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The formal recycling of waste electrical and electronic equipment (WEEE) has long faced
collection difficulties owing to the inadequate recycling system and insufficient collection
capacity under China's fund-based recycling model. The government has introduced the
recycling Target Responsibility System (TRS) to motivate producers to develop and share
recycling systems, yet without clear incentive mechanisms. In this study, we provide a “1+ N”
shared recycling model referring to the theory of the sharing economy, and we propose a
credit mechanism with a deposit system and a penalty mechanism for dishonesty to con-
strain the opportunistic behavior of sharing. In addition, according to the TRS, we design a
“reduction-penalty-subsidy” fund policy to incentivize producers and recyclers to achieve
recycling targets. On this basis, we apply evolutionary game theory and system dynamics
approach to analyze the collaborative mechanism of shared recycling and the incentive effect
of the funding policy. Game analysis yields the evolution of shared recycling from the
developing stage to the mature stage. The system simulation results indicate that the gov-
ernment’s “penalty” and “subsidy” strategies provide evident incentives for producers and
recyclers, respectively, in the developing stage, whereas endogenous dynamics derived from
economies of scale under market mechanisms promote the multi-agent collaborative
implementation of shared recycling in the mature stage.
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Introduction

he energy crisis and environmental degradation have

become significant obstacles to economic and social

development. Waste electrical and electronic equipment
(WEEE) contains various recyclable resources and hazardous
substances (Habib et al. 2022; Shittu et al. 2021a). More than 50
million tons of WEEE are generated globally each year; unfor-
tunately, over two-thirds are recycled informally, resulting in a
serious waste of resources and an increase of environmental
hazards (Anandh et al. 2021; Baidya et al. 2020; Shittu et al.
2021b). China is the largest producer and consumer of electrical
and electronic equipment (EEE) as well as one of the world’s
largest producers of WEEE (Zeng et al. 2016; Zhang et al. 2021).
To achieve standardized management and ecological recycling of
WEEE, the Chinese government has implemented the Extended
Producer Responsibility (EPR) system in the EEE industry since
2011 (Wang et al. 2017; Zhou et al. 2017). The EPR system
promotes the development of formal recycling by collecting funds
from producers to subsidize qualified processors, a policy that has
dramatically improved resource and environmental efficiency
(Sun et al. 2022). However, owing to the inadequate recycling
system and low collection capacity of formal recycling, informal
sectors still collect and recycle more than 60% of WEEE (Cao
et al. 2016; Wang, et al. 2022a). Formal recycling has long faced
the dilemma of “excessive processing capacity, but the lack of
sufficient WEEE supply to process” (Fu et al. 2020; Sun et al.
2022), so the Chinese government introduced a Target Respon-
sibility System (TRS) based on EPR in 2021. The TRS encourages
EEE producers to establish a recycling system to collect and
recycle WEEE, with the aim of improving the collection capacity
and recycling rate of formal recycling. However, the cost of
establishing a recycling system is relatively high for the producer
on its own, with the various stakeholders unwilling to cooperate
horizontally. As a result, incentivizing producers to proactively
implement a TRS and fulfill physical responsibilities has become
an urgent concern for the industry and government.

Scholars have intensely debated the forms and ways in which
producers fulfill their WEEE recycling responsibilities based on
EPR. These scholars most often focus on emphasizing producers’
economic responsibilities through fund levy and tax regulation,
while neglecting their physical responsibilities for collection and
recycling (Gao and Chen, 2024; Wang et al. 2017; Zhao et al.
2020). In addition, the responsible agents in all links of the
product life cycle, including producers, retailers, collectors, and
recyclers, should complete the collection and recycling of WEEE
together according to the principle of EPR (Koshta et al. 2022; Li
et al. 2022; Liu, et al. 2021a). However, to maximize their own
interests, these formal recycling stakeholders prefer to compete
rather than cooperate with each other under channel and price
competition (Favot et al. 2022; Yu et al. 2022), which worsens the
dilemma of limited collection capacity and insufficient competi-
tiveness of formal recycling in the current multiple recycling
models. Scholars have studied the vertical cooperation between
upstream and downstream stakeholders of WEEE recycling from
the perspective of supply chain management (Jian et al. 2019; Li
et al. 2022; Zuo et al. 2020), but they have yet to explore in depth
the mechanism of horizontal cooperation and sharing of reverse
logistics resources (Tian et al. 2020). Overall, there is a research
gap between incentive mechanisms for producers to fulfill their
physical responsibilities and sharing mechanisms in the reverse
logistics supply chain. Therefore, it is critical to design an inno-
vative recycling model and corresponding incentive mechanism
to meet the needs of the TRS in theoretical research.

When implementing collective EPR, producers cooperate in
recycling by jointly investing in a recycling system, which is
conducive to improving cost-effectiveness (Gui et al. 2018b) and
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realizing economies of scale and scope (Gui et al. 2016; Tian et al.
2019). Meanwhile, the TRS proposes that producers should
optimize recycling channels and guide producers and recyclers to
build and share a recycling system for WEEE. In this study, we
introduce the concept of shared logistics into WEEE recycling,
and we propose an innovative “1 + N” shared recycling model of
WEEE under the TRS referring to the theory of the sharing
economy. Property rights theory, collaborative consumption
theory, and multilateral platform theory form the basis of the
sharing economy. According to the theory of collaborative con-
sumption (Botsman and Rogers, 2010), an EEE producer leads
the effort to develop a recycling network system for sharing, and
N recyclers participate in and pay for shared recycling resources,
thus improving the capacity and efficiency of collaborative recy-
cling through the scaled-up and intensive allocation of logistics
resources. The theory of property rights decomposes property
rights into use rights, ownership rights, and transfer rights
(Coase, 2013), and the “temporary transfer of use rights” is an
essential feature of the sharing economy (Belk, 2014). In shared
recycling, the dominant producer transfers the use rights of the
logistics resources to demanders with actual needs but holds the
ownership and management rights independently, which avoids
the responsibility-sharing problem in cooperative recycling. The
bilateral platform theory holds that the sharing economy is
essentially a platform economy (Mair and Reischauer, 2017;
Rochet and Tirole, 2006), so the central work of the platform in
shared recycling can resolve the coordination failure of bilateral
markets in cooperative recycling and internalize negative
externalities in the WEEE recycling supply chain through the
clustering effect of platform networks. On this basis, we designed
a “reduction-penalty-subsidy” fund policy to incentivize produ-
cers and recyclers to achieve the recycling targets.

In this study, we comprehensively applied evolutionary game
theory and system dynamics (SD) methods to explore the colla-
borative mechanism of multi-agent implementation of shared
recycling under the TRS. Based on game analysis and system
simulation, we drawn some meaningful conclusions. First, shared
recycling is a feasible and efficient recycling model that increases
recycling efficiency, reduces recycling costs, and enhances col-
lection capacity. In its developing stage, policy support is a pre-
requisite and guarantee for shared recycling, so the government
should increase financial inputs with a view to improving the
ecological environment and enhancing social welfare before tak-
ing the initiative to withdraw from the market when shared
recycling enters the mature stage. Second, the combination of a
reduction-penalty-subsidy fund policy effectively promotes the
synergistic implementation of shared recycling, among which the
“penalty” and “subsidy” strategies create significant incentives for
producers and recyclers to accomplish the recycling goals,
respectively. Third, the recyclers’ participation strategy affects
producers’ decision-making behavior, so producers should focus
on controlling the marginal cost of recycling and take the
initiative to reduce the sharing fee to mobilize recyclers to par-
ticipate in the sharing of incentives after obtaining the excess
returns that the scale effect generates. In addition, opportunistic
behavior in shared recycling is unavoidable, and the credit con-
straint mechanism can effectively guarantee the smooth imple-
mentation of shared recycling only if the deposits and penalties
are within a certain threshold.

In this study, we attempt to fill the research gaps and defi-
ciencies mentioned above, and we make the following significant
contributions. We developed an innovative WEEE shared recy-
cling model that bridges the research gap in horizontal coop-
eration and sharing between reverse logistics subjects and
provides a new theoretical perspective for the responsible subjects
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to fulfill the physical responsibility of WEEE recycling under
collective EPR. Then, we designed a credit mechanism for shared
recycling with a deposit system and a two-way penalty system for
breach of trust as the main content, which restrains the oppor-
tunistic behavior of the participants in shared recycling. In
addition, we proposed a fund policy of reduction-penalty-subsidy
in the context of the EPR in China to incentivize producers and
recyclers to achieve recycling targets through cooperation and
sharing in the recycling of WEEE, thus catering to the demand for
the recycling TRS. Moreover, combining evolutionary game and
system dynamics methods, we analyzed the operation mechanism
of shared recycling and verified the effectiveness of the reduction-
penalty-subsidy fund policy in the Chinese context, providing
reliable empirical evidence for shared recycling and TRSs. It is
undeniable that the fund system, a blood transfusion-based
incentive method, is not a long-term solution, and relying on
subsidies alone is tantamount to drinking poison to quench thirst.
Therefore, our findings have a strong practical value, and the
government can formulate corresponding incentive mechanisms
based on them to promote the industry’s sustainable
development.

Theoretical background

Extended producer responsibility and targeted responsibility
system. EPR makes the producer responsible for the product’s
whole life cycle, in particular the recycling and final disposal of
the product after it is discarding, to achieve the environmental
goal of reducing a product’s total environmental impact (Atasu
et al. 2009; Compagnoni, 2022). EPR extends the producer’s
responsibility for the product to the postconsumer stage of the
product life cycle, making it an effective means of governing the
environmental externalities of EEE (Lifset, 1993). Lindhqvist
(2000) defined five types of responsibility: informative, physical,
economic, liability, and ownership. The fund system, deposit
system, and target management system (TMS) are internationally
well-established systems of EPR (Shan et al. 2021; Wang et al.
2017). In the fund system, the producer (importer) of a product
pays the government authority or specific third-party organiza-
tion for the collection, disposal, and recycling of the product after
it is discarded, the fund is then earmarked for the recycling of the
waste. The TMS makes it mandatory for the producer (importer)
to take responsibility for the recycling of their postconsumer
products and to meet certain targets by means of regulations or
administrative directives.

