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The management of recycling and remanufacturing supply chains, which can help enterprises
achieve low pollution, low energy consumption and sustainable development, has become a new
strategy of modern enterprises. The factors of supply chain and government mechanisms will have
an impact on enterprise decisions for recycling, remanufacturing and social welfare. In order to
promote the sustainable operation of the supply chain, considering the coordination role of
government mechanisms and supply chain, a recycling and remanufacturing supply chain model
composed of a manufacturer, retailer and recycler is constructed. This paper discusses the pricing
decision of new/remanufactured products, supply chain performance level, such as
remanufacturing effort, publicity service efforts and profit, and social welfare in five models of
three situations: centralized situation, including non-government mechanisms and non-supply
chain coordination; manufacturer-led situation, including non-government mechanisms and non-
supply chain coordination, government mechanisms and non-supply chain coordination,
government mechanisms and supply chain coordination; government-led situation, including
government mechanisms and non-supply chain coordination. It is found that under manufacturer-
led situations, the government subsidy and bonus-penalty mechanisms can encourage manufacturer
and retailer to actively participate in the recycling and remanufacturing activities. The supply chain
coordination contract can further enhance the role of the consumer market and promote the
implementation of government mechanisms. Manufacturer adopts a cost-sharing contract to
encourage recyclers to carry out recycling activities. Under certain conditions, the contract can
effectively improve the benefits and social welfare. The research conclusions have important
theoretical and practical application value for the coordination and cooperation among enterprises
in the supply chain and the formulation of government mechanisms.

© 2023 by the authors; licensee Growing Science, Canada

1. Introduction

With the development of economy, science and technology, society pays more attention to the protection of the ecological
environment and the recycling of resources (Ranjan & Jha, 2019). Recycling and remanufacturing industry has gradually
become an important way to realize the sustainable development strategy of all countries in the world. The implementation
of recycling and remanufacturing management in enterprises cannot only reduce the environmental pollution and resource
consumption in the production process, but also realize the sustainable development of the economy and enhance the
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competitiveness of enterprises (Savaskan & Wassenhove, 2006; Hong & Guo, 2019). Compared with new products,
remanufactured products have less impact on the environment. At present, the remanufacturing industry in many countries is
still in its infancy. How to promote the rapid and healthy development of the recycling and remanufacturing industry has
attracted extensive attention from the society. With the gradual enhancement of consumers' awareness of environmental
protection, consumers are more willing to buy remanufactured products (Ismail & Hanafiah, 2019), and retailers are also
willing to promote service remanufactured products. In this context, how the preferences of consumers and retailers affect the
market demand of new/remanufactured products, and further affect the production and pricing of supply chain are urgent
practical problems to be solved. On the other hand, in order to reduce the environmental burden and support the national
sustainable development strategy, it is necessary for the government to promote the development of the recycling and
remanufacturing industry through the mechanisms of environmental regulations and financial intervention (Ma et al., 2013).
The government can promote the recycling and remanufacturing activities and affect social welfare by setting the basic
remanufacturing capacity, the degree of publicity services for remanufactured products, implementing bonus-penalty
measures, and providing subsidies for remanufactured products. At the same time, compared with centralized decision-making,
when considering the role of government mechanisms and consumer market, the decision-makers in the supply chain system
simply pursue their own profit maximization, which will lead to "double marginal effect". The recycling and remanufacturing
supply chain is in a state of imbalance, which affects the overall benefits of the system and social welfare. Therefore, in
decentralized decision-making, how to formulate the internal coordination contract of the supply chain to promote the
cooperation between node enterprises and form a win-win relationship with the government has become one of the important
contents of recycling and remanufacturing supply chain management. In view of the above considerations, this paper will
focus on solving the following three problems:

I. How to make decisions in the recycling and remanufacturing supply chain system under the independent role of the
consumer market?

II. Under the joint action of government mechanisms and consumer market, how do the government mechanisms affect the
remanufacturing decision-making of enterprises, the remanufacturing capacity of manufacturers, the degree of product
publicity services of retailers, the efficiency of supply chain and social welfare?

III. What kind of coordination contract should be designed to achieve the improvement of supply chain node enterprises
profits, system benefits and social welfare under the joint action of government mechanisms and consumer market?

The remainder of this paper is organized as follows: Section 2 reviews the related literature. Section 3 presents notations and
assumptions. In Section 4, four different game models are proposed, along with the optimal solutions. Section 5 studies the
system coordination in the manufacturer-led model with government mechanisms. Numerical results and sensitivity analysis
are presented in Section 6. Section 7 concludes the paper.

2. Literature review

This section aims to present a brief review of literature that is related to our context. The related literature is classified into
two main streams: (1) the pricing problem of closed-loop supply chains only considering preferences and market demand,
and (2) pricing problems involving government mechanisms.

2.1. Preferences and market demand

At present, some literature has studied the decision-making of recycling and remanufacturing from the perspective of
consumer preferences and market demand. Some scholars believe that consumers have certain environmental preferences and
are willing to pay extra for green products. On this basis, they have studied the decision-making behavior of manufacturer
and retailer (Ghosh & Shah, 2015; Liu et al., 2012; Xiong et al., 2014; Yu et al., 2016). However, some literature (Ferrer &
Swaminathan, 2010; Cheng et al., 2017; Heng et al., 2020) mentioned that due to different consumption tendencies and
cognitive levels, consumers have different degrees of market demand for new/remanufactured products. Although there is no
difference in quality between new/remanufactured products, consumers have different recognition and willingness to pay for
remanufactured products of the same quality and function. Ho & Zhang (2008) constructed a fair utility function to study the
secondary supply chain, and pointed out that consumers' bias towards remanufactured products will seriously affect the market
demand for remanufactured products. Of course, if the remanufacturing process is very transparent, consumers will also prefer
to buy remanufactured products at a higher price (Hazen et al., 2012). Considering the low-carbon awareness of consumers,
Xia et al. (2018) established a game model led by manufacturers. The conclusion shows that consumers' low-carbon preference
can effectively improve the enthusiasm of supply chain members to invest in low-carbon industries and increase their
investment profits. Under the carbon trading system and low-carbon preferences of consumers, Liu et al. (2016) discussed the
coordination of a low-carbon supply chain with supplier-led investment and emission reduction, proposed a quantity discount
contract for retailers to share emission reduction costs for coordination, and gave the optimal combination of quantity discount
strategies. At the same time, by building a centralized and decentralized model, Li et al. (2017) found that there were
significant differences in the willingness to buy low-carbon products in terms of age, values, education level and income.
Wang et al. (2021) claimed that altruistic preference would help to improve the profits and system efficiency of small and
medium-sized manufacturer, but would reduce the profit of retailer, by building three decision-making models in the low-
carbon supply chain: centralized, decentralized without altruistic preference and decentralized with altruistic preference. Ji et
al. (2017) considered consumer preferences in a dual channel supply chain. Zhao & Xiao (2018) discussed the operation
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strategies of dual channel closed-loop supply chains under different recycling modes from the perspective of channel
preference and risk aversion.

2.2. Government mechanisms

The government mechanisms to promote and intervene in recycling and remanufacturing decision-making is also a research
hotspot (Wang et al., 2018). Mitra et al. (2008) and Sheu & Chen (2012) considered the impact of government subsidies to
supply chain members on the closed-loop supply chain. The conclusion shows that the government subsidy mechanisms can
effectively promote the development of the remanufacturing industry. Wan & Hong (2019) and Shu et al. (2017) found that
government subsidies will stimulate market demand and benefit members of the closed-loop supply chain. It will play a good
role in promoting the benefits of the supply chain and social benefits. Appropriate government subsidies can help promote
the market demand for remanufactured products, and the government can adopt appropriate subsidy policies to encourage the
recycling of returned goods (Guo et al., 2019). In order to study the problem of energy conservation and emission reduction
in the supply chain, Yi and Li (2018) established the stackelberg model of retailer and manufacturer. They found that
government subsidies can increase the profits of supply chain members. Heydari et al. (2017) found that the government
should provide subsidies to manufacturers rather than retailers. Meanwhile, Ma et al. (2015) analyzed the impact of subsidies
to consumers and subsidies to manufacturers on the closed-loop supply chain. The research shows that subsidies to consumers
can bring more profits to manufacturers and retailers. Xia et al. (2018) analyzed the impact of government subsidies on
consumer perceptions and found that not all consumers expect government subsidies. He et al. (2019) believes that
manufacturers can distribute new products through independent retailers and sell remanufactured products through third-party
companies or platforms (3P) where government subsidies may exist. Zhao et al. (2018) developed a decision-making model
that takes into account consumer preferences for remanufactured products and the impact of government subsidies. The study
found that if remanufacturers share a certain proportion of subsidies with consumers, they can obtain more profits due to the
expansion of the market.

To sum up, many scholars have studied the management and decision-making of recycling and remanufacturing. In the
construction of recycling and remanufacturing supply chain management systems, the influence of preferences and
government mechanisms on enterprises and supply chains has become the focus of scholars. However, the current research
on recycling and remanufacturing supply chains is mostly about consumer preferences and undifferentiated government
subsidies for remanufactured products. In fact, in the complex recycling and remanufacturing supply chain system, retailers,
as the main sales force, have sales efforts, especially the role of advertising (Qi et al., 2020; Xie et al., 2017; Ranjan & Jha,
2019). Retailers also have a preference for publicity services for new/remanufactured products. When the efforts of retailers
to advertise services for remanufactured change, on the one hand, it will affect the product brand and corporate image of
upstream manufacturers and affect the decision-making of manufacturers. On the other hand, it will affect the downstream
consumer market demand for new/remanufactured products. At the same time, in addition to providing undifferentiated
subsidies, the bonus-penalty mechanisms are also a research area. Therefore, in view of the cooperative operation of recycling
and remanufacturing supply chain (upstream manufacturer's new/remanufactured products, midstream retailer's promotion of
enterprises and products, and downstream recycler's recycling of used products), considering the role of consumer market and
government mechanisms, this paper adopts game theory to establish a decision-making model of remanufacturing supply
chain. In order to further improve the efficiency of the system, a supply chain internal coordination contract with cost-sharing
contract is designed to improve the economic benefits and social welfare.

