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Abstract: Government subsidies generally play an important role in the sustainable operations
management of a closed-loop supply chain (CLSC). This paper investigates the optimal government
subsidy decision and its influence on the sustainable development of the CLSC, consisting of one
manufacturer, one retailer, and one third-party collector, from the economic, environmental, and
social perspectives. Based on game analysis technology, different Stackelberg game models among the
government and the CLSC members are formulated to analyze the optimal decisions under different
power structures. By conducting theoretic comparative and sensitivity analyses and a case study,
the effects of the government subsidy and the power structure are explored from the total profit,
environmental benefit, and social welfare. Results show that the subsidy is good for sustainable
development of the CLSC, which improves the total profit of the CLSC members, environmental
benefit, and social welfare and the improvement effect is more prominent when the CLSC members
have unequal bargaining power. Moreover, according to the growth proportion of profit, the retailer
and collector benefit more from the subsidy among the CLSC members when they have different
bargaining power, otherwise, the CLSC members benefit equally from the subsidy, and the subsidy is
more beneficial to the environment compared with the total supply chain profit and social welfare.

Keywords: closed-loop supply chain; government subsidy; sustainable development; power structure

1. Introduction

With the rapid economic development, the demand for a wide variety of consumer
goods grows quickly and thus generates enormous waste products, most of which are
disposed of in landfills and cause inescapable environmental pollution. In recent years,
owing to the increasing environmental awareness of customers and the strict environmen-
tal regulations of governments, enterprises are encouraged to invest in reverse logistics,
which makes the traditional supply chain become a closed loop and more environmentally
sustainable. Generally, reverse logistics mainly implements the recycling and remanufac-
turing processes, which can effectively reduce raw material and energy consumption, and,
thus, reduce environmental pollution and save costs [1,2]. This paper mainly focuses on
remanufacturing process since the aim of recycling is to remanufacture.

Although remanufacturing is beneficial to environmental protection and cost-saving,
the manufacturers may be less motivated to engage in remanufacturing activities because of
the following facts. First, some challenges still exist in the remanufacturing procedure due
to the complex sources of waste products and the uneven quality of recycled products [3].
Second, some manufacturers may not be able to conduct remanufacturing activities in a
lucrative way owing to the lack of mature remanufacturing technology [4]. In such situations,
it is indispensable for the government to provide appropriate financial incentives to promote
remanufacturing activities. Actually, to accelerate the development of remanufacturing,
as an important form of financial incentive, a range of subsidies have been implemented
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in many countries. For example, subsidy fees for electric products have been assigned by
Canadian and Japanese governments [5]. China established specialized funds to provide
subsidies to the enterprises that make efforts to remanufacture used products [6].

To investigate the impact of government subsidy on the operations of remanufacturing,
several studies have been conducted. For example, Wang et al. [5] examined the impacts
of four different single subsidy policies and mixed subsidy policies on the recycling and
remanufacturing activities in the Chinese auto-engine remanufacturing industry. Hey-
dari et al. [7] analyzed the government’s role in the improvement of the supply chain
coordination by denoting different incentives, including tax exemptions or subsidies to
the CLSC members. Wan and Hong [3] explored the effects of subsidy policies including
remanufacturing subsidy to one manufacturer and recycling subsidy to two recyclers from
the viewpoint of customers, environment and CLSC members. More studies on the impact
of the government subsidy are reviewed in Section 2.

It is worth noting that these related studies mainly investigate the external influence
of the government subsidy on the performance of the CLSC from the economically and
environmentally sustainable perspectives, in which the government merely plays a role of
external regulation. In reality, the government may act as a decision-maker to participate in
the decision process to make an optimal subsidy level from the social welfare perspective.
He et al. [8] mainly investigated the manufacturer’s optimal channel structure and pricing
decisions in a dual-channel CLSC with government subsidy offered to consumers buying
remanufactured products, and then analysed the optimal subsidy levels under different
channel structures from the perspective of social welfare. However, they only study the
subsidy to consumers under one type of power structure, i.e., the manufacturer is a leader
and the other CLSC members are followers. In various industries, due to the unequal
levels of channel power of the CLSC members, different power structures may exist in
the CLSC, which affect their decision sequences and, in turn, the performance of the CLSC.
Consequently, it is necessary to evaluate how the government determines the optimal subsidy
level to improve the sustainable performance of the CLSC under different power structures.

Considering that the government subsidy and power structure play important roles in
the sustainable management of the CLSC, and the related analytical studies on this issue are
few, this paper attempts to examine the optimal subsidy, pricing, and collecting decisions
of a CLSC (including one manufacturer, one retailer, and one third-party collector) together
with the government under different power structures and investigate the interactive
impacts of the government policy (remanufacturing subsidy) and power structure on these
decisions, as well as the sustainable development of the CLSC in three dimensions (i.e.,
supply chain profit, environmental benefit, and social welfare). It also provides advice
for the government to determine a suitable subsidy level from the point of view of social
welfare. Specifically, we aim at addressing the following research questions:

• What are the optimal decisions of the government and CLSC members under different
power structures?

• How does the government subsidy decision affect the supply chain profit, environ-
mental benefit and social welfare?

• How does the power structure affect the impact of government subsidy on the sus-
tainable performance of the CLSC?

• Who benefits more from the government subsidy?

To answer the above research questions, we consider a three-echelon decision struc-
ture, consisting of the government providing a subsidy, the manufacturer producing new
products and remanufacturing used products, the retailer selling new and remanufactured
products to the customers, and the third-party collector collecting the used products from
the market. This paper considers two power structures between manufacturer, retailer,
and third-party collector within the CLSC, i.e., manufacturer Stackelberg and vertical
Nash, to maximize their profits. The government always acts as the leader in the whole
decision structure, and each player’s bargaining power level decides their position in the
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CLSC. Based on this, two different game models are formulated to examine the equilib-
rium strategies of the government and CLSC members. By comparing with the situation
without government subsidy, we analyze the impacts of the government subsidy on the
performance of the CLSC under different power structures.

The remainder of the paper is organized as follows. Section 2 briefly reviews the
related literature. Section 3 presents the problem description and some assumptions.
Section 4 proposes two Stackelberg game models and gives the corresponding optimal
decisions of the CLSC under different power structures. Section 5 conducts the comparative
and sensitivity analyses to discuss the impacts of the government subsidy and power
structure and then provides some managerial insights. Some key conclusions and possible
extensions for future research are pointed out in Section 6.

2. Literature Review

Two main threads are relevant to our work, (1) pricing decisions in CLSC under
different power structures; (2) government finance incentive in supply chain management.
In this section, by reviewing the related research, we discuss the research gaps and our
contributions.

2.1. Pricing Decisions in CLSC under Different Power Structures

The CLSC integrates the forward supply chain with the reverse chain. Its operation
management is more complicated compared with that only the forward supply chain is
considered. The pricing decision problem is one of the main streams in the CLSC research.

In practice, the gaming sequences of the CLSC members may be different due to their
unequal positions (bargaining power), which directly affects their decisions. For discussing
the influence of gaming sequences of the CLSC members on the decisions and perfor-
mance of the CLSC, many game models under different power structures were explored,
including manufacturer-led, retailer-led and collector-led Stackelberg game models or Nash
game model [9–11]. For example, Karakayali et al. [12] proposed manufacturer-driven and
collector-driven models to analyze the optimal retail price of remanufactured products
and acquisition price of used products under different power structures. Different from
Karakayali et al. [12], Wang et al. [13] discussed the price decision considering reward–
penalty mechanisms in the manufacturer-led and collector-led models. Ma et al. [14] studied
the decisions of the wholesale price and transfer price in CLSCs with the price of anarchy
under the manufacturer-led and retailer-led reverse channel structures and investigated how
the different gaming sequences of CLSC members influence the worst-case performance.
Wang et al. [15] formulated different Stackelberg game models for the manufacturer-led,
the retailer-led, and the third-party-led structures to investigate the impacts of the power
structure on the CLSC members’ profits under information symmetry and the information
value for the CLSC members under information asymmetry. In addition to Stackelberg
game models, Nash game model also has been proposed in these studies. Gao et al. [16]
established manufacturer Stackelberg, retailer Stackelberg, and vertical Nash game models
to analyze the impact of power structure on the CLSC members’ decisions and profits. Ke
et al. [17] considered a CLSC under fuzzy environments and proposed the manufacturer
Stackelberg and vertical Nash game models to discuss the influence of power structure on
the performance of the chain. Jena and Meena [18] considered omnichannel retailing in
CLSC under different channel power structures and proposed manufacturer Stackelberg,
retailer Stackelberg, vertical Nash, and cooperation game models to explore the retailing
strategy and its impact on CLSC profit. Mahdiraji et al. [19] studied a two-level CLSC with
a dual collecting channel and considered the same game models as Jena and Meena [18] to
find the optimal economic and environmentally sustainable solutions.

