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Abstract: In order to discuss the participation selection strategy of relevant subjects in WEEE recycling,
a Stackelberg game model of “recyclers—remanufacturers—government” in a WEEE recycling
network is constructed, and the system’s stability strategy and conditions are analyzed. Besides
this, the direct and indirect effects of recovery time sensitivity, CRMs’ life expectancy sensitivity, and
government subsidies on the optimal decision-making of both recyclers and remanufacturers are
explored. The results show that the system can achieve a stable and ideal equilibrium, and achieve
win–win for all parties, through reasonable profit transfer and cost-sharing. The dual sensitivity
of manufacturers’ demand and policy subsidies has the same qualitative impact on the decision
variables of the recyclers and remanufacturers. The subsidies vary depending on the CRMs’ recovery
effort level of remanufacturers, and these can incentivize the remanufacturers to increase CRMs’ life
expectancy. Moreover, a cost-sharing contract between recyclers and remanufacturers can avoid
“free-riding” behavior in WEEE recycling. The research can assist in the benefit coordination and
behavior adjustment of WEEE recycling members, and provide a theoretical basis for governments to
formulate appropriate recycling subsidies to promote the formal recycling of E-waste.

Keywords: WEEE recycling network; recovery time sensitivity; CRMs’ life expectancy sensitivity;
cost-sharing; Stackelberg model

1. Introduction

In recent decades, with the rapid development of science and technology, the life cycle
of electronic products has gradually shortened, generating more waste products [1–4]. It
is estimated that in 2020, the global E-waste (Waste Electrical and Electronic Equipment,
WEEE) generation reached a record 56.4 mt, and has become the fastest growing waste,
with generation expected to reach 74.7 mt by 2030 [5–7]. However, only 17.4% of this
waste was reasonably recycled, which means a large number of critical row materials such
as copper, iron and rare metals were lost in vain. If not handled properly, these waste
products will not only harm the ecological environment, but will also lead to the huge waste
of resources. Moreover, informal WEEE recycling channels involving the unreasonable
disposal of WEEE, such as obtaining metal materials through incineration and burying
WEEE without harmless treatment, will generate more pollution, and cause the loss of
resources, especially critical raw materials (CRMs), such as copper and rare metals [8–11].
More countries have not only paid attention to the quantity of WEEE recycling, but have
also become concerned with the improvement of WEEE recycling quality [12–16]. In
practice, WEEE recycling treatment has achieved remarkable resource and environmental
results, driven by the fund system, but it still faces problems such as a large gap in subsidy
funds, the low participation enthusiasm of remanufacturers, and the difficulty encountered
by recyclers in making profits from formal recycling channel. As basic stakeholders of
the WEEE recycling network, the participation strategies of remanufacturers and recyclers
have a significant impact on WEEE recycling. Therefore, in view of the difficulties faced
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by each subject, it is important to study the interaction mechanism, stability strategy and
evolution-influencing factors of the above stakeholders to regulate WEEE recycling.

The interaction of various uncertain factors exists in WEEE recycling, so remanufac-
turers should take the recycled products into account when formulating the production
plan. For example, in the process of recycling, the life expectanies of CRMs and recycling
products will directly change the production plan. On the one hand, as consumers’ pursuit
of products becomes more personalized, the market life of products is shortened, resulting
in the early abandonment of WEEE. Given the various uncertain factors in WEEE recycling
process, it is difficult for recyclers to estimate the recycling amounts of WEEE and process
them in a timely manner or in a short time, which reduces the life expectancy of CRMs.
On the other hand, there is uncertainty regarding the recycling time in consumers in the
recycling process. The inconsistencies in recycling time will lead to uncertainty about the
remanufacturers’ processing of the raw materials required for reproduction. Therefore,
the different strategic choices of stakeholders caused by the uncertainty of recycling time
should be considered in the process of WEEE recycling and remanufacturing.

However, the life expectancy of CRMs has not been considered, as there is no rele-
vant recycling standardization and subsidy policy regulation, resulting in a low CRMs
recycling rate and a lower recovery time of the CRMs. How to encourage recyclers to
increase the life expectancy of CRMs and how recyclers and remanufacturers can achieve
Pareto optimality when there is a “bidirectional free-riding” phenomenon will be further
explored. Considering the bounded rationality and the policy guidance, a Stackelberg game
model between the remanufacturers and recyclers based on recovery time sensitivity and
CRMs’ life expectancy sensitivity is constructed. Second, the Stackelberg model between
remanufacturers and recyclers with a cost-sharing contract is constructed to analyze the
dual sensitivity of manufacturers’ demand and the policy subsidy effect on the equilibrium.
What are the stable strategies and realization conditions of WEEE recycling channels, how
the sensitivity parameter affects the decision-making of WEEE recycling participants, and
how the government guides all parties to choose participation strategies through policy
formulation will become the focus of this paper. The research of this paper enriches the
relevant management theories, such as the WEEE recovery cost contract theory, the WEEE
recovery competition game strategy, and government regulation measures.

The remainder of this paper is organized as follows. Section 2 summarizes the litera-
ture on WEEE recycling. Section 3 provides model notations and introduces the models’
assumptions. Section 4 constructs the initial model and calculates the equilibrium solution.
The influence of the measured variables on the parameters is also discussed. Section 5
discusses the optimal decisions of the two subjects under cost-sharing, which is used to
solve the problem of bidirectional free-riding. Section 6 conducts simulations, and the best
decision-making suggestions and most feasible cost-sharing contracts for the two bodies
are discussed. Also the model’s robustness and contributions are discussed in this section.
Section 7 summarizes the findings and offers suggestions for future research.

2. Literature Review
2.1. The WEEE Recycling Channel

The choice of the WEEE recycling channel (single manufacturer-led, recycler-led,
third party-led, or a combination) is important. The effective selection and evaluation
of recycling channels can help decision-makers choose the best way to recycle to meet
demand [17–20]. Research on the WEEE recycling channel has achieved fruitful results
and has provided a useful game theory reference for researching the above-mentioned
problems. For example, Toyasaky et al. [21] constructed the decision models of WEEE
monopolistic recycling and competitive recycling. Li et al. [22] constructed a recycling
channel optimization model by mixed-integer programming and analyzed how recovery
rate and recovery conditions impact the recycling channel. Savaskan et al. [23] constructed a
recycling model composed of one original manufacturer and two retailers, and in addition,
analyzed the recycling rate of WEEE under centralized and decentralized decision-making
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circumstances. In addition, research on the recycling incentive and punishment mechanism,
competition between formal and informal recycling, and the cooperation mechanism of the
formal WEEE recycling channel has also provided decision support for the WEEE recycling
channel [24–26].

2.2. Government Actions on WEEE Recycling Channels

Using static and dynamic game theory analyses of the government and remanufac-
turers, some scholars have found that government incentive measures greatly impact the
construction of WEEE recycling channels [27–29]. Government subsidies have an important
effect on the investment threshold of the remanufacturer and recycler [30–33]. When the
remanufacturer achieves economies of scale, their environmental protection awareness and
ability will be increased because the remanufacturer can improve and achieve efficient and
green WEEE recycling technology with government subsidies. This would generate higher
environmental protection benefits. Therefore, policy incentives can encourage the reman-
ufacturer to achieve an effective recovery of WEEE recovery systems. In addition, some
scholars [34,35] have utilized game theory among the remanufacturer, governments, as
well as the recycler, and the results show that only the clear sharing of responsibility among
all parties, together with subsidies to remanufacturers and recyclers, can positively impact
WEEE recovery. Thus, establishing a cost-sharing mechanism among the government,
remanufacturer, and recycler will help effectively develop WEEE recycling.

However, most academic research on development and application has focused on
enterprise management, fairness and efficiency, innovation and development, and policy-
making, in which policymaking is mainly between government and enterprises, with the
government regulating enterprise behaviour. However, few studies have been conducted
on the application of game theory to demand time sensitivity and the life sensitivity of
recycled CRMs to design WEEE recycling channels. Thus, this study fills an important gap
in the literature.

In order to be closer to the reality and more deeply explore the interaction mechanisms
between various stakeholders in WEEE recycling, some scholars have applied Stackelberg
game theory based on irrational assumptions to the field of WEEE recycling. Therefore,
considering the time sensitivity and CRMs’ life expectancy sensitivity of consumers’ de-
mand, and the impact of subsidy policy, a Stackelberg game model between recycler and
remanufacturer has been constructed. Here, the following questions are raised: What
are the stable strategies and realization conditions of the WEEE recycling channel? What
conditions can be met to achieve the ideal equilibrium of the WEEE recycling channel?

3. The Stackelberg Game Model of Two Stakeholders
3.1. Model Description

In this paper, a Stackelberg game is used to model the decision processes of remanufac-
turer and recycler, wherein the recycler is the leader and the remanufacturer is the follower,
and the role of government subsidies in the remanufacturer and recycler’s decision-making
is also considered. The WEEE recycling scenario is set as follows: recyclers collect WEEE
and sell them to remanufacturers with WEEE processing qualifications. The remanufactur-
ers process WEEE and recycling CRMs, and then sell CRMs to the WEEE product market.
Besides this, the government subsidizes remanufacturers based on the remanufacturer’s
CRMs’ recovery effort level. In order to improve the quality and timeliness of the recycled
products and processed materials, remanufacturers will pay attention to the CRMs’ life
expectancy and recycling time. Moreover, although there are informal E-waste recycling
channels, formal recycling channels usually cooperate with informal channels to improve
market competitiveness and viability.

Two Stackelberg game models are constructed in this paper; the first model is the basic
model wherein there is no cost-sharing between recyclers and remanufacturers, and the
second model is the cost-sharing contract model wherein recyclers and remanufacturers
share a proportion of investment cost. Figure 1 illustrates the decision-making sequence for
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both models. As the leader in the Stackelberg game, the recyclers determine the WEEE sale
price and recycling time. Remanufacturers determine the CRMs’ price and CRMs’ recovery
effort level, and then the remanufacturers sell the CRMs to the WEEE product market.
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3.2. Model Notations

The parameter variables are defined as follows:

α: potential market demand;
β: price sensitivity;
λ: delivery time sensitivity;
ϕ: CRMs’ life expectancy sensitivity;
k: remanufacturer’s recycling technology investment cost factor;
c0: recycling cost per unit;
c1: processing cost per unit;
θ: funding policy subsidy rate;
g0: fixed cost of the logistics recycling system;
g1: marginal cost of compressing the recycling time;
µ: proportion of recycler sharing the remanufacturer’s cost for increasing CRMs’ recovery
effort level to increase the life expectancy of CRMs;
ν: proportion of remanufacturer sharing the recycler’s cost for compressing recycling time;
ε: remanufacturer’s pricing decision variable on the CRMs based on the WEEE sale price;
γ: subsidy per unit given by the remanufacturer to recycler.

The decision variables are defined as follows:

w: WEEE sale price;
p: CRMs’ price;
e: CRMs’ recovery effort level;
t: recycling time.

3.3. Model Assumptions

#1: There are two main subjects—the recycler and remanufacturer. The recycler is
responsible for recycling and transporting WEEE to the remanufacturer without WEEE treat-
ment, and the remanufacturer is responsible for WEEE processing and CRMs restoration,
and then for selling them to the WEEE product market. The recycler and remanufacturer
are all bounded rationally.

#2: The potential market demand α and the remanufacturer’s recycling technology
investment cost factor k are sufficiently large.

#3: The initial life expectancy of CRMs is 1%, and the life expectancy of CRMs is
increased by increasing the investment in the CRMs’ recovery effort level. The CRMs’
recovery effort level of the remanufacturer determines the CRMs’ life expectancy.

