
Citation: Cao, J.; Gong, X.; Lu, J.;

Bian, Z. Optimal Manufacturer

Recycling Strategy under EPR

Regulations. Processes 2023, 11, 166.

https://doi.org/10.3390/pr11010166

Academic Editors: Yan Wang,

Zhigang Jiang and Wei Cai

Received: 23 November 2022

Revised: 23 December 2022

Accepted: 26 December 2022

Published: 5 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Optimal Manufacturer Recycling Strategy under EPR Regulations
Jian Cao , Xuan Gong, Jiawen Lu * and Zhaolong Bian

College of Management, Zhejiang University of Technology, Hangzhou 310023, China
* Correspondence: 211122040006@zjut.edu.cn

Abstract: Under extended producer responsibility (EPR) regulations, trade-in programs allow manu-
facturers to play a vital role in recycling. Simultaneously, third-party recyclers (TPRs) can use their
recycling network to compensate for manufacturers having only a single recycling channel, which
increases the competition between them. To study whether companies should authorize TPRs, we con-
structed and analyzed a Stackelberg game model with trade-in programs under EPR regulations by
focusing on three different closed-loop supply chain (CLSC) structures and differentiating consumer
categories. The analytical results showed that when the government does not act as the decision
maker, the optimal product selling price of the manufacturer does not change under each strategy.
Otherwise, the manufacturer’s decision is affected by the cost structure and amount of subsidy, as
well as funds determined by the government under the optimal environmental benefit. Furthermore,
when the residual value coefficient of the used products is high, manufacturers authorize TPRs to
recycle used products.

Keywords: trade-in programs; closed-loop supply chain; third-party recyclers; EPR system

1. Introduction

With the rapid iteration of products, the amount of waste electrical and electronic
equipment (WEEE) is rapidly increasing. According to statistics, the world produced
53.6 million tons of WEEE in 2019, an increase of nearly 21% in five years, of which only 17%
was recycled [1]. The landfilling and incineration of a large amount of waste have seriously
harmed the environment [2]. Therefore, many countries and regions have introduced
relevant policies to deal with the waste disposal problem, especially recycling legislation
based on extended producer responsibility (EPR); for example, the WEEE Directive in the
European Union, the Japanese PC Recycling System, and the Beverage Bottle Recycling Act
in the USA [3].

With the gradual strengthening of EPR regulations, original equipment manufacturers
(OEMs) are finding it increasingly difficult to collect used products due to single recycling
channels and incomplete recycling facilities [4]. For example, the WEEE Directive issued by
the EU in 2005 requires member states to recycle WEEE accounting for at least 45% of the
new product sales, and the target was raised to 85% in 2019 [5]. Unlike an OEM’s direct re-
cycling channels, consumers can more conveniently complete recovery through third-party
recycling channels [6]. For example, recycling platforms such as Ecoatm.com, Aihuishou,
and Zhuanzhuan provide consumers with door-to-door recycling services so they may
easily recycle used products [7]. Therefore, to increase recycling efficiency, manufacturers
often choose to authorize a third-party recycler (TPR) to perform recycling [8].

Although the involvement of TPRs can help manufacturers fulfill EPR regulations,
they often form a competitive relationship with manufacturers. In reality, to increase sales
and prevent the loss of customers, manufacturers such as Apple, Huawei, Ford, Canon,
and IBM often adopt a trade-in strategy through which customers can receive a price
discount by returning their used products when purchasing a new one [9,10]. As such, a
cannibalization effect exists between the TPRs and OEMs, and whether to authorize the
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TPRs has become a dilemma for OEMs [11]. As such, we addressed the following questions
in this study aiming to help OEMs that may face similar challenges:

(1) Is it advisable for an OEM to authorize a TPR?
(2) How should an OEM adjust its strategies under the different intensities of the

EPR regulation?
(3) How does government involvement impact on the OEM’s strategic choices?
To address the above questions, we divided our analyses into four parts:
(1) Not authorizing a TPR under exogenous funds and subsidies;
(2) Not authorizing a TPR under endogenous funds and subsidies;
(3) Authorizing a TPR under exogenous funds and subsidies;
(4) Authorizing a TPR under endogenous funds and subsidies.
According to the theoretical analysis, we determined the optimal pricing and the

trade-in price discount, as well as the circumstances under which the OEM should choose
to authorize a TPR. Our three main findings were:

(1) The OEM should be dedicated to retaining original consumers by enhancing its
reputation, contributing to improvements in economic and environmental performance.

(2) Under the EPR regulations, an OEM should authorize a TPR when the residual
value coefficient of the waste products is significant.

(3) When the government is involved in the closed-loop supply chain (CLSC), gaining
profits is harder for the OEM through a trade-in program because the OEM has to provide
more funds to the government.

The remainder of this paper is organized as follows. Section 2 illustrates our contribu-
tions through a literature review. Section 3 describes the model and outlines assumptions.
Section 4 provides a detailed analysis based on the exogenous and endogenous aspects of
government subsidies and funds. Section 5 outlines our numerical simulation. Section 6
draws the study conclusions.

2. Literature Review

Our study is related to three streams of literature: EPR regulations in CLSCs, the
competition between OEMs and TPRs, and trade-ins.

The first stream of research relates to our study regards EPR regulations. Spicer et al. [12]
discussed three methods to implement EPR regulations. Ozdemir et al. [13] studied the impact
of manufacturer recycling decisions and product redesign under EPR. Esenduran et al. [14]
analyzed the recycling competition between OEMs of electrical and electronic products
and TPRs under EPR, and the changes in their strategies under different circumstances.
Chen et al. [15] analyzed the effect of the reward and punishment mechanism in a green
supply chain, especially its effect on the recovery rate of waste products. Chang et al. [16]
considered the EPR system as a joint tax-subsidy mechanism in the production and recycling
system. However, these researchers did not introduce cooperative benefits produced
by TPRs under the EPR regulations. In this study, we considered the coopetition effect
produced by TPRs and thoroughly analyzed the impact of EPR regulation on manufacturers’
strategic choices on whether to authorize TPRs.

Second, our study also relates to research on CLSCs including TPRs. Yan et al. [17]
demonstrated that corporate social responsibility (CSR) can influence manufacturers’ will-
ingness to cooperate with retailers or TPRs and cooperation strategy choices. Xing et al. [18]
examined the impact of two risk-averse competing recyclers on the manufacturer’s low-
carbon production. Zhang et al. [19] established a game model of the competition be-
tween legal and illegal recyclers with government involvement. Huang et al. [20] and
Hong et al. [21] regarded the recovery cost and quantity as the recycling rate functions to
investigate decisions and profits in CLSCs, where the TPR acted as a recycler. Chu et al. [22]
studied the coordination problem between TPRs and multiple manufacturers, which out-
performed individual retailer- and manufacturer-managed modes. Khan et al. [8] used
an evolutionary game model to identify the economic principle behind original vehicle
manufacturers when deciding whether to authorize TPRs. Our study is different from theirs
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in the following way. In our study, the government encouraged CLSCs toward sustainable
directions by levying funds and providing subsidies, thus impacting coopetition between
OEM and TPR.

The final stream of literature related to our study is related to trade-ins. According
to Ray et al. [23], there exist optimal trade-in and pricing strategies of durable goods
manufacturers. Xiao et al. [10] determined the most suitable channel form for implementing
a trade-in strategy and found that when the consumer acceptance degree of the direct online
channel changes, the optimal channel form accordingly changes. Li et al. [24] examined
OEM optimal pricing, trade-in, and remanufacturing decisions when a secondary market
cannibalization exists. Agrawal et al. [25] suggested that OEMs can choose alternative
methods, including trade-in programs and offering remanufactured products, to compete
with third-party remanufacturers. Hu et al. [26] demonstrated that consumer category and
trade-in duration significantly impact the optimal strategy of a firm. These researchers all
regarded trade-ins as merely a marketing tool for business, whereas we introduced EPR
regulations through which the government can intervene in a trade-in program by levying
funds from the firm and providing subsidies to original consumers.

This study contributes to the existing literature as follows. To the best of our knowl-
edge, only some researchers have comprehensively considered the following three elements:
TPR, EPR regulations, and trade-in programs. We fill this gap by investigating the economic
principles that govern OEM behavior toward whether to authorize a TPR in an EPR envi-
ronment while considering a trade-in program. In addition, the topic of trade-in programs
has received increasingly extensive attention in academia. However, most investigators
conducted their study with a relatively simple illustration of consumers’ utility functions.
Original consumers’ perceptions may substantially impact new consumers’ purchasing
behaviors, and we introduced this factor in our study to facilitate the formulation of EPR
regulations and the implementation of recycling strategies.