Most of the above studies do not consider dual channels in the forward or reverse
chain; however, this situation often exists in CLSC management. Therefore, many scholars
investigated the decision problem considering competing retailers or third-party collectors
with different game behaviors, such as Johari and Hosseini-Motlagh [20] who proposed the
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decentralized decision-making models considering two different game behaviors of two
retailers in the forward supply chain and two third-party collectors in the reverse supply
chain under the remanufacturer Stackelberg game structure. Considering the retailers are
in charge of sale and collection, Wang et al. [21] built three game models according to
different game behaviors of the two retailers and explored whether the retailers benefit
from collusive behavior.

2.2. Government Financial Incentive in Supply Chain Management

Government financial incentives are an economic stimulus for sustainable operations
management in the supply chain. Different government financial incentive policies have
been studied by many researchers in supply chain management [22–24]. As a common
form of financial incentive, subsidies have been adopted by many governments. For dif-
ferent purposes, the government will choose different subsidy targets. For example, many
governments offered a consumption-subsidy to consumers to stimulate domestic consump-
tion for new or remanufactured products. In such a situation, Ma et al. [25] considered
government consumption-subsidy in a dual-channel CLSC to analyze the impact of the
consumption-subsidy from the perspective of consumers, enterprises, and the whole CLSC.
Zhang et al. [26] analyzed the effects of regulatory policies for remanufacturing (i.e., either
a tax or a consumer-subsidy policy) on the economic and environmental benefits, as well
as social welfare. Zhang et al. [27] studied the impacts of two government subsidies to
consumers for two types of green product on the economic and environmental performance
of a two-echelon supply chain. Chen et al. [28] analyzed the impact of the consumer subsidy
scheme on a vehicle manufacturer’s profit, the consumer and social welfare.

Of course, the subsidies may also be provided to the supply chain members. For
such cases, Liu et al. [29] analyzed the effect of the government subsidy to the collector
for e-waste recycling in dual channels under four competitive scenarios. Tan and Guo [30]
studied the impact of the government subsidy to the remanufacturer on the performance of
a CLSC. Feng et al. [31] investigated how the remanufacturing subsidy for an original equip-
ment manufacturer or an independent remanufacturer affects the equilibrium strategies
of the supply chain members, and the economic benefits and social welfare of the supply
chain. Wu et al. [32] studied how to design an incentive mechanism to make the retailer
report the true information and improve the recovery efficiency under the information
asymmetry. Guo et al. [33] considered two programs, trade-old-for-new implemented by
the manufacturer, and trade-old-for-cash provided by the third party collector for selling
new products and recycling used products, respectively, and investigated the effects of
the trade-old-for-new subsidy to the manufacturer on the firms, consumers, and society.
Adam et al. [34] discussed the impact of the government incentives toward carbon emission
reduction, product return, and energy savings on the optimal decision of the whole CLSC.

There are also some studies that analyze the different impacts of subsidies to consumers
and supply chain members. For example, Yu et al. [35] considered how the government deter-
mines to subsidize consumers only, manufacturers only, or both to improve consumer welfare
and manufacturer profit. Li et al. [36] investigated the impacts of consumer and producer
subsidies and channel power structure on promoting innovation investment and increasing
the benefit of consumers, supply chain members, and society in a two-tier supply chain.
Liu et al. [37] constructed different game models according to different subsidy situations
(i.e., subsidies to consumers or to manufacturers) and power structures in a sustainable supply
chain to analyze the effects of government subsidies on the effort level of corporate social
responsibility, consumer surplus, and supply chain profit. Mondal and Giri [38] developed
four models for a sustainable CLSC, consisting of a manufacturer, a retailer, and a third-party
collector, under different government policies, including no intervention or a tax-subsidy
policy for consumers, or a reward–penalty mechanism for the manufacturer and third-party
collector, or both, to discuss the impacts of different types of government interventions on the
CLSC members, consumers, and the environment.
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However, none of the above studies considers the situation that the government
subsidizes more than one CLSC member simultaneously. Jena et al. [39] developed four
models, for the cases of, respectively, subsidizing the customer, the collector, and the
manufacturer and subsidizing both the manufacturer and collector, to investigate the effects
of different subsidy policies on the performance of the CLSC. Wang et al. [6] explored the
allocation of the government subsidy among all chain members in the reverse supply chain
of e-waste and analyzed the impact of the government subsidy on the recycle quantity
and economic benefit. Zhang and Yu [40] studied the impacts of the altruistic behavior of
the low-carbon CLSC members and the compound subsidy of the government, including
emission reduction subsidy to the manufacturer and recycling subsidy to the retailer, on
the total profit and social welfare.

2.3. Research Gaps and Our Contributions

To give a clear comparison of our work with the main related researches, they are
compared in Table 1. In accordance with the above review and the comparison in Table 1,
the following research gaps and our contributions can be derived.

Table 1. Comparison of our study with related studies.

Related Research Power
Structure

Government
Financial
Incentive

Three-Stage
Stackelberg

Game

Consider
Government’s

Optimal
Decision

Gao et al. [16]
√

× × ×
Ke et al. [17]

√
× × ×

Wang et al. [15]
√

× × ×
Jena and Meena [18]

√
× × ×

Mahdiraji et al. [19]
√

× × ×
Wang et al. [21]

√
×

√
×

Ma et al. [14]
√

×
√

×
Ma et al. [25] ×

√
× ×

Liu et al. [29] ×
√

× ×
Jena et al. [39] ×

√
× ×

Adam et al. [34] ×
√

× ×
Mondal and Giri [38] ×

√
× ×

Wang et al. [6] ×
√ √

×
Liu et al. [37]

√ √
× ×

Zhang et al. [26] ×
√

×
√

He et al. [8] ×
√ √ √

Wu et al. [32] ×
√ √ √

Guo et al. [33] ×
√ √ √

Zhang and Yu [40] ×
√ √ √

Our study
√ √ √ √

First, although some researchers study the pricing decision in a CLSC under different
power structures, such as Ke et al. [17], Ma et al. [14], and Mahdiraji et al. [19], most of
them do not take the factor of government’s financial incentive into consideration. In
fact, the government’s financial incentive has great impact on the performance of the
CLSC. Therefore, this paper studies the case that considers government subsidy in a CLSC
and investigates how the government subsidy affects the optimal decisions of the CLSC
members and the sustainable development of the CLSC under different power structures.

Second, most of previous studies that considers government subsidy assume the subsidy
as an exogenous factor and analyze the impact of government subsidy on the performance of
the CLSC, such as Adam et al. [34], Mondal and Giri [38], and Wang et al. [6], but the optimal
subsidy level is not decided from the government’s perspective. This paper considers the
government subsidy as an endogenous factor and the government participates in the decision
process to determine the optimal subsidy level.
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Third, although some studies discuss the government’s optimal subsidy level in the
CLSC management [8,26,32,40], they only consider the case of subsidizing consumers or
do not consider the effect of power structure on the performance of the CLSC. In this
paper, we consider that the government subsidizes the manufacturer to stimulate the
remanufacturing activities, and formulate a complicated three-stage Stackelberg game
between the government and the CLSC members under different power structures to make
their own optimal decisions and discuss the interactive influence of the government subsidy
and power structure on the sustainable development of the CLSC.

Fourth, previous studies suggest that government subsidies can improve the economic
performance of the CLSC [6,25], but it is not clear who benefits more from the government
subsidy among the CLSC members, which will be addressed in this paper. In addition,
when the government participates in the decision process, considering the marginal benefit
of the subsidy may be decreasing as the subsidy increases, this paper determines the
optimal subsidy rate from the perspective of social welfare under a required minimum
return rate of the subsidy to balance the social welfare and the return rate of the subsidy.