#4: To incentivize formal recycling, the subsidy policy positively impacts the formal
WEEE recycling channel, and the subsidy is variable, with an initial value of θ. Therefore,
the unit WEEE processing subsidy is θ(1 + e) ; that is, the unit WEEE processing subsidy
will change with the CRMs’ recovery effort level e.
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3.4. Model Construction

Due to the rapid updating of production technology and the fact that CRMs are always
in short supply, remanufacturers need to purchase CRMs as soon as possible to maintain
the continuity of their production links. This means that the recovery time of CRMs will
affect the profits of CRMs consumers. Therefore, the recovery time of WEEE will affect
the demand for CRMs. On the other hand, remanufacturers have requirements regarding
the quality of CRMs. Low-quality CRMs cannot meet the remanufacturers’ production
standards. They can improve the quality of CRMs by improving the recycling efforts of
recyclers. Remanufacturers can evaluate the recycling quality and demand quantity of
CRMs by referring to the recycling efforts of recyclers. Therefore, the CRMs’ recovery effort
level will affect the CRMs demand of remanufacturers. Thus, recycling time and CRMs’
recovery effort level will influence CRMs’ demand, which are represented as λt and ϕe in
the demand function, where λ is recycling time sensitivity, t is recycling time, ϕ is CRMs’
life expectancy sensitivity and e is CRMs’ recovery effort level. Remanufacturers are also
sensitive to the price of CRMs, and the impact of CRMs’ price on demand is βp, where β is
price sensitivity. Therefore, the consumer demand Dn in the base model is α − βp − λt + ϕe,
where α is the potential market demand.

Dn = α − βp − λt + ϕe (1)

Due to consumers’ requirements for recycling time, recyclers can shorten the recycling
time by investing in a recycling system. The recycler’s investment cost is assumed to be
(g0 − g1t)2, which is common in all recent papers [36–39], where g0 is the fixed cost of the
recycler’s WEEE recycling system, and g1 is the marginal cost of compressing the recycling
time of the recycler. The marginal cost of compressing one unit of recycling time increases
as the recycling time decreases, and g0 − g1t > 0. Therefore, the total profit of the recycler
is consisting with the WEEE sales profit and the investment cost of the recycling system.

πRn = (w − c0)Dn − (g0 − g1t)2 (2)

where the first term is the total WEEE sales profit derived from the recycler selling WEEE to
the remanufacturer, which consists of the WEEE sales revenue minus the cost of acquiring
WEEE; and the second term is the recycling investment cost.

For remanufacturers, the remanufacturers purchase WEEE from the recycler at the
WEEE sale price w; the remanufacturer processes the WEEE and obtain CRMs from WEEE
with processing cost per unit c1, and sell CRMs at CRMs’ price p; remanufacturers can
obtain profit from WEEE processing, which is equal to [p − w − c1]Dn. Simultaneously, the
government will give remanufacturers a unit subsidy that refers to the remanufacturer’s
CRMs’ recovery effort level, and the unit subsidy is θ(1 + e), where θ is the initial funding
policy subsidy. Therefore, remanufacturers will invest in improving the CRMs’ recovery
effort level, and the expenditure is 1

2 ke2, where k is the remanufacturer’s recycling technol-
ogy investment cost factor. In all, the profit gained by the remanufacturer is consistent with
the profit derived from selling CRMs and the investment in the CRMs’ recovery effort. The
remanufacturer’s profit is:

πRMn = [p − w − c1 + θ(1 + e)]Dn −
1
2

ke2 (3)

4. Results
4.1. Equilibrium Points

The Stackelberg model is solved by reverse induction, and the optimal decision,
demand, and profit of the two subjects are listed in Table 1 (Appendix A).
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Table 1. Equilibrium in the Stackelberg game model.

pn

kβλ2(−θ+c0+c1)+2λ(3kβ−(βθ+ϕ)(2βθ+ϕ))g0g1

kβλ2+4β(−2kβ+(βθ+ϕ)2)g2
1

+
2(kβ(−3α+βθ)+(βθ+ϕ)(−βθϕ+α(2βθ+ϕ))−β(kβ−ϕ(βθ+ϕ))(c0+c1))g2

1

kβλ2+4β(−2kβ+(βθ+ϕ)2)g2
1

wn
−2(2kβ−(βθ+ϕ)2)g1(−λg0+(α+βθ−βc1)g1)+βc0(kλ2+2(−2kβ+(βθ+ϕ)2)g2

1)
β(kλ2+4(−2kβ+(βθ+ϕ)2)g2

1)

en
2(βθ+ϕ)g1(λg0+(−α−βθ+β(c0+c1))g1)

kλ2+4(−2kβ+(βθ+ϕ)2)g2
1

tn
kλ(α+βθ−β(c0+c1))+4(−2kβ+(βθ+ϕ)2)g0g1

kλ2+4(−2kβ+(βθ+ϕ)2)g2
1

Dn
2kβg1(−λg0+(α+βθ−β(c0+c1))g1)

−kλ2+(8kβ−4(βθ+ϕ)2)g2
1

πRmn
2k(2kβ−(βθ+ϕ)2)g2

1(λg0−(α+βθ−β(c0+c1))g1)
2

(kλ2+4(−2kβ+(βθ+ϕ)2)g2
1)

2

πRn
k(λg0+(−α−βθ+β(c0+c1))g1)

2

−kλ2+4(2kβ−(βθ+ϕ)2)g2
1

4.2. The Impact of λ Changes on the Optimal Decision

Proposition 1: ∂tn
∂λ < 0. If 0 < λ ≤ λ1, ∂en

∂λ ≤ 0. If λ1 < λ ≤ λ2, ∂en
∂λ > 0. If λ ≥ λ2, ∂en

∂λ ≤ 0.

Where λ1 and λ2 are as follows:

λ1 =
k(βθ+ϕ)(α+βθ−β(c0+c1))g1−

√
k(βθ+ϕ)2(k(α+βθ−β(c0+c1))

2+4(−2kβ+(βθ+ϕ)2)g2
0)g2

1
k(βθ+ϕ)g0

λ2 =
k(βθ+ϕ)(α+βθ−β(c0+c1))g1+

√
k(βθ+ϕ)2(k(α+βθ−β(c0+c1))

2+4(−2kβ+(βθ+ϕ)2)g2
0)g2

1
k(βθ+ϕ)g0

When manufacturers are not time-sensitive (0 < λ ≤ λ1), the recycler will have more
time to collect WEEE products without worrying about the impact on manufacturers. The
recycler can have a better time effect with less cost. The indirect impact of delivery time
sensitivity is that the optimal CRMs’ recovery effort level will decrease. Simultaneously, the
remanufacturer will derive an indirect benefit from the recycler, whereby they can invest
more to shorten the recycling time. When the demand for CRMs from the manufacturers
increases due to the recycler shortening the recycling time, the number of CRMs sold by
the remanufacturer increases. In other words, there is a “free-riding” behavior, whereby
the remanufacturer free-rides on the recycler’s investment. Therefore, the remanufacturer
will save costs by reducing technology investment. As investment decreases, the CRMs’
recovery effort level decreases (Appendix B).

When the manufacturers’ delivery time sensitivity reaches a certain level (λ1 < λ ≤ λ2),
the effect of shortening the recycling time gradually decreases, and the marginal cost of
shortening the recycling time increases. The recycler will reduce the recycling time further
by reducing profits. To maintain the demand of manufacturers, the remanufacturer will
increase technological investment to increase CRMs’ recovery effort level, and thus increase
the life expectancy of CRMs. The remanufacturer is willing to increase investment in the
WEEE recovery technology, but this will generate more customer demand. When the
manufacturers’ delivery time sensitivity reaches λ2, the cooperation between recycler and
remanufacturer reaches the optimal level. Considering the marginal profit obtained from
increasing demand, which is generated from the increased investment in compressing the
recycling time and increasing the CRMs’ recovery effort level to increase the life expectancy
of CRMs, the marginal cost of each entity’s investment is acceptable. When the sensitivity
is large enough (λ ≥ λ2), the investment cost required for each additional unit of demand
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is much higher than the benefit. Therefore, the remanufacturer will reduce the technology
input, and the CRMs’ recovery effort level will be reduced.

4.3. The Impact of θ Changes on the Optimal Decision

Proposition 2: ∂en
∂θ ≤ 0, ∂tn

∂θ < 0.

When manufacturers show higher sensitivity to the life expectancy of CRMs, the
remanufacturer will invest more money to increase life expectancy, and then the gov-
ernment can provide more financial subsidies to the remanufacturer. However, funding
subsidies will not continue to grow because excessive funding subsidies will increase
the government’s financial pressure; in other words, the government will consider the
marginal benefit derived from the subsidy spent when the marginal benefit is equal to 0
or it is negative, and the subsidy will no longer increase. If manufacturers become more
sensitive to the life expectancy of CRMs, that is, the value of the parameter ϕ increases, the
demand for WEEE recycling products will increase. That is, the remanufacturer is willing
to improve their CRMs’ recovery technology. If the government wants to promote WEEE
recycling to reduce environmental pollution and promote sustainable development, it will
increase financial subsidies. Our research can offer policy adjustment suggestions useful
for promoting sustainable development and resource reuse, as well as reference conditions
for establishing closed-loop WEEE recycling channels and resource sharing among entities
(Appendix C).

As the subsidy increases, the recycling time will be shortened, so the subsidy indi-
rectly affects the optimal recycling time. First, to expand the sales market and obtain more
subsidies, the remanufacturer will increase processing technology expenditures. As the
remanufacturer increases their investment in recovery technology, the CRMs’ recovery
effort level also increases, as does the demand for the recycler. To meet market demand,
the remanufacturer will require the recycler to shorten the recycling time. Second, when
the expenditure reaches equilibrium, the marginal cost of further improving the recovery
technology will be higher. The remanufacturer will require the recycler to increase invest-
ment in logistics recovery systems to maintain demand. In this case, the recycling time t
will be shortened.

4.4. The Impact of ϕ Changes on the Optimal Decision

Proposition 3: ∂tn
∂ϕ < 0, ∂en

∂ϕ < 0.

Proposition 3 shows that the manufacturers’ sensitivity to the life expectancy of CRMs
directly affects the recycling time. The CRMs’ life expectancy sensitivity is higher, and the
recycling time is shorter. Because the remanufacturer will increase CRMs’ recovery effort
level to increase the life expectancy of CRMs to meet the requirements of manufacturers,
part of the CRMs’ life expectancy growth costs will be passed on to manufacturers and the
recycler in the form of higher CRMs unit prices or lower WEEE recycling prices. To make up
for the loss of demand caused by the increase in the unit price of CRMs and the loss of profit
caused by the decrease in the sales price of WEEE, the recycler will compress the recycling
time to shorten the delivery time, thereby increasing the sales of WEEE ( Appendix D).

4.5. Cost-Sharing Contract Model under v Changes

From the above analysis, we obtain a cross effect between the parameters of two
game subjects. Owing to the dual sensitivity of demand, both parties are motivated to
engage in bidirectional free-riding. Specifically, when the recycler shortens the recycling
time to decrease delivery time by increasing investment, the demand from manufacturers
will increase, and the remanufacturer can profit by increasing demand without increasing
investment. Similarly, when the remanufacturer increases the investment in the CRM’s
recovery effort level to increase the life expectancy of CRMs, the demand will increase, and
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the recycler can also profit without more investment. To explore the stable relationship
between the two subjects and optimal cooperative decision-making, we constructed a
cost-sharing contract model, which will be explained in the next section.