In short, this paper constructs a recycling and remanufacturing supply chain for manufacturer, retailer and recycler. The
factors, such as product differences (new/remanufactured products), consumer preferences (ordinary/environmentally friendly
consumers) and retailer publicity services preferences (new/remanufactured products publicity and services), are considered.
The remanufacturing ability and goodwill level of the manufacturer are taken as decision variables. Five analytical decision
models are studied: (a) concentration/manufacturer dominance based on the consumer market in which there is non-
government mechanism and non-supply chain coordination,(b) manufacturer/government dominance based on government
mechanisms in which there is government mechanisms without supply chain coordination, and (¢) manufacturer dominance
supply chain coordination in which there is government mechanisms with supply chain coordination. This paper discusses the
impact of relevant market and government mechanisms parameters on the decision-making, efficiency and social welfare of
the supply chain system. The conditions and effects of cost-sharing contracts in coordinating the supply chain are analyzed.
The conclusions provide reference for enterprises to choose cooperation contracts, formulate and implement government
mechanisms according to the actual situation.

3. Model background description
3.1. Problem description

Manufacturer is responsible for manufacturing new products, buying back used products from recyclers and carrying out
remanufacturing activities. Retailer is responsible for the sale of new/remanufactured products, as well as providing publicity
service for products and the brand of the manufacturer. Recyclers are responsible for recycling used products from consumers.

Firstly, this paper discusses the decision-making problem of recycling and remanufacturing supply chain without supply chain
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coordination (model and model ) based on the role of consumer market, as shown in Fig.1(a). Further, the situation where
there are government mechanisms without supply chain coordination (model and model ), as shown in Fig.1(b), is considered.
In this case, on the one hand, the government has subsidies for remanufactured products. On the other hand, the government
carries out bonus-penalty activities for remanufacturing production and retailer's remanufacturing product publicity service.
If the remanufacturing capacity of the manufacturer is higher than the basic remanufacturing capacity stipulated by the
government, the manufacturer will be rewarded. Otherwise, it will be punished; If the efforts to publicity service
remanufactured products of retailers are higher than the basic publicity service stipulated by the government, the retailer will
be rewarded. Otherwise, it will be punished. Through analysis and comparison, this paper studies the impact of government
mechanisms on manufacturer's remanufacturing strategy and supply chain pricing decision. Finally, the situation with
government mechanisms and supply chain coordination (model ) to improve the operation of remanufacturing supply chains
based on government mechanisms is considered, as shown in Fig. 1(c). In this case, the manufacturer bears part of the recovery
cost of the recycler. We discuss the decision-making problem with supply chain coordination and analyze the impact of cost-
sharing contracts on enterprise operation efficiency and government mechanisms implementation by comparing model and
model .
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remanufactured products p- + Recycling price of

used products p,

Repurchase price of used products p,,
—————————————————————————— Recycler

(a) Non-government mechanisms and non-supply chain coordination
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|
——————— Recycler ———————.—————————I
Coordination mechanism Repurchase price of used products p,,

(¢) Government mechanisms and supply chain coordination
Fig. 1. Structure of five models in a recycling and remanufacturing supply chain.

Recycling price of
used products p,

3.2. Symbol description

Based on the problem description, we employ the major index, parameters, variables and functions given in Table 1 throughout
this paper.

Table 1
Index, parameters, variables and functions.

Index

i Index for model i,ie {I1C,IM ,1IM ,1IG,1II} ,

Parameters

v The impact of remanufacturing effort on remanufacturing capacity,0 <v <1;
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£ The impact of the retailer's publicity service efforts on the goodwill level of manufacturer,0 < € <1;
k Proportion of retailer's publicity service efforts for remanufactured products,0 < & <1;
o The quantity of potential consumers in the market, ¢ >0 ;
T The proportion of ordinary consumers thinks that new products are better,0 <7 <1;
o The positive impact of remanufacturing capacity on the consumer market,0 < & < 1;
& The positive impact of manufacturer's goodwill on the consumer market,0 <& <1;
w Cost coefficient of retailer's publicity service efforts, @ > 0;
c, Unit production cost of new products,c, >0;
c, Unit production cost of remanufactured products,c, >0
c, Unit treatment cost of recycler to recycle used products,c, >0
C Unit environmental treatment cost of unrecycled used products in the consumer market,c, >0;
E, The basic remanufacturing capacity of manufacturer set by the government,0 < £, <1;
4, The basic publicity service efforts for remanufactured products set by the government ,0 < 4, <1;
s Unit subsidy for remanufacturing products,s >0 ;
h, Bonus-penalty coefficient for the remanufacturing capacity of manufacturer,; >0;
h, Bonus-penalty coefficient for retailer's publicity service remanufactured products, s, >0;
4 The quantity of used products voluntarily returned by consumers,¥ > 0;
o Consumers' sensitivity to recycling prices,d > 0;
H Sensitivity coefficient of ordinary/environmentally friendly consumers to the retail price of
remanufactured/new products,0 <z <1;
4 Remanufacturing input cost coefficient,6 > 0;
o Manufacturer's share coefficient of recovery cost to recycler,0 < o <1;
Decision variables
w! Unit wholesale price of new/remanufactured products in the modeli, w;, >0;
ol Unit retail price of new products in the modeli, p! > 0;
p! Unit retail price of remanufactured products in the modeli , p! > 0;
p! Unit recycling price of used products in the modeli, p' > 0;
P Unit repurchase price for used products in the modeli, p! >0;
e The remanufacturing effort of manufacturer in the modeli, ,i 5 (3
A The publicity service efforts of retailer for new/remanufactured products in the modeli, 4/ > 0.
Functions
E' The remanufacturing capacity of manufacturer in the model:;
G The goodwill level of manufacturer in the modeli;
d Consumer demand for new products in the model;
d Consumer demand for remanufactured products in the model:;
el Input cost of manufacturer's remanufacturing capacity in the model:;
<l The retailer's input cost of new/remanufactured product publicity service activities in the model:;
T' The quantity of used products recycled by recyclers in the modeli;
fi The profit of manufacturer in the model:;
f! The profit of retailer in the modeli;
K The profit of recycler in the modeli;
f The overall profit of supply chain system in the model:;
Sy Social welfare in the modeli.

3.3 Problem assumptions

Assumption 1. New/remanufactured products have no difference in quality and function, so it is assumed that
new/remanufactured products have the same wholesale price (Zheng et al., 2017). However, consumers have different
preferences for new/remanufactured products. New/remanufactured products have different retail prices.
Assumption 2. The publicity service efforts of retailer for new/remanufactured products will affect the goodwill level of
manufacturer. The two are linear, i.e. G =éd-
Assumption 3. The publicity service efforts of retailer for remanufactured products is k4’ and for new products is (1 — k)4’ -
okd))’ | o1k (4D

2 2

Then the retailer's input cost for new/remanufactured product publicity service activities is ¢;, =
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Assumption 4. The remanufacturing capacity of manufacturer is linearly related to the remanufacturing effort, i.e. £/ = ve’,

i\2
and the input cost of the remanufacturing capacity is ' = OE,)
e 5

Assumption 5. The demand function is linear and related to the quantity of potential consumers, retail price, remanufacturing
capacity and the goodwill level of manufacturer. The market demand for new products isd = @7 — up! +kEG! . The market
demand for remanufactured products is d. = (1-7)p— up! + £ +(1-k)EG!.

Assumption 6. The total amount of government subsidies, bonus-penalty for manufacturer's remanufacturing activities is
sd. +h, (E, —E,). The total bonus-penalty of government for retailer's publicity service efforts for remanufactured products
ish_ (kA — 4,) .

Assumption 7. The quantity of recycled by the recycler is related to the recycling price, i.e.T' = + &! . The government
conducts environmental treatment on the unrecycled used products. The quantity of unrecycled used products isq! +d! —T".

Assumption 8. The market is completely open and all members of the multi-level closed-loop supply chain make decisions
under the condition of symmetrical information.

Assumption 9. There are pl>pi>w o >c, >c. +e, (Zhao et al., 2019; Huang & Chen, 2019).
Assumption 10. Referring to literature (Li et al., 2021), social welfare is given by

7 fl=ed, +d.=T"),ie {IC,IM};

< —[dls+h(E, —E,)+h.(kd] = Ay) +c,(d) +d! =T")],i e {IIM,1IG, 11T}
4. Model construction and solution
4.1. Non-government mechanisms and non-supply chain coordination

In the market environment without government mechanisms, the decision-making of the supply chain is only affected by the
role of consumer market. The profit functions of manufacturer, retailer and recycler are given by

Jo=d (W, —c,)+di(w, —c.)=¢,. +(c, —c. = p,)T",ie {IC,IM} M
[ =dy(py—w)+dl(pl-w,)=c,,.i€ {IC,IM} )
Ji=(p, = p—c)T'ie {IC,IM} G

The overall profit and social welfare functions of the supply chain are given by

S =dpy =) +dipL =) =€ e, (e, —e. = pl =, )T e (IC 1M} @)
féf =f’i—ch(d,:+d;—T"),l'€ {IC,IM} )

4.1.1. Centralized decision-making without governmental mechanisms (model1C)

Under centralized decision-making, manufacturer, retailer and recycler no longer make decisions alone, but jointly determine
strategies. The decision variables to be determined by the recycling and remanufacturing supply chain system are as follows:
the recycling price, the remanufacturing effort of the manufacturer, the retail price of new/remanufactured products, and the
publicity service efforts of the retailer. The repurchase price and the wholesale price of new/remanufactured products, which
only affect the profits among distribution members, will not affect the profits of the entire supply chain. The manufacturer,
retailer and recycler jointly determine the retail price of new/remanufactured products, the recycling price of used products,
the remanufacturing effort of the manufacturer and the publicity service efforts of the retailer, so as to maximize the profits
of the whole recycling and remanufacturing supply chain system. The decision variables in the overall profit function
P, i€, pl€,e'“, A1) of the supply chain are p.°, p'“, p!,e'“and 4.

n

[C=df(p, —c)+d (P —c.)—cp—cy +(c,—c.—p, = )T Q)

4

By using the reverse induction, we obtain the optimal results for the model IC', which are described in the following
Proposition 1.

Proposition1. In the model IC, if £’e” < uwand u6 > o , the overall profit function f'“ (p\, p!, pi°,e', 41°) of the supply

Ic
z

chain is a concave function of p'°, p!°, p!,e'“and 4. The equilibrium results of manufacturer, retailer and recycler are

shown as
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c* _ c,—c,—¢c, Y
i [(uA, + kelBy)c, + keEBc. + @td, — keE (26D, + ko prel)] fon T2 T P
p Z,LZA} ,UAs ‘st éB() 4 f H 4 f p > 25
P :7[—/19G1c” +(0d, — ubG,)c. +6D,] €' = ! (~MGic, - uG,c, +D,) A = —(B ¢, + Bee. 206D, — ko pred) |
ods VA, 4,
where

A, = E[2k7 0% +20u(2k” — 2k + 1))+ 2ua 2u6 — 0 Y(2k* — 2k +1) | B, = —kueEQQué - o*) | B, = 21> 0e(1- k),
D, =2uwp(1-17)2k* =2k + 1)+ kg’ E* (—k + 1) , D, = &6k =1+ 17 -2k7) |G, = ae*E*k(1- k),
G, = o[2ua(2k* =2k +1)—k**£?]

