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Abstract: In this paper, waste electrical and electronic equipment (WEEE) is collected both with
online and traditional methods in a reverse channel. We obtain a quantity for recycling based on
online popularity and reference price by considering their impact on consumer recycling behaviors.
On this basis, we build a Stackelberg game model in which the recycling dealer acts as the leader
and the recycler acts as the follower in a reverse supply chain. We explore a combination contract
comprising a revenue cost-sharing contract and a two-part tariff contract to enhance the performance
of the reverse supply chain with a dual channel. The conclusion shows that the reference price degree
can alleviate the recycling channel’s conflict in order to improve the operation efficiency of the reverse
supply chain. The well-designed coordination mechanism enables the perfect coordination of the
entire supply chain system.

Keywords: reverse supply chain; consumer strategic behavior; dual channel

1. Introduction

Currently, the rapid growth of the social economy and electronic technology com-
pels the extensive use of electrical and electronic equipment (EEE) [1]. In recent years,
the frequent updates and upgrades of recycling treatment types and the quantity of
electronic products have become the primary motivation for innovations in recycling
treatments [2,3]. According to statistics, China has entered the peak stage of EEE waste
scrap. In China, around 50 million household electrical appliances and 70 million mobile
phones are abandoned every year. Consequently, the amount of waste electrical and elec-
tronic equipment (WEEE) has reached 20% growth, and about 170 million tons of waste is
generated each year in China, which is becoming a considerable pollution source. Most
WEEEs have not entered the regular recycling channels for recycling and reuse. The Internet
has played a crucial role in recycling.

Considering the background of advocating a circular economy, low-carbon economy,
and sustainable development, the reverse channel is a growing concern among scientists,
businesses, and the public. Some countries have, thus, issued a set of correlative regulations
and laws that require enterprises to address the issue of WEEE recycling used by users
while selling products for further treatment and reuse to resolve the problem of economic
development and resource-shortage conflicts.

With the increasing shortage of global resources and the consumers’ growing aware-
ness for environmental protection, the problem of used-product recycling has aroused
widespread concern in industries. Some forward-looking enterprises found that the re-
cycling of waste products can significantly save manufacturing costs and improve the
enterprise’s benefits. In particular, Xerox reduces manufacturing costs by 40–65% by
recycling and remanufacturing waste products, which dramatically improved financial
benefits. Many enterprises, such as Philips, Chrysler, Xerox, and Kodak, establish their own
reverse-recycling network to recycle and remanufacture waste products. Many enterprises
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are involved in remanufacture and collection. However, one of the pressing problems
confronting our sustainable society today is the correct design of available reverse channels
for recycling.

The concept of a dual-channel supply chain was proposed for the first time in the
Journal of Marketing Science. The authors found that the combination of online and offline
sales obviously promotes market sales [4]. With the development of Internet technologies,
methods in product sales, consumption, and recycling have changed greatly, and the online
channel has gradually become a force that cannot be ignored. At the same time, the wide
application of Internet technologies in the supply chain has given birth to a new recycling
mode. The Internet platform can effectively improve the convenience and transparency of
transactions in the process of recycling waste products. Using an online recycling channel
is a process in which recycling enterprises, consumers, and other participants conduct a
series of transactions on waste products using Internet technology [5]. With the popularity
of the Internet, there are more and more dual channels for recycling waste products, with
the online channel being more prevalent. Some companies acting as recyclable dealers
(RDs) previously collected WEEEs in the traditional recycling channel, such as Shanghai
Xin Jinqiao Environmental Protection Company Limited and Changhong Green Group
Company Limited, and they have began to collect WEEEs by utilizing an online recycling
channel. These companies’ recycling programs create a new pattern for the effective
utilization of resources and environmental sustainability.

With the vigorous development of e-commerce, comparing prices between online and
offline methods has become a typical consumer behavior. In this paper, we consider the
online popularity and reference price in strategic consumer behaviors and build a Stackel-
berg game model in which the recyclable dealer acts as the leader and the recyclers act as
followers in a reverse supply chain. We propose an appropriate coordination mechanism to
promote the collection of WEEEs and examine how online popularity and reference price
degree affect the supply-chain members’ strategy.

This paper is organized as follows. We outline the related literature in Section 2. Then,
we describe a reverse supply chain with a dual collection channel and build analytical
models. Next, sensitivity analyses and numerical results are presented in Section 4. After
that, we detail the coordination of a dual-channel reverse supply chain and include a
discussion based on the results in Section 5. Finally, we provide concluding remarks in
Section 6.

2. Literature Review

There are three streams of relevant work: channel competition, channel management,
and channel coordination.

Recently, there has been a growing number of papers focused on channel management.
Many researchers have researched different recycling-channel choice strategies on recycling
price [6–8]. Savaskan et al. studied a model of a two-level supply chain and provided
theoretical references for manufacturers by comparing three different channel structures.
They further studied different recovery cost structures and established recovery strategies
for reverse supply chains [9]. Chuang et al. studied and compared three types of reverse
channel structures to provide the theoretical basis for manufacturers by comparing three
different circumstances [10]. Jena et al. studied price competition and coordination strate-
gies in different situations for a closed-loop supply chain [11]. Liu et al. pioneered a study
on both online and offline channels to investigate the optimal price-acquisition strategy for
dual channels [12]. Likewise, some papers explored a multi-echelon closed-loop supply
chain and investigated the problem of coordination mechanisms [13–15]. Xiong and Yan
suggested that the sale of remanufactured goods is influenced by a channel’s structure [16].
In addition, some papers researched the influence of various factors in a closed-loop supply
chain [17–22].