This study provides insights for OEMs when formulating strategic decisions and
governments when designing and implementing EPR regulations. In summary, we compare
our study with related studies in Table 1.

Table 1. Comparison of this study with related studies.

Authors EPR Regulation TPR Trade-In Program Consumer Segmentation Methodology

Khan et al. [8]
√ √

(1)
Ozdemir et al. [13]

√ √
(4)

Esenduran et al. [14]
√ √

(3) & (4)
Chang et al. [16]

√ √
(2)

Hu et al. [26]
√ √

(4)
Agrawal et al. [25]

√ √
(4)

Xiao et al. [10]
√ √

(2) & (4)
Zhang et al. [19]

√
(3)

Li et al. [24]
√ √

(3) & (4)
Our study

√ √ √ √
(2) & (4)

(1) Evolutionary game theory; (2) Stackelberg game theory; (3) Cournot game theory; (4) optimization theory
with constraints.

3. Problem Description and Basic Assumptions

Under EPR regulations, the manufacturer provides a certain price discount to the
original consumer who returns used products to buy new products through trade-in. The
government, manufacturer, and third-party recycler are all independent decision makers,
among which the government is the decision pioneer, and the manufacturer and third-party
recycler are decision followers. The third-party recycler is also the decision follower of the
manufacturer. For ease of understanding, the parameters and variables use in this study
are shown in Table 2.
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Table 2. Notations.

Nomenclature Meaning

cn Unit production cost of new product
cr Unit production cost of remanufactured products
β Value coefficient of branded product
δu Residual value coefficient of used products
α Proportion of original consumers
θ Willingness of consumers to pay for new products

qi
N , pi

n
Demand and price of products purchased by new consumers;
i = N, A, AC, NG, AG, ACG

qi
O, pi

n Demand and price of products purchased by original consumers
qi

T , pi
u Demand and price of used products recovered by third-party recyclers

f Amount of government levy fund
b Transfer price of used products
pi

t Discount price of used products
s Amount of government subsidy of trade-in programs
e Environmental benefit of used products

∏i
j

Manufacturer profit (j = M ); hird-party profit (j = T ); government
benefit (j = G )

We considered the trade-in program as a marketing strategy of the manufacturer and
as a recycling strategy to consider its participation in the recycling of used products under
EPR regulations. In the market, a third-party recycler recycles various used products on
a cash basis. We explored the optimal manufacturer decision and its influencing factors
when the government outlines criteria for treatment funds and subsidies for used and
end-of-life products. The manufacturer has two choices: 1. Not authorizing a third-party
recycler to recycle used products, namely Model N, as shown in Figure 1a; 2. Authorizing
third-party recyclers to recycle used products, namely, Models A and AC, as shown in
Figure 1b. In Model A, the manufacturer does not compete with the third-party recycler;
that is, for the manufacturer, whether the third-party recycler runs a recycling program
does not affect the number of original consumers participating in trade-in programs. In
Model A, no competitive relationship exists between the manufacturer and third-party
recycler; that is, for the manufacturer, whether the third-party recycler runs a recycling
program does not affect the number of original consumers participating in the trade-in
program. In Model AC, the manufacturer competes with third-party recyclers. For some of
the original consumers, participating in the recycling program conducted by third-party
recyclers and participating in the trade-in program have the same effect. The two consumer
groups overlap; that is, some of the original consumers who participated in the trade-in
program choose to participate in the recycling program conducted by third-party recyclers.
The third-party recycling activities are those in which the third-party recycler first collects
the used product from the original consumer and then the manufacturer buys back the
used product from the third-party recycler. The recycled used product can be used to
produce remanufactured products, and the demand function we constructed in this study
is similar to that of Hong et al. [27], assuming that the new product is of the same quality
and price as the remanufactured product. We assumed that the new product produced by
the manufacturer is of the same quality and price as the product remanufactured by the
manufacturer. The manufacturer, which refers to a legitimate company with production
and sales capacity and recycling and dismantling functions, is directly involved in the
treatment and implementation of the standardized management of used products. The
manufacturer and third-party recycler are certified by environmental protection authorities.
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Figure 1. Supply chain model composed of third-party recycler and manufacturer. (a) Model N
(manufacturer does not authorize third-party recycler to recycle used products); (b) Models A and
AC (manufacturer authorizes third-party recycler to recover used products).

To facilitate and highlight the study, for both of these models, we made the following
key assumptions and statements:

(1) We assumed that the production capacity of the manufacturer is large enough to
meet the market demand, and the market demand is the product output [28,29].

(2) We assumed that the market size is 1, in which the proportion of original consumers
(with used products) is α (0 ≤ α ≤ 1), and the rest are potential consumers, namely new
consumers, with a proportion of 1− α.

(3) We assumed that the quality of the new product is the same as that of the remanu-
factured product; then, the unit cost of new products is cn, and the unit cost of the remanu-
factured products is cr. As the raw materials and energy consumption of r-manufactured
products in the production process are often lower than those of new products [30], then
the costs of new products and remanufactured products require 0 < cr < cn < 1.

(4) To show economic value, pu < pt + s must be satisfied to prevent original con-
sumers from participating in trade-in programs, and the discounted price of the used
product plus the government subsidy should be higher than the recycling price of the
third-party recycler.

(5) The willingness of new consumers to pay for new products is θ and follows a
uniform distribution U(0, 1). In contrast to new consumers considering repurchase, the
willingness to pay of the original consumer holding the used product is affected by the
value surplus of the currently held products and the use experience and evaluation of the
previous product [29].

a. Consider the existence of value surplus of used products. Assume that the residual
value coefficient of used products is δu, and the range is δu ∈ [0, 1]. If only the residual
value coefficient of used products is considered, then the willingness of original consumer
to pay is θ − δuθ.
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b. Through the comprehensive use of the product, the original consumers form a
comprehensive evaluation of the enterprise’s products, which is generally divided into
people’s comprehensive use feelings and evaluation of the internal and external charac-
teristics of the product, such as performance, quality, convenience, post-purchase conflict,
emotional evaluation, brand awareness, etc. For the sake of argument and highlighting
the contributions of our study, the above influence attributes are again combined into
one influence coefficient [29]; i.e., the original consumer’s perceived value coefficient of
the branded product β, and the value domain is β ∈ (0,+∞), where the consumption
intention to repurchase decreases. β > 1 indicates that the original consumer is satisfied
with the experience of the branded product and feels that it is good value for money, and
so the consumption intention to repurchase increases. Therefore, the original consumer’s
willingness to pay is βθ − δuθ, again considering the original consumer’s feelings of use
and evaluation.

(6) We assumed that when the manufacturer sells a unit product, the government
collects a fund amount f , the government gives the original consumer a trade-in subsidy
s, and the environmental benefit of formalized environmental treatment units for used
products is e.

We referred to the study of Cao et al. [30] to construct a product demand function from
consumer utility. Based on the above assumptions and the data in Table 2, we analyzed
the product utility and demands of the new and original consumers under the two models
as follows.

Assume that the manufacturer chooses not to authorize the third party to recycle its
used products, which is Model N. We assume that in this market, the market size is 1, the
share of original consumers is α, and the share of new consumers is 1− α. The utility that a
new consumer can obtain from the product is UN = θ − pn. If UN > 0, the new consumer
buys the product produced by the manufacturer. Therefore, under Model N, the demand
of new consumers can be expressed as:

qN
N = (1− α)

∫ 1

pn
dθ = (1− α)(1− pn). (1)

Similarly, an original consumer under Model N can derive utility UO = βθ − pn +
pt − δuθ − s from the trade-in program; when UO > 0, this original consumer participates
in the trade-in program conducted by the manufacturer. Therefore, the demand of trade-in
program under Model N can be expressed as:

qN
O = α

∫ 1

pn−pt−s
β−δu

dθ = α

(
1− pn − pt − s

β− δu

)
. (2)

If the manufacturer chooses to authorize the third-party recycler to recover the used prod-
uct, the original consumer obtains the product utility UO = βθ− pn + pt− δuθ− s. The original
consumer receives utility UT = pu − δuθ for participating in recycling programs conducted
by third-party recyclers. When UO > max{UT , 0}, that original consumer participates in a
trade-in program conducted by the manufacturer; when UT > max{UO, 0}, the original
consumer participates in the recycling program conducted by the third-party recycler.