Proof. Please see Appendix A.

Further analysis of Proposition 1 leads to Lemma 1.

1c* 1c* 1c* 1c* 1c*
Lemma 1.(1). aa” >o,ag’f <0,a§; >o,aaec <0,agc' <0.
a 1c* apl( apIC* ae](f" aAIC*
<0, %50, 0, 0% <o.
@5 <% 7% <% <P <
aeIC* aeIC*
ke (0
() ke O, </ -
aA“* _[oa] BA"* _Joar
(4).If ke (0, ) G F ke (—1) >,

Proof. Please see Appendix B.

Lemma 1(1) shows that in the market environment without government mechanisms, if centralized decision-making is adopted,
with the increase of the production cost of new products, the retail price of new products and the recycling price of used
products increase, while the retail price of remanufactured products, the remanufacturing effort of manufacturer and the
publicity service efforts of retailer decrease. Lemma 1(2) indicates that as the production cost of remanufactured products rise,
the retail price of new products, the recycling price of used products, the remanufacturing effort of the manufacturer and the
publicity service efforts of retailer decrease, while the retail price of remanufactured products increase.

4.1.2. Decentralized decision-making without government mechanisms (model IM )

In the decentralized decision-making of non-government mechanisms, manufacturer dominate, retailer and recycler are
followers. The sequence of decisions is described as follows: (a)the manufacturer determines the wholesale pricew™ , the

remanufacturing efforte'™ , and the repurchase price p.' , (b) the retailer sets the retail price p," , p!* and the publicity service

efforts 4™, and(c) the recycler decides the recycling price p™*

By using the reverse induction, we obtain the optimal results for the model IM , which are described in the following
Proposition 2.

Proposition 2. In the model IM , the recycler's profit function fW ( pW )is a concave function of pM If 26 < 2uw, retailer's
profit functlon fW (p, p™, 4™)is a concave function of p, p™ and 4™ . If u@ > &, the manufacturer's profit function

LMW e™, p™Y)is a concave function of w." ™ and p2’ . The equilibrium results of manufacturer, retailer and recycler
are given as
W:MA :_L(GBlcn +B3CZ +ng)yelM* == 7(0{3 c, +B C. + 0B ), e = C Te G _Kap”“ = A _371//’
4, 2 267" 4 46

p' = AlA [~(B, —2kue’$* )(@B,c, + By, +6B,) G (aBic, + B,c, +oB,))+ AD,],
1472
p =AA [—(B, —ue’&*)(Bc, + Byc. +6B,) — G, (aBc, + B,c. + 0B,) + A D,]
AM = U[ﬂff(%’]cn + B, +6B,)—ae(1—k)(eB,c, + B,c, + 0B,)— AD,].
1472
where
A, = E(1-20) [0k + 20u(1 - 2k)] + 2uaX e’ — 4uB)(2k> — 2k +1), 4, = 2u(2k* — 2k +)Quw—°E?),
B, = u[2um(2k* =2k +1)— £°E*(2k* =3k +1)], B, = 2uwp(2k® — 2k +1)+ e’ &> (1-2k)(k—17) ,
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B, = (u0—a*)[2uax2k* =2k +1)— ke’ E* 2k —1)], B, = pof—6um(2k” — 2k +1)+ 22 (6k* =Tk +2)],G, = o’ Ek(1- k),
G, = o 2ua(2k* =2k +1)—k*£*E*], D, = 2uwpt(2k* =2k +1) + pe*E* (1-k)(k - 1),
D, =2uwp(1-1)(2k* = 2k +1) + ke E* (—k + 1) , Dy = &6p(k =1+ 17— 2k7) .

Proof. Please see Appendix C.

Further analysis of Proposition 2 leads to Lemma 2-4.

IM* IM* IM* IM* IM*
ow de 0 op 04, <0 ap,

Lemma 2.(1). 8; >0, “—>0, > 0.

ac, " 9, ac, " 9,
IM* IM* IM* Alx\/I* IM*
Q). My 098 0P 04 o
dc, dc, dc, dc, dc
IM* IM*
3+\/E€2§2’apn >0’apz > 0.
2 dc dc

n n

<0.

z

3). If 2uw=

Proof. Please see Appendix D1 .

From Lemma 2, we find that with the increase of the production cost of new products, the wholesale price, the recycling price
and repurchase price of used products, and the remanufacturing effort of the manufacturer increase, while the retailer's
publicity service efforts for new/remanufactured products decrease. With the increase of production cost of remanufactured
products, the wholesale price increases, while the recycling price and repurchase price of used products, the retailer's publicity
service efforts for new/remanufactured products, and the remanufacturing effort of the manufacturer all decrease. Under
certain circumstances, the retail price of new/remanufactured products increases with the increase of the production cost of
new products.

1 aWIM* aeIM* aAIM* 1 aWIM" aeIM* aAIM*
Lemma 3. If ke (0,2),—~—<0, <0,——<0. If ke (=,),—=—>0, >0,——>0.
( 2) or or (2 ) T or o7
IM* M* M* M*
I ke, 5o o %P T
ot a7 a7 a7

Proof. Please see Appendix D2.

From Lemma 3, it is found that if a retailer prefers the publicity service efforts for new products, with the quantity of ordinary
consumers raises, the wholesale price, remanufacturing effort of manufacturer, the retailer's publicity service efforts for
new/remanufactured products decrease. If the retailer prefers the publicity service efforts for remanufactured products, with
the quantity of ordinary consumers raises, the wholesale price, remanufacturing effort of manufacturer, the retailer's publicity
service efforts for new/remanufactured products increase. No matter whether retailers prefer publicity service efforts for new
or remanufactured products, the retail price of new products increase, the retail price of remanufactured products decrease,
the recycling price and repurchase price of used products do not change with the quantity of ordinary consumers.

le]ll]lla 4. 1 . If ke (0, ) it ’ < il
( ) 2 > a ; a :
M*

_|op!
IE

. ‘

IM*

|op,. _
dc, ‘

ale*
| 9c, ‘

(2).Vke (0)),

opa"
‘ adc,

Proof. Please see Appendix D3.

Lemma 4(1) shows that if the retailer prefers the publicity service efforts for new products, the change rate of wholesale price
with the production cost of remanufactured products is higher than that of wholesale price with the production cost of new
products. Lemma 4(2) indicates that no matter whether retailers prefer the publicity service efforts for new or remanufactured
products, the change rate of the recycling price and repurchase price of used products with the production cost of
remanufactured products is the same as that with the production cost of new products.

4.2. With government mechanisms

To guide and encourage enterprises to actively participate in recycling and remanufacturing activities, the government adopts
certain subsidies and bonus-penalty mechanisms to affect the decisions of manufacturer and retailer, which indirectly affect
the pricing decisions of the supply chain. Finally, the goal of improving product remanufacturing level and environmental
performance will be realized. The profit functions of manufacturer, retailer and recycler are formulated as

fr=diw —e)+d (W —c.)=c! . +(c,—c.—p )T’ +d;‘s+h,(E£1 —E,),ie {IIM,IIG} @)
Sl =d,(p,—w)+d.(p. —w,)—c,, +h (kA - 4,).i € {IIM,1IG} (3)
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fl;:(p:n_p:_cr)TIale {HM,HG} (9)

The overall profit and social welfare functions of supply chain are formulated as
ST =faH e =d,(p,—c)+d(p.—c.)—c,. —c;, +(c,—c. = p, —c)T" +d.s+h,(E, —E,)+h.(kd; - 4,),i€ {IIM,TIG} (10)

fi=f=ldis+h,(E, —E)+h_(kA] - A)+c,(d} +d. —T")],ie {1IM,1IG} (11)
4.2.1. Manufacturer-led decentralized decision (model1IM )

In the model IIM , the market environment is dominated by manufacturer with government mechanisms. Hence, retailer and

recycler are followers. The decision sequence is as follows: (a)the manufacturer determines the wholesale pricew, " , the

repurchase price p~” , and the remanufacturing efforte™ | (b)the retailer sets the retail price pI , p!" and the publicity service

M

efforts 4™, and (c)the recycler decides the recycling price p™ .
By using the reverse induction, we obtain the optimal results for the model IIA7 , which are described in the following
Proposition 3.

Proposition 3. In the model 11M , the recycler's profit function 1", )is a concave function of p"' . If §’¢* < 2uw, the

retailer's profit function £ (p™ 1M 41y is a concave function of p," , p!** and 4™ . If 6 > o, the manufacturer's profit

nm M

function £ (! oM pa )is a concave function of w,™ , p,” and e™ . The equilibrium decisions of manufacturer, retailer

and recycler are given by
wit = —AL(HBIC" +Bsc, +6B, +aC\h; + Cys +6C;h,) "' = —i[aBlcn +B,c. +0B, +2u(2C, —€°&§*)h, - Bys+aCsh. ]|
1

n
1

>

s _ Gy TC ZC W pl = ¢y =c.—¢, 3y
" 2 2870 4 48°
pav = AlA {~(B, - 2kue*E*)(6B,c, + Bsc, + 6B, +aC,h,; + C,s +6Csh,) - G, [aB,c, + B, + 0B, +2u(2C, = °E*)h, — B,s+aCyh. ]
1472
+4,(D, +kCsh. )},
p :ﬁ{—(za1 —ue*EN(6Bc, + Byc. + 6B, +aCh, + Cos +0C,h.) - Gy[aBc, + Byc, + 0B, +2u(2C, — 5 )h, - B,s + aCyh_]
1472
+A[D, +(1-k)C;h.1},
AN = AZ—Z {ueb(BB,c, + Byc, + OB, +aC\h, + C,s + 6C;h. ) — ael (1 - k)[oB,c, + B,c. +aB, +2u(2C, — &% )h, — Bys +aCsh. ]

1472
= 4,(D; = 2kuh.)},
where
C, =2ua(2k* =2k + 1)+ ke’ E*(1-2k) ,C, = 2ua”® — u6—2k> ub+20°k*> = 20°k) + ke* £ (& — u)(1-2k), Cy = 2kueé

Proof. Please see Appendix E.

By analyzing Proposition 3, Lemma 5 and Lemma 6 are obtained.

IM* v M * M *
ow de op," _ " _

L .(1).——>0, >0, =0.
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@20 0 2 g,
" oh, " oh, " Oh, oh, '
M * 9 T m* m* M *
) A S/ /S
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Proof. Please see Appendix E1.

