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COST-SHARING STRATEGY FOR RECYCLING AND SERVICE INVESTMENT
IN A CLOSED-LOOP SUPPLY CHAIN

Renbang Shan* , Li Luo and Ran Kou

Abstract. This paper investigates the cost-sharing strategies of a manufacturer, a retailer and a third-
party recycler in a Stackelberg game considering government subsidy and retailer’s service effort. Next,
we construct profit functions of the manufacturer, the retailer and the third-party recycler considering
government subsidy and service effort for four scenarios: no cost-sharing (N), service investment cost-
sharing (I), recycling investment cost-sharing (II), and both service and recycling investment cost-
sharing (III). Furthermore, we obtain the optimal results and discuss the impact of cost-sharing ratio,
service cost coefficient, government subsidy and service sensitivity coefficient on profits and social
net benefits. The results show that the service investment cost-sharing strategy cannot achieve profit
coordination, and under certain conditions, the recycling investment cost-sharing strategy and the
service and recycling investment cost-sharing strategy can achieve profit coordination. In addition,
changes in different factors such as government subsidy, service cost coefficients, and service sensitivity
coefficients will affect the effectiveness of cost-sharing strategies.
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1. Introduction

With the continuous development of social economy, people’s attitude towards products has gradually changed
from only focusing on the use value of the product to focusing on the use value and added value of the product
at the same time. Now, the market demand is no longer only affected by price, but also by other additional
factors (such as product pre-sale service, in-sale service and after-sales service, etc.). In the electronics market,
the iterative speed of electronic products is much faster, which increases the product categories and leads to
more intense products competition. In order to better attract the consumers, most brands have set up physical
experience stores to stimulate the demand through consumer experience. In the field of digital products and
fashion, the service has gone beyond the price and becomes the most important factor affecting whether goods
are purchased. For example, when consumers purchase computers, printers or other digital products, they often
pay attention to the after-sales service (such as maintenance, unconditional refund, and return, etc.) [14,48]. The
Dell (DELL) provides customized computer services for customers. Thus, the customers can enjoy the liberty
to select and assemble various customized models of computers. Another example is that UNIQLO provides
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customers with an intelligent shopping guide1. Therefore, as people pay more and more attentions to the various
services in the process of shopping, people’s shopping habit is changing from purchasing goods to purchasing
services and experiences. Improving the quality of life and gaining experience have gradually become the core
motivation of consumers, providing or innovating service is an important way for enterprises to seize the market
and achieve high profits.

At the same time, with the change of consumption patterns, the iterative speed of product has accelerated,
resulting in more and more waste products, which brings about resource occupation and environmental problems.
Therefore, people have to take measures to solve these problems. As early as the beginning of the 21st century,
the European Union issued relevant policies (restrictions) to encourage enterprises to participate in the recycling
and remanufacturing. Subsequently, the No. 22 document issued by China clearly stated that the government
will support the recycling and remanufacturing of waste products2. In 2011, the Ministry of Finance set up the
waste electrical and electronic equipment disposal Fund (WEEE) to finance the recycling and remanufacturing of
waste electrical and electronic products [51]. The Japan and Germany have begun to issue relevant policies and
regulations to regulate enterprises and improve the utilization rate of resources. According to statistics, effective
remanufacturing can save energy by 60%, save materials by 70%, and reduce air pollutant emissions by more
than 80%. Recycling and remanufacturing can significantly reduce the negative impact of waste products on the
environment, which effectively promotes the construction of a resource-saving and environment-friendly society
[21]. In addition, some studies have pointed out that recycling, reusing and remanufacturing of waste products
can help to reduce the waste of resource and environmental pollution [17,39]. Both enterprises and countries can
benefit from recycling and remanufacturing. For example, the United States sells about $100 billion worth of
recycled/remanufactured products every year [31]. Caterpillar, Xerox, and other enterprises have obtained huge
economic benefits from the remanufacturing [38]. Therefore, recycling and remanufacturing do not only bring
environmental benefits, but also bring economic benefits. Moreover, in recycling and remanufacturing process,
the government also plays a crucial role.

According to existing literature, we find that some scholars have considered the retailer’s service efforts
[5, 19, 47, 51] and government subsidy [28, 44, 50], respectively. What is different from them is that this paper
analyzes the cost-sharing strategies of the manufacturer, the retailer and the third-party in CLSC. Further, in
our study, we consider the retailer’s service effort and the third-party recycler’s recycling subsidy. Specifically,
this paper proposes to address the following issues.

(1) What are optimal equilibrium results for four scenarios considering government subsidy and service effort?
(2) What are the impacts of different cost-sharing strategies on decisions of CLSC and social net benefit?
(3) How do crucial parameters (such as government subsidy, service cost coefficient and service sensitivity

coefficient) affect the CLSC members and social net benefit?
(4) Which cost-sharing strategy is better for different decision-makers?

To address the above issues, this paper examines a CLSC consisting of a manufacturer, a retailer, and a
third-party recycler. Considering the retailer’s service effort and the third-party recycler’s recycling subsidy,
we construct the profit functions under four scenarios (no cost-sharing (N), service investment cost-sharing (I),
recycling investment cost-sharing (II), and both service and recycling investment cost-sharing (III)) to discuss
the optimal equilibrium results. In addition, we also focus on investigating the impact of crucial parameters on
recycling rate, profits and social net benefit.

The rest of the paper is organized as follows. Section 2 provides a literature review related to this research.
Model description is showed in Section 3. In Section 4, we analyze the optimal results under four scenarios. We
conduct a numerical analysis in Section 5. Finally, we give some management insights, conclude our work and
propose future research in Section 6.

1http://www.sohu.com/a/203390864_361701
2http://www.gov.cn/zhengce/index.htm

http://www.sohu.com/a/203390864_361701
http://www.gov.cn/zhengce/index.htm
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2. Literature review

This paper reviews the literature closely related to our research from three aspects. The first stream discusses
the literature on service, including service effort decision and service level decision, as well as the impact of
service. The second stream investigates the effects of government interventions, focusing on the influence of a
single subsidy strategy and the discussion of multiple subsidy strategies. The last stream describes the literature
on the issue of cost-sharing problems in the supply chain.

The first stream focuses on service, the importance of which has been validated in the relevant literature
[2, 6, 9, 13, 18, 22, 34, 53]. Recently, service decisions strategies have received a lot of attentions from scholars.
Taylor [41] considered the service effort of the retailer and discussed the manufacturer’s channel rebates. The
results showed that providing channel rebates is beneficial in promoting service effort. Yao and Liu [55] pointed
out that introducing a direct channel generated competitive payoffs and encouraged cost-effective retail service.
Dan et al. [4] used a two-stage optimization Stackelberg game model to analyze the effect of retail service,
demand growth, and consumer loyalty on the pricing strategies. Xie et al. [51] investigated the forward and
reverse channel service and recycling pricing, and used the revenue and cost sharing contract to coordinate
the profits. They found that the contract can increase recycling and improve service. Li et al. [20] examined
the impact of display effects on manufacturer’s pricing and service efforts. Jiang et al. [16] investigated the
interaction of a dominant retailer and a manufacturer’s strategies on the pricing and service. Their results
revealed that the service provided by the retailer has a positive influence on the market demand. Wu et al.
[47] indicated that recycling centers still need to improve service to maintain and expand online recycling. Pal
et al. [30] considered a retail service-dependent customer demand pattern and discussed the decentralized model
involving the vertical Nash game and manufacturer Stackelberg game and centralized model. Further, Sarkar and
Pal [34] combined return-refund policy and retail service and analyzed the impact of retail service on profit and
pricing decisions under different return strategies. They showed that the retailer makes more profits by adopting
a series of effective service improvement measures. In addition, Pal and Sarkar [30] also explored the effect of
the promotional effort of the retailer and pointed out that promotional effort can always increase all profits.
Mandal and Pal [27] studied the trade credit facilities services of the manufacturer and competing retailers in a
carbon emission environment. Schneider and Zielke [36] investigated how offline retailers use service strategies
to compensate for the price disadvantages of online channels. They found that mere service usage can partly
compensate for price disadvantages. Based on the existing literature, many scholars are devoted to discussing
service decision by considering different factors. And they studied the effect of different types of service. Similar
to the above literature, this paper also explores the impact of service. But the difference is that this paper
discusses the effect of service investment cost-sharing strategy on service decisions.

The second stream is about the government intervention, some literatures have discussed the effect of govern-
ment intervention [12,23,24,26,32,52,57]. Wang and Da [42] facturer to adopt the desired channel structure by
setting an appropriate level of subsidy. Moreover, a high subsidy can benefit consumers and the entire supply
chain, but not necessarily good for the environment. Wang et al. [44] studied the allocation strategy of gov-
ernment subsidy in the e-waste reverse supply chain. And the results showed that remanufacturing utilization
rate has a strong influence on the allocation strategy of government subsidy. Wang et al. [45] analyzed the
effect of government subsidy and altruistic preference on recycling decisions and gave the Altruistic Prefer-
ence Joint Commission’ contract to coordinate the system. Zhao et al. [58] constructed a profit distribution
model and analyzed the impact of different government subsidy strategies on supply chain competitiveness.
Liu et al. [25] explored the production and recycling strategies under different government subsidy schemes.
The results showed that subsiding the recycler can stimulate the recycling of end-of-life products and help the
recycler increase profit. Zhang et al. [57] analyzed the impact of government funding policies on the choice
of remanufacturing models. The results showed that under the government fund policy, the retailer remanu-
facturing mode is the best choice. But the manufacturer remanufacturing mode is better without government
fund policy. The existing literature indicates that the government plays a key role in the process of recycling
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and remanufacturing or other business activities. Compared with the above literature, the government only
provides the recycling subsidy for the third-party recycler in this paper. Besides, based on the cost-sharing
strategies, this paper focuses on the impact of incentive strategy on decision-making, profits, and social net
benefit.