If UT(θ2) = 0 > UO(θ2), the original consumer obtains the same utility by par-
ticipating in the manufacturer’s trade-in program as by keeping the used product. If
UT(θ2) = 0 > UO(θ2), the original consumer obtains the same utility by participating
in a recycling activity conducted by a third-party recycler as by keeping the used prod-
uct; if UO(θ3) = UT(θ3) = 0, buying a new product is no different than participating
in a third-party recycling program for the original consumer: θ1 = pn−pt−s

β−δu
; θ2 = pu

δu
;

θ3 = pn−pt−s+pu
β .

If θ1 > θ2, no competition exists between the trade-in program conducted by the
manufacturer and the recycling program conducted by the third-party recycler in which
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the original consumer participates. As shown in Figure 2, we define such a case as Model
A. Thus, in such a case, the purchase demand of the original consumer for products can be
expressed as:

qA
O = α

∫ 1

pn−pt−s
β−δu

dθ = α

(
1− pn − pt − s

β− δu

)
. (3)

Figure 2. Willingness of original consumers to pay in market under Model A.

The demand for recycling programs conducted by (participating) third-party recyclers is:

qA
T = α

∫ 1

pu
δu

dθ = α
pu

δu
. (4)

If θ1 < θ2, a competitive relationship exists between the trade-in program conducted
by the manufacturer and the recycling program conducted by the third-party recycler in
which the original consumer participates. As shown in Figure 3, we define such a situation
as Model AC. In this case, the original consumer’s used products are all recycled. Thus, the
demand for the product purchased by the original consumer can be expressed as:

qAC
O = α

∫ 1

pn−pt−s
β−δu

dθ = α

(
1− pn − pt − s + pu

β

)
. (5)

Figure 3. Willingness of original consumers to pay in market under Model AC.

The demand for recycling programs conducted by (participating) third-party recyclers is:

qAC
T = α

∫ pn−pt−s+pu
β

0
dθ = α

pn − pt − s + pu

β
. (6)

4. Supply Chain Model in Three Different Cases
4.1. Model N
4.1.1. Not Considering Government as Decision Maker

Under Model N, the manufacturer chooses not to authorize the third party to recycle
its used products. The manufacturer sets product prices pN

n and trade-in discounts pN
t to

maximize profits.
The profit function of the manufacturer under Model N, based on the demand function

of the new and original consumers, is:

max
(pn ,pt)

ΠN
M = qN

N
(

pN
n − cn − f

)
+ qN

O
(

pN
n − cr − pN

t − f
)

s.t. qN
N > 0&qN

T > 0.
(7)

By solving the first-order derivative optimal value, the optimal product price and opti-
mal trade-in price discount set by the manufacturer are obtained as follows (see Appendix A
for the solving process):

pN∗
n =

1 + cn + f
2

(8)
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pN∗
t =

1− β + ∆− s + δu

2
(9)

Proposition 1. The equilibrium optimal solution and optimal profit of the trade-in closed-loop
supply chain model without the participation of third-party recyclers are shown in Table 3.

Table 3. Optimal solution of Model N.

Optimal Solution Model N

pN∗
n

1+cn+ f
2

pN∗
t

1−β+∆−s+δu
2

qN∗
N (1− α)

1−cn− f
2

qN∗
O α

(
1
2 −

cr+ f−s
2(β−δu)

)
ΠN∗

M (1− α)
(

1−cn− f
2

)2
+ α

(β+s−δu− f−cr)
2

4(β−δu)

Corollary 1. For Model N, the monotonicity of qN∗
N , qN∗

O and ΠN∗
M with respect to β, δu, cn, cr, s,

and f is shown in Table 4.

Table 4. Monotonicity of qN∗
N , qN∗

O , and ΠN∗
M with respect to β, δu, cn, cr, s, and f .

Variable qN∗
N qN∗

O ΠN∗
M

β↗ - ↗ ↗
δu↗ - ↘ ↘
cn↗ ↘ - ↘
cr↗ - ↘ ↘
s↗ - ↗ ↗
f↗ ↘ ↘ ↘

Explanation: ↗means when the variable increases, the dependent variable increases;↘means when the variable
increases, the dependent variable decreases; ”-” means the value is independent of the variable. The following
arrows are the same.

See Appendix B for the proof.
According to Proposition 1, we drew the following main conclusions: (1) When the

manufacturer decides the optimal product price pN∗
n and the optimal trade-in price discount

pN∗
t , it does not need to consider the proportion of original consumers in the market, and

separately optimizes the product selling price for the two types of consumers to achieve
profit maximization. The main reason is that the manufacturer can easily distinguish the
two types of consumers, and the manufacturer can directly implement differentiated pricing
for these two types. (2) The demands of new qN∗

N and original qN∗
O consumers increase with

the decrease in the production costs of the unit new product cn and the unit remanufactured
product cr, respectively, so that the manufacturer’s profit ΠN∗

M increases. This means that
the manufacturer can improve the production technology and reduce the unit production
cost, thereby increasing market demand and profit, indicating that technological innovation
is crucial to the manufacturer. (3) The manufacturer’s profit is positively correlated with the
product brand perception coefficient β. The manufacturer cannot perform a one-shot deal
and needs to maintain long-term customer relationships and perform well in after-sales
service to obtain a positive effect. When the original consumer’s tendency to continue
to consume is low (i.e., β− δu is small, as δu is determined by the nature of the product;
namely, β is small), the manufacturer further increases the price discount on the trade-in to
urge the original consumer to buy its product again. When the original consumer has a
larger unit tendency to continue to consume, the manufacturer reduces the trade-in price
discount. That is, when the original consumers have low purchase desire, the manufacturer
needs to pay more for the used products to offset the cost when implementing the trade-in
program, so as to attract the original consumers, which is similar to the situation in real life.
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Corollary 1 shows that the optimal profit of manufacturers within the scope of the
feasible region has a monotone decreasing function with cn, f , and δu, and a monotone in-
creasing function with s and β. This suggests that the lower the manufacturer’s production
cost, the lower the perception coefficient of used products, the smaller the used product
treatment fund collected by the government, and the larger the price subsidy and brand
perception coefficient provided by the government, the higher the manufacturer profit.

4.1.2. Considering Government as Decision Maker

Based on the discussion above and the literature, the government’s environmental
benefit function can be expressed as [23]:

ΠNG
G = qNG

O

(
e− sNG + f NG

)
+ qNG

N f NG (10)

Substitute the above qN_I I I∗
N and qN_I I I∗

O into Equations (5)–(9). By solving the first-
order derivative optimal value, the optimal government subsidy and the optimal levy fund
amount are obtained at this time as follows (the solving process is detailed in Appendix C):

sNG∗ =
1− β + δu − ∆ + e

2
(11)

f NG∗ =
1− cn

2
(12)

sNG∗ is the government subsidy provided to the original consumer for the trade-in, so
sNG∗ ≥ 0, which needs to obey β + ∆− e− δu < 1. Using the backward induction method,
we can determine the optimal decision of the manufacturer to implement the trade-in
program under fund regulation, as shown in Table 5.

Table 5. Equilibrium optimal solutions and optimal profits under Model NG.

Equilibrium sNG∗=0
1−∆+e<β−δu<1+∆

sNG∗= 1−β+δu−∆+e
2

cr−e<β−δu<1−∆+e

pNG∗
n

3+cn
4

3+cn
4

pNG∗
t

1−β+∆+δu
2

1−β+3∆−e+δu
4

qNG∗
N (1− α) 1−cn

4 (1− α) 1−cn
4

qNG∗
O α

(
1
2 −

1−∆+cr
4(β−δu)

)
α
(

1
4 −

cr−e
4(β−δu)

)
f NG∗ 1−cn

2
1−cn

2

ΠNG∗
M (1− α)

(
1−cn

4

)2
+ α

(2β−2δu−1+∆−cr)
2

16(β−δu)
(1− α)

(
1−cn

4

)2
+ α

(β−cr+e−δu)
2

16(β−δu)

ΠNG∗
G

α
(

1
2 −

1−∆+cr
4(β−δu)

)(
e + 1−cn

2

)
+(1− α)

(1−cn)
2

8

α
(

1
4 −

cr−e
4(β−δu)

)(
e+β−cr−δu

2

)
+(1− α)

(1−cn)
2

8

Proposition 2. Under fund regulation, the equilibrium optimal solution and optimal profit of the
trade-in closed-loop supply chain model with the government as the decision maker and without the
participation of third-party recyclers are shown in Table 5.

