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This article studies a two-period, closed-loop supply chain (CLSC) with
manufacturer or retailer recycling. It establishes a model analysis framework
to analyze pricing optimization strategies and the channel-mode selection of
electric vehicle batteries and considers manufacturer recycling and retailer
recycling scenarios. When a retailer recycles, it needs to invest capital to build its
recycling channel and so suffers from capital constraints. For this reason,
retailers consider bank loans or trade-credit financing from manufacturers.
This work explores a two-stage, CLSC pricing strategy that considers
consumers’ preferences for remanufactured products and recycling rates,
and it investigates financing channels for capital-constrained retailers. It
analyzes optimal equilibrium strategies in three modes and compares the
recycling and financing modes. Through numerical examples, it analyzes the
effects of value preference rates and recycling rates of remanufactured
products on supply chain profits, product demand, and model selection. The
results show that the recycling rate can effectively incentivize the demand for
new products in the first period. For any remanufactured product recycling
cost, the manufacturer’s profit is most significant in the retailer-recycling bank
financing model, and the retailer’s profit is largest in the manufacturer recycling
model. As the consumer preference rate for remanufactured products
increases, the demand for new products in the second stage decreases and
the demand for remanufactured products increases. The retailer recycling
trade-credit financing from the manufacturer model gives the largest profit
to the retailer when the preference rate is significant or when the preference
rate is low with a moderate recycling rate.
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1 Introduction

Carbon neutrality has become a global objective since
2019 and is entering a period of accelerated development.
Countries that account for 75% of the global GDP and 65% of
carbon emissions have announced carbon neutrality targets. The
Chinese government has committed to reaching peak carbon
emissions by 2030 and aims to achieve carbon neutrality by 2060.
The core of this dual carbon goal is to fully transform the current
fossil-fuel-based energy supply and consumption system into
low-carbon and zero-carbon systems; vigorous clean energy
development is therefore the primary measure of reducing
carbon emissions.

In 2019, China’s transportation sector accounted for about
10% of the total emissions of the national energy system, of which
road traffic accounted for about 80% of the carbon emissions of
the entire transportation sector. The reduction of emissions in
the transportation sector is of great significance to the domestic
3060 policy'. As the primary means of land transportation, fuel-
consuming vehicles have become one of the primary sources of
greenhouse gases. Therefore, the vigorous development of low-
emission or even zero-carbon-emission electric vehicles (EVs)
has become the core of the carbon reduction strategy in the
transportation sector and a key focus area for achieving the
carbon-neutral goal of energy savings and emission reduction.

China’s EV sales increased from 331,000 units in 2015 to
3,521,000 units in 2021, with a compound annual growth rate of
48.3%’. However, when an EV battery’s capacity decays to
around 80%, it must be replaced (Zhu et al, 2020). At
present, the average service life of an EV battery is about
5-8 years; it can be inferred that the batteries of early
promoted EVs in China are entering their end-of-life periods.
With the vigorous promotion of EVs in recent years, sales
volumes have achieved high growth, and it is expected that
existing batteries will be retired on a large scale in the next
2-3 years. The need for recycling of retired batteries is therefore
becoming urgent (Zhao et al., 2022). However, large-scale retired
EV batteries can cause environmental pollution and resource
waste when improperly handled, even though EVs contribute to
carbon emission reduction (Gu et al, 2021). Therefore, the
recycling of EV batteries has become an urgent and contested
topic, sparking extensive discussions from the academic and
business communities.

This research is mainly motivated by the EV industry in
China. The battery is one of the three core components of new
EVs and accounts for about 40% of the entire cost of the vehicle.

1 Eastern Jincheng Industry Research: The New Track of New Energy
Vehicles under the “3060" Double Carbon Target (October 26, 2021)

2 Dongguan Securities-Lithium Battery Industry Battery Recycling
Special Report: The Imperative, Blue Ocean Opportunities (March
31, 2022)
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Data show that China’s EV batteries are expected to be retired by
2025, with nearly 8 million tons accumulated. How to deal with
retired batteries has become an imminent development problem
for the new EV industry. Under the “double carbon” target,
battery recycling has become a new industrial windfall. Process
innovation in EV batteries affects remanufacturing (Chai et al,,
2021). With process innovation implemented by the supplier or
manufacturer, Tesla uses a closed-loop battery recycling process
that successfully recycles up to 92% of the battery’s raw materials,
significantly reducing greenhouse gas emissions °. Furthermore,
with the rapid development of information technology, Internet-
based online channels have been established that allow recycling
companies to buy used products from third parties and
repurchase them directly through these channels (Matsui,
2022). In addition to their differences in recycling channels,
manufacturer, retailer, and third-party recycling processes are
also considered in the reverse recycling channel (Zheng et al,
2021). Manufacturers sell batteries to end consumers through
retailers at 4S stores. Moreover, used batteries for recycling can be
collected directly from manufacturers or retailers and then
centrally resold to manufacturers because retailers are closer
to consumers. Hence, this process has the advantage of
recycling (Sun et al,, 2022). EV batteries are generally eligible
for recycling when their power capacity drops to 70%-80%, and
those with high-quality classifications can be secondarily used
through quality and safety inspections in advance of
remanufacturing; government subsidies are usually awarded to
encourage the secondary use of batteries (Gu et al.,, 2021). In a
(CLSC)  with