The last stream of literatures related to our paper is about cost-sharing problems [3, 7, 43]. Ghosh and
Shah [8] studied the impact of cost-sharing contracts on decisions in a green supply chain. The results showed
that the cost-sharing strategy can improve the greening levels and profits. Jiang et al. [15] studied the supply
chain performance under decentralized and centralized cost-sharing mechanisms. Yang et al. [54] compared full
capacity cost-sharing contracts and partial capacity cost-sharing contracts. Zhou et al. [59] pointed out that
under the dual-channel differential and non-differential pricing, the service cost-sharing contract is helpful to
stimulate the retailer to improve their service levels. Chakraborty et al. [1] proposed a cost-sharing mecha-
nism between a retailer and a manufacturer. The results showed that both cost-sharing contracts improved
the quality and profitability of the supply chain compared to wholesale price contracts. He et al. [11] inves-
tigated the impact of three cost-sharing strategies on decision-making. Wu et al. [47] analyzed the different
cost-sharing strategies on optimal results. They found that both sales effort cost-sharing and carbon reduction
cost-sharing affected the retailer’s and manufacturer’s decisions. They also found that the fixed government
subsidy did not affect the optimal cost-sharing strategies of the retailer and manufacturer. Taleizadeh et al. [40]
considered carbon abatement, quality enhancement efforts, and return policies, and proposed the cost-sharing
contract in cooperative and non-cooperative forms to find the optimal results. The above literature showed that
the cost-sharing strategy can usually achieve coordination effects and improve decisions and profits. However,
different from the above literature, this paper proposes three cost-sharing strategies and studies the influ-
ence and effectiveness of these strategies. Further, this paper discusses the choice of cost-sharing strategies for
managers.

In Table 1, we compare this paper with the above literature. As shown in Table 1, some scholars have
conducted in-depth research on service and price decision-making, government intervention, and cost-sharing
problems in the supply chain. However, there has been no research on the choice of service and recycling
investment cost-sharing strategy and the impact of cost-sharing strategies on decision. In the actual business
decision-making, sales service can increase sales, but it will also increase costs. Similarly, to recycle as many
used products as possible, the recycler needs to pay more additional costs. Therefore, it is of great significance
to coordinate and optimize the profits and decisions. In addition, it is also worthy of attention to consider the
effect of government subsidy intervention on recycling and other decisions.

Based on the above literature review, this paper, based on the basic decentralized decision-making model
that includes a manufacturer, a retailer, and a third-party recycler, proposes and discusses different cost-sharing
strategy models to optimize the profit of each member and provide targeted management decision-making
suggestions for enterprises. Therefore, the main contribution of this paper is four-folds. First of all, although
there have been studies on service and pricing decisions, those studies mainly focus on the forward supply
chain and rarely consider the impact of cost-sharing strategies. But in real life, recycling and remanufacturing
have become a trend. Besides, there also exists the problem of cost-sharing. Our research is to solve these
problems. Secondly, Combining the relevant literature and the characteristics of the closed-loop supply chain,
we construct and solve the Stackelberg game model in four scenarios. Based on the analysis, the influence
of different cost-sharing strategies on decision-making is summarized. Thirdly, in previous studies, scholars
often overlooked the impact of recycler’s recycling costs, recycling subsidy, and consumer service sensitivity
coefficients on service decisions and profits, which has also become the main contribution of this paper to
the theoretical development of this field. Finally, different cost-sharing strategies will produce different results.
Based on these results, we will provide strategy selection and management suggestions for different types of
enterprises.
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Table 1. Related literature.

Literature Service
Pricing

Cost-sharing
contract

Remanufacturing Recycling Subsidy
target

Retail
price

Recycling
price

Zhou et al.
[59]

X X X

Xie et al. [51] X X X X
Wu et al. [47] X X X
He et al. [10] X X Remanufactured

product
Wang et al.
[44]

X X Remanufacturer

Pal and
Sarkar [30]

X X X X

Wang et al.
[45]

X X X Low-carbon
remanu-
factured
products

Ghosh and
Shah [8]

X X X

Wu et al. [47] X X Green
product

Taleizadeh
et al. [40]

X X X

Zhang et al.
[57]

X X X X Remanufacturing

This paper X X X X X Recycling

3. Model description

This paper studies a CLSC composed of a manufacturer, a retailer, and a third-party recycler (the recycler).
In the forward channel, the manufacturer is responsible for producing new products and remanufacturing used
products, while the retailer is responsible for selling products and providing service for customers. In the reverse
channel, the third-party recycler is responsible for recycling the used products and transferring these products
to the manufacturer for remanufacturing. This paper introduces the third-party recycler’s recycling subsidy
and the retailer’s service effort. In order to better carry out recycling, the recycler needs to invest some costs
in recycling. Similarly, in order to sell more products, the retailer also needs to pay corresponding costs while
providing services. Therefore, this paper considers the different cost-sharing strategies, and expects to find the
optimal results. The CLSC structure is shown in Figure 1. In order to describe the structure of closed-loop
supply chain more accurately, we put forward some assumptions: (1) In four scenarios, each member aims at
maximizing its own profits, so there is 𝑝 > 𝑤 > 𝑐𝑚 and ∆ ≥ 𝑏 ≥ 𝐴 for different members, where ∆ = 𝑐𝑚−𝑐𝑟. (2)
Based on Savaskan et al. [35], we assume that there is a non-linear relationship between the recycling investment
costs of the recycler and the recycling rate, i.e., 𝐼𝑟 = 𝐶𝐿𝜏2, with 𝐶𝐿 sufficiently large. (3) We assume that the
demand is 𝐷 = 𝜑− 𝛽𝑝 + 𝛾𝑠 [20]. Also, based on Wu et al. [47], we assume that the service investment costs are
𝐼𝑠 = 𝑘𝑠2

2 .
In this paper, the notations are shown in Table 2. Note. The superscript N* represents the optimal decisions

under no cost-sharing (N). The superscript I* represents the optimal decisions under service investment cost-
sharing (I). The superscript II* represents the optimal decisions under recycling investment cost-sharing (II).
The superscript III* represents the optimal decisions under both service and recycling investment cost-sharing
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Figure 1. The structure of CLSC.

Table 2. Notations.

Parameters Explanations

𝜑 The market size
𝛽 The sensitivity coefficient of the retail price
𝛾 The sensitivity coefficient of service effort
𝑐𝑚 The unit cost of manufacturing new products
𝑐𝑟 The unit cost of remanufacturing recycled products
𝐴 The unit recycling price of the products given by the third-party
𝑘 The exchanging coefficient between the service effort and the investment
Δ The unit cost saving from remanufacturing, Δ = 𝑐𝑚 − 𝑐𝑟

𝑔 The unit recycling subsidy given by the government
𝜆 The service investment cost-sharing ratio of the manufacturer, 0 < 𝜆 < 1
𝜇 The recycling investment cost-sharing ratio of the manufacturer, 0 < 𝜇 < 1
𝐶𝐿 The exchanging coefficient between the recycling rate and the investment
Decision variables
𝑝 The unit retail price
𝑠 The service effort
𝑤 The unit wholesale price
𝑏 The unit transfer price
𝜏 The recycling rate
Functions

𝜋𝑗
𝑖 The profit of 𝑖 under 𝑗 scenario, 𝑖 = 𝑐, 𝑚, 𝑟, 𝑡, 𝑗 = N, I, II, III

𝐺𝑗 The total government subsidy under 𝑗 scenario, 𝑗 = N, I, II, III
𝑆𝑗 The social net benefit under 𝑗 scenario, 𝑗 = N, I, II, III

(III). And the subscripts c, m, r and t represent the CLSC, manufacturer, retailer and third-party recycler,
respectively.

4. Model solution

Based on the above analysis, the profit functions of the retailer, the manufacturer and the third-party recycler
can be constructed for the four scenarios: (1) No cost-sharing; (2) Service investment cost-sharing; (3) Recycling
investment cost-sharing; (4) Both service and recycling investment cost-sharing. The four scenarios are all
discussed based on decentralized decision-making, and this paper considers that the manufacturer is the leader
of Stackelberg game, the retailer and the third-party recycler are the followers, so that each member makes
independent decisions with the goal of maximizing their own profits. Then, the game theory is used as the
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applied optimization tool, and the optimal results can be obtained. In the following, the specific analysis is
provided.

