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Several countries and regions have adopted recycling subsidy policies to
encourage recycling activities and enacted recycling laws to improve the
recycling rate of waste electrical and electronic equipment (WEEE). These
initiatives are designed to reduce the damage to the environment and natural
resource consumption caused the enterprise. In this study, we analyze how
government recycling regulations, value co-creation activities, and recycling
subsidies influence the pricing and output decisions of members of a closed-
loop supply chain. We develop a Stackelberg game model led by manufacturers
and followed by retailers to explore the impact of value co-creation activities and
recycling subsidies on the quantity of new and remanufactured products,
recyclers’ prices and prices of recycled electronic parts, manufacturers’
capacity to recycle, and environmental performance in the context of
government recycling regulations. Manufacturers can choose from three
recycling modes: mandatory minimum remanufacturing (SDW model), non-
mandatory partial remanufacturing (SDO model), and full remanufacturing (SDB

model). The results show that 1) higher recycling subsidies optimize the recycling
capacity of manufacturers, increasing the number of remanufactured products
and reducing the market share of new products, which affects the price of new
products. 2) higher recycling subsidies reduce the price of recycled electronic
parts purchased by manufacturers, strengthen the bargaining power of
consumers, increase the price of recyclers, promote the active participation of
consumers in value co-creation activities, and increase the level of value co-
creation. 3) higher recycling subsidies help to increase the economic value of all
parties in the closed-loop supply chain (manufacturers, recyclers, consumers), but
stricter recycling constraints are not always beneficial to environmental
performance; environmental taxes and fees above a certain threshold of
recycling constraints reduce the negative impact of production activities on
the environment. The novelties and contributions of this research include
proposing a new application for the Value Co-creation and Government policy
utilized to Supply Chain and their impact on sustainable supply chain. In addition,
we proposed three new recycling strategies and analysed the impact of
environmental tax on the environmental performance. Therefore, this study
aims to provide some insights for government policymakers and for managers
when facing a more complex business environment.
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1 Introduction

Waste electrical and electronic equipment (WEEE), commonly
referred to as “e-waste,” is one of the fastest-growing sources of
waste worldwide (Bernardes et al., 2023). The annual growth rate of
its waste can reach 3%–5%, and the amount of e-waste is expected to
reach 75 million tons by 2030 (Shittu et al., 2021). WEEE contains
several valuable resources and materials, yet only about 20% of the
total e-waste is recycled (Balla et al., 2022). According to statistics,
Since 2000, recycling of municipal waste in the EU has increased by
84%, while the amount of waste sent to landfill has fallen by more
than 50%. EU member states generated about 230 million tons of
municipal waste in 2021, of which about 50% was recovered for
recycling. Asian countries, by contrast, recycle less WEEE than EU.
According to the data simulation, Shanghai’s total waste output will
continue to rise between 2025 and 2050. By 2050, the city’s waste
production will reach 16 million tons. However, Recycling rates in
Shanghai are well below 50% (Chu et al., 2023). What’s even more
noteworthy, harmful chemicals in WEEE can seriously affect the
ecological environment and human health (Batoo et al., 2022). The
seriously negative impact makes the recycling of WEEE become an
urgent need. (Tang et al., 2022). In the context of cleaner production,
Circular Economy is an important way to achieve a sustainable
society. Nowadays, Circular Economy (CE) is emphasized as a
solution for achieving the balance of economy and environment
(Hosseini Dehshiri and Amiri, 2024). The remanufacturing industry
is one of the components of the circular economy. Due to the high
residual value of WEEE, there are huge economic and
environmental benefits to recycle WEEE. Recycling WEEE can
save about 80% of resources compared to manufacturing new
products, which shows that remanufacturing offers greater cost
advantages (Boone et al., 2012). Also as a part of the circular
economy, the waste electrical and electronic equipment recycling
industry can effectively promote low-carbon economy and
sustainable development (Aranda-Usón et al., 2020). The
remanufacturing industry has broad prospects for development,
and when products are recycled, resources retain value through
reuse, so the remanufacturing industry has become an important
driving force for the implementation of circular economy (Agrawal
et al., 2023). In 2017, Beijing actively responded to the extended
producer responsibility initiative by adopting energy-saving
supermarkets as a recycling pilot project and relying on the GSI
coding technology to develop a two-dimensional code logo, and
introduced a traceability system (“one device, one code”) to
effectively manage the recycling of WEEE. In 2018, Amazon
announced an investment in closed-loop infrastructure funds in
the United States and the United Kingdom, with plans to collect
1 million tons of recyclable resources by 2028. The investment aims
to effectively promote green consumption and green recycling to
solve problems such as resource scarcity and pollution. Recycling of
waste and the construction of a circular economy are regarded by
many scholars as key factors for sustainable development (Liu et al.,
2023).

Value co-creation has become an important measure to achieve
green and low-carbon sustainability. The traditional concept of
value co-creation considers enterprises as the sole subject of
value creation (Vargo and Lusch, 2004). With the emergence of
Internet technology, the modern theory of value co-creation