Owing to the dual sensitivity of demand, increasing investment in technology by
either the recycler or the remanufacturer will simultaneously increase their profits. In fact,
this is bidirectional free-riding, and either subject is willing to free-ride to increase their
own market demand and save costs. To solve this problem, and to explore how to build a
solid relationship between recycler and remanufacturer and further build WEEE recycling
channels, a cost-sharing contract model is constructed.

In this cost-sharing contract model, it is assumed that µ(0 < µ < 1) is the proportion
of recyclers sharing the remanufacturer’s cost for increasing the CRM’s recovery effort
level to increase the life expectancy of CRMs, and v(0 < v < 1) is the proportion of re-
manufacturers sharing the recycler’s cost for compressing the recycling time to shorten
the delivery time. Moreover, it is assumed that the proportion of recyclers sharing the
remanufacturer’s cost for increasing the life expectancy of CRMs is not 1, because when the
parameter µ is 1, recyclers will choose to recycle and process WEEE without cooperating
with the remanufacturer, and then sell the CRMs to manufacturers, which will increase
their profits. In contrast, when the proportion of remanufacturers sharing the recycler’s
cost for compressing recycling time ν is 1, i.e., the remanufacturer shares all the investment,
the recycling time is shortened, and there is no investment required for the recycler. Thus,
the remanufacturer will choose to recycle WEEE separately, without the process by which
the recycler recycles WEEE and sells it to the remanufacturer. When either µ or ν equal 0,
the cost-sharing model is transformed into a one-way cost-sharing model. When all the
cost-sharing is 0, the recycler and remanufacturer each bear its own cost; this situation has
been analyzed in Section 4.

After adding a bidirectional cost-sharing contract to the initial profit function, the
recycler’s profit model is:

πRc = (w − c0)Dc − (1 − ν)(g0 − g1t)2 − µ
1
2

ke2 (4)

The profit model of the remanufacturer after joining the bidirectional cost-sharing
contract is:

πRMc = (p − w − c1 + θ(1 + e))Dc − (1 − µ)
1
2

ke2 − ν(g0 − g1t)2 (5)

Using the reverse induction method to solve the Stackelberg game model, the optimal
decision, demand, and profit of both subjects are obtained. Table 2 displays the results
(Appendix E).

Table 2. Optimal results of two subjects under the cost-sharing contract model.

pc

(−kβλ2(−1+µ)2(θ−c0−c1)−2λ(−1+ν)(3kβ(−1+µ)2+(βθ+ϕ)(βθ(−2+3µ)+(−1+2µ)ϕ))g0g1)
(kβλ2(−1+µ)2+2β(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2

1)

+
(2(−1+ν)(kβ(3α−βθ)(−1+µ)2+(βθ+ϕ)(αβθ(−2+3µ)−(α+βθ(−1+µ)−2αµ)ϕ)+β(−1+µ)(kβ(−1+µ)+ϕ(βθ+ϕ))(c0+c1))g2

1)
(kβλ2(−1+µ)2+2β(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2

1)

ec
2(−1+µ)(−1+ν)(βθ+ϕ)g1(λg0+(−α−βθ+β(c0+c1))g1)

kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2
1

wc
2(−1+ν)(2kβ(−1+µ)2+(−1+2µ)(βθ+ϕ)2)g1(−λg0+(α+βθ−βc1)g1)+β(−1+µ)c0(kλ2(−1+µ)+2(−1+ν)(2kβ(−1+µ)+(βθ+ϕ)2)g2

1)
β(kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2

1)

tc
kλ(−1+µ)2(α+βθ−β(c0+c1))+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g0g1

kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2
1

Dc − 2kβ(−1+µ)2(−1+ν)g1(λg0+(−α−βθ+β(c0+c1))g1)

kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2
1
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Table 2. Cont.

πRc
k(−1+µ)2(−1+ν)(λg0+(−α−βθ+β(c0+c1))g1)

2

kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2
1

πRMc − k(−1+µ)3(λg0+(−α−βθ+β(c0+c1))g1)
2(kλ2(−1+µ)ν−2(−1+ν)2(2kβ(−1+µ)+(βθ+ϕ)2)g2

1)

(kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2
1)

2

5. Model Simulations

To determine the relationship between variables and verify the models, a simulation
comparing the decisions of WEEE recycling stakeholders under the game model without a
cost-sharing contract and under a cost-sharing contract is analyzed. The following basic
parameters are set, with reference to [13] and [3] and taking into account the actual CRMs’
recovery effort level, recycling time, and profit of the recycler and remanufacturer.

The values of the parameters/variables are: α = 120 unit/month, β = $0.5/unit,
g0 = $50, g1 = $5/day, c0 = $40/unit, c1 = $30/unit, k = $320, λ = $3 unit/day,
ϕ = 1 unit, and θ = $5.

5.1. Game Model without a Cost-Sharing Contract

The research results in Figures 2 and 3 show that CRMs’ life expectancy sensitivity
and policy subsidies significantly impact CRMs’ recovery effort level, and the impact is
positive. From Figure 2, we can see that as manufacturers increase their sensitivity to CRMs’
life expectancy, CRMs’ recovery effort level increases. The indirect effect is that an increase
in the delivery time sensitivity of manufacturers reduces the life expectancy of CRMs.
Figure 3 illustrates that when the remanufacturer receives more funding subsidies, the life
expectancy of CRMs is longer. In addition, when the CRMs’ life expectancy sensitivity is
higher, the CRMs’ recovery effort level is simultaneously higher.
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Figures 4 and 5 illustrate the impact of delivery time sensitivity on the CRMs’ recovery
effort level and recycling time under different values of the parameter ϕ by increasing time
sensitivity. Figure 4 also shows the indirect effect of the CRMs’ life expectancy sensitivity ϕ
on the recycling time. As manufacturers become delivery time-sensitive, i.e., the parameter
λ increases, the recycling time decreases. The CRMs’ life expectancy sensitivity indirectly
affects the recycling time: when manufacturers are time-insensitive, i.e., the parameter λ
is close to 0, the indirect effect of ϕ on delivery time is similar. As manufacturers exhibit
more delivery time sensitivity, the indirect effect of CRMs’ life expectancy sensitivity ϕ
on delivery time is different, and the effects of different values of CRMs’ life expectancy
sensitivity on the recycling time are obvious. With the same value of time sensitivity,
the recycling time becomes shorter as the value of the CRMs’ life expectancy sensitivity
becomes larger. In addition, Figure 5 shows that the CRMs’ recovery effort level first
decreases then increases.
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The results in Figures 6 and 7 show that government funding subsidies increase,
recycling time decreases, and the delivery time decreases as recycling time is shortened. As
the CRMs’ life expectancy sensitivity and delivery time sensitivity increase, the recycling
time becomes shorter for the same subsidy. Figures 8 and 9 show that as the CRMs’ life
expectancy sensitivity increases, the recycling time decreases. As the parameter ϕ increases,
the recycling time decreases, i.e., the delivery time also decreases. Similarly, as the subsidy
and delivery time sensitivity increase, the recycling time becomes shorter for the same
value of the CRMs’ life expectancy sensitivity.
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5.2. Cost-Sharing Contract Model

Here, we use the same parameter settings as the initial model to simulate the cost-
sharing contract model and compare the changes in sharing coefficients to the change
trends of benefits of all subjects with and without cost-sharing. To ascertain the trend, we
selected different intervals of the parameters µ and ν in each figure. The graphics of the
three-dimensional decision variables were plotted using Mathematical 12.0 software.

Figure 10 shows that with the increase in cost-sharing, the CRMs’ recovery effort
level gradually increases. Via the equilibrium solutions obtained by backward induction
(Table 2), we obtained the following result: when the remanufacturer shares more of the
cost with the recycler, i.e., parameter ν increases, the CRMs’ recovery effort level e increases,
but the increasing trend of parameter e is not obvious. Moreover, more cost-sharing of the
CRMs’ recovery effort level will increase the life expectancy of CRMs.
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Figure 11 shows the recycling time with and without a cost-sharing contract. Recycling
time affects delivery time, and they are positively correlated, so delivery time will be
reduced by changing the cost-sharing coefficient to shorten the recycling time. By observing
the relationship between the cost-sharing coefficient and recycling time, we can offer the
following reasoning: when the proportion of the remanufacturers sharing the recycler’s
cost for compressing the recycling time ν is low, the proportion of recyclers sharing the
remanufacturer’s cost for increasing the CRMs’ recovery effort level to increase the life
expectancy of CRMs µ is higher, the increase in the proportion of recyclers sharing the
remanufacturer’s cost µ and the decrease in the proportion of the remanufacturers sharing
the recycler’s cost ν will reduce recycling time. When the proportion of remanufacturers
sharing the recycler’s cost for compressing recycling time is higher, the proportion of
recyclers sharing the remanufacturer’s cost for increasing the life expectancy of CRMs is
lower, and the optimal decision of the two subjects is to bear their own costs.
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Figure 12 shows that as the proportion of remanufacturers sharing the recycler’s cost
increases, the CRMs demand simultaneously increases. The recyclers share the remanu-
facturer’s cost of improving the CRMs’ life expectancy. The demand first increases, then
decreases. The higher the cost-sharing rate, the greater the cross-impact of parameters µ
and ν. Thus, the optimal decision for the two subjects is to cooperate.

Sustainability 2022, 14, 9054 13 of 32 
 

 
Figure 11. Comparison of t  under different models. 

Figure 12 shows that as the proportion of remanufacturers sharing the recycler’s cost 
increases, the CRMs demand simultaneously increases. The recyclers share the remanu-
facturer’s cost of improving the CRMs’ life expectancy. The demand first increases, then 
decreases. The higher the cost-sharing rate, the greater the cross-impact of parameters μ  
and ν . Thus, the optimal decision for the two subjects is to cooperate. 

 
Figure 12. Comparison of D  under different models. 

Figure 13 depicts how the parameters μ  and ν  impact the trend of recycler’s ben-
efits. The second-order partial derivative of the recycler’s profit relative to the parameter 

μ  is negative; that is, 
2

2 0Rcπ
μ

∂
<

∂
. This means that when 0ν = , the recycler’s profit func-

tion is concave. This is because when recyclers share the remanufacturer’s investment in 
improving CRMs’ life expectancy to increase the degree of the remanufacturer’s CRMs’ 
recovery effort level, the recycler can have more funds to improve WEEE recycling tech-
nology, thereby increasing the recycling value and efficiency of CRMs. With further in-
creases in the parameter μ , the benefits generated by the cost-sharing of the life expec-
tancy of CRMs decrease, reducing the profits of recyclers. Given bidirectional cost-shar-
ing, when ν  is in the range (0–1), the recycler’s profit under cost-sharing is higher than 
the separate costs, so it is profitable for the recycler to share the remanufacturer’s cost, and 
the profit increases with the increase in parameter ν . The increase in parameter ν  
means that the recycler will share more WEEE transportation costs. Through the profit 
analysis of the recycler, we have concluded that the best decision of the recycler is to co-
operate with the remanufacturer. 

  

Figure 12. Comparison of D under different models.