In 2009, the State Council of China issued The Regulations on
the Administration of the Recovery and Disposal of Waste Electric
and Electronic Equipment, which clarified the establishment of a
special fund for recycling and disposal according to the principle
of EPR while promoting the development of standardized
recycling. The Ministry of Finance enacted the Management
Measures for the Collection and Use of WEEE Treatment Fund in
2012, marking the formal implementation of EPR with a fund
system as its core in China. The operation model of the fund in
China is that the administration of taxation charges the fund
from the producer and remits it to the pool of processing funds
that the Ministry of Finance operates. The fund audit agency,
under the Ministry of Ecology and Environment’s supervision,
then subsidizes qualified dismantling processors (Gu et al. 2017).
The formal processing industry purchases WEEE that third-party
collectors collect for dismantling. Recyclers and disposers then
ecologically recycle and finally dispose of the WEEE (Zhang et al.
2020). The producer is not obliged to fulfill their physical
responsibilities under the current fund-based model, and they do
not even need to build a recycling system to complete the
collection and recycling of discarded products after consumption

(Hou et al. 2020; Zhao and Bai, 2021). As a result, producers are
more inclined to pay only the funds needed to fulfill their
economic responsibilities, rather than the high cost of self-built
recycling.

The formal processing industry is growing rapidly with fund
subsidy and policy support. The standardized processing capacity
of WEEE in China has reached more than 170 million units since
2018 (CHEARI, 2019). However, owing to insufficient incentives
for producers to build recycling systems independently based on
the EPR fund system, the lack of infrastructure for formal
recycling has become a major challenge for EPR implementation
in many developing countries such as China (Gui, 2020). In
addition, because the annual generation of WEEE exceeds the
sales of new EEE, the amount of fund collection is far from
meeting the expenditure required for the dismantling subsidy,
resulting in delayed disbursement of the processing fund (Gu
et al. 2017; Liu, et al. 2021¢; Zhang et al. 2020). As a result, formal
recycling loses its competitive advantage related to price and
convenience in the competition with informal recycling for
WEEE procurement. The rate of ecological recycling in the
formal system under EPR is less than 40%, and the actual
processing amount was only about 84 million units in 2022
(CHEARI, 2023). In the implementation and adjustment of
China’s fund-based EPR system, problems such as the difficulty of
formal collection, inadequate fund management, and incomplete
extension of responsibilities have gradually been exposed (Fu
et al. 2020; Zeng et al. 2017).

Therefore, the government realizes the necessity of the
producer’s physical responsibility, which is essential to alleviate
the pressure of a processing fund that is unable to make ends
meet and thus promote the sustainable development of WEEE
recycling. In 2021, the National Development and Reform
Commission (NDRC) and three other departments jointly issued
the Notice on Encouraging Home Appliance Producers to Carry
Out Actions of Recycling Target Responsibility System (NDRC
Industry [2021] No. 1102, hereafter). The TRS aims to encourage
producers to collect and recycle WEEE through self-built or co-
built recycling systems to achieve recycling targets, thereby
improving the collection capacity and recycling efficiency of
formal recycling. The difference between the TRS and the TMS
lies in whether the recycling target is mandatory. The Chinese
government encourages producers to participate voluntarily in
the TRS action and set recycling targets by themselves, whereas
the South Korean government makes it compulsory for producers
to achieve recycling targets, as a typical country implementing
TMS (Park et al. 2019).

The TRS is a supplement and improvement to the current fund
policy, but there is a lack of clear incentive mechanisms for
producers to fulfill their physical responsibilities at the present
exploratory stage. Only six producers responded positively to
participate in 2022, with annual recycling targets set far off their
sales volume (CHEARI, 2023). The effectiveness of the TRS does
not meet expectations, so there is an urgent need for supporting
incentives to promote its efficient implementation. Meanwhile,
the mechanism and model of jointly building and sharing a
WEEE recycling system have not been identified clearly in
theoretical research and practical exploration (Gui, 2020; Tian
et al. 2019).

Research gap. In recent years, the sharing economy has prevailed
in many industries owing to its green environmental protection,
sustainability, and economic efficiency (Dabbous and Tarhini,
2021; Geissinger et al. 2020). Shared logistics is a typical appli-
cation of the sharing economy. It optimizes the allocation of
logistics resources by sharing many of them, including logistics
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facilities, equipment, information and technology, and labor
resources, which makes it a new logistics model that reduces costs
and improves efficiency (Matusiewicz and Ksiazkiewicz, 2023).
Shared logistics has become a reliable choice for WEEE reverse
logistics to enhance collection capacity and optimize resource
allocation. However, the theoretical research on reverse logistics
sharing lags behind practical development. Relatively little
research addresses the application of shared logistics to solving
the problems of WEEE reverse logistics; instead, studies focus on
soft resources sharing, such as knowledge sharing (Borner and
Hegger, 2018), information sharing (Gu et al. 2019), and tech-
nology sharing (Ikhlayel, 2018) between different stakeholders.
The following gaps and shortcomings remain in the previous
research. In terms of the form of resource sharing, the synergistic
mechanism whereby producers, as responsible agents, share
reverse logistics resources with other recycling participants needs
further improvement. In addition, the issues of responsibility
sharing (Jacobs and Subramanian, 2012; Wang et al. 2015) and
cost sharing (Gui et al. 2016; Gui, 2020; Xiong et al. 2021) con-
strain cooperative recycling and resource sharing among different
parties, and there is still insufficient theoretical research on
solutions to such problems. To make up for the above deficiencies
in research, we constructed a shared recycling model guided by
the theory of the sharing economy and explore the operation
mechanism of shared recycling under the market mechanism.
The successful operation of the sharing economy depends on
multiple factors, including the inherent operation mechanism and
regulatory system. The key issue we address in this study is the
promotion of producers and recyclers to jointly increase their
recycling efforts and enhance the benefits of cooperation and
sharing from the perspective of market operation and government
supervision. On the one hand, information sharing is an effective
means for improving the matching efficiency of supply and
demand in the sharing economy, yet the problems of information
asymmetry and credit regulation arising from it make the trust
mechanism among stakeholders a link to the development of the
sharing economy (Acerbi et al. 2022; Jager-Roschko and Petersen,
2022; Shang et al. 2016). Jacobs and Subramanian (2012) and Gui
et al. (2016) have attempted to coordinate the conflicts of interest
and cost sharing in principal-agent relationships through cove-
nants and contracts, but speculative behavior among sharing
participants has not yet been resolved in information sharing in
reverse logistics (Gu et al. 2019; Wu et al. 2022). We propose a
credit mechanism for shared recycling, with a deposit system and a
two-way penalty system for breach of trust as the core, to constrain
the opportunistic behaviors of participants in shared recycling.
On the other hand, government supervision is an essential
institutional supply for promoting shared recycling and realizing
the TRS. The research in the field focuses on studying the forms
of cooperation and policy mechanisms from the perspective of
vertical cooperation between single or multiple entities in the
supply chain. For example, based on the implementation of the
EPR fund system, some scholars have studied the incentive effects
of fund levies, exemptions, and subsidies on producers and
recyclers in the fulfillment of their environmental responsibilities
(Hou et al. 2020; Zhao and Bai, 2021; Zhou et al. 2017). Others
have analyzed the impact mechanisms of different fund or
subsidy strategies on the entire supply chain system (Fu et al.
2020; Guo et al. 2018; Liu et al. 2022). Researchers also suggested
that the government should appropriately adjust the subsidy
strategy (Liu et al. 2016) and gradually reduce the subsidy
intensity from high to low at different stages of the development
of the WEEE recycling industry (Wang et al. 2020). On this basis,
Wang et al. (2022b) and Wang and Huo, (2023) argued that
increased subsidies have little incentive utility; instead, the
government should adopt severe regulatory penalties.

4

However, the aforementioned research rarely takes the limited
rationality of the responsible subject as the premise to study
horizontal cooperation between upstream and downstream
parties of the WEEE reverse logistics supply chain, and there is
little research on the government’s regulatory policy and
incentive mechanism for the TRS. Based on the research on the
optimization of the fund policy, we propose a reduction-penalty-
subsidy fund policy according to the characteristics and
requirements of the recycling TRS to incentivize producers and
recyclers to achieve the recycling target through cooperation and
sharing in the recycling of WEEE.

The government, producers, and recyclers constitute important
stakeholders in the collaborative implementation of shared
recycling under the TRS, and the strategic choices of all parties
at different evolutionary stages of shared recycling are multiple
dynamic complex games. Evolutionary game models can
effectively depict the dynamic changes of behavior strategies of
multiple bounded rationality agents in long-term repeated games
(Liu, et al. 2021b; Taylor and Jonker, 1978), whereas SD has the
distinctive advantage of dealing with complex time-varying
problems with nonlinear and multiple feedback (Rafew and
Rafizul, 2021; Sterman, 2000), which contributes to analyzing the
dynamic evolution process of game systems. Therefore, we
established a tripartite evolutionary game model to analyze the
dynamic characteristics of multi-agent participation in shared
recycling decision-making behavior, and we used SD simulation
analysis technology to study the dominant factors that affect the
shared recycling at different developmental stages.

Model construction

Theoretical model. Based on a series of theoretical foundations of
the sharing economy, we developed an innovative WEEE recy-
cling model as shown in Fig. 1. We defined this innovative
recycling model as the “1 + N” shared recycling model. Con-
sidering the advantages of collective EPR and cooperative recy-
cling, this model attaches importance to the horizontal
cooperation and resource optimization among multiple agents.

Figure 1 shows that “1” refers to one enterprise or consortium
configuring and providing reverse logistics resources indepen-
dently, including recycling outlets, vehicles, human resources, and
information platforms, whereas N represents multiple partici-
pants with recycling services and resource needs sharing the use
right of logistics resources. The resource provider gains benefits
by completing the recycling activities or providing logistics
resources for the N sharing participants, whereas the N sharing
participants need to pay for recycling services or resources. This
shared recycling model achieves efficiency improvement and cost
reduction through scale economies in the optimized allocation of
reverse logistics resources.

Figure 1 depicts the recycling model of shared recycling, with
“——»” indicating its reverse logistics. In shared recycling, the
producer develops and shares a reverse logistics system with the
responsible agents, including producers, retailers, third-party
collectors, and processors. The former has the ability to build a
recycling system independently and allocate recycling resources,
whereas the latter has real needs for recycling services and
logistics resources. The producer builds an information platform
to match the supply and demand sides online, optimizes the
resource allocation offline, and completes the reverse logistics
activities in a centralized and coordinated manner for the sharing
participants.

Figure 1 also shows the current fund-based recycling models,
with “---»” indicating the reverse logistics of multiple recycling
models. In the mainstream model that dismantling processors
lead, third-party collectors gather the WEEE, which processors
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Fig. 1 The shared recycling model of WEEE. One enterprise or consortium builds a shared recycling system independently, N participants sharing the use

right of logistics resources.

then dismantle and recycle. The manufacturers, such as Haier and
Gree, lead the secondary model and collect WEEE through their
own recycling systems or sales channels. We establish the shared
recycling based on the current model.