3. Problem Description and Assumptions

A CLSC with one manufacturer, one retailer, and one third-party collector is considered
in this study. In the forward channel, the manufacturer produces new products at unit
manufacturing cost cm and wholesales the products to the retailer at unit wholesale price w,
and then the products are sold to the customers through the retailer at unit retail price p. In
the reverse channel, the waste products from the customers are gathered at unit cost cc with
collection rate τ and transferred to the manufacturer with unit transfer price pc by the third-
party collector and then remanufactured by the manufacturer at unit remanufacturing cost
cr

1. To stimulate the manufacturer to engage in remanufacturing activities, the government
subsidizes the manufacturer at a certain percentage (called the subsidy rate) of the total
cost of unit remanufactured product (including remanufacturing cost and transfer price),
i.e., s(cr + pc), as an incentive of remanufacturing the collected waste products 2. In this
way, the structure of the CLSC with government subsidy is illustrated in Figure 1.

Manufacturer

Retailer

Customers

Third-party 

collector

Product flow Reverse flowGovernment subsidy

Unit wholesale price w Unit retail  price p

Unit transfer price pc

Unit subsidy rate s

Unit collection cost cc

Collection rate  

Government

Figure 1. The structure of CLSC with government subsidy.

In this paper, two power structures of the CLSC are considered regarding the different
bargaining power of the CLSC members, which are more in line with real world. One (S)
is that the manufacturer has much stronger bargaining power than other members so it
performs as a Stackelberg leader and the others are followers. For example, the larger-sized
manufacturers like BMW and Toyota often have much stronger bargaining power than
other CLSC members. The other structure (N) is that all the members have the same
bargaining power and play a Nash game. For instance, some small- or medium-sized
manufacturers may face a super retailer like Walmart and Home Depot, and do not have
the dominant bargaining power. Then two decision structures among the government and



Systems 2023, 11, 378 7 of 25

CLSC members and the corresponding decision-making sequences are described as follows
(see Figure 2):

(1) GS: The government, as a Stackelberg leader, is in the dominant position and deter-
mines the subsidy rate first. Then the manufacturer is in the subordinate position and
decides the wholesale price after observing the government’s decision. Finally, the
retailer and the third-party collector are followers and make decisions simultaneously
based on the given wholesale price.

(2) GN: The government is a Stackelberg leader and determines the subsidy rate first.
Then as followers, the manufacturer, the retailer, and the collector play a Nash game
and make decisions simultaneously.

Government

Manufacturer

Retailer
Third-party 

collector

Customers

s

p

w

 

Stage 1

Stage 2

Stage 3

Government

ManufacturerRetailer
Third-party 

collector

Customers

s

p

w

 

Stage 1

Stage 2

Product flow

Reverse flow

Government subsidy

Decision-making stage

(a) GS structure (b) GN structure

Figure 2. Two decision-making sequences under different structures.

According to these two different structures, we formulate two Stackelberg game mod-
els among the government and CLSC members to explore how the government makes
decisions on the subsidy rate under different power structures and their impacts on the
sustainable development of the CLSC in three dimensions (i.e., profit of the CLSC, environ-
mental benefit, and social welfare) in the following sections.

For convenience, all the notations of parameters, derived functions, and decision
variables used in this paper are collected in Table 2. The unit measurement of profit, price,
cost, expenditure, environmental benefit, consumer surplus, and social welfare is $, the
market size and demand are measured by number, the unit measurement of subsidy and
collection rates is %, and some other parameters have no unit measurement. Moreover, the
subscripts gs and gn are used to differentiate the two cases of the problem under GS and
GN structures, respectively.

To model the problem and attain closed-form solutions, the following assumptions
are considered.

Assumption 1. While optimizing their profits, all the CLSC members have access to the same
information and are risk-neutral.

Assumption 2. Each collected waste product can be remanufactured and the remanufactured
product has the same quality with the new one, so it can be resold successfully. This assumption is
widely employed in previous relevant studies on CLSC [21,44,45].

Assumption 3. Similar to Ke et al. [17] and Wan and Hong [3], the sum of unit remanufacturing
cost and unit transfer price is less than the unit manufacturing cost, then the average cost of a new
product is cm − (cm − cr − pc)τ.
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Table 2. Notations and explanations.

Symbol Explanations

cm Unit cost of manufacturing a new product

cr
Unit cost of remanufacturing a collected
waste product

pc
Unit transfer price of the collected
waste product

cc Unit variable cost of collecting a waste product

e Unit environmental benefit of collecting a
waste product

α Market size

β
Sensitivity coefficient of the demand to
retail price

k Scaling parameter of the collection cost
r Requested minimum return rate of subsidy
Derived functions
q Demand of the product
CS Consumer surplus
E Total environmental benefit
S Government subsidy expenditure
Π Total profit of the CLSC
Πm Manufacturer’s profit
Πr Retailer’s profit
Πt Third-party collector’s profit
SW Social welfare
R Return rate of subsidy
Decision variables
w Unit wholesale price of the product
p Unit retail price of the product
τ Collection rate of the third-party collector

s Subsidy rate for remanufacturing a collected
waste product

Assumption 4. The demand function of this product is linear and formulated as

q = α− βp, (1)

where α is the basic market size of the retailer, and β is the price sensitivity coefficient. This demand
function is widely employed in the CLSC models [3,45,46].

Assumption 5. Referring to Dou and Cao [47], Ke et al. [17] and Savaskan et al. [45], the total
collection cost is denoted as

C = kτ2 + ccτq, (2)

where kτ2 is the fixed investment cost, ccτq is the variable collection cost, and k is a scaling
parameter, which is assumed to be large enough to guarantee that the profit functions of the CLSC
members behave well and have a unique optimal solution, i.e., the second-order derivatives of the
profit functions of CLSC members to the decision variables should not be greater than 0. On this
basis, we assume that 2k > cm(pc − cc)β in this paper.

Assumption 6. Social welfare is the sum of supply chain profit, consumer surplus, and environ-
mental benefit deducting subsidy expenditure [8,21,24].

Similar to Johari and Hosseini-Motlagh [20] and Panda [48], the consumer surplus is
formulated as

CS =
∫ pmax

p
qdp =

∫ α
β

α−q
β

(α− βp)dp =
(α− βp)2

2β
. (3)
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According to Esenduran et al. [49] and Wang et al. [21], the environmental benefit is
considered as a linear function of the returned waste products, that is:

E = eτq = eτ(α− βp). (4)

The subsidy is provided to the manufacturer per remanufactured product by the
government, so the subsidy expenditure is:

S = s(cr + pc)τq = s(cr + pc)τ(α− βp). (5)

The total social welfare is derived as

SW = π + CS + E− S, (6)

where π is the total profit of the whole CLSC, CS is the consumer surplus, E is the environ-
mental benefit, and S is the subsidy expenditure.

Assumption 7. To guarantee the feasibility of performing the CLSC, the following conditions
should be satisfied:

0 < cc < pc, 0 < cr < cm < w < p < α
β , pc < cm − cr, 0 ≤ s ≤ 1. (7)

According to the above problem description and assumptions, the profit functions of
the manufacturer, the retailer and the collector are derived, respectively, as follows:

πm = (w− cm + (cm − cr − pc + s(cr + pc))τ)(α− βp), (8)

πr = (p− w)(α− βp), (9)

πt = (pc − cc)τ(α− βp)− kτ2. (10)

Then, the total social welfare with government subsidy can be derived as follows:

SW =
(α− βp(s))2

2β
+ (p(s) + (cm − cr − cc + e)τ(s)− cm)(α− βp(s))− kτ(s)2. (11)

4. Model Formulations and Optimal Solutions

This section proposes two corresponding decentralised decision models to discuss the
optimal government subsidy decision together with CLSC members’ decisions under the
two different structures mentioned above.

4.1. GS Model

In the GS model, the government is in the dominant position and determines the
subsidy rate first. Subsequently, the manufacturer decides its wholesale price as it is in a
subordinate position. Finally, the retailer and the collector are followers and determine the
retail price and collection rate simultaneously. In this situation, a three-stage Stackelberg
game model is built.

max
s

SW = (α−βp(s))2

2β + (p(s) + (cm − cr − cc + e)τ(s)− cm)(α− βp(s))

−kτ(s)2

s.t.
max

w
πm = (w− cm + (cm − cr − pc + s(cr + pc))τ)(α− βp)

s.t. max
p

πr = (p− w)(α− βp)

max
τ

πt = (pc − cc)τ(α− βp)− kτ2.

(12)
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Utilizing backward induction to solve Model (12), the following proposition can be
derived and the proof is given in Appendix A.

