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Remanufacturing has become an important way to realize sustainable development strategy. For remanufacturing closed-loop
supply chain under different circumstances, many factors are considered, such as consumers’ different preferences for the
purchase and payment of remanufactured products and the quality of recycled products. In this study, three models are presented
for supply chain system, including a manufacturer lead and a retailer recycle. While nongovernment participation and non-
supply-chain coordination are considered in model I, model IT has government participation but non-supply-chain coordination,
and model IIT has both government participation and supply chain coordination. The equilibrium decisions are derived for each
model using the game-theoretic approach. The study found that consumers’ preferences affect the pricing decisions of rema-
nufactured products. When consumers’ willingness to buy and pay for remanufactured products is close to that of new products,
the total profit of the supply chain will significantly increase; the quality of recycled products will also influence the pricing
decisions of new/remanufactured products, which in turn will affect the market demand for products. Government participation
is conducive to encouraging manufacturer, retailer, and consumers to actively participate in the recycling and remanufacturing
activities of used products. Supply chain coordination contracts can further enhance the role of the consumer market and promote
the implementation of government policies. Under certain conditions, revenue sharing contract coordination can significantly
increase the total profit of the supply chain system. The research conclusions have certain reference value for the coordination
among the nodes of the remanufacturing supply chain and the formulation of policies with government participation.

1. Introduction

With the rapid development of global industry, the shortages
of energy and resource are increasingly plagued by economic
development. Meanwhile, the environmental pollution and
ecological destruction also bring unpredictable problems to
mankind [1]. How to achieve sustainable development has
become the focus of global research. Remanufacturing has
become an important way to realize sustainable develop-
ment strategy [2, 3]. The remanufacturing supply chain can
not only reduce resource consumption and environmental
pollution caused by used products, but also save costs,

increase profits, enhance corporate competitiveness [4], and
realize comprehensive economic and environmental benefits
[5]. Compared with new products, remanufactured products
have less impact on the ecological environment [6]. The
remanufacturing supply chain based on the closed-loop
concept emphasizes the implementation of product man-
agement from the product life cycle. Enterprises have the
responsibility to provide new products, as well as the ob-
ligation to recycle and remanufacture used products. Dif-
ferent consumers cause different levels of product loss, so the
quality of recycled used products is different, which leads
different recycling and remanufacturing costs [7]. At the
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same time, due to reason of personal habits, psychological
factors, economic income, education level, etc., consumers
have different willingness to buy and pay for new/rema-
nufactured products. Such differences in consumption
preferences will inevitably affect the market demand and
pricing decision of corresponding products [8]. According
to the UK carbon trust, consumers are willing to pay more
for some green products. According to the report on the
current situation of public green consumption in China
(2019 Edition), 83.34% of the respondents expressed support
for green consumption. Therefore, considering the influence
of consumers’ preferences and the quality of recycled
products on the pricing decisions of remanufacturing supply
chains has attracted widespread attention from the business
community, academia, and the government.

In order to reduce the burden on the social environment
and encourage enterprises to support sustainable develop-
ment strategies, it is necessary for the government to pro-
mote the development of the remanufacturing industry
through environmental regulations and fiscal interventions.
Taking China as an example, in order to support the pro-
motion and use of remanufactured products, promote the
recycling of remanufactured cores, and expand the market
share of remanufactured products, the National Develop-
ment and Reform Commission, together with four other
departments, has issued a notice to jointly print and dis-
tribute the notice on printing and distributing the pilot
implementation plan of “old for remanufactured products”
since 2013. When considering the role of consumer market
and government participation, the “double marginal effect”
still exists because the decision makers in the supply chain
system pursue their own profit maximization. Remanu-
facturing supply chain is in a state of imbalance, which
affects the overall benefits of the system. Therefore, how to
formulate the internal contract coordination of the supply
chain to promote the cooperation among the node enter-
prises has become one of the important contents of the
supply chain management. The government is willing to
provide various subsidies to improve the recovery rate of
used products, increase the market share of remanufactured
products, and guide consumers to buy remanufactured
products. For different government subsidies, rewards, and
punishment measures, consumers’ preferences and the
quality of recycled products will affect the operation decision
of the supply chain.

In the light of the above considerations, we address the
following research questions:

(1) Only the role of the consumer market is considered,
that is, how to make decisions in remanufacturing
supply chain system without government
participation?

(2) How does government participation affect enterprise
remanufacturing decision-making, product market
demand, and supply chain efficiency?

(3) Under the joint action of the consumer market and
government participation, what kind of coordination
contract is designed to improve the efficiency of the
supply chain system?
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The remainder of the paper is organized as follows.
Section 2 presents a literature review. Based on problem
description and modeling assumptions in Section 3, Section
4 designs the different decision Models. Using a numerical
example, a sensitivity analysis and discussion of the pa-
rameters are presented in Section 5. The final section pro-
vides conclusions and suggestions for future research.

2. Literature Review

In this section, the literature is reviewed regarding three
research streams to highlight the contributions.

2.1. Consumers’ Preferences. At present, some scholars have
studied the supply chain decision-making of consumer
preference behavior and made some breakthroughs. Cheng
et al. [9] mentioned that consumers have different accep-
tance of remanufactured products because of different
cognitive levels and consumption tendencies. Consumers
always believe that the value of remanufactured products is
lower than that of new products, and therefore, their will-
ingness to pay is also lower than that of new products. Hazen
et al. [10] showed that consumers tend to buy remanufac-
tured products and are willing to pay higher prices when the
remanufacturing process is transparent. Combined with
consumer environmental preferences, Liu et al. [11] studied
the decision-making behavior of manufacturers and re-
tailers. By establishing a centralized and decentralized game
model, Xiong et al. [12] deduced the optimal strategy
combination of manufacturers and retailers in the two
decision-making modes and analyzed the impact of con-
sumer environmental awareness on retail prices. Yu et al.
[13] analyzed the optimal production green policy effect with
consumer environmental awareness. Using the centralized
structure, decentralized structure, and repurchase contract
structure, Zhang et al. [14] discussed the optimal decision of
traditional products and green products. Ji et al. [15] con-
sidered consumer preferences in a dual-channel supply
chain. By comparing the centralized and decentralized
structures, Li et al. [16] found that the willingness to buy
low-carbon products is significantly different in terms of
values, age, income, and education level. Taking into account
consumers’ low-carbon awareness, Xia et al. [17] established
a game model dominated by manufacturers. The research
shows that it can effectively improve the enthusiasm of
supply chain members to invest in low-carbon industries
and increase their investment profits. By constructing three
decision-making models, centralized, decentralized without
altruistic preference, and decentralized with altruistic
preference in the low-carbon supply chain, Wang et al. [18]
claimed that the altruistic preference can help increase the
small- and medium-sized manufacturer’s profit and system
efficiency but decrease the retailer’s profit.

2.2. Government Participation. Government participation in
remanufacturing decision-making is also a research hotspot
in academic circles. Wang et al. [19] considered the gov-
ernment’s carbon emission tax policy in the supply chain
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system. Huang et al. [20] discussed the impact of govern-
ment subsidies on the electric vehicle industry and the
environment. Yang et al. [21] researched the policy effects of
government subsidies on consumers and corresponding
supply chain member companies. Xia et al. [22] analyzed the
impact of government subsidies on consumer perception
and found that not all consumers expect government sub-
sidies. In order to study the problem of energy conservation
and emission reduction in the supply chain, Yi et al. [23, 24]
established a Stackelberg model for retailers and manufac-
turers and found that government subsidies can increase the
profits of supply chain members. Under the quota trading
policy and low-carbon subsidy policy, Cao et al. [25] point
out that the profits of production enterprises do not com-
pletely depend on low-carbon subsidy policies. Sana et al.
[26, 27] concluded that government agencies encourage
enterprises to adopt green technology and green marketing
in different ways, including government subsidies and tax
implementation. Among them, the government provides
higher subsidies and lower taxes to green producers rather
than lower subsidies and higher taxes to non-green
producers.

2.3. The Quality of Recycled Products. In fact, compared with
the traditional supply chain, the remanufacturing supply
chain has a high degree of uncertainty, such as the quality of
recycled products and the cost of remanufacturing. The
literatures [28, 29] carried out research on the pricing
strategy of closed-loop supply chain based on the as-
sumption that the recycled products are all remanufactured
products. Liu et al. [30] indicated that the remanufacturing
of used products with different recycling qualities should
consider the difference in remanufacturing process costs.
Furthermore, a dual-channel competition model was con-
structed to study the impact of government subsidies and
recycling quality restrictions on the development of the
remanufacturing industry. Heydari et al. [31, 32] proposed
that the recycler or retailer persuades consumers to take back
their used products by providing incentives on the premise.
Only items can be accepted and remanufactured only when
they meet the minimum quality level. Aydin et al. [33]
proposed that both the purchase price and the remanu-
facturing cost are highly dependent on the quality of
recycled products, and consumer preferences are incorpo-
rated into the demand estimation of new/remanufactured
products. Finally, the optimal recycling quantity and
remanufacturing decision in multiple cycles are obtained.
Aleizadeh et al. [34] considered the impact of the uncertainty
of the recycled products quality on the repurchase price and
the remanufacturing process cost. The modal interval al-
gorithm was developed to analyze the dynamic pricing and
recycling strategies of remanufacturing companies.