suggests that value creation is accomplished by all stakeholders in
the supply chain (e.g., manufacturers, recyclers, consumers, and
non-profit organizations) (Vargo and Lusch, 2008). In the recycling
sector, most recyclers have started to include consumers in the value
co-creation process, tying the interests of recyclers and consumers to
each other and promoting sustainable and deep cooperation up and
down the supply chain, which has proven to be beneficial to value
co-creation (Lacoste, 2016). Value co-creation brings relative
fairness to supply chain members, and relative fairness is indeed
beneficial to the decision-making of supply chain members and their
cooperation in sustainable supply chain management (Zheng et al.,
2019; Liu et al., 2021). Ongoing cooperation among all participants
in the supply chain facilitates the development of value co-creation
activities and the implementation of extended manufacturer
responsibility programs (Jacobs and Subramanian, 2012).
However, the formation of a sustainable economy does not
depend only on value co-creation activities, but also on
government regulation of recycling. The WEEE Directive was
developed and adopted by EU member states in 2002 and was
transposed into national law by 2014. In 2012, the Japanese Senate
announced the implementation of the Scrap Small Appliances
Recycling Law (SHARL). In 2013, the EU announced the
implementation of the Ship Recycling Regulation (SRR)
(Esenduran et al., 2016; Solakivi et al., 2021). These recycling
regulations are designed to guide the economy toward a
sustainable transition. However, the process of recycling WEEE is
not always smooth and its associated operations are hampered by
available funding; therefore, the government needs to facilitate the
development of the recycling industry through subsidies. In 2011,
the State Council of China passed the Regulations on the Recycling
of WEEE, which provide subsidies for each WEEE dismantled by
recyclers. There are still many countries in the world that lack
management experience, investment funds, incentives and
subsidies, and mandatory laws and regulations in the field of
recycling (Abdulrahman et al., 2014). The promotion of
sustainable development and the establishment of a circular
economy require precise design, implementation planning, and
measures. However, there is a lack of research on the factors that
impact the closed-loop supply chain in the complex environment of
government recycling regulations, recycling subsidies, and value co-
creation behavior at the recycling stage. The interaction of multiple
factors such as recycling constraints, recycling subsidy policies, and
value co-creation activities increases the decision-making
complexity of participants in closed-loop supply chains. For
example, new products and remanufactured products compete
for market share. Additionally, the remanufacturing industry is
influenced by complex internal and external factors, such as the
adequacy of recyclable resources and the level of value co-creation,
which may positively or negatively affect remanufacturing, thus
making it difficult for manufacturers and recyclers to make pricing
and output decisions. Therefore, this study first investigates the
impact of value co-creation and recycling subsidies on optimal
output and pricing decisions of manufacturers and recyclers
under government recycling regulations. The necessity of
improving the mandatory legal framework and the importance of
stakeholder responsibility are emphasized.

Optimizing the recycling capacity of manufacturers and
promoting value co-creation activities at the recycling stage has
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the ultimate goal of promoting sustainable development, achieving a
circular economy, and reducing environmental damage. Therefore,
the most important innovations and contributions of this study are:

• Evaluating the output decision under complex scenarios of value
co-creation, government regulation, and government subsidies.

• Evaluating three schemes of recycling capacity under the
complex scenario of value co-creation, government
regulation and government subsidy to obtain the
sustainability of closed-loop supply chain.

• The value co-creation of consumers in the recycling phase is
considered and the Closed-loop supply chain is involved to the
model.

• Providing some solutions based on results for manager and
government.

To achieve the above research objectives, three questions need to
be addressed: 1) What are the optimal output and pricing decisions
of manufacturers and recyclers, and what are the profits considering
value co-creation behavior and recycling subsidy policies under
government recycling regulations? 2) How do recycling subsidies
affect manufacturers’ ability to recycle and the profits of supply
chain participants? 3) How does the strength of government
recycling regulations, environmental taxes, and recycling
subsidies affect environmental performance?

To address the above research questions, a Stackelberg game
model consisting of a manufacturer and a recycler is constructed in
this study. The results of the analysis reveal several main findings.
First, the manufacturer can choose from three recycling models:
mandatory minimum remanufacturing (SDW model), non-
mandatory partial remanufacturing (SDO model), and full
remanufacturing (SDB model). Second, higher government
recycling subsidies will optimize the recycling capacity of
manufacturers, which will lead to remanufactured products
crowding out the market share of new products, and the price of
new products will suffer from competition from remanufactured
products. Additionally, higher recycling subsidies reduce the price of
recycled electronic parts purchased by manufacturers, increase the
bargaining power of consumers, increase the price of recyclers,
promote consumer initiative to participate in value co-creation
activities, and increase the level of value co-creation. Finally,
higher recycling subsidies increase the value co-creation level of
the closed-loop supply chain participants (manufacturers, recyclers,
consumers). Furthermore, stricter recycling constraints are not
always beneficial to environmental performance; only when
environmental taxes and fees are above a certain threshold can
they reduce the negative impact of production activities on the
environment.

The rest of the paper is organized as follows: Section 2 presents a
review of the relevant literature. Section 3 introduces the modeling
framework and develops the Stackelberg game model led by the
manufacturer and followed by the recycler. Section 4 identifies the
optimal output and pricing decisions of manufacturers and recyclers
under different recycling capacities, the thresholds of the recycling
capacity stage modes, and the impact of environmental taxes on
environmental performance under more stringent recycling
constraints. Section 5 analyzes the main results of the study
using numerical examples. Finally, the results of this study are

summarized and the conclusions and future research outlook are
presented in Section 6.