Zou [23] further emphasized that environmental friendliness and convenient and
safe recycling services are significant characteristics of an online recycling channel. In
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research studies with respect to dual-channel reverse supply chains, most scholars focus on
channel selection and contract coordination. Some scholars found that the dual recycling
channel has an advantage over single recycling channels in promoting the recovery of
waste products and improving recovery efficiencies [24]. Wu [25] found that income cost-
sharing contracts, income-sharing contracts, cost-sharing contracts, and other contracts
can effectively reduce efficiency loss and achieve supply-chain coordination. The recycling
price of online recycling channels is generally higher than that of offline channels. The
main reason is that, on the one hand, recycling enterprises in online channels directly deal
with consumers so as to avoid a situation in which offline recyclers earn the intermediate
price difference; on the other hand, the recycling center can scientifically price the electronic
waste products based on equipment conditions, such as the use time, standby status, and
wear degree, reducing the occurrence of excessive prices in offline channels [26]. Chen
et al. [27] studied the pricing strategy of closed-loop supply chains in which retailers are
responsible for recycling processes and manufacturers are responsible for remanufacturing
processes. Zhang et al. [28] studied the impact of consumers’ environmental protection
preferences and retailers’ fair preferences on enterprise pricing decisions for a supply chain,
including the examination of one manufacturer and one retailer. Mr A. et al. constructed
four models to study pricing, return policies, and return insurance strategies [29].

Other papers have made outstanding contributions to the practice of green supply-
chain management, reverse logistics, and green procurement, manufacturing, and dis-
tribution. Likewise, Ismail [30] explored the effect of green supply-chain management
practices, reverse logistics, and green procurement, manufacturing, and distribution prac-
tices (GSCMPs) with respect to the organisational performance (OP) of pharmaceutical
manufacturers in Jordan.

As far as we know, all of these papers only pay attention to traditional recycling
channels within a single recycling channel and not on the hybrid reverse dual-channel
supply chain. We mainly examine the problem of hybrid recycling channels.

In addition, the coordination of the reverse supply chain, an important and emerging
topic, has attracted exploration from different perspectives. Under this research category,
further extended retailer pricing competition and reverse channel choice problems are
presented in Savaskan and Wassenhove [6]. More details about hybrid-channel reverse
supply chains are discussed in [31–33]. The most relevant papers pay attention to the
strategic analysis of the design of dual-channel recycling systems. Some research on
reverse supply chains mainly focused on marketing strategies and government subsidies in
reverse supply-chain coordination [34]. Notice that, in the literature, some use appropriate
contracts. In this manner, some contracts can also coordinate reverse supply chains as
forward supply chains [35,36]. These papers pay attention to reverse supply chains with
a single channel. There is some research involving a combination of some contracts with
respect to multi-channels [37–40].

Based on most studies, the effect of price comparisons is commonly used in the
consideration of forward supply chains [41–48]. Unlike previous studies, this article
focuses on addressing the coordination of the reverse supply chain by considering both the
effect of reference prices [49,50] and online popularity with a recycling price-dependent
recycling quantity.

The new generation of consumers with multiple mobile devices can compare recycling
prices between online and offline recycling channels at any time when faced with different
recycling channel options. When the actual recycling price exceeds the reference recycling
price, consumers’ recycling willingness will be strengthened. Under these circumstances,
the consumer experiences benefits when collecting waste products. When the reference
recycling price exceeds the actual recycling price, the situation is the opposite.

The main objective of this paper is to address the following questions: Considering
the new changes in consumers’ recycling decisions in a dual-channel environment, how
will the reference-price effect and online popularity affect changes in recycling quantities
and channel configuration strategies in different channels? How can we achieve reasonable
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pricing differences between different channels? How can recyclable dealers design coordi-
nation mechanisms to maximize their profits? The discussion of the above issues will refer
to decision-making methods for the effective management of reverse supply chains with
dual channels.

3. Analytical Models
3.1. Problem Description

Similarly to the existing literature such as Lipan et al. [51] but with some differences,
in our paper, we incorporate the reference-price effect into strategic consumer recycling
behaviors. The new generation of consumers, using multiple mobile devices, can compare
recycling prices between online and offline recycling channels at any time when faced
with different recycling channel options. When the actual recycling price exceeds the
reference recycling price, consumers’ recycling willingness will be strengthened. Under
these circumstances, the consumer experiences benefits when collecting waste products.
When the reference recycling price exceeds the actual recycling price, the situation is the
opposite. Thus, the reference price can affect consumers’ recycling behaviors.

This paper studies a reverse supply chain with a dual channel comprising one recycler
and one recyclable dealer, and the recycling quantity is necessarily affected by many factors
such as reference price and consumers’ preference between online and offline recycling
channels (see Figure 1). In this paper, the recyclable dealer abbreviated as “RD”. Note
that “RD” represents the recyclable dealer in the following sections. Hence, our model is
more practical by considering the impacts of reference prices and consumer preferences.
There are three actions among them: (1) First, the RD, as the recycling center, settles the
recycling price PO; (2) then, the RD settles the transfer price br for the recycler; (3) finally, the
recycler needs to address and collect WEEES from consumers at recycling pricing Pr. Under
centralized and decentralized settings, we first construct a Stackelberg model consisting of
one RD with an online recycling channel and one recycler with a traditional channel. Next,
we research the optimal recycling decisions of a recycler and RD under a decentralized case.
In addition, the centralized model is set up as the benchmark case for comparisons with
the decentralized model in which a dominant RD determines both optimal recycling prices
and transfers collection-price decisions. We also analyzed the effects of reference price
and consumer preference parameters on the equilibrium outcomes of decentralized cases.
Finally, the centralized case acts as a standard in the following, which aims to coordinate
the reverse supply chain with a dual-channel and enables both the recycler and RD to attain
a win–win situation.
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We study a dual-channel reverse supply chain, where a Stackelberg RD collects waste
products using a traditional recycler at a transfer price indirectly and an online recycling
channel directly. First, we present the symbols (see Table 1) used in the rest of the article. In
this paper, the RD takes charge of building offline and online recycling channels. Mean-
while, RDs are responsible for recycling using an online channel and for the disposal of
used products to make a profit. We set up the following modelling assumptions to achieve
the primary target.