Proposition 2 shows that: (1) Regardless of whether the government subsidizes the
original consumers who participate in the trade-in program, the amount of funds for
each unit of used product treatment levied by the government on the manufacturer does
not change and does not affect the manufacturer’s pricing of the product. (2) Under the
regulation of the fund, the optimal amount of the used product treatment fund levied by
the government on the manufacturer is f NG∗ = 1−cn

2 , which decreases with increases in
the manufacturer’s cost of producing new products. (3) When the government provides



Processes 2023, 11, 166 10 of 23

a certain subsidy, sNG∗ = 1−β+δu−∆+e
2 , the subsidy decreases as the original consumer

perception coefficient of the product brand, and product cost savings decrease. At the same
time, the subsidy increases with the increase in the environmental benefits of recycling
and processing units of used products and the perceived coefficient of used products. This
indicates that government subsidies help manufacturers to increase the recycling rate of
used products, the value of reusing, and the recycling capacity.

4.2. Model A
4.2.1. Not Considering Government as a Decision Maker

Under Model A, the manufacturer is responsible for product production and sales, as
well as implementing the trade-in programs, whereas the third-party recycler is responsible
for recycling used products. A Stackelberg game exists between the manufacturer and third-
party recycler, and no competition exists between the trade-in programs of manufacturers
and the recycling activities of third parties. That is, the manufacturer first sets the sales
price of the product pA

n , the discount on the trade-in price pA
t , and the transfer price bA.

Accordingly, the third-party recycler sets the recycling price of the used product pA
u . The

optimization problem of the third-party recycler is as follows:

max
(pu)

ΠA
T = qA

T

(
bA − pA

u

)
(13)

For qA
T , as shown in Equation (4), the optimal solution of the third-party recycler

optimization problem can be obtained pA∗
u
(

pA
n , pA

t , bA). The manufacturer’s optimization
problem is: max

(pn ,pt)
ΠA

M = qA
N
(

pA
n − cn − f

)
+ qA

O
(

pA
n − cr − pA

t − f
)
+ (∆− b)qA

T

s.t. 0 < qA
O + q

〈
α & qA

N
〉
qA

T

(14)

This problem is a typical Stackelberg game. Solving Equations (13) and (14) by back-
ward induction can obtain the following (refer to Appendix D for the solution procedure):

Proposition 3. Under fund regulation, the equilibrium optimal solution and optimal profit of the
trade-in closed-loop supply chain model with the government not acting as the decision maker and
with the participation of third-party recyclers and no competition are shown in Table 6.

Table 6. Optimal solution of Model A closed-loop supply chain.

Equilibriums Model A

pA∗
n

1+cn+ f
2

pA∗
t

1−β−s+δu+∆
2

bA∗ ∆
2

qA∗
N (1− α)

1−cn− f
2

qA∗
O α

[
1
2 −

cr+ f−s
2(β−δu)

]
pA∗

u
∆
4

qA∗
T α ∆

4ffiu

ΠA∗
M (1− α)

(
1−cn− f

2

)2
+ α

(β+s−δu− f−cr)
2

4(β−δu)
+ α

(∆)2

8δu

ΠA∗
T α ∆2

16δu
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Proposition 3 states that: (1) If the product is in the growth period, the optimal price
of the product under Model A pA∗

n and the optimal discount of the trade-in price pA∗
t are

the same as those under Model N. Correspondingly, the demands from new consumers
qA∗

N and original consumers qA∗
O do not change, which indicates that when the residual

value coefficient of used products is large, the third-party recycling program does not affect
the trade-in program of the manufacturer. (2) pA∗

u = ∆
4 , meaning that the recovery price is

only related to cost savings and not to other factors; that is, although the residual value
coefficient of the used product is high, it affects neither the recovery price of its recycled
used product nor the manufacturer’s trade-in program. (3). ΠA∗

M − ΠN∗
M = α ∆2

8δu
> 0;

compared with Model N, the manufacturer can also obtain additional income from the
recycling activities conducted by the third-party recycler under Model A.

Corollary 2. For Model A, the monotonicity of qA∗
N , qA∗

O , qA∗
T , ΠA∗

M , and ΠA∗
T with respect to β,

δu, cn, cr, s, and f is shown in Table 7 (see Appendix E for the proof).

Table 7. Monotonicity of qA∗
N , qA∗

T , qA∗
O , ΠA∗

M , and ΠA∗
T regarding β, δu, cn, cr, s, and f .

Variable qA∗
N qA∗

O qA∗
T ΠA∗

M ΠA∗
T

β↗ - ↗ - ↗ -
δu↗ - ↘ ↘ ↘ ↘

cn↗ ↘ - ↗
If cn >

2δu(1−α)(1−f)+αcr
2δu(1−α)+α

,↗

If cn <
2δu(1−α)(1−f)+αcr

2δu(1−α)+α
,↘

↗

cr↗ - ↘ ↘ ↘ ↘
s↗ - ↗ - ↗ -
f↗ ↘ ↘ - ↘ -

Explanation: ↗means when the variable increases, the dependent variable increases;↘means when the variable
increases, the dependent variable decreases; ”-” means the value is independent of the variable. The following
arrows are the same.

Corollary 2 shows that if the amount of used product treatment funds collected by the
government increases, the demand of new consumers and original consumers decreases,
and the manufacturer’s profit also decreases, which means that the government should
properly consider the amount of used product treatment funds to collect.

4.2.2. Government as Decision Maker

The government’s environmental benefit function can be expressed as follows:

max
(sAG , f AG)

ΠAG
G =

(
qAG∗

O + qAG∗
T

)(
e− sAG + f AG

)
+ qAG∗

N f AG. (15)

By substituting qA∗
N and qA∗

O into Equation (15), the optimal government subsidy and
the optimal collection fund amount can be obtained as follows through the first-order
derivative optimal value-solving steps (see Appendix F for the solving process):

sAG∗ = − ∆
4δu

β− ∆
4
+

e + 1− β + δu

2
, (16)

f AG∗ =
1− cn

2
. (17)

sAG∗ is a government subsidy provided to original consumers for trade-ins, so sAG∗ ≥ 0;
that is, it requires

(
1 + ∆

2δu

)
(β− δu)− e + ∆ < 1. The backward induction method can

be used to determine the optimal decision of the manufacturer to implement the trade-in
program under fund regulation, as shown in Table 8. The solution process is shown in
Appendix F.
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Table 8. Equilibrium optimal solution and optimal profit under Model AG.

Equilibrium sAG∗=0
max

{
2δu(1−∆+e)

2δu+∆ , 1+cr
2

}
<β−δu<1+∆

sAG∗=− ∆
4δu

β−∆
4 + e+1−β+δu

2

2(cn−e) 2δu
2δu−∆ <β−δu< 2δu(1−∆+e)

2δu+∆

pAG∗
n

3+cn
4

3+cn
4

pAG∗
t

1−β+∆+δu
2

∆
8δu

(β + δu) +
1+δu−β−e+2∆

4

pAG∗
u

∆
4

∆
4

qAG∗
N (1− α) 1−cn

4 (1− α) 1−cn
4

qAG∗
O α

(
1
2 −

1−∆+cr
4(β−δu)

)
α
(

1
4 −

cr−∆−e
4(β−δu)

− (β+δu)∆
8δu(β−δu)

)
f AG∗ 1−cn

2
1−cn

2

ΠAG∗
T α ∆2

16δu
α ∆2

16δu

ΠAG∗
M (1− α)

(
1−cn

4

)2
+ α

(∆)2

8δu
+ α

(2fi−2δu−1+∆−cr)
2

16(β−δu)

(1− α)
(

1−cn
4

)2
+ α

(∆)2

8δu
+

α
[2δu(β−δu−cr+e)−(β−δu)∆]

2

64δu2(β−δu)

ΠAG∗
G α

(
∆

4δu
+ 1

2 −
1−∆+cr
4(β−δu)

)(
e + 1−cn

2

)
+ (1− α)

(1−cn)
2

8 (1− α)
(1−cn)

2

8 + α
[2δu(β−δu+e−cr)+(β−δu)∆]

2

32δ2
u(β−δu)

Proposition 4. Under the fund regulation, the equilibrium optimal solution and optimal profit of
the trade-in closed-loop supply chain model with the government acting as the decision maker and
with the participation of third-party recyclers and no competition are shown in Table 8.

Proposition 4 shows that: (1) When the government does not subsidize the original
consumers involved in the trade-in program, the factors influencing the manufacturer’s
optimal selling price and optimal discount on the trade-in program do not change, indi-
cating that the recycling activities of third-party recyclers do not affect the manufacturer’s
trade-in programs. (2) When the government subsidizes the original consumers involved
in the trade-in program, the discount in the trade-in price provided by the manufacturer
to the original consumer changes; the variable is ∆pAG∗

t = ∆
8δu

(β− δu). This means that
the manufacturer increases the price discount for the trade-in program without changing
the selling price of the product, meaning that the price discount received for the original
consumer increases after authorizing a third-party recycler to recycle the used product.
(3) The government’s unit subsidy for the original consumer in the trade-in program
sAG∗ = − ∆

4δu
β − ∆

4 + e+1−β+δu
2 changes; the change amount is ∆sAG∗ = − ∆

4δu
(β− δu).

