is increasing with respect to the retailing substitution effect; that is, increasing the retailing substitution effect 
	
		
			

				𝛽
			

		
	
 will induce the increase of retail price 
	
		
			

				𝑝
			

			

				𝑖
			

		
	
, and according to Corollary 6, it will induce the increase of wholesale price 
	
		
			

				𝑤
			

		
	
. According to (4), the manufacturer’s profit in forward channel 
	
		
			
				(
				𝑤
				−
				𝑐
			

			

				𝑚
			

			
				)
				(
				𝐷
			

			

				𝑖
			

			
				(
				𝑝
			

			

				𝑖
			

			
				,
				𝑝
			

			

				𝑗
			

			
				)
				+
				𝐷
			

			

				𝑗
			

			
				(
				𝑝
			

			

				𝑗
			

			
				,
				𝑝
			

			

				𝑖
			

			
				)
				)
			

		
	
 is increasing with respect to retailing substitution effect. Similarly, we can easily obtain that the manufacturer’s profit in forward channel 
	
		
			
				(
				𝑤
				−
				𝑐
			

			

				𝑚
			

			
				)
				(
				𝐷
			

			

				𝑖
			

			
				(
				𝑝
			

			

				𝑖
			

			
				,
				𝑝
			

			

				𝑗
			

			
				)
				+
				𝐷
			

			

				𝑗
			

			
				(
				𝑝
			

			

				𝑗
			

			
				,
				𝑝
			

			

				𝑖
			

			
				)
				)
			

		
	
 is decreasing with respect to recycling substitution effect.Second, we analyze the retailing substitution effect’s impact on the manufacturer’s profit in reverse channel. According to (2), the recycling function 
	
		
			

				𝑄
			

			

				𝑖
			

		
	
 is invariable for the durable product, and 
	
		
			

				𝜙
			

			

				𝑖
			

			
				=
				𝑠
				𝐷
			

			

				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝑅
				𝑗
			

		
	
 are invariable for retailer 
	
		
			

				𝑖
			

		
	
; thus, the repurchase price is increasing with respect to recycling substitution effect. Then we can easily obtain that the increase of retailing substitution effect 
	
		
			

				𝛽
			

		
	
 will induce the increase of retail price 
	
		
			

				𝑝
			

			

				𝑖
			

		
	
, and according to Corollary 6, it will induce the decrease of buy-back payment 
	
		
			

				𝑏
			

		
	
. According to (4), the manufacturer’s reverse channel 
	
		
			
				(
				Δ
				−
				𝑏
				)
				(
				𝑄
			

			

				𝑖
			

			
				(
				𝑝
			

			
				𝑅
				𝑖
			

			
				,
				𝑝
			

			
				𝑅
				𝑗
			

			
				)
				+
				𝑄
			

			

				𝑗
			

			
				(
				𝑝
			

			
				𝑅
				𝑗
			

			
				,
				𝑝
			

			
				𝑅
				𝑖
			

			
				)
				)
			

		
	
 is increasing with respect to retailing substitution effect. Similarly, we can easily get that the manufacturer’s reverse channel profit 
	
		
			
				(
				Δ
				−
				𝑏
				)
				(
				𝑄
			

			

				𝑖
			

			
				(
				𝑝
			

			
				𝑅
				𝑖
			

			
				,
				𝑝
			

			
				𝑅
				𝑗
			

			
				)
				+
				𝑄
			

			

				𝑗
			

			
				(
				𝑝
			

			
				𝑅
				𝑗
			

			
				,
				𝑝
			

			
				𝑅
				𝑖
			

			
				)
				)
			

		
	
 is decreasing with respect to recycling substitution effect.
It is illustrated that in the case of decentralized collection, the variation of manufacturer’s profit in forward or reverse channel is decided by the difference between the increase of forward or reverse channel profit for the retailing substitution effect and the decrease of forward and reverse channel profit for the recycling substitution effect. Additionally, the change of closed-loop supply chain’s profit with respect to the retailing and recycling substitution effects is uncertain in the case of decentralized collection. On the other hand, the manufacturer can induce higher retailing substitution effect and lower recovery substitution effect via choosing suitable wholesale price and buy-back payment to collect more obsolete products and increase the profit of reverse channel. It means that the manufacturers can achieve their goal of remanufacturing strategy by recovering the residual value of used products.
Proposition 10.  In the case of decentralized collection, the retailer’s profit of forward channel is strictly increasing with respect to the retailing substitution effect and decreasing with respect to the recycling substitution effect, while his reverse channel profit is decreasing with respect to the retailing substitution effect and recycling substitution effect.
Proof. First, we analyze the retailing substitution effect’s impact on the retailer’s profit in forward channel. According to (1), the demand of retailing 
	
