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Abstract: In this paper, a closed-loop supply chain (CLSC) consisting of one manufacturer and
one supplier is considered. The capacity of the manufacturer is limited, the manufacturer can
increase capacity by investing in capacity, and there are different cooperation contracts among
the supply chain members. This paper pushes collecting activities upstream, assumes that the
collecting activity can be completed by the supplier, and accepts that there is cooperation between
the members, which increases supplier involvement. Dynamic game models among CLSC members
are formulated. The optimal decisions of pricing, capacity investment, and collecting channels of the
CLSC members are obtained, and the impacts of some important factors, for example, the capacity
investment cost coefficient and the cost-sharing factors, on optimal decisions are investigated. The
results reveal that the supplier collecting mode performs better in some scenarios; therefore, the
management enlightenment desired by the supplier can be obtained. Additionally, the coordination
between the manufacturer and the supplier sometimes fails to increase the closed-loop supply chain’s
sustainability, which is a finding quite different from some current research results.

Keywords: closed-loop supply chain; dual recycling channel; capacity constraint; capacity invest-
ment; coordination

1. Introduction

With the accelerated industrialization and urbanization, the contradiction between
economic development and resources and environment is becoming more and more promi-
nent, which has become one prominent problem limiting China’s sustainable development.
Collecting and remanufacturing of recyclable resources is an important means to alleviate
this problem. Based on recycling and waste recovery, sustainable consumption and pro-
duction are also part of the sustainable development goals [1]. Theoretically, collecting and
remanufacturing is defined as “a production strategy whose goal is to recover the residual
value of old products by reusing components that are still in good working order” [2].
Currently, the collection rate of scrap metal in China is only about 20%, while it is over 50%
in the United States and up to 90% in Japan. Adding collecting activities to the original
forward flow of the supply chain constitutes a closed-loop supply chain (CLSC) system that
has been popularly studied in recent years, while the reverse flow brought by the collection
and reuse of products to the product supply chain makes full use of resources, which
can largely alleviate the problem of resource shortage and contribute to environmental
protection efforts. In recent years, domestic research on collecting and remanufacturing
has focused on two aspects: collection mode and pricing of remanufactured products.
The choice of collection mode and the pricing of remanufactured products affect the devel-
opment of collection and remanufacturing. In this paper, we will study the corresponding
optimal decision from the decision problem concerning the collection channel in the CLSC.
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We divide the research on the existing CLSC decision problem regarding collection
channels into two categories, one considering online collecting channels and the other con-
sidering only offline collecting channels of members. In the first category, online collecting
activities are mostly left to manufacturers directly, while collecting activities in the second
category are done offline by supply chain members such as the manufacturer, the retailer,
and the third-party collectors, which is more complicated than the first category because
it often requires considering the transfer price as an additional decision variable. The ex-
isting research literature on the second category of problem is extensive, Lang and Shi [3],
Ranjbar et al. [4], Ji et al. [5], Xu et al. [6], etc., which can be subdivided into discussions of
different supply chain structures, collecting channels, and coordination contracts according
to their research characteristics. In terms of existing studies, most scholars discuss the
CLSCs consisting of the manufacturer and the retailer [5-7], or the manufacturer, the re-
tailer, and the third-party collector [4,8,9], and dominated by the manufacturer. In studies
on collecting channels, scholars often consider the manufacturer collecting, the retailer
collecting, the third-party collector collecting, and dual-channel collecting to arrive at the
optimal collecting channel through calculation and analysis. Among the studies related
to coordination contracts, cost-sharing contracts and revenue-sharing contracts are two
commonly discussed contracts, and most studies also conclude that the contracts can better
coordinate the whole CLSC. In this paper, based on the above, we will expand on the
decision problem of considering members’ offline collecting channels in CLSC.

In the CLSC, collecting and remanufacturing activities have a crucial role, and the re-
search on the collecting channel of the CLSC has been a key direction in recent years. In the
CLSC collecting channel research problem, manufacturing and remanufacturing activities
also have a great influence on the arrangement of collecting channels and collecting pricing
decisions. In the existing research on the problem of CLSC collecting channel, no scholars
have considered the capacity constraint and capacity investment decision of manufactur-
ers’ manufacturing /remanufacturing activities. It can be seen from the actual situation
that manufacturers’ capacity must have a certain specific upper limit, and cannot arrange
manufacturing and remanufacturing activities without limitation. For example, the produc-
tion capacity of automobile engine remanufacturers Cummins, Doyts and Mercedes-Benz
only 3000 vehicles per year; Wuxi Diesel Plant, located in Jiangsu Province, produces
only 5000 remanufactured vehicles per year. Obviously, the development strategies of
enterprises are affected by their production capacity, and the capacity constraint on reman-
ufacturing activities also affects their decision making on the amount of collecting and
pricing of remanufactured products, which further affects the positive benefits of collect-
ing and remanufacturing activities to the environment. Under the condition of capacity
constraint, capacity investment is a common solution nowadays. Taiwan Semiconductor
Manufacturing Corporation (TSMC) has invested $12 billion in advance to expand its
capacity to win chip orders from large buyers [10]. In the CLSC, as there are two kinds of
manufacturing activities, how to make reasonable and appropriate investment in manu-
facturing and remanufacturing capacity, respectively, is a headache for manufacturers. In
2007, the three major U.S. automakers, General Motors, Ford, and Chrysler, made capacity
investments in manufacturing and remanufacturing activities in advance to cope with the
pressure of demand and competition; this wise investment decision earned them higher
revenue [11]. When and how to make the right capacity investments is extremely impor-
tant for a company’s competitiveness in the market and future growth prospects. Second,
capacity investment behavior affects manufacturers’ manufacturing and remanufacturing
activities, which in turn has an impact on collection decisions, and determines the sustain-
ability and environmental benefits of the CLSC. Therefore, this paper will study the impact
of capacity investment on the collection decision problem of the CLSC under the premise
of considering capacity constraints.

From the existing research on CLSC collecting channels, most scholars discuss the
collecting channels mainly: manufacturer collecting, retailer collecting and the third-party
collector collecting, while supplier collecting should also be one of the options. Generally
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speaking, the manufacturer needs to be supplied with components by the supplier, who
should have a better understanding of the components and can more easily control the
quality of recycled product parts. At the same time, strategic interactions between the
manufacturer and the supplier are becoming more frequent, and this interaction will have
a significant impact on the economic and environmental performance of the CLSC. As a
result, product collecting can be done by the supplier who has a close relationship with
the manufacturer. An important difference between the supplier collecting channel and
other collecting channels is that the supplier’s collecting decisions affect the wholesale
price of components they offer to the manufacturer, which in turn affects the supplier—
manufacturer relationship. In fact, some companies have decided to work with their
suppliers. For example, companies such as Caterpillar will transfer the collecting segment,
and even remanufacturing activities, to their key component suppliers [12]. Therefore,
in this paper, we further introduce the channel of supplier collecting into the CLSC col-
lecting channel decision problem considering capacity constraints and capacity decisions,
and compare and analyze the impact of supplier collecting channel on the optimal decision
of the CLSC, as well as the environmental benefits of the CLSC.

In the above CLSC that considers the supplier collecting channel, the relationship
between the manufacturer and the supplier becomes complex, and this relationship may be
a competitive one or a cooperative one, so it is essential to consider coordinated cooperation
between the manufacturer and the supplier. Companies such as Apple and Foxconn have
long had good cooperative exchange relationships with their own suppliers [13]; companies
such as Caterpillar, on the other hand, have constituted cooperative relationships with their
key component suppliers in collecting, and even remanufacturing activities [12]. It can
be seen that how to eliminate the double marginalization effect among members without
reducing the overall benefit of the supply chain, and ensure the profit maximization of
members and the whole CLSC is a problem that needs to be considered and solved. In ad-
dition to wholesale price contracts and revenue-sharing contracts, the combined use of
multiple coordination contracts has become an important research phenomenon. In addi-
tion, compared with one-way coordination and cooperation, two-way coordination is more
conducive to communication and sharing among members and is more advantageous
for improving members’ profitability. In this paper, we propose a two-way cost-sharing
contract in the studied CLSC collecting channel decision problem and investigate whether
this two-way coordination approach can better coordinate the CLSC. Inspired by the above
studies and examples, we set out to study the capacity constraints and investments in
closed-loop supply chains, while introducing new collectors and coordination mechanisms,
in the hope of achieving greater sustainability in the supply chain. In this paper, we intend
to address the following questions: What is the impact of capacity constraints on the
optimal decision of supply chain members? How to make the most appropriate capacity
investment? Who are the best collectors in different scenarios? How can coordination
contracts be arranged to enhance the sustainability of closed-loop supply chains?