In summary, the decision-making problem of rema-
nufacturing supply chain, which mainly focuses on con-
sumers’ preferences, the quality of recycled products, and
the pricing decision-making of remanufacturing closed-loop
supply chain under government incentive policies, has
attracted widespread attention from scholars. Although the

research results are rich, and the angles are diverse, there are
still two deficiencies. (1) Although the above scholars have
studied the influence of consumers’ preferences on the
pricing decisions of closed-loop supply chains, they are all
limited to the determined quality of recycled products. They
have not discussed in detail the changes in closed-loop
supply chain pricing strategies when there are both quality
differences of recycled products and consumers’ preferences.
This is not consistent with the uneven quality of used
products in real life. (2) Despite the fact that the government
separately provides recycling or remanufacturing subsidies
in the above-mentioned articles, when the quality of recycled
products is different, few literatures take into account
government subsidies to consumers participating in recy-
cling activities, as well as retailer recycling incentives.
However, the difference between the selection of govern-
ment’s subsidies and the design of subsidy models on the
efficiency of the closed-loop supply chain is significant.
Based on the above-mentioned literature review, on the basis
of the quality differences of recycled used products and
consumers’ different preferences for purchasing and pay-
ment of new/remanufactured products, it constructs a de-
cision model for the role of the consumer market and
government participation in the remanufacturing supply
chain. In addition, internal coordination contracts in the
supply chain based on revenue sharing are designed to
improve the economic benefits of manufacturers and
retailers.

In short, the main content of the paper includes the
following:

(1) A Stackelberg game model I without government
participation in non-supply-chain coordination is
constructed. On the premise of considering con-
sumers’ preferences for remanufactured products
and the quality difference of used products, the
optimal pricing strategy and profit function of
manufacturer and retailer are established.

(2) On the basis of model I, the government subsidy,
reward, and punishment measures for supply chain
are introduced, and the model II with government
participation and non-supply-chain coordination is
established. On the one hand, it is considered that the
government will provide recovery price subsidies to
consumers participating in recovery activities and
ultimately affect the recovery rate and manufac-
turer’s recovery cost function. On the other hand,
considering the government’s supervision and reg-
ulation function, the recovery rate of used products
is required, and reward and punishment factors are
introduced. The results of models II and I are
compared and researched, and the effects of subsidy
coeflicient and reward and punishment factor on the
optimal decision-making results are discussed
through numerical discussion.

(3) On the basis of model II, the coordination contract of
revenue sharing is introduced, and model III with
government participation and supply chain coor-
dination is established. By coordinating the profit



distribution of each member of the supply chain, the
overall profit of the supply chain is finally improved.
Moreover, the solution results of models IIT and II
are compared and analyzed deeply.

3. Problem Description and
Modeling Assumptions

3.1. The Framework of the Models. In a multilevel closed-loop
supply chain system, manufacturer manufactures and sells
new products to retailer at wholesale prices. Then, retailer
retails them to consumers; retailer has the advantages of
information channels and huge logistics network resources.
Entrusted by manufacturer, retailer issues advertisements
for recycled used products to consumers and assists them to
return used products of different quality levels to manu-
facturers; manufacturer recycles used products for rema-
nufacturing, and retailer is responsible for the retail of
remanufactured products to consumers. As the leader of the
remanufacturing supply chain system, the manufacturer first
determines the wholesale price of the products, and then the
retailer determines the retail price of the products.

Figure 1 schematically illustrates the proposed decision
framework of the remanufacturing supply chain. Firstly, this
paper discusses the model I of nongovernment participation
and non-supply-chain coordination based on the role of
consumer market, that is, the decision-making problem of
remanufacturing supply chain without government partic-
ipation; secondly, further consider model II where the
government participates in the coordination without supply
chain. In this model, the government subsidizes the recy-
cling price of consumers who participate in recycling ac-
tivities. Implement reward and punishment measures based
on basic recovery rate for retailer. If the total recovery rate of
used products is higher than the basic recovery rate, retailer
will be rewarded; otherwise, they will be punished. Compare
models I and II to analyze the impact of government par-
ticipation on remanufacturing strategies and supply chain
pricing decisions. Finally, model III with supply chain co-
ordination is considered to improve the operation of
remanufacturing supply chain based on government par-
ticipation. In model III, the manufacturer shares part of the
retailer’s revenue. By comparing models II and III, the
impact of the revenue sharing contract on the efficiency of
business operations and the implementation of government
policies is studied.

3.2. Symbol Description. The major indices, parameters, and
variables are listed, respectively, in Tables 1-3.

3.3. Model Assumptions. Before presenting our model, we
state and discuss key assumptions specify to our remanu-
facturing environment.

Assumption 1. The information of the manufacturer and the
retailer is completely symmetrical, and the decision is made
rationally.
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Assumption 2. Based on a large number of similar studies
such as Ferguson and Toktay [35], when the consumer

market capac1ty is A, aj is uniformly distributed from 0 to 4,

that is, a) ~U[0,A], and f(a}) =1. If the consumers’
preferences coefficient for remanufactured products is 7,

al = ral,. The ut111t1es are, respectlvely, expressed as
uﬁ—an pn,ur—ar pr—ran p, When uﬁzuﬂ and

u;, > 0, that is, the psychological satisfaction that consumers
can obtain when buying and paying for new products is
greater than that of remanufactured products, consumers
choose new products and obtain the condition

(pn pr)/(l r)<an<A Therefore, the market demand
for new products is D;, I (gl (1) f(an)dan A-pl-

/(1 —r). When ur >un and ul >0, that is, the psycho-
log1cal satisfaction that consumers can obtain when buying
and paying for remanufactured products is greater than that
of new products, consumers choose remanufactured

products and obtain the condition

pi/r <al < ( pn pr)/ (1 = r). Therefore, the market demand

for remanufactured products is
j n—pr) (1-1) j

D = jjf’,ﬂ” ) f(ah)dal = (ph - phy1(1=1) = pirr.

Assumption 3. The quality level of the disassembled used
products is i. g; is employed to represent the quality of them.
The quality of recycled used products increases with the
increase of g;, which leads to higher recycling cost and lower
remanufacturing cost [36].

Assumption 4. In the process of recycling used products, the
manufacturer will incur recycling costs. Due to the different

quality levels, the total recycling cost C; is different. It is
assumed that the recovery is the product of D}, and glj .
Therefore, the total recycling cost of used products of dif-
21'3:1 Df,g{b{ [37]. The recovery
subsidy price b/ is positively correlated with g; in model [;
the government provides undifferentiated subsidies to

consumers who participate in the activities of recycling used
products in  models II  and IIL Then,

i 1t

ferent quality lgvels is C] =

giB+k, j=ILII"

Assumption 5. According to the theory of consumer be-
havior, consumers are more willing to participate in recy-
cling activities when the price of recycling subsidies reaches
the level of consumers’ psychological satisfaction. For used
products with quality level i, the recovery rate g/ has a linear
relationship with the recovery subsidy price b/, that is,
gl = go +Ab], and the total recovery rate G/ = ¥, | g/ < 1.

Assumption 6. Three types of costs incurred in the rema-
nufacturing process.

(1) The purchase and replacement cost of new parts is
m;, and the functional form of m; is as follows:

m; = (1-¢q;)C,. (1)
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FIGURE 1: Decision framework for remanufacturing supply chain.

TaBLE 1: Indices.

Index Definitions
i i=1, 2, 3, respectively, indicate used products with quality levels 1, 2, 3;

j =1 IL III, respectively represent the nongovernment participation and non-supply-chain coordination model (Non-GP, Non-SC),
j the government participation and non-supply-chain coordination model (GP, Non-SC), and the government participation and

supply chain coordination model (GP, SC).

TaBLE 2: Parameters.

Parameters Definitions

A Consumer market capacity;

r Consumers’ preferences coefficient for remanufactured products;

a Consumers’ psychological willingness to pay when purchasing new products in model j;

al Consumers’ psychological willingness to pay when purchasing remanufactured products in model j;

uj) Utility obtained when consumers purchase new products in model j;

ul Utility obtained when consumers purchase remanufactured products in model j;

D}, Market demand for new products in model j;

D} Market demand for remanufactured products in model j;

q; Quality level coeflicient of used products with quality level 4, g; € (0.3, 1);

m; Purchase and replacement costs of new parts are required when remanufacturing used products with quality level i

B Sensitivity coefficient of manual maintenance cost to material replacement cost;

e; Manual maintenance cost when remanufacturing used products with quality level 3

z Recovery of transfer fees and other fixed costs;

i Cost of the remanufacturing process per unit of used products with quality level i

L Reward and punishment function of the government to the retailer in model j;

k Government provides undifferentiated unit subsidy prices to consumers who participate in the activities of recycling used
products;

G’ Total recovery rate of the retailer’s recycling of used products in model j;

9a Basic recovery rate set by the government;

0 Reward and punishment coefficient set by the government;

A Sensitivity coefficient of consumers to the price of recovery subsidy;

B Manufacturer’s subsidy price for recycling to consumers;

C, Manufacturing cost per unit of new products;

9o When the recycling subsidy price is 0, the recycling rate of used products;

t Proportion of retailer with revenue sharing, 0 <t <1;

o Total remanufacturing cost of used products with quality differences in model j;

cl Average remanufacturing cost per unit of used products in model j;

g1 Recovery rate of used products with quality level i in model j;

b! Recycling subsidy price of used products with quality level i in model j;

o Total recycling cost of used products with quality differences in model ;.
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TaBLE 3: Variables (including objective functions).