Lemma 5 shows that with the increase of the government's bonus-penalty coefficient for manufacturer's remanufacturing
capacity, the wholesale price and the manufacturer's remanufacturing effort increase, but the recycling price and repurchase
price of used products remain unchanged. With the increase of bonus-penalty coefficient of the government's promotional
service activities for retailer's remanufactured products, the wholesale price and the remanufacturing effort of manufacturers
increase, but the recycling price and repurchase price of used products remain unchanged. As the government's subsidies for
basic units of remanufactured products rise, the manufacturer's remanufacturing effort and the retailer's publicity service
efforts increase, but the wholesale prices decrease, while the recycling price and repurchase price of used products remain
unchanged.
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aellM* aeIIM*

Lemma 6. W > o

Proof. Please see Appendix E2.

Lemma 6 shows that in the modelIIM , the change rate of manufacturer's remanufacturing effort with government bonus-
penalty is higher than that with government's subsidies. The bonus-penalty mechanisms are more effective than the subsidy
policy in the model I1M .

Further analysis of Proposition 2 and Proposition 3 leads to Lemma 7 and Lemma 8.

Lemma 7. (1).e™" <™, A™M <A™,
202" = P, 1 =
(3).The relationship of w\" andw.*", p and p!*", p™"and p

Iv*
z

arerelated to %, s and 7.

Proof. Please see Appendix F.

Lemma 7 shows that if the government adopts a series of bonus-penalty and subsidy mechanisms to manufacturer and retailer,
it encourages the node enterprises in the supply chain to actively participate in the production and sales of remanufactured
products. Compared with modelIM , in model I/ , the remanufacturing effort is increased, and the remanufacture level is

increased,e™” < ™", EM < EM™" . Retailer's publicity service efforts for new/remanufactured products has increased, and the

level of corporate goodwill has increased, 4™ < 4™",G™" < G"™" . Due to the direct effect of the government mechanisms

on upstream manufacturer and retailer, there is a lack of incentives for recycler, and it is unable to increase the recycling price
and repurchase price of used products. The recycling quantity of used products has not changed.

Lemma 8. (1). /" = f3"".
Q). If EM >E,, f™ > " If EM<E,, f™ is related to the government bonus-penalty coefficient %, and the

manufacturer's actual remanufacture level ™ .

Q). If kA™ > 4y, fM" > M If kA™ < 4,, £ is related to the government bonus-penalty coefficient /. and the retailer's
actual publicity service level k4™ for remanufactured products.

Lemma 8 (1) shows that the government mechanisms do not act on the recycler, so there is no difference in the profit of the
recycler in model 1M and model IIM . Lemma 8 (2) indicates that if E1 > E,, the basic remanufacture level and the bonus-

penalty coefficient set by the government as incentive measures promote the increase of manufacturer's profit. If E2” < E,,
the government takes punitive measures. Manufacturer's profit is affected by many factors. Therefore, in the early stage of
the development of remanufacturing industry, the government set too high a basic remanufacturing level, which led to the
decline of manufacturer's profit. It was not conducive to the improvement of the overall benefits of the supply chain. From
Lemma 8 (3), we find that if k4" > 4, , the basic retailer's publicity service efforts for new/remanufactured products and the
bonus-penalty coefficient set by the government for remanufactured products can be used as incentive measures to promote
the improvement of retailer's profit. If k4™ < A4, the government will take punitive measures. Retailer's profit is affected by

many factors. Therefore, in the early stage of the development of remanufacturing industry, the government set too high the
effort level of basic publicity service, which led to the decline of retailer's profit. That was not conducive to the improvement
of the overall benefits of the supply chain.

Comparing model and model, manufacturer and retailer will adopt different product production and sales strategies in the
environment of whether there is a government mechanism. Compared with the model , the remanufacturing level of the
manufacturer, the publicity service efforts for new/remanufactured products and the level of corporate goodwill under the
model are effectively improved. Both manufacturer and retailer's profits increased. No matter what pricing strategy is adopted
in remanufacturing supply chains, the profit of recyclers remains unchanged, indicating that the incentive effect of government
mechanisms on recyclers is invalid.

To sum up, the government mechanisms can effectively promote the development of the remanufacture industry, guide
manufacturers to improve product remanufacture level, promote retailers to improve their efforts in product publicity and
service, and finally achieve the purpose of improving the level of corporate goodwill. At the same time, the government
mechanisms are conducive to the improvement of the overall benefits of enterprises and supply chains.

4.2.2 Government-led decentralized decision(model1lG )

In the modelIIG , the government is the market leader, and manufacturer, retailer and recycler are the followers. The order of

decision-making is as follows:(a) the government makes decisions on the remanufacturing effort "¢ and the retailer's

G
n

publicity service efforts 4"'“ with the goal of maximizing social welfare, (b)the manufacturer decides the wholesale price w,
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and the repurchase price p,,” , (¢) the retailer determines the retail price p, , p. "~ , an the recycler sets the recycling price
d the repurchase p G | (c) the retailer det the retail p "¢ p"° . and (d) the recycler sets the recycling p

G

P

By using the reverse induction, we obtain the optimal results for the model IIG , which are described in the following
Proposition 4.

Proposition 4. In the model IIG, the recycler's profit function £1'%(,!)is a concave function of p®. The retailer's profit

: G, NG TGy § : G G ' : G, 1IG NGy j
function £l ph, pl©yis a concave function of p, " and p, " . The manufacturer's profit function £ (whe | pli@yis a concave

G I

function of w!'’ and p' . If 46 > o and £¢? < uw , the social welfare function f,;'° (4, ,¢"%)is a concave function of 4" and

¢"% . The equilibrium results of government, manufacturer, retailer and recycler decisions are as follows.

i :ﬁ[v&f(Bgc" + Bjyc. +C;—4Cc, + Cys) + av(B,c, + Byc, + 0B, + C, —4uaCc, + uaC s)+ A, (9 + e, + pe, — is)] |
4
. 1 , +c. —c W C,—c,—c, 3
""" =—(B,c, +Byc, +aB, +C, —4uoC,c, + oquC,s) p"o* = T =€ ¥ ue: _Cn7C 76 Y
A4(7n 3C: 2 4 HoC ¢, ﬂl),pm 5 2t 4 45°

G+
n

1
= m[(l +4k)ve(Byc, + Byyc. + Cs —4Cc, + Cys)+ A, (9 + te, + pe, — iis) + 44,01+ av(B,c, + By, +aB, +C,
4
—4uaCic, + poCs)),
e = %[50{1}(37% +Byc. + 0B, +C, —4uoC,c, + poC,s)+ A,(p+ uc, + pc. — pis) + 4 4,0(1— 1) + (5 — 4k)eEv(Byc, + Byyc.
4

+C; —4Cyc, +Cys)],

A = /%(Bgcn +Byyc. +Cs —4C,0, +Cys),
where
A, =20 uax1640 - To* W 2k* — 2k +1) + 3k 022 E? — uOe*E* (16k* —16k +7)]> 0, B, = uef[2u0(1-8k) +60.°k],
By, = (> 0eE(16k —14) | B, = 2uofua2k® =2k +1)+3*E> (k* k)] > 0, B, = 2uo] TuaX—2k* + 2k —1)+ 3> £k’ ],
C, = 2uwop(2k? =2k +1)(7 - 87) + 60 E* (k) , Cs = £[2u90(7 — 87 —8k +16k7) — 60 kt], Cy = 1teEQUO —ka*) .

Proof. Please see Appendix G.

Analyzing Proposition 4 leads to Lemma 9.
Lemma 9.

nG* nG*
(. de <0, 04,
ac, ac,
nG* nG*
2.2 502
Os ds

Proof. Please see Appendix H.

<0.

>0.

Lemma 9 indicates that in model IIG, as the government increases the unit environmental treatment cost of our recycled used
products in the consumer market, the remanufacturing effort of manufacturer and the publicity service efforts of retailer for
new/remanufactured products decrease. With the increase of government's subsidies for remanufactured products, the
remanufacturing effort of manufacturers and publicity service efforts of retailers for new/remanufactured products have
increased.

5. Government mechanisms and supply chain coordination model

In the model IIM , on the one hand, the government mechanisms lack incentives for recycler. On the other hand, decentralized
decision-making has double marginal effects, which leads to the reduction of system efficiency, the failure to reach the Pareto
optimal solution. At the same time, the profits of each node enterprise in the supply chain and social welfare are also low. The
purpose of establishing coordination mechanisms is to improve the performance of remanufacturing supply chains and further
improve social welfare. According to the extended producer responsibility system, this section adopts the recycling cost-
sharing contract to improve the recycling and remanufacturing supply chain operation based on government participation.
The manufacturer helps the recycler to share the recycling cost of 0 and the recycler to share the recycling cost of 1 -0 . After
adopting the coordination mechanism, the profit functions of manufacturer, retailer and recycler are as follows:

S = O =) =)=l e, e, = pIT s +hy (B~ E) = 0(p! e )T (12)
S =l =+ (I el (kA ) (13)
fx =lpn —(=0)(p" +e )" (14)

The overall profit and social welfare functions of the supply chain are as follows:
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SU= S =) () —e ) dl (! —e) =l el + (e, —e. = p) = )T +d s (E) ~E)+h (4" ) (15)

m

fo =M= s+ hy (B, = Ey) +h (kA" = A) +c,(d," +d" =T™)] (16)

If the coordination mechanism is adopted, in order to achieve the optimal solution for each entity in the supply chain, the
profit function of the recycler is first analyzed, which can make p"" = p"". According to the optimal response function of
the recycler's recycling price with respect to the manufacturer's repurchase price, the following can be obtained:

we _Y(1-0)+dp," ~c,(1-0)] (7
pr 25(1-0)

Then the retailer's profit function is analyzed, 4™ = 41", ¢"" =¢"". According to the optimal response function of the
retailer's publicity service efforts on the wholesale price and remanufacturing effort, the temporary value " of the wholesale
price can be obtained.