Proposition 1. In the GS model, for a given government subsidy rate s, the response functions of
the manufacturer for determining the wholesale price w, the retailer for determining the retail price
p and the collector for determining the collection rate τ can be derived as follows

wgs(s) =
2k(α + βcm)− (A + Ds)Bαβ

(4k− (A + Ds)Bβ)β
, (13)

pgs(s) =
k(3α + βcm)− (A + Ds)Bαβ

(4k− (A + Ds)Bβ)β
, (14)

τgs(s) =
B(α− βcm)

2(4k− (A + Ds)Bβ)
, (15)

where A = cm − cr − pc, B = pc − cc, and D = cr + pc represent the cost-saving of remanu-
facturing unit waste product, the income of collecting unit waste product, and the total cost of
remanufacturing unit waste product, respectively.

According to Equations (4), (8)–(11), and (13)–(15), the profits of the CLSC members,
the environmental benefit and the social welfare under a given government subsidy rate s
(denoted as the GS0 model) can be determined, which are illustrated in Table 3.

Table 3. Optimal results under a given government subsidy rate s.

Model GS0 GN0

w∗ 2k(α+βcm)−(A+Ds)Bαβ
(4k−(A+Ds)Bβ)β

2k(α+2βcm)−(A+Ds)Bαβ
(6k−(A+Ds)Bβ)β

p∗ k(3α+βcm)−(A+Ds)Bαβ
(4k−(A+Ds)Bβ)β

2k(2α+βcm)−(A+Ds)Bαβ
(6k−(A+Ds)Bβ)β

τ∗ B(α−βcm)
2(4k−(A+Ds)Bβ)

B(α−βcm)
6k−(A+Ds)Bβ

π∗m
k(α−βcm)2

2(4k−(A+Ds)Bβ)β
4k2(α−βcm)2

(6k−(A+Ds)Bβ)2 β

π∗r
k2(α−βcm)2

(4k−(A+Ds)Bβ)2 β
4k2(α−βcm)2

(6k−(A+Ds)Bβ)2 β

π∗t
kB2(α−βcm)2

4(4k−(A+Ds)Bβ)2
kB2(α−βcm)2

(6k−(A+Ds)Bβ)2

E∗ Bek(α−βcm)2

2(4k−(A+Ds)Bβ)2
2Bek(α−βcm)2

(6k−(A+Ds)Bβ)2

SW∗ k(14k+(B−2A+2e−4Ds)Bβ)(α−βcm)2

4β(4k−(A+Ds)Bβ)2
k(10k+(B+2e−2Ds)Bβ)(α−βcm)2

(6k−(A+Ds)Bβ)2 β

As the decisions of all the CLSC members are known by the government, by substitut-
ing them into Equation (11), Model (12) is rebuilt as

max
s

SW =
k(14k + (B− 2A + 2e− 4Ds)Bβ)(α− βcm)2

4β(4k− (A + Ds)Bβ)2 . (16)

Then, the following conclusion is derived for the GS model. The proof is provided in
Appendix B.

Proposition 2. In the GS model, the optimal decision of the government (denoted as s∗gs1 ) is:

s∗gs1 = 1. (17)

By substituting s∗gs1 for s in the results of the GS0 model presented in Table 3, the
optimal decisions, CLSC members’ profits, environmental benefit, and social welfare under
the optimal subsidy rate s∗gs1 (denoted as the GS1 model) can be derived.

According to Proposition 2, we know that the government will subsidize all the costs
of remanufacturing activities to maximize social welfare. However, the marginal benefit of
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the subsidy may decrease with the subsidy rate, which leads to a waste of public resources.
Also, in practice, the government may not only pursue the social welfare maximization but
also consider the return rate of the subsidy to increase the utility of the invested capital. So,
let us discuss this issue in what follows.

The return rate of the subsidy (i.e., the increment of the social welfare from the unit
subsidy) under the GS model can be calculated by the following formula

Rgs =
SWgs0 − SWas

S
, (18)

where SWas denotes the social welfare in the case that no subsidy is provided. It can be
obtained by simply setting s = 0.

Then the first-order derivative of Rgs to s is deduced as:

∂Rgs

∂s
= −BDβ(14k + (B− 2A + 2e)Bβ)

2(4k− ABβ)2 . (19)

In terms of Assumption 5, we have 2k > (A+ D)Bβ; clearly, 14k + (B− 2A + 2e)Bβ > 0.
Therefore, ∂Rgs

∂s < 0, which implies that the return rate of the subsidy, Rgs, is decreasing
with s.

To sum up, although the social welfare is increasing with s, the return rate of the
subsidy decreases with it, which implies that the marginal benefit of the subsidy is decreas-
ing with the subsidy rate. In such a situation, the government may desire to balance the
social welfare and the return rate of the subsidy by maximizing the social welfare under a
required minimum return rate r. Consequently, Model (16) is reconstructed as follows:

max
s

SW = k(14k+(B−2A+2e−4Ds)Bβ)(α−βcm)2

4β(4k−(A+Ds)Bβ)2

s.t.
48k2+2k(4B−6A+8e−7Ds)Bβ−(2A(B+2e)+(B+2e−2A)Ds)B2β2

2(4k−ABβ)2 ≥ r.

(20)

Proposition 3. Under the GS model with a required minimum return rate r, the optimal decision
of the government (denoted as s∗gs2 ) is

s∗gs2 =


1, if r ≤ r1,
2(4k−ABβ)((B+2e+Ar)Bβ+k(6−4r))

(14k+(B+2e−2A)Bβ)BDβ
, if r1 < r < r2,

0, if r ≥ r2,

(21)

where
r1 = 48k2+2k(4B−6A+8e−7D)Bβ−(2A(B+2e)+D(B+2e−2A))B2β2

2(4k−ABβ)2 ,

r2 = 48k2+2k(4B−6A+8e)Bβ−2A(B+2e)B2β2

2(4k−ABβ)2 .

Proof. See Appendix C.

The optimal decisions, profits of the CLSC members, environmental benefit and social
welfare under the GS model with a given required minimum return rate r (denoted as
the GS2 model) can be acquired by substituting s∗gs2 for s in the results of the GS0 model
presented in Table 3.

4.2. GN Model

In the GN model, the government is a Stackelberg leader and determines the sub-
sidy rate first, while all the CLSC members are followers and make their own decisions
simultaneously. Then a two-stage Stackelberg game model is constructed for this situation.
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max
s

SW = (α−βp(s))2

2β + (p(s) + (A + B + e)τ(s)− cm)(α− βp(s))− kτ(s)2

s.t.
max

w
πm = (w− cm + (A + Ds)τ)(α− βp)

max
p

πr = (p− w)(α− βp)

max
τ

πt = Bτ(α− βp)− kτ2.

(22)

To solve Model (22), the response functions of the CLSC members are derived first.
The proof is given in Appendix D.

Proposition 4. In the GN model, for a given government subsidy rate s, the response functions of
the manufacturer for determining the wholesale price w, the retailer for determining the retail price
p and the collector for determining the collection rate τ are acquired as follows:

wgn(s) =
2k(α + 2βcm)− (A + Ds)Bαβ

(6k− (A + Ds)Bβ)β
, (23)

pgn(s) =
2k(2α + βcm)− (A + Ds)Bαβ

(6k− (A + Ds)Bβ)β
, (24)

τgn(s) =
B(α− βcm)

6k− (A + Ds)Bβ
. (25)

Substituting Equations (23)–(25) into Equations (4) and (8)–(11), the profits of the CLSC
members, the environmental benefit, and the social welfare under a given government subsidy
rate s (denoted as the GN0 model) can be derived, which are also illustrated in Table 3.

Since the decisions of the CLSC members are known by the government, by substitut-
ing them into Equation (11), Model (22) can be rewritten as follows:

max
s

SW =
k(10k + (B + 2e− 2Ds)Bβ)(α− βcm)2

β(6k− (A + Ds)Bβ)2 . (26)

Then, similar to Proposition 2, the following result is derived for the GN model.

Proposition 5. In the GN model, the optimal decision of the government (denoted as s∗gn1 ) is:

s∗gn1 = 1. (27)

By substituting s∗gn1 for s of the GN0 model in Table 3, the optimal decisions, profits of
the CLSC members, environmental benefit, and social welfare under the optimal subsidy
rate s∗gn1 (denoted as the GN1 model) can be derived.

Like the previous discussions on the GS model, similar results are found for the
GN model. The social welfare is increasing with s, but the return rate of the subsidy de-
creases with s. Consequently, if we consider the constraint on the return rate of the subsidy,
Model (26) is rebuilt as:

max
s

SW = k(10k+(B+2e−2Ds)Bβ)(α−βcm)2

β(6k−(A+Ds)Bβ)2

s.t.
48k2+2k(2A+6B+12e−5Ds)Bβ−(2A(A+B+2e)+(B+2e)Ds)B2β2

2(6k−ABβ)2 ≥ r.