Figure 13 depicts how the parameters µ and ν impact the trend of recycler’s benefits.
The second-order partial derivative of the recycler’s profit relative to the parameter µ is

negative; that is, ∂2πRc
∂µ2 < 0. This means that when ν = 0, the recycler’s profit function is

concave. This is because when recyclers share the remanufacturer’s investment in improv-
ing CRMs’ life expectancy to increase the degree of the remanufacturer’s CRMs’ recovery
effort level, the recycler can have more funds to improve WEEE recycling technology,
thereby increasing the recycling value and efficiency of CRMs. With further increases in
the parameter µ, the benefits generated by the cost-sharing of the life expectancy of CRMs
decrease, reducing the profits of recyclers. Given bidirectional cost-sharing, when ν is in
the range (0–1), the recycler’s profit under cost-sharing is higher than the separate costs, so
it is profitable for the recycler to share the remanufacturer’s cost, and the profit increases
with the increase in parameter ν. The increase in parameter ν means that the recycler will
share more WEEE transportation costs. Through the profit analysis of the recycler, we have
concluded that the best decision of the recycler is to cooperate with the remanufacturer.
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From the profit comparison of the remanufacturer (Figure 14), we see that when the
cost-sharing coefficient is close to zero, the profit of the remanufacturers under cost-sharing
is greater than the costs of both subjects. This means that if the cost sharing rate is high,
unless the remanufacturer gives up certain benefits to establish a stable supply–demand
relationship, the remanufacturer usually will not cooperate with the recycler. If the cost-
sharing factor is close to 1, the profit of the remanufacturer will decrease sharply, and the
remanufacturer will choose to establish their own WEEE recycling channel.
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In summary, the simulation model and parameter assignment of our study are ap-
propriate. We analyzed the current situation of WEEE recycling and CRMs recovery and
provide suggestions about policy subsidies and achieving cooperation between the recycler
and remanufacturer. By further combining the profit analysis of the recycler and remanufac-
turer, we have found that the optimal decision value of the parameters µ and ν is between
(0, 0.2). This result also explains the status of WEEE recycling in related regions where
recycling and reusing WEEE occur, and reveals the urgency of improving the situation,
such as in China. The informal recycler collects WEEE and sells it to the formal remanufac-
turer, and the formal remanufacturer undertakes a certain percentage of the recycling costs
of the recycler. The ratio is determined by the recycler and the remanufacturer through
negotiation. The remanufacturer will not share too much of the transportation costs because
they have many partners, or they can establish WEEE recycling systems separately.

Figure 15 shows that comparing different values of ϕ ϕ = 1, 3, 5, 7, the profit with
cost-sharing is higher than the profit without. In addition, the threshold of parameters µ
and ν can also be observed (a). When parameters µ and ν do not exceed the threshold, the
benefits of cost-sharing outweigh the benefits without cost-sharing (b–d).
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By observing Figure 16, the same conclusions can be drawn. If the remanufacturer
does not share the recycler’s cost for compressing recycling time (ν = 0) or the recycler
does not share remanufacturer’s cost for increasing the CRMs’ recovery effort level to
increase the CRMs’ life expectancy(a). When the WEEE product market is more sensitive to
the CRMs’ life expectancy, delivery time, and WEEE subsidy, the threshold of parameters
µ and ν varies (b–d). However, there is still a suitable range of cost-sharing coefficients
to enable one subject to achieve Pareto improvement, whereby both subjects are better
off. The verification results indicate that cost-sharing can effectively help two subjects
achieve Pareto optimality. As shown in Figures 15 and 16, if the remanufacturer does not
share the recycler’s cost for compressing recycling time (ν = 0), when the WEEE product
market shows more sensitivities to CRMs’ life expectancy, there the cost-sharing coefficient
fluctuates to make the benefits of the two subjects under cost-sharing greater than those
without cost-sharing. Similarly, if the recycler does not share the remanufacturer’s cost
for increasing the CRMs’ recovery effort level (µ = 0), when the CRMs’ life expectancy
sensitivity increases, the two subjects more easily achieve Pareto optimality because the
threshold of the cost-sharing coefficient v increases.
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6. Discussion
6.1. Model Extensions

To explore an actual situation of WEEE recycling and the robustness of our cost-sharing
model, we took China’s WEEE recycling market as the research object, given its higher
percentage of informal recycling, and in China the formal processor and informal recycler
have established cooperation such that the remanufacturer as the formal processor gives a
subsidy to the recycler to save transport cost, and the informal recycler transports WEEE
to the remanufacturer, increasing profit. Based on the results of our research, the recycler
and remanufacturer can establish cooperation via a cost-sharing contract, with which
an informal recycler can utilize the WEEE recycling channel to increase the quantity of
WEEE recycling and transport WEEE to the remanufacturer, who manufactures the CRMs
products. This can reduce the time required for WEEE recycling and increase the demand
from manufacturers, who are time-sensitive, which in turn will increase the profit of the
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recycler and remanufacturer, thereby increasing the possibility of constructing a formal
WEEE recycling system. At the same time, the formal remanufacturer provides subsidies
to informal recycling sectors to stabilize their cooperative relations. The remanufacturer
chooses partners and determines the recycling price of WEEE products and CRMs according
to their own needs. The remanufacturer will give subsidies to a recycler who chooses
to cooperate.

To increase the model’s accuracy, we assumed that the subsidy that the remanufacturer
grants to the recycler varies with manufacturer’s demand, rather than remaining fixed.
In addition, the WEEE sales prices offered to the recycler will be affected by market
fluctuations in CRMs, so the investment in WEEE recycling channels, such as transportation
by the recycler, remains unchanged. The remanufacturer will decide the price of CRMs
by considering the previous manufacturer’s demand before the remanufacturer process
and the sale of CRMs, based on the WEEE sale price (which is decided by the recycler),
the remanufacturer’s price for the added value of their processing of WEEE, and the
remanufacturer’s expected benefit of selling CRMs to manufacturers. We assumed that the
remanufacturer’s price for the added value of their processing of WEEE, plus their expected

benefit, is
−
ε c; the CRMs price provided by the remanufacturer to the manufacturers is

(
−
wc +

−
ε c), and the unit subsidy given by the remanufacturer to the recycler is γ.

The demand function and the profit function of both subjects are:
−
Dc = α − β(

−
wc +

−
ε c)− λt + ϕe (6)

−
πRc = (

−
wc − c0 + γ)

−
Dc − (g0 − g1t)2 (7)

−
πRMc = (

−
ε c + θ(1 + e)− γ − c1)

−
Dc −

1
2

ke2 (8)

The Stackelberg game model was solved by the reverse induction method, and the
optimal solutions of the extended model were obtained. Table 3 displays the results
(Appendix F).

Table 3. Results of two subjects under model extensions.

−
wc

kλ2(−γ+c0)+kλg0g1−(k(α+β(−4γ+θ))+γ(βθ+ϕ)2+(3kβ−(βθ+ϕ)2)c0−kβc1)g2
1

kλ2+(−4kβ+(βθ+ϕ)2)g2
1

−
t c

kλ(α+βθ−β(c0+c1))g1+g0(kλ2+2(−4kβ+(βθ+ϕ)2)g2
1)

2kλ2g1+2(−4kβ+(βθ+ϕ)2)g3
1

−
ε c

kλ2(α+2βγ−βθ−βc0+βc1)g1+λg0(−kλ2−2β(−2k+θ(βθ+ϕ))g2
1)

2βg1(kλ2+(−4kβ+(βθ+ϕ)2)g2
1)

+
2β(−2k(α+2βγ−βθ)+(βθ+ϕ)(αθ+βγθ+γϕ−θϕ)−β(−2k+θ(βθ+ϕ))c0+(−2kβ+ϕ(βθ+ϕ))c1)g3

1

2βg1(kλ2+(−4kβ+(βθ+ϕ)2)g2
1)

−
e c

(βθ+ϕ)g1(λg0+(−α−βθ+β(c0+c1))g1)

kλ2+(−4kβ+(βθ+ϕ)2)g2
1

−
Dc

kβg1(λg0−(α+βθ−β(c0+c1))g1)

kλ2+(−4kβ+(βθ+ϕ)2)g2
1

−
πRc

(kλg0+k(−α−βθ+β(c0+c1))g1)
2(−λ2+4βg2

1)

4(kλ2+(−4kβ+(βθ+ϕ)2)g2
1)

2

−
πRMc

k(λg0+(−α−βθ+β(c0+c1))g1)
2

2(−kλ2+(4kβ−(βθ+ϕ)2)g2
1)

Proposition 4: ∂
−
e c

∂θ > 0, ∂
−
e c

∂ϕ > 0, ∂
−
t c

∂λ < 0, ∂
−
l c

∂θ < 0, ∂
−
l c

∂ϕ < 0.

If 0 < λ ≤ λ1, then ∂
−
e c

∂λ ≤ 0; if λ1 < λ ≤ λ2, then ∂
−
e c

∂λ > 0; if λ ≥ λ2, then ∂
−
e c

∂λ ≤ 0.
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λ1 =
k(βθ + ϕ)(α + βθ − β(c0 + c1))g1 −

√
k(βθ + ϕ)2

(
k(α + βθ − β(c0 + c1))

2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

0

)
g2

1

k(βθ + ϕ)g0

λ2 =
k(βθ + ϕ)(α + βθ − β(c0 + c1))g1 +

√
k(βθ + ϕ)2

(
k(α + βθ − β(c0 + c1))

2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

0

)
g2

1

k(βθ + ϕ)g0

Proposition 4 verifies that under the new power structure, when the remanufacturer is
the leader, the interaction between the recycler and the remanufacturer is qualitatively the
same as the interaction in the initial model. The delivery time sensitivity and the CRMs’
life expectancy sensitivity of manufacturers and policy subsidies have the same qualitative
impact on the decision variables of the recycler and remanufacturer. This indicates that the
model established in this study is robust.

6.2. Contributions

Because the CRMs are in short supply and essential for remanufacturers’ production,
remanufacturers need to receive CRMs early to keep their products from becoming obsolete,
which means recycling time will influence the recyclers and remanufacturers’ profit, while
WEEE recycling time is ignored. Moreover, subsidies given to the WEEE collector are
already considered [15,16,36], and the results of the research are that the subsidy can
incentivize WEEE collectors to be willing to take a formal approach via formal ways.
However, the value of the subsidy is always fixed, and the specific utility of the subsidy
in WEEE recycling cannot be obtained. Thus, the recycling time expectancy and the
CRMs’ life expectancy are considered and added in the game model in this paper, and a
variable subsidy and cost-sharing contract model between remanuffacturers and recyclers
are propose to avoid free-riding. According to the setting of parameters [15,16,36], the
trajectory trend of the CRMs’ life expectancy and the recovery time expectation under
variable subsidies and fixed subsidies are drawn out in Figures 17 and 18.

Sustainability 2022, 14, 9054 18 of 32 
 

the same as the interaction in the initial model. The delivery time sensitivity and the 
CRMs’ life expectancy sensitivity of manufacturers and policy subsidies have the same 
qualitative impact on the decision variables of the recycler and remanufacturer. This indi-
cates that the model established in this study is robust.  

6.2. Contributions 
Because the CRMs are in short supply and essential for remanufacturers’ production, 

remanufacturers need to receive CRMs early to keep their products from becoming obso-
lete, which means recycling time will influence the recyclers and remanufacturers’ profit, 
while WEEE recycling time is ignored. Moreover, subsidies given to the WEEE collector 
are already considered 219[15,16,36], and the results of the research are that the subsidy 
can incentivize WEEE collectors to be willing to take a formal approach via formal ways. 
However, the value of the subsidy is always fixed, and the specific utility of the subsidy 
in WEEE recycling cannot be obtained. Thus, the recycling time expectancy and the CRMs’ 
life expectancy are considered and added in the game model in this paper, and a variable 
subsidy and cost-sharing contract model between remanuffacturers and recyclers are pro-
pose to avoid free-riding. According to the setting of parameters  [15,16,36], the tra-
jectory trend of the CRMs’ life expectancy and the recovery time expectation under 
variable subsidies and fixed subsidies are drawn out in Figures 17 and 18.  