2 Literature review

2.1 Government regulations

The improvement of government regulations has led many
enterprises to take on more social and environmental issues,
which deserve in-depth attention in the Closed-Loop supply chain
(CLCS) (Dehshiri et al., 2023; Mirzaei et al., 2023). Several scholars
have focused on closed-loop supply chains under different
government regulations. For example, Xu et al. (Xu et al., 2021)
used the Stackelberg game model to study the recycling channel
choice of applying eco-design under government environmental
regulation. Qu et al. (Qu et al., 2022) developed a dual-recycling
channel supply chain decision model with “Internet + Recycling” and
investigated the effects of consumer preferences, recycling efforts, and
government regulations on the closed-loop supply chain participants.
Wang et al. (Wang et al., 2019) investigated the recycling of used
products under different regulatory scenarios based on the classical
game theory, taking government regulation and social reputation into
account in the Stackelberg game model. Tan and Guo (Tan and Guo,
2019) explored the impact of different regulatory environments on
the logistics system in a closed-loop supply chain by considering the
uncertainty of the quality of recycled products. In addition, some
scholars have also studied closed-loop supply chains in terms of
carbon trading and carbon quota regulation. For example, Chen et al.
(Chen et al., 2018) considered government carbon regulation and
recycling regulation in a game model and analyzed the impact of
regulatory constraints on environmental performance. Sun et al.
considered retailers and prefabricated building manufacturers
(PBM) into a closed-loop supply chain game model and analyzed
the optimal decision of manufacturers under carbon trading policy
and low carbon emission reduction subsidy (CER) (Sun et al., 2023).
Lyu et al. (Lyu et al., 2022) used game theory to consider
manufacturers’ strategies for emission reduction and recycling,
and studied the impact of different government regulations on the
recycling decisions of manufacturers. At present, most countries in
the world have formulated corresponding policies according to
Extended Producer Responsibility (EPR) regulations, which
provides a reference for government recycling regulation. Based
on EPR regulations, Cao et al. (Cao et al., 2023) consider the
impact of trade-in policy on manufacturers’ optimal strategy.
Jiang et al. (Jiang et al., 2023) explored a multi-responsibility
system in which the government regulates members of the closed-
loop supply chain (producers, retailers, consumers, and recyclers) to
achieve a shared responsibility for recycling, and have further
explored the impacts of different responsibility ratios on the
equilibrium outcomes of the supply chain members as well as on
the welfare of the society. Mathew, G et al. made up for the gap in the
study of used lithium-ion batteries (LIB) by means of a national
online survey, and found that the harm of LIB could be mitigated
through government-mandated laws and regulations (Mathew et al.,
2023). However, few scholars have analyzed decision-making in
closed-loop supply chains from the perspective of governmental
recycling constraints.

Frontiers in Energy Research frontiersin.org03

Liao et al. 10.3389/fenrg.2023.1308800

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1308800


2.2 Value co-creation

The “service-led logic,” a new form of value co-creation which is
consumer-oriented and involves the joint participation of supply
chain members in the value co-creation process, is more suitable for
value production in modern society (Sugathan et al., 2017). Zhang
et al. (Zhang et al., 2022a) introduced the concept of value co-
creation rate and developed and optimized a quality risk control
model for the new retail supply chain. Li et al. (Li et al., 2020)
established three different types of value co-creation mechanisms
based on game theory and studied the investment and profit-sharing
strategies of closed-loop supply chain members. Zhang and Meng,
and Zhang et al. (Zhang and Meng, 2021; Zhang et al., 2022b)
investigated the effects of equity crowdfunding and cross-
shareholding on value co-creation among external members
(investors) and internal members (manufacturers, retailers,
remanufacturers, and consumers) of the supply chain based on
multilevel planning and Stackelberg game models. Some scholars
have also analyzed the impact of value co-creation on supply chains
from an empirical perspective. Ren et al. (Ren et al., 2015) studied
the processes and operational mechanisms of value co-creation in
the supply chain based on a sample of 110 manufacturers and
consumers. From the perspective of marketing and tourism, Yang
et al. (Yang et al., 2023) emphasized the importance of value co-
creation in maintaining cultural facilities through regression and
structural equation methods. Value co-creation is not only reflected
in real products, but also in the virtual world. Tater, M et al. analyzed
a game called “Mission BioHero,” which builds a platform that
enables players to participate in bioeconomy. Not only are players
entertained, but the ideas they interact with can be used to shape
bioeconomic policy. Research shows that player participation design
plays an important role in the production of game value (Tatar et al.,
2023). However, few existing studies have considered the value co-
creation behavior at the recycling stage, which is worth further
research.

2.3 Recycling subsidy

Several scholars have studied the impact of recycling subsidies
on effectively promoting the remanufacturing industry and
sustainable development. Zhang et al. (Zhang et al., 2021)
developed four types of single-channel game models based on the
classical game theory considering government subsidies and
recycling promotion, and explored the impact of different game
strategies on the recycling of waste products. Tan et al. (Tan et al.,
2023) developed a game model for the supply chain of building
materials based on construction waste recycling, and explored the
impact of different subsidy agents on the decision-making of supply
chain members. Yu et al. (Yu et al., 2021) constructed a Stackelberg
game model led by manufacturers and followed by recyclers to
analyze the impact of four heterogeneous subsidy schemes on
recycling efficiency. Wang et al. (Wang et al., 2023) developed an
evolutionary game model for recyclers and consumers with and
without government subsidies to study the decisions of recyclers and
consumers under different scenarios. The impact of the recycling
subsidy policy has also been analyzed from a system dynamics
perspective. Wang et al. (Wang et al., 2022) analyzed the impact of

recycling subsidies and tax policies on the recycling industry of used
cell phones in China based on a system dynamics model. Li et al. (Li
et al., 2019) used the system dynamics approach to model the
recycling of used electric vehicle batteries and explored the
impact of different recycling subsidy policies on the economic
efficiency of recycling. However, few scholars have studied the
impact of recycling subsidies on the recycling capacity of
manufacturers, which will be investigated in depth in this study.

2.4 Research gap

On the basis of a comprehensive review of existing literature,
many scholars have conducted in-depth research on government
recycling regulations and value co-creation, which provides some
references for this paper. But there are still some gaps. First of all,
most of the existing studies on value co-creation are based on
empirical analysis. How to analyze the impact mechanism of
value co-creation on closed-loop supply chain from the
perspective of model needs to be studied. Secondly, most studies
on government remanufacturing subsidies and government
recycling regulations are analyzed from a single perspective, and
the impact of government regulation policies on closed-loop supply
chain is not analyzed from the perspective of complex regulatory
environment. Third, the existing participation methods of value co-
creation are mainly based on consumers’ feedback on products and
enterprises’ improvement of products, and the value co-creation
methods in the recovery stage have not been deeply studied by
scholars. The study of this paper fills the gap mentioned above.

In order to highlight the differences between this paper and
other literature, Table 1 lists some representative articles, which are
compared and analyzed.