		
			

				𝐷
			

			

				𝑖
			

		
	
 is invariable for the durable product, and 
	
		
			

				Φ
			

			

				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			

				𝑗
			

		
	
 are invariable for retailer 
	
		
			

				𝑖
			

		
	
; thus, the retail price is increasing with respect to the retailing substitution effect,; that is, the increase of 
	
		
			

				𝛽
			

		
	
 will induce the increase of retail price 
	
		
			

				𝑝
			

			

				𝑖
			

		
	
. According to (5) each retailer’s profit in forward channel 
	
		
			
				(
				𝑝
			

			

				𝑖
			

			
				−
				𝑤
				)
				𝐷
			

			

				𝑖
			

			
				(
				𝑝
			

			

				𝑖
			

			
				,
				𝑝
			

			

				𝑗
			

			

				)
			

		
	
 is increasing with respect to the retailing substitution effect, similarly for retailer 
	
		
			

				𝑗
			

		
	
. We can easily obtain that each retailer’s profit in reverse channel 
	
		
			
				(
				𝑝
			

			

				𝑖
			

			
				−
				𝑤
				)
				𝐷
			

			

				𝑖
			

			
				(
				𝑝
			

			

				𝑖
			

			
				,
				𝑝
			

			

				𝑗
			

			

				)
			

		
	
 is increasing with respect to recycling substitution effect.Second, we analyze the retailing substitution effect’s impact on the retailer’s profit in reverse channel. According to (2), the recycling function 
	
		
			

				𝑄
			

			
				𝑅
				𝑖
			

		
	
 is invariable for the durable product, and 
	
		
			

				𝜙
			

			

				𝑖
			

			
				=
				𝑠
				𝐷
			

			

				𝑖
			

		
	
 and 
	
		
			

				𝑝
			

			
				𝑅
				𝑗
			

		
	
 are invariable for retailer 
	
		
			

				𝑖
			

		
	
; thus, the repurchase price is increasing with respect to recycling substitution effect. Then we can easily obtain that the repurchase price is increasing with respect to recycling substitution effect. So the increase of retailing substitution effect 
	
		
			

				𝛽
			

		
	
 will induce the increase of retail price 
	
		
			

				𝑝
			

			

				𝑖
			

		
	
, induce the increase of buy-back payment 
	
		
			

				𝑏
			

		
	
, and then will induce the decrease of 
	
		
			

				𝑝
			

			
				𝑅
				𝑖
			

		
	
. According to (5), the retailer 
	
		
			

				𝑖
			

		
	
’s profit in reverse channel 
	
		
			
				(
				𝑏
				−
				𝑝
			

			
				𝑅
				𝑖
			

			
				)
				𝑄
			

			

				𝑖
			

			
				(
				𝑝
			

			
				𝑅
				𝑖
			

			
				,
				𝑝
			

			
				𝑅
				𝑗
			

			

				)
			

		
	
 is decreasing with respect to retailing substitution effect. Similarly, we can easily get that the retailer 
	
		
			

				𝑖
			

		
	
’s profit in reverse channel 
	
		
			
				(
				𝑏
				−
				𝑝
			

			
				𝑅
				𝑖
			

			
				)
				𝑄
			

			

				𝑖
			

			
				(
				𝑝
			

			
				𝑅
				𝑖
			

			
				,
				𝑝
			

			
				𝑅
				𝑗
			

			

				)
			