Table 1. Model parameters.

Model Parameters Definition

Pr Recycling price of the offline channel
Po Recycling price of the online channel

θ > 1 The consumer popularity of online recycling methods
v The expected revenue from the disposal of one unit of scrap product
s The willingness of the consumer to return one unit of scrap
λ Reference-price effect degree
ct The cost of recycling one unit of scrap product by a recycler
c The disposal cost of one unit of scrap product by the RD
bt The internal transfer price paid by the RD to the recycler

Qi
The function of the amount of recycling scrap product in offline and

online recycling channel, where i takes r and O

Πk
j

The profit function of recycling scrap products in offline recycling and
online recycling channels in case k; subscript i takes r and O

In this section, we introduce the notation used in the following table:

3.2. Basic Assumption

We consider the RD as a Stackelberg leader, and it has strong influences in determining
recycling quantities and transferring prices. This means that there are two recycling
channels for waste-product recycling: One is collected by RD from a recycler indirectly,
and the other one is directly collected by an online recycling channel. Then, the used
products can be returned from consumers to the RD through these recycling channels.
Simultaneously, RDs take charge of collecting and disposing scrap products to make a
profit. To develop the proposed model, we provide the following modelling hypothesis.

The RDs have technical superiority in inspections, processing, and shifts in the collec-
tion process; thus, they do not need to pay costs in terms of seeking, awaiting, and logistics.
Therefore, for the RD, the cost of collecting one unit of second-hand product through online
recycling channels is lower than that of offline recycling channels during the collection
process. Thus, we have ct > c.

In this paper, θ represents the consumer popularity of the online recycling method,
which satisfies θ > 1. If θ < 1, all consumers generally tend to choose the online channel
to return waste products instead of the offline channel. Online recycling currently plays a
leading role in the recycling channel because it improves consumer utility. The problem
observed during the coordination operation of dual recycling channels is the focus of
our research; thus, the feasibility of traditional recycling channels should be maintained.
Therefore, our paper mainly concentrates on the case where θ > 1 is assumed. The smaller
the θ, the greater the consumer popularity of the online recycling method. Stated differently,
the smaller the value of θ, the more the consumer will choose an online channel to return
the old product. That is to say that the recycler/RD will lower the recycling price if the
consumer popularity of the online recycling is greater. On the contrary, if the value of θ is
larger, the consumer’s popularity of the online channel will be lower and consumers will
more likely choose traditional recycling channels.

When customers return a product from a traditional recycling channel, the recycler
can physically inspect the used product and obtain it immediately; thus, the used product
in the consumer’s psychological value is worth s, where s ∈ (0, 1). However, the used
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product is worth θs, when it is recycle through an online channel due to the lack of detailed
physical inspections. We also have to consider the effect of reference prices: λ(Pr − Po)
and λ(Po − Pr) represent the influence of the reference price’s effect on traditional and
online recycling methods, respectively, and λ(0 < λ < 1) denotes the reference price’s
effect degree. When the recycling price of the channel chosen by the consumer is higher
than that of the unchosen one, consumers will perceive “acquisition”; on the contrary,
consumers will perceive “loss” in the opposing case. In daily life, a consumer chooses
traditional recycling channels as a pairing with consumer utility; that is, the recycler sets
price Pr for one unit of second-hand product for the consumer; thus, the consumers will
prefer to turn obsolete products by using the offline channel, if the utility they derive from
it is positive (Pr − s + λ(Pr − Po) > 0). As mentioned above, we consider heterogeneous
consumers with a willingness-to-return U(0, 1).

We use Uo(s) and Ur(s) to denote the utilities of the consumers in the online recycling
channel and offline recycling channel, respectively, when collecting obsolete products.
Based on the above description, customer utility is defined by Ur(s) = Pr − s + λ(Pr − Po)
and Uo(s) = Po − θs + λ(Po − Pr). Specifically, if the consumer’s willingness to return
belongs to [0, Pr + λ(Pr − Po)], consumers will prefer to return scrap products using an
offline channel at a price Pr.

To simplify the analysis, we set the amount of market consumers as 1. Therefore, the
function of the amount of recycling scrap products in the offline recycling channel is denoted
by Qr. It is expressed by the following formula:Qr =

∫ Pr+λ(Pr−Po)
0 ds = Pr + λ(Pr − Po),

where 0 ≤ Pr + λ(Pr − Po) ≤ 1.
Similarly, compared to the offline channel, according to the above model’s framework,

if the consumer’s willingness to return is defined as
[
0, Po+λ(Po−Pr)

θ

]
, that is, Po+λ(Po−Pr)

θ > s,
then consumers will prefer to return scraps product through an online channel at a price
Po. Therefore, when Po − θs + λ(Po − Pr) > 0, that is, Po+λ(Po−Pr)

θ > s, consumers will
prefer to return scrap products through an online channel. Therefore, we will find the
function of the amount of recycling scrap products in the offline recycling channel denoted

by Qo. It is expressed by the following formula: Qo =
∫ Po+λ(Po−r)

θ
0 ds = Po+λ(Po−Pr)

θ , where

0 ≤ Po+λ(Po−Pr)
θ ≤ 1.