This paper studies the CLSC that consists of one manufacturer and one supplier,
the manufacturer conducts the manufacturing activities of products, and the components
required by the manufacturer are supplied by the supplier. The manufacturer is also
responsible for remanufacturing secondhand products, and the recycled components re-
quired for remanufacturing are provided by either the supplier or the manufacturer itself.
The manufacturing and remanufacturing production capacities are constrained, and all
market needs are to be satisfied simultaneously. However, the manufacturer has the ability
to invest in capacity. Furthermore, it is assumed that the collecting of used products can be
completed by the supplier and the manufacturer. Cooperative contracts are also studied in
this paper. Two kinds of cooperation are considered: cost-sharing contracts and two-way
coordination contracts. The above cooperation is established between the manufacturer
and the supplier. The supplier has higher pricing power than the manufacturer. First,
the supplier defines its optimal prices of those two kinds of modules. Then, the manufac-
turer determines its optimal prices of the two kinds of products. Based on the assumptions,
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the market demand of the two products can be subsequently determined. The production
of a product needs a one-unit module, and then the quantity of the components required by
the manufacturer is determined. Under such a supply chain structure and conditions, five
models are formulated: the manufacturer collecting scenario without a contract (Scenario
MC); the supplier collecting scenario without a contract (Scenario SC); the manufacturer
collecting scenario with a contract (Scenario MS); the supplier collecting scenario with a
contract (Scenario SS); and the supplier collecting scenario with a double coordination
contract (Scenario SD). Through these models, the optimal decisions, such as the pricing
decisions, collecting decisions and capacity allocating decisions of the CLSC members, are
discussed. Additionally, the impacts of these parameters on pricing and channel decisions
are studied.

The main innovative contributions of this paper can be summarized as follows. First,
in order to make the model more realistic, this study adds conditional constraints to
the decision problem regarding collecting channels in the closed-loop supply chain, set-
ting an upper limit on the manufacturer’s manufacturing and remanufacturing capacity,
and adding a new decision variable, the amount of capacity investment, to achieve higher
revenue and environmental benefits in the CLSC. Secondly, for the purpose of expecting
manufacturers to be committed to remanufacturing, collecting channels are added, and col-
lecting activities are assigned to the supplier who is more familiar with the quality of
parts, comparing the differences between manufacturer collecting and supplier collecting
models. Third, it is proposed to construct a two-way coordination contract between the
manufacturer and the supplier, in which the manufacturer share the collecting costs of
the supplier and the supplier share the investment costs of the manufacturer, in order to
improve the efficiency of cooperation, reduce the double marginalization effect, improve
the benefits of members, and enhance the environmental benefits of the CLSC. This paper
is the first study of capacity investment, collecting channels and pricing decisions in CLSC
considering capacity constraints and two-way coordination contracts.

The rest of this paper is structured as follows. Section 2 briefly reviews some relevant
literature. Section 3 presents the basis of the model’s formulation, such as the relevant
notations and assumptions. Section 4 formulates those models, and the optimal decisions
of members are compared. In Section 5, a numerical analysis is conducted, and the effects of
five important coefficients on decisions are analyzed. The last section concludes this paper.

2. Literature Review

In the existing literature, there are many CLSC studies focusing on the chain structure,
the coordination of chain members, collection channels and optimal determinations and so
on. In this section, the studies related to this paper are reviewed briefly.

In recent years, due to the higher awareness of environmental protection and sustain-
ability concepts, an increasing number of scholars have begun to study the CLSC with
remanufacturing activities. Many scholars have studied different structures of this kind
of CLSC. Wan and Hong [14] study a CLSC with an independent manufacturer and two
recyclers, and the recycling process is completed with dual collection channels. The results
show that remanufacturing activities can stimulate consumption. Comprising one manufac-
turer, one supplier and one third-party collector, a CLSC in which used products from the
market are recycled is addressed by Wang et al. [15,16] and Lee [17]. Wang et al. [15] assume
that the supplier and the collector are competitive, and the optimal recycling strategies
are derived. Lee [17] establishes and analyzes six different Stackelberg game models. A
comparison and analysis reveal that the CLSC’s win-win situation must be based on the
premise that all members participate in green activities. Li et al. [18] investigate a CLSC
comprising one manufacturer and one retailer, in which the retailer completes recycling
activities. By formulating a dynamic pricing game model, they discuss the optimal pricing
decisions of CLSC members. Zheng et al. [19] investigate a three-echelon CLSC, where
the manufacturer completes manufacturing, recycling and remanufacturing activities inde-
pendently. In the study of decision problems regarding recycling channels in closed-loop
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supply chains, a review of many relevant papers clearly shows that many scholars discuss
a CLSC consisting of a manufacturer and a retailer [3,5,20-22]. Few studies consider the
structure of the CLSC composed of one supplier and one manufacturer. Based on this
common structure, Ji et al. [5] multiple recovery and warranty channels are discussed.
Wen et al. [20] discuss the pricing decisions of the retailer. The conclusion shows that
an equal-pricing strategy is the optimal strategy. Mondal and Giri [21] assume that the
manufacturer recycles and remanufactures reused products by itself. Wan [23] considers
the CLSC structure with government subsidies and to discuss the optimal decisions, for-
mulates nine different decision models under three kinds of collection modes and three
kinds of power structures. Wang et al. [24] also study the retailer collection modes.

The research topic, the production capacity constraint problem, is also related to the
analysis conducted in this paper. In many studies, the capacity of production is unlimited.
However, the reality is that no manufacturer can manufacture products without the lim-
itation of manufacturing capacity, and this capacity cap has many important influences
on the CLSC members’ decisions. Wu et al. [25] discuss a two-echelon CLSC composed
of one supplier and two manufacturers, in which these manufacturers have asymmetric
capacity constraints. Through calculation and analysis, different information sharing plans
are formulated. The result shows how the manufacturer’s information sharing mechanism
is affected by the supplier’s pricing decision. A two-stage decentralized supply chain [26],
in which the manufacturers’ production capacity is limited, is studied. Hsieh and Lai [26]
analyze the manufacturers’ capacity allocation and pricing decisions and study how some
factors affect the manufacturers’ decisions and profits, revealing that the influence of some
parameters on revenue depends on the expected demand. Due to the existence of restrictive
price caps, the situation is more serious when there is a capacity limit. Atamer et al. [27]
explore the influence of capacity constraints on optimal equilibrium conditions, such as
pricing and production, and find that the upper limit of production capacity will affect the
manufacturers’ decisions. As the previous literature rarely considers capacity constraints,
the upper limit of the capabilities of the manufacturer is considered in our models.

In addition to the different supply chain structures and capacity constraint discussed
above, coordination and cooperation among chain members have also been widely dis-
cussed. Under a CLSC framework, how can members be motivated to cooperate and
improve their profit? To solve this problem, scholars discuss CLSCs and consider various
cooperation methods, such as quantity discounts, cost-sharing contracts, revenue-sharing
contracts, and buy-back contracts. Zheng et al. [19] discuss three kinds of cooperative
models (a centralized model, a manufacturer and distributor cooperation model, and a
distributor and retailer distributor model) and consider the fairness concerns of the retailer.
The cooperation method is a coalition structure, and the results can help chain managers
understand the optimal option. Xiang and Xu [28] consider cost-sharing contracts between
the retailer and the Internet service platform and revenue-sharing contracts between the
manufacturer and the retailer. Their results show that contracts have positive impacts
on the development of the industry and the supply chain’s sustainability. Considering
carbon emission reduction in pricing decisions, Li et al. [29] research one-way and two-way
cost-sharing contracts. The results show that the two-way cost-sharing cooperative method
is optimal. Zheng et al. [30] study five different coalition decisions models. In the study of
decision problems regarding collecting channels in closed-loop supply chains, revenue-
sharing and cost-sharing contracts are the two most frequently discussed types of contracts.
Zou et al. [31] discuss a supply chain consisting of a manufacturer and two competing re-
tailers and examine the impact of revenue-sharing covenants on coordination, considering
the two-way risk aversion characteristics of the members. The authors find that the optimal
ratio obtained through the revenue-sharing contract can improve the chain members’ profit.
Yuan et al. [32] analyze some necessary conditions of the manufacturer, the retailer, and the
online collector to achieve interest coordination. Ji et al. [5] consider two types of covenants
to study multiple recycling channels and warranty channels. The research on two-way
coordination contracts is currently not extensive. Information asymmetry in this situation
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often affects the efficiency and profitability of the enterprise. Therefore, based on the above
studies, this paper proposes building a double coordination contract between the supplier
and the manufacturer.

The review of the above literature shows that the closed-loop supply chain recovery
channel is the most discussed in most of the studies on the decision problem [5,7,33]. How-
ever, this study is different from the existing studies. In this study, the CLSC is composed
of one supplier and one manufacturer, the manufacturer has capacity constraints, and the
manufacturer can enhance their capacities through capacity investment. Additionally,
the supplier collects used products from the market, denoting a collecting method different
from the manufacturer and third-party collecting methods in existing research. Three coop-
eration methods are proposed, and two contracts are considered: cost-sharing contracts
and two-way coordination contracts. Among them, the cost-sharing contracts are discussed
in most existing studies [32,33], while two-way coordination contracts are rarely studied in
the existing literature. Then, the optimal pricing decision and collecting channel option un-
der two kinds of collecting scenarios (supplier collection and manufacturer collection) are
discussed. We also analyze the influence of some important factors, such as the customer’s
price sensitivity and the cost-sharing and revenue-sharing ratio, on the CLSC members’
pricing and channel decisions.