		
	
 is increasing with respect to recycling substitution effect.
Proposition 10 illustrates that, in the case of decentralized collection, the variation of retailer’s profit in forward channel is decided by the difference between the increase of forward channel’s profit for the retailing substitution effect and the decrease of forward channel profit for the recycling substitution effect. While, for the retailer’s profit in reverse channel, it is decreasing with respect to retailing substitution effect and recycling substitution effect. Additionally, because the change of forward channel profit is uncertain, the variation of the closed-loop supply chain’s profit is also uncertain. In this case, the retailer can induce lower retailing substitution effect and recovery substitution effect via choosing suitable wholesale price and buy-back payment to collect more obsolete products and increase the profit of reverse channel.
In a word, the variations of manufacturer and retailer’s respective profit with the retailing substitution effect in forward channel are uniform, but in the reverse channel they are inconsistent. For example, the higher recycling substitution effect will induce the manufacturer to get more profits in reverse channel (i.e., augments the scale of the manufacturer’s reverse supply chains). But the higher recycling substitution effect will cause the retailer to obtain less profits in reverse channel (i.e., cut down the scale of the retailer’s reverse supply chains). There is a contradiction between the profits of the manufacturer and the retailer in reverse channel, because the manufacturer has sufficient channel power over the retailers to act as a Stackelberg leader; thus the manufacturer can choose the appropriate wholesale price and buy-back payment to achieve the remanufacturing strategy and balance the retailer’s profit. And we make a comparison with the coordinated collection; we can easily know that the coordinated collection is more effective to augment the scale of the whole reverse supply chains than decentralized collection.
4. Numerical Examples
In this section, numerical examples are provided to compare the results obtained in the above two different collection models and to analyze the impacts of retailing and recycling substitution effects on the decisions and profits of chain members. Some managerial insights can be derived through the numerical analysis. The numerical analysis is performed for 
	
		
			

				Φ
			

			

				1
			

			
				=
				1
				0
				0
			

		
	
, 
	
		
			

				Φ
			

			

				2
			

			
				=
				5
				0
			

		
	
, 
	
		
			

				𝑐
			

			

				𝑚
			

			
				=
				2
				0
			

		
	
, 
	
		
			
				Δ
				=
				1
				0
			

		
	
, 
	
		
			
				𝛾
				=
				0
				.
				4
			

		
	
 or 
	
		
			
				𝛾
				=
				0
				.
				2
			

		
	
, and 
	
		
			
				𝑠
				=
				0
				.
				1
			

		
	
.
4.1. Numerical Analysis of Model 
	
		
			

				𝐶
			

		
	

In this subsection, we discuss the impacts of retailing and recycling substitution effects on the retail price, repurchase price, the forward channel profit, and reverse channel profit in the case of coordinated collection, respectively.
From the previous assumptions and analysis, we know that the retail price is strictly increasing with respect to retailing substitution effect; that is, the higher retailing substitution effect will induce the increase of retail price. Moreover, the higher recycling substitution effect will induce the increase of retail price; the higher recycling substitution effect will induce the decrease of repurchase price. In addition, the higher retailing substitution effect will induce the decrease of retail price. The green and blue lines in Figures 2(a) and 2(b) give us a visual presentation.








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	



	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	

















































































































































































































































	
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	



(a) Impact on the retail price














	



	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	

























































































































































































































































	
		
	
	
		
		
	


	


	
	
	


	
	
	


	
	
	


	
	
	


	









	
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	















(b) Impact on the repurchase price
Figure 2: Impact of the retailing and recycling substitution effects on price in model 
	
		
			

				𝐶
			

		
	
.


From the previous assumptions and analysis, we know that the profit of forward channel is strictly increasing with respect to retailing substitution effect and decreasing with respect to recycling substitution effect; that is, the manufacturer can induce higher retailing competition and lower recycling competition to obtain more profit from forward channel.
And we known that the profit of reverse channel is strictly decreasing with respect to retailing substitution effect and increasing with respect to recycling substitution effect; that is, the manufacturer can induce lower recycling substitution effect to obtain more profit in the reverse channel. In other words, the manufacturer can induce higher retailing substitution effect and lower recycling substitution effect could obtain more profit in closed-loop supply chain. The green and blue lines in Figures 3(a) and 3(b) give us a visual presentation.








	



	
	
	



	
	
	



	
	
	



	
	
	



	


	



	
	
	



	
	
	



	
	
	



	
	
	



	



	
	
	



	
	
	



	
	
	



	
	
	



	
























































































































































































































	
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	


	
		
			
		
		
			
			
		
		
			
		
	



(a) Impact on the profit in forward channel








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	
	



	
	
	
	



	
	
	
	



	
	
	
	



	
	
	
	



	
	
	
	

























































































































































































































































	
		
	









	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	















(b) Impact on the profit in reverse channel
Figure 3: Impact of the retailing and recycling substitution effects on channel profit in model 
	
		
			

				𝐶
			

		
	
.