That is, compared with the absence of a third-party recycler, the government reduces the
subsidy provided to the original consumer who participates in the trade-in program. For
the government, with the participation of third-party recyclers, the quantity of recycled
used products can be guaranteed. (4) For the original consumer, under Model NG, the price
to purchase the product is pAG∗

n − pAG∗
t − sAG∗ = 3(β−δu)+cr−e

4 . Under Model AG, the price

to purchase the product is pAG∗
n − pAG∗

t − sAG∗ = 3(β−δu)+cr−e
4 + ∆

8δu
(β− δu). Therefore,

the price paid by the original consumer to purchase the same product increases, and the
consumer surplus decreases.

4.3. Model AC

Under Model AC, the game between manufacturers and third-party recyclers is a
Stackelberg game, and competition exists between manufacturers’ trade-in programs and
the recycling activities of third-parties. That is, the manufacturer first sets the sales price
of the product pAC

n , trade-in price discount pAC
t , and transfer price bAC. Based on this, the
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third-party recycler sets the price of recycling the used product pAC
u . According to the

reverse-order method, the optimization problem of the third-party recycler is:

max
(pAC

u )
ΠAC

T = qAC
T

(
bAC − pAC

u

)
. (18)

qAC
T , as shown in Equation (6), is used to obtain the optimal solution to the third-party

recycler optimization problem pAC∗
u

(
pAC

n , pAC
t , bAC). The manufacturer’s optimization

problem is:
max

(pAC
n ,pAC

t )
ΠAC

M = qAC
N
(

pAC
n − cn − f

)
+ qAC

O
(

pAC
n − cr − pAC

t − f
)
+
(
∆− bAC)qAC

T

s.t. 0 < qAC
O + qAC

T
〈
α&qAC

N
〉
qAC

T

. (19)

Similarly, the equilibrium optimal solution of the two-player game in Model AC can
be obtained by backward induction (see Appendix G for the solution procedure). Substitute
optimal equilibrium solutions into Equations (18) and (19) to obtain the optimal profit for
the manufacturer and the third-party recycler.

Proposition 5. Under fund regulation, the equilibrium optimal solution and optimal profit of the
trade-in closed-loop supply chain model with the government not acting as the decision maker and
the participation of third-party recyclers and the presence of competition are shown in Table 9.

Table 9. Optimal solution of Model AC closed-loop supply chain.

Equilibrium Model AC

pAC∗
n

1+cn+ f
2

pAC∗
t

2−2β+cn+ f−3s
4 +

δu(cn+2β−s+ f )
4β

bAC∗ (β+δu)(cn+2β−s+ f )
4β

qAC∗
N (1− α)

1−cn− f
2

qAC∗
O α

(
1
2 −

cn+ f−s
4β

)
pAC∗

u
δu(cn+2β−s+ f )

4β

qAC∗
T α

(
1
2 +

cn+ f−s
4β

)
ΠAC∗

M
(1− α)

(
1−cn− f

2

)2
+ α
[
∆− (β+δu)(cn+2β−s+ f )

4β

](
1
2 +

cn+ f−s
4β

)
+α
(

1
2 −

cn+ f−s
4β

)[
∆− f+s+β−δu−cr

2 − (cn+ f−s)(β+δu)
4β

]
ΠAC∗

T α
(cn+2β−s+ f )2

16β

Corollary 3. For Model AC, the monotonicity of qAC∗
N , qAC∗

O , qAC∗
T , ΠAC∗

M , and ΠAC∗
T with

respect to β, δu, cn, cr, s, and f is shown in Table 10. See Appendix H for the proof.
Proposition 5 and Corollary 3 show that: (1) When the government does not act as

the decision maker, the optimal product price pAC∗
n and demand of new consumers qAC∗

N
under Model AC are equal to the optimal product price and demand of new consumers
under Model N, which means that the recycling activities of third parties do not affect the
manufacturer’s product price. (2) When s− f ≤ cn − 2∆

β+δu
, the trade-in price discount

under Model AC pAC∗
t is larger than that under Model N pN∗

t , which means that when the
unit subsidy of the trade-in program minus the collected used product treatment fund is
less than the critical value, the manufacturer needs to increase the trade-in discount to cope
with the recycling competition from the third-party recyclers. (3) The demand of original
consumers also accordingly changes. The number of original consumers participating in
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the trade-in programs increases. Similarly, when s− f ≤ cn − 2∆
β+δu

, the demand for the

trade-in program under Model AC qAC∗
O is larger than that under Model N qN∗

O .

Table 10. Monotonicity of qAC∗
N , qAC∗

O , qAC∗
T , ΠAC∗

M , and ΠAC∗
T with respect to β, δu, cn, cr, s, and f .

Parameter qAC∗
N qAC∗

O qAC∗
T ΠAC∗

M ΠAC∗
T

β↗ - ↗ ↘ If ( f + cn − s)( f + cn − s− 2δu) < 0,↗
If ( f + cn − s)( f + cn − s− 2δu) > 0,↘ ↗

δu↗ - - - ↘ -

cn↗ ↘ ↘ ↗ If α(β− δu + cn + f − s)− 2β(1− α)(1− f − cn) > 0,↗
If α(β− δu + cn + f − s)− 2β(1− α)(1− f − cn) < 0,↘ ↗

cr↗ - - - ↘ -
s↗ - ↗ ↘ ↗ ↘
f ↗ ↘ ↘ ↗ ↘ ↗

Explanation: ↗means when the variable increases, the dependent variable increases;↘means when the variable
increases, the dependent variable decreases; ”-” means the value is independent of the variable. The following
arrows are the same.

4.3.1. Government as Decision Maker

The government’s environmental benefit function can be expressed as:

max
(sACG , f ACG)

ΠACG
G = α

(
e− sACG + f ACG

)
+ qAC∗

N f ACG. (20)

By substituting the above qAC∗
N into Equation (20) and solving the first-order derivative

optimal value, the optimal government subsidy and optimal levy fund amount can be
obtained, respectively, as follows (see Appendix I for the solving process):

sACG∗ = 0, (21)

f ACG∗ =
1− cn

2
+

α

1− α
. (22)

Substituting sACG∗ and f ACG∗ into Equations (18) and (19), the optimal solution can
be obtained as shown in Table 11.

Table 11. Optimal solutions of Model ACG_III closed-loop supply chain.

Equilibrium Model ACG

pACG∗
n

3+cn
4 + α

2(1−α)

pACG∗
t

1
2 (1− β + δu) +

cn(β+δu)
8β + (1+α)(β+δu)

8β(1−α)

bACG∗ (β+δu)[(1+cn+4β)(1−α)+2α]
8β(1−α)

qACG∗
N (1− α) 1−cn

4 − 1
2 α

qACG∗
O α

[
1
2 + (1+cn)(1−α)+2α

8β(1−α)

]
pACG∗

u
2β+cn

4β δu

qACG∗
T α

[
1
2 −

(1+cn)(1−α)+2α
8β(1−α)

]
ΠACG∗

M

[1−cn(1−α)−3α]2

16(1−α)
+ α
[

1
2 + (1+cn)(1−α)+2α

8β(1−α)

]{
∆− (β+δu)[cn(1−α)+4β(1−α)+1+α]

8β(1−α)

}
+

α
[

1
2 −

(1+cn)(1−α)+2α
8β(1−α)

]{
(4β+5cn−8cr)(1−α)−3(1+α)

8(1−α)
− δu [(cn+4β+1)(1−α)+2α]

8β(1−α)

}
ΠACG∗

T α
[(1+cn+4β)(1−α)+2α]2

64β(1−α)

ΠACG∗
G α

(
e + 1−cn

2 + α
1−α

)
+
[
(1− α) 1−cn

4 − 1
2 α
](

1−cn
2 + α

1−α

)
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Proposition 6. Under fund regulation, the equilibrium optimal solution and optimal profit of the
closed-loop supply chain model with the participation and competition of the government as the
decision maker and the third-party recycler are shown in Table 11.