3. Problem Basics
3.1. Problem Description

This paper studies a CLSC composed of one supplier, called Player S, and one manufac-
turer, called Player M. Each member aims to maximize its own profit. Further, the informa-
tion in this CLSC is symmetric such that all CLSC members acquire the same information as
they are determining decisions. Based on the supplier’s decisions and the market demand,
the manufacturer needs to determine its best prices. According to the reaction of the
manufacturer, the supplier and the market determine the best decisions.

In the following, we formulate five different models: the manufacturer collecting
scenario without a contract (Scenario MC); the manufacturer collecting scenario with a
contract (Scenario MS); the supplier collecting scenario without a contract (Scenario SC);
the supplier collecting scenario with a contract (Scenario SS); and the supplier collecting sce-
nario with a double coordination contract (Scenario SD). In the five scenarios, the decision
sequences are divided into two cases. When the manufacturer collects, first, the supplier
decides its best price p1, then the manufacturer determines the remanufactured products’
best price p, and then determines the collecting rate T and the new products’ best price
pn according to the decisions of the supplier. The difference between those models lies
in the member responsible for the collecting process. In Scenario MC and Scenario MS,
the manufacturer is responsible for collecting; in Scenario SC, Scenario SS and Scenario SD,
the supplier collects the used products from the market. Two different contracts between
chain members are studied: a cost-sharing contract and a two-way coordination contract.
In Scenario SD, we also consider a two-way cooperation contract to increase the profit
of the CLSC members. Figure 1 shows the structure of the CLSC when participants are
making decisions.

In this structure, the supplier supplies the components to the manufacturer. The
manufacturer will manufacture new products by purchasing those components from the
supplier and sell new products to consumers directly. Additionally, the manufacturer can
also produce the remanufactured products using recycled components, which are collected
independently or purchased from the supplier, and can sell remanufactured products to
the consumers directly. The collecting process is completed by different members (either
the supplier or the manufacturer) in different models. Both the manufacturing and reman-
ufacturing capacity have constraints; however, the manufacturer can extend its production
capacity through capacity investment, where the investment cost can be viewed as a linear
function of investment volume [34]. The market has different preferences for the two kinds
of products, the demand and price are linearly related, and the market is price sensitive.
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Figure 1. The decision-making sequence.

3.2. Notations

The notations used in the model are listed below Table 1:

Table 1. Notations.

Parameters

7 The cost of the capacity investment coefficient

- The customer preference coefficient on remanufactured products;the customer preference
coefficienton new products can be defined as (1 — o); refer to [30]

U The cooperator investment cost-sharing ratio

7 The cooperator recovery cost-sharing ratio

Q Total market potential demand of the products

' The cap of manufacturer production capacity; the i in the subscript will take value 1 and 2, which

¢ denote different production activities

Cg The unit cost paid by the supplier for providing one new component

cr The scaling parameter for a return; analogous to [21]

Cm The unit cost paid by the manufacturer for manufacturing one new product

cr The unit cost paid by the manufacturer for remanufacturing one remanufactured product

A The unit cost saved by remanufacturing compared to manufacturing, A = ¢y — ¢, > 0

c The average cost of producing one unit of product, ¢ = ¢y, (1 — T) + ¢, T = ¢ — AT; analogous to [6,16]

A,B Characters used to simplify the expression of the result of the calculations, no real meaning

ux,v Characters used to replace complex expressions, no real meaning

Decision Variables

The unit price of one new component
The unit price of one reused component
The collection rate of the used product

The unit price set by the manufacture for new products
The unit price set by the remanufacturer for remanufactured products

j in the superscript takes the values MC, SC and MS, SS, and SD, which denote different scenarios; k in the
subscript takes the values M and S, which denote different collectors.
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Table 1. Cont.

Derived Variables

l]n?
qr/
ky/
ky/
T,/
I1g/
I/

The market demand of the new products

The market demand of the remanufactured products

The amount of manufacturer’s capacity investment for manufacturing

The amount of manufacturer’s capacity investment for remanufacturing

The profit of the manufacturer

The profit of the supplier

The profit of the CLSC

j in the superscript takes the values MC, SC and MS, SS, and SD, which denote different scenarios.

3.3. Assumptions

Our models are formulated under these assumptions.

Assumption 1. The production capacities of manufacturing and remanufacturing have constraints,
and unlimited production is not possible. The production capacity of both has a cap.

Assumption 2. The two kinds of products are different for consumers, and they have different
market preferences.

Assumption 3. This paper assumes that the market demand is larger than the production capacity
and that the demand of the end market should be satisfied. Therefore, the manufacturer and the
remanufacturer need to extend their capacity through capacity investment. Let rk be the investment
cost, which indicates that the investment cost is a linear function of the amount of investment,
analogous to Xie and Han [34].

Assumption 4. The demand of the market is linear and dependent on the price, and the potential
market is normalized to 1 [30].

Assumption 5. The collector of used products should bear the costs incurred in the collecting
process, which is the convex growth function of the collection rate and can be expressed as c 7> [21].

Assumption 6. The information obtained by each member is symmetric, and all games are complete
information games.

4. Model Formulations and Solutions

This paper researches a CLSC composed of one supplier and one manufacturer.

The whole potential demand is Q; therefore, the demand of new products can be ex-
r 9P, —Pr

e %5
In these functions, k1 = g, — ¢1, and k, = g, — ¢,. Both manufacturing and remanufac-
turing have a production capacity constraint ¢; and ¢, which cannot satisfy the market
demand; therefore, they need to extend their production capacity through capacity invest-
ment. The investment cost of manufacturing and remanufacturing can be described as a
linear function of investment volume, c; = rkj and c; = rky, respectively. In this section,

the optimal decision values in different scenarios are solved.

pressed as g, = Q , and the demand of remanufactured products is g, =

4.1. The Manufacturer Collecting Scenario
4.1.1. Without Cooperation Contract (Scenario MC)

In this scenario, the supplier is assumed to be the leader of the Stackelberg game,
and the manufacturer is the follower. The supplier determines its pricing decision of
components to maximize its own profit. According to the decision of the supplier, the man-
ufacturer decides the best recovery rate and then makes its pricing decisions. All members
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of the CLSC aim to maximize their own profit. Furthermore, the collection process is
completed by the manufacturer in this model.

The supplier determines p}C, the optimal price of new parts. Then, the manufacturer
reacts and decides simultaneously the optimal price of two kinds of products, namely, p}¢
and pMC, and finally determines the recovery rate TI\A/}IC.

The manufacturer’s profit expression is as follow:

MC MC MCx\ _MC MCx MC MC MC =(MC MC
muxHM *= (pn * —P1 *)% *+pr *qr : _rkl : _rkZ : _C(qn *'le *) 1
2
— C LTAA/?C*
subject to ¢1 < gMC*, py < gMC*
The supplier’s profit expression is as follow:

maxl 1€ = (p1© — oo )ghc @

Theorem 1. The profit function of the manufacturer is concave with respect to pMC©, pMC and
M. The profit expression of the supplier is concave with respect to pMC.

Then, the backward induction method can be used to obtain these optimal determinants of the
chain members.

For the manufacturer, pMC and pMC are determined first and from the first-order conditions

MC
of optimization, E;?% = 0. The optimal solution can be obtained.
M

Mo _ 8Q - A(1 +0)  Mex 3)
M 2cp 2cpo(l—0)""

Proposition 1. In Model MC, the collection rate of manufacturer TC decreases as the price of the

remanufactured product set by manufacturer pﬁVIC increases.

There is a negative correlation between the recovery rate and the selling price of
re-products. The higher the selling price is, the lower the recovery rate. When the price of
remanufactured products is too high, the price-sensitive market demand will inevitably
decrease. Therefore, manufacturers will choose to reduce the production of remanufactured
products to avoid losses caused by oversupply, which will lead to a reduction in collecting
activities. How to determine the appropriate price to balance demand and revenue is a
problem that manufacturers need to consider.

MC
For the manufacturer, from the first-order conditions of optimization, aa?% = 0.
The optimal solution can be obtained.
1-0)Q 1
placs = 12000 5 9 S (4)

Proposition 2. In Model MC, the optimal pricing of the manufacturer for selling the new products
pMC increases with the unit price of a new component p’

The above shows that the price of a new product is positively correlated with the price
of its components. This is in line with reality. As the price of purchased components rises,
the manufacturer’s pressure on product manufacturing also increases. To obtain revenue,
the selling price of products can only be increased. Since the model is more ideal than the
actual model, a simple linear relationship appears here. Recently, under the influence of
the COVID-19 pandemic, the supply chain of many automobile manufacturing industries
has fluctuated. Almost all parts suppliers have joined the price increase camp. Take our
common product tires as an example; in March, Michelin started to increase prices in the
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US market by 7% and in the Canadian market by 5%, all of which will result in price
changes in the auto industry in the future.