4.2. Numerical Analysis of Model 
	
		
			

				𝐷
			

		
	

In this subsection, we discuss the impacts of retailing and recycling substitution effects on the retail price, repurchase price, the forward channel profit, and reverse channel profit in the case of decentralized collection, respectively.
From the previous assumptions and analysis, we know that the retail price is strictly increasing with respect to retailing substitution effect; that is, the higher retailing substitution effect will induce the increase of retail price. And the higher recycling substitution effect will induce the decrease of retail price. And we known that the repurchase price is strictly decreasing with respect to recycling substitution effect; that is, the higher recycling substitution effect will induce the increase of repurchase price, while the higher retailing substitution effect will induce the decrease of retail price. The green and blue lines in Figures 4(a) and 4(b) give us a visual presentation.








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	



	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	






































































































































































































































	
		
	


	
		
	
	
		
	









	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	



(a) Impact on the retail price








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	
	
	



	
	
	



	
	
	



	
	



	



	



	
	



	
	



	
	



	
	



	
	





























































































































































































	
		
	


	
		
	
	
		
	









	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	















(b) Impact on the repurchase price
Figure 4: Impact of the retailing and recycling substitution effects on price in model 
	
		
			

				𝐷
			

		
	
.


According to the assumptions and the analysis, we know that the manufacturer’s profit of forward channel is strictly increasing with respect to retailing substitution effect and decreasing with respect to recycling substitution effect. And the manufacturer’s profit of reverse channel is strictly decreasing with respect to retailing substitution effect and recycling substitution effect. In other words, in the case of decentralized collection, the manufacturer can induce higher retailing competition and lower recycling competition to obtain more profit in the forward channel and induce lower recycling substitution effect to obtain more profit in the the reverse channel. So, the manufacturer can select higher retailing substitution effect and lower recycling substitution effect to obtain more profit in their closed-loop supply chain. Moreover, the higher recycling competition will induce the lower profit of forward channel and induce lower profit of reverse channel.
For the forward channel profit of retailers is strictly increasing with respect to retailing substitution effect and decreasing with respect to recycling substitution effect. And the retailers’ profit of reverse channel is strictly decreasing with respect to retailing substitution effect and increasing with respect to recycling substitution effect. In other words, in the case of decentralized collection, for the retailers, the higher retailing competition and lower recycling competition can make them obtain more profit in their forward channel, but the lower retailing substitution effect and higher recycling substitution effect can make them obtain more profit in the reverse channel. So, the retailers tend to select suitable retail price and repurchase price to induce retailing and recycling competitions (not too high or too low, the higher retail substitution effect will make the profit of reverse channel negative or the lower recycling substitution effect will make the profit of forward channel decrease) to obtain more profit in their closed-loop supply chain. The lines in Figure 5 give us a visual presentation.








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	



	
	
	



	
	
	



	
	
	



	
	
	



	



	
	
	



	
	
	



	
	
	



	
	
	



	










































































































































































































































	
		
	
	
		
		
	
	
		
	


	
		
	


	
		
	



(a) Impact on the manufacturer’s profit in forward channel








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	
	
	
	
	



	
	
	
	



	



	
	
	



	
	
	
	



	
	
	
	



	
	
	
	
























































































































































































































































	
		
	


	
		
	















(b) Impact on the manufacturer’s profit in reverse channel








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	



	
	
	



	
	
	



	
	
	



	
	
	



	



	
	
	



	
	
	



	
	
	



	
	
	



	
































































































































































































































































	
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	


	
		
	
	
		
		
	
	
		
	















(c) Impact on the retailers’ profit in forward channel








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	
	
	
	
	



	
	
	
	



	



	
	
	



	
	
	
	



	
	
	
	



	
	
	
	













































































































































































































	
		
	









	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	















(d) Impact on the retailers’ profit in reverse channel
Figure 5: Impact of the retailing and recycling substitution effects on channel profit in model 
	
		
			
				𝐷
				𝐶
			

		
	
.