Variables Definitions

w}, Unit wholesale price of the new products in model j;

w] Unit wholesale price of remanufactured products in model j;

P Unit retail price of the new products in model j;

Pl Unit retail price of the remanufactured products in model j;

Wj Manufacturer profit in model j;

\%2 Retailer profit in model j;

Fi Total profit of the remanufacturing supply chain system in model ;.

(2) Manual maintenance cost is e; which mainly refers to
the cost incurred by the maintenance staff engaged in
the replacement of parts and components. The more
parts that are completely damaged and need to be
replaced, the greater the cost of manual repairs. It is
assumed that e; and m; have a linear relationship,
that is, e; = fm;,.

(3) The total amount of recovered transfer expenses and
fixed link costs is z, which mainly include the lo-
gistics transfer cost of recycling and the cost incurred
in a series of remanufacturing links (such as disas-
sembly, cleaning, testing, and final packaging).

For a unit of used products with quality level i, the cost of
the remanufacturing process is ¢, =m; +e; +z= (1+f)
(1-¢g)C,+z. The total remanufacturing cost is
Cl = Z?:l (1+pB)(1-¢g)C,+ z]Dﬂ,g{. Therefore, the aver-
age remanufacturing cost per unit of used products is

Cl =32 [(1+p)(1-g)C, +2lgll Y2, gl-

Assumption 7. The market conditions in each cycle are
similar, so we only consider the situation in one cycle.
Assuming that the market has sold a round of new products,
it is considered that the used products can be directly
recycled for remanufacturing in the current cycle, and then
the new/remanufactured products can be sold together.

Assumption 8. This paper adopts the retailer-led recycling
channel. The government sets a basic recycling rate g, for
the retailer and employs the function L/ to restrict the re-
tailer’s rewards and punishments, where L/ = 6(G - g,)Dy..
When g, <G/, the government rewards the retailer for
recycling; When g, > G/, the government punishes the re-
tailer for recycling.

Assumption 9. The recycling and remanufacturing of used
products have a certain economic feasibility, where the
manufacturer is in a dominant position, and all members of
the supply chain take the maximum profit as the decision-
making goal. Therefore, variables and parameters satisfy the
relations

(1+B)(1-q)C,+z+qB<C,<pl,
wfl<p£,, (2)

J <« bl
w! < pl.

4. The Different Decision Models

Based on the modeling notations and assumptions in Section
3, three decision models are developed, analyzed, and
compared in this section.

4.1. Model I (Non-GP, Non-SC). In this model, the rema-
nufacturing supply chain decision is only affected by the
role of the consumer market. Manufacturer and retailer
together constitute a Stackelberg game model led by the
manufacturer and followed by the retailer. First, the
manufacturer determines the wholesale price of the new/
remanufactured products, and then the retailer deter-
mines the retail price of them. The profit functions could
be written as follows:

w' = D (w) - C,) + D:(w1 _d) -cl,
V' = D}(p,—wy) + Di(p) - wy), 3

Fl=w!'+V'.

Proposition 1. In Model I, the equilibrium results of
manufacturer’s and retailer’s decisions are as follows (the
proof is provided in Appendix A).

A
I I
w, =X +5,
T * Ix
w, =x,,
. (4)
x| LA
pn - 2 4’

Ix
1« X, +Ar

4 2

Corresponding to
Z(xll* X - Ar) +3A

I
Dy =4- 4(1-r) ’
I« I« I 5
D+ :2(x1 - X, —Ar)+3A_x2* + Ar
r 4(1-7) 2r

The profits of manufacturer and retailer are given by
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WI* — [A _ z(xll*

I I
|:2(x1 - x,
+

3
- Z Bg; (g, + ABg;

i=1

5 =

7
—xé*—Ar)+3A L A
(xl* +——Cn>
4(1-r) 2
AN +3A x" +Ar2(n’ -x - An)+3A v ar)( L BL[0+)(1-4)C, + 2]
4(1-7) 2r 4(1-7) ar [\ 271 (90 +ABa;)
) A_2(x11* - x5 - Ar) +3A
4(1-r) ’
. A_Z(xll* - X —Ar)+3A é_xl;* N Z(xll* - X —Ar)+3A_x£* + Ar ﬂ_xi
4(1-71) 4 2 4(1-71) 2r 2 2 )
(6)
Respectively, the results of x}* and x}* are as follows:
o _Cugo 1+ P(3-X114;) + (2 + An)(3g) +ABYL, ;) + ABC,(1+B) 3.1 (4 - 47)
69, +2BL Y g, '
9o Yiiq 7

o= AB* Ziz=1 qz'2 + Bg, 21'3=1 (g: +C,)
1= :
2

Further analysis of Proposition 1 leads to Lemma 1 and 2.

Lemma 1. In Model I, w'*, p!* and D'* are positively
correlated with r; D!* is negatively correlated with r; wl* and

pl* are independent of r (the proof is provided in Appendix B).

Lemma 1 shows that as consumers increase their will-
ingness to buy and pay for remanufactured products, the
encroachment of remanufactured products on new products
increases, and the market demand for new products decreases.
When 7 increases to a certain value, the production cost of the
new products is higher, but the price has not changed. Even if
the price of remanufactured products increases, it is still far
below the price of new products, so more consumers tend to
buy remanufactured products. Under the remanufacturing,
supply chain decisions are only affected by the role of the
consumer market, and manufacturer and retailer can profit by
producing or selling remanufactured products.

Lemma 2. In Model I, w'*, pt*, DI* and G'* are positively
correlated with q; w'*, pl* and D!* are negatively corre-

lated with g;.

Lemma 2 proves that, with the increase in the quality level
coefficient g; of recycled products, consumers have increased
their enthusiasm for participating in recycling activities under
the incentive of high recycling price subsidies, helping retailer
to increase recycling rates and helping manufacturers to save
more costs, thereby promoting the reduction of the price of
remanufactured products and increasing the market share of

remanufacturing products. The increase in the price of
remanufactured products will also lead to an increase in the
price of new products, which will increase the profit of new
products, which has a positive effect on improving the overall
profit of the supply chain. Therefore, retailer needs to en-
courage more consumers to participate in recycling activities.
In order to recycle high-quality used products, measures such
as increasing their recycling prices can be taken to stimulate
consumers to participate in recycling activities.

4.2. Model I (GP, Non-SC). In order to guide and encourage
enterprises to actively participate in remanufacturing ac-
tivities, the government adopts certain incentive measures to
influence the decisions of consumers and retailer and in-
directly affect the pricing decisions of the supply chain
system, so as to achieve the purpose of increasing the
recycling rate of used products and improving environ-
mental performance. Model II has set up two types of
government incentives. On the one hand, the government
grants recycling price subsidies to consumers who partici-
pate in recycling, to stimulate consumers to participate in
recycling and remanufacturing activities, and to improve the
recycling rate and quality level of used products; on the other
hand, the government implements a reward and punishment
mechanism for retailer by setting a basic recycling rate and
urges retailer responsible for recycling used products to
increase advertising and publicity to increase the recycling
rate and recycling volume. Meanwhile, the profit functions
in model II are expressed as follows:
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wh = DS (wil B Cn) + DE(w? B 6?) _ Cg, Corresponding to
Vi = D}ql(pzl _ wLI) + D?(Pil B wil) + I (8)
P = w4y
Proposition 2. In Model II, the equilibrium results of the
manufacturer’s and retailer’s decisions are as follows:
wLI* _ xlll* +3(k+ 9)(g0 +k/\) — Gga,
2
e _ i kAC,(1+P)(3 - YL, q;) + 3kA(z + Ar)
’ 2 6go + 6kA +2BAY; | q; ’
n. X1 +A 3(k-6)(gy+kA) +0g,
by = + >
2 4
He  X0T 4 Ar LA B(3-YL, q;)+3kA(z + Ar)
T2 4(3g, +3kA+ BA Y], q;) '
(9)
o _A_ Xl L 3Kk=0) (g0 + kD) + ega_k)LCn(l +PB)(3-3L, q;) +3kA(z + Ar)
T 2(1-71) 4(1-7) 4(1-r)(3gy+3kA+BAY;  q;)
11 = 11 * 3
oie _ 20" —x, ") +3(k=0)(go +kA) +0g, KAC,(1+P)(3 -3, a;) + 3kA(z + Ar) 10)

r 4(1-r) 4(1-r)(3gy+3kA+BAY. q;)

A KC,(1+P(3- X1 ) +3kA(z + An)

2r ar(3g, +3kA+ BAY? | ;)

>

The profits of manufacturer and retailer are given by

e §+2(x§* —xy ") =3(k=0)(gy +kA) - 0g, ke, +B)(3- 3L, q;) + 3kA(z + Ar)
|2 4(1-r) 4(1-r)(3gy+3kA+BLY; q;)