Consumers own two return options; their decision depends on comparing net con-
sumer surplus generated by offline and online recycling channels: Pr − s + λ(Pr − Po)
versus Po − θs + λ(Po − Pr). Therefore, when customers return scrap products through
the online channel, customer utility is defined by Uo(s) = Po − θs + λ(Po − Pr); when
customers return scrap products through the traditional channel, customer utility is de-
termined by Ur(s) = Pr − s + λ(Pr − Po) where θ > 1 and λ(0 < λ < 1). Hence, in this
paper, because of the influence of the consumer popularity of online recycling method
θ and reference-price effect degree λ, we represent that the definition of online/offline
recycling quantity using Equations (1) and (2).

Qr =

{
(1 + λ)Pr − λPo − (Po−Pr)(1+2λ)

θ−1 Pr ≥ (1+λ+θλ)
(θ+θλ+λ)

Po

0 otherwise
(1)

Qo =

{
(Po−Pr)(1+2λ)

θ−1 Pr ≥ (1+λ+θλ)
(θ+θλ+λ)

Po
Po(1+λ)−(λkPo+λ(1−k)Pr)

θ otherwise
(2)

Equations (1) and (2) show that the expression of consumer’s utility is linearly corre-
lated to the recycling price, reference-price effect degree, and consumer popularity relative
to the online recycling method. It also indicates that consumer’s utility increases in the
recycling price of the RD/recycler and reference-price effect degree while it decreases in
the consumer popularity of online channels and the recycling price of the recycler/RD.

This study mainly researches a model for a dual-channel reverse supply chain. It is
necessary that the dual-channel reverse supply system consists of both the RD and the
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recycler. The reasonable profit of recycling using an offline channel ensures that the recycler
remains in the supply chain system. Therefore, constraint Pr ≥ (1+λ+θλ)

(θ+θλ+λ)
Po must hold to

ensure that both online and offline recycling quantities are greater than zero. Therefore, this
constraint is necessarily a guarantee of the strategic alliance between RDs and recyclers.

The following corresponding decision model and the optimal decision problem are
discussed using the online/offline recycling quantity function.

4. Optimization Problems
4.1. The Benchmark Case

The RD can indirectly recycle scrap products from the recycler and also directly recycle
used products from online channels. We examine the case of centralized decision making
to test whether a contract for coordinating reverse supply chains can be implemented. The
paper sets an assumption of the centralized case to compare the decentralized scenario
and discusses achieving the perfect coordination of an entire supply-chain system by using
contract coordination.

The recycler and RD in the reverse supply chain with a dual-channel jointly determines
the recycling price through joint decisions to maximize the system’s profit. At this point,
the RD and recycler comprise one union with two reverse recycling channels, i.e., offline
channel and online channel (as shown in Figure 1a). For the centralized decision, the RD
and recycler would jointly operate as a single system (denoted by a superscript C) in order
to maximize the overall channel’s profit. The overall profit function of online and offline
recycling channels in the centralized scenario can be characterized as follows.

ΠC
T

(
PC

r , PC
o

)
= QC

r

(
v− PC

r − ct − c
)
+ QC

o

(
v− PC

o − c
)

(3)

Theorem 1. In the centralized scenario, we can derive the reverse dual-channel recycler’s optimal
pricing polices and RD’s optimal pricing policies, shown as follows:

PC∗
r =

A2(v− c) + A4ct

A1

and

PC∗
o =

A3(v− c) + (λθ − λ)(θ + λθ + λ)ct

A1

where

A1 = (4 + 8λ + λλ− λλθ)(θ − 1)
A2 = (2 + 4λ + λλ− λλθ)(θ − 1)

A3 = (2 + 5λ + λλ− λθ − λλθ)(θ − 1)
A4 = λλθθ − 3λθ + 2 + 3λ− λλ− 2θ.

Proof of Theorem 1. From Equation (6), we derive the Hessian matrix, ΠC
T
(

PC
r , PC

o
)
, associ-

ated with PC
r and PC

o as follows.

H =

 ∂2ΠC
T

∂PC2
r

∂2ΠC
T

∂PC
r PC

o
∂2ΠC

T
∂PC

o PC
r

∂2ΠC
T

∂PC2
o

 =

[
− 2(θ+λθ+λ)

θ−1
λθ+2+3λ

θ−1
λθ+2+3λ

θ−1 − 2(1+2λ)
θ−1

]

H must be negative and definite in order to produce an optimal solution. We thus
have (4+8λ+λλ−λλθ)

θ−1 > 0, which implies 4 + 8λ + λλ− λλθ > 0. �

Therefore, det H = (4+8λ+λλ−λλθ)
θ−1 > 0. According to the Kuhn–Tucker condition, we

obtain the following expression:

PC∗
r =

A2(v− c) + A4ct

A1
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and

PC∗
o =

A3(v− c) + (λθ − λ)(θ + λθ + λ)ct

A1

where
A1 = (4 + 8λ + λλ− λθλ)(θ − 1)
A2 = (2 + 4λ + λλ− λλθ)(θ − 1)

A3 = (2 + 5λ + λλ− λθ − λλθ)(θ − 1)
A4 = λλθθ − 3λθ + 2 + 3λ− λλ− 2θ

(4)

Furthermore, under a centralized case, we obtain the optimal amount of recycling
scrap products in the offline and online recycling channel, the total amount of recycling
scrap products, and the maximum profit of recycling scrap products in the entire reverse
supply-chain system, respectively, as follows.