4.3. Comparison of Model 
	
		
			

				𝐶
			

		
	
 and Model 
	
		
			

				𝐷
			

		
	

In this subsection, we discuss the impact of retailing substitution effect on the optimal prices and optimal channel profits and compare them in the case of coordinated collection with that of decentralized collection.
From the previous assumptions and analysis, we know that the retail price in the case of coordinated collection is lower than that in decentralized collection; that is, facing the same circumstances, the retail price in the case of decentralized collection is higher than that in coordinated collection. And the repurchase price in the case of decentralized collection is lower than that in coordinated collection. It implies that, for the retailer, the coordinated collection has more price advantages (lower retail price and higher repurchase price) than the decentralized collection in the closed-loop channel. The lines in Figure 6 give us a visual presentation.








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	



	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	









































































































































































































































	
	
	
	
	
	
	







	
	
	
	
	
	
	




	
		
	


	
		
			
		
	
	
		
			
		
	



(a) Comparison of retail price














	
	
	
	



	
	
	



	



	
	



	
	
	



	
	
	



	
	
	















































































































































































































































	
		
			
		
	
	
		
			
			
		
	


	


	
	
	


	
	
	


	
	
	


	
	
	


	


	
	
	
	
	
	
	







	
	
	
	
	
	
	




	
		
	















(b) Comparison of repurchase price
Figure 6: Pricing decisions of coordinated collection versus decentralized collection.


In what is discussed above, we know that the channel profit in model 
	
		
			

				𝐶
			

		
	
 is higher than that in model 
	
		
			

				𝐷
			

		
	
. The profit of reverse channel in model 
	
		
			

				𝐷
			

		
	
 is very low; even the value is negative. In this case, the manufacturer and retailers tend to select coordinated collection to obtain more profits; for example, HP, Xerox, and Apple select the coordinated collection to collect their used product. The lines in Figure 6 give us a visual presentation.
4.4. Impact of Retailing and Recycling Substitution Effects on Closed Supply Chain’s Profit
In this subsection, we discuss the impact of retailing and recycling substitution effects on the optimal forward channel profits and optimal reverse channel profits in the cases of coordinated collection and decentralized collection.
From the previous assumptions and analysis, we know that the recycling substitution effect’s impact on the closed-loop supply channel profit in the case of coordinated collection is more obvious than that in decentralized collection. In other words, the manufacturer can obtain more profit than in decentralized collection more easily by changing the recycling substitution effect. The reason may be as follows: in the case of coordinated collection, the retail price and repurchase price are made by the center planner (i.e., manufacturer); this collection model can adjust the retail and repurchase price fast and accurately. But in case of decentralized collection, there is a pricing game between manufacturer and retailers. The manufacturer firstly selects optimal wholesale price and buy-back payment; then the retailers select their optimal reaction retail price and repurchase price; that is, the pricing game and pricing decision are unsynchronized between the manufacturer and retailer, so the manufacturer can obtain more profits in the case of coordinated collection than the case of decentralized collection. The lines in Figures 7 and 8 give us a visual presentation.








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	



	
	
	



	
	
	



	
	
	



	
	
	



	



	
	
	



	
	
	



	
	
	



	
	
	



	
























































































































































































































	
	
	
	
	
	
	







	
	
	
	
	
	
	




	
		
	
	
		
		
	
	
		
	


	
		
	


	
		
	



(a) Comparison of forward channel profits








	



	
	
	



	
	
	



	
	
	



	
	
	



	



	
	
	
	
	



	
	
	
	



	



	
	
	



	
	
	
	



	
	
	
	



	
	
	
	














































































































































































































































	
	
	
	
	
	
	







	
	
	
	
	
	
	




	
		
	


	
		
	















(b) Comparison of reverse channel profits
Figure 7: The profit of coordinated collection versus decentralized collection.










	



	
	
	



	
	
	



	
	
	



	
	
	



	



	



	
	
	



	
	
	



	
	
	



	
	
	



	



	
	
	



	
	
	



	
	
	



	
	
	



	




























































































































































































































	
		
	
	
		
		
	
	
		
	


	
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	
	
		
	
	
		
		
		
	


	
		
	















(a) Impact on the closed-loop supply channel’s profit in model 
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(b) Impact on the closed-loop supply channel’s profit in model 
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Figure 8: Impact of the retailing and recycling substitution effects on closed-Loop supply chain’s profit.