Proposition 6 shows the following: (1) The optimal trade-in price discount pACG∗
t

formulated by the manufacturer is unrelated to cost saving ∆ACG∗. Under Model AC, the
original consumers no longer own the used products, and all the used products are recycled
and manufactured into remanufactured products, so the cost of remanufactured products
does not affect the price discount formulated by the manufacturer. (2) The optimal product
price pACG∗

n rises because the government levies higher treatment funds on manufacturers
for used products. Hence, the manufacturer can realistically and logically pass this on to the
consumer, with the consumer and the manufacturer each bearing 50% of the cost. In a sense,
the fund regulation system works, forcing the manufacturer to take responsibility for the
disposal of used products. (3) The pricing of the manufacturer’s products is different from
the expression under Model NG, indicating that the development of the trade-in program
changes the product’s selling price and consumers’ original perception of payment. With
the increase in the proportion of original consumers, the product selling price increases. In
this case, the durability of the used products is low, and the brand perception coefficient is
large, which shows that the original consumers have high stickiness and higher repurchase
desire. Accordingly, as a rational entity, the manufacturer raises the price, reduces consumer
surplus, and increases its own profit.

5. Numerical Simulation Analysis

Combined with the abovementioned conditions and conclusions, to deeply understand
the impact of the market environment on the manufacturer’s profit, we selected different
parameters in the feasible region and analyzed the results through numerical simulation
using the software named PyCharm.

5.1. Impact of Fund Regulation on Manufacturer Profit

We set the residual value coefficient of used products δu to 0.1; unit production cost of
new products cn to 0.75; unit production cost of remanufactured products cr = 0.2; and
the brand product perception coefficient of the original consumer β = 0.5(0.6). We used
Origin software to create the plot shown in Figure 4.

Figure 4. Impact of β on manufacturer profit. (a) s = 0.25; (b) s = 0.8.

When β and s are small, ΠAC∗
M > ΠN∗

M , as shown in Figure 4a, the manufacturer
chooses to authorize the third-party recycler to recycle used products. With the increase
in α, the profit difference between the manufacturer under Models N and AC continually
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increases; that is, the advantage of the manufacturer in authorizing the third-party recycler
to recycle the used products increases. However, when β increases, ΠAC∗

M < ΠN∗
M ; when

s is larger, as shown in Figure 4b, ΠAC∗
M < ΠN∗

M ; and as β increases, the manufacturer’s
optimal profit decreases.

5.2. Comparison between Models NG and AG

When the government acts as the decision maker, when β is larger, the government
provides no subsidy to the original consumers participating in the trade-in program for its
own interests. Tables 5 and 8 show that ∆Π = ΠAG∗

M −ΠNG∗
M = α ∆2

8δu
, i.e., ΠAG∗

M > ΠNG∗
M ,

which increases with the increase in the proportion of original consumers.
When β is smaller (β = 0.4) and δu is larger (δu = 0.25), original consumers have a

poor overall impression of the brand. Then, the government, to produce environmental
benefits, provides the original consumers with a certain subsidy to encourage them to
participate in the trade-in program. At this time, under Model NG, the manufacturer’s

profit is ΠNG∗
M = (1− α)

(
1−cn

4

)2
+ α

(β−cr+e−δu)
2

16(β−δu)
; under Model AG, the manufacturer’s

profit is ΠAG∗
M = (1− α)

(
1−cn

4

)2
+ α

[2δu(β−δu−cr+e)−(β−δu)∆]
2

64δu2(β−δu)
+ α

(∆)2

8δu
. The profit of the

manufacturer varies with α under the two models, as shown in Figure 5a,b. We found that
regardless of whether the cost of new products is high or low, ΠAG∗

M > ΠNG∗
M . Combined

with Models N and A, regardless of whether the government is a participant, when the
residual value coefficient of used products is high, the manufacturer always authorizes the
third-party recycler to recover the used products. Notably, when the cost of new products
is lower, as shown in Figure 5b, under Models NG and AG, the profit of the manufacturer
decreases as α increases, similar to the conclusions above. When β is small, the profits of
the newly added original consumers cannot compensate for the profits generated by the
new consumers; as a result, the manufacturer’s profits decrease. However, if the third-
party recycler is authorized to recycle, this effect is diminished, resulting in some profit
for the manufacturer. However, as the cost of new products decreases, the cost savings
from used products recycled from third-party recyclers correspondingly decreases, and the
manufacturer’s total profit decreases as a result.

Figure 5. Profit of the manufacturer under Models NG and AG. (a) cn = 0.45, (b) cn = 0.75.

5.3. Comparison of Models NG and ACG

When the government acts as the decision maker, under Model ACG, pACG∗
n = 3+cn

4 +
α

2(1−α)
. We can deduce α < 1

3 and 1
4 < β < 1

2 and take β = 0.3. Then, the manufacturer’s
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profit under Model NG is ΠNG∗
M = (1− α)

(
1−cn

4

)2
+ α

(β−cr+e−δu)
2

16(β−δu)
; the manufacturer’s

profit under Model ACG is

ΠACG∗
M = [1−cn(1−α)−3α]2

16(1−α)

+α
[

1
2 + (1+cn)(1−α)+2α

8β(1−α)

]{
∆− (β+δu)[cn(1−α)+4β(1−α)+1+α]

8β(1−α)

}
+α
[

1
2 −

(1+cn)(1−α)+2α
8β(1−α)

]{
(4β+5cn−8cr)(1−α)−3(1+α)

8(1−α)
− δu [(cn+4β+1)(1−α)+2α]

8β(1−α)

}
Within the feasible domain, the manufacturer’s profit under the two models is shown

in Figure 6.

Figure 6. Profit of the manufacturer under Models NG and ACG. (a) cn = 0.45,(b) cn = 0.75.

When the brand perception coefficient and the production cost of new products are
relatively low, as shown in Figure 6a, ΠNG∗

M > ΠACG∗
M ; when the production cost is higher,

as shown in Figure 6b, ΠNG∗
M < ΠACG∗

M . This is because when the production cost of a new
product is higher, the cost of the remanufactured product is lower, the cost savings are
higher, and manufacturer recycling of used products from third-party recyclers is profitable.
This also promotes the recycling of used products. Under Model ACG, all used products
in the hands of original consumers are recycled, achieving the goal of environmental
protection of used products.

6. Conclusions

Considering the EPR regulations, in this study, we analyzed the problem of a manu-
facturer’s implementation of a trade-in program for the recycling and treatment of used
products. We explored whether manufacturers should authorize third parties to recycle
used products as well as product pricing and trade-in price discounts under each deci-
sion. We also considered the impact of the government acting as the decision maker on
manufacturers’ decisions, yielding the following management revelations:

6.1. Managerial Implications

(1) Under EPR regulations, authorizing third parties to recycle used products is better
for the manufacturers when the residual value coefficient of the used products is large. The
manufacturer not only profits from the new consumers as well as the original consumers
but also recycles the used products from third-party recyclers to achieve production cost
savings. The premise is that the cost of production and sales are moderate, and the
manufacturer has a high capacity to recycle and treat used products. In the actual operation
process, the manufacturer also needs to consider the specific measures in the government
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regulation, pay attention to the production cost of new products, and their own interests,
and then decide whether to authorize a third-party recycler.

(2) When the government, as the decision maker, establishes a subsidy of a trade-in
program and a fund for the disposal of used products when the environmental benefits are
optimal, the decision of the manufacturer is strongly impacted. Especially under Model
ACG, the manufacturer needs to pay more funds, the market conditions for the profit
of the trade-in program are harsher, and part of the profit is transferred to the govern-
ment. This leads to a sharp decline in manufacturer profit, which leads to manufacturers
choosing not to authorize third parties to recycle used products, which is contrary to our
original intention.

(3) When the government does not act as the decision maker, the demand of new con-
sumers and the pricing of products are only related to the market structure and production
cost. Then, for the original consumers, manufacturers need to create their own good repu-
tation to increase the stickiness of the original consumers, thus enhancing their own profits
and disposing of more used products in the environment for long-term development.

6.2. Practical Implications

This paper studied the optimal strategies of the government and the manufacturer
under the fund regulation mechanism. We determined the optimal trade-in subsidy and
waste product disposal fund from the government’s perspective. From the manufacturer’s
perspective, we studied the manufacturer’s optimal authorization strategy for third-party
recycling. It aimed to actively promote the recycling and remanufacture of used products,
reduce pollution emissions to the environment, constantly expand the influence of recycled
products in consumer groups, and promote the production and use of recycled products.

6.3. Theoretical Contribution

This study has two main theoretical contributions. First, unlike remanufactured
products, which were emphasized in much literature, this paper focused on recycling raw
materials used to manufacture remanufactured products. Secondly, this paper subdivided
consumers, used consumer function to describe the heterogeneity of consumers, and
added consumer utility function to the brand product perception coefficient, which is more
relevant to real life and provides guidance for manufacturers to make recycling decisions.