Wwhio — l//(1—0')+5[p,:[* —-c,(1-0)] (18)
! 26(1-0)

Finally, the optimal solutions of the retail prices p™ and " are obtained.

m _y(1-0)+dlp," —c,(1-0)] and p!" = y(-0)+dlp," —c,(1-0)] (19)

! 26(1-0) i 26(1-0)

Thus, the profit function of manufacturer is analyzed so that the equilibrium solution of the wholesale price is 1™ = y'%".

n

After adopting the recycling cost-sharing contract, the profit functions of manufacturer, retailer and recycler are as follows:

S = 7= I KB Y1 =, )+ - Dp— ™+ arve™ + (1= g™ Yol ) - X @0
+(c,—c.—p, =" W +p")+[(A-1)p—up!" +owe" +(1—k)egd" s+ h;(ve"" — E,)
S =(pr—up)" +keld" ) p)" —w)" 1+ [(A-D)p— up!" +awe™ +(1-k)ed" 1 p!" —w)"] (1)
(a)A‘“")Z(Zk2 -2k+1) m*
- +h (kA™ - 4,)
5 .
i =lpy —(=-o)p" =y +p") (22)
€ overa TOI1t an socia welrare nc iOI’lSO € Su C ain are as 10110ws:
Th 11 profit and 1 welfare funct f the supply ch: foll
fM=d () =)+ dM (P =)= —cp +(c,—c. = p = )T +d s+ by (E) — Ey)+h. (kA™ — 4,) (23)
S = M —[d s+ h () —E)+h (kA = 4))+c,(d) +d!" —T")] (24)

Only in the case of individual rationality constraints, that is, the profits of all entities in the supply chain are higher than the
profits before coordination, they will be willing to adopt the coordination mechanism. The proportional parameter O needs to
satisfy the conditions /" = £, fM > £ i > p 0 2 Y from which the value range of O can be obtained. The
specific size is determined by the negotiation ability of both parties. As the above expressions are complex, it will be discussed

in the numerical analysis.

Proposition 5. After adopting the recycling cost-sharing contract, if O takes a certain range of values, we get £, > /.,
1 1= r* 1* 1+ 1+ 1 1M*

VA N bl P A A P S

6. Numerical analysis and discussion

In order to further illustrate the correctness of the above conclusions and the effectiveness of the coordination contract, a
specific example is given below. This paper takes the closed-loop supply chain of a household electrical appliance as the
research object and gives the data in Table 2 according to the symbols and assumptions.

Table 2

Parameter values
v £ k [ T o & c, c. c, )
8 0.5 0.4 100 0.6 0.2 0.12 40 20 3 3.5
A, s h, h, 4 ) H [ @ ¢,

1.1 1 2.5 3 10 2 0.4 1 1.2 1.5
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The optimal solutions under centralized decision and decentralized decision before the coordination mechanism is adopted
are shown in Table 3. It is found that only in the case of the role of the consumer market, the retail price under centralized
decision-making is lower than that under decentralized decision-making, but the recycling price, recycling quantity, product
publicity service ability, the overall profit and social welfare of the supply chain are better than those under decentralized
decision-making, which are more conducive to the development of the closed-loop supply chain. Under centralized decision-
making, on the one hand, consumers can buy products at a cheaper price and recycle used products at a higher price, which
increases the motivation for consumers to participate in recycling activities; On the other hand, the goodwill level of
enterprises is also high, which has a higher utility than decentralized decision-making. However, compared with decentralized
decision-making, the remanufacturing effort under centralized decision-making is lower. The enthusiasm of manufacturers to
participate in remanufacturing activities is not high. If the manufacturer is the leader of the supply chain, with the participation
of the government, the remanufacturing effort of the manufacturer and the publicity service efforts of the retailer are much
higher than those in the consumer market. Meanwhile, the wholesale price and retail price have little change, and the recycling
price and repurchase price have not changed. Therefore, the profits of manufacturers and retailers have greatly increased.
However, the quantity of recycled used products has not changed, and the government also needs to pay certain subsidies to
manufacturers and retailers, so social welfare is reduced. If the government is the leader of the supply chain, the government
incentives do not work for recyclers. Therefore, compared with the situation dominated by manufacturers, the quantity of
recycled used products has not changed. However, in order to improve social welfare, the government will try its best to
reduce government subsidies and bonus-penalty, for that manufacturer's remanufacturing effort and retailer's publicity service
efforts drop considerably. This is not conducive to the development of the recycling and remanufacturing industry.

Table 3
Optimal solutions
Model 7w P, p. _p_p, & A4 T [ I U I I
i=IC - 95.1 62.3 6 - 1.1 4.6 22 - - - 2132 2107
i=IM 79.0 114.6 92.6 0.5 9.0 1.5 22 11 924.2 578.4 60.5 1563.2 1550.2
i=1IM 79.1 114.7 93.4 0.5 9.0 1.8 4.1 11 942.4 583.4 60.5 1586.3 1538.0
i=11G 78.1 114.2 90.7 0.5 9.0 0.7 33 11 956.1 580.1 60.5 1596.9 1572.5

Assuming that the values of other basic parameters remain unchanged, then we analyze the effects of preferences parameters
(the proportion of ordinary consumers and the proportion of retailer's publicity service efforts for remanufactured products)
and government mechanisms parameters (unit subsidies and bonus-penalty coefficients) on decisions, enterprise profits and
social welfare of remanufacturing supply chain.

6.1. Effects of preferences (T and k )Jon supply chain
6.1.1 Effects of the proportion of ordinary consumers (7 )

The effects of the proportion of ordinary consumers 7 on the remanufacturing effort ¢’is shown in Fig. 2. It is found thate’
decrease with the increase of 7 whether there are government mechanisms or not. Since the remanufacturing capacity £/ is
positively correlated with ¢', £’ decreases. In the consumer market, if consumers prefer new products, it means that
consumers' acceptance of remanufactured products is not high, and manufacturer lacks the enthusiasm of remanufacturing
activities. In addition, we find that, (a)V7 € (0.0.29),¢' > """ > ™" > ™" (h)V7ze (0.29.0.38) &' > ™ > > ™ (c)
Ve (038,0.5), ™ > >e™ >e"and (d)Vre (0.51), "™ >e™ >’ > " Comparing the four models, if there are
fewer ordinary consumers, the remanufacturing effort in model IC is the highest. However, with the increase of the proportion
of ordinary consumers, the remanufacturing effort in modelIC andIIG have decreased rapidly. If there are many ordinary
consumers, the remanufacturing effort in model I1/ is the highest. And with the increase of the proportion of ordinary
consumers, the degree of remanufacturing effort in model IIM decreases particularly slowly. So, considering the
remanufacturing effort of the manufacturer, the model IIM is optimal.

357 T T 7r T T T 1
S —e —o— A"

"o 0.2 0.4 0.6 0.8 1 o 0.2 0.4 0.6 0.8 1

Fig. 2. The effects of Zon /. Fig. 3. The effects of Ton 4'.
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Fig.3 illustrates the effects of the proportion of ordinary consumers7 on the retailer's publicity service efforts 4. With the
increase of 7, 4’ decrease whether there is a government mechanism or not. In addition, V7 € (0.1), 4" > 4" > 47" > 41"
However, in the four models, with the increase of the proportion of ordinary consumers, the retailer's publicity service efforts
in model 1M decreased the slowest. Based on the above, considering the retailer's publicity service efforts, the model IIM is
optimal. Fig. 4 demonstrates the effects of the proportion of ordinary consumers? on the wholesale price y/ , the retail price

of new products ' and the retail price of remanufactured products ;. Some interesting conclusions were found. (a)With the

increase of 7, M and ™ decrease slowly, but "¢ rapidly decreases. In addition, V7 € (0.1), w™ > W™ From the

perspective of the manufacturer, model IIM is optimal. No matter what consumers' preferences are, the wholesale prices of
manufacturer change little, and meet the price needs of two kinds of consumers at the same time. (b)With the increase of 7,
plincreases, but p’ decreases. The higher the value of 7, the higher the preference of consumers for new products and the
willingness to pay higher fees for new products. Retailer chooses to raise the retail price of new products and reduce the retail
price of remanufactured products.

80.5 T

al 180

80+ i 4 o e

0 02 04 06 0.8 1 0 02 0.4 0.6 0.8 1

7 T

(a) The effects of Zon /. (b) The effects of Zon p’ and ph
Fig. 4. The effects of Zon /', p! and p'.

Fig. 5 depicts that in the four models, with the increase of the proportion of ordinary consumers?, the demand for new
products 4’ increases and the demand for remanufactured products 4/ decreases. The higher the value of 7, the higher the

preference of consumers for new products. The market demand for new products has been expanded. Retailer can make more
profit by selling new products.
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(a) The effects of Zon ¢! and g'. (b) The effects of Zong!.
Fig. 5. The effects of Ton g’ and g'.

Combining Fig. 4 and Fig. 5, we find that in model IIM , if ordinary consumers increase by a certain amount, manufacturer
can sell new/remanufactured products to retailer at a higher price, while retailer can sell remanufactured products to consumers
at a higher price. Moreover, the market demand for remanufactured products has also maintained a high level. Therefore,
model [1M is more conducive to the development of remanufacturing supply chain. Fig. 6 depicts the effects of the proportion

of ordinary consumers 7 on manufacturer's profit £/, retailer's profit /7, overall supply chain profit /" and social welfare f; . In
the four models, f!decreases with the increase of 7. This is mainly because the retailer's publicity service efforts 4'is
negatively correlated with 7, while 4'is linearly positively correlated with the manufacturer's goodwill level 7 . If 7 increases,
G decreases, and the manufacturer's profit from selling new/remanufactured products decreases. From the size of £, model

IIM is the best. In the four models, f decrease first and then increase. Therefore, 37, = 0.5, £ takes the minimum
value.When the proportion of consumers who prefer new products is high, retailer can make profits by selling new products.
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On the contrary, retailer can make profits by selling remanufactured products. In model IIM and IIG, retailer can obtain
government incentives by publicity service remanufactured products. As a result, whenz < 0.5, £ > f™ > £™ With the
participation of the government, retailer should augment the publicity service for remanufactured products and encourage
more consumers to buy remanufactured products. In the four models, f’and f; decrease first and then increase. Therefore,

J7,€[0.5,0.6], f'and f, take the minimum value. In the decentralized model, no matter which product the consumers

preference, model IIG is optimal from the perspective of the retailer's profit , the overall profit of the supply chain and social
welfare.
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6.1.2 Effects of proportion of retailer's publicity service efforts for remanufactured products(k)

The effects of & on remanufacturing effort ¢’ are shown in Fig. 7. In the four models, ¢’increases with the increase of k. This
shows that retailer increases the publicity service efforts for remanufactured products, expand the sales market of
remanufactured products, and manufacturer can obtain greater profit through the production of remanufactured products.
Therefore, manufacturer is willing to invest more financial and material resources to improve remanufacturing technology.