remanufacturing, manufacturers set prices for new products in

two-period,  closed-loop  supply  chain
the first period, then collect used products for remanufacture and
set the prices for both products in the second period (Tang et al.,
2022). However, if the retired batteries are not properly collected
and disposed of, they not only pollute the natural environment
but also represent a huge waste of resources. Therefore, although
the recycling of EV batteries is beneficial to sustainable
development, their recycling and remanufacturing also raise
some new problems.

Several studies have focused on the area of the CLSC, which
combines environmental considerations with traditional supply-
chain network design through the collection of used products
and associated activities (Ghahremani Nahr et al., 2020). Unlike
conventional supply chains, CLSCs include recycling and
remanufacturing; product recycling is a key component of
their sustainable development strategies. Bui et al. (2021)
published a data-driven literature review of sustainable
supply-chain management trends toward ambidexterity and
disruption. Most of the existing research tends to focus on
selecting channels. Zhao and Mu (2021) established a two-

3 https://insideevs.com/news/525965/tesla-battery-recycling-no-
waste/
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period CLSC model with single and double sales channels.
Fathollahi-Fard et al. (2021) presented the first CLSC network
design for a dual-channel, multi-product, multi-cycle approach
under uncertainty in the tire industry. Genc and De Giovanni
(2017) studied the influence of sales competition in positive and
reverse channels and showed the effect of eliminating double
marginalization on market results and on the game between
enterprises at supply chain nodes. Much existing research and
analysis exists on the price reference effect of the dynamic pricing
strategy of the CLSC. For example, Asghari et al. (2022a) focused
on pricing and advertising decisions in a CLSC network. They
developed an advertising planning strategy that considers
different elasticity effects. Wang et al. (2018) formed a two-
period CLSC for manufacturers and recyclers and discussed the
influence of government incentives and punishment mechanisms
on the manufacturer. Ramani and De Giovanni (2017)
introduced an advertising strategy through which they found
manufacturers to supplement their pricing strategies and actively
stimulate demand for both new and old products. Unlike the
above study, our model integrates the forward and reverse
periods of nodal supply-chain enterprises and discusses the
influence of consumer utility and recycling factors on the
profits of their two-period CLSCs. In this research, we focus
on a two-stage, CLSC pricing strategy for batteries. Although
some studies have discussed recycling channels or capital
constraints (Ding and Wan, 2020; Ji et al., 2022), issues with
combining the preference rate of remanufactured products with
the recycling rate for a two-stage CLSC decision remain unclear.
Consumers choose to purchase in the first or second period.
Depending on the utility level, some of the new products sold in
the first period are recycled and remanufactured at the end of the
period, and the latest and remanufactured products in the second
period have a competitive relationship with the products from
the first period. These characteristics mean that our study has an
original theoretical contribution.

In industry practice, battery recycling is a social and
environmental issue that must be solved. It is indispensable in
promoting the sustainable development of the renewable-energy
vehicle industry. According to statistics from the China Automotive
Battery Industry Innovation Alliance, the level of batteries installed
in vehicles in China has shown a trend of gradual improvement in
recent years. As of November 2021, China’s monthly level of
established vehicle batteries has reached 20.82 Gwh, a record
high. After batteries are recycled, in principle, they are primarily
utilized in other fields and continue to retain their energy storage
value. However, due to certain technology and market problems, the
gradient utilization is mostly in the initial and pilot stages. Generally,
when a battery drops to 80% of its capacity, it enters the retirement
stage for recycling and direct disassembly for remanufacturing®. In

4 https://pdf.dfcfw.com/pdf/H3_AP202109061514548345_1.pdf
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December 2021, the number of “whitelist” enterprises engaged in the
battery recycling business expanded to 47°. The introduction of
industry policies and regulatory systems has paved the way for the
peaceful development of high-quality enterprises engaged in the
battery recycling business. The battery recycling industry covers a
wide area and has a long industrial chain. Relevant policies
encourage enterprises to enter the battery recycling industry
while putting forward higher capital strength requirements. In
addition to the need for a sound system of laws and regulations,
a comprehensive recycling system is also key to battery recycling.
Battery recycling is still in the early stages of exploration. According
to the implementation of the extended producer responsibility
system, the car manufacturer is the main body responsible for
the recycling of automotive batteries. In addition, most
automotive battery recycling also includes the dealer within a
more complete channel system. However, the consumers pursue
utility maximization, the enterprises aim at profit maximization, and
the capital-constrained retailer seeks the optimal financing strategy.
Each may prefer a different sustainable strategy based on cost-
benefit trade-offs.