Under the current fund-based recycling model, the producer
pays the processing fund, and the government subsidizes the
dismantling processor for WEEE recycling. According to the
requirement of TRS, shared recycling focuses on the performance
of the producer’s physical responsibility for recycling. Based on
the current fund policy, we propose the strategy of “reduction-
penalty” and “subsidy” for producers and recyclers in this model,
respectively, to incentivize them to achieve recycling targets and
thus better implement the TRS. In Fig. 1, “— - »” denotes the fund
streams described above, which the government authority
regulates and operates.

Evolutionary game model

Model descriptions and assumptions. Based on the theoretical
model of shared recycling and the logical relationship among the
behaviors of multiple entities in China’s current situation, the
government authority, manufacturer, and recycler constitute the
main stakeholders in WEEE shared recycling under the TRS.
Specifically, the government authority (or the government,
hereafter) refers to the relevant departments that regulate shared
recycling, including the National Development and Reform
Commission, the Ministry of Finance, and the Ministry of Ecol-
ogy and Environment. We define the manufacturer as the EEE
producer that develops a shared recycling system. The recycler
includes third-party collectors, dismantling processors, and pro-
ducers who do not have the ability to build recycling systems on
their own. We classify the strategic choices of the tripartite par-
ticipants in the game model of shared recycling as follows.

The government has two regulatory strategies when making
decisions, that is, positive supervision (PS) and negative super-
vision (NS), and the probabilities of choosing two strategies are x
and 1 —x, x €[0,1], respectively. Under the PS strategy, the
government encourages responsible agents to implement shared
recycling through incentives, subsidies, and punishments, and it
supervises the sharing behavior among participants. Thus, PS is
conducive to improving ecological benefits and social credibility
while incurring government fiscal and regulatory costs. The NS

strategy indicates that the government adheres to the current EPR
policy and does not take any incentive or regulatory measures for
shared recycling given the high cost of environmental governance
and fund expenditures.

The manufacturer has two optional strategies for performing
its recycling responsibilities, that is, active performance (AP) and
passive performance (PP), and the probabilities of the two
strategies are y and 1—y, y €[0,1], respectively. When the
manufacturer adopts the AP strategy, it proactively implements
the recycling TRS, invests in constructing a sharing network
system, and shares recycling services to participants in need. AP
can improve the recycling revenues of its own products and
obtain excess returns through the scale effect in the implementa-
tion of shared recycling. However, the manufacturer must invest
substantial funds to allocate logistics resources in the initial stage
and bear all the costs of WEEE collection and management in the
recycling business. The PP strategy indicates that the manufac-
turer keeps on performing responsibilities through collaborative
recycling or by entrusting third-party recycling rather than
actively implementing a recycling TRS, a choice that makes it
difficult to achieve the recycling target.

The recycler has two alternative strategies in the game, that is,
participation (P) and no participation (NP), and the probabilities
of the two strategies are z and 1 — z, respectively, z € [0, 1]. The P
strategy means that the recycler pays to use logistics resources
and enjoy shared recycling services, thus effectively saving the
costs of recycling system construction and recycling business
implementation. When the recycler adopts the NP strategy, it
continues to maintain the status of an independent recycler.

The key issues we address in this study are what measures the
government should take to incentivize producers to implement
shared recycling and collaborative participation of recyclers and
how to develop a sharing mechanism to coordinate the interests
between producers and recyclers under market mechanisms.
Based on the theoretical model and problem descriptions, we
make the following assumptions.

Hypothesis 1: Bounded rationality. The government, manu-
facturer, and recycler have bounded rationality. All of them make
strategic choices independently, then adjust and optimize
strategies to maximize their respective profits during the
evolutionary game.
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Hypothesis 2: The reduction-penalty-subsidy policy. Accord-
ing to NDRC Industry [2021] No. 1102, the manufacturer
implementing the TRS sets their annual target recycling volumes
as 7p. On this basis, we assume that 7, and 7, are the
manufacturer’s annual recycling volumes when they adopt PP
and AP strategies, respectively, where 7,>7,>7,. Drawing
inspiration from Zhao and Bai (2021) and Hou et al. (2020)
research on incentive strategies for manufacturers to fulfill
recycling responsibilities based on current fund policies, we
propose that the government incentivizes manufacturers to
perform responsibilities through a “reduction-penalty” fund
policy under PS. That is, manufacturers that achieve recycling
targets will be reduced in funding levies (a fund reduction of e per
unit), and penalties will be imposed on the manufacturer that fails
to achieve the target (a penalty of k per unit). According to Zhou
et al. (2017) and Liu et al. (2016), government subsidies increase
the recycling volumes and profits of formal recyclers and also
improve their channel competitiveness. Therefore, we propose
that the government should incentivize recyclers to participate in
sharing through a subsidy under PS. Recycling volumes increase
from o7 to o, after the recyclers participate in sharing, and the
government subsidizes s per unit for the increasing volumes. In
this case, the number of recyclers participating in sharing will
increase from #; to 5.

Hypothesis 3: Government’s income and costs. Considering
that when the industry conducts ecological recycling of WEEE,
the government’s environmental and social benefits will be
improved (Li et al. 2022; Wang et al. 2020). We therefore assume
that the government’s environmental benefits are R, and Ry,
respectively, when the manufacturer builds a shared recycling
system with and without the participation of recyclers. Moreover,
U, denotes the government’s basic benefit from shared recycling
under PS, including credibility, performance evaluation, and
economic benefits. Correspondingly, we define the regulatory cost
as C,. In contrast, C,, denotes the environmental remediation cost
caused by the failure to implement shared recycling.

Hypothesis 4: Manufacturer’s income and costs. The net
income per unit for recycling is u,, when the manufacturer adopts
the PP strategy. Referring to the model of producer responsibility
under collective EPR that Gui et al. 2018a designed, when
manufacturers build a shared recycling system, they need to
invest C; to configure reverse logistics resources and bear the
recycling business cost of ¢, per unit. Manufacturers’ incomes in
shared recycling mainly comprise two parts: (a) revenues from
shared business, that is, the logistics resource usage fee and
recycling service fee charged to the recycler (r,, per unit); and (b)
revenues from the recycling and reuse of their own products (r,,
per unit). According to the incentive policy in NDRC Industry
[2021] No. 1102, the government’s PS provides certain policy
incentives and credit priorities to manufacturers that achieve
recycling targets, thus bringing reputational and image benefits of
R,, to manufacturers. The manufacturer that adopts the PP
strategy will miss out on a series of preferential policies with an
opportunity cost of C,. Conversely, the government’s NS leads to
indirect losses to the manufacturer (denoted by [,,) when they
adopt the AP strategy; such indirect losses include discouraged
motivation and insufficient promotion for achievements.

Hypothesis 5: Recycler’s income and costs. In this study we
assume that the recycler hands over all the WEEE they collect to
formal processors for ecological disposal, and their recycling
income of r, per unit remains unchanged whether they participate
in sharing or not. The recyclers’ costs of independent recycling
and participation in sharing are represented as c; and r,, per unit,
respectively. Recyclers’ participation in sharing saves them the
cost of building and managing a recycling network system

(denoted by AC,) and boosts their reputational and image
benefits of R, Even though information sharing may result in
potential loss of interest (denoted by C,), the recycler must bear
the opportunity cost of C, when other peers participate in
sharing while the recycler adopts the NP strategy. Based on the
incentive policy of Hypothesis 2 and the analysis of government
subsidy strategies under channel competition in Liu et al. (2022)
research, we assume that the government will subsidize the
recycler for channel construction if manufacturers adopt the PP
strategy. The recycler will then invest in expanding the recycling
network with government support to increase their recycling
volume (denoted by o3 (03 > 03).

Hypothesis 6: The opportunistic cost of sharing. Opportu-
nistic behavior in the sharing economy will inevitably occur in
shared recycling, and speculation among manufacturers and
recyclers impedes the development of shared recycling. Recycling
information is an important strategic resource; the manufacturer
leading the sharing may gain benefits of i,, from free-riding
behavior by using the information resources the recycler provides
with a probability of y,,. In this case, the government will punish
the manufacturer with a fine of f and compel it to pay liquidated
damages (denoted by p,,) to recyclers. Similarly, the recycler may
take speculative measures such as providing false information or
fraudulently obtaining subsidies (Fu et al. 2020). The probability
of recyclers’ speculative behavior and the benefits obtained from
it are denoted by y; and i, respectively. To restrain speculative
behavior, we propose that recyclers should pay a deposit of b to
the manufacturer once they participate in sharing and compen-
sate the manufacturer with liquidated damages of p, in case of
default. Table 1 shows the summary of the parameters and
descriptions.

Payoffs matrix. Based on the above assumptions and model
descriptions, Tables 2 and 3 show the payoff matrices of the three
stakeholders in the shared recycling model under the TRS.

Model solution and analysis
Strategic stability of the three stakeholders. According to
Tables 2 and 3, we calculate the expected revenue, the average
expected revenue, and the replicator dynamic equation of each
stakeholder, and we further analyze the evolutionary stability
in turn.

Let Uy and Uy, represent the expected revenues of govern-
ment for adopting the PS and NS strategies, respectively, with Ug

denoting the average revenue:
Ug = y2lU, + R, — Ry + mp,, f + Cp — Cp + s(05 — 0,)] — 2[s(03 — 04)]
+ )Ry — ety — 1) — k(tg — )] + [k(1y — 7)) — Gy

¢y
Up =yz(Ry — Ry + Cp) + YRy — Cy )
Uy =xUy + (1 —x)Uy, (3)

Replicator dynamics equations are used to study the strategy
adopted by the majortiy of the population at a specific time.
Based on Egs. (1) and (2), we can calculate the replicator
dynamic equation of the government choosing the PS strategy
as Eq. (4):

F(x) = % = .X(l - x)(Ugl - UgZ)

= x(1 = )yz[U, + nop,,f — Cy + (03 — 0,)] — z[s(03 — 0)]

—yle(ty — 70) + k(tg — 7)1 + k(7 — 7))}

4
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Table 1 Summary of parameters.