On the other hand, Vke (0.1) | ™ >e™ >¢'" >¢""  In the decentralized decision-making led by manufacturer, the
government mechanisms are more conducive to improve the remanufacturing effort of manufacturer. The effects of & on the
retailer's publicity service efforts 4’ are shown in Fig. 8. In the four models, with the increase ofk, 4’ first increases and then
decreases. In addition, we found some interesting phenomena. (a) Vke (0,0.38) | A" > A" > 4™ > A™ . (b)
Vke (0.38,0.5), 4" > 4™ > 4" > 4™ (c)Vke (0.51), 4™ > 4" > 4" > 4™ (d)In terms of growth rate, A™ has
the fastest growth. In terms of the reduction speed, 4" decreases the slowest. Thus, in the decentralized decision-making led
by manufactufer, the government mechanisms are m:)re conducive5 to improve the retailer's publicity service efforts.
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The effects of & on the wholesale pricey’ are shown in Fig. 9(a). In the decentralized decision-making led by manufacturer,
with the increase of k, y/ first increases and then decreases. Meanwhile, Vi € (0,1) Wi > W 16 The effects of & on

the retail price of new products ! and the retail price of remanufactured products p are shown in Fig.9(b). In the four models,

794
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(a) The effects of kon v . (b) The effects of kon p! and p'.

Fig. 9. The effects of kon /!, p' and p'.
The effects of & on the demand for new products ¢! and the demand for remanufactured products 4’ are shown in Fig.10.
Vk e (0,0.5) ,d'C > d" s gM S g Vke (0.5,1) , d'C > d0 s g 5 g Vke (0,1) s d,IC S WMo g guc In the

decentralized model, no matter which product the retailer chooses to publicity service, model 1M is optimal from the
perspective of demand for remanufactured products.
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The effects of & on manufacturer's profit £/, retailer's profit s/, overall supply chain profit 7 and social welfare /, . are
shown in Fig.11. We find that:(a)With the increase of &, 1 f' and fg[ all increase first and then decrease. Hence, the
proportion of retailer's publicity service efforts for remanufactured products should not be too large or toosmall. However,
with the participation of the government, ' keeps increasing as & raises. Retailer can expand the consumer market of
remanufactured products by promoting remanufactured products and obtain government incentives. (b) Vke (0) |
SO s I gl I s NS VTS fMand £1C s f1 s s p Combining Fig. 9 and Fig.10, in the decentralized
model, no matter which product the retailer chooses to publicity service, model IIG is optimal from the perspective of the
manufacturer's profit , the overall profit of the supply chain and social welfare. Simultaneously, consumers can buy
new/remanufactured products at low prices. (c) Vk € (0,0.4), pur* 5 gu6* o civ* Ve (0.4,1), g 5 06" 5 e In the

remanufacturing supply chain with the participation of the government, if the manufacturer is the leader of the supply chain
and the retailer tends to publicity service for remanufactured products, the manufacturer can obtain more profits.

960 594

592 -

[——T 590

588

S . 586

. 584

e e
e e G

L 582
580
578

925 ,——*”*’m ors

920 574
0 0.2 0.4 0.6 08 1 0 0.2 04 0.6 0.8 1
k k

(a) The effects of kon fi. (b) The effects of kon £




Y. Feng and S. Yu / International Journal of Industrial Engineering Computations 14 (2023) 189

2200 T T T T 2200
—_— oy | 2100
1608 —— 1578
—s—;:l 2000} ot +:':
sl s e
1900 5"
e é\u'mw
oo
1700 | ::D,,.J»j*"“k—m,‘,ﬁ%
=======—
1500 15000 02 04 06 08 1
0 02 04 06 08 1 k
k
(¢) The effects of kon f. (d) The effects of kon f,.

Fig. 11. The effects of kon f7, 7/, f'and ;.

6.2. Effects of government mechanisms parameters on supply chain

Based on the analysis in the previous sections, government mechanisms (including subsidies for remanufactured products and
bonus-penalty mechanisms) can effectively promote the development of remanufactured industry and is conducive to the
improvement of profits and social welfare. In order to deeply analyze the effects of government mechanisms parameters on
profits and social welfare of the supply chain, the following figures are drawn respectively.

6.2.1 Effects of S and I, on profits and social welfare

In model IIM , the effects of unit subsidy for remanufacturing products s and bonus-penalty coefficient for the remanufacturing
capacity of manufacturer’; on manufacturer's profit /""", retailer's profit /™", overall profit of supply chain system /™"

r

and social welfare f," are shown in Fig.12. With the increase of s, £,*", ™", /" and f,"" increased. With the increase
ofh; , {1 and ™" increased, while /. decreased. Although the government's subsidy for remanufactured products

and the bonus-penalty mechanisms for remanufacture capability do not directly encourage retailer to actively participate in
the publicity service activities, by encouraging manufacturer to participate in remanufacture activities, retailer's income from
selling remanufactured products will increase, thereby improving the profit of retailer. Under the positive guidance of the
government mechanisms to the remanufacturing industry, it can effectively improve the benefits of manufacturer, retailer and
the whole supply chain system. However, the government mechanisms do not motivate the recycler, which leads to the low
enthusiasm of the recycler to participate in the recycling of used products, and the quantity of used products recycled has not

been effectively improved. Therefore, social welfare /," will decrease with the increase of #; .

(c) The effects of sand #; on /™. (d) The effects of s and %; on f,""".
Fig. 12. The effects of sand #;on £, ™, /™ and /""" in model 1IM .

r

In modelIIG , the effects of unit subsidy for remanufacturing products s and bonus-penalty coefficient for the remanufacturing
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1nG*

capacity of manufacturer#; on manufacturer's profit £, retailer's profit £"“", overall profit of supply chain system /"'“ and

social welfare f,*"are shown in Fig.13. With the increase of 5, £"* increased, while 7", /" and f;'* decreased. With the

. * 1G* 1nG* .« .
increase of %, , £,'%, f"“and f, " increase, while f,""is almost unchanged.

»

2
1y 0 o s

(c) The effects of sand #; on /", (d) The effects of sand %, on f,'"".
Fig. 13. The effects of s and %; on /)7, £, " and /" in model IIG .

As illustrated in Fig.12 and Fig.13, at the initial stage of the development of remanufacture industry, the government needs to
guide enterprises' remanufacture activities. If the manufacturer is the leader of the supply chain, the subsidy policy are more
effective than the bonus-penalty mechanisms. However, manufacturer prefers to choose the onus-penalty mechanism. This is

mainly because f,"' increases faster with %; . If the government is the leader of the supply chain, the bonus-penalty
mechanisms are more effective than the subsidy policy. However, retailer prefers to choose the subsidy policy. This is mainly
because f"“" increases faster with s .

6.2.2 Effects of s and h_on profits and social welfare

In model 1M , the effects of unit subsidy for remanufacturing products s and bonus-penalty coefficient for retailer's publicity

service efforts for remanufactured products 4. on manufacturer's profit /"', retailer's profit /""", overall supply chain profit
S™" and social welfare f,"" are shown in Fig.14. With the increase of s, ™", /" and /" increased, while f,""

decreased. With the increase of /_, £, ™" and /™" increase, while /;""" decreased. However, the profits and social
welfare change faster with .

e

(a)The effects of s and 4. on f)*". (b)The effects of s and h, on f"™".
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h, [} s

(c)The effects of s and %, on /™. (d)The effects of s and h, on f,""".
Fig. 14. The effects of sand &_on £, f™°, /"™ and /""" in model IIM .

r

In modelIIG, the effects of unit subsidy for remanufacturing products s and bonus-penalty coefficient for retailer's publicity

nG*

service efforts for remanufactured products /. on manufacturer's profit £, retailer's profit £"°", overall profit of supply

. G . nG* . . . . x o . * G* 1G*
chain system / and social welfare f, ~ are shown in Fig.15. With the increase of's, £"" increased, while fher 1 and Se

. . * 1IG* 1G* . . * .
decreased. With the increase of 1, £, /' and fe  increase, while £,"""is almost unchanged.

(c)The effects of sand 4, on /M. (d)The effects of s and &, on /"
Fig. 15. The effects of sand /. on f'", £, /" and /" in model 11G .

As illustrated in Fig.14 and Fig. 15, at the initial stage of the development of the remanufacture industry, the government
needs to guide enterprises' remanufacture activities. If the manufacturer is the leader of the supply chain, the subsidy policies
are more effective than the bonus-penalty mechanisms. However, manufacturers prefer to choose the onus-penalty mechanism.
If the government is the leader of the supply chain, the bonus-penalty mechanisms are more effective than the subsidy policy.
However, retailer prefers to choose the subsidy policy. This is mainly because f."®" increases faster with s .

6.3. Analysis on coordination mechanism of supply chain

Under the condition of satisfying individual rational constraints, the value range of manufacturer's share coefficient of
recovery cost to recycler 0 is calculated as o € (0,0.38) according to the data given in the example. We takeo = 0.2 ando = 0.3
as coordination mechanism 1 and 2 respectively. After adopting the coordination mechanism, the optimal decision-making,
profits and social welfare are shown in Table 4. From Table 4, it is found that after adopting the cost-sharing contract, if the
value of O is within the range of individual rational constraints, it can effectively adjust the remanufacturing supply chain
compared with that before the coordination. The profits of all entities in the supply chain have been improved. The quantity
of recycling has increased significantly. The overall profits and social welfare of the supply chain have been effectively
improved. This shows that in the remanufacturing supply chain considering the government mechanisms, the cost-sharing
contract can effectively coordinate the interests of supply chain members and improve social welfare. The proportion
parameter in the contract needs to meet the constraints of individual rationality. At the same time, after the internal



192

coordination of the supply chain, consumers can buy products at a lower price and recycle used products to recyclers at a
higher price, which improves the utility and enthusiasm of consumers. The coordination of remanufacturing supply chain is
not only conducive to the development and improvement of the closed-loop recycling system, but also realizes the multi-win
of consumers, supply chain members and the government.

Table 4
Optimal solutions under different coordination mechanisms
w, p, p. p p, € 4 T [ S Se [ /s
Coordination mechanism 1 78.1 110.0 88.7 1.6 9.0 1.8 4.6 13.3 970.3 590.3 70.2 1630.9 1578.0
Coordination mechanism 2 781 1100 8.7 35 90 18 46 149 9584 5903 773 16260 15755
Model I1M 79.1 114.7 93.4 0.5 9.0 1.8 4.1 11 942.4 583.4 60.5 1586.3 1538.0

6.4. Effects of O on profits and social welfare

Compared with model I1Af , the enterprise decisions, supply chain profits and social welfare in model Il are optimal. After

adopting the cost-sharing contract, the change trends of the profits and social welfare are shown in Fig. 16. With manufacturer's
share coefficient of recovery cost to recycler O increases, the manufacturer's profit /" decreases, and the retailer's profit f.""
has no effect, but it is beneficial to improve the recycler's profit f;" . If & € (0,0.38), the internal coordination of the supply

chain can effectively increase the profits of manufacturer, retailer and recycler, thus improving the overall profit /™ and social
T+

welfare f, gm* . Because the change trend of f,'"" is greater than that of £,"", / """ decreases with the increase of 0 . However, due
to the increase of the recycling quantity of used products, the /," showed a trend of first increasing and then decreasing. If
o >0.38, the greater the 0, the faster the /" , f " and fgm* decrease. If 0is too low or too high, it is not conducive to the

increase of enterprise profits, which leads to the failure of supply chain coordination contract. Of cause, the improvement of
overall profits and social welfare are hindered. Finally, the system profits and social welfare are significantly reduced.