Substituting the above result Equation (3) into the calculation, the manufacturer sets
their wholesale price of the remanufactured products as follows:

pC = Bipl© + A (5)
20

A
2CL0'2(1—0') <Cm+7—ﬁ> 2CLL7(17(72)
4cpo(1—0)—A2(140)? 7 1= depo(1—0)—A2(140)%

where A; =

Proposition 3. In Model MC, if the price of the remanufactured product set by manufacturer
pMC decreases, the unit price of one new component set by supplier p{VIC increases; otherwise, pMC
increases with pMC.

Sometimes, there is also a negative correlation between the selling price and the supply
price, which can be regarded as competition between two kinds of products. This also
reminds the manufacturing industry that looking for suppliers with suitable quotations
will indirectly affect the proportion of remanufactured products’ demand, thereby affecting
the sustainable development of the industry.

Given the manufacturer’s pricing decisions, the supplier has the best reactions of

MC
pMC. For the supplier, the first-order condition of optimization is %I;Iif/fc = 0. The optimal
solution can be obtained.
1-0)—24; 1

2+44B, 2
Proposition 4. In Model MC, if A*> > 8ccy, the unit price of one new component set by supplier
pMC decreases with the cost of the capacity investment coefficient r; otherwise, the relationship

between them cannot be determined. Besides, there is a linear correlation between piwc and r.

Proof of Proposition 4. From above calculation, we can obtain:

p1

=~ 234 2%
2
_ QU —0)(ero (1 —0) = A2(1+0)%) —4ero?(1— o) (e +7 = 52) Y
8cro(1—0) —2A%(1+0)%+8cLo(1 —02) 27
op M+ B —4c;0%(1—0)

or  8cro(l1—0)(2+0) —2A2(1+0)2

From the assumptions, ¢ € (0,1),s01 — ¢ > 0, then —4c;0?(1 — ¢) < 0 is constant;
and (1-0)(2+40) € (0,2), (1+0)? € (1,4).

Then it can be obtained: 8c;o(1 — )(2+ ¢) < 16¢cr0, 2A%(1 + 0)? > 2A2.

Hence, as 16c0 < 2A2%, we can obtained 8c.o(1 — ¢)(2 4+ ¢) < 2A%(1 + ¢)?, then
8cro(1—0)(2+0) —2A*(1+0)? <0, o gi& > 0; otherwise, the relationship cannot be
determined.

Substituting the above result into the calculation, the capacity investment of manufac-
turing and the capacity investment of remanufacturing can be expressed as follows:

MC
B A1+ La + Blpi\/IC + 7Q(12_U)

MC* _
=0 1—0

- ¢ )
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O

Proposition 5. [n Model MC, we have the following:

[1]IfU < U < 0, the amount of the manufacturer’s capacity investment for manufacturing

increases with the unit price of one new component set by supplier pMC; otherwise, kMC

decreases as pMC increases. Where U = —4cy, o(1 — o), U = 4c; (c—0%) —A*(1+0)2
[2]If0 < U < U, the manufacturer’s capacity investment for remanufacturing k}C decreases

as the unit price of one new component set by supplier p¥€ increases; otherwise, kY€ increases

with pMC. Where U = 4cy (1 — 0?).

MC
kl

Proof of Proposition 5.

MC
B A+ PlT + Blp{\/IC + 7Q(12_U)

MC* _
=0 1—0

— ¢

ak{‘/fc* B 1 B 2CL(T(1 +0)

apMC 21 —0)  4c(0—0?) — A2(1+0)?

Cdep(0—0?) = A2 (14 0)* +4epo(1—0?)
2(1—0)[4cp (0 —02) — A2(140)?

We can treat 4c; (0 — 0?) — A%(1 + 0)? as a quadratic function of ¢.
If 4c; (0 — 0%) — A*(1 + )% > 0, then 4cr (0 — 02) — A?(1+0)? +4c (1 — 0?) > 0,

MCx
2(1—0)[4cr(0 —0?) — A’(140)?] > 0, hence ;I?W <0.
1
Ifdcy (0 —0?) — A?(1+0)? < —4cro(1—0?), thendcy (0 —0?) — A?>(1+0)% +4cro(1—
MCx
02) < 0,2(1 — o) [4cr (¢ — 0?) — A2(1 + )] < 0, hence g’;% <.
1

. OkMCx
Otherwise, o > 0.
Al + Blp{\/fc _0-|:lec + Q(la):l
MCF _ 2 2 o
2 olc— 1)
okHICx 1 2c.(140)

apMC+ — 2(1—0) dcp (0 —02) — A2(1+0)2
A (0 —0%) — A?(1+0)2 +4c (1 - 0?)
21 —o0)[4cL(0 —02) — A2(1 + 0)?]

Similarly, if 4c; (¢ — ¢?) — A%2(1+ )% > 0, then 4c; (0 — 02) — A?>(1 4 0)? + 4cp (1 —
MCx*
02) > 0,2(1 — ) [4ep (0 — ?) — A2(1 + 0)?] > 0, hence gl;zw > 0.
1
Ifdcy (0 — %) — A?>(1+0)? < —4cro(1—0?), thendc (0 — 02) — A?(1+0)? +4cp (1 —
MCx
02) < 0,2(1 — o) [4cy (o — 02) — A2(1 + )2] < 0, hence g’;% > 0.
. QkhC
Otherwise, apii < 0.
From the above, the relationship between the investment in manufacturing capacity

kMC and the pricing of new components pM¢ and the relationship between the investment
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in remanufacturing capacity k1€ and pC must be opposite; that is, if the investment in
manufacturing capacity is positively correlated with the pricing of new components, then
the investment in remanufacturing capacity is negatively correlated with the pricing of new
parts. When the pricing of modules increases, the investment in one type of production
capacity will increase, while the investment in the other will decrease. The supplier’s
pricing of components can determine the manufacturer’s production arrangements, which
in turn affects the sustainability of the CLSC. The reasonable pricing of supplier is beneficial
to the overall development of the CLSC.

According to the best reactions of members, we then obtain the optimal decisions of
the CLSC.

Mcx _ 6 2A1— Q(1—0) i Q(l—o)

Pn =47 T20B, + 2) 2 ©)
MCx _ s 24— Q(1-o)
py T =A1 + 31[2 T — (10)

Mc*_%+A{A1 + Bl[%‘%”(“*’ 1)

= 11
™ 2y 20cp (0 — 1) an
Ay +§— 24;— Q(1—-0) + Q(1—0) + By [gs _ 24 - Q(l—lf)}
MC* _ A 2(4B; +2) 2 2 4B, + 2 B
k™ =Q 1= o P (12)
241 —Q(1—0) _ ¢ _ Q(l-0) s _ 24— Q(1—0)

kMC*_A1+“ 21(4Bl+2) —T- "2 }+Bl[%_ 1431+2 }—49 (13)

2 oclc — 1) 2

Then, bringing the above results back to the income function, the maximum profit of
CLSC members and the maximum revenue of this CLSC are calculated. [J

4.1.2. With Cost-Sharing Contract (Scenario MS)

In this model, the supplier is assumed to be the leader of the Stackelberg game, and the
manufacturer is the follower. The supplier determines its pricing decision for components
to maximize its own profit. Based on the decision of the supplier, the manufacturer decides
the best recovery rate and then makes its pricing decisions. All members of the CLSC aim
to maximize their own profit. Furthermore, the collecting process is completed by the
manufacturer in this scenario, and the supplier shares the manufacturer’s collecting cost.

The supplier decides p{VIS , the optimal price of new components. Then, the manufac-
turer reacts and decides simultaneously the optimal price of two kinds of products, namely,
pMS and pM°, and finally determines the recovery rate 74°. The decision sequence is the
same as that in scenario MC.

The manufacturer’s profit expression is as follows:

maxIE>* = (py™ — pi*") gy + po g)™ —rkS* — i)™ — (g™ +97%) (19)
_ #CLT]]\\/IAS*Z
subject to ¢; < gMS*, ¢ < gMS*
The supplier’s profit expression is as follows:

* * * *2
maxT 15" = (5 — ¢ )htS — (1= perif® (15)
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Theorem 2. The profit function of the manufacturer is concave with respect to p°, pMS and TMS.
The profit expression of the supplier is concave with respect to pMS.

For the manufacturer, pMS and pMS are determined first, and from the first-order condition of
MS
optimization, L — 0. The optimal solution can be obtained.
oTMS

AQ  A(l+0)
MS* _ _ MS*
™ T e 2uero(l—o)fr (16)

Proposition 6. In Model MS, the collection rate of manufacturer Toy° decreases as the price of the
remanufactured product set by manufacturer pMS increases. The larger the investment cost-sharing
ratio y is, the smaller the change in TMS with pMS.