Parameters Definitions

The government

Ry The ecological benefits of shared recycling

Ry The ecological benefits for the government when the manufacturer builds a recycling system without the participation of recyclers

Uy The basic benefit from shared recycling under the PS strategy (including social credibility, performance assessment, and economic
benefits)

Gy The regulatory cost of shared recycling

Cy The ecological remediation costs owing to the failure of shared recycling

The manufacturer

To The manufacturer's self-set annual target recycling volumes

7 The annual recycling volumes under the PP strategy

75 The annual recycling volumes under the AP strategy

e The fund reduction per unit when the manufacturer achieves the recycling target

k The penalty fine per unit when the manufacturer fails to achieve the target

Unm The net income per unit for recycling under the PP strategy

I'm The recycling service fee per unit charged to the recycler (the revenues from shared recycling business) under the AP strategy

[ The revenues per unit from the recycling and reuse of their own products under the AP strategy

Cm The cost of recycling business per unit under the AP strategy

m The number of recyclers participating in sharing under the government’'s NS

72 The number of recyclers participating in sharing under the government’s PS

Cs The costs to develop a reverse logistics network system for shared recycling

Rm The reputational and image benefits when the manufacturer achieves recycling targets under the government's PS

Co The manufacturer's opportunity costs under the PP strategy under the government's PS

Ly The indirect losses owing to the government’'s NS under the AP strategy

Hm The probability of the manufacturer's speculative behavior (subsidy fraud, free riding on sharing information, etc.)

im The manufacturer's gains from speculative behavior

Pm The liquidated damages paid to recyclers for the manufacturer's speculation

f The fine the government imposes for the manufacturer’s speculation

I The manufacturer's losses owing to speculation by recyclers

The recycler

re The recycling income per unit (which does not change whether the recycler participates in sharing or not)

Ct The recycling cost per unit under the NP strategy

fm The recycling cost per unit under the P strategy

o The annual recycling volumes under the NP strategy

0> The annual recycling volumes under the P strategy and the manufacturer's AP strategy

03 The annual recycling volumes under the P strategy, while the manufacturer adopts the PP strategy with the government's PS strategy

s The subsidy per unit from the government for the increasing recycling volumes

Rt The reputational and image benefits under the P strategy with the government's PS strategy

AG; The cost savings for the construction and management of the recycling network system

G The potential losses from information sharing

Cy The opportunity cost under the NP strategy when the peers participate in sharing

Ut The probability of the recycler's speculative behavior (providing false information and breach of contract)

b The deposit paid to the manufacturer once the recycler participates in sharing

it The recycler's gains from speculative behavior

[ The liquidated damages paid to manufacturers for the recycler's speculation

Iy The recycler's losses owing to the manufacturers’ speculation

Table 2 The payoff matrix under the government's positive supervision (x).

Recycler Manufacturer
Active performance (y) Passive performance (1—y)
Participation () Uy + Ry + i — Cg — e(ty — 79) — s(05 — 07) k(g — 11) — s(o3 — a7) — Cy
e(7y = 70) +1,02("m — C) + 7oy — C) + Ry Uty — k(g — 1) = G,
+r]2b + ’72Mt(pt - lm) + '12.um(,m - f - pm) - Cs
s(oy — 09) + 05(ry — 1) + Ry + AG o3(ry — ¢) + R,
ity — Pp) + pn (P — 1) — b= C, +s(o3 — 07) — AC,
Not participation (1 — 2) Ry —e(r; —79) = Cy k(g — 1) — Cy,
E(T2 - TO) + Tz(’mf - Cm) + Rm - Cs UnTy — k(TO - T1) - Co
oy(ry—c) = Cy oy(ry — ¢)
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Table 3 The payoff matrix under the government's negative supervision (1—x).

Recycler Manufacturer
Active performance (y) Passive performance (1-y)
Ry —Cy
Up T

’110.2(rm - Cm) =+ TZ(rm' - Cm) + 1’]1b

+ ’/Ih“t(pt - lm) + niﬂm(im - pm) - Cs - /m'
o3(ry — ¢) — AG

Participation (z)

05ty — 1) + wiy — P + iy (P — ) + AC = b= C,
Not participation (1-2) Ry —Cy —Cy
Ty(rw — ) — Cs — Ly UnT4
o(rp—c) — Gy oy(ry — &)
y y y
(0, 1, 0) (0, 1, 0) 0, 1, 0)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N A
‘
j
/ / / / / /
/ K / D At / ! !
! / oo X ! o S/ T oo X / / T oo X
0, 0, 1 0, 0, D 0, 0, 1D
z z z
~ ~
b)0<y<y (@y<y<l

@y=y
Fig. 2 The evolutionary phase diagram of the government's strategic choices. There are three situations in the game strategy adopted by the
government: a illustrates that it is a stable strategy and will not change over time no matter what strategy the government chooses; b indicates that the

government adopts the NS strategy as the only ESS; ¢ the government chooses the PS strategy as the only ESS.
According to Eq. (4), we then conduct an evolutionary stability  respectively, with U,, denoting the average revenue:
Uml = x[e(TZ - TO) + Rm + Im’] + Z[nlgz(rm - Cm) + }1117 + qhut(pt - lm)

+ Nabblig = P)] + %2 [(1, — 1)05(r,, — €,)

strategy (ESS) analysis on the government.
+ (1, = )b+ (1 = )Py = L) + (1, = 1) iy = Py)

z[s(o3 — 0y)] = k(ry — 7,)

Lety = ,
T AU+ ot f = Cy + 503 — )] — elr, — 70) + Kz — 1)
(1) When y = J, we get F(x) = 0, which indicates that it is a = attf ] + [0t =€) = Co = 1]
stable strategy and will not change over time no matter (6)
what strategy the government chooses, as shown in
Uy = s, — xfk(ry — 7))+ C,] @)
(®)

Fig. 2a.
(2) When y#7, let F(x) =0, and there are two possible stable
points, that is, x;, =0 and x, = 1. Taking the first _

Um =yUml + (1 _y)UmZ

derivative of F(x), we obtain the following:
Based on Egs. (6) and (7), we can calculate the replicator

Fx) = % =(1- zx){)’z[Ug + bt — Ce + s(o3 — 0,)] — 2[s(03 — 0y)] (5)
—yle(r, — 79) + k(1o — )] + k(7y — 7))} dynami(c )equation of the manufacturer choosing the AC strategy
as Eq. (9):

(@) If0<y<j, weget F(x;)<0and F'(x;)>0. Thus, x; = 0 is FG) =@ = )1 = )Uns — U
h le point, that is, th he N s R e

the stable point, that is, the government adopts the NS L el — 1003 €) - (= TPy — L) (= 1 G — )

01, = 1)b = 1t f ]+ 2,05y = €)1 0+ Mgy (py = L) + 1y = )]

strategy as the only ESS, as shown in Fig. 2b.
(b) Ify<y<l,weget F(x;)>0and F'(x,) < 0. Therefore, x, =
1 is the stable point, that is, the government chooses the PS ey = o) KT = 1)+ Ryt by + Gl Il = ) = G = = umﬁ](}g)

strategy as the only ESS, as shown in Fig. 2c.
Similarly, let U,,, and U,, represent the manufacturer’s
expected revenues for adopting the AC and NC strategies, manufacturer.
[C,+ 1, +u,1, —1,(r,, —c,)] — x[e(ry — 7o) + k(tg —7,) + R, + 1, + C,]
x[("lz — 10y (1), — ) + (1, — n)u(p, — L) + (1, — 1), Gy — P,) '
+012 = 10 = 1t f | + 1109501 =€) + 16+ Mt (0 = L) + 1 (i — D))

According to Eq. (9), we next conduct an ESS analysis on the

Letz =
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y y y
0. 1. 0 @10 0. 1. 0
% ////"/ ‘ @ oo X i ¢ 0 : oo "X § ”/’/Wﬂ ‘ oo X
0, 0, 1D 0, 0, 1) €0, 0, 1)
z z z
@z=:z b 0<z<z (©z<z<l

Fig. 3 The evolutionary phase diagram of the manufacturer's strategic choices. There are three situations in the game strategy adopted by the
manufacturer: a illustrates that it is a stable strategy and will not change over time no matter what strategy the manufacturer chooses; b indicates that the
manufacturer adopts the PP strategy as the only ESS; ¢ depicts that the manufacturer chooses the AP strategy as the only ESS.

(1) When z = z, we obtain F(y) = 0, which indicates that it is a
stable strategy and will not change over time no matter what
strategy the manufacturer chooses, as shown in Fig. 3a.
When z#2, let F(y) =0, and there are two possible stable
points, that is, y, = 0 and y; = 1. Taking the first derivative
of F(y), we obtain the following:

2

F(y) = d(F 1- Zy){xz [(’72 — 1051y — ¢) + (1
+ (1, = 1)y — m*ﬂﬂdl+4m%0m*%ﬂ+mm@r40
10+ (i = P)] + Xle(ry = T9) + k(75 = 7)) + Ry + 1y + C,

+ oty — 6) = G = Ly — w1}

= nu(p, — L) + (1, — )b

(10)
(a) IfO <z<Zz weget F(y;)<0and F'(y,) >0. At this moment,
y; = 0 is the stable point, that is, the manufacturer adopts
the PP strategy as the only ESS, as shown in Fig. 3b.
If z<z<1, we get F'(y;)>0 and F'(y;)<0. In this case,
y, = 1 is the stable point, that is, the manufacturer chooses
the AP strategy as the only ESS, as shown in Fig. 3c.

(b)

Similarly, let U,; and U,, represent the expected revenues of
the recycler for adopting the P and NP strategies, respectively,
with U, denoting the average revenue:

U,y = yloy(ry — 1) — 03(ry — ¢) + iy = p) + (P — 1) +2AC, — b — Cp]
+xys(0y — 03) + x[s(o3 — 01) + R] + [03(r, — ¢,) — AC]

(11)
Ur2 = Ul(rt - Ct) _yco’ (12)
Ur = ZUrl + (1 - Z)UrZ (13)

Based on Egs. (11) and (12), we can calculate the replicator
dynamic equation of the recycler choosing the P strategy as Eq.
(14):

F(z) = dt =z(1-2z)(U, —U,,)
= z(1— Z){}’[Uz(rt — 1) — 03(r, — ¢) + p,(i, — p,)
+u, P, —1,)+20C, +C,, —b— G,
+xys(o, — 03) + x[s(0; — ;) + R] + [(05 — 0)(r, — ¢,) — Act]}

(14)

According to Eq. (14), we next analyze the strategic stability of
the recycler.

Letx =
[AC,—(03—01)(7‘[—6,)]—}/[02(1‘,—7",)—0'3(rt—C,)+;4,(i[ =Pt (Pm_lt)+2ACt+Car_h_Cp]
ys(o,—03)+[s(03—0,)+R,] ’

(1) When x = x, we obtain F(z) = 0, which indicates that it is a
stable strategy and will not change over time no matter
what strategy the recycler chooses, as shown in Fig. 4a.