QC∗
r = A2(1+λ)(v−c)+(1+λ)A4ct

A1
− A3λ(v−c)+λ(λθ−λ)(θ+λθ+λ)ct

A1

− (A3−A2)(1+2λ)(v−c)+(1+2λ)[(λθ−λ)(θ+λθ+λ)−A4]ct
(θ−1)A1

QC∗
o = (A3−A2)(1+2λ)(v−c)+(1+2λ)[(λθ−λ)(θ+λθ+λ)−A4]ct

(θ−1)A1

QC∗ = QC
r + QC

o

= A2(1+λ)(v−c)+(1+λ)A4ct
A1

− A3λ(v−c)+λ(λθ−λ)(θ+λθ+λ)ct
A1

4.2. The Model of Reverse Supply Chain with Dual-Channel in Decentralized Case (SG Model)

In a decentralized channel, we model the decentralized system as a basic model of
a Stackelberg recycle dealer, in which the RD is the leader. Both recyclers and RDs are
deemed as independent entities that aim to gain their own individual profit maximization
(as shown in Figure 1b). Currently, these large RDs have powerful market dominance
for deciding the recycling price and return quantity; many RDs play a leading role in
the respective supply chain in real life. As such, we model a Stackelberg game in the
decentralized system (SG model) in which the RD is the leader, and the recycler is the
follower. There is a chronology of events among the reverse dual-channel supply chain
as follows: (1) The RD collects the used product at recycling price PD

o through an online
recycling channel and recovers the scrap product from a recycler at transferring price bD

t ;
(2) then, the recycler collects the used product at recycling price PD

r by using an offline
recycling channel. To facilitate discernment, all functions and equalization variables are
denoted by the superscript D in a decentralized case. We assume that the online recycling
channel’s price is lower than the transferring price to avoid a situation in which the recycler
sells gathered waste products by using an online channel. Therefore, bD

t ≥ PD
o is assumed.

As mentioned above, we can write the function of the recycling scrap product in the online
recycling channel and offline recycling channel in the decentralized case as follows.

ΠD
RD

(
PD

o , bD
t

)
= QD

r

(
v− bD

t − c
)
+ QD

o

(
v− PD

o − c
)

(5)

ΠD
R

(
PD

r

)
= QD

r

(
bD

t − PD
r − ct

)
(6)

From Equations (5) and (6), we derive the set of optimal decisions in the decentralized
case as follows.

ΠD
RD
(

PD
o , bD

t
)
= QD

r
(
v− bD

t − c
)
+ QD

o
(
v− PD

o − c
)

s.t.ΠD
R
(

PD
r
)
= QD

r
(
bD

t − PD
r − ct

)
Pr ≥

(1 + λ + θλ)

(θ + θλ + λ)
Po, bD

t ≥ PD
o (7)
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Theorem 2. In the model of reverse supply chains with a dual channel in the decentralized case (SG
model), the optimal recycling price for the offline channel and online channel in the decentralized
case is as follows:

Po =
(v−c)B3+λB4ct

B5
bD

t = B1(v−c)
B4B5

+ ct(1+2λ)(4+λ)
B5

Pr =
(v−c)(B1+B2)

2B4B5
+ (2θλλ+2λλ−4−6λ)ct

2B5

where
B1 = (4θ + 3λ + 13θλ + 11θλλ + 6λλ + λλλ− θθλλ− θθλλλ)
B2 = (3θλ + 7θλλ + λλλ− θθλλ− θθλλλ + 4 + 13λ + 10λλ)

B3 = (4 + λλ− θλ− θλλ + 9λ)
B4 = (θ + θλ + λ)

B5 = (8 + 16λ− θλλ + λλ)

Proof of Theorem 2. The RD dominates, the RD decides PD
o , bD

t , and then the recycler uses

PD
r to obtain the derivative of PD

r in ΠD
RD. Since ∂2ΠD

R

∂(PD
r )

2 − 2(1 + λ)− 2(1+2λ)
θ−1 < 0, therefore,

when the recycler’s profit reaches the maximum, optimal pricing Pr should satisfy the
following.

∂ΠD
R

∂Pr
= 0, i.e., Pr =

(
bD

t − ct
)

2
+

(θλ + λ + 1)Po

2(θ + θλ + λ)
. (8)

Obviously, the RD’s profit function ΠD
RD is jointly concave and is associated with PD

o
and bD

t , which proves it has a unique solution. According to Equation (6), we take the
derivative of PD

o and bD
t and implement them in ΠD

R . �
We derive the following:

Po =
(v− c)B3 + λB4ct

B5
bD

t =
B1(v− c)

B4B5
+

ct(1 + 2λ)(4 + λ)

B5

where the following is the case.

B1 = (4θ + 3λ + 13θλ + 11θλλ + 6λλ + λλλ− θθλλ− θθλλλ)
B2 = (3θλ + 7θλλ + λλλ− θθλλ− θθλλλ + 4 + 13λ + 10λλ)

B3 = (4 + λλ− θλ− θλλ + 9λ)
B4 = (θ + θλ + λ)

B5 = (8 + 16λ− θλλ + λλ)

Furthermore, we substitute PD∗
o and bD∗

t in the following formulation.