(28)

Then, similar to the proving of Proposition 3, the following proposition can be verified.

Proposition 6. Under the GN model with a required minimum return rate r, the optimal decision
of the government (denoted as s∗gn2 ) is:
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s∗gn2 =


1, if r ≤ r3,
2(6k−ABβ)((A+B+2e+Ar)Bβ+k(4−6r))

(10k+(B+2e)Bβ)BDβ
, if r3 < r < r4,

0, if r ≥ r4,

(29)

where
r3 = 48k2+2k(2A+6B+12e−5D)Bβ−(2A(A+B+2e)+D(B+2e))B2β2

2(6k−ABβ)2 ,

r4 = 48k2+2k(2A+6B+12e)Bβ−2A(A+B+2e)B2β2

2(6k−ABβ)2 .

The optimal decisions, profits of the CLSC members, environmental benefit, and social
welfare under the GN model with a given required minimum return rate r (denoted as
the GN2 model) can be derived when the subsidy rate s of the GN0 model in Table 3 is
substituted by the optimal subsidy rate s∗gn2 .

5. Comparative and Sensitivity Analyses

This section first conducts comparative analysis of the optimal decisions, profits of
the CLSC members, environmental benefit, and social welfare under different models and
investigates the effect of the required minimum return rate of subsidy on the sustainable
performance of the CLSC analytically. Then, to obtain more detailed results of the compara-
tive and sensitivity analyses, a real-world case study is presented. Finally, some managerial
insights are given based on the analytical and numerical experimental results.

5.1. Analytic Comparison and Sensitivity Analysis

This subsection makes analytic comparisons of the optimal results under different
models and sensitivity analysis of the required minimum return rate of subsidy.

5.1.1. Comparison of the Performance of the CLSC

In order to analyze whether the subsidy policies improve the sustainability of the CLSC
and the impact of power structure, some comparisons are conducted in the following proposi-
tion, in which AS and AN models, respectively, denote the situations without government
subsidy under two different power structures. The proof is provided in Appendix E.

Proposition 7. Comparing the optimal decisions, profits of the participants, consumer surplus,
environmental benefit, and social welfare of different models, their relationships are illustrated in
Table 4.

This proposition illustrates the impacts of the government subsidy and power structure
on the optimal solutions, profits of the CLSC members, environmental benefit, and social
welfare. According to Table 4, we can observe the following findings:

(1) The provision of government subsidy can improve the sustainable performance of
the whole CLSC under two power structures. Specifically, the subsidy can reduce the
sale price, increase the demand and lead to a higher collection rate. Consequently,
profits of the CLSC members, consumer surplus, environmental benefit, and social
welfare all increase. This finding is consistent with existing studies [3,6,8,33]; however,
different power structures are not considered simultaneously in those studies. In
fact, the existence of unequal bargaining power among the CLSC members may have
significant impact on the improvement effect of the subsidy on the sustainability of the
whole CLSC.

(2) Similar to previous studies [15,18,19], we find that when the CLSC members play
a Nash game and make decisions simultaneously, the sale price decreases, and the
demand and collection rate increase, leading to a higher profit of the CLSC, environ-
mental benefit, and social welfare compared with the situation that the manufacturer
acts as a leader in the CLSC. However, unlike those studies, which only analyze the
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impacts of power structure, we discuss the interactive influence of the government
subsidy and power structure on the sustainable development of the CLSC.

(3) If the government takes the return rate of the subsidy into consideration by requiring a
minimum return rate, the CLSC sustainability can also be improved, but the improve-
ment is less than the situation without considering the return rate, which is similar to
the finding in Guo et al. [33] that the positive effects of the limited unit subsidy on the
manufacturer, consumers, and society are always weaker than that under no subsidy
constraint. However, unlike their simple restrictions on unit subsidy, we consider the
utility brought by unit subsidy. While setting a required minimum return rate, the
utility of the unit subsidy is increased, which means that the public resource is more
effectively utilized.

Table 4. Comparison of the optimal results of different models.

Model AS vs. GS0 AN vs. GN0 GS0 vs. GN0 GS2 vs. GS1 GN2 vs. GN1

w∗ w∗as ≥ w∗gs0 w∗an ≥ w∗gn0 w∗gs0 > w∗gn0 w∗gs2 ≥ w∗gs1 w∗gn2 ≥ w∗gn1

p∗ p∗as ≥ p∗gs0 p∗an ≥ p∗gn0 p∗gs0 > p∗gn0 p∗gs2 ≥ p∗gs1 p∗gn2 ≥ p∗gn1

τ∗ τ∗as ≤ τ∗gs0 τ∗an ≤ τ∗gn0 τ∗gs0 < τ∗gn0 τ∗gs2 ≤ τ∗gs1 τ∗gn2 ≤ τ∗gn1

π∗m πas∗
m ≤ π

gs0∗

m πan∗
m ≤ π

gn0∗

m π
gs0∗

m > π
gn0∗

m π
gs2∗

m ≤ π
gs1∗

m π
gn2∗

m ≤ π
gn1∗

m

π∗r πas∗
r ≤ π

gs0∗

r πan∗
r ≤ π

gn0∗

r π
gs0∗

r < π
gn0∗

r π
gs2∗

r ≤ π
gs1∗

r π
gn2∗

r ≤ π
gn1∗

r

π∗t πas∗
t ≤ π

gs0∗

t πan∗
t ≤ π

gn0∗

t π
gs0∗

t < π
gn0∗

t π
gs2∗

t ≤ π
gs1∗

t π
gn2∗

t ≤ π
gn1∗

t
π∗ π∗as ≤ π∗gs0 π∗an ≤ π∗gn0 π∗gs0 < π∗gn0 π∗gs2 ≤ π∗gs1 π∗gn2 ≤ π∗gn1

CS∗ CS∗as ≤ CS∗gs0 CS∗an ≤ CS∗gn0 CS∗gs0 < CS∗gn0 CS∗gs2 ≤ CS∗gs1 CS∗gn2 ≤ CS∗gn1

E∗ E∗as ≤ E∗gs0 E∗an ≤ E∗gn0 E∗gs0 < E∗gn0 E∗gs2 ≤ E∗gs1 E∗gn2 ≤ E∗gn1

SW∗ SW∗as ≤ SW∗gs0 SW∗an ≤ SW∗gn0 SW∗gs0 < SW∗gn0 SW∗gs2 ≤ SW∗gs1 SW∗gn2 ≤ SW∗gn1

5.1.2. Impact of the Required Minimum Return Rate

While considering the return rate of the government subsidy, a required minimum
return rate is specified in the GS2 and GN2 models. The change of this minimum return
rate directly influences the government’s decision on the subsidy rate, and, thus, affects
the optimal decisions and performance of the CLSC. In order to investigate the impact, we
have the following results and give the proof in Appendix F.

Proposition 8. For a lower required minimum return rate (r), the government’s optimal subsidy
rate (s∗) is always 1, and the optimal decisions, profit of the CLSC, consumer surplus, environmental
benefit and social welfare in the GS2 and GN2 models do not change with r. With the increase in
r, the subsidy rate decreases, then the wholesale and retail prices increase, whereas the collection
rate, the environmental benefit, the consumer surplus, the profit of the CLSC and the social welfare
decrease. As r further increases to a much higher level, the optimal subsidy rate is 0, and the optimal
decisions and performance of the CLSC are no longer changing.

This proposition discusses the impact of the required minimum return rate r on the
optimal decisions, profit of the CLSC, consumer surplus, environmental benefit, and social
welfare. Concerning those results, they can be explained as follows, if a low return rate r is
required, the subsidy rate always is 1 and has no change with r, so the optimal decisions
and performance of the CLSC do not change. As the subsidy rate is decreasing with r on the
domain [0, 1], the subsidy will decrease with the further increase in r, then the manufacturer
and the retailer will increase their sale prices to enhance their profits of the unit product.
Consequently, the market demand is curtailed, and the third-party collector makes less
effort for the waste recycling in the CLSC, thus the profits of CLSC members are decreased.
Meanwhile, the consumer surplus and the environmental benefit also decrease due to the
higher retail price and less waste recycling, and, accordingly, the whole social welfare also
decreases. If r further increases to a much higher level, the required return rate may not be
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realized. In such a case, no subsidy would be provided by the government, thus the optimal
decisions, profit of the CLSC, consumer surplus, environmental benefit, as well as the whole
social welfare, do not change.