3 Model description

How to characterize the extent of producer recycling capacity?
We develop a two-level closed-loop supply chain game model
consisting of a manufacturer and a recycler. The model takes
into account value co-creation activities and recycling subsidies
under government recycling regulations. The recycler first
recycles the WEEE in the market, and the value co-creation
activity is represented by the participation of the recycler and the
consumer in the recycling stage, and then the recycler dismantles the
WEEE after the recycling activity. For every unit of WEEE recycled
by the recycler, the government will give the recycler a recycling
subsidy of ε per unit, and the manufacturer will buy the recycled
WEEE parts at a price of ω per unit. It is assumed that the
manufacturer sells both new products and remanufactured
products, and the quantity of remanufactured products is subject
to the government’s recycling regulations. The government gives the
manufacturer a certain amount of carbon credits and charges an
environmental tax of f per unit above the credits. If the carbon
emissions from the production activities do not exceed the credits
given, the manufacturer can sell the remaining credits to the carbon
market at the same price. The manufacturers decide whether to
optimize their recycling capacity based on their interests and
profitability.
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In thismodel,manufacturers can choose from three recyclingmodes:
1) mandatory minimum remanufacturing (SDW mode), in which
manufacturers only meet the lower limit (qr � τqn) of the
governmental recycling constraints, and their recycling capacity is at
the minimum level; 2) non-compulsory partial remanufacturing (SDO

mode), inwhich themanufacturer is not constrained by the lower limit of
the government’s recycling regulation and takes the initiative to improve
the recycling rate ofWEEE; thus, the manufacturer’s recycling capacity is

improved (τqn < qr < ρqn); 3) full remanufacturing (SDB model), in
which themanufacturer will remanufacture all theWEEE collected by the
recycler, and the manufacturer’s recycling capacity reaches the upper
limit of the recycling constraints (qr � ρqn). The model further assumes
the following:

(1) The new product and the remanufactured product are
homogeneous, and consumers have the same acceptance of
the new product and the remanufactured product.

(2) The market demand function is q � ϕ − apn (Huang et al.,
2013), where pn and q represent the new product sales price
and total market sales, respectively; ϕ> 0 indicates the market
volume; a is market price elasticity coefficient; to simplify the
calculation, it is assumed that a� 1.

(3) The recycling quantity of WEEE is a linear function of the recycling
price and value co-creation level of WEEE, i.e., qm � kpr + γs, γs is
a new hypothesis in the area. To simplify the calculation, it is
assumed that all WEEE recycled by the recycler can be used for
remanufacturing after disassembly, i.e., qr � qm.

(4) The recycler invests in value creation activities, which involve both
the recycler and the consumer. For example, the recycler establishes
a recycling service platform, broadens recycling channels, and
designs a standardized recycling process. Consumers respond
positively to recycling activities, participating in product
recovery, feedback, and service to create value. The value co-
creation investment cost of the recycler is a quadratic function,
similar to Swami etc., (Swami and Shah, 2013), C(s) � αs2.

(5) The sales price and production cost of new products are pn and
cn, respectively; the recycling price and production cost of used
electrical and electronic products are pr and cr, respectively, and
pn >pr, cn > cr. To ensure that the production profit is non-
negative, it is assumed that γ2 < 2kα, and for convenience, it is
assumed that A� 4kα − γ2.

(6) The quantity recycled by manufacturers satisfies the inequality
constraint τqn ≤ qr ≤ ρqn. The inequality constraint ensures that
the manufacturers will meet the lower limit of the governmental

TABLE 1 Comparison of some important studies in the literature.

Source Value Co-
creation

Government
regulations

Recycling
subsidy

Closed-loop supply chain

Manufacturer Recycler Government

Wu et al. (Wu et al., 2021) ✓ ✓

Wang and He (Wang and He,
2023)

✓ ✓ ✓ ✓

Zhang et al. (Zhang et al., 2022a) ✓

Liu and Nishi (Liu and Nishi,
2019)

✓ ✓ ✓

Zhou et al. (Zhou et al., 2023) ✓ ✓ ✓

Giri and Dey (Giri and Dey,
2019)

✓ ✓

Hong et al. (Hong et al., 2014) ✓ ✓ ✓ ✓

Fang et al. (Fang et al., 2023) ✓ ✓ ✓

This paper ✓ ✓ ✓ ✓ ✓ ✓

Bold values imply the comparison with existing studies.

TABLE 2 Summarizes all related notations used to construct the model and
their descriptions.

Table 2 symbol description

Symbol Description

pn Selling price of new products

pr Recycling prices for used and waste electrical and electronic products

qn , qr Output of new products, Output of remanufactured products

πm、πr Profit of manufacturer, Profit of recycler

s Value co-creation level

cn , cr Cost of producing new products, Cost of producing remanufactured
products

ε Recycling subsidy

α Value co-creation difficulty factor

γ Value co-creation elasticity factor

τ Minimum recycling rate subject to recycling regulations

ρ Maximum recycling rate subject to recycling regulations

ω Purchase price of recyclable electronic parts

E Total carbon emission

ϕ Market capacity

Frontiers in Energy Research frontiersin.org05

Liao et al. 10.3389/fenrg.2023.1308800

https://www.webofscience.com/wos/author/record/15207531
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1308800


recycling constraint and that the quantity recycled by
manufacturers will not exceed the upper limit of the allowed
recyclable quantity of WEEE in the market.

Additionally, Figure 1 shows the structure diagram for this article.

4 Closed-loop supply chain optimal
decision analysis

The Stackelberg game model is based on the assumption that the
manufacturer is the leader and the recycler is the follower, with both
the manufacturer and the recycler aiming to maximize their own
interests. In this case, the manufacturer first determines the sales
price pn of the new product and the purchase price ω of the recycled
electronic parts, and the recycler as a follower determines the
recycling price pr of the WEEE and the level of value co-creation
s. The solution is based on the inverse induction method.