When x # &, let F(z) 0, and there are two possible stable
points, that is, z; = 0 and z; = 1. Taking the first derivative

of F(z), we obtain the following:

)

F2) = = (1 = 22){y[0,(r, — 1,,) — 03(r, — ) + i — p) + Py — 1)

+2AC,+C, —b— CP} + xys(0, — 03) + x[s(6; — 0,) + R,]
+ [(‘73 - Jl)(rl - CL) - AC:]}

(15)

(@) If O<x<x, we obtain F'(z;)<0 and F/(zz)>0 At this
moment, z; = 0 is the stable point, that is, the recycler
adopts the NP strategy as the only ESS, as shown in Fig. 4b.
Ifx <x< 1, we obtain F’(zl) >0 and F/(zz) <0. In this case,
z, = 1 is the stable point, that is, the recycler chooses the P
strategy as the only ESS, as shown in Fig. 4c.

(b)

Stability analysis of tripartite evolutionary system. In this sec-
tion, we find the ESS of the tripartite evolutionary game of shared
recycling among equilibrium points.

Combining Egs. (4), (9), and (14), we can obtain the three-
dimensional dynamic system of the evolutionary game model as
Eq. (16):

F) = x(1 = ){yelU, + ot f = Cy + s(05 = 0p)] = 2lsory — o)) = y[elr, = 1)
+k(ry — Tl)] + k(ty — 71)}

F(y) = y(1 = »){xz[(1, = 1)05(r = €) + (1 = 1)1, = 1) + (1 = 1)t (i — )
+ (11 = 1)b = 1yt f | + 200,05 = €0) + 10+ 173, (Py = L) + 113Gy — P)]
+xle(r, — 79) + k(rg — 7)) + R, + 1, + C ] + [15(r,, — ¢,)) = Co — 1, — umTl]}

F(@) = 201 = D {Jlor, = 1,) = 030, = &) + (i, = p) + 4, (p,, — 1) +28C, + Cpy = b= C,]
+xy5(0, — 03) + x[s(03 — 01) + R] +[(05 — 0))(r; — ¢) — AC]}

(16)

According to Lyapunov’s (1992) stability theory, we can obtain
the ESS from the local stability of the Jacobian matrix of the
replicator dynamics system. Thus, we obtain the Jacobian matrix
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Fig. 4 The evolutionary phase diagram of the recycler's strategic choices. There are three situations in the game strategy adopted by the recycler:
aillustrates that it is a stable strategy and will not change over time no matter what strategy the recycler chooses; b indicates that the recycler adopts the
NP strategy as the only ESS; ¢ depicts that the recycler chooses the P strategy as the only ESS.

of the game system based on Eq. (16), which we can express as J.

OF(x) OdF(x) 0F(x)

ox ay 0z F X1 F 2 F 3
_ | F») 9Fy) ) | _
] = ox oy dz - Fyl Fyz Fy3 (17)
OF@) OFE) OFG) F, F, Fj,

ox ay 0z

where

Following Lyapunov’s (1992) stability theory, if and only if all
the eigenvalues of the Jacobian matrix are negative (have negative
real parts), the corresponding equilibrium point is asymptotically
stable. Thus, we bring the eight equilibrium points (pure strategy
solutions) into the Jacobian matrix J to calculate the eigenvalues
of each equilibrium point sequentially, and we judge their plus or
minus characteristics. We can then judge whether the equilibrium

F,=(- 2x){ YeU, + faptf — Cy + 5(05 — 0)] — 2ls(0 — )] — y[e(r, — 1)

+k(ty — )] + K1y — 17)}

Fog = x(1 = x){2[Ug + myp, f — Cg + (03 — 0,)] — (1, — 7) — k(7p — 7))}
Fis =x(1 = )[Uy + mypt,,f — Cy 4 s(05 — 0,)] = s(03 — o)}

F

=y = {z[(n, — 1)y (r,, — ¢,) + (1 — 1) (P, — L) + (1, — 1)t Gy — P,) + (1, — 1)b

— tabhf | + ety — 79) + k(1 — 7)) + R, + L, + C,]}
FyZ = (1 - 2y){xz [(’12 - ’71)02(rm - Cm) + (’72 - ’71)!%(1% - lm) + (7]2 - nl)“m(lm _pm)
+ (1, — 1)b — i, f | + 2ln,0(r,, — ¢,) + mb + mu(p, — L) + mypt,, (i — )]

+-x[e(T2 - TO) + k(TO - Tl) + Rm + lm’ + Co] + [Tz(rm’ - Cm) - Cs - lm’ - umTl]}

(18)

Fy3 = y(l _y){x[(rh - ’71)02(% - Cm) + (’72 - nl)#t(Pt - lm) + (’72 - ql)ym(lm _Pm)
+ (1, — )b — My, f | + [m05(r — €) + b+ myp(p, — 1) + mypa, Giy — P,

F1 = 2(1 = 2){ys(o, — 03) + s(05 — 0,) + R}

F,=z21- Z){[Uz(rt —1,) — 03(r, — ¢) +u, G, — p) + p,(p,, — 1) +2A0C, + C, — b — Cp]

+xs(0, — 03)}

Fy=(1- 22){y[02(ft — 1) — 05(r, — ¢) + p, (i, — p) + ph,, (P, — 1) +2AC, + C — b — Cp]
+xys(a, — 03) +x[s(o; — ;) + R+ [(05 — o )(r, — ¢;) — Act]}

According to Ritzberger and Weibull (1995), the ESS is a pure
strategy when the information asymmetry condition of an
asymmetric game is established. Friedman (1998) demonstrated
that an ESS only exists in pure strategies. Therefore, we only need
to discuss the stability of the eight pure strategy local equilibrium
points that satisfy F(x) =0, F(y) = 0, and F(z) = 0 in Eq. (18),
which are E,(0,0,0), E,(0,0, 1), E5(0, 1,0), E,(0, 1, 1), E5(1,0,0),
E4(1,0,1), E,(1,1,0), and Eg(1,1, 1).

point is the ESS of the game system. Table 4 identifies the
conditions of ESSs.

The stabilities and corresponding conditions of the above eight
equilibrium points indicate that the tripartite stakeholders’
decisions change with the difference between their benefits and
costs. Considering the important role of government regulations
and credit mechanisms in the development of the sharing
economy, the government’s payoff will affect its regulatory
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Table 4 Evolutionary stability of equilibrium points and eigenvalues.

Equilibrium points  Eigenvalues Stability and its condition
A Az A3 Symbols

E4(0,0,0) k(tg — 17), 7oty — C) — Cs — Iy — Uy Ty, (03 — 07)(ry — ct) — AG (+,—,—) Unstable

E,(0,0,1) k(to — 71) = S(03 — 1) , 101y — m) + mb + mu(pr — 1) (++4)  Unstable
+ iy — ) + T2(ry — €) — G — Ly — up 1y, AC, — (03 — 04)(r — ¢)

E5(0,1,0) —e(ry = 7o), U Ty + G5 4y — Tz(’m' —Cm), (—++) Unstable
0oty = 1) — 09(ry = ) + piy = pY) + (P, — 1) + AC + Cp = b= C,

E4(0,1,1) Uy + ot — Cg 4 5(01 — 05) — e(5 — ), = [105(ry — &) + Ty =€) =) ESS (®)
+ ’11b + ﬂW”t(pt - Im) + r/].“m(im - pm) - Cs - /m’ - umTW]ﬁ
—[oa(ry — 1) — o4(ry — ¢) + iy — Pt) + (P — 1) +AC +C —b—C,]

Es(1,0,0) —k(tg — 19),e(1; — 70) + k(1o — 7)) + 1oty — ) + Ry + 1oy + Co = Co— Iy —upTy,  (—+,4)  Unstable
s(o3 — 0y) + R, + (03 — 0¢)(r; — ¢;) — AG )

E¢(1,0,7) s(o3 — 0y) — k(1o = T1), 1,0,y — ) + ’72.“t(Pr I) + 1ot iy = f = Pr) (=+—) Unstable
+n,b+e(ry; — 1) + k(tg — 77) + 75(ry — ) + Ry + Co — Cs — U7y,

—[s(o3 — 07) + Ry + (03 — 0))(ry — ¢;) — AGY]

E5(1,1,0) e(t; — 10); [e(Tz - 3) + k(T — 715 + Ry + 1oy — ) + G — G —up 7], (+,++) Unstable
05 (1 — 1) — oq(ry — ¢) + pliy — py) +Mm(Pm — Iy +s(o; — 0y) + Ry + AG
+C,—b-C,

Eg(1,1,1) —[Ug + mpppnf — C + s(0y — 05) — e(r; — 10)], — [1,02(r — ) + 1,0 *,—,-) ESS (@)
+ ﬂth(Pt - lm) + ’72/’4m(im - f - pm) + e(TZ - TO) + k(TO - T1) + T2(rm’ - Cm)
+Rm + Co - Cs —UnTi)s GZ(rt m) 01(rt - Ct) + [”t(it - pt) + ﬂm(pm - /t)
+s(o, —0))+R+AC+C, —b—C

*indicates that the symbol is unsure.

© Ug + Mot f — Cg + (0, — ;) —e(1, —79)<0

@ Ug + Mot f — Cg + (0, — 0,) —e(1, — 79) >0

strategies and role changes at different stages. According to the
sharing economy’s business model and the theory of the industry
life cycle (Lumpkin and Dess, 2001; Zhu and Liu, 2021), we divide
the evolution process of shared recycling into two stages: the
developing stage and the mature stage.

(1) Developing Stage

Proposition 1: If U, + n,u,,,f > C, + s(0; — o) + (1, — 7)) is
satisfied, the trlpartlte game system *evolves into the equilibrium
point Eg(1,1,1). We can infer the strategic choices of the game
parties from Table 4 when Eg(1,1,1) is the ESS.

As we can see from the inequality
Uy + Moph,f > Cy + s(0, — 01) + e(1, — 1), the benefits of the
government are greater than the sum of its regulatory costs and
fiscal expenditure under PS, in which case the government prefers
the PS strategy.

As we can see from the inequality
’1202("m - Cm) + e(TZ - TO) + k(TO - Tl) + Rm + Co > Cs’ the
sum of financial incentives for manufacturers to build a shared
recycling system is greater than the cost of recycling system
construction when the government adopts the PS strategy,
which includes fund and fine reductions from the “reduction-
penalty” fund policy, reputational benefits, development
opportunities, and the business benefits of shared recycling.
In addition, the inequality 7,(r,, —c,)>u,7; shows that
revenue from the recycling business when the manufacturer
constructs a recycling system with an increase in the amount of
recycling for their own products is greater than the revenue
when they choose the PP strategy. The manufacturer therefore
adopts the AP strategy.