Therefore, enterprises should set a reasonable © when entering a cost-sharing contract. Under certain conditions, the contract
can effectively improve the profits(manufacturer, retailer, recycler and supply chain) and social welfare.
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(a) The effects of @on f, , fi and f;” (b) The effects of @ on /" and /7 .
Fig. 16. The effects of con £, £, £, /" and f

7. Conclusions

Based on considering the preferences, this paper constructs an optimization model for manufacturer, retailer and recycler
under government mechanisms and supply chain coordination. By comparing and analyzing the remanufacturing efforts of
manufacturer, the publicity service efforts of retailer, and the pricing, output and profit of products under the three situations:
centralized situation, manufacturer-led situation and government-led situation, the effects of consumers market, government
mechanisms and supply chain coordination parameters on remanufacturing supply chain decision-making and profits are
obtained.

(1) At the initial stage of the development of the remanufacture industry, the role of consumer market and the internal
coordination contract of supply chain have limited incentive effect on the remanufacture activities of enterprises. The
remanufacture level, publicity service efforts for remanufactured products and the overall benefit of the supply chain cannot
be improved by the independent behavior of enterprises alone. However, the government financial subsidies and bonus-
penalty mechanisms are conducive to manufacturer's and retailer's active participation in remanufacture activities, which can
greatly improve the remanufacture level of products and publicity service efforts for remanufactured products.

(2) The government should set a moderate basic level for manufacturer's remanufacture. If the setting is too high, it will lead
to the decline of manufacturer's profit and the reduction of manufacturer's enthusiasm to participate in remanufacturing
activities, which is not conducive to the improvement of the overall efficiency of the supply chain; On the other hand, bonus-
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penalty mechanisms are more conducive to encouraging manufacturer to actively participate in remanufacturing activities
than subsidy measures.

(3) The government should set an appropriate basic level for retailer's publicity service efforts for remanufactured products.
If the setting is too high, it will lead to the decline of retailer's profit, reduce the enthusiasm of retailers to participate in the
publicity service activities of remanufactured products, and is not conducive to the improvement of the overall efficiency of
the supply chain. On the other hand, the subsidy measures are more conducive to encouraging retailers to actively participate
in the publicity service activities of remanufactured products than bonus-penalty mechanisms.

(4) In the absence of supply chain coordination, government measures have a direct impact on manufacturers and retailers,
unable to enhance the enthusiasm of recyclers to recycle used products, resulting in low social welfare. In the case of supply
chain coordination, the incentives of government measures to manufacturers are partially transferred to recyclers through cost-
sharing contracts, to improve the enthusiasm of recyclers to recycle used products and increase the quantity of recycled. If the
cost-sharing rate is within a certain range, the contract can effectively improve the interests of system members and greatly
improve social welfare.

(5) Compared with the role of external consumer markets and government mechanisms, the role of supply chain internal
coordination contracts in improving enterprise efficiency and social welfare is more significant. Under the coordination of
supply chain, the level of product remanufactures and enterprise goodwill, the profits of supply chain and social welfare are
optimal. Coordination and cooperation among supply chain members can effectively enhance the role of the consumer market
and promote the implementation of government measures.
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Appendix
Appendix A. Proof of Proposition 1

The overall profit function f'“ (p\, pi, pi°,e'“, 4°) of the supply chain is analyzed, and the corresponding Hessian matrix

is H\°.
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F P, i€, pl€,e', A1) is a strictly jointly concave function in pi<, p'°, p!,e'“and 4. By solving first-order partial

derivatives of f'“(p., p!°, p°,e'“, A1) is 0, the optimal solution is as follows.

n

P = 2;4 [(uA, +kelBy)c, + kelBc. + @t — keEQQuED, + ko’ pref))
3
" 1
P = ——[-ubG,c, + (a4, — 146G, )c. + 6D, ]
mf’
cs _ 676 ¢ Y
Pr 2 26

IC

e’ :L(_ﬂGlcn —UGyc. +D,)
VA,

A4 = Ai(Bscn + Byc. —2u6D, — ko'’ ptel)
3

Where,
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This proves Proposition 1.
Appendix B. Proof of Lemma 1
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G, =ae’Ek(1-k)>0,B, =-21°0e£(1-k) <0

op' _ + keéB; >0 opl” - ubG, 0 1 9e' _ MG, <0 04" _B; <0,

So,(1 = < =—>0 s
o{1) adc, 2uA, > de, oA, > de, 2 de, VA, *de, A4,
1c 1c* _ 1c* cr 1c
(2)apn :k8586<0’ap: :aA3 :uéGz >O’apr :_l<0’ae — IUG2<O’aAr :ﬁ<0.
dc,  2uA, ac, oA, ac, 2 ac. VA, dc. 4,

Lemma 1 is thus confirmed.
Appendix C. Proof of Proposition 2
2 pIM
R
a(p,")’
concave functionin ," . By solving first-order partial derivatives of s (" )is 0, the optimal solution is obtained as follows.

The first step is to analyze the recycler profit function £ (). Since =-26<0, faM (phty is a strictly jointly

M _

M = —y+dp, —o&,
' 20
The second step is to analyze the retailer profit function £ (p!  p! 4. The corresponding Hessian matrix is H M.
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-2u 0 kée
HY = 0 -2u (1-k)e
kée (-k)e —-afk*+(1-k)’]
First order principal minor is-24 < 0. Second order principal minor is4u” > 0. If£’¢* < 2uw, third order principal minor is
4o’ [k* + (1= k)*1+2u&’e* (1-k)* +2u&’e’k* <0 . Therefore, if §’e® <2uw, f™ (p™ p™ 4™)is a strictly jointly
concave function in ', p and A" . By solving first-order partial derivatives of ' (p!* p™ 41")is 0, the optimal solution

n

of p!, p!™and 4! are obtained as follows.

(B~ 2kl + 06, 4D,
2
P =B~ E W +0G,e" D],
2
v _ 2H e e
A =2 + aegul-Re™ D],
2

The third step is to analyze the manufacturer profit function £, (w,",e", p*) . The corresponding Hessian matrix is H." .

n

-0 0 0
HY=| 0 -6v av
ue*E* (2k —1)* — 4 ax2k> = 2k +1)
Quw—e*E)2k* -2k +1)

First order principal minor is —-8<0 . Second order principal minor is SOv* >0 . If wé>a’
Ol—ue* &> 2k —1)* + 41> (2> = 2k +1)] O—ue*E* 2k —1)* + 4’ 0(2k* — 2k +1)]
Quw—2E¥)(2k* =2k +1) Quw—*E*)(2k* =2k +1)

OV ue*E* 2k —1)* —40u* w(2k* — 2k +1
J H (fz,u(a)—gz)fz)@l:j —a§k+1) )+0121)2]< 0 . Therefore, if u@>a’, £ (w,e™,p) is a strictly jointly

concave function inw!™ e and p!' . So, by solving first-order partial derivatives of £ (w",e™, p™)is 0, the optimal

0 av

> 46, thus > @’ Third order principal minor is

M
n

solution of W ,e" and p! are obtained as follows.

wi = —A%(HBICH +Byc, +6B,),

n
1

e™M = —L(O(Blcn +B,c, +aB,)
VA, ’
M+ _ cn +Cr _cz _l
pm 2 25 M
Where,
A =8 (1-2k) [’k +26u(l — 2k)] + 2uaa’® — 4ud)(2k* — 2k +1),

A, =2u2k* =2k +1)Qua—£°E?),

B, = u[2ua(2k* =2k +1)— £2E2 (2k? =3k +1)],

B, = 2uwp(2k’ =2k +1)+ e’ &> (1-2k)(k - 1) »

B, = (U6 — o) 2ua2k* =2k +1)— ke’ E* (2k - 1)],

B, = uo{—6um(2k’ =2k +1)+°E*(6k* =Tk +2)],

D, =2uwpr(2k* =2k + 1)+ pe*E* (1= k)(k - 1),

D, =2uwp(1-1)(2k* =2k + 1) + koe*E* (=k + 1),

D, = elp(k —1+7-2k7),

G, =ae*Ek(1-k),

G, = o2ua(2k® =2k +1) - k>’ &7].

We then complete the proof of Proposition 2.
Appendix D1. Proof of Lemma 2
(1-2k)[ @’k +26u(1-2k)] - (o +4ub)(2k* =2k +)=a*(1-k)-2u8 . If wd>a® , o*(1-k)-2u6<0 . So,
(1-2k)[*k +26u(l - 2k)] < (-a* +4ub)(2k* =2k +1) and (—a* +4ub)(2k> =2k +1)>0.
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Because 0 < £%e” <2uw, we can get 4, = £°E*(1-2k)[ @’k +26u(1 - 2k)]+ 2ua e’ — 4ub)(2k* -2k +1) <0,

A, =22k =2k +1)Quw—£*E*) >0,

B, = u[2ua(2k® =2k +1)—>E* 2k =3k +1)]>0,

B, = (U6 — o) [2ua(2k* =2k +1)—ke*E* 2k —1)]> 0,

B, = po{—6um(2k’ =2k +1)+ £°&* (6k* =Tk +2)] <0,

G, =ae’Ek(1-k) >0,

G, = o 2uw(2k* =2k +1)—k**E21>0

We have
IM* IM* IM* IM* m*
(1)—8”’" B g0 OB g L AT _2BE o pgry<o, P2 Log,
ac, 4, Bc” vd, 9, 2 e, 4,4, oc, 4
owM B 9™ B oM 1AM 1
—1—=-250, =-— <0, catt =——<0,——= B.uel —(1-k)B,ae]< 0,
@ oc. A4, oc. VA, oc. 2 dc. A1A2[ s#eg—(1=k)B,oet]
IM*
Bp ——l<0.
ac, 4
BP;M*__ B, 2 p2E20mp2 2,082, 72
3) = = ABURUOK =2k +1) =28 QK —k+ D]+ e (K A
1472
Qum | 2k —k+1 1 3442
> = < ,
If 2um(2k® =2k +1) = £°5*(2k* =k +1) 2 0 is constant, i.e. £2£2 = 2k% 2k +1 1+2k+1_2 T2 ke (0’1).
k
Therefore, If the cond1t10n2ﬂw> +I £°£% is met,