According to the assumption, the manufacturer’s profit function
is as follows:

πm
pn,ω{ }

� pn − cn( )qn + pn − cr − ω( )qr − f e qn + θqr( ) −M( )

s.t. τqn ≤ qr ≤ ρqn
(1)

The profit function of the recycler is as follows:

πr
pr,s{ }

� ω − pr + ε( )qr − αs2 (2)

4.1 Optimal decision when the
Manufacturer’s recycling capacity is SDW

Proposition 1. Optimal decision-making in closed-loop supply
chains when the manufacturer’s recycling capacity is SDW:

pW*
n � −αk2 τ+1( ) −cn − τcr − ef θτ+1( ) + τ ε + ϕ( ) + ϕ( ) + Aϕτ2

2τ2 αk2 + A( ) + 2αk2 2τ+1( )
pW

+

r � τ 2kα − γ2( ) −cn − τcr − ef θτ+1( ) + τ ε + ϕ( ) + ϕ( )
2τ2 αk2 + A( ) + 2αk2 2τ+1( )

ωW* � −τA cn + τcr( ) − efτA θτ+1( ) − 4k2αε τ+1( )2 − τA ετ − ϕτ − ϕ( )
4τ2 αk2 + A( ) + 2αk2 2τ+1( )

sW* � kγτ −cn − τcr − ef θτ+1( ) + τ ε + ϕ( ) + ϕ( )
2τ2 αk2 + A( ) + 2αk2 2τ+1( )

qW*
n � αk2 −cn − τcr − ef θτ+1( ) + τ ε + ϕ( ) + ϕ( )

2τ2 αk2 + A( ) + 2αk2 2τ+1( )
qW

+

r � ταk2 −cn − τcr − ef θτ+1( ) + τ ε + ϕ( ) + ϕ( )
2τ2 αk2 + A( ) + 2αk2 2τ+1( )

πW
+

r � Aαk2τ2 cn + τcr + ef θτ+1( ) − ετ − τϕ − ϕ( )
4 2αk2 τ+1( )2 + Aτ2( )2

πW*
m � fM + 2αk2 cn + τcr( ) ef θτ+1( ) − ετ − τϕ − ϕ( ) + αk2 cn + τcr( )2

4αk2 τ+1( )2+2Aτ2

+ αk2 ετ + τϕ + ϕ( )2 + efαk2 θτ+1( ) ef θτ+1( ) − 2 ετ + τϕ + ϕ( )( )
4αk2 τ+1( )2+2Aτ2

The proof is given in Supplementary Appendix SA.

4.2 Optimal decision when the
Manufacturer’s recycling capacity is SDO

Proposition 2. Optimal decision-making in closed-loop supply
chains when the manufacturer’s recycling capacity is SDO:

pO*
n � ϕ + cn + ef

2

pO
+

r � 2kα − γ2( ) cn − cr + ef 1 − θ( ) + ε( )
2A

ωO* � cn − cr − ε + ef 1 − θ( )
2

qO*n � 2kα cn k+2( ) + k ε − cr( )−2ϕ( )−2ekαf kθ − k−2( ) + γ2 ϕ − cn − ef( )
2A

qO
+

r � αk2 cn − cr + ε + ef 1 − θ( )( )
A

sO* � kγ cn − cr + ε + ef 1 − θ( )( )
A

πO
+

r � αk2 cn − cr − ef θ − 1( ) + ε( )2

4A

πO*
m � 2kα cn + ef( )2 k+2( ) − 4kα − γ2( ) −4fM+2cnϕ+2efϕ − ϕ2( )

4A

+ 2αk2 cr2 + ε2( ) − cnγ2 cn+2ef( ) − e2f2 2αθk2 + γ2( )
4A

+ 2efk2α θ − 1( ) 2cr + efθ−2ε( )
4A

The proof is given in Supplementary Appendix SA.

Proposition 3. There exists a threshold μ1 for government
recycling subsidies under a circular economy:

FIGURE 1
Supply chain structure diagram.
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μ1 �
τA ϕ − ef − cn( ) − 2αk2 τ+1( ) cn − cr + ef 1 − θ( )( )

2αk2 τ+1( )
According to Proposition 3, the recycling capacity of

manufacturers is affected by government recycling subsidies.
When ε< μ1, manufacturers are less willing to produce
remanufactured products and only aim to meet the minimum
recycling rate set by the government (qr � τqn), and recyclers are
less motivated to recycle WEEE. In such cases, the recycling capacity
of manufacturers is at the stage SDW. When ε> μ1, the
corresponding increase in recycling subsidies motivates recyclers
to increase the quantity of recycled WEEE and recyclers reduce the
purchase price of recycled electronic parts to incentivize
manufacturers to increase the purchase quantity, which in turn
increases the enthusiasm of manufacturers to produce
remanufactured products, and the recycling capacity of
manufacturers increases from SDW to SDO.

The proof is given in Supplementary Appendix SD.

Proposition 4. Optimal retail prices, value co-creation levels, and
WEEE recycling prices under different recycling capacities satisfy
the following relations:

pW*
n >pO*

n >pB*
n ; s

W* < sO* < sB*;pW
+

r <pO
+

r <pB
+

r

Proposition 4 suggests that the level of value co-creation by the
recycler is optimal when the manufacturer’s recycling capacity is at
the stage SDB. An increase in the level of value co-creation of the
recycler will lead to a corresponding increase in the manufacturer’s
recycling capacity and the willingness of the manufacturer to
produce remanufactured products. The new products are sold at
the lowest price when the manufacturer’s recycling capacity is at the
stage SDB. This suggests that when manufacturers’ recycling
capacity increases, the competition between remanufactured and
new products will affect the pricing of new products and
manufacturers will have to reduce the prices of new products to
ensure that new products are sold. Proposition 4 also suggests that
recyclers’ recycling prices are highest when manufacturers’ recycling
capacity is at the SDB stage, and that higher government recycling
subsidies allow recyclers to make higher profits from their WEEE
recycling activities and increase the bargaining power of consumers.

The proof is given in Supplementary Appendix SB.

Proposition 5. Optimal remanufacturing output for different
recycling capacities satisfies the relation qW*

r < qO*r < qB*r , and the
purchase price of recycled electronic parts satisfies the relation
ωW* >ωO* >ωB*.