 
Figure 17. The influence of θ  on e  with a fixed subsidy ( )θ  and a variable subsidy (1 )eθ + . 

Figure 17 shows the trajectory trend of the CRMs’ life expectancy sensitivity under a 
variable subsidy and a fixed subsidy, where vsne  means the CRMs’ recovery effort level 
under variable subsidy and there is no cost-sharing construct between recyclers and re-
manufacturers, fsne  means the CRMs’ recovery effort level under fixed subsidy and no 
cost-sharing construct, vsce  means the CRMs’ recovery effort level under variable subsidy 
and cost-sharing construct, and fsce  means the CRMs’ recovery effort level under fixed 
subsidy and cost-sharing construct. It can be seen that the CRMs’ life expectancy gradu-
ally increases with time evolution in both modes, and finally tends to be stable. However, 
the CRMs’ life expectancy under variable subsidy mode is higher than that under fixed 
subsidy mode. This shows that supply chain members’ investment in WEEE recycling will 
increase the CRMs’ life expectancy, so the construction of a WEEE recycling network is a 
positive behavior. In a WEEE recycling network where the government provides a varia-
ble subsidy model, remanufacturers have higher CRMs’ life expectancies than fixed sub-
sidy models. This is because the government adopts a variable subsidy to share the recy-
cling cost of the remanufacturer, thereby increasing the recycling enthusiasm of the re-
manufacturer, and at the same time, it will encourage the remanufacturer to increase its 
recycling input, which will directly and positively affect the CRMs’ life expectancy. Thus, 
the cooperation of government and remanufacturers to actively participate in WEEE re-
cycling can maximize the CRMs’ life expectancy. However, under the fixed subsidy 
model, the core of the remanufacturer’s operation is the product market, which does not 
affect the CRMs’ life expectancy. Therefore, when the government provides a fixed 

Figure 17. The influence of θ on e with a fixed subsidy (θ) and a variable subsidy θ(1 + e).



Sustainability 2022, 14, 9054 18 of 29

Sustainability 2022, 14, 9054 19 of 32 
 

subsidy, the profit brought in by the remanufacturer’s fixed subsidy does not improve the 
CRMs’ life expectancy. The above shows that the cooperation between remanufacturers 
and government can improve their own profits and the CRMs’ life expectancy, and estab-
lish a good corporate image. Moreover, the cooperation between recyclers and the gov-
ernment can increase the supply to the WEEE recycling market and indirectly increase the 
CRMs’ life expectancy. 

 
Figure 18. The influence of θ  on t  under fixed subsidy ( )θ  and variable subsidy (1 )eθ + . 

As Figure 18 shown, variable subsidies can effectively shorten the recycling time, and 
the cost-sharing contract can decrease the recycler’s optimal recycling time, where vsnt  
means recycling time under variable subsidy and there is no cost-sharing construct be-
tween recyclers and remanufacturers, fsnt  means recycling time under fixed subsidy and 
no cost-sharing construct, vsct  means recycling time under variable subsidy and cost-
sharing construct, and fsct  means recycling time under fixed subsidy and cost-sharing 
construct. Under variable subsidy and cost-sharing conditions, the recycler and remanu-
facturer can obtain more profit because the demands of manufacturers are positively cor-
related with the CRMs’ life expectancy and negatively correlated with the recovery time. 
It can be seen that both fixed subsidy utility and variable subsidy utility decrease with the 
increase in recycling time, and eventually tend to be stable. This suggests that the exist-
ence of recycling time expectations has a negative impact on the WEEE recycling network, 
which can compromise the utility of governments and remanufacturers. It can also be seen 
from the above figure that the total utility of the government and remanufacturers under 
the cost-sharing model is higher than that of the government and remanufacturers under 
the fixed cost model, which fully demonstrates the feasibility of variable government sub-
sidies and cost-sharing.  

7. Conclusions 
This paper constructs a Stackelberg game model of the WEEE recycling network, in-

cluding recyclers, remanufacturers and the government, discusses the selection of WEEE 
recycling participation strategies of various stakeholders, and analyzes the decision-mak-
ing problems under conditions of recycling time sensitivity, the CRM’s life expectation 
sensitivity, and government regulation. Finally, some meaningful conclusions are drawn 
from numerical simulations. 

The decision-making of recyclers and remanufacturers is a long-term dynamic game 
process. The Stackelberg stability of the decision-making of both groups is affected by 
various uncertain factors, and it will gradually develop after repeated games. The govern-
ment punishment and subsidy mechanisms can effectively encourage recyclers and re-
manufacturers to carry out remanufacturing activities, as well as reducing the impact of 
recovery time sensitivity and CRM’s life sensitivity on WEEE recycling, and the incentive 
effect of the punishment mechanism is more significant than that of the subsidy mecha-
nism. First, when the recovery time sensitivity increases, it will further increase the 

Figure 18. The influence of θ on t under fixed subsidy (θ) and variable subsidy θ(1 + e).

Figure 17 shows the trajectory trend of the CRMs’ life expectancy sensitivity under
a variable subsidy and a fixed subsidy, where evsn means the CRMs’ recovery effort level
under variable subsidy and there is no cost-sharing construct between recyclers and re-
manufacturers, e f sn means the CRMs’ recovery effort level under fixed subsidy and no
cost-sharing construct, evsc means the CRMs’ recovery effort level under variable subsidy
and cost-sharing construct, and e f sc means the CRMs’ recovery effort level under fixed
subsidy and cost-sharing construct. It can be seen that the CRMs’ life expectancy gradually
increases with time evolution in both modes, and finally tends to be stable. However, the
CRMs’ life expectancy under variable subsidy mode is higher than that under fixed subsidy
mode. This shows that supply chain members’ investment in WEEE recycling will increase
the CRMs’ life expectancy, so the construction of a WEEE recycling network is a positive
behavior. In a WEEE recycling network where the government provides a variable subsidy
model, remanufacturers have higher CRMs’ life expectancies than fixed subsidy models.
This is because the government adopts a variable subsidy to share the recycling cost of
the remanufacturer, thereby increasing the recycling enthusiasm of the remanufacturer,
and at the same time, it will encourage the remanufacturer to increase its recycling input,
which will directly and positively affect the CRMs’ life expectancy. Thus, the cooperation
of government and remanufacturers to actively participate in WEEE recycling can maxi-
mize the CRMs’ life expectancy. However, under the fixed subsidy model, the core of the
remanufacturer’s operation is the product market, which does not affect the CRMs’ life
expectancy. Therefore, when the government provides a fixed subsidy, the profit brought
in by the remanufacturer’s fixed subsidy does not improve the CRMs’ life expectancy. The
above shows that the cooperation between remanufacturers and government can improve
their own profits and the CRMs’ life expectancy, and establish a good corporate image.
Moreover, the cooperation between recyclers and the government can increase the supply
to the WEEE recycling market and indirectly increase the CRMs’ life expectancy.

As Figure 18 shown, variable subsidies can effectively shorten the recycling time,
and the cost-sharing contract can decrease the recycler’s optimal recycling time, where
tvsn means recycling time under variable subsidy and there is no cost-sharing construct
between recyclers and remanufacturers, t f sn means recycling time under fixed subsidy and
no cost-sharing construct, tvsc means recycling time under variable subsidy and cost-sharing
construct, and t f sc means recycling time under fixed subsidy and cost-sharing construct.
Under variable subsidy and cost-sharing conditions, the recycler and remanufacturer can
obtain more profit because the demands of manufacturers are positively correlated with
the CRMs’ life expectancy and negatively correlated with the recovery time. It can be
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seen that both fixed subsidy utility and variable subsidy utility decrease with the increase
in recycling time, and eventually tend to be stable. This suggests that the existence of
recycling time expectations has a negative impact on the WEEE recycling network, which
can compromise the utility of governments and remanufacturers. It can also be seen from
the above figure that the total utility of the government and remanufacturers under the
cost-sharing model is higher than that of the government and remanufacturers under the
fixed cost model, which fully demonstrates the feasibility of variable government subsidies
and cost-sharing.

7. Conclusions

This paper constructs a Stackelberg game model of the WEEE recycling network,
including recyclers, remanufacturers and the government, discusses the selection of WEEE
recycling participation strategies of various stakeholders, and analyzes the decision-making
problems under conditions of recycling time sensitivity, the CRM’s life expectation sensi-
tivity, and government regulation. Finally, some meaningful conclusions are drawn from
numerical simulations.

The decision-making of recyclers and remanufacturers is a long-term dynamic game
process. The Stackelberg stability of the decision-making of both groups is affected by
various uncertain factors, and it will gradually develop after repeated games. The gov-
ernment punishment and subsidy mechanisms can effectively encourage recyclers and
remanufacturers to carry out remanufacturing activities, as well as reducing the impact
of recovery time sensitivity and CRM’s life sensitivity on WEEE recycling, and the in-
centive effect of the punishment mechanism is more significant than that of the subsidy
mechanism. First, when the recovery time sensitivity increases, it will further increase
the difficulty of remanufacture if the government sets too a high treatment fund. At this
time, the government should increase the intensity of financial incentives, stabilize the
impact of recovery time sensitivity on WEEE recycling by adjusting subsidies to recyclers,
and encourage remanufacturers and recyclers to actively participate in WEEE recycling.
When the recovery time sensitivity is reduced, the uncertainty of the recovery market is
reduced, and recyclers can stabilize WEEE the recovery strategy by improving the recovery
effort level. Second, when the CRM’s life expectancy sensitivity is high, it is difficult for
remanufacturers to benefit from WEEE recycling. In this circumstance, the government
should adopt positive environmental regulation policies and increase incentives to regulate
remanufacture activities. With the gradual development of WEEE recycling, the govern-
ment should adjust policies and improve the acceptance of remanufactured products. At
this time, appropriate government regulations and punishments will further reduce the
CRMs life expectancy sensitivity. In addition, compared with the impact of government
regulation, the cost-sharing contract is more conducive to improving the overall benefits
of WEEE recycling. The coordination of stakeholders is conducive to reducing free-riding
and promoting the implementation of government policies, further improving the level
of product remanufacturing and WEEE recycling profits. Thus, the cost-sharing contract
model constructed in this paper is robust.

The government can promote the CRMs’ recovery effort level of the remanufacturer
and reduce WEEE recycling using the variable subsidy we have designed, which means
WEEE can be recycled and processed by qualified ways, and the government can save
money spent on resource recovery and reduce the environmental pollution generated by
remanufacturer’s WEEE processing. The reducing of recycling time means the idle WEEE
can be quickly and effectively processed.

Based on the research contents and the main conclusions above, some suggestions
to help governments enhance their managerial insights have been put forward. First, an
internal R&D cooperation mechanism among stakeholders should be constructed in the
WEEE recycling network. Second, the government should actively supervise the behavior
of recyclers and improve the enthusiasm of remanufacturers to provide remanufactured
products by reducing time sensitivity. Third, the government should set a reasonable
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subsidy level to improve the CRM’s life expectancy, which can effectively encourage
recyclers to improve their recycling efforts, promote the development of remanufacturing
and enhance social welfare. Last, in the product design stage, the recyclable performance
of products should be fully considered to maximize the CRM’s life expectancy, which is not
only conducive to the recycling of WEEE, but also reduces the cost and technical inputs
in the remanufacturing process. This conclusion has important theoretical and practical
significance for the improvement of WEEE remanufacturing benefits.