For the manufacturer, pM> is known, and from the first-order condition of optimization,

LIS . . )
apis = 0. The optimal solution can be obtained.

1-0)Q 1

ppase = 1=0)Q 1. (17)
2 2

Substituting the above result Equation (16) into the calculation, the manufacturer sets the
wholesale price of the remanufactured products as follows.

p15* = Bsp'™* + As (18)

A2
2ucpo?(1-0) (Cm+7*ﬁ> ZycLU(lftfz)

ducpo(1—0)—A2(140)% 5= dpc o (1—0)—A2(140)

where As =

Proposition 7. In Model MS, if 4ucio(1 — o) < A%*(1 + 0)?, the price of the remanufactured
product set by manufacturer pMS decreases as the unit price of one new component set by supplier
pMS increases; otherwise, pM® increases with pMS. The larger the investment cost-sharing ratio
is, the smaller the change in pMS with pMS.

Given the manufacturer’s pricing decisions, the supplier has the best reactions of pMS. For the

MS
supplier, from the first-order condition of optimization, g—,ﬁ[s = 0. The optimal solution can
1

be obtained.

pMS+ _ cp(1—0)0?u?(Q — 0Q — 2A5 + ¢s + 2Bscy) + 0BsQ(1 — p) (1 — 0?)A? 19)
! (1— 1)A2(1 + 0)?Bs? + 2¢1 (1 — o)(1 + 2Bs) 022

Proposition 8. In Model MC, if 4ucpo(1 — o) < A?(1+ )2, the unit price of one new compo-
nent set by supplier pM® decreases with the cost of the capacity investment coefficient r; otherwise,
pMS decreases as the cost of capacity investment coefficient r increases. Besides, there is a linear
correlation between pMS and r.

Substituting the above result into the calculation, the capacity investment of manufacturing
can be expressed as follows.

MS B
As + 8-+ Bophts 4 209

kMC*:
1 Q 1—0

- $ (20)

Furthermore, the capacity investment of remanufacturing can be expressed as:

vcr _ As + Bsp™® — §[p)° + Q(1 - 0)]
o = oc(c—1) — 2 @1

Proposition 9. In Model MS, we have the following:
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[1]If X < X < 0, the amount of the manufacturer’s capacity investment for manufacturing
increases with the unit price of one new component set by supplier pS; otherwise, kM®
decreases as pMS increases. Where X = —dcppuo?(1—0), X = 4cp (0 — 02) — A2(1 + o).

[2]If0 < X < X, the manufacturer’s capacity investment for remanufacturing k'S decreases
as the unit price of one new component set by supplier p' increases; otherwise, k'S increases
with pMS. Where X = 4cp0?(1 — 0)2.

The proof is similar with Proposition 5.

According to the best reactions of members, we then obtain the optimal decisions of the CLSC.

MS
kl

pMCe _ cLo?p? (o — 1)(Q — 2A4s +¢s + 2Bses — 0Q) — BsQuAZ(0? — 1)(n — 1)
2[352A2(a + 1% — 1)+ 2c.0242(2Bs5 + 1)(c — 1)]

_ Q(UZ* 1) (22)

MCs _ Bs[cro?u?(c — 1)(Q — 245 +¢s + 2Bscs — 0Q) — BsQuA2(0? — 1)(n — 1)]
Pr BA(0 + 12(n — 1)+ 2000%2(2B5 + 1)@ — 1)
+ As (23)

Bs[CLUZ‘llZ(V* 1)(Q — 2As5 +¢s + 2Bscs— 0Q)— BSQVAZ(VZ— 1)(;4 - 1)]
MCx A{A5 + B52A2(c + 1)2(11 — 1)+ 2c102p2(2B5 + 1)(c — 1) (U+ 1)

2cppo(oc— 1)

QA
+ 2 (24)

™ =

MCt _ cLo?u?(oc —1)(Q — 2As + ¢s + 2Bscs — Q) — BsQuA? (o + 1) (u — 1)
! 2[Bs2A2(c + 1) (5 — 1) + 2c00%2(2B5 +1)(0 — 1)]

(1+2Bs)

Q As
M _ 10”1 (Q — 245 + ¢s + 2Bscs — 0Q) — BsQuA* (0 +1)(p — 1)
2 = 5 5 (2Bs - 1)
2[35 A0 +1)2(u—1) + 2c,0242(2Bs +1) (o — 1)
Q As
+E+a(071) G (26)

Then, bringing the above results back to the income function, the maximum profit of CLSC
members and the maximum revenue of this CLSC are calculated.

4.2. The Supplier Collecting Scenario
4.2.1. Without Cooperation Contract (Scenario SC)

In this model, the supplier is assumed to be the leader of the Stackelberg game, and the
manufacturer is the follower. The supplier determines its best recovery rate and the aim
of the supplier’s pricing decision for components is to maximize its own profit. Based on
the supplier’s decision, the manufacturer makes its pricing decisions. All members of the
CLSC aim to maximize their own profit. Furthermore, the collection process is completed
by the supplier in this model.

The supplier determines p;C and p5C, the optimal price of two kinds of components.
Then, the supplier determines the best recovery rate T3¢, and the manufacturer reacts and
decides simultaneously the optimal price of two kinds of products, namely, p5¢ and p;C.

The manufacturer’s profit expression is as follows:

maxl " = (piC = piC )i + (p5™ = p3T)gf™ — i — i —c(ai +477) (27)
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subject to ¢1 < 45°%, ¢y < g5+
The supplier’s profit expression is as follows:

maxl150 = (p3 — 6 )qiC + p3q " — cvrif? 28)

Theorem 3. The profit function of the manufacturer is concave with respect to pC and p3C
The profit expression of the supplzer is conczwe with respect to p3, p3C, and TSC

For the manufacturer, p;© and p5C are known, and from the first- order conditions of the
SC
optimization, % =0, and aaI:sc = 0. The optimal solutions can be obtained.

., 1-00 1 1 o0,
picr = 12000 2) + o = o (29)

. g+ —(1+o)(Ats—r—c
pSCr — Pi P2 (2 )( m) (30)

Proposition 10. In Model SC, we have the following:

[1] The optimal price of the manufacturer for selling the new products p;C increases with
the unit price of a new component p3C, and p;C decreases as the unit price of a reused component
p5C increases.

[2] If 4ocp (1 — o) > A*(1+ )%, the optimal price of the remanufactured product pMC¢
increases with pj© and pS©; otherwise, pMC decreases as pj© and p5© increase.

The retail price is always opposite to the supply price of two kinds of components, which shows
that the two kinds of components are in a competitive relationship. In addition, the retail price of a
remanufactured product always has the same relationship with the supply price of the two parts,
which means that the price changes of the two parts make no difference in the selling price of the
remanufactured product.

For the supplier, p;€ and pS© are determined first, and from the first-order condition of the

al;lssc = 0. The optimal solution can be obtained.
S
A
where Ay = ﬁfhﬁ‘?)

Proposition 11. In Model SC, the collection rate of supplier TSSC increases with both the price of
new components p;© and the price of reused components p5°©.
Given the manufacturer’s pricing decisions, the supplier makes its best reactions. For the

SC
supplier, the first-order conditions of optimization are 3;;SC =0a a;; = 0. The optimal
2
solutions can be obtained.
B, + A3B
SCx 2 353
== 32
pl 1— A3A4 ( )
B; + A4B
SCx 3 452
== 33
pZ 1— A3A4 ( )
where By = AwOentent gy oM gy P00 iotoihe)

c(2—AAy)’ (14+0)(20—AA3)

_ A(TAZ
Ay = 20—AAy "



Sustainability 2021, 13, 8725

16 of 28

Proposition 12. In Model SC, if A*(1 + o)* > 8cL0(1 — ), the unit price of one new component
set by supplier p;C increases with the cost of capacity investment coefficient r; otherwise, p3©
increases as the cost of the capacity investment coefficient r increases. Besides, there is a linear
correlation between p;© and r. The proof is similar with Proposition 4.

Proposition 13. In Model SC, if A>(1+ o) > 8cy (1 — o), the unit price of the reused component
set by supplier p5C decreases as the cost of the capacity investment coefficient r increases; otherwise,
p5C increases with the cost of the capacity investment coefficient r. Besides, there is a linear
correlation between pS© and r. The proof is similar with Proposition 4.

The above derivation shows that representing a complex relationship, the relationship
between the supply price of parts and the coefficient of the capacity investment cost is
related to the value of the remanufacturing cost savings, the coefficient of the recovery cost,
and market preferences.