. [xlll* C 3(k+0) (g02+ kA) - 6g,

2(x)" = xy ") +3(k=0)(go +kA) +0g, kAC,(1+P)(3- 3L, q;)+3kA(z + Ar)
+ _
4(1-r) 4(1-7)(3g,+3kA+BAYL, q;)

X kG, (4 B)(3 -39y +3kA+BAYL, q;) + 3kA(z + Ar)
2r 4r(3g, + 3kA + BA3g, + 3kA+ BA YL, q;)
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i MG+ (3 -3 a) + 3K+ A 52 {[(1+8) (1~ 4)C, + 2] (g0 + ABg; + Ak)}
*2(3gy+3kA+BA3g,+3kA+BAY) q,) > (go + ABg; + Ak)

3 {
i=1

(9o +ABg; + Ak) (Bg; + k)}

A 2( =2 ) 3 (k= 60) (g + kA) — 69, KAC,(1+B)(3- Y1, q,) +3kA(z + Ar)
2, 2 1 90 ga+ n i=1
2 4(1-71) 4(1-r)(3gy+3kA+BAY} q;)

e _[A 2(xy" = x1") = 3(k =) (go + kA) - 0g, . KAC, (1+B)(3- XL, ;) + 3kA(z + Ar)
2 4(1-1) 2(1-r)(6g, +6kA +2BAY} q,)
. 2(x)" =y ") +3(k=6)(go + kM) + 6g, KRG, (1+B)(3- 3L, a) + 3kA (2 + Ar)
4(1-r) 2(1—r)(6g0+6kl+23/12?:1qi) (11)
Xt KC,Q +B)(3- 3L, q;) + 3kA(z + Ar) Ar x)* RIG,(1 +B)(3- YL, q;) + 3kA(z + Ar)
2r 2r(6g0 +6kA+2BAY; qi) 2 2 2(6!]0 +6kL+2BLY), Qi) .
e é+ z(xlzl* e ) ~3(k-6)(go +kA) - 6g, . kAC, (1 +ﬁ)(3 -y, %) +3kA(z + Ar):|

2 4(1-7) 2(1-r)(6g, +6kA +2BAY}, q;)

2(x)" =5 ) +3(k=0)(go + k) + 6g, kAC,(1+P)(3- 31, q;)+3kA(z + Ar)
. _
4(1-1) 2(1-7)(6g, +6kA +2BL Y, q;)

& _kAC, (1 +B)(3- YL, q;) + 3kA(z + Ar)
2r 2r(6g, +6kA +2BA Y, q;)

Ar _&_ kAC, (1 +/3)(3 -3, q,~) +3kA(z + Ar)
2 2 2(6g, +6k1 +2B1Y}., q;)

Respectively, the values of x['* and x'* are as follows:

K = xlz* (690 +2B) 21'11 qi)
? " (6gy+6kA+2BAY} q;)

Cugo(1+P)(3-30, q;) +(z+ Ar)(3g, + ABY. q;) + ABC,(1+ )Y (g, - )
- (64, + 6kA +2BA6g, + 6kA + 2BA Y}, q;)

>

(12)
.1« A BAY} qi(6+2k
xlll :xll L 2im1 4i )
2 2
_ AB Y0 d; +Bgo Y, qi+Cut A+ BAYY qi(6+2K)
> :
Further analysis of Proposition 2 leads to Lemma 3~7.  manufacturer and retailer take their own interests as the

D e o . starting point. As consumers increase their willingness to
Lemma 3. In Model II, w,'*, p, * and D, are positively

correlated with r; DI* is negatively correlated with r, w* purchase and pay for reman}lfa.ctured products', the price of
4 pll* . d’ n dent fg 4 > %n remanufactured products will increase accordingly.
and p,* are independent of r.

Combining Lemmas 1 and 3, it addresses that whether =~ Lemma 4. In Model II, w*, pl'* DI* and G"* are
the government participates in the remanufacturing supply ~ positively correlated with q; w*, p'* and D"* are neg-

chain or mnot, in decentralized decision-making,  atively correlated with g;.
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Combining Lemmas 2 and 4 can show that regardless of
whether the government participates in the remanufacturing
supply chain, the recycling of high-quality used products has
a positive effect on increasing the market share of rema-
nufactured products.

Lemma 5. In Model II, w* is positively correlated with k;
given that 3g, —3M0+6kA +2BLY> q.>0, p!'* is posi-
tively correlated with k.

Lemma 5 indicates that, with the increase of the govern-
ment’s subsidy k for consumer recycling prices, the wholesale
price of new products increases; under certain conditions, the
retail price of new products will increase, which shows that
when the government adopts a recycling price subsidy
mechanism for consumers, companies will try to increase the
price of new products to increase their sales revenue.

Lemma 6. In Model II, w"* and p'* are independent of 6;
given that 3g, + 3kA+ BLY. | q; — g, >0, w!'* and DI'* are
positively correlated with 6, and pI* and DI'* are negatively
correlated with 0.

Lemma 7. In Model II, p’* and D"* are positively cor-
related with g,; w!* and DI'* are negatively correlated with
gas W and p'* are independent of g,.

Lemmas 6~7 shows that, in the early development of the
recycling industry of remanufacturing, both companies and
consumers are on the sidelines, and retailer needs to make
greater efforts to achieve a higher level of g,. Under the
conditions of government participation, if retailer strives to
increase the recycling rate of used products to obtain
government incentives, then the wholesale price of new
products is positively correlated with 0, the retail price is
negatively correlated with 6, and the price of remanufac-
tured products is not affected by 6. This shows that the
government’s recycling rewards and punishment measures
for retailer cannot directly affect the price of remanufactured
products but indirectly affect the market demand for
products by affecting the price of new products, thereby
encouraging manufacturer and retailer to participate in
remanufacturing recycling activities.

Combining Propositions 1 and 2, the solution results of
models I and II are compared and analyzed, from which we
can get Lemmas 8~10.

Lemma 8. About the total recovery rate of used products, we
have G!* > G!* (the proof is provided in Appendix C).

1T 111

Complexity

Lemma 9. Regarding product pricing decisions, if
3Gy —3M0 + 6kL + 2BLY > | g, >0, we can get that

1T =

I
w, >w, ,w

11 % 153 11 * Ix* 11 * I
r >wr 7pn >pn ’pr >pr (13)

Lemma 10. About the market demand for remanufactured
products, we have D!* > D!'*.

Lemmas 8~10 reveal that manufacturer and retailer have
different strategies for remanufacturing recycling activities
in an environment whether the government is involved.
When the government participates, the total recovery rate of
used products is effectively increased; while raising the price
of remanufactured products, the consumer market for
remanufactured products can still be expanded. This shows
that both manufacturer and retailer can benefit from
remanufacturing products, and government policies can
effectively promote manufacturer and retailer to actively
participate in remanufacturing recycling activities. As
consumers’ preferences for remanufactured products have
changed, the profits of manufacturer and retailer will also
change.

In summary, the government’s participation in recycling
activities for remanufacturing of used products can effec-
tively promote the development of the remanufacturing
industry, encourage consumers to participate in recycling
activities, and guide retailer to increase the total recycling
rate of used products and increase market demand for
remanufactured products, which can contribute to the re-
alization of sustainable development strategies. However,
the overall benefits of companies and supply chains are still
affected by consumes’ preferences and the quality of recycled
products.

4.3. Model III (GP, SC). When considering the role of the
consumer market and government incentives, each decision-
making member in the remanufacturing supply chain will
produce a “double marginal effect” to maximize their own
interests, leading to a state of imbalance in the supply chain,
and ultimately affecting the overall efficiency of the system. In
order to improve the performance level of the supply chain, this
paper adopts a revenue-sharing contract to improve the
remanufacturing supply chain operation based on government
participation. The manufacturer first determines the wholesale
price of new/remanufactured products, while sharing the re-
tailer’s sales revenue. Let 1 — t be the shared revenue ratio, and
then the retailer’s sales revenue ratio is t, t € (0, 1). The retailer
determines the retail price of new/remanufactured products.
The profit functions in model III are expressed as follows:

n r

11
Wil = (1 - t)(Dn Jr Dinpin) + DLH(wLH B Cn) + D111<wm - > o

1T 11T

Y t(Dn Py Dinpin) _(DLHwLII + Dinwin) + I (14)

111 111 111
Fr=wWw"+V".
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Proposition 3. In Model III, the equilibrium results of the
manufacturer’s and retailer’s decision are expressed as follows:

11

ST = AB*t Y2 g + B(got + 0L+ 2Akt) Y2 q; + 3 (kt + 6) (kA + g,) + £ (C,, + At) — g,

" (t+1)

e = 3Cu(go+ kA) (14 B) + 3¢ (2 + Art) (go + kA) + BAE (z + Ar) T, g, + ¢C, (14 B) (AB = gy — kA) ., q; — tABC, (1 + B X, qf)
’ (3go+3kA+BAYL, q;) (1 +1)

e AL 30g, + 0g, — 30kA - 0BA Y} | g; + wh "
" 2t

>

0T *
. Art+w,

r 2t
(15)
Corresponding to
pl _ A =30g, +6g, — 30kA - 6B) 21'3:1 q; + wLH - win*
L) 2t(1-71) ’
(16)
Dl _ -30g, + 09, - 30kA - OBAY> g, + w " —w ~ w*
T 2t(1-7) 2rt

The profit expressions are more complicated and will
continue to be discussed in numerical analysis. By further
comparing and analyzing Proposition 2 and 3, we obtain
Lemmas 11~13.