5. Conclusion
In this paper, we investigated a durable product retailing and recycling problem in a closed-loop supply chain consisting of a single manufacturer and two competitive retailers. The results demonstrate that more intense retailing competition induces the increase of the forward and reverse profits of manufacturer and the forward channel of retailers and decrease of the retailers profit in reverse channel, while more intense recycling competition induces the decrease of the profits of the manufacturer and retailers in forward and reverse channels, while the whole supply chain’s profit of model 
	
		
			

				𝐶
			

		
	
 is increasing with the respect to the free recycling proportional coefficient, but the effect on model 
	
		
			

				𝐷
			

		
	
 is uncertain. The results have important managerial insights for the manufacturer and retailers.
This paper makes a contribution to the literature on reverse channel choice and coordination by drawing attention to closed-loop supply chains with competition of retailing and recycling. Our future research will be as follows: our model does not consider any fixed costs of retailing/recycling a collection system. If such costs were incurred, a minimum number of retailing/returns would be required to justify the cost of operations. Last but not least, our cost formulation does not include any operational/capacity constraints in the channel of products collection. Operational/capacity constraint on the channel of collection can be incorporated into the model by defining an upper bound on the number collected via each channel. Another possibility is to model the collection cost as a quadratic function of the quantity returned.
Notations
	
	
		
			

				𝛾
			

		
	
:	
	
		
	
Recycling substitution effect
	
	
		
			

				𝛽
			

		
	
:	Retailing substitution effect
	
	
		
			

				Φ
			

		
	
:	Market size of the retailers in the forward channel
	
	
		
			

				𝜙
			

		
	
:	Market size of the retailers by free recovering in the reverse channel
	
	
		
			

				𝛿
			

		
	
:	Unit saving cost by remanufacturing
	
	
		
			

				𝑠
			

		
	
:	Recovering coefficient
	
	
		
			

				𝑐
			

			

				𝑟
			

		
	
:	Unit cost of remanufacturing a returned product into a new one
	
	
		
			

				𝑐
			

			

				𝑚
			

		
	
:	Unit cost of manufacturing a new product
	
	
		
			

				𝑤
			

		
	
:	New product’s wholesale price of the manufacturer
	
	
		
			

				𝑏
			

		
	
:	Obsolete product’s repurchase price from the retailers to the manufacturer
	
	
		
			

				𝐷
			

			

				𝑖
			

			
				(
				𝑝
			

			

				𝑖
			

			
				,
				𝑝
			

			

				𝑗
			

			
				)
				:
			

		
	
	Demand function of retailer 
	
		
			

				𝑖
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				𝑖
			

			
				(
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				𝑅
				𝑖
			

			
				,
				𝑝
			

			
				𝑅
				𝑗
			

			
				)
				:
			

		
	
	Recycling function of retailer 
	
		
			

				𝑖
			

		
	

	
	
		
			

				𝑝
			

			
				𝐶
				𝑖
			

			
				,
				𝑝
			

			
				𝐷
				𝑗
			

		
	
:	Retailer 
	
		
			

				𝑖
			

		
	
 and 
	
		
			

				𝑗
			

		
	
’s respective retail price in models 
	
		
			

				𝐶
			

		
	
 and 
	
		
			

				𝐷
			

		
	

	
	
		
			

				𝑝
			

			
				𝐶
				𝑅
				𝑖
			

			
				,
				𝑝
			

			
				𝐷
				𝑅
				𝑗
			

		
	
:	Retailer 
	
		
			

				𝑖
			

		
	
 and 
	
		
			

				𝑗
			

		
	
’s repurchase price in models 
	
		
			

				𝐶
			

		
	
 and 
	
		
			

				𝐷
			

		
	

	
	
		
			

				Π
			

			
				𝐾
				𝑖
			

		
	
:	Profit function for channel member 
	
		
			

				𝑖
			

		
	
 in model 
	
		
			

				𝑘
			

		
	
. Superscript 
	
		
			

				𝑘
			

		
	
 takes the values of 
	
		
			

				𝐶
			

		
	
 and 
	
		
			

				𝐷
			

		
	
. Subscript 
	
		
			

				𝑖
			

		
	
 takes the values of 
	
		
			

				𝑚
			

		
	
, 
	
		
			

				𝑟
			

		
	
, and 
	
		
			

				𝑒
			

		
	
, denoting the manufacturer, the retailer, and the 
	
		
			

				𝑒
			

		
	
-tailer, respectively.
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