4.1. Scenario 1: No cost-sharing (N)

In this scenario, the manufacturer neither shares the retailer’s service investment nor the third-party’s recy-
cling investment. According to the above description, the manufacturer first decides the wholesale price and the
transfer price, and secondly, the retailer decides the retail price and service effort, and the third party decides
the recycling rate. From this, we can obtain response function as follows:

max
𝑤,𝑏

𝜋𝑁
𝑚 = (𝑤 − 𝑐𝑚)(𝜑− 𝛽𝑝 + 𝛾𝑠) + 𝜏(∆− 𝑏)(𝜑− 𝛽𝑝 + 𝛾𝑠)

s.t.

max
𝑝,𝑠

𝜋𝑁
𝑟 = (𝑝− 𝑤)(𝜑− 𝛽𝑝 + 𝛾𝑠)− 𝑘𝑠2

2
max

𝜏
𝜋𝑁

𝑡 = 𝜏(𝜑− 𝛽𝑝 + 𝛾𝑠)(∆− 𝑏 + 𝑔)− 𝐶𝐿𝜏2.

Using backward induction, we can obtain the Proposition 4.1.

Proposition 4.1. The third-party’s profit is a strictly concave function of recycling rate. The retailer’s profit
is a concave function of retail price and service effort if and only if 2𝛽𝑘 − 𝛾2 > 0. The manufacturer’s profit is
a concave function of wholesale price and transfer price if and only if 8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2 > 0.

According to Proposition 4.1, the optimal decisions of the retailer, the third-party, and the manufacturer are

𝑝N*
=

4
[︀
(3𝑘𝛽 − 𝛾2)𝜑 + 𝛽

(︀
𝑘𝛽 − 𝛾2

)︀
𝑐𝑚

]︀
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2𝜑

𝛽
[︁
8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁
𝑤N*

=
4
(︀
2𝑘𝛽 − 𝛾2

)︀
(𝜑 + 𝛽𝑐𝑚)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2𝜑

𝛽
[︁
8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁
𝑠N*

=
4𝛾(𝜑− 𝛽𝑐𝑚)𝐶𝐿

8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

𝜏N*
=

𝑘𝛽(𝜑− 𝛽𝑐𝑚)(∆−𝐴 + 𝑔)
8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

𝑏N*
=

1
2

(∆ + 𝐴− 𝑔).

Furthermore, the optimal profits of the retailer, third-party, and manufacturer, can be obtained, respectively,
i.e.,

𝜋N*

𝑡 =
𝑘2𝛽2(𝜑− 𝛽𝑐𝑚)2(∆−𝐴 + 𝑔)2𝐶𝐿[︁

8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2
]︁2

𝜋N*

𝑟 =
8𝑘

(︀
2𝑘𝛽 − 𝛾2

)︀
(𝜑− 𝛽𝑐𝑚)2𝐶2

𝐿[︁
8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁2

𝜋N*

𝑚 =
2𝑘(𝜑− 𝛽𝑐𝑚)2𝐶𝐿

8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2
·
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Based on the above optimal decisions and profits, we can also obtain the profit of CLSC, subsidy cost, and
the social net benefit,

𝜋N*

𝑐 =
𝑘(𝜑− 𝛽𝑐𝑚)2𝐶𝐿

[︁
24

(︀
2𝑘𝛽 − 𝛾2

)︀
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁
[︁
8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁2

𝐺N*
=

4𝑔𝑘2𝛽2(∆−𝐴 + 𝑔)(𝜑− 𝛽𝑐𝑚)2𝐶𝐿[︁
8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁2

𝑆N*
=

𝑘(𝜑− 𝛽𝑐𝑚)2𝐶𝐿

(︀
24

(︀
2𝑘𝛽 − 𝛾2

)︀
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)(∆−𝐴 + 5𝑔)

)︀[︁
8(2𝑘𝛽 − 𝛾2)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁2 ·

Proof. The proof can be seen in the Appendix A.1. �

4.2. Scenario 2: Service investment cost-sharing (I)

In this scenario, this paper examines the improvement effect of the manufacturer sharing the retailer’s service
investment costs. The purpose is to discuss whether each member’s profit and recycling rate will be improved
when the manufacturer agrees to share the retailer’s service investment costs. According to the same idea as in
Scenario 1, each member makes independent decisions. Therefore, the objective profit of manufacturer can be
expressed as:

max
𝑤,𝑏

𝜋𝐼
𝑚 = (𝑤 − 𝑐𝑚)(𝜑− 𝛽𝑝 + 𝛾𝑠) + 𝜏(∆− 𝑏)(𝜑− 𝛽𝑝 + 𝛾𝑠)− 𝜆

𝑘𝑠2

2
s.t.

max
𝑝,𝑠

𝜋𝐼
𝑟 = (𝑝− 𝑤)(𝜑− 𝛽𝑝 + 𝛾𝑠)− (1− 𝜆)

𝑘𝑠2

2
max

𝜏
𝜋𝐼

𝑡 = 𝜏(𝜑− 𝛽𝑝 + 𝛾𝑠)(∆− 𝑏 + 𝑔)− 𝐶𝐿𝜏2.

According to backward induction, we first solve the retailer’s problem and the third-party’s problem, then
we solve the manufacturer’s problem. Finally, we can obtain the following Proposition 4.2.

Proposition 4.2. The third-party’s profit is a strictly concave function of recycling rate. The retailer’s profit
is a concave function of retail price and service effort if and only if 2𝛽𝑘(1 − 𝜆) − 𝛾2 > 0. The manufacturer’s
profit is a concave function of wholesale price and transfer price if and only if 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2 −
8
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁
𝐶𝐿 < 0.

Based on the above proposition, the optimal decisions in this scenario are:

𝑝I* =
4
[︁(︁

3𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 3𝜆)
)︁
𝜑 + 𝛽

(︀
𝑘𝛽(1− 𝜆)− 𝛾2

)︀
(1− 𝜆)𝑐𝑚

]︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2𝜑(1− 𝜆)2

𝛽
[︁
8
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2

]︁
𝑤I* =

4
[︁(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 3𝜆)
)︁
𝜑 + 𝛽

(︀
2𝑘𝛽(1− 𝜆)− 𝛾2

)︀
(1− 𝜆)𝑐𝑚

]︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2𝜑(1− 𝜆)2

𝛽
[︁
8(2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆))𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2

]︁
𝑠I* =

4𝛾(𝜑− 𝛽𝑐𝑚)𝐶𝐿(1− 𝜆)

8
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2
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𝜏 I* =
𝑘𝛽(𝜑− 𝛽𝑐𝑚)(∆−𝐴 + 𝑔)(1− 𝜆)2

8
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2

𝑏I* =
1
2

(∆ + 𝐴− 𝑔).

Furthermore, the optimal profits of the retailer, third-party, and manufacturer can be determined, respectively,
i.e.,

𝜋I*

𝑡 =
𝑘2𝛽2(𝜑− 𝛽𝑐𝑚)2(∆−𝐴 + 𝑔)2𝐶𝐿(1− 𝜆)4[︁

8
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2

]︁2

𝜋I*

𝑟 =
8𝑘

(︀
2𝑘𝛽(1− 𝜆)− 𝛾2

)︀
(1− 𝜆)3(𝜑− 𝛽𝑐𝑚)2𝐶2

𝐿[︁
8
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2

]︁2

𝜋I*

𝑚 =
2𝑘(𝜑− 𝛽𝑐𝑚)2𝐶𝐿(1− 𝜆)2

8
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2

·

Based on above optimal results, we can also determine the profit of CLSC, subsidy cost and social net benefit,

𝜋I*

𝑐 =
𝑘(1− 𝜆)2(𝜑− 𝛽𝑐𝑚)2𝐶𝐿

[︁
8
(︁

6𝑘𝛽(1− 𝜆)2 − 𝛾2(3− 5𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2

]︁
[︁
8
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2

]︁2

𝐺I* =
4𝑔𝑘2𝛽2(∆−𝐴 + 𝑔)(𝜑− 𝛽𝑐𝑚)2𝐶𝐿(1− 𝜆)4[︁

8
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2

]︁2

𝑆I* =
𝑘(1− 𝜆)2(𝜑− 𝛽𝑐𝑚)2𝐶𝐿

[︁
8
(︁

6𝑘𝛽(1− 𝜆)2 − 𝛾2(3− 5𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)(∆−𝐴 + 5𝑔)(1− 𝜆)2

]︁
[︁
8
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2

]︁2 ·

Proof. The proof can be seen in the Appendix A.2. �

4.3. Scenario 3: Recycling investment cost-sharing (II)

In this scenario, the manufacturer only shares the recycling investment cost of the third-party, but the
manufacturer does not share the service investment cost of the retailer. The purpose is to discuss whether it
is a good coordination strategy for the manufacturer to share the recycling investment costs of the third-party
recycler compared to sharing the service investment costs. The modeling and analysis ideas are similar to the
above scenarios. Therefore, the objective profit of manufacturer can be expressed as:

max
𝑤,𝑏

𝜋II
𝑚 = (𝑤 − 𝑐𝑚)(𝜑− 𝛽𝑝 + 𝛾𝑠) + 𝜏(∆− 𝑏)(𝜑− 𝛽𝑝 + 𝛾𝑠)− 𝜇𝐶𝐿𝜏2

s.t.

max
𝑝,𝑠

𝜋II
𝑟 = (𝑝− 𝑤)(𝜑− 𝛽𝑝 + 𝛾𝑠)− 𝑘𝑠2

2
max

𝜏
𝜋II

𝑡 = 𝜏(𝜑− 𝛽𝑝 + 𝛾𝑠)(∆− 𝑏 + 𝑔)− (1− 𝜇)𝐶𝐿𝜏2.