Lemma 11. About the product pricing decisions, we have

11T 11 s 11T * II s . (10T * 11 11T * 11 s
wn <wn ’wr <wr 7pn <pn ’pr <pr :

Lemma 12. About the market demand, we have

111+ 11 * 111 11 *
D" >D,*,D,* >D,*.

Lemmas 11~12 reveal that supply chain members for-
mulate revenue sharing contracts to coordinate system
benefits. The price of new/remanufactured products has
decreased, and the market demand for new/remanufactured
products has increased to ensure the increase in the profits of
manufacturer and retailer and promote the increase in the
overall efficiency of the supply chain.

The decision variables in the three models are further
analyzed, as shown in Lemma 13.

Lemma 13. ow!* /or = ow!* /or > 0w * /or; opl*/
or = opl* /or >0p™* /or; dpl/or > owl/or, j = LILIIL

Combine Propositions 1-3 to obtain dw! * /dr = ow!*/
or = A/2;0p"* /or = 0pl* [or = 3A/4; ow!* [or = AP/
(1+¢);0pM* jor = A/2 + At*/2(1 +1t). Since t € (0,1), we
can obtain Lemma 13, which shows that when there is non-

supply-chain  coordination, ~whether the government

participates in the remanufacturing supply chain or not, the
price of remanufactured products responds to the consumers’
preferences coeflicient r at the same speed. The government’s
subsidies, rewards, and punishments for the remanufacturing
industry cannot affect the sensitivity of the remanufactured
products price to 7; when there is supply chain coordination, the
reaction speed of the price of remanufactured products to the
consumers’ preferences coefficient r is significantly reduced. In
the three models, the retail price of remanufactured products
responds faster to the consumers’ preferences coefficient r than
the wholesale price of remanufactured products. Retailer can
make more profits by encouraging more consumers to buy and
pay for remanufactured products.

5. Numerical Analysis and Discussion

By establishing three remanufacturing supply chain decision
models, the equilibrium decisions of manufacturer and
retailer can be obtained. In view of the complexity of the
partial solution results, the relationship between variables
cannot be seen intuitively. Based on the conclusions ob-
tained in the previous section, this section uses numerical
analysis methods to further analyze state variables and
supply chain profit changes. This section refers to a number
of related documents and assumes a series of reasonable
parameters. Specific data are shown in Table 4.

The equilibrium results are obtained and presented in
Table 5. Compared with model I, the total recycling volume
of used products increased significantly because the
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TaBLE 4: The model parameters.

A r B z A 9o 4 D

5000 0.5 0.2 10 0.0003 0.03 0.9 0.6

B C, k 9a 0 t qs

1000 2000 100 0.5 120 0.82 0.3

government subsidized consumers participating in recycling
activities and urged retailer responsible for recycling to
strengthen recycling through reward and punishment
measures. It shows that consumers are more willing to
participate in recycling activities when they have recycling
subsidies; the retailer will strive to improve the recycling
level in order to obtain higher recycling rewards. With the
increase in wholesale and retail prices of remanufactured
products, the market demand for remanufactured products
has increased. It reveals that the government’s subsidies and
intervention measures for remanufacturing are conducive to
the development of remanufacturing industry; however, the
profits of manufacturer, retailer, and the total profits of
remanufacturing supply chain system have decreased. In
order to optimize the benefits of each member of the system
and maximize the total profit of the supply chain system, it is
necessary to coordinate the supply chain. With government
participation and supply chain coordination in model III,
manufacturer and retailer no longer blindly pursue the
maximization of their own interests. Manufacturer greatly
reduced the wholesale price of new/remanufactured products
and gave profits to retailer; the retailer has significantly re-
duced the retail price of new/remanufactured products to give
profits to consumers. It has greatly promoted the market
demand for new/remanufactured products and significantly
increased the total profit of remanufactured supply chain
system. From a macro perspective, the contract coordination
of revenue sharing can be used for reference, which is con-
ducive to the development of remanufacturing industry.

5.1. The Effects of q; on Supply Chain in Different Models.
In this section, different (g, q,, ;) are presented to illustrate
the effects of g; on supply chain in the proposed models and
obtain managerial insights. Table 6 depicts that, in model j
(j=1, II, III), the greater the quality level coefficient of
recycled products, the higher the price of new products, and
the lower the price of remanufactured products. This shows
that the manufacturer recycles high-quality used products,
and the remanufacturing cost is also reduced, which en-
courages the manufacturer to reduce the wholesale price of
remanufactured products. Accordingly, the benefiting re-
tailer also reduces the retail price of remanufactured
products, and consumers become the ultimate beneficiaries,
which greatly increases the market demand of remanufac-
tured products. Meanwhile, consumers can also obtain
higher subsidies for recycled products by providing high-
quality recycled products, so as to further stimulate them to
participate in recycling activities. Recycling high-quality
used products plays a positive role in promoting the de-
velopment of remanufacturing industry.

5.2. The Effects of r on Supply Chain in Different Models.
This section involves the effects of r on prices of the
products, demand for the products, and supply chain profits
for the three models. The effects of r on wholesale (w;,” and
w}") and retail prices (p;,” and p; ") are shown in Figure 2.
As can be observed in Figure 2, although, by growing r, w},"
and p}," are constant, w}" and p/” are improved under all
decision-making models. r is linear with wl™ and pﬁ*. It
indicates that the stronger consumers’ willingness to buy
and pay for remanufactured products, the higher the price of
remanufactured products, until they get closer and closer to
the price of new products. However, the price of remanu-
factured products will always be lower than the price of new
products. Further, as r increases, w,* and w} * are not much
different, and w!* and w!"* are also not much different. But
after the contract coordination of revenue sharing, w!' * and
wi* decrease significantly. It shows that after the retailer
shares part of the sales revenue with the manufacturer, the
manufacturer obviously gives profit to the retailer in the
wholesale price for compensating the retailer. As a result,
internal coordination and incentives in the supply chain are
more effective in reducing wholesale price than external
factors such as consumer market and government partici-
pation. The impact of government subsidies and incentives
on retail price is not obvious. After the coordination of
revenue sharing contract, p'* and p* are reduced by a
part, which benefits consumers. ,

Figure 3 indicates the changes on market demand (Dj,"
and D;") under different values of . It can be seen from
Figures 3(a)-3(c) that D}," decreases, but D}" increases in
three models as r rises. On the one hand, existing
ry € (0.85,0.95), whenr € (0,r)), D;," slowly decreases, and
D}" changes from rapid growth to gentle growth; when
r € [r), 1), D}" decreases rapidly, while D}" increases
significantly. We can conclude that when consumers’ will-
ingness to buy and pay for remanufactured products is very
close to that of new products, because remanufactured
products have price advantages, consumers will be more
inclined to buy remanufactured products rather than new
products with more expensive prices. The market for new
products will be eroded by the market for remanufactured
products, which is conducive to environmental protection
and sustainable development. On the other hand, existing
r{ € (0.4,0.6), when r = r{, D)* and D!™ are flat, then the
gap of them gradually is widened. This shows that even when
r is not very large, consumers are more willing to buy
remanufactured products for the price is lower. Further-
more, from Figure 3(d), it is found that D!'* > D'* > D!~
in the growth rate. As a result, when r remains unchanged,
model III is more conducive to the rapid expansion of the
consumer market for remanufactured products.
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TaBLE 5: Equilibrium results of the three proposed models.

Model w)’ wl” i pl* D}’ Di* D}’ Gi* wi* Vi Fi*
I 3716 1632.1 4358 2066.1 416.1 451.7 262.1 926350.9 463175.4 1389526.3
II 3792.2 1645 4382.9 2072.5 379 475.8 272.9 874817.6 437408.8 1312226.4
111 3014.3 1279.6 4321.9 2030.2 416.7 522.9 300 961339.1 433130.3 1394468.4
TaBLE 6: Equilibrium results under different g; in the three models.
Model (91,92 95) w)” w!® P P D}’ D}’ G/
I (0.6, 0.4, 0.3) 3611 1900 4305.5 2200 789 — 0.48
(0.9, 0.7, 0.5) 3764 1575 4382 2037.5 311 614 0.72
" (0.6, 0.4, 0.3) 3663.2 1905.5 43274 2202.8 750.7 — 0.57
(0.9, 0.7, 0.5) 3854.6 1579.4 4408.7 2039.7 262 658.5 0.81
- (0.6, 0.4, 0.3) 2896 1514.3 4260.9 2173.4 825 — 0.57
(0.9, 0.7, 0.5) 3071.6 1220.5 4350.2 1994.2 288 723.6 0.81
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F1GURE 2: The effects of r on prices. (a) Wholesale prices. (b) Retail prices.