Substituting the above result into the calculation, the capacity investment of manufac-
turing and the capacity investment of remanufacturing can be expressed as follows:

SC
piC +opi€+ (c+ 1) {cm +r+AA2(cs —p3C+ pf,)]

3
scx _ 2
=507 2(1—0)

2

-0 (39

Furthermore, the capacity investment of remanufacturing can be expressed as:

SC
(c+ 1) {cm +r+AA2<cs -pi¢ + pg)]
20(c — 1)

P+ o[pC - Qe = D] +opi©
20(c — 1)

SC* _
kz -

$2 (35)

Proposition 14. In Model SC, we have the following:

[1]If A>(1 4 ) > V, the amount of the manufacturer’s capacity investment for manufac-
turing k3C increases with the unit price of one new component set by supplier p3©; otherwise,
kfc decreases as p3;C increases; k;C4 increases with the unit price of one reused component set by
supplier p5C€. Where V = 4cp (1 — o).

[2] If A2(1 + ) < V, the amount of the manufacturer’s capacity investment for remanufac-
turing kgc increases with the unit price of one reused component set by the supplier pé‘dc ; otherwise,
kSC decreases as p3© increases; k3C increases with the unit price of one new component set by the
supplier p3°.

The proof is similar with Proposition 5.

According to the best reactions of members, we then obtain the optimal decisions of the CLSC:

pMCr _ By + A4By — By + A3B; Qo —1)

no = 2(A3A; 1) 2 (36)
(By+AsBy)  (Bs+AsBy)
MCx (0’+1){Cm +7’+AA2 |:Cs + 15314.43713 - (7(14331444,21)}}
pr = 5 (37)
_ B3 + AyBy — 0(By + A3B3)
2(A3A; — 1)
As>(B AuB A (B AsB
omex _ A2(Bs+ AgBy)  Ax(By + 33)_A2Cs (38)

c(A3Ay — 1) AzAyg— 1
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(By +A3B3)  (Bs+ A4By)
(c + 1){Cm +r +AA [CH‘ vy ves el 0(23/144—21)”

MC*_
= 2(c — 1)
(14+0)(By +A3Bs3)
T e T ] )

(By +A3B3)  (Bs+ A4By) 7(By +A3B3)
(0' + 1){Cm +r +AA2 [CS—'_ z‘%?,A4*313 - 0(23A44*21)]}+ r T

MC* _ AsA— 1
2 20(c — 1)
Q (1+0)(Bs+ AyBy) +0(By + A3Bs) (40)
) ¥ 20(0c — 1)(A3A4 —1)

Then, bringing the above results back to the income function, the maximum profit of CLSC
members and the maximum revenue of this CLSC are calculated.

4.2.2. With Cost-Sharing Contract (Scenario SS)

In this scenario, the supplier is assumed to be the leader of the Stackelberg game,
and the manufacturer is the follower. The supplier determines the best recovery rate,
and the aim of the supplier’s pricing decisions for components is to maximize its own
profit. Based on the supplier’s decision, the manufacturer makes its pricing decisions.
All members of the CLSC aim to maximize their own profit. Furthermore, the collecting
process is completed by the supplier in this scenario, and the manufacturer shares the
supplier’s collecting cost.

The supplier decides pj° and p5°, the optimal price of two kinds of components.
Then, the supplier determines the best recovery rate 73°, and the manufacturer reacts and
determines simultaneously the optimal price p5P and p3P, namely, p;° and p;°.

The manufacturer’s profit expression is as follows:

maxTIC™ = (piS* = pi*) g% + (pP%" — p55°) g™ — ki — rk8S* —o(3%" +5)
- (e (41)

subject to ¢1 < 455, ¢p < q2°*
The supplier’s profit expression is as follows:

% * SSx* «2
maxTIMC = (pfs —cs)qﬁs +p55%q)7 — peptd® (42)

Theorem 4. The profit function of the manufacturer is concave with respect to p5° and p3°.

The profit expression of the supplier is concave with respect to p3°, p5°, and 5.

Then, the backward induction method is used to solve the optimal determination of
chain members. For the manufacturer, pf S and pgs are known, and from the first-order

.. e ol153 ol153 . . .
conditions of optimization, ap—sf‘g =0, and ap—sf‘g = 0. The optimal solutions can be obtained.
n r

* 1-0c Q 1 * 1 *
pise = 12000 5 ) +opr = 5P (43)

sse TP PSS — (1+0)(ATs — 7 —Cm) 44
r - 2 ( )
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For the supplier, p7° and p5° are determined first, and from the first-order condition
SS

.. . dIl . . .
of optimization, 817555 = 0. The optimal solution can be obtained:
S

A A A
Tsss* _ A2 5% 4 22 55 — 22, (45)
U no U

A(140)
4cr (1-0)
Given the manufacturer’s pricing decisions, the supplier makes its best reaction.

where A, =

. . -, PR arig®
For the supplier, from the first-order conditions of optimization, ap—sss =0,and ap—sss =0.
1 2

The optimal solution can be obtained:

s+ Be+ AeBy

T1-AA, 46
P 1— AgAs (46)
By + AvB
SSx 7 706
T1-AA, 47
2 1— AgAy (47)
2
where Ag ﬁ/ A; = 217/3‘17’2{42, B, = I (1fa)c%lfitlr;r(gr)]gyizzc;;+aAAzcs),
1-0
7077Q_777_7]Cm+7165—AA2CS
By = 27—AA;

Proposition 15. In Model SS, if A>(1 + ¢)? > 8ycLo(1 — o), the unit price of one new com-
ponent set by supplier p3° increases with the cost of capacity investment coefficient r; otherwise,
p3S increases as the cost of capacity investment coefficient r increases. Besides, there is a linear
correlation between p3° and r. The proof is similar with Proposition 4.

Proposition 16. In Model SS, if A>(1 + ¢)?> < 8ycLo(1 — ), the unit price of the reused
component set by supplier pgs decreases as the cost of the capacity investment coefficient r increases;
otherwise, p3° increases with the cost of the capacity investment coefficient r. Besides, there is a
linear correlation between p5° and r. The proof is similar with Proposition 4.

Substituting the above result into the calculation, the capacity investment of manufac-
turing and the capacity investment of remanufacturing can be expressed as follows:

SS
(c+ 1) [p§5+cm+r+{7f‘2(cs—p§5+’”§,>}

2(c—1)

1
ST = ZQ+
L2

—$ (48)

Furthermore, the capacity investment of remanufacturing can be expressed as:

SS
(c+1) {cm+r+m<cs—p§5+”g)] +p3°

5% _ 7
k2" = 20(c—1)
o[p3° —pf* + Qo —D)] +opf®
+ 20_(0. _ 1) (PZ (49)

Proposition 17. In Model SS, we have the following:

[1]If A2(1 4 o) > T, the manufacturer’s capacity investment in manufacturing k3° increases
with the unit price of one new component set by supplier pj°; otherwise, k3° decreases as pj°
increases; k3° increases with the unit price of one reused component set by supplier p5°. Where
T =4crn(1—o0).

[2]1If A>(1 4 o) > 0T, the amount of the manufacturer’s capacity investment for remanufac-
turing k3° increases with the unit price of one reused component set by supplier p¥'S; otherwise,
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k3% decreases as py° increases; k3° increases with the unit price of one new component set by
supplier p3°.

The proof is similar with Proposition 5.

Then, bringing the above results back to the income function, the maximum profit of CLSC
members and the maximum revenue of this CLSC are calculated.

4.2.3. With Two-Way Contract (Scenario SD)

In this scenario, the supplier is assumed to be the leader of the Stackelberg game,
and the manufacturer is the follower. The supplier determines the best recovery rate and
makes its components’ pricing decision to maximize its own profit. Based on the supplier’s
decision, the manufacturer makes its pricing decisions. All members of the CLSC aim to
maximize their own profit. Further, the collecting process is completed by the supplier in
this scenario, and the supplier and the manufacturer form a double coordination contract.
The supplier shares the manufacturer’s capacity investment cost, while the manufacturer
shares the supplier’s recovery cost.

The supplier decides p;P and p5P, the optimal price of two kinds of components.
Then, the supplier determines the best recovery rate 75, and the manufacturer reacts and
determines simultaneously the optimal price p5P and psP.

The manufacturer’s profit expression is as follows:

* * * * * %y SDx * * = * *
maxTI~ = (ppP* = ppP ) + (PP = p8P)g, — u(rkiP +rk3P*) — e3P + g77%)

— (1 - ey gt (50)

subject to ¢1 < g%, ¢ < g7P*
The supplier’s profit expression is as follows:

SD 2
maxTI¥C = (p§P* — c) g3l + p3P%q, — (1 — p) (rkiP* +7rkSP*) — e s (51)

Theorem 5. The profit function of the manufacturer is concave with respect to p3° and p3P.
The profit expression of the supplier is concave with respect to p3P, p5P, and t$P.