According to above objective functions, we can obtain the Proposition 4.3.
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Proposition 4.3. The third-party’s profit is a strictly concave function of recycling rate. The retailer’s profit
is a concave function of retail price and service effort if and only if 2𝛽𝑘−𝛾2 > 0. The manufacturer’s profit is a
concave function of wholesale price and transfer price if and only if 𝑘𝛽2(∆−𝐴 + 𝑔)2−4

(︀
2𝑘𝛽 − 𝛾2

)︀
(2− 𝜇)𝐶𝐿 <

0.

According to this proposition, the optimal decisions in this scenario are

𝑝II* =
2(2− 𝜇)

[︀(︀
3𝑘𝛽 − 𝛾2

)︀
𝜑 + 𝛽

(︀
𝑘𝛽 − 𝛾2

)︀
𝑐𝑚

]︀
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2𝜑

𝛽
[︁
4(2𝑘𝛽 − 𝛾2)(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁
𝑤II* =

2(2− 𝜇)
(︀
2𝑘𝛽 − 𝛾2

)︀
(𝜑 + 𝛽𝑐𝑚)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2𝜑

𝛽
[︁
4(2𝑘𝛽 − 𝛾2)(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁
𝑠II* =

2(2− 𝜇)𝛾(𝜑− 𝛽𝑐𝑚)𝐶𝐿

4(2𝑘𝛽 − 𝛾2)(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

𝜏 II* =
𝑘𝛽(𝜑− 𝛽𝑐𝑚)(∆−𝐴 + 𝑔)

4(2𝑘𝛽 − 𝛾2)(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

𝑏II* = ∆− ∆−𝐴 + 𝑔

2− 𝜇
·

According to above optimal decisions, we can obtain the optimal profits,

𝜋II*

𝑡 =
𝑘2𝛽2(𝜑− 𝛽𝑐𝑚)2(∆−𝐴 + 𝑔)2𝐶𝐿(1− 𝜇)[︁

4(2𝑘𝛽 − 𝛾2)(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2
]︁2

𝜋II*

𝑟 =
2𝑘(2− 𝜇)2

(︀
2𝑘𝛽 − 𝛾2

)︀
(𝜑− 𝛽𝑐𝑚)2𝐶2

𝐿[︁
4(2𝑘𝛽 − 𝛾2)(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁2

𝜋II*

𝑚 =
(2− 𝜇)𝑘(𝜑− 𝛽𝑐𝑚)2𝐶𝐿

4(2𝑘𝛽 − 𝛾2)(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2
·

In addition, we can obtain the profit of CLSC, subsidy cost and the social net benefit.

𝜋II*

𝑐 =
𝑘(𝜑− 𝛽𝑐𝑚)2𝐶𝐿

[︁
6(2− 𝜇)2

(︀
2𝑘𝛽 − 𝛾2

)︀
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁
[︁
4(2𝑘𝛽 − 𝛾2)(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁2

𝐺II* =
4𝑔𝑘2𝛽2(∆−𝐴 + 𝑔)(𝜑− 𝛽𝑐𝑚)2𝐶𝐿(2− 𝜇)[︁

4(2𝑘𝛽 − 𝛾2)(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2
]︁2

𝑆II* =
𝑘(𝜑− 𝛽𝑐𝑚)2𝐶𝐿

(︁
6(2− 𝜇)2

(︀
2𝑘𝛽 − 𝛾2

)︀
𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)(∆−𝐴 + 5𝑔 − 2𝑔𝜇)

)︁
[︁
4(2𝑘𝛽 − 𝛾2)(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2

]︁2 ·

Proof. The proof can be seen in the Appendix A.3. �

4.4. Scenario 4: Both service and recycling investment cost-sharing (III)

In this scenario, the manufacturer not only shares the service investment cost of the retailer, but also shares
the recycling investment cost of the third-party. The purpose is to discuss whether the manufacturer sharing



COST-SHARING STRATEGY FOR RECYCLING AND SERVICE INVESTMENT 2973

both service investment and recycling investment costs can enable members to obtain more profits and better
social net benefits. The analysis process is similar to the above scenarios. Therefore, the objective profit of
manufacturer can be expressed as:

max
𝑤,𝑏

𝜋III
𝑚 = (𝑤 − 𝑐𝑚)(𝜑− 𝛽𝑝 + 𝛾𝑠) + 𝜏(∆− 𝑏)(𝜑− 𝛽𝑝 + 𝛾𝑠)− 𝜆

𝑘𝑠2

2
− 𝜇𝐶𝐿𝜏2

s.t.

max
𝑝,𝑠

𝜋III
𝑟 = (𝑝− 𝑤)(𝜑− 𝛽𝑝 + 𝛾𝑠)− (1− 𝜆)

𝑘𝑠2

2
max

𝜏
𝜋III

𝑡 = 𝜏(𝜑− 𝛽𝑝 + 𝛾𝑠)(∆− 𝑏 + 𝑔)− (1− 𝜇)𝐶𝐿𝜏2.

According to the above objective function, we can obtain the following Proposition 4.4.

Proposition 4.4. The third-party’s profit is a strictly concave function of recycling rate. The retailer’s profit
is a concave function of retail price and service effort if and only if 2𝛽𝑘(1− 𝜆) − 𝛾2 > 0. The manufacturer’s
profit is a concave function of wholesale price and transfer price if and only if 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2 −
4
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁

(2− 𝜇)𝐶𝐿 < 0.

It can be seen from Proposition 4.4, the optimal decisions in this scenario are

𝑝III* =
2(2 − 𝜇)

[︀(︀
3𝑘𝛽(1 − 𝜆)2 − (1 − 3𝜆)𝛾2

)︀
𝜑 + 𝛽

(︀
𝑘𝛽(1 − 𝜆) − 𝛾2

)︀
(1 − 𝜆)𝑐𝑚

]︀
𝐶𝐿 − (1 − 𝜆)2𝑘𝛽2(Δ − 𝐴 + 𝑔)2𝜑

𝛽
[︀
4
(︀
2𝑘𝛽(1 − 𝜆)2 − 𝛾2(1 − 2𝜆)

)︀
(2 − 𝜇)𝐶𝐿 − 𝑘𝛽2(Δ − 𝐴 + 𝑔)2(1 − 𝜆)2

]︀

𝑤III* =
2(2 − 𝜇)

[︀(︀
2𝑘𝛽(1 − 𝜆)2 − 𝛾2(1 − 3𝜆)

)︀
𝜑 + 𝛽

(︀
2𝑘𝛽(1 − 𝜆) − 𝛾2

)︀
(1 − 𝜆)𝑐𝑚

]︀
𝐶𝐿 − 𝑘𝛽2(Δ − 𝐴 + 𝑔)2𝜑(1 − 𝜆)2

𝛽
[︀
4
(︀
2𝑘𝛽(1 − 𝜆)2 − 𝛾2(1 − 2𝜆)

)︀
(2 − 𝜇)𝐶𝐿 − 𝑘𝛽2(Δ − 𝐴 + 𝑔)2(1 − 𝜆)2

]︀

𝑠III* =
2𝛾(1 − 𝜆)(2 − 𝜇)(𝜑 − 𝛽𝑐𝑚)𝐶𝐿

4
(︀
2𝑘𝛽(1 − 𝜆)2 − 𝛾2(1 − 2𝜆)

)︀
(2 − 𝜇)𝐶𝐿 − 𝑘𝛽2(Δ − 𝐴 + 𝑔)2(1 − 𝜆)2

𝜏 III* =
𝑘𝛽(𝜑 − 𝛽𝑐𝑚)(Δ − 𝐴 + 𝑔)(1 − 𝜆)2

4
(︀
2𝑘𝛽(1 − 𝜆)2 − 𝛾2(1 − 2𝜆)

)︀
(2 − 𝜇)𝐶𝐿 − 𝑘𝛽2(Δ − 𝐴 + 𝑔)2(1 − 𝜆)2

𝑏III* = Δ − Δ − 𝐴 + 𝑔

2 − 𝜇
·

Based on above optimal decisions, we can obtain the profits of the retailer, third-party and manufacturer.

𝜋III*

𝑡 =
𝑘2𝛽2(𝜑− 𝛽𝑐𝑚)2(∆−𝐴 + 𝑔)2𝐶𝐿(1− 𝜆)4(1− 𝜇)[︁

4
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁

(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2
]︁2

𝜋III*

𝑟 =
2(2− 𝜇)2𝑘

(︀
2𝑘𝛽(1− 𝜆)− 𝛾2

)︀
(1− 𝜆)3(𝜑− 𝛽𝑐𝑚)2𝐶2

𝐿[︁
4
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁

(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2
]︁2

𝜋III*

𝑚 =
(2− 𝜇)𝑘(𝜑− 𝛽𝑐𝑚)2𝐶𝐿(1− 𝜆)2

4
(︁

2𝑘𝛽(1− 𝜆)2 − 𝛾2(1− 2𝜆)
)︁

(2− 𝜇)𝐶𝐿 − 𝑘𝛽2(∆−𝐴 + 𝑔)2(1− 𝜆)2
·

In addition, we can also obtain the profit of CLSC, subsidy cost and social net benefit.