The effects of r on supply chain profits (W/*, V/* and
FJ*) are shown in Figure 4. There are two special values
r5 € (0,0.1) and rj € (0.9, 1). When r € (0,r}), the profits
decrease with the increase of r; when r € [ré, ré), the profits
increase slowly with the increase of r; when r € [ré, 1), the
profits increase rapidly compared with the previous. Only
when consumers treat remanufactured products equally
with new products, and the degree of acceptance and rec-
ognition is very similar, the profit of the supply chain will
increase significantly. Therefore, it is necessary to strengthen
consumers’ awareness of remanufactured products and
improve the public’s recognition and support for remanu-
factured products through advertising and environmental
education. As shown in Figure 4(b), with the increase of r,
F!* has been improved remarkably, and its growth rate is

significantly better than F'* and F'*, which illustrates that
the internal coordination contract of revenue sharing can
optimize the total profit of the supply chain.

5.3. The Effects of k and 0 on the Supply Chain in Different
Models. In this section, we examine the impact of k and 0 as
two important parameters. The effects of k on wholesale
price (w)” and w!™) and retail price (pﬁ* and pi*) are
shown in Figure 5. As k increases, the prices of new/
remanufactured products will both increase, but the rate of
increase in the price of new products is significantly higher
than that of remanufactured products. As a result, it can be
concluded that the larger the government subsidy price for
recycled products can raise the price gap between new
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FIGURE 3: The effects of r on market demands. (a) Model 1. (b) Model II. (c) Model III. (d) Remanufactured products market.

products and remanufactured products. For the same k,
wi* and w™* are greatly reduced, which indicates that,
after the contract coordination of revenue sharing, the
manufacturer, in order to compensate the retailer, obviously
gave the retailer a profit in the wholesale price. '
The influences of k on market demands (D;,* and D!™)
and profits (W/*, V/* and F/*) are revealed in Figures 6 and
7.1t can be clearly seen that DJ* will decrease, but D™ will
increase by growing k. The government subsidy for the
recycling price of used products is conducive to increase the
market demand for remanufactured products. In addition,
we can see that, for the same k, after supply chain coor-
dination, D'* and DM* have a certain degree of im-
provement, which shows that the coordination contract of
revenue sharing can increase the market demand for new/

remanufactured products. There exists k) € (550,650),
when k € (0,k}), W/*, V/* and F/* all gradually decrease
with the increase of k; when k € (k/, +00), W/*, VJ* and F/*
all gradually increase with the increase of k. This shows that,
in the early stage of remanufacturing, the government
subsidized the unit’s high prices for recycled products, which
stimulated the development of the remanufacturing in-
dustry. The market demand for remanufactured products
increased rapidly, and the market demand for new products
decreased rapidly. But the price of remanufactured products
is much lower than that of new products, so the profits of
manufacturer and retailer are reduced, and the loss of profits
in the closed-loop supply chain becomes greater. With the
further development of the remanufacturing industry, the
demand and price of remanufactured products have
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FIGURE 4: The effects of r on profits. (a) Supply chain members. (b) Supply chain system.
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FIGUre 5: The effects of k on prices. (a) Wholesale prices. (b) Retail prices.

continued to increase. Manufacturer and retailer mainly rely
on remanufactured products to make profits. The price of
new products is increasing at a faster rate, which is used to
increase the profit of new products. The interaction between
the two leads to an increase in profits. After supply chain
coordination, W* and V' have been significantly im-
proved, and finally, F'* has been optimized. At the same
time, it can be seen that, compared with model II, the profit
response speed of model III is more sensitive to k. It shows
that internal coordination and incentives in the supply chain

can promote the improvement of corporate profits more
than external factors such as government participation.

Figure 8 represents the changes of wholesale price (w;,"
and w] ") and retail price (p},” and p} ") by increasing 6. As 6
increases, wl™ and pﬂ* do not change, wl” increases, and
pr” decreases.

Figures 9 and 10 demonstrate the trends of market
demands (D}," and D} ") and profits (W7*, V/* and F/*) by
growing 0 in different models. It can clearly be seen that as 0
increases, both models II and III lead to an increase in the
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D}* and profits but a decrease in D! . This is because, with
the increase of the government’s reward and punishment
coefficient for retailer, without changing the recovery rate of
used products, manufacturer and retailer will make more
efforts to produce and sell new products and improve the
recovery of used products, so as to obtain higher profits. No
matter in which model, there is a special value
6} € (500,600), making D;" =D;"; when 6 € (0,6)),
D)* <D!™; when 0 € (8/,+00), D" >D/". In model I1I,
the reaction of profits to 8 is more sensitive than that of
model II. It shows that when the value of k is not large, the

internal coordination and incentives of the supply chain can
promote the increase of corporate profits more than external
factors such as government participation.

On the other hand, from Figures 11 and 12, we find that
when k =1000, 8=1000, manufacturer and retailer get less
profit, but when k=0, 8=1000, manufacturer and retailer
get more profit. This shows that the government’s recycling
price subsidy to consumers and the retailer’s recycling re-
ward and punishment coefficient should be set appropri-
ately, which should not be too high or too low at the same
time. Moreover, compared with the government’s subsidy
measures for consumers’ recycling prices, the government’s
recycling reward and punishment mechanism for retailer
can better promote the profit. When 6 is relatively small, the
profits of manufacturer and retailer decrease first and in-
crease as k increases; when 0 is relatively large, the profits of
manufacturer and retailer decrease as k increases. When k is
relatively small, the profits of manufacturer and retailer
increase with the raise of 8; when k is relatively large, the
profits of manufacturer and retailer decrease with the in-
crease of 0; the profit of manufacturer under supply chain
coordination is much higher than that under the no-reve-
nue-sharing contract, and the profit of retailer is not much
different, indicating that the internal coordination of supply
chain members can effectively promote the implementation
of government measures and improve corporate profits.

5.4. The Effects of 0 and g, on Profits in Different Models.
In this section, we examine the effects of 6 and g, on profits
of the supply chain. In models IT and ITI, when g, is relatively
small, the profits of members increase by growing 6, but
when g, is relatively large, the profits of members decrease
with the increase of 6, according to Figure 13. This is mainly
because when G/ > g,, the government adopts incentive
measures, and the bigger the 6, the more the retailer benefit;
on the contrary, when G/<g,, the government takes
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punitive measures, and the bigger the 0 is, the more the
retailer will lose. Meanwhile, the profits of members decrease
as g, raises in the two models. With improving 0, profits
respond more quickly to g,,. The profits of manufacturer and
retailer decrease more slowly in model III than other models,
which indicates that the internal coordination contract of
the supply chain is beneficial to improving the loss of
corporate benefits under the participation of government
remanufacturing activities. In addition, the profits of
members are always higher than the profits with government
participation.

5.5. The Effects of t on Profits in Different Models. The in-
fluence of t on profit of supply chain is shown in Figure 14. It
can clearly be seen that as t increases, the profit of the
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manufacturer decreases, and the profit of the retailer in-
creases. However, the rate and amount of change of the
manufacturer are greater than those of the retailer, resulting
in a decrease in the total profit of the supply chain. When
t € (0,0.9), we have W > W > Wil*; when ¢ € (0.8,1),
Vi v and VI* are almost equal; when t € (0,0.83), we
have F* > F* > FI* From here, we see that when the
proportion of sales revenue sharing is too low or too high, it
is not conducive to the improvement of corporate profits. It
leads to the failure of supply chain coordination contract and
hinders the improvement of the overall efficiency of the
supply chain, and the system profit decreases significantly.
Therefore, when an enterprise enters into a sales revenue
sharing contract, it is necessary to set a reasonable revenue
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sharing ratio. Under certain conditions, the contract can
effectively improve the benefits of manufacturer, retailer,
and the entire supply chain system.

6. Conclusion

6.1. Conclusions and Managerial Implications. In order to
satisfy consumers’ increasing environmental awareness and
the requirements of government policies and regulations,
companies implement recycling and remanufacturing of
used products. This paper constructs a manufacturer-led
Stackelberg game model with government participation,
supply chain coordination, and the retailer recycling.
Through comparative analysis of the quality differences of

recycled used products, consumers’ preferences for rema-
nufactured products, product pricing, and market demand
are analyzed in three models, that is, without government
participation and non-supply-chain coordination, with
government participation but non-supply-chain coordina-
tion, and with government participation and supply chain
coordination. The influence of the consumer market and
government participation parameters on the decision-
making and profit of the remanufacturing supply chain is
obtained. The main findings of this study are as follows:

(1) Consumers’ preferences for remanufactured prod-
ucts will affect the pricing decisions of all members of
the supply chain regarding remanufactured products
but will not affect the price of new products. The
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stronger the consumers’ desire to buy and pay for
remanufactured products, the higher the price of
remanufactured products until it is closer and closer
to the price of new products, but it is still slightly
lower than it. When consumers’ willingness to buy
and pay for remanufactured products is very close to
that of new products, for remanufactured products
have price advantages, most consumers will buy
remanufactured products. At this time, the profits of
the supply chain will increase significantly. There-
fore, it is necessary to strengthen consumers’
awareness of environmentally-friendly products and
raise the public’s recognition and support for
remanufactured products through advertising, en-
vironmental protection education, and other means.

(2) Recycling high-quality used products can increase

consumer recycling subsidy prices and effectively
reduce the price of remanufactured products.
Therefore, consumers become the biggest benefi-
ciaries, thereby promoting the expansion of the
demand market for remanufactured products, which
has a positive effect on the development of the
remanufacturing industry.