6.4. Limitations and Future Research Avenues

(1) In real life, due to the rapid changes in the supplier channel structure and market
competition patterns, the profit function of third-party recyclers is relatively simply por-
trayed in this study, but we can still take the next step to use the complexity of the supplier
structure that can increase its complexity to conduct more extensive market research so that
the constructed model can be further adapted to the real decision-making environment to
obtain more accurate and profound management insights.

(2) First, we assumed that manufacturers dominate the supply chain, but, in real life,
retailers and recyclers are increasingly dominant, and many have become no less or even
more dominant than manufacturers. Second, more often than not, no absolute dominant
player exists in the supply chain; therefore, in-depth studies can be conducted in the future
on the supply chain without a dominant player.

(3) We only focused on exploring the homogeneous prices of new and remanufac-
tured products; in the future, heterogeneous and heterogeneous prices and even random
substitution can be examined.
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Appendix A

In Model N, the Hesse matrix of the manufacturer’s profit function is: HN
M = ∂2ΠN

M
∂p2

n

∂2ΠN
M

∂pn∂pt
∂2ΠN

M
∂pt∂pn

∂2ΠN
M

∂p2
t

. The values of each determinant are: ∂2ΠN
M

∂p2
n

= −2(1− α) − 2α
β−δu

< 0,∣∣∣∣∣−2(1− α)− 2α
β−δu

2α
β−δu

2α
β−δu

− 2α
β−δu

∣∣∣∣∣ = 4α(1−α)
β−δu

> 0. We can judge that the Hesse matrix is a nega-

tive definite matrix. According to it nature, if the Hesse matrix is a negative definite matrix,
a maximum exists, so an optimal solution exists to maximize the manufacturer’s profit.
We obtain the manufacturer’s optimal solution thus: pN∗

n = 1+cn+ f
2 ; pN∗

t = 1−β+∆+δu−s
2 .

Substituting the optimal solution into Equations (1), (2) and (7), the optimal solution in
Table 1 can be obtained.

Appendix B

Given qN∗
N = (1− α)

1−cn− f
2 > 0, qN∗

O = α
[

1
2 −

cr+ f−s
2(β−δu)

]
> 0, cn + f < 1, β− δu − cr −

f + s > 0; additionally, pN∗
n − pN∗

t − f − cr =
β+s−δu−cr− f

2 , then β− δu − cr − f + s > 0.
∂qN∗

N
∂cn

= − 1−α
2 < 0, ∂qN∗

N
∂ f = − 1−α

2 < 0, ∂qN∗
O

∂cr
= −α 1

2(β−δu)
< 0, ∂qN_I I I∗

O
∂ f = −α 1

2(β−δu)
< 0,

∂qN∗
O

∂s = α 1
2(β−δu)

> 0, ∂qN∗
O

∂β = α
cr+ f−s

2(β−δu)
2 > 0, ∂qN∗

O
∂δu

= −α
cr+ f−s

2(β−δu)
2 < 0,

∂ΠN∗
M

∂cn
= −(1− α)

1−cn− f
2 < 0, ∂ΠN∗

M
∂cr

= −α
β−δu−cr+s− f

2(β−δu)
< 0, ∂ΠN∗

M
∂s = α

β−δu−cr+s− f
2(β−δu)

> 0,
∂ΠN∗

M
∂δu

= −α
(β−δu−cr− f+s)(β−δu+cr−s+ f )

4(β−δu)
2 < 0, ∂ΠN∗

M
∂β = α

(β−δu−cr− f+s)(β−δu+cr−s+ f )
4(β−δu)

2 > 0,

∂ΠN∗
M

∂ f = −(1− α)
1−cn− f

2 − α
β−δu−cr+s− f

2(β−δu)
< 0.

Appendix C

Solve the game problem in Section 4.1.2 using backward induction method.
Substituting the above qN∗

N and qN∗
O into Equation (10), we obtain:

ΠNG
G = qN∗

O

(
e− sNG + f NG

)
+ qN∗

N f NG

The Hesse matrix of the government environmental benefit function can be obtained

as follows: HNG
G =

 ∂2ΠNG
G

∂s2
∂2ΠNG

G
∂s∂ f

∂2ΠNG
G

∂ f ∂s
∂2ΠNG

G
∂ f 2

. The values of each determinant are as follows:

∂2ΠNG
G

∂s2 = − α
β−δu

< 0,

∣∣∣∣∣−
α

β−δu
− α

β−δu

− 2−α
β−δu

−(1− α)− α
β−δu

∣∣∣∣∣ = (1− α) α
β−δu

> 0.

We can judge that the Hesse matrix is a negative definite matrix. According to its
nature, if the Hesse matrix is a negative definite matrix, a maximum exists, so an optimal so-
lution exists to maximize the government’s profit. The optimal solution of the government
is found as follows: sNG∗ = 1−β+δu−∆+e

2 ; f NG∗ = 1−cn
2 . Substituting the optimal solution

into Equations (1), (2), (7), (8), (9), and (10), the optimal solution in Table 5 can be obtained.

Appendix D

In Model A, the reaction function of the third-party is first obtained, and the second-

order condition in Equation (13) is obtained ∂2ΠA
T

∂pA
u

= −α 2
δu

. The second-order is less than
zero, and a unique optimal solution theoretically exists. Therefore, the third-party reaction

function can be obtained from the first-order condition ∂ΠA
M

∂pA
u

= α
bA−2pA

u
δu

= 0 and the
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reaction function is pA
u = bA

2 . We substitute this reaction function into the manufacturer’s
profit function. Thus, for a given bA, the manufacturer’s problem is max

(pA
n ,pA

t )
ΠA

M.

The Hesse matrix of the manufacturer’s profit function is HA
M =

 ∂2ΠA
M

∂p2
n

∂2ΠA
M

∂pn∂pt
∂2ΠA

M
∂pt∂pn

∂2ΠA
M

∂p2
t

. The

values of each determinant are: ∂2ΠA
M

∂p2
n

= −2(1− α)− 2α
β−δu

< 0,

∣∣∣∣∣−2(1− α)− 2α
β−δu

2α
β−δu

2α
β−δu

− 2α
β−δu

∣∣∣∣∣
= 4α(1−α)

β−δu
> 0. We can judge that the Hesse matrix is a negative definite matrix. According

to its nature, if the Hesse matrix is a negative definite matrix, a maximum exists, so an
optimal solution exists to maximize the manufacturer’s profit. The manufacturer’s optimal
solution is obtained as pA∗

n
(
bA) = 1+cn+ f

2 ; pA∗
t
(
bA) = 1−β+∆+δu−s

2 . Substituting pA∗
n
(
bA),

pA∗
t
(
bA), and pA∗

u
(
bA) into Equation (14), we obtain:

max
(pn ,pt)

ΠA
M = (1− α)

(
1− cn − f

2

)2
+ α

(β− δu + s− cr − f )2

4(β− δu)
+
(

∆− bA
)

α
bA

2δu

According to ∂2ΠA
M

∂b2 = −α 1
δu

< 0; that is, the second order is less than zero and the
function has a maximum value. So, an optimal solution exists to maximize the profit of

the third-party recycler. According to the first-order condition ∂ΠA
M

∂bA = −α 2bA−cn+cr
2δu

= 0,
bA∗ = cn−cr

2 = ∆
2 . By substituting the optimal solution bA∗ into Equations (3), (4), (13) and

(14), the optimal solution in Table 6 is obtained.

Appendix E

Given qA∗
N = (1− α)

1−cn− f
2 > 0, qA∗

O = α
[

1
2 −

cr+ f−s
2(β−δu)

]
> 0, then cn + f < 1, β− δu −

cr− f + s > 0; additionally, pA∗
n − pA∗

t − f − cr =
β+s−δu−cr− f

2 , then β− δu− cr− f + s > 0.
∂qA∗

N
∂cn

= − 1−α
2 < 0, ∂qA∗

N
∂ f = − 1−α

2 < 0, ∂qA∗
O

∂cr
= −α 1

2(β−δu)
< 0, ∂qA∗

O
∂ f = −α 1

2(β−δu)
< 0,

∂qA∗
O

∂s = α 1
2(β−δu)

> 0, ∂qA∗
O

∂β = α
cr+ f−s

2(β−δu)
2 > 0, ∂qA∗

O
∂δu

= −α
cr+ f−s

2(β−δu)
2 < 0, ∂qA∗

T
∂cn

= α 1
4δu

> 0,

∂qA∗
T

∂cr
= −α 1

4δu
< 0, ∂qA∗

T
∂δu

= −α ∆
4δ2

u
< 0, ∂ΠA∗

M
∂cn

= −(1− α)
1−cn− f

2 + α ∆
4δu

,

cn < 2δu(1−α)(1− f )+αcr
2δu(1−α)+α

, ∂ΠA∗
M

∂cn
< 0, cn > 2δu(1−α)(1− f )+αcr

2δu(1−α)+α
, ∂ΠA∗

M
∂cn

> 0, ∂ΠA∗
M

∂cr
= −α

β−δu−cr+s− f
2(β−δu)

−α ∆
4δu

< 0, ∂ΠA∗
M

∂s = α
β−δu−cr+s− f

2(β−δu)
> 0, ∂ΠA∗

M
∂δu

= −α
(β−δu−cr− f+s)(β−δu+cr−s+ f )

4(β−δu)
2 − ∆2

8δ2
u
< 0,

∂ΠA∗
M

∂β = α
(β−δu−cr− f+s)(β−δu+cr−s+ f )

4(β−δu)
2 > 0, ∂ΠA∗

M
∂ f = −(1− α)

1−cn− f
2 − α

β−δu−cr+s− f
2(β−δu)

< 0,

∂ΠA∗
T

∂cn
= α ∆

8δu
> 0, ∂ΠA∗

T
∂cr

= −α ∆
8δu

< 0, ∂ΠA∗
T

∂δu
= −α ∆2

16δ2
u
< 0.