As the inequality s(o, — 0,) + R, + AC, 4+ C, > C, expresses,
when the recycler participates in sharmg, the sum of t‘i’le financial
subsidies, reputational benefits, the recycling system’s savings in
construction and management costs, and the opportunity costs
are greater than the potential losses that information sharing
causes. In addition, the inequality o,(r, —r,,)>0,(r, —¢,)
indicates that revenue from the recycling business when the
recycler chooses the P strategy with an increase in recycling

volume is greater than the revenue when they do not participate
in sharing. The recycler therefore adopts the P strategy.

Conclusion 1: At the developing stage, the government
chooses the PS strategy. The revenues of manufacturers building
a sharing system and the recycler participating in sharing are
greater than the costs of making corresponding choices under the
incentive policy of reduction-penalty-subsidy, so they choose the
AP and P strategies, respectively.

Proposition 2: Given condition @, the opportunity costs of
shared recycling satisfy the inequality u,(i, —p,) + u,,(P,,
lt) > b and [’lt(Pt - lm) + ("m(lm _f _pm) + b >0'

In the developing stage, the restraint mechanisms and
regulatory policies are not yet mature. As a result, both the
manufacturer and the recycler have the potential to speculate for
additional profits. Based on the above background, let y, =~ 1
and u, =1, then we can obtain i +p,>b+p, +1,
andi,, + b+ p,>f +p,, +1,. The two inequalities above indi-
cate that when both manufactures and recyclers engage in
speculative behavior while sharing, the benefits both parties
obtain are higher than the corresponding opportunistic costs.
Therefore, we argue that the profits generated by speculation
drive producers and recyclers to participate in shared recycling if
the speculative behavior of the participating parties is inevitable,
which creates an endogenous force to maintain the operation of
shared recycling.

Conclusion 2: In the developing stage of shared recycling, the
speculative intentions of manufacturers and recyclers objectively
exist. In this situation, the deposit system and the two-way
penalty system for dishonesty are effective institutional provisions
for promoting the smooth operation of shared recycling. Based on
government regulatory penalties for breach of contract, both
systems have a certain restraining effect on the participants’
speculative behavior.

(2) Mature Stage

Proposition 3: If U, + n,u,,,f <C, + s(0, — 0) + (1, — 7¢) is
satisfied, the trlpartlte game system évolves into equilibrium point

E,(0,1,1).
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We can infer the strategic choices of the game parties from
Table 4 when E,(0,1,1) is the ESS. The inequality #,0,(r,, —
¢ + 1,(r,y —¢,,) — C, — 1, >u,,7; indicates that the manufac-
turer adopts the AP strategy when the revenue from choosing this
strategy is more than the PP strategy. As we can see from the
inequality o,(r, —r,,) >0,(r, — ¢,), the revenue from the recy-
cling business when the recycler participates in sharing is greater
than when not participating. In addition, the inequality AC, +
Cy > C, shows that the cost of recycling system construction and

the opportunity cost saved by recyclers participating in sharing
are higher than the potential loss of benefits that information
sharing causes. The recycler therefore adopts the P strategy.

As the inequality U, + n,u,f<C, +s(0, — 0,) + e(t, — 7¢)
indicates, the government’s basic benefits are less than the sum of
regulatory costs and fiscal expenditure under PS, so the
government voluntarily withdraws from the market and adopts
the NS strategy.

Conclusion 3: In the mature stage, the sharing economy’s
inherent operating mechanism enables the realization of shared
recycling’s scale and scope effects. Thus, the manufacturer and
recycler can achieve a win-win situation of sharing recycling
benefits in the market mechanism without financial subsidies and
policy support from government. They therefore choose the AP
and P strategies, respectively.

Proposition 4: Given condition @, the opportunity costs of
shared recycling satisfy the inequality u,,(i,, —p,,) + #,(p, —
lm)+b>0 and Kut(it _pt)+[’lm(pm - lt) - b>0

In the mature stage, owing to the increasing cost of
opportunism because of speculative behavior including reputa-
tional damage and economic losses, manufacturers lose their
motivation for speculation. Conversely, with the continuous
improvement of channel competitiveness, recyclers are highly
likely to seek more benefits for recycling businesses they operate
themselves through speculative behavior. Thus, if y,, ~ 0 and
Y; = 1, we can obtain [, < b <i,. The inequality indicates that the
margin the recycler pays to the manufacturer should be greater
than the profit loss the recycler’s speculative behavior caused to
the manufacturer but less than the profit the speculation brought
to itself. This indicates that the margin can only play its role when
it is at a certain threshold, restricting the withdrawal of recyclers
from sharing after speculative behavior occurs.

Conclusion 4. At the mature stage, recycler speculation still
exists. In the absence of government regulation, the contract
deposit as a credit constraint can effectively ensure the sustainable
implementation of shared recycling. Its main function is to
constrain recyclers’ speculative behavior without harming
manufacturers’ interests.

By comparing the two stages of shared recycling, we find that
the mature stage is an ideal scenario for shared recycling because
it does not count on the government and creates value
spontaneously through market mechanisms. In contrast, it is
best to avoid the imperfect developing stage because it relies
heavily on government intervention and fiscal incentives, which
are not conducive to value creation through shared recycling.

Scenario analysis

System dynamics (SD) model. Game analysis shows that WEEE
shared recycling involves a dynamic, complex system consisting
of many variables that change over time. We can obtain the
evolution stability strategies (ESSs) of participants in shared
recycling under specific conditions by constructing an evolu-
tionary game model that describes the dynamic logical relation-
ship between the behavioral strategies of different participants
and influencing factors. However, it cannot accurately reflect the
dynamic impact of various factors on the evolution of behavioral
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strategies in a multi-agent game. SD is a science that closely
combines system science theory with computer simulation to
study the feedback structure and behavior of systems (Forrester,
1958; Sterman, 2000). SD can conduct systematic, visual, and
convenient simulations of the internal correlations and complex
dynamic evolution of evolutionary game models, thereby more
intuitively revealing the dynamic evolutionary laws of the
decision-making behavior of relevant participants in separate
scenarios. The SD model is an enabling method for studying the
long-term behavior of complex systems because it allows for
experimental analysis of dynamic changes in these models’
behavior over time. Therefore, this method is suitable for in-
depth exploration of the mechanisms of participants’ strategic
choices and the effects of different influencing factors on the
evolutionary state of shared recycling.

Numerous researchers have applied the SD model to the study
of WEEE recycling problems, providing many effective insights
for the standardized management of WEEE (Besiou et al. 2012;
Chu et al. 2023; Guo et al. 2018). Based on the model solving and
analyzing results of the evolutionary game, Wang and Huo,
(2023) and Gao and Chen (2024) used system dynamics to
establish a simulation model to study the multi-agent decision-
making process in e-waste recycling management. We con-
structed an SD model drawing on the modeling approach of the
above research in this subsection, then conducted numerical
simulations in the next subsection using Vensim DSS software.
According to the mathematical relationships between the
variables that the three-dimensional dynamic system describes
[Eq. (16)], we constructed an SD stock and flow diagram model of
the evolutionary game system as shown in Fig. 5.

In SD methodology, the stocks represent state variables that
have accumulation effects represented by rectangles, and the
flows are rate variables that alter the stocks represented by valves
(Besiou et al. 2012; Poles, 2013). The clouds represent sources and
leaks of flows, which lie outside the model boundary, so we do not
consider them. As illustrated in Fig. 5, the model involves three
state variables, three rate variables, nine auxiliary variables, and
40 constants. In this model, the probability that the government,
manufacturer, and recycler choose strategies {PS, AP, P} are state
variables denoted by x, y, z, respectively; and the rate of change of
the above proportions are the rate variables denoted by
dx/dt,dy/dt,dz/dt. The auxiliary variables indicate the expected
revenues to game parties under different strategies, which the
constants influence according to the game model. The lines with
arrows indicate the interrelationships between the variables,
which connect to form the model’s mathematical expression.

Numerical simulation analysis. In 2022, six manufacturers
participated in the first batch of the Recycling Target Responsi-
bility Action that the National Development and Reform Com-
mission announced. We analyzed the recycling targets and
implementation status of these enterprises, conducted research,
and collected data from some manufacturers and recyclers,
including Haier, GEM, and BOOLYV. In addition, we compre-
hensively analyzed the relevant data from the white paper on the
WEEE recycling industry in China over the past 3 years. On this
basis, we referred to Tu et al. (2020) and He and Sun (2022)
model parameter settings and assignment methods to assign the
parameters. Then, we invited experts from research institutes and
industry associations, such as the System Dynamics China
Chapter Professional Committee and CHEARI, to evaluate the
results, and we made revisions based on their suggestions. Finally,
we set the initial conditions in the system simulation model in
Fig. 5 as INITIAL TIME = 0, FINAL TIME = 10, TIME STEP =
0.0625, Units for time: Year. Considering the stable conditions of
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Fig. 5 System dynamics model of the tripartite game on WEEE shared recycling. A system dynamics simulation model for the game system to depict the

evolutionary behavior of the tripartite game in different scenarios.

Table 5 Assignment of model parameters.
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the equilibrium point Eg(1,1,1), we set the initial values of the
parameters as shown in Table 5.

The impact of initial strategies of the game parties. Let x,,y,, z,
denote the initial strategies of the government, manufacturer, and
recycler, respectively. Adjust the values of x,, y,, z, to explore the
impact of the initial behavioral strategies of different stakeholders
on the system evolution results. We conducted the numerical
simulation of the game system based on Table 5. Figure 6 shows
the simulation results.

According to Fig. 6a, given that other parameters remain
unchanged, when all the initial strategy values are 0.1, the game
system eventually evolves to the unstable equilibrium point (1,0,1).
Specifically, the probability of manufacturers’ active performance
rapidly decreases to 0, whereas the probability of recyclers’
participation slowly increases to 1. A reasonable explanation for
this situation is that, owing to the low initial intention of the
government’s PS and the recyclers’ low participation, manufacturers
are unwilling to immediately invest a large amount of cost in
building a recycling system in the absence of policy support and
market prospects. However, because manufacturers perform respon-
sibilities passively, the government has no choice but to incentivize
recyclers to invest in the construction of a recycling system for
ecological recycling of WEEE through subsidies. However, relying
solely on government financial support will lead to system collapse
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due to excessive fiscal expenditure pressure, which describes the
current situation of funds that cannot make ends meet in reality.