IM*

QU2 uax 2k =2k +1) — £2E> (2> —k + 1))+ > E> (—k> + k) = 0 Thus, g >0,
o™
Sc =— AA ?E2 >0 is constant, i.e.
2
2,ua)_2k -3k+2 . 1 §3+ﬁ,Vke(0,1)
e8> 7 2k* —2k+1 2(1_,{)+L_2 :
1-k
a IM*
If the condmonzﬂw“f 2£2i8 met, 6B, — Que’E +0G, > 0. Thus, 2> 0.

ac

n

Lemma 2 is thus proved.
Appendix D2. Proof of Lemma 3

(l)aw,ﬁM* _Ope’EP(1-2k)  9e™" _ ope’S’ (1-2k)

. From the proof of Lemma I,we have obtain 4, <0.When 1-2k >0,

o7 A, T ot VA,
IM* M* IM* M*
that is, k € (0, ) W, <0, Oe <0. When 1-2k <0, that is, ke( 1), ow >O,ae > 0. In the same way, other
a7 a7 81’ a7
conclusions of Lemma 3 (1) and Lemma 3(2) can be proved to be true.
IM* IM*
3)—— ap 8}; =0 is obviously true.
T
Thls proves Lemma 3.
Appendix D3. Proof of Lemma 4
aWIW aW;IzM* 1 22 2 2 22,72
If ke (0, ) =—— (6B, - B,) = u0eE* 2k —1) — &’ [2u(2k> — 2k +1)— £2E>(2k* — k)] <0 So

ac, 4,

n

oc ac:

n

aWIM* a lM*
— .The proof of Lemma 4 is thus completed.

Appendix E. Proof of Proposition 3
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2 pNIM

The first step is to analyze the recycler profit function £/ (). Since 8('711:”)2 =-20<0, it (py is a strictly jointly
, P! .

concave function in p"™ . When the first derivative is 0, the optimal solution is obtained as follows.
pnw __ v+ @EW - &'r

" 20
The second step is to analyze the retailer profit function £1# (M 1% 41y “and the corresponding Hessian matrix is A" .
Y VAR VY S i g |
-2u 0 ke
H™=| 0 -2u (1-k)ée

kée (1-k)e —dk>+(01-k)*]
First order principal minor is- 24 < 0. Second order principal minor is4u* > 0. If£’¢* < 2uw, third order principal minor is
-4’k + (1= k)* 1+ 2ué’e* (1 k) +2ué?e’k* <0 . Therefore, if §*e* <2uw, f™ (p p™ 4" is a strictly jointly
concave function in ", , 1 and AM . Therefore, taking the first-order derivatives of f"" (p 5, 41y with respect to
piv, i and 4 e and setting them to zero .The optimal solution of p!"*/, M and A" are as follows.
p = AL[(Bl = 2kue*EHYyWW™ +vG,e™ + D, +kC,h_]
2

g

(B, — ue*EHW™ +vG,e™” + D, +(1-k)C,h.]

2

AT = i—ﬂ[—,ueé’wiw* +aefv(l-k)e™ — D, +2kuh.]
2

The third step is to analyze the manufacturer profit function £, (W™ ,e™, p™) . The corresponding Hessian matrix is 4" .

-0 0 0
HY =0 -6 av
UEE? 2k —1)* — 4’ w(2k* =2k +1)
0 av
Quaw—e*E*)2k* =2k +1)
First order principal minor is —d<0 . Second order principal minor is §6v* >0 . If wd>a’
e E2 (2 —1)* + 4u > a2k — 2k +1)] O—ue*E* 2k —1)* + 4’ (2k* - 2k +1)]

> u6 thus

2 . . . . .
Q- E 2k —2k 1) >« . Third order principal minor is

OV ue*E> 2k —1)° —4Qu> w(2k> — 2k +1)

Quw—e*E*)2k* =2k +1)

g Quw—2E*)2k> =2k +1) +0’0*]1<0 . Therefore, if u0>o®, £ (W™ ,e™,p™) is a strictly jointly
concave function inw!™ ,e"™ and p™ . So, when the first derivative of /" (W™ ,e"™ , p™)is 0, the optimal solution of w'" |
e"™ and pI" are as follows.
. 1
wit” = —I(eBlcn +Byc, + 6B, +aCih, + Cys+6C;h.)
1

. 1
M = _E[(ZBIC" +Bc. +0B, +2u(2C, —*E%)h, - B,s +oC;h._]
1

mes _ G e —C ¥

"2 28
Where,
C, =2um(2k* -2k +1) + ke E* (1-2k)
C, =2ua o’ — @ -2k ub +2a°k*> = 20°k) + ke’ &* (or* — u)(1-2k)
C, =2kueé
The proof of Proposition 3 is thus completed.
Appendix E1. Proof of Lemma 5
C, =2um(2k* =2k + 1)+ ke*E*(1-2k) > 0
C, =2u0o’ — u6 -2k ub+20°k*> =20 k) + ke’ E* (&> — u)(1-2k) <0
C, =2kuet >0

From Proposition 3, we can obtain



Y. Feng and S. Yu / International Journal of Industrial Engineering Computations 14 (2023) 199

" _aC, ™ 2pQC -~ o opy _ap

(D) —=-—">0, : =0
oh, 4, oh, v4, oh,  oh,
Q2L 6 oI aC, gt it
oh, 4, 7 oh, vd,  Oh, oh, '
A+ Je™M* m* 1M * 1M *
@M= G0 BT 2y oy g0 k>0 P =P
os 4, os VA, Os A4, os os

This proves Lemma 5.
Appendix E2. Proof of Lemma 6

From Proposition 3, proving Lemma 6 is proving—24(2C, —£°£%) < B, .That is ,

—2u[2ua 4k’ — 4k +2) + £2E* (2k — 4k*) — €7 E7 ) < po{—6uax2k® =2k + 1)+ £2E (6k* — Tk +2)],i.e

U 2k — 2k +1)(6a—8) < £*E a6k —Thk + 2) + 4k — 8k* —2].Since ua(2k® —2k +1) (6 —8) < £*E*(2k* =2k + (3 —4),
82k =2k +1)(Ba—4) < °E*[a(6k> — Tk +2) + 4k — 8k —2] is obviously true.

The proof of Lemma 6 is thus completed.

Appendix F. Proof of Lemma 7

From Proposition 2 and Proposition 3, we can get

e = —i[zﬂ(zq —&28)h, — B,s+0C;h.]> 0,
1

. .2
AT _ g ﬁ (HEE@C,h, + Cys +6C3h,) - aef(1~ )2U(2C, — € E W, = Bys +aCyh, 1+ 2 Aikuh,} > 0
1472
From Proposition 2 and proposition 3, we can conclude that 7 (2) and 7 (3) are obviously true.
This proves Lemma 7.
Appendix G. Proof of Proposition 4
2 plIG
R
a(leG )2
concave function in "% .When the first derivative is 0, the optimal solution is obtained as follows.
plo = Y+, - &,
" 28
The second step is to analyze the retailer profit function £"“(p!"“ p!'9), and the corresponding Hessian matrix is e,

H]HG:-z,u 0
0 -2u

First order principal minor is-24 < 0. Second order principal minor is4u> > 0. £ (phe, plyis a strictly jointly concave

The first step is to analyze the recycler profit function 1'% (,!¢y. Since =-20<0, e (phyis a strictly jointly

function in phe and phe. Therefore, when the first derivative of £"'“(p!19 !9 is 0, the optimal solution of p!"“ and pl@are as
follows.
G 1G* 1nG* ]

D, =i[ﬂwn + QT+ kecA,
2pu

pl = %[W,I,'G* +(1—k)ed"™" + aqve" + p(1-17)]
u

"

The third step is to analyze the manufacturer profit function £ (y!'¢ 519y, and the corresponding Hessian matrix is e,

-2u 0
HY =
0 -9

First order principal minor is- 24 < 0. Second order principal minor is 248 >0, fl6(whe pli9yis a strictly jointly concave
function in whe and phe. Therefore, when the first derivative of £"% (" p1¢)is 0, there is an optimal solution. The optimal
solution of whe and P:G are as follows.

. 1 x X
G+ __ 1IG IIG

w, —E(s&lr +ove"” + @+ e, + e, — iis)
nes _ 6, t6, —¢. ¥

Do 5 2%
The fourth step is to analyze the social welfare function f,*(4,',e"?), and the corresponding Hessian matrix is H, .
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v’ (T’ —16u6) owel (7 -8k)
HG 16u 16y
} avel(1-8k)  2E2(16k* =16k +7) Ok 2k +1)
l6u lou

V> (7a* —16u8)
161
2 2 2¢2 2 _
v (T 16,[19)[8 &2 (16k 16k+7)—a)(2k2 _2k+1)]_[avs§(7 8k)
164 lou 161
£29(A4%,€") is a strictly jointly concave function in 4" ande
G

If ué > o, first order principal minor is <0. If 48>0’ and &£°¢* < uw, second order principal minor is

1?>0 . Therefore, if uf>a® and &°’ <puw

G nG _1G
e

. So, when the first derivative of f, g"G (4,7,e")is 0, the

optimal solution of 4" ande" " are as follows.

A" = Aﬁ (Byc, + By, + Cs —4C,c, +C,5)
4

& = Ai (Byc, + Byc. + 0B, +C, —4uaC,c, +ouC,s)

Where, '
A, = 201640 —T0°Y2k* =2k + ) + 3k’ > E> — ube*E* (16k* — 16k +7)]> 0 ;
B, =2uofuw(2k’ =2k +1)+3e*E*(k* =k)]>0;
By =2uo{TuaX-2k* + 2k 1)+ 3£k ]
C, = 2uwop(2k’ — 2k +1)(7—87) + 60 E> e (T — k) 5
C, = e&[2up0(7 — 87 — 8k +16k7) — 60 k7]
C, = uekQQuo—ka’)
B, = uef[2u6(1—8k) + 60’ k]
B,, = 1> 6eE(16k —14)
This proves Proposition 4.

Appendix H. Proof of Lemma 9

G _ G _ G+ nG*
()2 e, T 4G, o 3 _ eG4 _oCy
ac, A, ac, A, ds A, os A,

This proves Lemma 9.
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