(3) The role of the consumer market and the internal

coordination contract of the supply chain has limited
incentives for the remanufacturing activities of the
enterprise. The independent behavior of the enter-
prise alone cannot achieve the increase in the
recycling rate of used products and the market de-
mand for remanufactured products. However, the
government’s financial subsidies, rewards, and
punishment mechanisms are conducive to con-
sumers and retailer to actively participate in recy-
cling and remanufacturing activities, increasing the
recycling rate of used products and the market de-
mand for remanufactured products.

(4) The government’s excessively high basic recycling

level has led to a decline in the profits of manu-
facturers and retailers, which is adverse to the im-
provement of the overall efficiency of the supply
chain. The reward and punishment mechanism is
more conducive to encouraging manufacturer and
retailer to actively participate in remanufacturing
activities than subsidy measures.

(5) In the model that lacks supply chain coordination,

government subsidies, rewards, and punishments
directly affect consumers and retailer but have little
impact on manufacturer. In the supply chain co-
ordination model, the incentives of government
measures to the manufacturer are partially trans-
ferred to manufacturer through revenue sharing
contracts. When the revenue sharing ratio is within a
certain range, the contract can significantly increase
the manufacturer’s profit and effectively improve the
benefits of the supply chain system.

(6) Compared with the role of external consumer

market and the influence of government

Complexity

participation, the internal coordination contract of
the supply chain has a more significant effect on the
improvement of enterprise and system benefits.
Manufacturer and retailer no longer blindly pursue
the maximization of their own interests. Manufac-
turer has drastically reduced the unit wholesale price
of new/remanufactured products, obviously giving
up profits to retailer. Meanwhile, retailer has also
significantly lowered retail prices, giving consumers
preferential treatment. The recycling volume of used
products, market demand for remanufactured
products, and supply chain profit are all optimized in
the supply chain coordination model. Coordination
among supply chain members can effectively en-
hance the role of the consumer market and promote
the implementation of government measures. From
a macro perspective, supply chain coordination with
revenue sharing is a very beneficial measure for
market development.

6.2. Future Directions. This paper takes into account such
things as the role of consumer market, government par-
ticipation, and supply chain coordination, providing ref-
erence for the long-term  decision-making of
remanufacturing supply chain, improving the overall effi-
ciency of supply chain, and realizing system optimization.
The proposed model has some limitations and can be ex-
tended from several viewpoints. For instance, the situation
in complex environments (such as uncertain market de-
mand, uncertain recycling quantity of used products, un-
certain the amount of government subsidies, asymmetry of
information, etc.) is not considered. Thus, we will conduct
more in-depth research in the follow-up. Moreover, in the
case of government participation, only the price subsidy for
consumers and the reward and punishment measures for
retailer are discussed. However, there is almost no attention
to constraints such as government incentives and penalties
for manufacturers’ remanufacturing capacity and the bal-
ance of government revenue and expenditure, which are also
among the issues worth studying in the future.

Appendix

A. Proof of Proposition 1

Proof: To obtain the equilibrium strategy of the Stackelberg
game, we use the concept of backward induction.

(1) After substituting the market demand function, the
following results are obtained as follows:

I_ I 1 T
v :<A_P; _fr)(p; ) +(P; = Jj)(p: )
(A1)

Hessian matrix of V! (pl, pl) is H1,
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2 -2 Since r € (0, 1), the first-order principal subformula

r—1 r-1 of H} is 2/r — 1<0, and the second-order principal

HI1 = ) (A.2) subformula is 4/r (1 —7)>0. So, H} is a negative

2 2 2 definite matrix. When the first partial derivative of

- V! with respect to the decision variables p! and p! is
0, that is,

—_— — 0’
ap, r-1 r-1 r-1
(A3)
V(s - 1>_pL—wL_pi Ph-ph_
api 4 "\r-1 r r—1 r r—1
The optimal solution of p! and p! can be obtained. (2) Substituting the optimal retail prices obtained in the
A W previous step, we get
I wy,
= — 4+ —_—,
Pn=5175
(A4)
1 wi N Ar
by = 2 2"

A-w +w - A < L rw) C ((1+p)(1-g)C,+ + ABg;
WI — w, + W, 4 wL_Cn_Z(gO-"Aqu)qu +wr rwy, i_Zz:I (( ﬁ)(3 ql) n Z)(go qz) )
2(1-1) i=1 2r(r-1) 2io1(g0 +ABg;)
(A.5)

Hessian matrix of W!(w!,w!) is HY, When the first partial derivative of W' with respect to the

1 1 decision variables w!, and w! is 0, the optimal solution of w!,

and w! can be obtained.
r-1 1-r r
I_ A
HZ = . (A6) LUL* — X§* + o
1 1 2 (A7)
1-r r(r-1) '
I« _  Ix
Since r € (0,1), the first-order principal subformula of Wr =%
H} is 1/.(1’ —-1)<0, and the se.cond—orqer prinFipal sub— The results of x1* and x}* are as follows:
formulais 1/ (1 —r)>0. So, H 12 is a negative definite matrix.
2 \n 2 n
R AB YL di +Bgo Xi (4 + Ch)
1= 2 >
(A.8)

o _ G L+ P31 qi) + (2 + Ar) (39 + ABYL, ) +ABC, (1+ ) 37 (4 - ;)
2 (690 +2BA Y, q;)
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Therefore, the equilibrium results are as follows:

I« _ Ix A
w, =X +—

2
1= I
w, =X, ,
¥ A.
w =t
2 4

I
I« X, +Ar
r 2 :

WI* — [A _ z(xll*

1
X, -

4(1-71)

Y2 (9o +ABg)[(1 +B) (1 - ¢,)C, + Z])
21'3:1 (90 + AB%‘)

Complexity

Corresponding to

. 2(x)" —xy" - Ar)+3A
D =A- )
4(1-7)
A.10
I« I 1% ( )
DI*—2<x1 —x)" —Ar)+3A K4 Ar
ro 4(1-71) 2r

The maximum profits of the corresponding manufac-
turer and retailer are as follows:

I+

_xlz* _Ar) +3A:|<x11* +§—CH) +[2(

3
- Z Bg; (g, + ABg;

X —xt —Ar)+3A x5 +Ar:|

4(1-7r) 2r

)[A_z(xll* — X —Ar)+3A]’ (A1)

4(1-7r)

Ix
A z(xl
4 2

4(1-7)

This ends the proof.
Owing to the fact that the solving process of Propositions

2 and 3 is similar to that of Proposition 1, we will not repeat
it here. O

oD'* :a(A—pi* —pi*/(l —r))

n

or or

- X —Ar) + 3A:|(A x " ) N |:2(x1

/\BZ Z?:l qlz + Bg() Z?:l q; + Cn -z " CngO (1 + ﬁ)(3 - 21'3:1 ql) + /\Bcn(l + ﬁ) Z?:l(qi - q12)

2 2

- _A”) +3A  «)° +Ar](Ar xlz*)

4(1-7) 2r

B. Proof of Lemma 1

Proof: it can be obtained that ow.*/or =09pl*/
or =0, ow,* /or = A/2>0,0p.* /0r =3A/4>0 from Prop-
osition 1. Furthermore, according to Assumption 2, we can
obtain

(B.1)

4(1-r)?

To prove OD.* /dr <0, that is to say,

>

4(1-1)*(3g0 + BA Y, 4;)

i=1 i=1

3 3 3 3 3
C,g,(1 +ﬁ)<3 - Zq,.> +ABC,(1+B)Y (q:-4;) <<3g0 + BAZq,-) <ABZ Y a;+Bgy Y q;+C, - z>, (B.2)
i=1 i=1 i=1

This is to certify that

(/SCn+z)<3g0 +B)LZ3:qi><|:B<3gO+B/\iqi> +C,(1 +/5):|<g023:qi+3)tz3:qiz>,

i=1

(B.3)
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From Assumption 7, we get
3 : [(1+B)C, - B 5., 4,
36C,+3z+B) q;<(1+p)C, Y g, thatispC, +z< = =1l (B.4)
i=1 i=1
So,
3 3 BM(Y2, g, 2
(BC, +z) 3g0+BAZq,- <[C,(1+p)-B] gOZqi+M. (B.5)
i=1 i=1 3
For
3 BL z?: in 3 3 3
[C,(1+p) - B] [gozq,. +¥] <|B| 3go+BAY q; | +C,(L+B)|| g0 D @ +BAY qf ), (B.6)
i=1 i=1 i=1 i=1
This is obviously true; therefore, we get 9D * /0r < 0. For
oD} _ oD, Cugo(1+ B(3-YL ) +2(390 +ABY., q;) +ABC,(1+B) Y7 (q, - 4}) o (B.7)
= 2 b ‘

or or

Therefore, w'*, pL* and D.* are positively correlated
with r, DI is negatively correlated with r, and w.* and p}*
are independent of r.

This ends the proof.

The proof process of Lemmas 2~5 is similar to Lemma 1,

so it will not be repeated here. O

3 3
G -G" = <3g0 + 3k\ +ABZqi> - <3g0 +/\BZqi>

i=1

=3kA >0,

This ends the proof.
The proof process of Lemmas 7~12 is similar to Lemma
6, so it will not be repeated here. O
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Proof: According to Propositions 1 and 2, we can obtain

(C1)

i=1

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Grant no. 51805385).