As shown in Fig. 6b, when the initial strategy values are
xy = 0.5,y, = 0.5,z, = 0.1, respectively, the game system evolves
to the equilibrium point (1,1,1), but it is not stable. Specifically, the
probability of recyclers’ participation in sharing shows an S-shaped
growth trend to 1, whereas the probability of manufacturers’ AP first
sharply decreases to 0, then rapidly increases to 1 and fluctuates
between 0.75 and 1. A reasonable explanation for this situation is
that, owing to the low initial intention of recyclers’ participation,
manufacturers are unwilling to build recycling systems and bear
huge costs alone. As the government’s promotion efforts gradually
raise the recyclers’ intention, the motivation for manufacturers to
build a shared recycling system also increases.

As shown in Fig. 6c, when the initial strategy values of all three
parties are 0.5, the game system eventually evolves to the stable
equilibrium point (1,1,1). Specifically, the intentions of both
manufacturers and recyclers show a trend of first decreasing, then
rapidly climbing to point 1 and finally stabilizing. However, the
fluctuation range of manufacturers is more prominent than that of
recyclers. A reasonable explanation for this situation is that the
intention of recyclers to participate in sharing will initially show a
decreasing trend as a result of the loss of benefits brought on by
information sharing, then it will quickly increase with the expansion
of government promotion and profits from sharing. Recyclers’
participation has an impact on manufacturers’ intentions to develop
a shared recycling system in decision-making, and it exhibits a
similar trend of initially declining and then growing as well.

Figure 6 shows that no matter how the initial strategy of
manufacturers and recyclers changes, the trend of the government’s
PS quickly rises to point 1 and stabilizes. This indicates that the
government, as the maker of policies and the governor of pollution,
urgently needs to fulfill its environmental responsibilities through
effective means. Promoting WEEE shared recycling through
environmental regulations and incentive policies is a practical way
to govern pollution and develop a circular economy.
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Fig. 6 The impact of initial strategies on the evolution of tripartite behaviors. The evolution of the strategies among the government, manufacturer, and
recycler under different initial strategies. a represents the evolution result of the tripartite strategy behavior when all initial values are 0.1; b represents the
evolution result of the tripartite strategy behavior when; ¢ represents the evolution result of the tripartite strategy behavior when all initial values are 0.5.
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Fig. 7 Evolutionary results of fund reduction policy. Evolutionary results of fund reduction policy. a The impact of dynamic reduction e = 2, 3, 4 on the
government's behavioral strategies; b The impact of dynamic reduction e = 2, 3, 4 on the manufacturer’s behavioral strategies; ¢ The impact of dynamic
reduction e = 2, 3, 4 on the recycler's behavioral strategies. Note: The x-axis represents time, while the y-axis depicts the share of the population opting for

"PS", “AP", and "P" strategies.

Conclusion 5. The government’s PS is a prerequisite and
guarantee for implementing shared recycling. Significantly,
recyclers’ participation determines manufacturers’ decision-
making in building a shared recycling system, which is also the
key to the successful implementation of shared recycling.

Developing stage: the impact of external variables (government
incentive policies). (1) Scenario I: The impact of the government
“reduction-penalty” policy on manufacturers

Adjust the values of fund reduction as e = 1,2, 3 to obtain Fig. 7,
and adjust the values of penalty fine as b = 2,3, 4 to obtain Fig. 8.

As shown in Fig. 7, the incentive effect of the “reduction”
strategy on manufacturers is not apparent. Figure 7b shows
manufacturers’ willingness to develop a shared recycling system
will not obviously fluctuate with the changes in the intensity of
fund reduction; correspondingly, the government and recyclers’
willingness show the same trend as well, as shown in Fig. 7a, c,
respectively. This indicates that the incentive policy, like fund
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Fig. 8 Evolutionary results of penalty policy. a The impact of dynamic penalty k = 1, 3, 5 on the government’s behavioral strategies; b The impact of
dynamic penalty k =1, 3, 5 on the manufacturer’s behavioral strategies; € The impact of dynamic penalty k =1, 3, 5 on the recycler's behavioral strategies.
Note: The x-axis represents time, while the y-axis depicts the share of the population opting for “PS", “AP", and “P" strategies.

reduction, fails to have an incentive effect on manufacturers
(Wang and Huo, 2023). As shown in Fig. 8, the “penalty” strategy
for incomplete recycling targets has a more evident incentive
effect than the “reduction” policy. Figure 8b shows that the higher
the fine, the more significant the incentive effect. Specifically,
when the penalty fine is as high as 5, the manufacturer will strive
to develop a recycling system to mitigate the substantial fines. In
contrast, when the penalty fine is as low as 1, the penalty fine is
within an acceptable range even if the recycling target is not
achieved, so manufacturers are unwilling to invest a large amount
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of cost in building and managing the recycling system. In this
situation, the government must supervise WEEE recycling
positively by subsidizing recyclers to benefit the environment.
However, Fig. 8a illustrates that the government’s supervision
efforts fluctuate dramatically in response to financial pressure. As
a result, recyclers’ participation shows an S-shaped fluctuation,
and they quit participating ultimately because of insufficient
channel competitiveness, as shown in Fig. 8c.

Conclusion 6. The government’s “penalty” strategy for failing
to achieve the recycling target has a significant incentive effect on
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Fig. 9 Evolutionary results of subsidy policy. a The impact of dynamic subsidy s = 1, 3, 5 on the government's behavioral strategies; b The impact of
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manufacturers compared with the fund “reduction” policy for
achieving the target.

(2) Scenario II: The impact of the government “subsidy”
policy on recyclers

China’s EPR fund subsidy policy currently only targets
dismantling enterprises. To explore the incentive effect of a
subsidy policy for recyclers based on the recycling TRS, we set the
values of subsidy as s = 1, 3,5 and obtain Fig. 9.

As shown in Fig. 9, the subsidy strategy has a significant
incentive effect on recyclers to participate in shared recycling.
Figure 9¢ shows that recyclers’ intention to participate in sharing
rises with the increase of subsidies. Specifically, when the

recycling subsidy is 1, the recycler will not participate in sharing.
However, when the subsidy is more than 2, the recycler chooses
to participate. Figure 9b shows that under different levels of the
subsidy, the trend of changes in manufacturers’ intentions to
actively perform responsibility is consistent with recyclers’
participation in sharing. Figure 9a shows that when the value of
the subsidy is between 1 and 5, the government chooses to
positively supervise shared recycling constantly. A reasonable
explanation for this situation is that because recyclers participate
in shared recycling, they not only need to bear the losses that
information sharing causes, but they also need to transfer certain
benefits in the form of sharing costs. Therefore, when the subsidy
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is low, recyclers will not participate in shared recycling, but as
subsidies gradually increase, the balancing effect of subsidies on
participation costs becomes more apparent and leads to a
continuous increase in recyclers’ participation. The recyclers’
participation influences manufacturers’ decision-making beha-
vior, so their strategic choice is consistent with that of the
recyclers. Within the acceptable range of fiscal expenditure, the
government will actively promote the successful implementation
of shared recycling through subsidies, thereby improving
environmental benefits and gaining credibility.

Conclusion 7. The subsidy strategy for recycling can effectively
mobilize recyclers’ enthusiasm to participate in and promote the
efficient realization of shared recycling.

(3) Scenario III: The impact of the basic revenue on the
government

The government implements the TRS to realize standardized
management of WEEE, which is the process of promoting carbon
reduction and resource conservation, so the government’s
behavioral goals are composed of improving social welfare and
increasing government revenue. In different stages of shared
recycling, the government weighs public welfare and government
revenue differently according to the specific decision-making
conditions and constraints. In this study we integrate the sum of
social credibility income, political performance assessment, and
economic benefits to define the basic revenue of the government’s
positive supervision as U,. To analyze the government’s dynamic
decision-making when its revenue changes and to examine its
impact on the evolution of the game system, we adjust the value
of U, = 10, 35,50 separately and obtain Fig. 10.

As shown in Fig. 10a, the higher the basic revenue from PS, the
greater the government tends to actively promote shared
recycling. When the basic revenue is less than the fiscal
expenditure, the driving force for the government’s promotion
will weaken, and it will eventually no longer intervene in shared
recycling. This result is the same as in the analysis of U, +
Mobhf < Cq + (0, — 07) + (T, — 7¢) in the Evolutionary Game
Model section above. In addition, Fig. 10b, c reflect producers and
manufacturers’ dependence on government support and financial
subsidies during the developing stage of shared recycling.

Conclusion 8. Policy support and government supervision are
essential prerequisites for shared recycling under the TRS, and PS
requires a massive amount of labor, material resources, and
financial investment. Nevertheless, as the representative of the
public interest, the government should make improving the
ecological environment and enhancing social welfare its goals
rather than considering short-term gains and losses. Thus,
actively promoting shared recycling to increase WEEE’s recycling
volume and to accelerate the reuse of resources contributes to
implementing the TRS, which is an efficient way for the
government to fulfill its responsibilities and achieve the goal of
carbon neutrality.

Mature stage: endogenous dynamic and symbiotic motivation.
After entering the mature stage of shared recycling, the govern-
ment withdraws from the market, and endogenous growth drives
the development of shared recycling. In the mature stage, the
number of recyclers participating in sharing increases, manu-
facturers and recyclers’ recycling volume increases with the
enhancement of the overall channel competitiveness, and the
scale effect of supply and economies of scope of demand is rea-
lized. To study shared recycling’s endogenous dynamics and
participants’ motivations in the mature stage, we adjusted the
parameter assignments based on Table 5 and conducted a new
round of simulation analysis. Considering the stability conditions
of the equilibrium point E,(0,1,1), we set the parameters as

Uy=10,7,=8,0,=81,=12, 4, =0, 4, =1,b=7,1, =3,
C, =95, AC, = 20, and adjusted other parameter assignments
according to the specific situations.

(1) Scenario IV: Motivation of manufacturers to active
performance

The TRS’s goal is for manufacturers to fulfill their responsi-
bilities proactively. The key supply for shared recycling is that the
manufacturer develops recycling systems and shares recycling
resources. To analyze the impact of different factors on
manufacturers’ motivation to build a shared recycling system,
we adjusted the value of #,,7,,, c,,, respectively, to obtain Fig. 11.