𝜋III*
𝑐 =

𝑘(1 − 𝜆)2(𝜑 − 𝛽𝑐𝑚)2𝐶𝐿

[︀
2(2 − 𝜇)2

(︀
6𝑘𝛽(1 − 𝜆)2 − 𝛾2(3 − 5𝜆)

)︀
𝐶𝐿 − 𝑘𝛽2(Δ − 𝐴 + 𝑔)2(1 − 𝜆)2

]︀
[︀
4
(︀
2𝑘𝛽(1 − 𝜆)2 − 𝛾2(1 − 2𝜆)

)︀
(2 − 𝜇)𝐶𝐿 − 𝑘𝛽2(Δ − 𝐴 + 𝑔)2(1 − 𝜆)2

]︀2

𝐺III* =
2(2 − 𝜇)𝑔𝑘2𝛽2(Δ − 𝐴 + 𝑔)(𝜑 − 𝛽𝑐𝑚)2𝐶𝐿(1 − 𝜆)4

[︀
4
(︀
2𝑘𝛽(1 − 𝜆)2 − 𝛾2(1 − 2𝜆)

)︀
(2 − 𝜇)𝐶𝐿 − 𝑘𝛽2(Δ − 𝐴 + 𝑔)2(1 − 𝜆)2

]︀2
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𝑆III* =
𝑘(1 − 𝜆)2(𝜑− 𝛽𝑐𝑚)2𝐶𝐿

[︀
2(2− 𝜇)2

(︀
6𝑘𝛽(1 − 𝜆)2− 𝛾2(3 − 5𝜆)

)︀
𝐶𝐿 − 𝑘𝛽2(Δ− 𝐴 + 𝑔)(Δ − 𝐴 + 5𝑔 − 2𝑔𝜇)(1 − 𝜆)2

]︀
[︀
4
(︀
2𝑘𝛽(1 − 𝜆)2 − 𝛾2(1 − 2𝜆)

)︀
(2 − 𝜇)𝐶𝐿 − 𝑘𝛽2(Δ − 𝐴 + 𝑔)2(1 − 𝜆)2

]︀2 ·

Proof. The proof can be seen in the Appendix A.4. �

5. Numerical analysis

Due to the complexity of the comparative results, it is difficult to directly determine which strategy is better.
Therefore, we use numerical analysis to discuss the selection of strategies and the comparison of results in
different scenarios. In order to more clearly show the impact of changes in key parameters on the equilibrium
results, this section first discusses the impact of changes in the cost-sharing ratios on the equilibrium results,
profits and social net benefit. Secondly, given the cost-sharing ratios, the impact of changes in the service
investment cost coefficient, government recycling subsidy and consumer service sensitivity coefficient on the
recycling rate, profits and social net benefit are discussed separately.

5.1. The effect of 𝜆 and 𝜇 on optimal results

We assume 𝜑 = 100, 𝑐𝑚 = 60, 𝑐𝑟 = 30, 𝐴 = 10, 𝑘 = 5, 𝛽 = 1, 𝐶𝐿 = 1500, 𝛾 = 2, ∆ = 30, 𝑔 = 20. In order to
better visualize the changes in retail price, service effort, recycling rate, system profit and social net benefit, this
paper analyzes the results under four scenarios through the changes in 𝜆 and 𝜇. Given 𝜆 ∈ [0, 1] and 𝜇 ∈ [0, 1],
the impacts can be analyzed as shown in Figures 2–9. It can be seen more intuitively from Figure 2 that the
trend of retail price in Scenario 3 (II) in is not obvious and the retail price in this scenario is the smallest.
Under the joint effect of 𝜆 and 𝜇, the retail price in Scenario 4 (III) first increases and then decreases with the
increase of 𝜆 and 𝜇. This indicates that the change in the outcome brought by 𝜆 is greater than that brought
by 𝜇. For example, the retail price in Scenario 4 (III) is not always smaller than the retail price in Scenario 2
(I). when 𝜆 is less than about 0.25, the retail price in Scenario 2 (I) is larger than the retail price in Scenario 4
(III). In addition, with 𝜆 increasing, the retail price in Scenario 2 (I) and Scenario 4 (III) will decrease. When
𝜆 = 1, that is, the manufacturer fully shares the retailer’s service investment, the retail price at this time is
greater than the retail price when the manufacturer does not share the retailer’s service investment at all. This
means that service investment cost-sharing is effective for the retailer to improve the retail price.

As can be seen in Figure 3, it is easy to know that the service effort in Scenario 2 (I) first increases and then
decreases with the increase of 𝜆. Similarly, the service effort in Scenario 3 (II) increases with the increase of 𝜇.
Under the joint effect of 𝜆 and 𝜇, the service effort in Scenario 4 (III) first increases and then decreases with the
increase of 𝜆 and 𝜇. Within a certain range, the service effort in Scenario 3 (II) is superior to that in Scenario
2 (I) and Scenario 4 (III). We can also see from the figure that appropriate cost-sharing ratio can optimize the
retailer’s service effort decision-making.

In Figure 4, the recycling rate in Scenario 2 (I) decreases in 𝜆 and the recycling rate in Scenario 3 (II)
increases in 𝜇. Under the joint effect of 𝜆 and 𝜇, the recycling rate in Scenario 4 (III) decreases with the increase
of 𝜆 and 𝜇. This indicates that the positive effect of 𝜇 on the recycling rate is less than the negative effect of 𝜆
on the recycling rate. From the figure, it is found that the recycling rate in Scenario 3 (II) is strongly dominant.
When the service investment cost-sharing ratio is enough low and the recycling investment cost-sharing ratio
is enough large, the recycling rate in Scenario 4 (III) is higher than the recycling rate in Scenario 1 (N). In
short, sharing the recycling investment is an effective strategy to improve the recycling rate. However, sharing
the service investment is not conducive to promoting recycling.

As shown in Figure 5, the profit of retailer in Scenario 3 (II) is the highest, while the profit of retailer in
Scenario 2 (I) is the lowest. This means that sharing the service investment is not beneficial to the retailer.
However, sharing the recycling investment is more beneficial to the retailer. It is not difficult to explain this
phenomenon. When existing the service investment cost-sharing, the retail price and service effort will increase
to varying degrees, but the impact of retail price is greater than the impact of service effort, which leads to a
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Figure 2. The impact of 𝜆 and 𝜇 on 𝑝.

Figure 3. The impact of 𝜆 and 𝜇 on 𝑠.

decline in demand, which in turn leads to lower for the retailer. In addition, even if the negative effect caused
by 𝜆 is greater than the positive effect brought by 𝜇, when the cost-sharing ratio is within a certain range, the
profit of the retailer in Scenario 4 (III) is better than that in Scenario 1 (N). This reveals that sharing service
investment and recycling investment can also bring benefits to the retailer.

As for the third-party’s profit (see Fig. 6), the profit in Scenario 3 (II) is optimal among four scenarios when 𝜇
is less than about 0.5. Whereas under the joint effect of 𝜇 and 𝜆, the profit in Scenario 4 (III) can be better than
that in Scenario 1 (N). This shows that when the service investment cost-sharing ratio and recycling investment
cost-sharing ratio are both low, the third-party can get more profits from it. Moreover, we can also notice that
sharing the service investment is not beneficial to the third-party.

As 𝜇 and 𝜆 increase, the profit of manufacturer in Scenario 4 (III) increases, but it is still less than the
manufacturer’s profit in other scenarios (see Fig. 7). For the manufacturer, all cost-sharing strategies have
negative impacts on its profit. Among the three cost-sharing strategies, sharing as little service investment as
possible is able to minimize the loss of manufacturer’s profit. In other cost-sharing strategies, sharing investment
costs is harmful to the manufacturer.

As shown in Figure 8, it is easy to know that the profit of CLSC in Scenario 2 (I) decreases with 𝜆 increasing.
Similarly, the profit of CLSC in Scenario 3 (II) increases with 𝜇 increasing. Under the combined effect of 𝜆 and
𝜇, the profit of CLSC in Scenario 4 (III) decreases with 𝜆 and 𝜇 increasing. It can be found that the profit
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Figure 4. The impact of 𝜆 and 𝜇 on 𝜏 .

Figure 5. The impact of 𝜆 and𝜇 on 𝜋𝑟.

Figure 6. The impact of 𝜆 and 𝜇 on 𝜋𝑡.
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Figure 7. The impact of 𝜆 and 𝜇 on 𝜋𝑚.

Figure 8. The impact of 𝜆 and 𝜇 on 𝜋𝑐.

Figure 9. The impact of 𝜆 and 𝜇 on 𝑆.
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Figure 10. The effect of 𝑘 on 𝜏 .

of CLSC in Scenario 3 (II) is optimal among four scenarios, which indicates that sharing recycling investment
is able to help the CLSC improve profits. Both sharing service investment and recycling investment are able
to optimize the profit of CLSC within a certain range of cost-sharing ratios. Therefore, the implementation of
cost-sharing strategies is valuable to the CLSC.

From Figure 9, it is easy to know that the social net benefit in Scenario 2 (I) decreases with the increase of 𝜆.
Similarly, the social net benefit in Scenario 3 (II) increases with the increase of 𝜇. It can also be seen intuitively
that the change of social net benefit in Scenario 2 (I) is larger than that in Scenario 3 (II). Under the joint effect
of 𝜆 and 𝜇, the social net benefit in Scenario 4 (III) decreases with the increase of 𝜆 and 𝜇. From the figure,
we can see that the social net benefit in Scenario 3 (II) is optimal among four scenarios, which indicates that
sharing the recycling investment is significant and can effectively improve the social net benefit.