However, this study discusses subsidies primarily for WEEE stakeholders, such as recy-
clers or remanufacturers. How the subsidies impact other stakeholders (such as consumers)
of the WEEE recycling network should be addressed in future research. In addition, the dy-
namic design of a government variable subsidy mechanism also needs further discussion.
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Appendix A

Proof of Table 1: To find the partial derivative of Equation (3), we have

∂πRMn
∂pn

= α − β(2pn − wn + θ + enθ)− tnλ + en ϕ + βc1, ∂2πRMn
∂p2

n
= −2β, ∂2πRMn

∂pn∂en
= −βθ + ϕ

∂πRMn
∂en

= −enk + αθ − pnβθ − tnθλ + (pn − wn + θ + 2enθ)ϕ − ϕc1, ∂2πRMn
∂e2

n
= −k + 2θϕ, ∂2πRMn

∂en∂pn
= −βθ + ϕ.

Then the Hessian matrix of the re-manufacturer is

Hn
RM =

(
−2β −βθ + ϕ

−βθ + ϕ −k + 2θϕ

)
.

Obviously, the profit function of the re-manufacturer is concave because 2kβ − (βθ + ϕ)2

> 0 , in which the remanufacturer’s recycling technology investment cost factor k is
relatively large compared to the other parameters. Let ∂πn

∂pn
= 0 and ∂πn

∂en
= 0.

Then we obtained

pn = k(α+wn β−βθ−tnλ)+(βθ+ϕ)(−wn ϕ+θ(−α+tnλ+ϕ))+(kβ−ϕ(βθ+ϕ))c1

2kβ−(βθ+ϕ)2 and

en = (βθ+ϕ)(α−wn β+βθ−tnλ−βc1)

2kβ−(βθ+ϕ)2 .

We brought the parameters pn and en into Equation (2), and gained the profit function
of the recycler, which is πRn = kβ(wn−c0)(α−wn β+βθ−tnλ−βc1)

2kβ−(βθ+ϕ)2 − (g0 − g1tn)
2.

Similarly, it can be found that

∂πRn
∂wn

= kβ(α−2wn β+βθ−tnλ+βc0−βc1)

2kβ−(βθ+ϕ)2 , ∂2πRn
∂w2

n
= − 2kβ2

2kβ−(βθ+ϕ)2 , ∂2πRn
∂wn∂tn

= − kβλ

2kβ−(βθ+ϕ)2 ,

∂πRn
∂tn

= kβλ(−wn+c0)

2kβ−(βθ+ϕ)2 + 2g1(g0 − tng1),
∂2πRn

∂t2
n

= −2g2
1, ∂2πRn

∂tn∂wn
= − kβλ

2kβ−(βθ+ϕ)2 .

www.letpub.com
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The Hessian matrix of the recycler is

Hn
R =

− 2kβ2

2kβ−(βθ+ϕ)2 − kβλ

2kβ−(βθ+ϕ)2

− kβλ

2kβ−(βθ+ϕ)2 −2g2
1

.

The profit function of the recycler is negative if 4kβ2g2
1(2kβ−(βθ+ϕ)2)−(kβλ)2

(2kβ−(βθ+ϕ)2)
2 > 0. As

we suppose that the value of the remanufacturer’s recycling technology investment cost
factor k is bigger than other parameters, we focused on the order of parameter k, and we
determined that the inequality is true. Further, let ∂πRn

∂wn
= 0 and ∂πRn

∂tn
= 0; we have the

optimal solution of the recycler’s profit function, as follows:

wn =
−2(2kβ−(βθ+ϕ)2)g1(−λg0+(α+βθ−βc1)g1)+βc0(kλ2+2(−2kβ+(βθ+ϕ)2)g2

1)
β(kλ2+4(−2kβ+(βθ+ϕ)2)g2

1)

tn =
kλ(α+βθ−β(c0+c1))+4(−2kβ+(βθ+ϕ)2)g0g1

kλ2+4(−2kβ+(βθ+ϕ)2)g2
1

.

Then we substitute wn and tn into the parametric formula

pn =
k(α + wnβ − βθ − tnλ) + (βθ + ϕ)(−wn ϕ + θ(−α + tnλ + ϕ)) + (kβ − ϕ(βθ + ϕ))c1

2kβ − (βθ + ϕ)2 , en =
(βθ + ϕ)(α − wnβ + βθ − tnλ − βc1)

2kβ − (βθ + ϕ)2

and we obtain the optimal decisions of the remanufacturer:

pn = kβλ2(−θ+c0+c1)+2λ(3kβ−(βθ+ϕ)(2βθ+ϕ))g0g1

kβλ2+4β(−2kβ+(βθ+ϕ)2)g2
1

+
2(kβ(−3α+βθ)+(βθ+ϕ)(−βθϕ+α(2βθ+ϕ))−β(kβ−ϕ(βθ+ϕ))(c0+c1))g2

1
kβλ2+4β(−2kβ+(βθ+ϕ)2)g2

1
,

en = 2(βθ+ϕ)g1(λg0+(−α−βθ+β(c0+c1))g1)

kλ2+4(−2kβ+(βθ+ϕ)2)g2
1

.

Finally, by substituting pn, en, wn and tn into Equations (1)–(3), we derive the benefits
under the optimal decisions of the recycler and the remanufacturer, as follows:

Dn =
2kβg1(−λg0 + (α + βθ − β(c0 + c1))g1)

−kλ2 +
(

8kβ − 4(βθ + ϕ)2
)

g2
1

, πRn = − k(λg0 + (−α − βθ + β(c0 + c1))g1)
2

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

,

and

πRMn =
2k
(

2kβ − (βθ + ϕ)2
)

g2
1(λg0 − (α + βθ − β(c0 + c1))g1)

2(
kλ2 + 4

(
−2kβ + (βθ + ϕ)2

)
g2

1

)2 .

�

Appendix B

Proof of Proposition 1: From Table 2, we see that

∂tn

∂λ
= k

−2λ
(

kλ(α + βθ − β(c0 + c1)) + 4
(
−2kβ + (βθ + ϕ)2

)
g0g1

)
(

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

)2 +
(α + βθ − β(c0 + c1))

(
kλ2 + 4

(
−2kβ + (βθ + ϕ)2

)
g2

1

)
(

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

)2
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Similarly, the remanufacturer’s recycling technology investment cost factor k and the
potential market demand α are relatively large compared to the other parameters, therefore

kλ(α + βθ − β(c0 + c1)) + 4
(
−2kβ + (βθ + ϕ)2

)
g0g1 > 0

(α + βθ − β(c0 + c1))
(

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

)
< 0

Further,

−2λ
(

kλ(α + βθ − β(c0 + c1)) + 4
(
−2kβ + (βθ + ϕ)2

)
g0g1

)
(

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

)2 < 0

and
(α + βθ − β(c0 + c1))

(
kλ2 + 4

(
−2kβ + (βθ + ϕ)2

)
g2

1

)
(

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

)2 < 0.

Obviously, ∂tn
∂λ < 0.

From Table 2, we have

∂en

∂λ
=

2(βθ + ϕ)g1

(
2kλ(α + βθ − β(c0 + c1))g1 + g0

(
−kλ2 + 4

(
−2kβ + (βθ + ϕ)2

)
g2

1

))
(

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

)2

where the denominator is always greater than zero. To simplify, we build

f (λ) =
(

2kλ(α + βθ − β(c0 + c1))g1 + g0

(
−kλ2 + 4

(
−2kβ + (βθ + ϕ)2

)
g2

1

))
,

then
∂en

∂λ
=

2(βθ + ϕ)g1 f (λ)(
kλ2 + 4

(
−2kβ + (βθ + ϕ)2

)
g2

1

)2

If f (λ) = 0, ∂en
∂λ = 0; if f (λ) > 0, ∂en

∂λ > 0; if f (λ) < 0, ∂en
∂λ < 0. f (λ) is a convex

quadratic function, and we can get its zero point by f (λ) = 0. We have

λ1 =
k(α+βθ−β(c0+c1))g1+

√
k(k(α+βθ−β(c0+c1))

2+4(−2kβ+(βθ+ϕ)2)g2
0)g2

1
kg0

,

λ2 =
k(α+βθ−β(c0+c1))g1−

√
k(k(α+βθ−β(c0+c1))

2+4(−2kβ+(βθ+ϕ)2)g2
0)g2

1
kg0

which are positive under the condition of

k
(

k(α + βθ − β(c0 + c1))
2 + 4

(
−2kβ + (βθ + ϕ)2

)
g2

0

)
g2

1 > 0.

Finally, we have the monotonic relationship between the crucial raw materials’ life
rate, which increases the effort level and the manufacturers’ sensitivity to the recycling
time, as follows:

If 0 < λ ≤ λ1, then ∂en
∂λ ≤ 0; if λ1 < λ ≤ λ2, then ∂en

∂λ > 0; if λ ≥ λ2, then ∂en
∂λ ≤ 0,

where

λ1 =
k(α + βθ − β(c0 + c1))g1 −

√(
k(α + βθ − β(c0 + c1))

2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

0

)
g2

1

kg0
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λ2 =
k(α + βθ − β(c0 + c1))g1 +

√
k
(

k(α + βθ − β(c0 + c1))
2 + 4

(
−2kβ + (βθ + ϕ)2

)
g2

0

)
g2

1

kg0
.

�

Appendix C

Proof of Proposition 2: From Table 2, we see that the crucial raw materials’ life rate increases the
effort level:

en =
2(βθ + ϕ)g1(λg0 + (−α − βθ + β(c0 + c1))g1)

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

The first-order partial derivative of en with respect to θ and ϕ is

∂en
∂θ = 2βg1(

−kλ2(α+2βθ+ϕ−β(c0+c1))g1+4((α−ϕ)(βθ+ϕ)2+2kβ(α+2βθ+ϕ))g3
1

(kλ2+4(−2kβ+(βθ+ϕ)2)g2
1)

2

−4 (
β(2kβ+(βθ+ϕ)2)(c0+c1))g3

1−λg0(kλ2−4(2kβ+(βθ+ϕ)2)g2
1)

(kλ2+4(−2kβ+(βθ+ϕ)2)g2
1)

2 )

The remanufacturer’s recycling technology investment cost factor k and the potential market
demand α are relatively large compared to the other parameters, and the first part is positive and the
absolute value of that is greater than the absolute value of the second part. Therefore, ∂en

∂θ > 0.
From Table 2, we see that

∂tn

∂θ
=

kβλ
(
kλ2 + 8λ(βθ + ϕ)g0g1 + 4(−2kβ − (2α + βθ − ϕ)(βθ + ϕ) + 2β(βθ + ϕ)(c0 + c1))g2

1
)(

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

)2

Similarly, we can construct

f (θ) = kλ2 + 8λ(βθ + ϕ)g0g1 + 4(−2kβ − (2α + βθ − ϕ)(βθ + ϕ) + 2β(βθ + ϕ)(c0 + c1))g2
1,

and then the simplified function is

∂tn

∂θ
=

kβλ f (θ)(
kλ2 + 4

(
−2kβ + (βθ + ϕ)2

)
g2

1

)2 ,

and the monotonic relationship between f (θ) and ∂tn
∂θ is:

If f (θ) = 0, then ∂tn
∂θ = 0; if f (θ) > 0, then ∂tn

∂θ > 0; if f (θ) < 0, then ∂tn
∂θ < 0.