5.2. Case Study

A real-world case study of end-life vehicle remanufacturing from a modern passenger
car manufacturer, Company A, in China is presented to verify the validity and reliability of
the proposed models and analytical results. Company A is a modern passenger car manufac-
turer, which produces different types of passenger cars to meet various customer demands,
including conventional (fossil fuel) vehicle, plug-in hybrid electric vehicle, battery electric
vehicle, fuel cell electric vehicle, and so on. This company sells the cars through a retailer
and remanufactures the cars by means of the end-life vehicle collected by a third-party
collector. Furthermore, the government acts as a mediator to provide subsidy as economic
incentive to stimulate the manufacturer to actively engage in remanufacturing activities.
Therefore, it is critical for Company A to make an appropriate price strategy to increase
customer demand and profit of the whole CLSC (i.e., economical aspects) and improve
the collection rate (i.e., environment aspect), and for the government to decide appropriate
subsidy level, to improve the sustainability of the whole CLSC (i.e., social welfare).

In the following, the data of Company A and local government are applied to the
proposed models. Based on the investigation on Company A and interview with enterprise
experts, the input parameter values of the proposed models for this case study are illustrated
in Table 5. It should be noted that the parameter values have been estimated based on the
assumptions in this paper, the reasonable relationship between the parameters and previous
similar research works.

Table 5. Model parameter values from case study.

Parameter Value Parameter Value Parameter Value

α 800 cr 30,000 k 900,000
β 0.004 pc 24,000 e 8000
cm 60,000 cc 20,000 r 1.5

5.2.1. Optimal Decisions under Different Models

Using the model parameter values in Table 5, the optimal solutions, profits of the
CLSC members and social welfare under different models are compared in Table 6.

Table 6. The optimal results under different models.

Model w∗ p∗ τ∗ s∗ r π∗
m

AS 128,082.19 164,041.10 31.96% - - 10,068,493.15
AN 104,977.38 152,488.69 42.23% - - 9,029,299.15
GS1 104,545.45 152,272.73 42.42% 100.00% 1.1846 13,363,636.36
GN1 86,486.49 143,243.24 50.45% 100.00% 0.6140 12,885,317.75
GS2 122,426.28 161,213.14 34.48% 29.57% 1.5000 10,860,320.41
GN2 104,977.38 152,488.69 42.23% 0.00% 1.5000 9,029,299.15

Model π∗r π∗t π∗ CS∗ E∗ SW∗

AS 5,172,171.14 91,949.71 15,332,614.00 2,586,085.57 367,798.84 18,286,498.41
AN 9,029,299.15 160,520.87 18,219,119.17 4,514,649.58 642,083.50 23,375,852.25
GS1 9,111,570.25 161,983.47 22,637,190.08 4,555,785.12 647,933.88 23,467,355.36
GN1 12,885,317.75 229,072.32 25,999,707.82 6,442,658.88 916,289.26 27,173,703.44
GS2 6,017,681.60 106,981.01 16,984,983.02 3,008,840.80 427,924.02 19,567,648.07
GN2 9,029,299.15 160,520.87 18,219,119.17 4,514,649.58 642,083.50 23,375,852.25

From Table 6, by comparing the AS, GS1, and GS2 models, or the AN and GN1

models, it is obvious that the government subsidy increases the profit of the supply chain,
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environmental benefit, and social welfare. Due to that the subsidy rate is 0 under the GN2

model, the performance of the supply chain has no improvement. In other words, the
government subsidy can improve the sustainable performance of the CLSC. By comparing
the GS1 and GN1 models, we can obtain the same conclusion as that obtained by the
comparison between the GS0 and GN0 models (see Table 4). Although the GS2 and GN2

models with the same required return rate of the subsidy have different subsidy rates, the
same conclusion can also be derived. That is, the existence of dominance in the CLSC
results in poor performance of the CLSC. In addition, when a high return rate of the subsidy
is asked, the government subsidy decreases, leading to less improvement of the CLSC
sustainability, and even no subsidy is given. These results are consistent with Proposition 7.

Moreover, it can be found from Table 6 that the return rate in GS1 model is far higher
than that in GN1 model with the same subsidy rate, which shows that the improvement
effect of the government subsidy on the sustainable performance of the whole CLSC is
more prominent when the CLSC members have unequal bargaining power. This finding
implies the power structure of the CLSC has significant influence on the improvement
effect of the government subsidy. This interactive influence of the government subsidy and
power structure on the sustainable development of the CLSC has not been analyzed by
other studies, such as [8,18,19,33].

5.2.2. Impact of Required Minimum Return Rate

Based on the input parameter values in Tabel 5, the change trends of the optimal
decisions and performance of the CLSC concerning a varying required minimum return
rate r in the GS2 and GN2 models are depicted in Figures 3 and 4.

0.6 0.8 1 1.2 1.4 1.6
r

0

0.2

0.4

0.6

0.8

1

Su
bs

id
y 

ra
te

(1.1846,1) (0.6140,1)

(1.6324,0)(0.7572,0)

**

**

GS2 model

GN2 model

0.6 0.8 1 1.2 1.4 1.6
r

0.8

0.9

1

1.1

1.2

1.3

W
ho

le
sa

le
 p

ri
ce

105

GS2 model

GN2 model

0.6 0.8 1 1.2 1.4 1.6
r

1.4

1.45

1.5

1.55

1.6

1.65

R
et

ai
l p

ri
ce

105

GS2 model

GN2 model

0.6 0.8 1 1.2 1.4 1.6
r

0.3

0.35

0.4

0.45

0.5

0.55

C
ol

le
ct

in
g 

ra
te

GS2 model

GN2 model

Figure 3. The impact of r on the optimal decisions in the GS2 and GN2 models.
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Figure 4. The impact of r on the performance of the CLSC in the GS2 and GN2 models.

It follows from Figures 3 and 4 that if the minimum return rates r required by the
government under two models are lower than 1.1846 and 0.6140, respectively, the gov-
ernment’s optimal subsidy rate is 1, and the optimal decisions and performance of the
CLSC have no change with r. With the increase in r, the subsidy rate will decrease until it
reaches 0, and wholesale and retail prices increase while the collection rate, profit of the
CLSC, consumer surplus, environmental benefit, and social welfare decrease. When the
government does not provide subsidies, the optimal decisions and performance of the
CLSC accordingly do not change with r. These results are consistent with Proposition 8.

In addition, it should be noted that the subsidy rate in the GN2 model decreases faster
than that in the GS2 model with the same increase level of return rate, leading to the same
change trends of the optimal decisions of the CLSC members, profit of the supply chain,
consumer surplus, environmental benefit, and social welfare under different models, which
implies that impact of the minimum return rate on the decisions and performance of the
CLSC are more prominent in the GN2 model compared with GS2 model. However, it can
be seen from Figure 3 that for the same level of subsidy rate, the return rate in the GS2

model is much higher than that in the GN2 model. When the subsidy rate is one, the return
rates in GS2 and GN2 models are 1.1846 and 0.6140, respectively, and when the subsidy rate
is close to zero, the return rates in GS2 and GN2 models are 1.6342 and 0.7572, respectively,
that is, r1 = 1.1846, r2 = 1.6342, r3 = 0.6140, and r4 = 0.7572, which means that r1 > r3
and r2 > r4. These results illustrate that the government subsidy has a more significant
impact on the improvement of the social welfare in the GS structure under the situation
with same subsidy rate. In other words, the improvement effect of the subsidy on the
performance of CLSC is more prominent due to the existence of dominance in the CLSC,
which is consistent with the above-mentioned analysis and result.
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5.2.3. Benefits of the Government Subsidy

To further discuss the benefits from the government subsidy, the increased percentages
of profit for each member, consumer surplus, environmental benefit, and social welfare
under different models compared with the situation without government subsidy based on
the relevant results (see Table 6) are illustrated in Table 7.

Table 7. Increased percentages of optimal results under different models.

Model π∗
m π∗

r π∗
t π∗ CS∗ E∗ SW∗

GS1 32.73% 76.17% 76.17% 47.64% 76.17% 76.17% 28.33%
GS2 7.86% 16.35% 16.35% 10.78% 16.35% 16.35% 7.01%
GN1 42.71% 42.71% 42.71% 42.71% 42.71% 42.71% 16.25%
GN2 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

From Table 7, we can see that all parts involved in this game, including the CLSC
members, consumer and environmental concerns, benefit from the government subsidy,
but with distinct degrees under different structures. Under the GS1 and GS2 models, the
retailer and the collector have a much higher increase in profit than the manufacturer.
For the GN1 model, all the parts have the same increased percentage on their benefits.
Under the GN2 model with a required minimum return rate of 1.5, the government will not
provide a subsidy. In such a situation, there is no change for each CLSC member’s profit
and social welfare. The results illustrate that the retailer and the collector benefit more from
the subsidy among the CLSC members when there exists dominance in the supply chain,
otherwise, the CLSC members benefit equally from the subsidy.