5.2. The effect of 𝑘 on optimal results

In this subsection, we assume two numerical cases: (1) 𝜑 = 100, 𝑐𝑚 = 60, 𝑐𝑟 = 30, 𝐴 = 10, 𝛽 = 1, 𝐶𝐿 =
1500, 𝛾 = 2, ∆ = 30, 𝑔 = 20, 𝜆 = 0.2, 𝜇 = 0.4; (2) 𝜑 = 100, 𝑐𝑚 = 60, 𝑐𝑟 = 30, 𝐴 = 10, 𝛽 = 1, 𝐶𝐿 = 1500, 𝛾 =
0.5, ∆ = 30, 𝑔 = 5, 𝜆 = 0.2, 𝜇 = 0.4. In Figure 10, compared with the recycling rate in Scenario 1, the recycling
rates in Scenarios 3 and 4 is higher. This shows that recycling investment cost-sharing and service and recycling
investment cost-sharing can increase the recycling rate. When 𝑘 is higher, the recycling rate is lower, but it
does not have a large impact on the coordination effect of recycling investment cost-sharing and service and
recycling investment cost-sharing. The recycling rate in Scenario 2 is always lower than the recycling rate in
Scenario 1, which indicates that the sharing of service investment costs by the manufacturer does not help to
increase the recycling rate. When 𝑔 and 𝛾 are correspondingly changed to one-quarter of the original value, the
results do not change. In addition, the recycling rate in the four scenarios always decreases in 𝑘, that is, high
service investment cost will lead to low recycling rate, which is not conducive to the advancement of the product
recycling process.

From Figure 11, it can be seen that when 𝑘 < 4.9 (case 1), the recycling investment cost-sharing can
achieve the third-party profit coordination. On the contrary, this cost-sharing strategy is an inferior measure
for the third-party. In the change interval of 𝑘, both service investment cost-sharing and service and recycling
investment cost-sharing strategies are not conducive to third-party’s profit. Besides, the third-party’s profit in
the four scenarios decreases in 𝑘. In case 2, when 𝑔 and 𝛾 are small, no cost-sharing strategies can achieve profit
coordination.

Similarly, in case 1, the recycling investment cost-sharing can achieve the coordination of the retailer’s profit
(see Fig. 12). What is interesting is that the retailer’s profit in Scenario 1 and Scenario 3 decrease in 𝑘, while the
retailer’s profit in Scenarios 2 and 4 increase first and then decrease in 𝑘. That is, existing the optimal service
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Figure 11. The impact of 𝑘 on 𝜋𝑡.

Figure 12. The impact of 𝑘 on 𝜋𝑟.

investment cost coefficient under these two coordination strategies can achieve the improvement of retailer’s
profit. However, the optimal profit under these two strategies is always lower than the profit without cost-
sharing. In case 2, the recycling investment cost-sharing can still effectively coordinate the retailer’s profit.
The service and recycling investment cost-sharing can also achieve retailer’s profit coordination if and only if
𝑘 > 3.54. The service investment cost-sharing still cannot achieve profit coordination.

From Figures 13 and 14, it can also be found that service investment cost-sharing strategy cannot coordinate
the manufacturer’s profit and the social net benefit. In case 1, the manufacturer’s profit and the social net
benefit in Scenario 3 are better than that in Scenario 1, which means that recycling investment cost-sharing can
improve the profit and social net benefit. The service and recycling investment cost-sharing can also achieve
profits coordination if and only if 𝑘 > 7.5. In case 2, recycling investment cost-sharing and service and recycling
investment cost-sharing can coordinate the manufacturer’s profit, which reflects that the decrease of government
subsidy and service sensitivity coefficient can enhance the effectiveness of cost-sharing strategies. When 𝑘 > 3.22,
the social net benefits can be improved by the service and recycling investment cost-sharing strategy. In addition,
the service investment cost coefficient has a negative impact on the profit of manufacturer and the social net
benefit.

5.3. The effect of 𝑔 on optimal results

Same as Section 5.2, we also assume two numerical cases: (1) 𝜑 = 100, 𝑐𝑚 = 60, 𝑐𝑟 = 30, 𝐴 = 10, 𝛽 = 1, 𝐶𝐿 =
1500, 𝛾 = 2, ∆ = 30, 𝑘 = 5, 𝜆 = 0.2, 𝜇 = 0.4; (2) 𝜑 = 100, 𝑐𝑚 = 60, 𝑐𝑟 = 30, 𝐴 = 10, 𝛽 = 1, 𝐶𝐿 = 1500, 𝛾 =
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Figure 13. The impact of 𝑘 on 𝜋𝑚.

Figure 14. The impact of 𝑘 on 𝑆.

0.5, ∆ = 30, 𝑘 = 1.25, 𝜆 = 0.2, 𝜇 = 0.4. By analyzing the impact of government subsidy on the recycling rate,
it can be seen from the Figures 15–19 that the service investment cost-sharing strategy is an inferior strategy,
which means that the strategy is ineffective for improving the recycling rate, profits and social net benefits. In
addition to the social net benefits, government subsidy has a positive effect on the recycling rate and profits.

As can be seen from Figure 15, the recycling investment cost-sharing and service and recycling investment cost-
sharing strategies can improve recycling rate in cases 1 and 2. For the third-party’s profit (see Fig. 16), in case 1,
when 𝑔 > 20.29, the recycling investment cost-sharing strategy can achieve coordination. When 𝑔 > 41.26, the
service and recycling investment cost-sharing strategy can achieve third-party’s profit coordination. However,
in case 2, if 𝑔 > 29.34, the recycling investment cost-sharing strategy can increase third-party’s profit. And
if 𝑔 > 34.47, the service and recycling investment cost-strategy can also improve the profit of third-party. It
can be observed from the two cases that when the service cost coefficient and service sensitivity coefficient are
small, the effectiveness of the recycling investment cost-sharing is reduced, while the effectiveness of the service
and recycling investment cost-sharing strategy is improved. The effectiveness here refers to the scope of the
cost-sharing strategy to achieve coordination, which is reflected in the feasible range of government subsidy.

In the two cases of retailer’s profit (see Fig. 17), the recycling investment cost-sharing strategy can always
achieve profit coordination. In case 1, only when 𝑔 > 54.17, the service and recycling investment cost-sharing
strategy can play a role in the optimization of the retailer’s profit. Similarly, in case 2, the retailer’s profit
can be coordinated by the service and recycling investment cost-sharing strategy if and only if 𝑔 > 21.38.
From here we can also observe the same phenomenon, that is, when the service cost coefficient and service
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Figure 15. The effect of 𝑔 on 𝜏 .

Figure 16. The impact of 𝑔 on 𝜋𝑡.

sensitivity coefficient are small, the effectiveness of the service and recycling investment cost-sharing strategy is
improved.

It can be seen from Figure 18 that no matter what kind of case, the recycling investment cost-sharing can
achieve coordination. For the service and recycling investment cost-sharing strategy, certain conditions must
be met to play a positive role. For example, in case 1, when 𝑔 > 28.99, the service and recycling investment
cost-sharing strategy can achieve coordination. Similarly, in Case 2, the cost-sharing strategy will only work
when 𝑔 > 4.49. What needs attention here is that the phenomenon that the effectiveness of cost-sharing strategy
is improved still exists.

In Figure 19, it can be observed that only when government subsidy meets certain conditions, the recycling
investment cost-sharing strategy can be effective. In case 1, the recycling investment cost-sharing strategy will
only play a positive role when 𝑔 < 45.87. In case 2, when 𝑔 < 53.6, this strategy can achieve the optimization
of social net benefits. It is worth noting that, unlike the above-mentioned profit, the service and recycling
investment cost-sharing strategy here does not work. In addition, when the service cost coefficient and service
sensitivity coefficient are small, the effectiveness of the recycling investment cost-sharing strategy for third-
party’s profit is weakened, and the effectiveness of recycling investment cost-sharing strategy for the social net
benefit is enhanced.
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Figure 17. The impact of 𝑔 on 𝜋𝑟.

Figure 18. The impact of 𝑔 on 𝜋𝑚.

Figure 19. The impact of 𝑔 on 𝑆.

5.4. The effect of 𝛾 on optimal results

Here we still assume two numerical cases: (1) 𝜑 = 100, 𝑐𝑚 = 60, 𝑐𝑟 = 30, 𝐴 = 10, 𝛽 = 1, 𝐶𝐿 = 1500, 𝑘 =
5, ∆ = 30, 𝑔 = 20, 𝜆 = 0.2, 𝜇 = 0.4; (2) 𝜑 = 100, 𝑐𝑚 = 60, 𝑐𝑟 = 30, 𝐴 = 10, 𝛽 = 1, 𝐶𝐿 = 1500, 𝑘 = 1.25, ∆ =
30, 𝑔 = 5, 𝜆 = 0.2, 𝜇 = 0.4. From Figures 20 to 24, it can be seen that the service investment cost-sharing
strategy under the change of service sensitivity coefficient still cannot achieve the improvement of recycling rate,
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Figure 20. The effect of 𝛾 on 𝜏 .

Figure 21. The impact of 𝛾 on 𝜋𝑡.

profits and social net benefits. However, the recycling investment cost-sharing strategy can effectively optimize
the recycling rate, retailer’s profit, manufacturer’s profit and social net benefit. Besides, in any scenario, the
recycling rate, profits, and social net benefits increase as the service sensitivity coefficient increases.