References

[1] S. S. Sana, “A structural mathematical model on two echelon
supply chain system,” Annals of Operations Research, vol. 296,
2021.

[2] J. V. Duberg, G. Johansson, E. Sundin, and J. Kurilova-Pal-

isaitiene, “Prerequisite factors for original equipment



24

manufacturer remanufacturing,” Journal of Cleaner Produc-

tion, vol. 270, Article ID 122309, 2020.

A. Atasu, V. D. R. Guide, and L. N. V. Wassenhove, “Product

reuse economics in closed-loop supply chain research,”

Production & Operations Management, vol. 17, no. 5,

pp. 483-496, 2010.

[4] Z. Y. Liu, Y. Liu, and H. Li, “A coordination mechanism of
supply chain with a retailer and two competitive suppliers,”
Complexity, vol. 2020, Article ID 2128497, 14 pages, 2020.

[5] A. Bakhshi and J. Heydari, “An optimal put option contract
for a reverse supply chain: case of remanufacturing capacity
uncertainty,” Annals of Operations Research, vol. 299, 2021.

[6] A. Atasu, M. Sarvary, and L. N. Van Wassenhove, “Rema-
nufacturing as a marketing strategy,” Management Science,
vol. 54, no. 10, pp. 1731-1746, 2008.

[7] W.J. Liu, N. N. Shen, J. Zhang, S. Y. Geng, Y. G. Zhu, and
Y. Liu, “Optimal pricing for remanufacturing closed-loop
supply chain under different channel power structures and
product dual differentiation,” Industrial Engineering Journal,
vol. 21, no. 6, pp. 54-63, 2018.

[8] X.-P. Xu, Y. Li, M. M. Luo, and Q. Peng, “Recent progress
towards fluorinated copolymers for efficient photovoltaic
applications,” Chinese Chemical Letters, vol. 27, no. 8,
pp. 1241-1249, 2016.

[9] J. Cheng, B. Li, B. Gong, M. Cheng, and L. Xu, “The optimal
power structure of environmental protection responsibilities
transfer in remanufacturing supply chain,” Journal of Cleaner
Production, vol. 153, pp. 558-569, 2017.

[10] B. T. Hazen, R. E. Overstreet, L. A. Jones-Farmer, and
H. S. Field, “The role of ambiguity tolerance in consumer
perception of remanufactured products,” International
Journal of Production Economics, vol. 135, no. 2, pp. 781-790,
2012.

[11] Z. Liu, T. D. Anderson, and J. M. Cruz, “Consumer envi-
ronmental awareness and competition in two-stage supply
chains,” European Journal of Operational Research, vol. 218,
no. 3, pp. 602-613, 2012.

[12] Z.K. Xiong, P. Zhang, and N. Guo, “Impact of carbon tax and
consumers’ environmental awareness on carbon-emissions in
supply chains,” Systems Engineering-Theory ¢ Practice,
vol. 34, no. 9, pp. 2245-2252, 2014.

[13] Y. Yu, X. Han, and G. Hu, “Optimal production for manu-
facturers considering consumer environmental awareness and
green subsidies,” International Journal of Production Eco-
nomics, vol. 182, pp. 397-408, 2016.

[14] L. Zhang, J. Wang, and J. You, “Consumer environmental
awareness and channel coordination with two substitutable
products,” European Journal of Operational Research, vol. 241,
no. 1, pp. 63-73, 2015.

[15] J. Ji, Z. Zhang, and L. Yang, “Carbon emission reduction
decisions in the retail-/dual-channel supply chain with con-
sumers’ preference,” Journal of Cleaner Production, vol. 141,
pp. 852-867, 2017.

[16] Q. Li, R. Long, and H. Chen, “Empirical study of the will-
ingness of consumers to purchase low-carbon products by
considering carbon labels: a case study,” Journal of Cleaner
Production, vol. 161, pp. 1237-1250, 2017.

[17] L. Xia, W. Hao, J. Qin, F. Ji, and X. Yue, “Carbon emission
reduction and promotion policies considering social prefer-
ences and consumers’ low-carbon awareness in the cap-and-
trade system,” Journal of Cleaner Production, vol. 195,
pp. 1105-1124, 2018.

[18] Y.Y. Wang, Z. Q. Yu, M. Z. Jin, and J. F. Mao, “Decisions and
coordination of retailer-led low-carbon supply chain under

[3

Complexity

altruistic preference,” European Journal of Operational Re-
search, vol. 293, pp. 910-925, 2021.

[19] C. Wang, W. Wang, and R. Huang, “Supply chain enterprise
operations and government carbon tax decisions considering
carbon emissions,” Journal of Cleaner Production, vol. 152,
pp. 271-280, 2017.

[20] J. Huang, M. Leng, L. Liang, and J. Liu, “Promoting electric
automobiles: supply chain analysis under a government’s
subsidy incentive scheme,” IIE Transactions, vol. 45, no. 8,
pp. 826-844, 2013.

[21] S. H. Yang and J. Fu, “A research on optimal emission-re-
duction decisions in supply chain based on the subsidies for
consumers,” Industrial Economic Review, vol. 6, pp. 104-115,
2015.

[22] X. Xia, J. Ruan, Z. Juan, Y. Shi, X. Wang, and F. Chan,
“Upstream-downstream joint carbon reduction strategies
based on low-carbon promotion,” International Journal of
Environmental Research and Public Health, vol. 15, no. 7,
p.- 1351, 2018.

[23] Y.Y.Yiand]. X. Li, “Cost-sharing contracts for energy saving
and emissions reduction of a supply chain under the con-
ditions of government subsidies and a carbon tax,” Sustain-
ability, vol. 10, no. 3, p. 895, 2018.

[24] Y. Yuyin and L. Jinxi, “The effect of governmental policies of
carbon taxes and energy-saving subsidies on enterprise de-
cisions in a two-echelon supply chain,” Journal of Cleaner
Production, vol. 181, pp. 675-691, 2018.

[25] K. Cao, X. Xu, Q. Wu, and Q. Zhang, “Optimal production
and carbon emission reduction level under cap-and-trade and
low carbon subsidy policies,” Journal of Cleaner Production,
vol. 167, pp. 505-513, 2017.

[26] S. S. Sana, “Price competition between green and non green
products under corporate social responsible firm,” Journal of
Retailing and Consumer Services, vol. 55, pp. 102-118, Article
ID 102118, 2020.

[27] 1. E. Nielsen, S. Majumder, S. S. Sana, and S. Saha, “Com-
parative analysis of government incentives and game struc-
tures on single and two-period green supply chain,” Journal of
Cleaner Production, vol. 235, pp. 1371-1398, 2019.

[28] S. J. Kumar and S. P. Sarmah, “Price competition and co-
operation in a duopoly closed-loop supply chain,” Interna-
tional Journal of Production Economics, vol. 156, pp. 346-360,
2014.

[29] J. Wei, K. Govindan, Y. Li, and J. Zhao, “Pricing and collecting
decisions in a closed-loop supply chain with symmetric and
asymmetric information,” Computers & Operations Research,
vol. 54, pp. 257265, 2015.

[30] H. H. Liu, T. Huang, and M. Lei, ““Dual-channel recycling
model of waste electrical and electronic equipment and re-
search on effects government subsidy,”,” Chinese Journal of
Management Science, vol. 21, no. 2, pp. 123-131, 2013.

[31] J. Heydari and M. Ghasemi, “A revenue sharing contract for
reverse supply chain coordination under stochastic quality of
returned products and uncertain remanufacturing capacity,”
Journal of Cleaner Production, vol. 197, pp. 607-615, 2018.

[32] J. Heydari, K. Govindan, and R. Sadeghi, “Reverse supply
chain coordination under stochastic remanufacturing ca-
pacity,” International Journal of Production Economics,
vol. 202, pp. 1-11, 2018.

[33] R. Aydin, C. K. Kwong, M. W. Geda, and G. E. K. Okudan,
“Determining the optimal quantity and quality levels of used
product returns for remanufacturing under multi-period and
uncertain quality of returns,” International Journal of



Complexity

Advanced Manufacturing Technology, vol. 94, no. 9-12,
pp. 4401-4414, 2018.

[34] A. A. Taleizadeh, F. Haghighi, and S. T. A. Niaki, “Modeling
and solving a sustainable closed loop supply chain problem
with pricing decisions and discounts on returned products,”
Journal of Cleaner Production, vol. 207, pp. 163-181, 2019.

[35] M.E. Ferguson and L. B. Toktay, “The effect of competition on
recovery strategies,” Production & Operations Management,
vol. 3, pp. 351-368, 2010.

[36] V. D. R. Guide, R. H. Teunter, and L. N. V. Wassenhove,
“Matching demand and supply to maximize profits from
remanufacturing,” Manufacturing & Service Operations
Management, vol. 5, no. 4, pp. 303-316, 2003.

[37] C.Zhu and]. X. Zhang, “Study on pricing and coordination of
closed-loop supply chain considering retailer’s dual-channel
and differences in recycled products quality,” Computer Inte-
grated Manufacturing Systems, vol. 27, no. 11, pp. 3318-3328,
2021.

25