Pr =
(v− c)(B1 + B2)

2B4B5
+

(2θλλ + 2λλ− 4− 6λ)ct

2B5

In addition, the optimal amount of recycling scrap products in offline and online
recycling channels is described as follows:

Qo =
(v−c)(1+2λ)(2B3B4−B1−B2)

2(θ−1)B4B5
+ (1+2λ)(λθ+2+3λ)ct

(θ−1)B5

Qr =
(v−c)(−λB3B4θ−B3B4−λB3B4)

(θ−1)B4B5
− (2θ+5λθ+4λλθ+3λ+4λλ)ct

(θ−1)B5

+ (v−c)(B1+B2)
2(θ−1)B5
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and the total collected quantity is described as follows.

QD∗
T = Qr + Qo

= (v−c)[(1+2λ)(2B3B4−B1−B2)−2(λθ+1+λ)B3B4+B1B4+B2B4]
2(θ−1)B4B5

+ (2+4λ+2λλ−2θ−4λθ−2λλθ)ct
(θ−1)B5

Let us record the sum of the two optimal profits ΠD∗
RD + ΠD∗

R = Π∗. When the
supply chain’s parameters change, the equilibrium results are analyzed, and the following
conclusions are true.

4.3. A Numerical Example

Given the complexity of the formula’s expressions, it is hard to directly make an analy-
sis and comparison of the RD and recyclers’ decisions, collection quantity, and the reference
price and consumer preference parameter’s impact induced by consumer behaviors; we
assess the impact of the consumer preference parameter and reference-price effect on the
recovery of RDs and recyclers by using a numerical analysis to research the relationship
between the optimal pricing strategies, the optimal amount of recycling scrap products,
and the maximum profits in different channels.

Because of the complexity of the game equilibrium solution, the numerical examples
are provided in the following to illustrate how popularities of the online recycling method
and reference-price effect degree affect channel strategies.

In this section, the numerical example parameters are summarized as follows.

v = 3, c = 1, ct = 0.6, and θ ≥ (v− c)(1 + λ)− λr
(v− ct − c)(1 + λ)− λr

Proposition 1. From Figures 1–6, we can see that in a decentralized case, the optimal amount
of recycling scrap products in the online recycling channel, Qd∗

o , decreases with θ; moreover, the
optimal amount of recycling scrap products in the offline channel, Qd∗

r , increases with θ; the total
amount of scarp products in both channels, QT∗ , decreases with θ. The optimal price for the online
recycling channel, Pd∗

o , and the offline recycling channel, Pd∗
r , decreases with θ.
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In real life, compared with traditional recycling channels, the RD collects through an
online recycling channel in order to face customers directly, which saves many intermediate
links and naturally makes more profit. Then, they can offer customers a higher recycling
price than the recycler collected through the traditional channel in order to ensure that
more customers will choose online channels to return waste products. Thus, the optimal
price for the online recycling channel, Pd∗

o , is greater than that for the traditional recycling
channel, Pd∗

r . For the above reasons, generally, the bigger the θ, the lower the popularity of
the online recycling method; i.e., consumers prefer to return scarp products in the offline
recycling channel compared with the recycling channel. That is to say that the recycler
offers customers a lower recycling price than the RD collected through an online channel.
As the value of θ increases, the quantity of recycling scrap products in the offline recycling
channel increases, while the quantity of recycling scarp products in the online recycling
channel decreases. The recycler will lower the optimal price for the traditional recycling
channel to make more profits, and the RD will also reduce the optimal price for the online
recycling channel in order to ensure their profits. If the value of θ is lower, the situation is
the opposite.

Proposition 2. From Figures 1–6, when the value of θ is low, as the value of λ increases, the optimal
amount of recycling scrap products in offline recycling channel Qd∗

r and the optimal recycling price
through online channel Pd∗

o decreases, while the optimal amount of recycling scrap products in online
recycling channel Qd∗

o and the optimal price for the traditional recycling channel Pd∗
r increases; on

the other hand, when the value of θ is large, the opposite is true.

Generally, when more consumers are willing to return the used product through an
online channel, the optimal recycling price of online channel Pd∗

o is always higher than
that of traditional recycling channel Pd∗

r . Affected by the reference-price effect, we can
understand that higher reference-price effects will attract more consumers who return used
products through a traditional channel for transfers to an online channel. Meanwhile, the
recycler has to improve Pd∗

r to attract more consumers to choose a traditional recycling
channel for fear of a transfer in consumers’ recycling behavior, while the RD will lower Pd∗

o
to attain more profits.

Proposition 3. From Figures 7 and 8, with the increase in the value θ, the optimal profit of the
recycler increases, while that of the RD and the entire supply-chain system decreases.
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We realize that the profit of the RD and the entire reverse supply-chain system de-
creases with the popularity of online recycling method θ, whereas that of the recycler
increases. The recycler has to enhance Pd∗

r to encourage more customers in returning scrap
products in offline channels when the popularity of online channel θ decreases; hence, the
marginal profit due to the increased recovery is lower than the corresponding marginal
cost. Therefore, the double marginal effect is more serious between the recyclers and the
RD, which results in both the profit of RD, and the entire supply-chain system decreases
with θ.

Proposition 4. From Figures 7 and 8, the total profit of the system and the optimal profit of
the recycler increase with the reference-price effect coefficient λ. As λ decreases, the situation is
the opposite.