Proposition 5 suggests that as manufacturers’ recycling capacity
increases, it will increase the willingness of manufacturers to
produce remanufactured products, and since new and
remanufactured products are functionally similar, the increased
production of remanufactured products will take market share
away from the new products. Proposition 4 suggests that when
the manufacturer’s recycling capacity is at the SDW stage, the
recycler will receive the lowest recycling subsidy and the lowest
price for the recycled WEEE. Thus, the recycler’s recycled WEEE
rate is constrained by the manufacturer’s recycling capacity. As the
SDW stage reflects a weaker manufacturer recycling capacity, the

recycler’s profits are reduced and the recycler raises the price of
recycled electronic parts to compensate for the loss, which results in
the highest purchase price for recycled electronic parts when the
manufacturer’s recycling capacity is at the SDW stage.

Proposition 6. The boundary condition for manufacturers to enter
the remanufacturing industry satisfies the
relation cr < cn + ε − ef(θ−1)

Proposition 6 suggests that manufacturers will choose to enter
the remanufacturing market only when the parameters satisfy the
equation cr < cn + ε − ef(θ−1). The low-cost advantage of the
remanufactured product is a prerequisite for manufacturers to
engage in remanufacturing activities. When a manufacturer
chooses to enter the remanufacturing market, the remanufactured
product substitutes the new product and the market share of the new
product reduces, but the revenue from the remanufactured product
partly compensates for the loss of sales of the new product,
indicating that remanufacturing is a profitable activity.

The proof is given in Supplementary Appendix SC.

4.3 Optimal decision when the
Manufacturer’s recycling capacity is SDB

Proposition 7. Optimal decision-making in closed-loop supply
chains when the manufacturer’s recycling capacity is SDB:

pB*
n � −αk2 ρ+1( ) −cn − ρcr − ef θρ+1( ) + ρ ε + ϕ( ) + ϕ( ) + ϕρ2 4kα − γ2( )

2ρ2 αk2+4αk − γ2( ) + 2αk2 2ρ+1( )

pB
+

r � ρ 2kα − γ2( ) −cn − ρcr − ef θρ+1( ) + ρ ε + ϕ( ) + ϕ( )
2ρ2 αk2+4αk − γ2( ) + 2αk2 2ρ+1( )

ωB* � −ρ cn + ρcr( ) 4kα − γ2( ) − efρ 4kα − γ2( ) θρ+1( ) − 4k2αε ρ+1( )2

4ρ2 αk2+4αk − γ2( ) + 2αk2 2ρ+1( )

+ ρ ερ − ϕρ − ϕ( ) γ2 − 4kα( )
4ρ2 αk2+4αk − γ2( ) + 2αk2 2ρ+1( )

sB* � kγρ −cn − ρcr − ef θρ+1( ) + ρ ε + ϕ( ) + ϕ( )
2ρ2 αk2+4αk − γ2( ) + 2αk2 2ρ+1( )

qB*n � αk2 −cn − ρcr − ef θρ+1( ) + ρ ε + ϕ( ) + ϕ( )
2ρ2 αk2+4αk − γ2( ) + 2αk2 2ρ+1( )

qB
+

r � ραk2 −cn − ρcr − ef θρ+1( ) + ρ ε + ϕ( ) + ϕ( )
2ρ2 αk2+4αk − γ2( ) + 2αk2 2ρ+1( )

πB
+

r � Aαk2ρ2 cn + ρcr + ef θρ+1( ) − ερ − ρϕ − ϕ( )
4 2αk2 ρ+1( )2 + Aρ2( )

2

πB
+

m � 4fMαk2 ρ+1( )2+2fMAρ2+2αk2 cn + ρcr( ) ef θρ+1( ) − ερ − ρϕ − ϕ( )
4αk2 ρ+1( )2+2Aρ2

+ αk2 ερ + τϕ + ϕ( )2 + efαk2 θρ+1( ) ef θρ+1( )−2 ερ + ρϕ + ϕ( )( )
4αk2 ρ+1( )2+2Aρ2

+ αk2 cn + ρcr( )2

4αk2 ρ+1( )2+2Aρ2

The proof is given in Supplementary Appendix SA.

Proposition 8. There exists a threshold μ2 for government
recycling subsidies under a circular economy:
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μ2 �
ρA ϕ − ef − cn( ) − 2αk2 ρ+1( ) cn − cr + ef 1 − θ( )( )

2αk2 ρ+1( )

According to Proposition 8, when government recycling
subsidies reach the threshold μ2, they optimize the recycling
capacity of manufacturers. When μ1 < ε< μ2, manufacturers’
willingness to purchase recycled electronic parts and produce
remanufactured products increases with the increase of recycling
subsidies, and manufacturers’ recycling capacity is at the stage SDO

in such cases. When ε � μ2, the manufacturer chooses to actively
expand their recycling capacity to the maximum, and the
manufacturer’s recycling capacity increases from SDO to SDB (qr �
ρqn).

The proof is given in Supplementary Appendix SD.

Proposition 9. A threshold ρ* exists for recycling resources ρ

ρ* � 2αk2 cn − cr + ef 1 − θ( ) + ε( )
4kα − γ2( ) ϕ − cn − ef( ) − 2αk2 cn − cr + ef 1 − θ( ) + ε( )

Proposition 9 suggests that when the recycling rate ρ< ρ*, the
market resource constraint is tight, and the manufacturer’s ability to
recycle is limited by the recycled resources and cannot reach the SDB

stage; when the recycling rate ρ> ρ*, the market resource constraint
is loose and there are sufficient recycled resources available.

The proof is given in Supplementary Appendix SE.

Proposition 10. If ϕ>ϕ*, ∂π
W*
r
∂ε ≥ 0; If ϕ<ϕ*, ∂π

W*
r
∂ε ≤ 0; thus, there

exists a threshold ϕ* for the market volume ϕ.