As shown in Fig. 11, the manufacturers’ intention to develop a
shared recycling system increases with the number of recyclers
participating in the sharing and the sharing fees charged to recyclers,
and it increases with the decrease in unit recycling costs. However,
Fig. 11a shows that when the number of recyclers participating in
the sharing exceeds the carrying capacity of the recycling system, the
system will experience oscillations in the later stage. In this case,
manufacturers need to increase investment to improve recycling
capacity. Figure 11b indicates that when the participation fee
charged to recyclers is too high, in the absence of recycling subsidies,
they will withdraw from shared recycling owing to their inability to
pay the same charge as in the development stage. Conversely,
manufacturers are demotivated to establish the shared recycling
system when the fee setting is too low, such that expenses exceed
income. Figure 11c illustrates that recycling cost is the main factor
restricting manufacturers from building the shared recycling system.
When the recycling cost per unit is too high, manufacturers will give
up implementing shared recycling.

Based on the above analysis, manufacturers are supposed to
optimize resource allocation by developing an information
recycling platform to control marginal recycling costs. In
addition, they should reduce sharing costs spontaneously to
attract more recyclers to participate under the premise of
balanced income and expenditure, instead of blindly pursuing
the excess profits that shared recycling brings in the short term.
By implementing the above measures, manufacturers can achieve
the scale effect of shared recycling, thereby reducing the recycling
cost of their own products.

Conclusion 9. For manufacturers, sharing the hardware and
software resources required for WEEE recycling with recyclers
could obtain excess returns. Specifically, pursuing the optimal
allocation of resources could contribute to economies of scale and
scope. That is the vital driver for manufacturers to build a
recycling system and share logistics resources and services.

(2) Scenario V: Motivation of recyclers to participate in
shared recycling

Recyclers’ participation plays a decisive role in the successful
implementation of shared recycling. To analyze the impact of
different factors on recyclers participating in shared recycling, we
adjusted the values of 0,,AC,, r,,, respectively, to obtain Fig. 12.

Figure 12a, b show that recyclers’ participation rises with the
increase in recycling volume and recycling costs that participating
in shared recycling saves. According to the conclusion of the
analysis in the previous subsection, let ¢,,= 1.7, then adjust the
value of r,, to obtain Fig. 12¢, which shows recyclers’ participation
continuously increases with the reduction of sharing costs. The
reasonable explanation for the above situation is that saving costs
and increasing profits is the fundamental motivation for recyclers
to participate in sharing. Shared recycling can improve the overall
competitiveness of the channel and increase the recycling volume
for recyclers. At the same time, recyclers participating in shared
recycling only need to pay a lower sharing fee to complete the
recycling business, saving the recycling system’s construction cost
and the business cost of the recycling.
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Based on the above analysis, manufacturers leading the
recycling system should strive to develop a complete and efficient
recycling system to improve collection capacity and channel
competitiveness after entering the mature stage. To mobilize
recyclers’ enthusiasm for participation, manufacturers must
scientifically formulate a cost-benefit sharing mechanism to
transfer a certain amount of excess profit to recyclers. Meanwhile,
recyclers should strengthen information and resource sharing and
reduce unnecessary costs and expenditures that information
asymmetry and speculative behavior cause.

Conclusion 10. For recyclers, compared with the self-operated
recycling model of building and managing the recycling system
on their own, shared recycling has the advantage of lower costs
for WEEE collection and management. We conclude that
improving channel competitiveness and increasing recycling
efficiency are the primary motivation for recyclers’ participation
in shared recycling.

(3) Scenario VI: The impact of opportunistic cost on the
system

Opportunism gains through speculation also drive manufac-
turers and recyclers to implement shared recycling. According to
the conclusion of opportunism cost during the mature stage in
the Evolutionary Game Model section above, the values of
tys b, p,» respectively, can be adjusted to obtain Fig. 13 and further
analyze their impact on the game system of shared recycling.

As shown in Fig. 13a, recyclers’ participation increases with
their speculation probability, and the evolutionary trend of
manufacturers’ intention to build the shared recycling system
remains consistent with the recyclers’ participation. This indicates
that the speculative behavior of participants in the business model
of shared recycling is profitable and inevitable.

Figure 13b shows that when b € [1, 4], recyclers’ participation
increases with the margin, but when b € [4, 7], their intention to
participate shows a downward trend. However, when b € [1,7],
manufacturers’ intention to build a shared recycling system
increases with the margin. This indicates the important role of the
contract margin in limiting speculations among recyclers and
preventing them from breaking away from sharing after violating
regulations. As a credit deposit that recyclers pay to manufac-
turers in advance, the margin can effectively promote manufac-
turers to implement shared recycling. However, the margin can
only play its role when it is at a certain threshold, which validates
the conclusion of /,, < b <i, drawn in Proposition 4. Specifically,
when it is too large, the recycler will give up sharing owing to the
high sharing cost. Conversely, the manufacturer will not
implement owing to the lack of protection for their interests.

Figure 13c shows that recyclers’ intention to participate
decreases with the increase of liquidated damages paid to
manufacturers, and the evolutionary trend of manufacturers’
strategic behavior remains consistent with the recyclers’ inten-
tion. This indicates that where the recycler has already paid the
deposit, excessive breach of contract compensation will under-
mine the recycler’s enthusiasm to participate in sharing.

Conclusion 11. Participants’ speculative behavior in shared
recycling exists objectively, and it is crucial to adopt effective
regulatory and punitive measures to reduce the impact on the
system’s development when speculative behavior occurs. The
margin system and the penalty system for dishonesty are
important institutional provisions for shared recycling. However,
they can play an effective role only when the margin and penalty
are at a certain threshold.

Conclusions
In this study, we construct an innovative WEEE recycling model
based on the theory of the sharing economy, and we propose an
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incentive mechanism for manufacturers and recyclers to perform
their responsibilities according to the TRS. We used evolutionary
game theory and the SD approach to study the operating
mechanism of the shared recycling model and the effectiveness of
the incentive mechanism. We draw the following important
conclusions.

First, the development of shared recycling evolves from the
developing stage of the system equilibrium stable point Eg4(1, 1, 1) to
the mature stage of equilibrium stable point E,(0, 1,1). The devel-
oping stage relies on government support and subsidies, which is not
conducive to realizing value creation for shared recycling; the mature
stage promotes the development of shared recycling with the sharing
economy’s internal operation mechanism, which is an ideal situation
for implementing shared recycling.

Second, the combination strategy of reduction-penalty-subsidy
has a significant incentive effect for the multi-agent to implement
shared recycling collaboratively under the TRS. We found the
penalty for not achieving the recycling target could better
incentivize manufacturers to perform responsibilities compared
with the fund reduction for achieving the target, whereas the
subsidy could effectively increase recyclers’ participation in
shared recycling.

Third, the economic benefits that the scale effect generates are
the primary motivation for manufacturers to establish a shared
recycling system, whereas the motive for recyclers’ participation
in sharing is to save costs and improve recycling efficiency.

Fourth, the deposit system and penalty system for dishonesty
can constrain stakeholders’ speculative behavior to a certain
extent at different stages of shared recycling. Because participants’
opportunistic benefits in shared recycling are higher than costs,
opportunistic behavior is objective and unavoidable; in this
context, contractual deposits can effectively prevent recyclers
from withdrawing from sharing after their speculation.

The above conclusions are good insights for realizing the high-
quality development of recycling and reuse of WEEE and other
recyclable resources.

First, the government should strengthen recycling target
responsibility and innovate incentive mechanisms to promote the
marketization of WEEE recycling. The development of WEEE
recycling through fund subsidies is not a long-term solution, so it
is essential for market mechanisms to play the role of value
creation to realize the economy of scale and scope in the indus-
try’s sustainable development. The government should clarify the
responsible parties’ recycling goals and toughen the penalties for
failure to achieve the goals. At the same time, the government
should pay attention to the development of diversified recycling
channels by encouraging collectors and processors to increase
investment in the construction of recycling systems through
subsidies.

Second, infrastructure and institutional safeguards should be
improved, and the market environment for cooperation and
sharing among stakeholders in the reverse supply chain should be
optimized. At present, the main shortcoming that restricts the
sustainable development of WEEE recycling in most developing
countries, including China, is the lack of reverse logistics infra-
structure. Therefore, the government should provide certain
financial and policy support to infrastructure construction. The
most urgent need is to support enterprises with the capacity to
build a recycling network system either on their own or with
assistance. In addition, the government should encourage inno-
vative ways of resource sharing and cooperative recycling among
recycling entities, and it should promote typical models that can
be drawn upon in the industry. Further, the government should
enhance the supervision of cooperation and sharing, creating a
favorable market environment of healthy competition and win-
win cooperation for the industry’s development.
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Third, resource allocation should be optimized, and channel need to integrate and optimize the allocation of all logistics
competitiveness should be improved. The worldwide lack of resources within the reverse logistics supply chain and take the
channel competitiveness has long been a major challenge for the initiative to reduce the cost of sharing to mobilize recyclers’
formal recycling system. Therefore, to improve the channel’s participation. In addition, we recommend combining new recy-
overall recycling capacity, producers leading the recycling system  cling models, such as shared recycling, with the “Internet +”
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platform to improve the integration capacity of standardized
recycling enterprises for individual collectors to give full play to
the role of social resources in front-end recycling.

The shared recycling model established in this study focuses on
addressing the challenges of China’s WEEE recycling practice,
which is also of great practical significance for developing
countries that aim to enhance recycling capacity. In addition, we
have attempted to fill some research gaps and contribute to the
theoretical study of WEEE recycling and EPR. We applied the
theory of the sharing economy to reverse logistics and con-
structed a shared recycling model based on its theoretical foun-
dation, enriching the theoretical research of logistics models. Our
innovative model provides a theoretical basis for horizontal
cooperation and resource sharing among the responsible parties
of WEEE recycling. The margin system and dishonesty punish-
ment mechanism proposed in the study provide not only an
effective and feasible credit constraint mechanism for the business
model of the sharing economy but also a new solution to spec-
ulative behavior in principal agencies. In addition, we explore the
incentive mechanism of the TRS, and the fund policy of
reduction-penalty-subsidy provides a decision-making reference
for the implementation of EPR after subsidy reduction in China.

However, there are still some limitations to this research.
Limited by the difficulty of modeling and constraints of metho-
dology, we assume that all responsible entities such as producers
and dismantling processors with no ability to build recycling
systems independently are recyclers with recycling needs, which
fails to analyze comprehensively the specific decision-making
conditions of different entities. In the development of shared
recycling, the above stakeholders may choose to build a recycling
network system independently and evolve into a dominator of
shared recycling that considers the dynamic changes of their own
cost-benefit ratio, thus generating a new game behavior. Future
research could establish a four-party evolutionary game model
based on comprehensive consideration of the specific decision-
making conditions of each stakeholder, and they will conduct
deep research into the allocation of benefits and cost sharing
among sharing participants.
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