This shows that as the reference-price effect coefficient λ increases, in the decentralized
case, the overall profit level of the entire reverse supply chain increases. This indicates
that the reference-price’s effect coefficient can help alleviate the price competition between
channels for the sake of improvements in the operation efficiency of the reverse supply
chain with a dual channel.

5. Coordination
5.1. Coordination via Revenue Cost-Sharing Contracts

The traditional revenue-sharing contract is ineffective for coordinating the reverse
supply chain due to cost recoveries. Some scholars improved the revenue cost-sharing
contract [4], which demonstrates that the members of the supply chain should not only
share the recovery revenue but also share waste recycling costs in the same proportion.
Therefore, this paper will focus on using revenue cost-sharing contracts to coordinate the
reverse supply chain.

It is assumed that the recycler and the RD share the residual and waste-recycling
incomes as a revenue–cost-sharing ratio β and (1− β), respectively, and they also share the
direct recycling cost of waste products in the same proportion correspondingly. As for the
transferring price paid by the RD to the recycler, Qrbt belongs to the internal cost of the
entire reverse supply chain; thus, it is not included in the scope of sharing. Let us note that
superscript “β” represents the pattern of coordination. Under this circumstance, the profits
of RD and recycler are, respectively, as follows.

Πβ
RD = (1− β)[(Qr + Qo)v−QrPr −QoPo]−Qr(bt + c)−Qoc (9)
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Πβ
R = β[(Qr + Qo)v−QrPr −QoPo] + Qr(bt − ct) = (1 + λ)βvPr

−λβvPo − (1 + λ)βPrPr + λβPrPo +
(Po Pr−Pr Pr)β(1+2λ)

θ−1

− (Po Po−Po Pr)β(1+2λ)
θ−1 + (1 + λ)(bt − ct)Pr − λ(bt − ct)Po

− (Po−Pr)(1+2λ)(bt−ct)
θ−1

(10)

The first-order derivatives of Pr in Equation (10) are obtained by using Stackelberg
game inverse inductions. We derive the following optimal response function with respect
to the recycler.

P̂r =
(1 + λ)(θ − 1)v
2(θ + λθ + λ)

+
(λθ + 2 + 3λ)Po

2(θ + λθ + λ)
+

bt

2β
− ct

2β
(11)

By comparing Equations (11) and (7), it can be concluded that the RD’s optimal pricing
is described as follows.

bβ
t = [2(θ+λθ+λ)A2−(λθ+2+3λ)A3](v−c)β

(θ+λθ+λ)A1
− β(1+λ)(θ−1)v

(θ+λθ+λ)
+ ct − βct

Pr =
A2(v−c)+A4ct

A1
Po =

A3(v−c)+(λθ−λ)(θ+λθ+λ)ct
A1

(12)

Equation bβ
t = bC

t , Pβ
r = PC

r , Pβ
o = PC

o will be satisfied; that is, the entire reverse
supply-chain system will achieve an equilibrium under joint decision circumstances.

Under the framework of the contract, in order to maximize profits, neither side will
maliciously claim subsidies. If the recycler chooses to accept the revenue cost-sharing
contract, the recycler and RD can share recovery revenues to ensure profits. In this case, the
recycler’s objective function can be expressed as follows.

Πβ
R = β

[(
QC

r + QC
o
)
v−QC

r PC
r −QC

o PC
o
]
+ QC

r

(
bβ

t − ct

)
=
(
QC

r + QC
o
)

βv− βQC
r PC

r − βQC
o PC

o + QC
r bβ

t −QC
r ct

= βΠC
T
(

PC
r , PC

o
)
+
(

βQC
r ct + βQC

r c + βQC
o c + QC

r bβ
t −QC

r ct

) (13)

The RD’s objective function can be expressed as follows.

Πβ
RD = (1− β)

[(
QC

r + QC
o
)
v−QC

r PC
r −QC

o PC
o
]
−QC

r

(
bβ

t + c
)
−QC

o c

= (1− β)
(
QC

r + QC
o
)
v− (1− β)QC

r PC
r − (1− β)QC

o PC
o −QC

r c−QC
o c−QC

r bβ
t

= (1− β)ΠC
T
(

PC
r , PC

o
)
−
(

βQC
r ct + βQC

r c + βQC
o c + QC

r bβ
t −QC

r ct

) (14)

As long as the reverse supply chain is coordinated by the contract from the RD, we
have the following: bβ

t = bC
t , Pβ

r = PC
r , Pβ

o = PC
o . The above results show that the sum of

profits of the RD and the recycler reaches the optimal level under a joint decision, namely
Πβ

RD + Πβ
R = ΠC

T .
Therefore, the revenue cost-sharing contract coordinates the supply chain system.

However, from the profit function expression of the RD and R, we can see that the profit
of the recycler is higher than that of the proportion relative to the revenue cost-sharing
contract. This also shows that the RD’s profit does not reach the maximum due to the
conflict between recycling channels. As the leader of the reverse supply chain, the RD will
strive to pursue the maximum profit.