Appendix F

Solve the game problem in Section 4.2.2 using backward induction.
Substituting the above qA∗

N , qA∗
O and qA∗

T into Equation (15), we obtain:

ΠAG
G =

(
qA∗

O + qA∗
T

)(
e− sAG + f AG

)
+ qA∗

N f AG

The Hesse matrix of the government environmental benefit function can be obtained

as: HAG
G =

 ∂2ΠAG
G

∂s2
∂2ΠAG

G
∂s∂ f

∂2ΠAG
G

∂ f ∂s
∂2ΠAG

G
∂ f 2

.
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The values of each determinant are: ∂2ΠAG
G

∂s2 = − α
β−δu

< 0,

∣∣∣∣∣−
α

β−δu
− α

β−δu

− 2−α
β−δu

−(1− α)− α
β−δu

∣∣∣∣∣
= (1− α) α

β−δu
> 0.

We can judge that the Hesse matrix is a negative definite matrix. According to its
nature, if the Hesse matrix is a negative definite matrix, a maximum exists, so an optimal
solution exists to maximize the government’s profit. The optimal solution of the govern-
ment is obtained as: sAG∗ = − ∆

4δu
β− ∆

4 + e+1−β+δu
2 ; f AG∗ = 1−cn

2 . Substituting the optimal
solution into Equations (3), (3), (13), (14) and (15), the optimal solution in Table 8 can
be obtained.

Appendix G

In Model AC, the reaction function of the third party is first obtained, and the second-

order condition in Equation (18) is obtained. The second-order ∂2ΠAC
T

∂pAC
u

= −α 2
β is less than

zero, and a unique optimal solution theoretically exists. Therefore, the third-party reaction

function can be obtained from the first-order condition ∂ΠAC
M

∂pAC
u

= α
bAC−pAC

n +pAC
t +s−2pAC

u
β = 0,

and the reaction function is pAC
u =

bAC−pAC
n +pAC

t +s
2 . We substitute this reaction function

into the manufacturer’s profit function. Thus, for a given bAC, the manufacturer’s problem
is max

(pAC
n ,pAC

t )
ΠAC

M .

The Hesse matrix of the manufacturer’s profit function is: HAC
M =

 ∂2ΠAC
M

∂p2
n

∂2ΠAC
M

∂pn∂pt
∂2ΠAC

M
∂pt∂pn

∂2ΠAC
M

∂p2
t

.

The values of each determinant are: ∂2ΠAC
M

∂p2
n

= −2(1− α)− α
β < 0,

∣∣∣∣∣−2(1− α)− α
β

α
β

α
β − α

β

∣∣∣∣∣ =
2α(1−α)

β > 0. We can judge that the Hesse matrix is a negative definite matrix. Accord-
ing to the nature of the Hesse matrix, if the Hesse matrix is a negative definite matrix,
a maximum exists, so an optimal solution exists to maximize the manufacturer’s profit.
The manufacturer’s optimal solution is obtained as: pAC∗

n
(
bAC) = 1+cn+ f

2 ; pAC∗
t

(
bAC) =

1−2β−s+2bAC

2 . Substituting pAC∗
n

(
bAC), pAC∗

t
(
bAC) and pAC∗

u
(
bAC) into Equation (19), we

obtain:max
(bAC)

ΠAC
M = (1− α)

(
1−cn− f

2

)2
+
(
∆− bAC)α( 1

2 + cn+ f−s
4β

)
+ α

(
1
2 −

cn+ f−s
4β

)
(

cn− f−2cr+2β+s−2bAC

2

)
. We obtain the first-order condition ∂ΠAC

M
∂bAC = −α < 0. Therefore,

the manufacturer takes the maximum profit when bAC is equal to its lower bound. Plug in
the constraint θ3 ≤ θ2 and obtain b ≥ (β+δu)(cn+2β−s+ f )

4β . Substituting the optimal solution

bAC∗ into Equations (5), (6), (18) and (19), the optimal solution in Table 9 can be obtained.

Appendix H

Given qAC∗
N = (1− α)

1−cn− f
2 > 0, qAC∗

O = α
(

1
2 −

cn+ f−s
4β

)
> 0; therefore, cn + f <

1, 2β − cn − f + s > 0; at the same time, pAC∗
n − pAC∗

t − f − cr = ∆− f+s+β−δu−cr
2 −

(cn+ f−s)(β+δu)
4β . We can obtain 2β(cn − f + s + β− δu − 2cr) − (cn + f − s)(β + δu) > 0.

∂qAC∗
N

∂cn
= − 1−α

2 < 0, ∂qAC∗
N
∂ f = − 1−α

2 < 0, ∂qAC∗
O

∂cn
= −α 1

4β < 0, ∂qAC∗
O
∂ f = −α 1

4β < 0, ∂qAC∗
O
∂s =

α 1
4β > 0, ∂qAC∗

O
∂β = α

cn+ f−s
4β2 > 0, ∂qAC∗

T
∂cn

= α 1
4β > 0, ∂qAC∗

T
∂ f = α 1

4β > 0, ∂qAC∗
T
∂s = −α 1

4β < 0,
∂qAC∗

T
∂β = −α

cn+ f−s
4β2 < 0, ∂ΠAC∗

M
∂cn

= α(β−δu+cn+ f−s)−2β(1−α)(1− f−cn)
4β , If α(β− δu + cn + f − s)−

2β(1− α)(1− f − cn) > 0, then ∂ΠAC∗
M

∂cn
> 0; If α(β− δu + cn + f − s) − 2β(1− α)

(1− f − cn) < 0, then ∂ΠAC∗
M

∂cn
< 0. ∂ΠAC∗

M
∂cr

= −α < 0, ∂ΠAC∗
M

∂s = α
3β+δu−cn+s− f

4β > 0,
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∂ΠAC∗
M

∂δu
= −α

2β+ f+cn−s
4β < 0, ∂ΠAC∗

M
∂β = −α

( f+cn−s)( f+cn−s−2δu)
8β2 <0, ∂ΠAC∗

M
∂ f =

− 2β−2β(1−α)(cn+ f )+α(β+δu−cn− f+s)
4β < 0, ∂ΠAC∗

T
∂cn

= α
cn+2β−s+ f

8β > 0, ∂ΠAC∗
T

∂s = −α
cn+2β−s+ f

8β <

0, ∂ΠAC∗
T

∂ f = α
cn+2β−s+ f

8β > 0, ∂ΠAC∗
T

∂β = α
(cn+2β−s+ f )(2β−cn+s− f )

16β2 > 0.

Appendix I

Solve the game problem in Section 4.3.1 using backward induction.
Substituting the above qAC∗

N , qAC∗
O , and qAC∗

T into Equation (20), we obtain ΠACG
G =(

qAC∗
O + qAC∗

T
)(

e− sACG + f ACG) + qAC∗
N f ACG. By finding its first-order derivative, we

find that ∂ΠACG
G
∂s = −α. In such a case, s takes the lower bound; that is, regardless of the

subsidy provided to consumers by the government, based on the competitive relationship
between the third-party recycler and the manufacturer and the original consumer utility
function, the original consumers hand in their used products. Therefore, sACG∗ = 0,
∂2ΠACG

G
∂ f 2 = −(1− α) < 0. Hence, it must have unique optimal solution. Thus, we obtain the

optimal solution from the first-order conditions ∂ΠACG
G

∂ f = 1+α−(1−α)cn
2 − f (1− α) = 0.
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