For the manufacturer, pj° and p3P are known, and from the first-order conditions of

S arIsP or1sP . . .
optimization, ap—s’\g =0, and aps”{) = 0. The optimal solutions can be obtained.
n r

* (1 _U)Q 1 * 1 *
pal* = — T EPi;D - §P§D (52)

. opP 4+ psPr — (14 0)(Ats —ur — ¢
psDr _ TP TP (2 )(ATs — pr — cm) (53)

For the supplier, p;° and p5P are determined first, and from the first-order condition
SD

.. . dIl . . .
of optimization, ar% = 0. The optimal solution can be obtained.
S

A S5+ r(14+0)(1—pu)
SDx _ 42| ssx P27 H
T = —’7 P17+ e Cs T — (54)

A(l+0)
4c L (1—0’ ) :
Given the manufacturer’s pricing decisions, the supplier makes its best reactions.

The optimal solution can be obtained.

where A; =

sp« _ As+ AgBg

LT 1- A4y 9)
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where A(, = m/ A8 = 2n—AA, S A7 = 2;7(7—A2Az’
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Substituting the above result into the calculation, the capacity investment of manufac-
turing can be expressed as follows.

SD
P2+ api®+ (0 1) e 4 802 (e pP + 1)

Ul
2(0_1) _4)1 (57)

spx _ 1

Furthermore, the capacity investment of remanufacturing can be expressed as:

SD
(c+1) [cm +ur+ A,]A2<Cs -pnP + pffﬂ
20(c—1)

PPt a[p? P Qe D] op®
20(c—1)

SD* _
ky= =

$2 (58)

Then, bringing the above results back to the income function, the maximum profit of
CLSC members and the maximum revenue of this CLSC are calculated.

5. Numerical Examples

In this section, based on those optimal solutions of the model calculated above, the sen-
sitivity of some important parameters and the decision variables are analyzed. The impor-
tant parameters include the consumer’s market preference coefficient for remanufactured
products o and production capacity investment cost coefficient r, recovery cost coefficient
cr, and cost sharing coefficient 77 and y. Through numerical experiments, we compare the
relationship between the optimal pricing, optimal recovery rate and maximum revenue
of the members in the CLSC under different collecting modes and different coordination
contract conditions. Further, the influence of different values of important parameters on
each optimal decision is discussed. In addition, the best recovery method and the best
coordination contract are obtained based on the experimental results.

This research uses MATLAB to carry out related numerical experiments. Based on the
data given in some references [16], and combined with the above assumptions in this article
and the relevant conditions of the actual system, after making appropriate adjustments,
the parameter values are given as Table 2.

Table 2. The value of the parameters.

Q ¢, ¢, Cs Cm cr cr r I u 7
50 1 1 1 0.5 0.1 20 0.6 0.6 0.2 0.2

5.1. The Influence of Market Preference Coefficient

At present, many relevant documents have considered the market preference coef-
ficient. On this basis, this study discusses the influence of the market’s acceptance of
remanufactured products on the capacity arrangements and capacity investment decisions
of members in the chain. Combining the existing literature assumptions with the actual
situation, this study considers the market preference coefficient of remanufactured prod-
ucts o € [0.4,0.8]. This section separately studies the relationship between the pricing of
the two products, the recovery rate decision and the amount of capacity investment and
market preferences.
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The numerical experiment results are shown in Figure 2a—e below. Figure 2a,b show
the influence of market preference on product pricing. Figure 2¢,d illustrate the relationship
between the amount of capacity investment and the market’s preference for remanufactured
products. Figure 2e shows the change trend of the recovery rate with the market preference
coefficient under different models. The results show that as the market’s preference for
remanufactured products increases, manufacturers’ prices for both products are getting
lower and lower under different collecting models and coordination contracts, and the
amount of production capacity investment in manufacturing activities also gradually de-
clines. The amount of remanufacturing capacity investment responds differently to changes
in market preferences under different scenarios. Capacity investment in remanufacturing
activities increases and then decreases in the manufacturer collecting model, while the
amount of remanufacturing capacity investment gradually decreases in the supplier col-
lecting model. The collecting rate shows a small trend of increasing and then decreasing
as the market preference for remanufactured products increases. Such a trend of change
is conceivable. As the market’s preference for remanufactured products increases, more
consumers are willing to buy remanufactured products, and the competitiveness of new
products declines, and their demand also declines. The manufacturer’s original production
capacity is enough to meet most of the demand, and the production capacity that requires
additional investment is reduced accordingly. At this time, to cope with the loss of market
share, the manufacturer decides to lower the selling price. Accordingly, remanufactured
products that compete with new products must make adjustments to lower prices slightly.
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Figure 2. Sensitivity analysis of the preference coefficient of remanufactured products o. (a) The price of the new products.

(b) The price of the remanufactured products. (c) The capacity investment of manufacturing. (d) The capacity investment of

remanufacturing. (e) The recovery rate.

It is worth mentioning that the difference between the numerical experiment con-
ducted in this study and the existing literature is that the influence of the market preference
coefficient on the amount of capacity investment has also been explained. In different
models, the production capacity investment of new products has the same trend; and the
relationship between the production capacity investment of remanufactured products and
market preferences is related to the recovery mode. Under the supplier recovery model,
the amount of remanufactured product capacity investment also decreases as the market
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preference increases. Under the manufacturer’s collecting model, the amount of invest-
ment in remanufacturing capacity will increase and then decrease as the market preference
coefficient increases. It can be seen from Figure 2e that the recovery rate is low in the
model that does not consider the coordination contract, and the product recovery rate is
the highest under the condition of the supplier collecting and the double coordination
contract; it can be seen from Figure 2e that the recovery rate is low in the model that does
not consider the coordination contract, and the product recovery rate is the highest under
the condition of the supplier collecting and the double coordination contract. In addition
to the supplier collecting and considering the double coordination model, the recovery rate
has shown a trend of first increasing and then decreasing with the increase of the market
preference coefficient. The decrease in the recovery rate directly leads to the reduction in
components used for remanufacturing, meaning that the investment in production capacity
has to be reduced. In general, under the mode of supplier collecting and considering
double coordination, the change in remanufacturing capacity investment is the gentlest,
and the recovery rate in this case is also the highest.

If the quantity of remanufactured products is regarded as the basis for judging the
green sustainability of the CLSC system, it is not difficult to find based on the results of
numerical experiments that when the market’s preference for remanufactured products
is not high, the output of remanufactured products under the supplier collecting model
is the highest in the centralized scenario; when the market prefers remanufactured prod-
ucts over new products, the output of remanufactured products under the manufacturer
collecting model is the highest. The optimal recovery rate is always the highest under the
supplier’s recovery and two-way coordination model. Based on the above results, this
research suggests that when the market’s acceptance of remanufactured products is low,
decision makers can consider entrusting the collecting activities to suppliers to complete,
and appropriately increase coordination contracts; when remanufactured products have
similar positions to new products in the market or are even more recognized by consumers,
the collecting method of manufacturer is more appropriate. In the case of large fluctuations
in market preferences or unclear market preferences, it is more appropriate to adopt a
supplier collecting model and consider double coordination.

5.2. The Influence of Capacity Investment Cost Coefficient

In the existing literature, almost no scholars consider the upper limit of capacity
when discussing capacity investment. Starting from this point of innovation, this research
discusses the impact of capacity investment cost coefficients on those pricing, capacity
investment and allocation decisions of chain members under capacity constraints. Com-
bining the existing literature assumptions with the actual situation, this study considers
the producer capacity investment cost coefficient r € (0,2]. The relationship between the
pricing of two products, the recovery rate decision, the amount of capacity investment and
the capacity investment cost are studied separately.

The results of the numerical experiment are shown in Figure 3a—e below, where
Figure 3a,b reflect the relationship between product pricing and the capacity investment
coefficient. Figure 3¢c,d show the influence of the capacity investment coefficient on capac-
ity investment. Figure 3e illustrates the trend of the recovery rate. As seen in the figure,
as the cost per unit of capacity investment increases, the price of remanufactured prod-
ucts increases in all scenarios, the amount of capacity investment in both manufacturing
activities decreases, and the recovery rate decreases. Obviously, under the assumptions
of this study, there is a linear relationship between the above decision variables and the
capacity investment coefficient. When the unit investment cost is higher, the price of
remanufactured products that require an investment in capacity will decrease, and the
amount of capacity investment will also decrease. It is not difficult to understand that
when remanufacturing costs increase, price increases will be used to reduce losses. At this
time, demand decreases, and production capacity, which requires additional investment,
also decreases. In particular, as seen in Figure 3a, under the supplier collecting mode,
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the higher the investment cost per unit of capacity, the higher the pricing of brand new
products, but under the manufacturer collecting mode, with the increase in the investment
cost of unit capacity, the price of new products has decreased slightly. This means that
the cost per unit of capacity investment does not have a significant impact on the price
of new products when the manufacturer collects. This is consistent with the reality that
manufacturers tend to invest more capacity in the manufacture of new products and do
not need to invest too much additional capacity when demand is stable.