5.2. Coordination via a Two-Part Tariff Contract

From the above analysis, we know that when the revenue cost-sharing contract can
achieve an overall coordination, the two-part tariff contract can perfectly coordinate the
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reverse supply chain. To coordinate the entire reverse supply chain, the RD attempts to
design a two-part tariff contract, which has the following operation mechanism: The RD
collects recycling scraps from the recycler at a lower transferring price, and the RDs will
provide subsidies to the recycler for each unit of used products directly recycled by the
online reverse channel. At this point, the coordination process is as follows:

Πβ
RD = (1− β)

[(
QC

r + QC
o

)
v−QC

r PC
r −QC

o PC
o

]
−QC

r

(
bβ

t + c
)
−QC

o c− T (15)

Πβ
R = β

[(
QC

r + QC
o

)
v−QC

r PC
r −QC

o PC
o

]
+ QC

r

(
bβ

t − ct

)
+ T (16)

where T is the recovery agency fee charged by the RD to the recycler. According to the
profit function under the coordination of the entire reverse supply chain (Formulas (13)
and (14)), the RD only needs to decide the recycler’s recovery agency fee as follows.

T∗∗ =
(

βQC
r ct + βQC

r c + βQC
o c + QC

r bβ
t −QC

r ct

)
> 0

Then, by the combination coordination model (MC model) of the revenue cost-sharing
contract and the two-part tariff contract, the RD’s and recycler’s profit function can be
expressed as follows.

Π∗∗RD = (1− β)Q∇r
(

v− P∇r − ct − c
)
+ (1− β)Q∇o

(
v− P∇r − c

)
= (1− β)Π∇T (17)

Π∗∗R = βQ∇r
(

v− P∇r − ct − c
)
+ βQ∇o

(
v− P∇o − c

)
= βΠ∇T (18)

At this time, the RD’s profit is improved, and the RD and recycler share the profit of
the entire reverse supply chain as a revenue–cost-sharing ratio: (1− β) and β respectively.
Therefore, the optimal total profit of the system’s supply chain under the MC model can be
obtained as follows: Π∗∗ = Π∗∗RD + Π∗∗R = ΠC

T .
As long as Π∗∗R > Π∗R, Π∗∗RD > Π∗RD (that is, based on (1− β)ΠC

T > Π∗RD,
βΠC

T > Π∗R(19)), the perfect coordination of the entire supply-chain system and each mem-
ber can be achieved by determining the revenue–cost-sharing ratio β. The reasonable range

of β can be obtained from Equation (19), and we derive the following: Π∗R
ΠC

T
< β <

ΠC
T−Π∗RD

ΠC
T

.

Theorem 3. Under condition Π∗R
ΠC

T
< β <

ΠC
T−Π∗RD

ΠC
T

, when the RD’s optimal decision is
(

Pβ
o , bβ

t , T∗∗
)

,

the MC’s pricing model can perfectly coordinate the reverse supply-chain system.

bβ
t = [2(θ+λθ+λ)B2−(λθ+2+3λ)B3](v−c)β

(θ+λθ+λ)B1
− β(1+λ)(θ−1)v

(θ+λθ+λ)
+ ct − βct

Pr =
A2(v−c)+A4ct

A1
Po =

A3(v−c)+(λθ−λ)(θ+λθ+λ)ct
A1

T∗∗ =
(

βQC
r ct + βQC

r c + βQC
o c + QC

r bβ
t −QC

r ct

)
Theorem 3 indicates that the range of β depends on RD’s and recycler’s bargaining

power. When the reference-price effect exists, RD can alleviate the price competition
between channels by giving subsidies to recyclers. Due to the aggravation of the double
marginal effect, RD must make more concessions to achieve an overall optimization. The
RDs, with dominant roles in the Stackelberg game, can require the recycler to provide a
transfer payment, T, to capture all profit increments after the coordination of the supply
chain to maximize its own profit and the entire system’s profit.

Theorem 4. Comparing the results of SG model and MC model, we can draw the following
conclusions:

(1) P∗r > Pβ
r , P∗o > Pβ

o ;

(2) b∗t < bβ
t ;

(3) Π∗RD < Π∗∗RD, Π∗R < Π∗∗R , Π∗ < Π∗∗.
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Theorem 4 indicates that the combination coordination pricing produces a significantly
improved decision-making result from members in the supply chain compared to that
of the Stackelberg game and reaches the optimal level under a centralized scenario. At
this time, the entire reverse supply-chain system can realize profit maximization, and the
profits of each member are higher than that under a decentralized case without coordina-
tion; therefore, MC pricing strategies can achieve perfect improvements compared to the
traditional revenue cost-sharing contract.

6. Conclusions

With the booming development of e-commerce, frequent price comparisons between
online and offline channels constitute prevalent consumer choice behaviors. This paper
depicts consumer behaviors that are affected by online popularity and reference prices.
By incorporating the aforementioned two effects, a decision model in which RD is a
dominated Stackelberg leader is built. In this paper, we study coordination strategies in
a reverse supply chain with a dual channel. Furthermore, we explored how a reasonably
designed contract can be effective in improving the operational efficiency of a supply-chain
system. Specially, the RD can use the reference price degree to alleviate price competitions
between channels.

In addition, the following managerial implications were obtained from this study:
When most consumers are willing to return the used product through an online channel,
the existence of reference-price effects will attract more consumers who originally returned
used products through a traditional channel to return used products through an online
channel. Meanwhile, the recycler has to improve recycling prices, while the recycling price
in the online channel decreases. Moreover, when most consumers are willing to return the
used product through a traditional channel, the situation is the opposite. Therefore, RDs
can use the reference-price effect to alleviate price competitions in channel conflicts. In
addition, a combinational contract can promote the efficiency of the reverse supply chain

The limitation of this research gap is that the multi-cycle case of the reverse supply
chain is not considered. The topic is meaningful but complex. In future, there are interesting
extensions in this paper. For example, the multi-cycle case of reverse supply chains will
be included.
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