In Figure 20, comparing the recycling rates in cases 1 and 2, when the service cost coefficient and government
subsidy are small, as the service sensitivity coefficient increases, the recycling rate in case 2 shows a more obvious
upward trend. And when the service sensitivity coefficient is large enough, the recycling rate in case 2 is higher
than the recycling rate in case 1. This shows that under the joint interference of government subsidy and service
cost coefficient, even if the government subsidy is not large enough, the recycling rate can be improved.

In the analysis of the impact of the service sensitivity coefficient, it is particularly noteworthy that no matter
what kind of case, the three cost-sharing strategies cannot achieve the improvement of third-party profits
(see Fig. 21). In addition, comparing the third-party’s profit under the three cost-sharing strategies in case 1,
the third-party’s profit under the service investment cost-sharing strategy are the highest. This implies that
compared with the impact of the above-mentioned key parameters, although service investment cost-sharing
cannot achieve optimal improvement, it has better stability. In case 2, when 𝛾 > 0.81, the third-party’s profit
under the recycling investment cost-sharing strategy is better than that under the other two strategies. Despite
this, there has been the same change as the recycling rate, that is, the third-party’s profit when the service cost
coefficient and government subsidy are small shows a clear upward trend with changes in service sensitivity.
Although the government subsidy is small, but affected by the service cost coefficient, the greater the sensitivity
of the service, the higher the profit of the third-party.
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Figure 22. The impact of 𝛾 on 𝜋𝑟.

Figure 23. The impact of 𝛾 on 𝜋𝑚.

From Figure 22, it is easy to observe that the service and recycling investment cost-sharing can achieve the
coordination of retailer’s profit when 𝛾 < 0.96 in case 1. In case 2, If 𝛾 < 0.29, this strategy can still achieve
the improvement of the retailer’s profit. This shows that the reduction of government subsidy and service cost
coefficient weaken the effectiveness of the service and recycling investment cost-sharing strategy. In addition,
when the service sensitivity coefficient is large enough, the retailer’s profit under the low government subsidy
and low service cost coefficient will be higher.

Similarly, in case 1 (see Fig. 23), the service and recycling investment cost-sharing strategy can achieve an
effective improvement in the manufacturer’s profit. But in case 2, the service and recycling investment cost-
sharing strategy can achieve profit improvement only when 𝛾 < 0.51. This phenomenon can be explained in the
same way as the retailer’s profit. And, the same as the profit of retailer, when the service sensitivity coefficient
exceeds a certain threshold, the profit of manufacturer under low government subsidy and low service cost
coefficient will be higher.

The analysis of the relationship between the social net benefit and the service sensitivity coefficient is shown
in Figure 24. In case 1, when 𝛾 < 0.76, the cost-sharing strategy can improve the social net benefit, that is, the
strategy is effective. In case 2, this strategy can achieve the optimization of social net benefits when 𝛾 < 0.31.
It is easy to observe that the effective coordination range of this strategy has narrowed, the same phenomenon
as the above-mentioned profit has occurred.
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Figure 24. The impact of 𝛾 on 𝑆.

6. Management insights and conclusions

6.1. Management insights

Based on the results of the above numerical analysis, the major findings of this study that managers can use
in practice are:

(1) Because the retailer and the recycler need to pay corresponding costs in the sales service and recycling
process respectively, this paper proposes three cost-sharing strategies, including service investment cost-
sharing, recycling investment cost-sharing, and service and recycling investment cost-sharing. The results
show that the service investment cost-sharing strategy cannot improve the profits of supply chain members.
However, the conditions that different decision-makers need to meet are different for the recycling investment
cost-sharing and the service and recycling investment cost-sharing strategies. Therefore, in order for a
manager to make the optimal decision to maximize his company’s profits, he needs to clarify the type of
company (such as retailer, manufacturer, or recycler), and then determine the optimal cost-sharing strategy
and the favorable conditions of the strategy.

(2) The analysis of the impact of changes in the cost-sharing ratio on decision-making and profit shows that
the service investment cost-sharing strategy can effectively increase retail prices and service efforts within
effective constraints. However, although this strategy will promote the recycling rate, retailer’s profit, third-
party’s profit, manufacturer’s profit, and social net benefit, these results have not been effectively improved.
Therefore, it is very undesirable for companies to optimize profits and increase recycling rate through this
strategy. From the perspective of retail-type enterprises, the recycling investment cost-sharing strategy can
completely improve corporate profits, while the service and recycling investment cost-sharing strategy can
only play a coordinating role when the proportion of service cost-sharing is low. From the perspective of
manufacturing-type enterprises, the profit of manufacturer has not been improved. At this time, it is difficult
for the three cost-sharing strategies to achieve a win-win profit among members. From the perspective of
recycling-type enterprises, profit improvement can be achieved when the ratio of recycling investment cost-
sharing is less than a certain threshold. At this time, this strategy is the dominant strategy for the enterprise.
From a social perspective, compared to other cost-sharing strategies, the recycling investment cost-sharing
strategy is a completely dominant strategy.

(3) The analysis of the impact of service cost coefficient changes on decision-making and profit shows that
the service cost coefficient has a negative effect on the recycling rate, profits and social net benefits as a
whole, that is, the higher the service cost coefficient, the more disadvantageous the profit of all parties.
In this case, the service investment cost-sharing strategy is not an optimal strategy, and the recycling
investment cost-sharing strategy is an optimal strategy. Therefore, enterprises should avoid the service
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cost-sharing behavior as much as possible, but should tend to choose the recycling investment cost-sharing
strategy. Although under certain conditions, the service and recycling investment cost-sharing strategy can
achieve the optimization and coordination of decision-making and profit, in terms of strategy comparison,
the recycling investment cost-sharing strategy is more dominant. Besides, when government subsidy and
service sensitivity coefficient are low, different types of enterprises face changes in different strategic ranges.
For example, for recycling-type enterprises, the feasible range of the service and recycling investment cost-
sharing strategy narrows, while for retail-type and manufacturing-type enterprises, the feasible range of
this strategy expands. Therefore, for business decision-makers, changes in different factors will have an
important impact on their decision-making.

(4) The analysis of the impact of changes in government subsidies on decision-making and profits shows that
government recycling subsidy can effectively promote the increase in recycling rate and profits, but for social
net benefits, government subsidy is not as large as possible. This is scientifically feasible for policy makers. It
will not blindly increase the investment cost of government, and it can also maximize the social net benefit.
Moreover, the service investment cost-sharing strategy is still an inferior strategy, and business decision-
makers should avoid it as much as possible. The recycling investment cost-sharing and the service and
recycling investment cost-sharing strategies can improve corporate profits. When the service cost coefficient
and service sensitivity coefficient is low, the feasible range of these two strategies in optimizing profits
becomes wider. Therefore, for decision-makers, the increase in government subsidy and the reduction of
service factors can greatly optimize the profits of members.

(5) The analysis of the impact of changes in service sensitivity coefficients on decision-making and profits shows
that the service investment cost-sharing strategy is still an inferior strategy for profits and social net benefits.
For recycling-type enterprises, any cost-sharing strategies cannot achieve coordination. For other types of
enterprises, the recycling investment cost-sharing strategy and the service and recycling investment cost-
sharing strategy can achieve coordination within a certain range. Besides, when government subsidy and
service cost coefficient are low, the feasible range of service and recycling investment cost-sharing strategy in
optimizing retailer’s profit, manufacturer’s profit, and social net benefit narrows. It is also worth noting that
when government subsidy and service cost coefficient are low, the increase in service sensitivity coefficient
can bring more profits to supply chain members, and it can also bring more net benefits to society. Therefore,
this largely helps corporate managers to make decisions and choose the best cost-sharing strategy through
pre-judgment of service sensitivity coefficients.

6.2. Conclusion

This paper studies a closed-loop supply chain that includes a manufacturer, a retailer, and a third-party
recycler. In this study, sales service, government recycling subsidy and different cost-sharing strategies were
considered to increase the recycling rate, optimize corporate decision-making and improve the profits of supply
chain members. The demand in this study is a deterministic model of price and service. Based on a basic
decentralized decision-making model, three cost-sharing models are proposed and discussed. This paper uses the
Stackelberg game method to obtain the optimal equilibrium results and profits in the four scenarios. Through
numerical analysis, the impact of cost-sharing ratio, service cost coefficient, government subsidy and service
sensitivity coefficient on profits and social net benefit is also discussed. The results show that in the analysis
of the impact of key parameters, the service investment cost-sharing strategy is always an inferior strategy. In
most situations, the recycling investment cost-sharing strategy is a dominant strategy, that is, the recycling rate,
profits, and social net benefit under this strategy are significantly better. When certain feasible conditions are
met, the service and recycling investment cost-sharing strategy can also achieve coordination. Moreover, given
other parameter values, the reduction of government subsidy and service sensitivity coefficient will produce
different coordination effectiveness for different decision-makers. The reduction of the service cost coefficient
and service sensitivity coefficient will increase the effectiveness of the recycling investment cost-sharing and
service and recycling investment cost-sharing strategies. The reduction of government subsidy and service cost
coefficient will restrict the effectiveness of the service and recycling investment cost-sharing strategy.
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There are also some limitations in our research. Firstly, the market demand we consider is deterministic, but
in actual applications, the demand is often uncertain. Therefore, the uncertainty of demand can be considered
in future research. Secondly, this paper only focuses on a single sales and single recycling channel. In reality,
there are already dual-channel or mixed-channel sales or recycling. This can be further discussed in future
studies. Thirdly, this paper mainly considers government subsidies to recyclers. However, the state or country
also has policies and regulations on consumer subsidies and remanufacturing subsidies. Therefore, differentiated
government subsidies (such as consumer subsidies and remanufacturer subsidies) can be considered in future
research. Finally, this paper only investigates the manufacturer Stackelberg game model. In the future, we
will explore the vertical Nash game, retailer Stackelberg game, and third-party Stackelberg game models in a
closed-loop supply chain, and we believe it will produce more meaningful conclusions and insights.