It is easy to find that f (θ) is a convex quadratic function, and we obtain the solution of f (θ) = 0:

θ1 = c0 + c1 +
−α+

λg0
g1

β +

√
β2g2

1(kλ2+8λϕg0g1+4(−2kβ+ϕ(−2α+ϕ)+2βϕ(c0+c1))g2
1+4(λg0+(−α+β(c0+c1))g1)

2)
2β2g2

1
< 0,

θ2 = c0 + c1 +
−α+

λg0
g1

β −
√

β2g2
1(kλ2+8λϕg0g1+4(−2kβ+ϕ(−2α+ϕ)+2βϕ(c0+c1))g2

1+4(λg0+(−α+β(c0+c1))g1)
2)

2β2g2
1

< 0

which are both possible when

β2g2
1

(
kλ2 + 8λϕg0g1 + 4(−2kβ + ϕ(−2α + ϕ) + 2βϕ(c0 + c1))g2

1 + 4(λg0 + (−α + β(c0 + c1))g1)
2
)
> 0.

Because the remanufacturer’s recycling technology investment cost factor k and the potential
market demand α that we assumed are large enough, the above equation and its required conditions
can be fulfilled. We combine our previous assumptions (α and k are large enough, and θ > 0) and the
results obtained to infer that if θ > 0, then ∂tn

∂θ < 0. �
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Appendix D

Proof of Proposition 3: From Table 2, we have determined that

∂tn

∂ϕ
=

8kλ(βθ + ϕ)g1(λg0 + (−α − βθ + β(c0 + c1))g1)(
kλ2 + 4

(
−2kβ + (βθ + ϕ)2

)
g2

1

)2 .

Obviously, since the potential market demand is relatively large and the values of other parame-
ters are positive, then λg0 + (−α − βθ + β(c0 + c1))g1 < 0. Further, ∂tn

∂ϕ < 0.
From Table 2, we see that the crucial raw materials’ life rate increases the effort level

en =
2(βθ + ϕ)g1(λg0 + (−α − βθ + β(c0 + c1))g1)

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

and the first-order partial derivative of en with respect to θ and ϕ is

∂en
∂θ = 2βg1(

−kλ2(α+2βθ+ϕ−β(c0+c1))g1+4((α−ϕ)(βθ+ϕ)2+2kβ(α+2βθ+ϕ))g3
1

(kλ2+4(−2kβ+(βθ+ϕ)2)g2
1)

2

−4 (
β(2kβ+(βθ+ϕ)2)(c0+c1))g3

1−λg0(kλ2−4(2kβ+(βθ+ϕ)2)g2
1)

(kλ2+4(−2kβ+(βθ+ϕ)2)g2
1)

2 )

The remanufacturer’s recycling technology investment cost factor k and the potential market
demand α are relatively large compared to the other parameters, and the first part is positive and the
absolute value of that is greater than the absolute value of the second part. Therefore, ∂en

∂θ > 0.
From Table 2, we have

∂en

∂ϕ
=

2g1(−λg0 + (α + βθ − β(c0 + c1))g1)
(
−kλ2 + 4

(
2kβ + (βθ + ϕ)2

)
g2

1

)
(

kλ2 + 4
(
−2kβ + (βθ + ϕ)2

)
g2

1

)2 .

Because α and k are large enough compared to the other parameters, ∂en
∂ϕ > 0. �

Appendix E

Proof of Table 2: The certification process in Table 3 is similar to that in Table 2. Since the leader of
the Stackelberg game is the recycler, we use the reverse order induction method to solve the model.
First, according to Equation (5), we can obtain

∂πRMc
∂pc

= α − β(2pc − wc + θ + ecθ)− tcλ + ec ϕ + βc1, ∂2πRMc
∂p2

c
= −2β < 0, ∂2πRMc

∂pc∂ec
= −βθ + ϕ.

∂πRMc
∂ec

= θ(α − pcβ − tcλ) + ek(−1 + µ) + 2ecθϕ + (p − wc + θ)ϕ − ϕc1,
∂2πRMc

∂e2
c

= −k(1 − µ) + 2θϕ < 0, ∂2πRMc
∂ec∂pc

= −βθ + ϕ,

from which we obtain the Hessian matrix of the remanufacturer:

Hc
RM =

(
−2β −βθ + ϕ

−βθ + ϕ −k(1 − µ) + 2θϕ

)
,

Therefore, one can conclude that the profit function of the remanufacturer is concave if
2kβ(1 − µ)− (ϕ + βθ)2 > 0. Let ∂πRMc

∂pc
= 0 and ∂πRMc

∂ec
= 0, we have

pc =
k(α+wc β−βθ−tcλ)(−1+µ)+(βθ+ϕ)(αθ+wc ϕ−θ(tcλ+ϕ))+(kβ(−1+µ)+ϕ(βθ+ϕ))c1

2kβ(−1+µ)+(βθ+ϕ)2

ec = − (βθ+ϕ)(α−wc β+βθ−tcλ−βc1)

2kβ(−1+µ)+(βθ+ϕ)2 .

Then, substituting pc and ec into Equation (4), we obtain the reclaimer’s profit function:

πRc =
kβ(−1 + µ)(wc − c0)(α − wcβ + βθ − tcλ − βc1)

2kβ(−1 + µ) + (βθ + ϕ)2 − kµ(βθ + ϕ)2(−α + wcβ − βθ + tcλ + βc1)
2

2
(

2kβ(−1 + µ) + (βθ + ϕ)2
)2 + (−1 + ν)(g0 − tcg1)

2.
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Similarly, it is easy to find

∂πRc
∂wc

= α − tcλ − kβ2(−1+µ)(wc−c0)

2kβ(−1+µ)+(βθ+ϕ)2 +
kβµ(βθ+ϕ)2(α−wβ+βθ−tλ−βc1)

(2kβ(−1+µ)+(βθ+ϕ)2)
2 − ϕ(βθ+ϕ)(α−wc β+βθ−tcλ−βc1)

2kβ(−1+µ)+(βθ+ϕ)2

− β(k(α+wc β−βθ−tcλ)(−1+µ)+(βθ+ϕ)(αθ+wc ϕ−θ(tcλ+ϕ))+(kβ(−1+µ)+ϕ(βθ+ϕ))c1)

2kβ(−1+µ)+(βθ+ϕ)2 ,

∂2πRc
∂w2

c
= − kβ2(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)

(2kβ(−1+µ)+(βθ+ϕ)2)
2 , ∂2πRc

∂wc∂tc
= − kβλ(2kβ(−1+µ)2+(−1+2µ)(βθ+ϕ)2)

(2kβ(−1+µ)+(βθ+ϕ)2)
2

∂πRc
∂tc

= − kβλ(−1+µ)(wc−c0)

2kβ(−1+µ)+(βθ+ϕ)2 +
kλµ(βθ+ϕ)2(α−wc β+βθ−tcλ−βc1)

(2kβ(−1+µ)+(βθ+ϕ)2)
2 + 2(−1 + ν)g1(−g0 + tcg1)

∂2πRc
∂t2

c
= − kλ2µ(βθ+ϕ)2

(2kβ(−1+µ)+(βθ+ϕ)2)
2 + 2(−1 + ν)g2

1, ∂2πRc
∂tc∂wc

= − kβλ(2kβ(−1+µ)2+(−1+2µ)(βθ+ϕ)2)

(2kβ(−1+µ)+(βθ+ϕ)2)
2 .

Then we can have the Hessian matrix of the recycler:

Hc
R =

 ∂2πRc
∂w2

c

∂2πRc
∂wc∂tc

∂2πRc
∂t2

c

∂2πRc
∂tc∂wc

,

one can conclude that the profit function of the recycler is concave because (−kβ2(4kβ(−1 + µ)2)

(−kλ2µ(βθ + ϕ)2) is much greater than zero. Letting ∂πRc
∂wc

= 0 and ∂πRc
∂tc

= 0, we have

wc =
2(−1+ν)(2kβ(−1+µ)2+(−1+2µ)(βθ+ϕ)2)g1(−λg0+(α+βθ−βc1)g1)+β(−1+µ)c0(kλ2(−1+µ)+2(−1+ν)(2kβ(−1+µ)+(βθ+ϕ)2)g2

1)
β(kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2

1)
0,

tc =
kλ(−1+µ)2(α+βθ−β(c0+c1))+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g0g1

kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2
1

.

Then we substitute wc and tc into the parametric formula

pc =
k(α + wcβ − βθ − tcλ)(−1 + µ) + (βθ + ϕ)(αθ + wc ϕ − θ(tcλ + ϕ)) + (kβ(−1 + µ) + ϕ(βθ + ϕ))c1

2kβ(−1 + µ) + (βθ + ϕ)2

and ec = − (βθ+ϕ)(α−wc β+βθ−tcλ−βc1)

2kβ(−1+µ)+(βθ+ϕ)2 , and we can derive the optimal decisions of the re-manufacturer:

pc =
(−kβλ2(−1+µ)2(θ−c0−c1)−2λ(−1+ν)(3kβ(−1+µ)2+(βθ+ϕ)(βθ(−2+3µ)+(−1+2µ)ϕ))g0g1)

(kβλ2(−1+µ)2+2β(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2
1)

+
(2(−1+ν)(kβ(3α−βθ)(−1+µ)2+(βθ+ϕ)(αβθ(−2+3µ)−(α+βθ(−1+µ)−2αµ)ϕ)+β(−1+µ)(kβ(−1+µ)+ϕ(βθ+ϕ))(c0+c1))g2

1)
(kβλ2(−1+µ)2+2β(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2

1)

ec =
2(−1+µ)(−1+ν)(βθ+ϕ)g1(λg0+(−α−βθ+β(c0+c1))g1)

kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2
1
.

Further, by substituting pc, ec, wc and tc into Equations (4) and (5), we gain

πRc =
k(−1+µ)2(−1+ν)(λg0+(−α−βθ+β(c0+c1))g1)

2

kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2
1
,

πRMc = − k(−1+µ)3(λg0+(−α−βθ+β(c0+c1))g1)
2(kλ2(−1+µ)ν−2(−1+ν)2(2kβ(−1+µ)+(βθ+ϕ)2)g2

1)

(kλ2(−1+µ)2+2(−1+ν)(4kβ(−1+µ)2+(−2+3µ)(βθ+ϕ)2)g2
1)

2 .

�

Appendix F

Proof of Table 3: To test the robustness of the model, we take the remanufacturer as the leader of the
Stackelberg game. When the remanufacturer is the leader, the recycler determines the collection time

and the wholesale price first. We assume the manufacturer price (
−
w +

−
ε ) for CRMs provided by the

recycler, based on the market conditions of WEEE and its output. The subsidy per unit given by the
remanufacturer to the recycler is γ. In this situation, we add the price of the remanufacturer selling

the CRM to the manufacturers (
−
w +

−
ε ), and the subsidy γ per unit to the model.
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From Equation (7), we have

∂
−
πRc

∂
−
wc

= α − β

(
−
ε c + 2

−
wc + γ

)
−

−
t λ +

−
e c ϕ + βc0, ∂2 −πRc

∂2 −
wc

= −2β, ∂2 −πRc

∂
−
wc∂

−
t c

= −λ.

∂
−
πRc

∂
−
t c

= −
(
−
wc + γ

)
λ + λc0 + 2g1

(
g0 −

−
t cg1

)
, ∂2 −πRc

∂2
−
t c

= −2g2
1, ∂2 −πRc

∂
−
t c∂

−
wc

= −λ.