If the government subsidies are provided, the increased percentages of the CLSC’s total
profit, consumer surplus, and environmental benefit are all higher than that of the social
welfare under two different structures, and the increased percentage of the environmental
benefit is higher than that of the CLSC’s total profit, which implies the government subsidy
is more beneficial to the environment compared with economic and social aspects.

5.3. Managerial Insights

For the sake of promoting the sustainable development of a CLSC, the government may
provide subsidies as an incentive to the manufacturer for remanufacturing. Considering
the different bargaining power of the CLSC members, two power structures among them
are formulated. Based on this, our research investigates two game models to analyze the
optimal decisions and performance of the CLSC. According to the above analyses, some
managerial insights are suggested as follows:

1. The government subsidy can effectively accelerate the sustainable development of the
CLSC in both two different power structures. For the seeking of maximizing social
welfare, the government should increase the subsidy. However, considering the return
rate of the subsidy, the subsidy rate should not be too high as its marginal benefit
decreases with the increasing of subsidy rate. Therefore, the government should
determine a suitable subsidy rate based on its objective of balancing the social welfare
and the return rate of the subsidy to make the public resources effectively utilized.

2. The return rate of the subsidy is an important factor in the game models and how
to reasonably set the return rate is an important challenge in applying the proposed
models. If the return rate of the subsidy is asked too high, it cannot be achieved, and
the government will not provide subsidies from the perspective of model optimization.
If the return rate of the subsidy is set too low, the government will provide a higher
subsidy rate from the perspective of maximizing social welfare, but a higher subsidy
rate will impose a heavier financial burden on the government and cause inefficient
utilization of public resources. Therefore, it is necessary to comprehensively consider
various situations to set a reasonable subsidy rate.
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3. The power structure has a significant impact on the sustainable performance of the
CLSC. The existence of dominance in the CLSC leads to a poor performance of the
total system compared with the situation without dominance, higher retail price along
with lower total profit, environmental benefit, and social welfare. In this situation,
the participants located in inferior positions would be encouraged to take action to
enhance the bargaining power and, thus, improve the sustainable performance of
the CLSC.

4. For the benefits from the government subsidy, the increased percentage of the profit
of the retailer/collector is higher when the CLSC members have different bargaining
power, which implies that the retailer/collector can benefit from the government
subsidy more than the manufacturer. Otherwise, the CLSC members benefit equally
from the subsidy. Therefore, when the manufacturer has stronger bargaining power
and is provided with subsidy, the government should guide the retailer to surren-
der part of the profit to the consumers by further reducing the price to expand the
market demand and the collector to make more effort for waste recycling to enhance
environment benefit, and increase social welfare.

5. On the one hand, the subsidy’s improvement on the sustainable performance of the
CLSC in the GN model is weaker than that in the GS model, that is, the existence
of dominance in the CLSC increases the improvement effect of the subsidy. On
the other hand, CLSC members in a disadvantaged position benefit more from the
government subsidy, which is more conducive to the sustainable development of the
CLSC. Therefore, the GS model is more advantageous than the GN model from the
perspective of the subsidy’s improvement on the performance of the whole CLSC.

6. Conclusions

In this paper, we investigated the optimal government subsidy decision and its im-
pact on the sustainable development of a CLSC with one manufacturer, one retailer, and
one third-party collector considering different power structures. According to different
situations, we built two diverse game models including GS and GN models. Then using
game theory, we obtained the optimal subsidy, pricing and collection decisions in different
models. Finally, we made comparisons among different models and sensitivity analysis of
the required minimum return rate analytically and numerically to discuss the impacts of
the government subsidy and power structure on the sustainable performance of the CLSC.

The key results can be summarized as follows: the government subsidy improves
the sustainable performance of the total system, i.e., it reduces the sale price, increases the
quantity of waste recycling, leading to the increase in the total profit, environmental benefit
and social welfare in both two power structures; the dominance of the manufacturer results
in poor performance of the whole CLSC but brings about prominent improvement effect
of the subsidy; the retailer/collector can benefit from the government subsidy more than
the manufacturer when the manufacturer have strong bargaining power, otherwise, the
CLSC members benefit equally from the subsidy; and the government subsidy has a more
significant impact on the environment benefits compared with the total supply chain profit
and the social welfare.

Unlike existing studies where either government subsidy or different power structures
were not considered, this paper tried to simultaneously take the government subsidy and
power structures into account in the CLSC and analyzed the interactive impacts of the
government subsidy and power structures on the sustainable development of the CLSC.
In addition, considering that the government subsidy is assumed to be an exogenous
parameter in most of the previous studies, which ignores the leading role of government,
this paper explored the optimal subsidy rate decided by the government as a Stackelberg
leader from the perspective of maximizing social welfare. More importantly, this work can
help government gain a better understanding of the effect of government subsidy under
different power structures on the sustainability of the CLSC and thus formulate a scientific
and reasonable subsidy level to achieve the sustainable development of the CLSC.
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In the future, our work can be expanded from the following aspects. First, this paper
only considers the case that the subsidy is provided to the manufacturer, thus future work
can consider that the subsidies are offered to the retailer and the third-party collector to
make a comparison among different subsidy policies. Second, this paper assumes that
all parameters are deterministic. In practice, some parameters may be uncertain due to
unpredictable and changeable factors. Therefore, considering the decision problem under
uncertain environments is another direction. In addition, the information among the
CLSC members is assumed to be symmetric, thus asymmetry information in CLSC can be
considered in the future.
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Abbreviations
The following abbreviations are used in this manuscript:

CLSC Closed-loop supply chain
GS A structure that the government is in the dominant position, the manufacturer is in the

subordinate position, and the retailer and the third-party collector are followers and make
decisions simultaneously.

GS0 The government subsidy rate is a known parameter in the GS model.
GS1 The government subsidy rate is a decision variable in the GS model.
GN A structure that the government is in the dominant position and the CLSC members are

followers and play a Nash game.
GN0 The government subsidy rate is a known parameter in the GN model.
GN1 The government subsidy rate is a decision variable in the GN model.

Appendix A. Proof of Proposition 1

In the GS model, under a given government subsidy rate s, the manufacturer is the
game leader, and the retailer and the third-party collector are the followers. By using the
backward induction, we first obtain the response functions of the retailer and the collector
with a given wholesale price w.

From Equations (9) and (10), the first-order and second-order derivatives of the profits
of the retailer πr to p and the third-party collector πt to τ are derived as follows:

∂πr

∂p
= α + (w− 2p)β,

∂πt

∂τ
= (pc − cc)(α− βp)− 2kτ, (A1)
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∂2πr

∂p2 = −2β,
∂2πt

∂τ2 = −2k. (A2)

On account of Equations (A2), we know that πr and πt are concave in p and τ,
respectively. Therefore, by setting Equations in (A1) to zero, we derive

pgs(w) =
α + βw

2β
, τgs(w) =

(pc − cc)(α− βw)

4k
. (A3)

Next, we solve the response function of the manufacturer for the wholesale price w. As
the retailer and the third-party collector are followers, their response functions are known
by the manufacturer. By substituting Equation (A3) into Equation (8), the manufacturer’s
profit is rewritten as

πm =
(α− βw)(4k(w− cm) + (A + Ds)B(α− βw))

8k
, (A4)

where A = cm − cr − pc, B = pc − cc and D = cr + pc.
Based on Equation (A4), the first-order and second-order derivatives of the profit of

the manufacturer πm to w are derived as follows:

∂πm

∂w
=

2k(α + βcm)− (A + Ds)Bαβ− (4k− (A + Ds)Bβ)βw
4k

, (A5)

∂2πm

∂w2 = −β

(
1− (A + Ds)Bβ

4k

)
. (A6)

According to Assumption 5, we know that 2k > cm(pc − cc)β, i.e., 2k > (A + D)Bβ.
Since s ≤ 1, thus 4k > (A + Ds)Bβ. Then by Equation (A6), it can be known that πm
is concave in w. Therefore, by setting Equation (A5) to zero, the response function of the
manufacturer for the wholesale price wgs(s) can be deduced, then deriving pgs(s) and τgs(s).