ϕ* � cn + τcr + ef θτ+1( ) − ετ

1 + τ

Proposition 10 suggests that the profit of the recycler does not
always increase with the increase in the recycling subsidy. When
ϕ>ϕ*, the potential market is big and the willingness of consumers
to buy is strong; thus, the recycling activity becomes profitable.
When ϕ<ϕ*, the potential market is small and there are a limited
number of consumers willing to buy remanufactured products;
therefore, even if the recycling activity generates enough recycled
products, there is no strong consumer willingness to buy and the
products will not be sold. Even if the government subsidizes
recycling sufficiently, recycling is still a loss-making activity.

The proof is given in Supplementary Appendix SF.

Proposition 11. If f< t1, ∂EW*

∂τ ≥ 0; If f> t1, ∂EW*

∂τ ≤ 0; thus, there
exists a threshold t1 for the environmental tax fee f.

t1 � 2αϕk2 θ − 1( ) τ+1( )2 + τA cn τθ+2( ) + τ 2cr − ε( ) − τϕ 1 + θ( )−2ϕ( )
4eαk2 θ − 1( ) τ+1( ) θτ+1( )−2eτA θτ − 1( )

+ 2cnαk2 τ+1( ) θτ − θ+2( ) − Acrτ2

4eαk2 θ − 1( ) τ+1( ) θτ+1( )−2eτA θτ − 1( )

Proposition 11 suggests that carbon emissions are not always
reduced by an increase in environmental taxes and fees. When
f< t1, carbon emissions do not decrease with an increase in
environmental taxes because environmental taxes are at a low
level in such cases. When f> t1, carbon emissions will continue
to decrease as the environmental tax increases, and the government

can regulate the environmental tax to restrain the production
decision of manufacturers and control the negative impact of
production activities on the environment.

The proof is given in Supplementary Appendix SF.

5 Numerical analysis

To visualize the differences in demand, value co-creation levels, and
purchase prices of dismantled electronic parts for different recycling
capacities, the following numerical calculations are performed.

Take β � 1, cn � 10, cr � 2, ρ � 0.8, k � 3, θ � 0.2, τ � 0.4, γ � 2,
α � 1, ϕ � 80, f � 0.15, e � 1, M � 10. Then, threshold μ1 � 0.75
and threshold μ2� 5.68.

As shown in Figure 2, when the government increases the recycling
subsidy, the level of value co-creation increases accordingly. Figure 3
shows that consumers are able to obtain more benefits from value co-
creation activities and therefore actively participate in such activities,
which increases the level of value co-creation.

As shown in Figure 4, when the recycling subsidy is increased,
the recycler actively reduces the price of recycled electronic parts
which increases the purchasing capacity of the manufacturer. The
reduction in the price of recycled electronic parts does not harm the
profitability of the recycler; on the contrary, the combination of low
price and high sales volume is more profitable for the recycler.

As can be seen from Figure 5, when recycling subsidies are
increased to promote the recycling capacity of manufacturers, it
promotes the sustainable development of the remanufacturing
industry. Manufacturers become less motivated to produce new
products and consumers become more willing to pay for
remanufactured products, which eats into the market share of
new products. The manufacturer is forced to reduce the price of
the new product to ensure that the new product is sold at an optimal
profit. As shown in Figure 6, the price of the new product decreases
as the manufacturer’s recycling capacity increases.

Figures 7, 8 reflect the changes in profits and carbon emissions of
the members in the Stackelberg game model, respectively. Higher

FIGURE 2
Impact of recycling subsidies on the level of value co-creation.
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recycling subsidies benefit both recyclers and manufacturers.
Figure 8 shows that higher recycling subsidies do not always
reduce the environmental damage caused by production
activities, and only when the government regulates recycling
subsidies can carbon emissions be effectively reduced.

From Figures 9, 10, it can be seen that the profits of both
manufacturers and recyclers tend to increase when the recycling
constraints are weakened, and the increase in recycling subsidies is
beneficial for the profits of both manufacturers and recyclers.

Figure 11 shows that carbon emissions can be reduced when
the government imposes appropriate environmental taxes and
fees or increases the minimum recycling rate constraint for
manufacturers. A suitable combination of environmental
taxes and minimum recycling rate constraints can effectively
reduce carbon emissions from production activities. Figures 8,

11 together indicate that a reasonable layout of government
policies remains an important means of reducing carbon
emissions from production activities.

6 Discussion and implications

6.1 Compared with existing research

In this study, we considered Value Co-creation and Government
policy applied to Closed-Loop Supply Chain. This is the difference from
other existing literature. We use πnm, πnr to denote the profits of
manufacturer and recycler when there is no value co-creation and
government policy (government regulation and recycling subsidy)
applied to Closed-Loop Supply Chain. In addition, we use En to

FIGURE 3
Impact of recycling subsidies on the purchase price of WEEE.

FIGURE 4
Impact of recycling subsidies on the purchase price of recycled
electronic parts.

FIGURE 5
Effect of recycling subsidies on the output of competing
products.

FIGURE 6
Effects of recycling subsidies on new product prices.
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denote the total carbon emission. Subsequently, we describe the efficiency
of our proposed approach using numerical analysis from the perspective of
environmental performance and economic performance.

As shown in Figure 12. By comparison, when the Value Co-
creation and Government policy are applied to the Closed-Loop
Supply chain, we found both manufacturers and recyclers have
increased their profits while the manufacturer produces less carbon
mission. The results of the numerical comparison show that this
approach is positive.

6.2 Managerial and operational insights

This study provides some theoretical implication in the fields
of green recycling and remanufacturing. Government

regulations, recycling subsidy, and value co-creation were
considered for Closed-Loop Supply Chain. WEEE harms the
environment. The government, recycler, and consumer are
vital in the CE network. In this regard, research in this paper
provide insights for policymakers and managers. On the other
hand, this paper analyzes all the possible recycling capacities.
Business managers can utilize the outcomes of this research to
make optimal decision. In this study, business managers,
considering different scenarios of recycle capacity, can make
decisions in the conditions relation to changes in the
government subsidy, increase in production, changes in the
difficulty of value co-creation, and stricter regulations.