Appendix A.

A.1. Proof of Proposition 4.1

Firstly, we analyze the retailer’s decision problem. According to the retailer’s profit function, the Hessian

matrix of the retailer’s profit function 𝜋𝑅 with respect to 𝑝 and 𝑠 is 𝐻𝑁
𝑅 =

[︂
−2𝛽 𝛾
𝛾 −𝑘

]︂
, where

⃒⃒
𝐻𝑁

𝑅

⃒⃒
= 2𝛽𝑘−𝛾2 >

0, and leading principal minor of order 1 is
⃒⃒
𝐻𝑁

𝑅1

⃒⃒
= −2𝛽 < 0, so the retailer’s profit function 𝜋𝑅 is joint concave

with respect to 𝑝 and 𝑠. The retailer can achieve profit maximization with respect to 𝑝 and 𝑠. Combining
𝜕𝜋𝑅

𝜕𝑝 = 0 and 𝜕𝜋𝑅

𝜕𝑠 = 0, we can get the best response functions of retailer: 𝑝 = 𝑘(𝜑+𝑤𝛽)−𝑤𝛾2

2𝛽𝑘−𝛾2 , 𝑠 = (𝜑−𝑤𝛽)𝛾
2𝛽𝑘−𝛾2 .

Substitute the best response functions into the third-party’s profit function, we have d2𝜋𝑇

d𝜏2 = −2𝐶𝐿 < 0, so the
third-party’s profit function 𝜋𝑇 is concave with respect to 𝜏 . Solving d𝜋𝑇

d𝜏 = 0, we can get the best response
function of third-party: 𝜏 = (𝜑−𝑤𝛽)𝑘𝛽(𝑏−𝐴+𝑔)

2(2𝛽𝑘−𝛾2)𝐶𝐿
. Substitute the best response functions of retailer and third-party

into the manufacturer’s profit function, we can derive Hessian matrix of the manufacturer’s profit function 𝜋𝑀

with respect to 𝑤 and 𝑏, 𝐻𝑁
𝑀 =

⎡⎣ 𝑘𝛽2((𝐴−𝑏−𝑔)𝑘𝛽2(𝑏−Δ)+(−4𝑘𝛽+2𝛾2)𝐶𝐿)

(2𝛽𝑘−𝛾2)2𝐶𝐿

𝛽3𝑘2(𝐴−2𝑏−𝑔+Δ)(𝑤𝛽−𝜑)

(2𝛽𝑘−𝛾2)2𝐶𝐿

𝛽3𝑘2(𝐴−2𝑏−𝑔+Δ)(𝑤𝛽−𝜑)

(2𝛽𝑘−𝛾2)2𝐶𝐿
−𝑘2𝛽2(𝑤𝛽−𝜑)2

(2𝛽𝑘−𝛾2)2𝐶𝐿

⎤⎦. Determinant of

the Hessian matrix is
⃒⃒
𝐻𝑁

𝑀

⃒⃒
= 𝑘3𝛽4(𝑤𝛽−𝜑)2((4𝑘𝛽−2𝛾2)𝐶𝐿−𝑘𝛽2(𝐴2+3𝑏2+3𝑏𝑔+𝑔2−3𝑏Δ−𝑔Δ+Δ2+𝐴(−3𝑏−2𝑔+Δ)))

(2𝛽𝑘−𝛾2)4𝐶2
𝐿

> 0, and

leading principal minor of order 1 is
⃒⃒
𝐻𝑁

𝑀1

⃒⃒
= 𝑘𝛽2((𝐴−𝑏−𝑔)𝑘𝛽2(𝑏−Δ)+(−4𝑘𝛽+2𝛾2)𝐶𝐿)

(2𝛽𝑘−𝛾2)2𝐶𝐿
< 0, so the manufacturer’s

profit function 𝜋𝑀 is joint concave with respect to 𝑤 and 𝑏. Combining 𝜕𝜋𝑀

𝜕𝑤 = 0 and 𝜕𝜋𝑀

𝜕𝑏 = 0, we can obtain
the manufacturer’s optimal decisions 𝑤𝑁*

, 𝑏𝑁*
. Accordingly, we can get the retailer’s and third-party’s optimal

decisions 𝑝𝑁*
, 𝑠𝑁*

, 𝜏𝑁*
. Further, we can also get the optimal profit of manufacturer, retailer and third-party

respectively.

A.2. Proof of Proposition 4.2

In Scenario 2, firstly we analyze the retailer’s optimal decision problem. According to the retailer’s profit

function, Hessian matrix of the retailer’s profit function 𝜋𝐼
𝑟 with respect to 𝑝 and 𝑠 is, 𝐻𝐼

𝑅 =
[︂
−2𝛽 𝛾
𝛾 −(1− 𝜆)𝑘

]︂
.

Determinant of the Hessian matrix is
⃒⃒
𝐻𝐼

𝑅

⃒⃒
= 2𝛽𝑘(1 − 𝜆) − 𝛾2 > 0, and leading principal minor of order

1 is
⃒⃒
𝐻𝐼

𝑅1

⃒⃒
= −2𝛽 < 0, so the retailer’s profit function 𝜋𝐼

𝑟 is joint concave with respect to 𝑝 and 𝑠. The

retailer can achieve profit maximization with respect to 𝑝 and 𝑠. Combining 𝜕𝜋𝐼
𝑅

𝜕𝑝 = 0 and 𝜕𝜋𝐼
𝑅

𝜕𝑠 = 0, we can

get the best response functions of retailer: ⌣
𝑝 = 𝑤𝛾2+𝑘(𝜑+𝑤𝛽)(−1+𝜆)

2𝛽𝑘(−1+𝜆)+𝛾2 ,
⌣
𝑠 = (𝑤𝛽−𝜑)𝛾

2𝛽𝑘(−1+𝜆)+𝛾2 . Substitute the best

response functions into the third-party’s profit function, we have d2𝜋𝐼
𝑇

d𝜏2 = −2𝐶𝐿 < 0, so the third-party’s profit

function 𝜋𝐼
𝑡 is concave with respect to 𝜏 . Solving d𝜋𝐼

𝑇

d𝜏 = 0, we can get the best response function of third-
party: ⌣

𝜏 = (𝜑−𝑤𝛽)𝑘𝛽(𝑏−𝐴+𝑔)(−1+𝜆)
2(2𝛽𝑘(−1+𝜆)+𝛾2)𝐶𝐿

. Substitute the best response functions of retailer and third-party into the
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manufacturer’s profit function, we can derive Hessian matrix of the manufacturer’s profit function 𝜋𝐼
𝑚 with

respect to 𝑤 and 𝑏, 𝐻𝐼
𝑀 =

[︂
𝐴1 𝐵1

𝐶1 𝐷1

]︂
, Where 𝐴1 = 𝑘𝛽((𝐴−𝑏−𝑔)𝑘𝛽2(𝑏−Δ)(1−𝜆)2+2𝛽(𝛾2(1−2𝜆)−2𝑘𝛽(1−𝜆)2)𝐶𝐿)

(2𝛽𝑘(1−𝜆)−𝛾2)2𝐶𝐿
, 𝐵1 =

𝐶1 = 𝛽3𝑘2(𝐴−2𝑏−𝑔+Δ)(𝑤𝛽−𝜑)(1−𝜆)2

(2𝛽𝑘(1−𝜆)−𝛾2)2𝐶𝐿
, 𝐷1 = −𝑘2𝛽2(𝑤𝛽−𝜑)2(1−𝜆)2

(2𝛽𝑘(1−𝜆)−𝛾2)2𝐶𝐿
. Determinant of the Hessian matrix is

⃒⃒
𝐻𝐼

𝑀

⃒⃒
=

𝐴1𝐷1 − 𝐵1𝐶1 > 0, and leading principal minor of order 1 is
⃒⃒
𝐻𝐼

𝑀1

⃒⃒
= 𝐴1 < 0, so the manufacturer’s profit

function 𝜋𝐼
𝑚 is joint concave with respect to 𝑤 and 𝑏. Combining 𝜕𝜋𝐼

𝑀

𝜕𝑤 = 0 and 𝜕𝜋𝐼
𝑀

𝜕𝑏 = 0, we can obtain
the manufacturer’s optimal decisions 𝑤𝐼*, 𝑏𝐼*. Accordingly, we can get the retailer’s and third-party’s optimal
decisions 𝑝𝐼*, 𝑠𝐼* and 𝜏 𝐼*. Further, we can also get the optimal profit of manufacturer, retailer and third-party
respectively.

A.3. Proof of Proposition 4.3

The proof is the same as Propositions 4.1 and 4.2, which is omitted here.

A.4. Proof of Proposition 4.4

The proof is the same as Propositions 4.1 and 4.2, which is omitted here.
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