If the quantity of remanufactured products is regarded as an evaluation indicator of
the sustainability of the CLSC, under the manufacturer collecting model, regardless of how
high the unit cost is, no cost sharing is better than the scenario of considering cost sharing;
in the supplier collecting model, it is better to consider a single cost sharing contract;
in all scenarios, when the manufacturer collects and does not consider the coordination
contract, the investment in remanufacturing is the largest. This is different from the general
understanding, which considers that the coordination contract cannot optimize the system
in all situations. Lower production capacity investment costs denote a desired objective
of any manufacturer. Manufacturers can increase their versatility when initially setting
up production lines, or they can find production lines with lower rental prices, which are
both approaches conducive to the improvement of the manufacturers’ revenue and the
sustainable development of the entire supply chain.
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5.3. The Influence of Cost Sharing Factor

Cost sharing is a common method of coordination and cooperation in supply chain
systems. This study discusses the impact of sharing the cost of collecting on the decision-
making of members under two collection modes. Combining the existing literature assump-
tions with the actual situation, consider the cost sharing coefficient 7 € [0,1], u € [0, 1]. We
separately study the relationship between the optimal pricing of two products, the amount
of capacity investment and the cost-sharing coefficient.

The results of the numerical experiment are shown in Figure 4a,b below, it can be seen
that the impact of cost-sharing ratio on the amount of capacity investment in manufacturing
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activities, remanufacturing activities, and the pricing of both products when considering
the coordination contract under the two modes of manufacturer collection and supplier
collection, respectively. Figure 4a shows that as the cost-sharing ratio increases, the amount
of investment in both capacities increases in the manufacturer collecting mode, while the
amount of investment in capacity decreases in the supplier collecting mode as the sharing
ratio increases, and the amount of investment in remanufacturing capacity is always greater
than the amount of investment in capacity for manufacturing activities in both modes,
and the investment in new product capacity under the supplier collecting model is higher
than that under the manufacturer collecting mode. As seen in Figure 4b, the pricing of
new products is always higher than that of remanufactured products, the pricing under the
supplier collecting mode is not sensitive to the cost sharing factor, and the pricing of both
products decreases as the sharing factor increases when the manufacturer collects, which
means that reasonable coordination can reduce the selling price of the products.

An analysis of the results of numerical experiments shows that a small cost-sharing
ratio has an effective impact on the decision-making of CLSC members. When the cost-
sharing ratio is too large, it will have little effect on decision-making. With an appropriate
cost-sharing ratio, the supplier collecting model is more conducive to the sustainable
development of the supply chain. Therefore, the impact of effective coordination and
cooperation on product pricing and output is conducive to promoting the sustainable
development of the CLSC.
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5.4. Revenue Comparison in Different Scenarios

The above sections analyze several important parameters. This section starts from
the chain members and the whole CLSC and to arrive at a better scenario, discusses
the relationship between the CLSC members and the overall revenue of the CLSC in
different scenarios.

As shown in Figure 5a—c, when the market preference for remanufactured products
becomes greater, the overall revenues of the supplier, the manufacturer, and the CLSC
all show a downward trend. From Figure 5a,b, it can be concluded that for the supplier,
regardless of whether there is a contractual coordination relationship, the supplier collecting
model has the greatest benefit; the supplier has the least benefits under the manufacturer
collecting model with a cost sharing contract; the manufacturer has the greatest benefit
under the manufacturer collecting model without a coordination contract, and the supplier
collecting model with a double coordination contract has the least benefit. Figure 5c reveals
that the overall CLSC revenue is the smallest under the manufacturer’s recovery and cost-
sharing contract mode, and the CLSC revenues of the other four scenarios are not much
different; when the market’s acceptance of remanufactured products is low, the overall
revenue of the CLSC under the supplier collecting model is higher. When the market
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prefers remanufactured products, the manufacturer collecting model achieves the highest
chain revenue. The two-way coordination contract is not very helpful in improving the
overall revenue of the CLSC.

As shown in Figure 6a—c, when the unit capacity investment cost becomes larger,
the overall revenues of the supplier, the manufacturer, and the CLSC all show a down-
ward trend. From Figure 6a,b, it can be concluded that for the supplier, whether there
is a contractual coordination relationship has little effect on its profit; the supplier has
the least benefits under the manufacturer collecting model with a cost-sharing contract.
The manufacturer gains the maximum profit under the manufacturer collecting model
without a coordination contract, and the supplier collecting model with a cost-sharing
contract has the least benefit. Figure 6¢c shows that the overall CLSC profit is the smallest
under the manufacturer collecting with the cost-sharing contract model and that the chain
profit will reach the highest under the manufacturer collecting without the coordination
contract model.

The conclusions drawn from the comparison of the benefits of the two sets of numerical
experiments are almost the same. For the supplier, the supplier collecting model is the
best; for the manufacturer, the manufacturer collecting model is the best; that is, the leader
of collecting will obtain higher profits. For the overall profit of the CLSC, the model
without the coordination contract is better; compared with other models, the manufacturer
collecting model can maximize the chain profit. In some suitable scenarios, the supplier
collecting model can instead maximize the overall profit of the CLSC.
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6. Conclusions

Through modeling and calculation, this research has obtained the optimal decision-
making of CLSC members in different scenarios. Based on the existing dual-collecting
channel CLSC pricing problem, this paper adds the decision variable of capacity investment,
considers the manufacturer’s upper capacity limit, and proposes the supplier collecting
channel. At the same time, a method of constructing a double coordination contract be-
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tween the manufacturer and the supplier is proposed to study the effect of the coordination
contract on the CLSC decision-making problem. Through a series of numerical experiments
and analysis, the corresponding conclusions are drawn and mainly include the following:

1. Experimental analyses revealed that manufacturer collecting is the optimal collect-
ing method in most scenarios, but supplier collecting is still meaningful. In some special
situations, such as when the market’s acceptance of certain remanufactured products is
low, the supplier collecting method can maximize the overall profit of the supply chain.
The role of the supplier in the CLSC should not be limited to the supply of components
for production and manufacturing, but can also be responsible for the reverse logistics
activities in the CLSC. The supplier who is more familiar with components can play a
greater role in the quality control of recycled products.

2. Under capacity constraints, capacity investments can generate greater returns
for manufacturers and production capacity investment costs and recovery costs have a
greater impact on the income of members. The lowering of production capacity investment
costs is a desirable goal of any manufacturer. Manufacturers can increase versatility when
initially setting the production line or can find a production line with a lower rental price.
In addition, the cost of recovery affects the profitability of supply chain members and the
sustainability of the chain. The collector should control collecting costs as much as possible,
employing actions, such as improving collecting efficiency, reducing transportation costs in
the process, and handing over collecting to a third party to complete. These approaches are
conducive to the improvement of the members’ income and the sustainable development
of the entire supply chain.

3. A small sharing ratio has an effective impact on the decision-making of CLSC
members, while excessively large cost sharing has little effect on decision-making. Different
from the general understanding, the coordination contract cannot optimize the system in all
situations. In some cases, it will reduce the overall profit of the CLSC. In addition, double
coordination is more conducive to the leader. Therefore, for CLSC decision makers, they
need to be more cautious when establishing cooperation with other companies, especially
when considering cost-sharing cooperation methods. In other words, the cost-sharing
method of cooperation is not worth promoting.

Some conclusions drawn from this study have some insights for enterprises. First,
the market for remanufactured products is still not open. Although remanufacturing is
not a new thing, some enterprises and consumers still have misconceptions about remanu-
facturing. Some manufacturing enterprises always think that remanufactured products
will affect the market of their new products, and some consumers think that remanufac-
tured products are second-hand products, and they do not recognize the contribution of
remanufactured products to sustainable development. In the current market where the
acceptance of remanufactured products is low, enterprises can consider their own compo-
nents suppliers when choosing collectors, and supplier collecting at this time can bring
greater benefits to enterprises. Secondly, the market demand is gradually increasing and
the manufacturing capacity of enterprises is not sufficient to meet the demand. If there is no
timely investment to expand their own capacity, this will lead to a reduction in the market
share of enterprises, thus reducing their revenue. Timely capacity investment decision
is very important. In addition, when constructing a coordination contract, firms should
be careful to consider cost-sharing contracts, which can sometimes lead to lower returns;
when firms act as contract dominant, they should consider two-way coordination as much
as possible to obtain greater returns.

There are still many research opportunities in the future. First, this article only
discusses two kinds of cooperation contracts, and the researchable cooperation contracts
are much richer. Second, this article considers production constraints. However, there
are also restrictions on the supply capacity of suppliers and the collection capacity of
recyclers. Considering the capacity constraints of each member will bring the CLSC model
closer to reality. This article takes the output of products as the criterion for judging the
sustainability of CLSCs, but in reality, the measurement factors of sustainability in the
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supply chain are much more complicated. How to effectively improve the green level is a
problem that requires scholars to work together to think about solutions.
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