This study proposes three remanufacturing schemes based on
circular capabilities, which derive results through Stackelberg game
theory while considering the closed-loop supply chain and all its
members. Compared with previous studies, the decision-making

FIGURE 7
Impact of recycling subsidies on the profitability of parties in the
closed-loop supply chain.

FIGURE 8
Impact of recycling subsidies on carbon emissions.

FIGURE 9
Impact of recycling regulations and recycling subsidies on
manufacturer profits.

FIGURE 10
Impact of recycling regulations and recycling subsidies on
recycler profits.
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results obtained in this paper are more in line with social reality.
Since the method is the result of scientific calculation, it is more
credible. In fact, achieving sustainable development requires the
efforts of all parties. Without facilitating government regulations,
environmental awareness of consumers, and active participation
of all CLSC members, it is not possible to implement the
sustainable development. Therefore, it’s essential to improve
the legal system and promote cooperation among the
participant. For managers and policymakers, a favourable
business policy is necessity. However, the government can’t be
unconditional support for the recycling industry and the
manufacturing industry. Due to unconditional support, it is
easy for the enterprise managers seek the interests of the
government, which may lead to serious debts for government.
The adverse effects will greatly affect the lives of citizens, such as
inflation and financial crisis. Therefore, the results of this study
also warn of the seriousness of this problem. On the other hand,
This study also explores the impact of environmental tax on
environmental performance. We find these policies are not
necessarily more effective when they are more stringent.
Governments should enhance consumer’s awareness of value
co-creation and environmental protection through the media,
in addition, appropriate regulations and incentive policies should
be formulated to promote the development of CE. Managers and
policymakers can utilize the findings of this study to face the

development of CE, especially in countries with numerous
challenges in the field of remanufacturing.

7 Conclusion and future research

Although the recycling industry has a long history, it is still in a low
development stage today due to various factors. The goal of developing
recycling industry is to exert the residual value of discarded products and
reduce the waste of resources and the deterioration of the environment.
A developed recycling industry can effectively achieve sustainable
development. Therefore, more and more countries set up recycling
legislation to improve recycling rates to achieve desired environmental
and economic performance. However, the impact of complex
regulations on closed-loop supply chains is not clear. In this paper,
by analyzing a Stackelberg gamemodel in which the manufacturer leads
and the recycler follows. The results of the study show how
environmental regulation and value co-creation affect the decisions of
manufacturers. The main findings of this paper are as follows:

1. There are three recycling models: mandatory minimum
remanufacturing (SDW model), non-mandatory partial
remanufacturing (SDO model), and full remanufacturing (SDB

model). The manufacturers choose the appropriate recycling
model according to the government recycling incentives. The
results also indicate that more stringent recycling regulation
increases the level of remanufacturing.

2. The increase in government recycling subsidies will optimize the
recycling capacity of manufacturers, which will lead to an increase in
the number of remanufactured products, reducing the market share
of new products, and the price of new products will suffer from the
competition from remanufactured products. The results also show
that it is not realistic to increase recycling rates only through high
government subsidies, which will put huge financial pressure on the
government. A more effective approach is to focus on increasing
consumers’ awareness of value co-creation.

3. Higher recycling subsidies reduce the price of recycled electronic
parts purchased by manufacturers, increase the bargaining power
of consumers, increase the price of recyclers, promote the active
participation of consumers in value co-creation activities, and
increase the level of value co-creation.

4. Higher recycling subsidies help to increase the economic value of all
parties in the closed-loop supply chain (manufacturers, recyclers,

FIGURE 11
Effect of environmental tax and minimum recycling rate on
carbon emissions.

FIGURE 12
Compared with no Value Co-creation and Government policy.
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consumers). Stricter recycling constraints are not always beneficial to
environmental performance. More stringent recycling regulation
leads to a rise in total products (include new products and
remanufactured products), which may have more serious
environmental impacts. The results also show that recycling
constraints above a certain threshold of environmental taxes can
reduce the negative environmental impact of production activities.

The above findings can provide insights for government
recycling regulation and for managers facing a more complex
business environment. Policymakers should carefully analyze
potential environmental impacts when designing policies.

For governments, recycling laws and recycling subsidy
incentives can have a significant impact on the decision-making
plans of manufacturers and recyclers. However, the subsidy
mechanism of the government is affected by its financial
situation, so it is not feasible to carry out high subsidies. Then,
the environmental awareness of consumers is particularly
important. The government can conduct publicity through the
media to increase the willingness of consumers to participate in
value co-creation, and finally achieve the policy goal.

For managers, the complexity of decision-making is increased by
government regulations, and theymust have the ability tomake scientific
and efficient management decisions based on the strength of recycling
subsidies and recycling laws. In addition, producers and consumers
communicate with each other through products. Producers and
consumers communicate directly with each other through products,
and there is no intermediate link between them. The goal of consumers is
to obtain better products, and producers must meet the needs of
consumers in time in order to obtain profits. They all have a
common goal - better products, which is a natural advantage.
Therefore, they can jointly create an organic ecosystem, in which
participants divide labor and cooperate to create value together. This
interdependent relationship can promote the healthy development of the
ecosystem, and eachmember can share the value they create. In this case,
managers should take the initiative to maintain the relationship with
consumers and create higher value chain efficiency. This study provides
some implications for managers to make practical decisions.

This study also has some shortcomings. First, there are many types
of recovery subsidies, but this study only discusses cost subsidies and
does not consider other scenarios. Secondly, this study only considers the
value co-creation behavior in the recovery stage, and does not pay
attention to the application of value co-creation in other aspects. Finally,
randomdemand ismore relevant to the actual situation of society, rather
than just considering deterministic demand. In future studies, the author
will focus on the following aspects: 1) There are two types of recycling
subsidies: trade-in subsidies and cost subsidies. The influence of trade-in
subsidies on the optimal decision-making of closed-loop supply chain

will be discussed in the future’s study. 2) Focus on the application of
other perspectives of value co-creation, such as participation in product
design and green investment. 3) This study only considers the case of
definite demand, and random demand is also worthy of further study.
Author will refine these aspects in subsequent studies.
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