Then, we have the Hessian matrix of recycler: Hc
−
R
=

(
−2β −λ

−λ −2g2
1

)
. Hence, one can conclude

that the profit function of the recycler is concave if λ2 − 4βg2
1 < 0. Letting ∂

−
πRc

∂
−
w

= 0 and ∂
−
πRc

∂
−
t

= 0,

we have

−
wc =

λ2(−γ + c0) + 2λg0g1 − 2
(

α − β

(
−
ε c + γ

)
+

−
e c ϕ + βc0

)
g2

1

λ2 − 4βg2
1

,
−
t c =

λ

(
α − −

ε cβ + βγ +
−
e c ϕ − βc0

)
− 4βg0g1

λ2 − 4βg2
1

.

Take

−
πRMc = −

−
e c

2k
2 +

2β
(−

ε c−γ+θ+
−
e cθ−c1

)
g1

(
λg0−

(
α−−

ε c β+βγ+
−
e c ϕ−βc0

)
g1

)
λ2−4βg2

1

∂
−
πRMc

∂
−
ε c

=
2βg1

(
−λg0+

(
α−β

(
2
−
ε c−2γ+θ+

−
e cθ
)
+

−
e c ϕ−βc0+βc1

)
g1

)
−λ2+4βg2

1
,

∂2 −πRMc

∂2−ε c

=
4β2g2

1
λ2−4βg2

1
, ∂2 −πRMc

∂
−
ε c∂

−
e c

=
2β(−βθ+ϕ)g2

1
−λ2+4βg2

1
.

∂2 −πRMc

∂2−e c

=
−−

e ckλ2+2βg1

(
θλg0+

(
2
−
e ck−αθ+

−
ε c βθ−βγθ−

(−
ε c−γ+θ+2

−
e cθ
)

ϕ+βθc0+ϕc1

)
g1

)
λ2−4βg2

1
,

∂2 −πRMc

∂2−e c

= −k − 4βθϕg2
1

λ2−4βg2
1
, ∂2 −πRMc

∂
−
e c∂

−
ε c

=
2β(βθ−ϕ)g2

1
λ2−4βg2

1
.

We have the Hessian matrix of the remanufacturer, which is:

Hc
−

RM
=

 4β2g2
1

λ2−4βg2
1

2β(βθ−ϕ)g2
1

λ2−4βg2
1

2β(βθ−ϕ)g2
1

λ2−4βg2
1

−k − 4βθϕg2
1

λ2−4βg2
1


Letting ∂

−
πRMc

∂
−
ε c

= 0 and ∂2 −πRMc

∂2−e c

= 0, we have:

−
ε c =

kλ2(α+2βγ−βθ−βc0+βc1)g1+λg0(−kλ2−2β(−2k+θ(βθ+ϕ))g2
1)

2βg1(kλ2+(−4kβ+(βθ+ϕ)2)g2
1)

+
2β(−2k(α+2βγ−βθ)+(βθ+ϕ)(αθ+βγθ+γϕ−θϕ)−β(−2k+θ(βθ+ϕ))c0+(−2kβ+ϕ(βθ+ϕ))c1)g3

1

2βg1(kλ2+(−4kβ+(βθ+ϕ)2)g2
1)

−
e c =

(βθ+ϕ)g1(λg0+(−α−βθ+β(c0+c1))g1)

kλ2+(−4kβ+(βθ+ϕ)2)g2
1

,

By substituting
−
ε c and

−
e c into the recycler’s response functions, we gain the recycler’s optimal

decisions, as follow:

−
wc =

kλ2(−γ+c0)+kλg0g1−(k(α+β(−4γ+θ))+γ(βθ+ϕ)2+(3kβ−(βθ+ϕ)2)c0−kβc1)g2
1

kλ2+(−4kβ+(βθ+ϕ)2)g2
1

,

−
t c =

kλ(α+βθ−β(c0+c1))g1+g0(kλ2+2(−4kβ+(βθ+ϕ)2)g2
1)

2kλ2g1+2(−4kβ+(βθ+ϕ)2)g3
1

,

Then, we take
−
ε c,

−
e c,

−
wc and

−
t c into Equations (6)–(8), and we have the profits of the remanu-

facturer and recycler under optimal conditions:
−
Dc =

kβg1(−λg0+(α+βθ−β(c0+c1))g1)

kλ2+(−4kβ+(βθ+ϕ)2)g2
1

,

−
πRc =

(kλg0+k(−α−βθ+β(c0+c1))g1)
2(λ2−4βg2

1)

4(kλ2+(−4kβ+(βθ+ϕ)2)g2
1)

2

−
πRMc = − k(λg0+(−α−βθ+β(c0+c1))g1)

2

2kλ2+2(−4kβ+(βθ+ϕ)2)g2
1

.
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�

Proof of Proposition 4: From Table 3, we have

∂
−
e c

∂θ
= −

2β(βθ + ϕ)2g3
1(λg0 + (−α − βθ + β(c0 + c1))g1)(

kλ2 +
(
−4kβ + (βθ + ϕ)2

)
g2

1

)2 −
β(βθ + ϕ)g2

1

kλ2 +
(
−4kβ + (βθ + ϕ)2

)
g2

1

+
βg1(λg0 + (−α − βθ + β(c0 + c1))g1)

kλ2 +
(
−4kβ + (βθ + ϕ)2

)
g2

1

As we assumed before, parameters α and k are sufficiently large; therefore,

kλ2 +
(
−4kβ + (βθ + ϕ)2

)
g2

1 < 0, λg0 + (−α − βθ + β(c0 + c1))g1 < 0.

Further,

− 2β(βθ+ϕ)2g3
1(λg0+(−α−βθ+β(c0+c1))g1)

(kλ2+(−4kβ+(βθ+ϕ)2)g2
1)

2 > 0,− β(βθ+ϕ)g2
1

kλ2+(−4kβ+(βθ+ϕ)2)g2
1
> 0,

βg1(λg0+(−α−βθ+β(c0+c1))g1)

kλ2+(−4kβ+(βθ+ϕ)2)g2
1

> 0, then ∂
−
e c

∂θ > 0.

∂
−
e c

∂θ
= −

2(βθ + ϕ)2g3
1(λg0 + (−α − βθ + β(c0 + c1))g1)(

kλ2 +
(
−4kβ + (βθ + ϕ)2

)
g2

1

)2 +
g1(λg0 + (−α − βθ + β(c0 + c1))g1)

kλ2 +
(
−4kβ + (βθ + ϕ)2

)
g2

1

,

Similarly,

−
2(βθ + ϕ)2g3

1(λg0 + (−α − βθ + β(c0 + c1))g1)(
kλ2 +

(
−4kβ + (βθ + ϕ)2

)
g2

1

)2 > 0,
g1(λg0 + (−α − βθ + β(c0 + c1))g1)

kλ2 +
(
−4kβ + (βθ + ϕ)2

)
g2

1

> 0,

then ∂
−
e c

∂θ > 0.

∂
−
t c

∂λ
=

k2λ2(−α − βθ + β(c0 + c1))

2
(

kλ2 +
(
−4kβ + (βθ + ϕ)2

)
g2

1

)2 +
k
(

4kβ − (βθ + ϕ)2
)(

2λg0g1 − (α + βθ − β(c0 + c1))g2
1
)

2
(

kλ2 +
(
−4kβ + (βθ + ϕ)2

)
g2

1

)2

Similarly, the remanufacturer’s recycling technology investment cost factor k and the po-
tential market demand α are relatively large compared to the other parameters, which lead to
k2λ2(−α − βθ + β(c0 + c1)) < 0 and

k
(

4kβ − (βθ + ϕ)2
)(

2λg0g1 − (α + βθ − β(c0 + c1))g2
1
)
< 0; therefore, ∂

−
t c

∂λ < 0.

∂
−
t c

∂θ =
kβλ(kλ2+2λ(βθ+ϕ)g0g1+(−4kβ−(2α+βθ−ϕ)(βθ+ϕ)+2β(βθ+ϕ)(c0+c1))g2

1)

2(kλ2+(−4kβ+(βθ+ϕ)2)g2
1)

2 .

Because kλ2 + 2λ(βθ + ϕ)g0g1 + (−4kβ − (2α + βθ − ϕ)(βθ + ϕ) + 2β(βθ + ϕ)(c0 + c1))g2
1 < 0, then ∂

−
t c

∂θ < 0.

∂
−
t c

∂ϕ
=

kλ(βθ + ϕ)g1(λg0 + (−α − βθ + β(c0 + c1))g1)(
kλ2 +

(
−4kβ + (βθ + ϕ)2

)
g2

1

)2 ,

since the potential market demand α and the remanufacturer’s recycling technology investment cost
factor k are sufficiently large and other parameters are positive,

∂
−
t c

∂ϕ
< 0,

∂
−
e c

∂λ
=

(βθ + ϕ)g1

(
2kλ(α + βθ − β(c0 + c1))g1 + g0

(
−kλ2 +

(
−4kβ + (βθ + ϕ)2

)
g2

1

))
(

kλ2 +
(
−4kβ + (βθ + ϕ)2

)
g2

1

)2

We use two methods to derive the monotonic relationship between the crucial raw materials’

life rate increased effort level
−
e c and the recycling time sensitivity λ, by which we can verify that the

previous method of solving the monotonic relationship by simplifying the function is feasible.
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1. Let ∂
−
e c

∂λ = 0 directly. We have

λ1 =
k(βθ+ϕ)(α+βθ−β(c0+c1))g1+

√
k(βθ+ϕ)2(k(α+βθ−β(c0+c1))

2+(−4kβ+(βθ+ϕ)2)g2
0)g2

1

k(βθ+ϕ)g0
> 0,

λ2 =
k(βθ+ϕ)(α+βθ−β(c0+c1))g1+

√
k(βθ+ϕ)2(k(α+βθ−β(c0+c1))

2+(−4kβ+(βθ+ϕ)2)g2
0)g2

1

k(βθ+ϕ)g0
> 0

2. We denote
f (λ) = 2kλ(α + βθ − β(c0 + c1))g1 + g0

(
−kλ2 +

(
−4kβ + (βθ + ϕ)2

)
g2

1

)
, which is a convex

function, then ∂
−
e c

∂λ = (βθ+ϕ)g1 f (λ)

(kλ2+(−4kβ+(βθ+ϕ)2)g2
1)

2 .

If f (λ) = 0, then ∂
−
e c

∂λ = 0; if f (λ) > 0, then ∂
−
e c

∂λ > 0; if f (λ) < 0, then ∂
−
e c

∂λ < 0. Letting f (λ) = 0,
we have

λ1 =
k(α+βθ−β(c0+c1))g1+

√
k(k(α+βθ−β(c0+c1))

2+(−4kβ+(βθ+ϕ)2)g2
0)g2

1

kg0
,

λ2 =
k(α+βθ−β(c0+c1))g1−

√
k(k(α+βθ−β(c0+c1))

2+(−4kβ+(βθ+ϕ)2)g2
0)g2

1

kg0
.

From the derivation above, we have λ1 and λ2, which are possible since

k(βθ + ϕ)2
(

k(α + βθ − β(c0 + c1))
2 +

(
−4kβ + (βθ + ϕ)2

)
g2

0

)
g2

1 > 0.

Then, we have the monotonic relationship between the crucial raw materials’ life rate increased
effort level and the recycling time sensitivity, as follows:

If 0 < λ ≤ λ1, then ∂
−
e c

∂λ ≤ 0; if λ1 < λ ≤ λ2, then ∂
−
e c

∂λ > 0; if λ ≥ λ2, then ∂
−
e c

∂λ ≤ 0. �
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