Appendix B. Proof of Proposition 2

On account of Model (16), the first-order derivative of the social welfare SW to s can
be obtained as:

∂SW
∂s

=
BDk(6k + (B + 2e− 2Ds)Bβ)(α− βcm)2

2(4k− (A + Ds)Bβ)3 . (A7)

Based on Assumptions 5 and 7, we have:

6k + (B + 2e− 2Ds)Bβ > 3(A + D)Bβ + (B + 2e− 2Ds)Bβ

≥ (3A + B + 2e + D)Bβ

> 0.

Since α − βcm > 0 and 4k − (A + Ds)Bβ > 0, according to Equation (A7), we can
obtain that ∂SW

∂s > 0, which means that the social welfare is increasing with s. Additionally,
due to 0 ≤ s ≤ 1, so the optimal government subsidy rate is 1.

Appendix C. Proof of Proposition 3

In accordance with Equations (A7) and (19), we know that the social welfare is increas-
ing for s and the return rate of the subsidy is decreasing for s within [0, 1]. Therefore, based
on model (20), the optimal subsidy rate can be obtained by solving the following Equation:

48k2 + 2k(4B− 6A + 8e− 7Ds)Bβ− (2A(B + 2e) + (B + 2e− 2A)Ds)B2β2

2(4k− ABβ)2 = r. (A8)
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By solving Equation (A8), we have:

s =
2(4k− ABβ)((B + 2e + Ar)Bβ + k(6− 4r))

(14k + (B + 2e− 2A)Bβ)BDβ
. (A9)

However, the subsidy rate is limited to the range of [0, 1]. We can obtain the return
rates corresponding to s = 1 and s = 0 as

r1 =
48k2 + 2k(4B− 6A + 8e− 7D)Bβ− (2A(B + 2e) + (B + 2e− 2A)D)B2β2

2(4k− ABβ)2 (A10)

and

r2 =
48k2 + 2k(4B− 6A + 8e)Bβ− 2A(B + 2e)B2β2

2(4k− ABβ)2 , (A11)

respectively. It is obvious that if r ≤ r1, the optimal subsidy rate is 1 and if r ≥ r2, the
optimal subsidy rate is 0.

Appendix D. Proof of Proposition 4

In the GN model, under a given government subsidy rate s, the manufacturer, the re-
tailer and the third-party collector play the Nash game and make decisions simultaneously.
In view of Equations (8)–(10), the first-order and second-order derivatives of πm to w, πr to
p, and πt to τ are obtained as follows:

∂πm

∂w
= α− β(p + w + (A + D)sτ) + βcm,

∂2πm

∂w2 = −2β;

∂πr

∂p
= α + (w− 2p)β,

∂2πr

∂p2 = −2β;

∂πt

∂τ
= B(α− βp)− 2kτ,

∂2πt

∂τ2 = −2k.

(A12)

Due to the negative second-order derivatives, we can obtain that πm, πr and πt are
concave in w, p, and τ, respectively. Therefore, the response functions can be derived by
solving the following equations.

α− β(p + w + (A + D)sτ) + βcm = 0, α + (w− 2p)β = 0, B(α− βp)− 2kτ = 0. (A13)

Appendix E. Proof of Proposition 7

On the basis of the results in Table 3, we have:

w∗gs0 − w∗gn0 = 2k(2k−(A+Ds)Bβ)(α−βcm)
(4k−(A+Ds)Bβ)(6k−(A+Ds)Bβ)β

, (A14)

p∗gs0 − p∗gn0 = k(2k−(A+Ds)Bβ)(α−βcm)
(4k−(A+Ds)Bβ)(6k−(A+Ds)Bβ)β

, (A15)

τ∗gs0 − τ∗gn0 = B((A+Ds)Bβ−2k)(α−βcm)
2(4k−(A+Ds)Bβ)(6k−(A+Ds)Bβ)

, (A16)

π
gs0∗

m − π
gn0∗

m = k(2k−(A+Ds)Bβ)2(α−βcm)2

2(4k−(A+Ds)Bβ)(6k−(A+Ds)Bβ)2β
, (A17)

π
gs0∗

r − π
gn0∗

r = k2((A+Ds)Bβ−2k)(14k−3(A+Ds)Bβ)(α−βcm)2

(4k−(A+Ds)Bβ)2(6k−(A+Ds)Bβ)2β
, (A18)

π
gs0∗

t − π
gn0∗

t = kB2((A+Ds)Bβ−2k)(14k−3(A+Ds)Bβ)(α−βcm)2

4(4k−(A+Ds)Bβ)2(6k−(A+Ds)Bβ)2 , (A19)
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π∗gs0 − π∗gs0 = k((A+Ds)Bβ−2k)(40k2+14B2kβ−AB2(2A+3B)β2)(α−βcm)2

4(4k−(A+Ds)Bβ)2(6k−(A+Ds)Bβ)2 . (A20)

Since α− βcm > 0 and 2k > (A + Ds)Bβ, it is obvious that w∗gs0 > w∗gn0 , p∗gs0 > p∗gn0 ,

τ∗gs0 < τ∗gn0 , π
gs0∗

m > π
gn0∗

m , π
gs0∗

r < π
gn0∗

r , π
gs0∗

t < π
gn0∗

t , and π∗gs0 < π∗gn0 . In addition,
CS∗gs0 < CS∗gn0 and E∗gs0 < E∗gn0 due to p∗gs0 > p∗gn0 and τ∗gs0 < τ∗gn0 , therefore, it can be
derived that SW∗gs0 < SW∗gn0 .

Let s = 0, then the results in Table 3 are the optimal results without subsidy. Following
from Table 3, it is clear that the optimal collection rate under the GS0 model is increasing
with respect to s. The first-order derivatives of the optimal wholesale price and retail price
under the GS0 model to s can be derived as follows:

∂w∗gs0

∂s
= − 2BDk(α− βcm)

(4k− (A + Ds)Bβ)2 ,
∂p∗gs0

∂s
= − BDk(α− βcm)

(4k− (A + Ds)Bβ)2 . (A21)

It is clear that the wholesale price and retail price under the GS0 model are decreasing
to s. It follows from Table 3 that the profits of the CLSC members under the GS0 model
are increasing for s, and the social welfare is also increasing for s according to the proof
of Proposition 2. Since the subsidy rate is non-negative, the relationship of the optimal
results between the AS and GS0 models can be acquired. In addition, the optimal subsidy
rate under the GS2 model is not more than that under the GS1 model (s = 1), then the
relationship among the GS1 and GS2 models is also obtained. The relationships between
the AN and GN0 models, and between the GN1 and GN2 models can be derived similarly.

Appendix F. Proof of Proposition 8

Following from Table 3, we directly know that the collection rate, the profits of the
CLSC members under the GS model are increasing for s. According to Equation (A21), it is
clear that the wholesale price and the retail price under the GS model are decreasing for
s. Therefore, the consumer surplus and environmental benefit are increasing for s based
on Equations (3) and (4). According to the proof of Proposition 2, we know that the social
welfare under the GS model is also increasing for s.

On the basis of Equation (21), the first-order derivative of the subsidy rate under the
GS2 model to r can be obtained as follows:

∂s∗gs2

∂r
= − 2(4k− ABβ)2

BDβ(14k + B(B− 2A + 2eβ))
. (A22)

It is obvious that
∂s∗

gs2

∂r < 0, that is, the subsidy rate is decreasing with r. However,
based on Proposition 3, we know that if r ≥ r2, the optimal subsidy rate is 0, and if r ≤ r1,
the optimal subsidy rate is 1. Therefore, based on the monotonicity of composite function,
it can be derived that if r ∈ [r1, r2], the wholesale price and the retail price are increasing
with r, the collection rate, the profit of the CLSC, the consumer surplus, the environmental
benefit, and the social welfare are decreasing with r under the GS2 model. Otherwise, the
equilibrium results have no change with r. Similarly, the same conclusion can be derived
for the GN2 model.

Notes
1 It should be noted that the reverse channel mainly including recycling (or collecting) and remanufacturing activities. However,

the purpose of recycling is to remanufacture. Therefore, this paper mainly focuses on remanufacturing activities.
2 Referring to previous studies [41–43], in which the subsidy given by the government to the manufacturers per remanufactured

product is a known parameter and set based on the unit transfer price of the used products and the unit production cost of
remanufactured products, we design the government subsidy also based on the total cost of the unit remanufactured product
(including production cost and transfer price).
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