Based on these challenges of the two-period CLSC for EV
batteries described above, this study aims to explore pricing
strategies for the two-period CLSC under different recycling
models and to identify financial channel options for capital-
constrained retailers. Specifically, we seek to answer the following
questions:

1) How does recycling rate affect product demand in the first
and second periods of the three models (MR, RRB, RRM)?

2) How do consumer preference rates for remanufactured
products affect recycling channel selection for EV batteries
and financing strategies for capital-constrained retailers?

3) When does the capital-constrained retailer participate in
recycling, and does the optimal financing strategy influence
both recycling rate and consumer preference rate for
remanufactured products?

To answer these questions, this study built a two-period CLSC,
with new products sold in the first period, followed by recycling and
remanufacturing. The second period conducts competitive sales of
new products and remanufactured products. Based on recycling
subjects and capital-constrained retailer financing approaches, we
analyzed three research scenarios: manufacturer recycling (MR),
retailer recycling bank loans (RRB), and trade credit financing
from the manufacturer (RRM). We compared and analyzed the
three models to investigate their effects on recycling rate, on
consumer preference rates for remanufactured products, and on
the equilibrium outcomes. Optimal pricing and financing access are
given.

5 Workers’ Daily (May 17, 2022, 07 edition)
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The main contributions of this study are as follows. First, it
explores a two-stage, CLSC pricing strategy, considering
consumers’ preferences for remanufactured products and
recycling rates. To the best of our knowledge, our work is the
first attempt to combine the preference rate of remanufactured
products with the recycling rate for a two-stage, CLSC decision
analysis. Second, our study differs from the existing literature on
recycling channels (Xie et al, 2018; He et al,, 2019; Wei et al,
2019; Fathollahi-Fard et al.,, 2021; Zhao and Mu, 2021; Zheng
et al,, 2021; Matsui, 2022; Zhang et al., 2022), which consider
manufacturer recycling, retailer recycling, and third-party
third-party
outsourcing recycling operations, it does not affect the results

recycling.  Since recycling is equivalent to
of the decision analysis. Our focus on manufacturer and retailer
recycling channel models better reflects the reality of developing
a two-period CLSC. Finally, unlike existing studies, this paper
investigates the choices of financing channels for capital-
constrained retailers, as retailers face capital pressure when
recycling. Based on previous SME bank financing strategies,
this paper proposes that the retailer obtain trade credit
financing from the manufacturer, which expands their
financing channels.

The rest of this paper is organized as follows. Section 2 briefly
reviews the related literature. Section 3 introduces the notation,
assumptions, and model structure. Section 4 describes the
selection of recycling models and financing in the retailer
supply chain. Section 5 discusses the influence of each factor
on the supply chain using an example. Section 6 concludes by
providing management insights and discussing limitations and
future research directions. All the proofs are detailed in the

Supplementary Appendix.

2 Literature review

Our work explores financing options for capital-constrained
retailers, the optimal choice of operation of supply chain firms,
and demand analysis. Thus, the related literature can be divided
into three main research streams: CLSC networks, recycling
remanufacturing, and supply-chain finance.

2.1 Closed-loop supply chain networks

In general, CLSC network design involves collecting, sorting,
repairing, refurbishing, or remanufacturing products and
(2022)
considered an integrated multi-objective mixed-integer linear

appropriately disposing of them. Tavana et al

programming model to design sustainable CLSC networks.
Diabat Jebali  (2021) addressed the
deterministic multi-product and multi-period CLSC network

and

problem  of

designs for durable products, considering take-back legislation.
To address efficiency issues in a sustainable CLSC networks,
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Moheb-Alizadeh et al. (2021) developed a stochastic, integrated,
multi-objective, mixed-integer, nonlinear programming model,
in which sustainability outcomes, as well as the efficiency of
facility resource utilization, are considered in the design of a
sustainable supply chain network. Lotfi et al. (2021) explored a
robust, risk-aware, resilient, and sustainable CLSC network
design to tackle demand fluctuation in situations such as the
COVID-19 pandemic. Because models proposed for supply chain
network design are complex and include numerous parameters,
researchers often struggle to select an appropriate multi-objective
approach for solving complex supply chain network design
Khorshidvand et al.
nonlinear programming model based on the sensitivity of the

problems. (2021) proposed a new
return rate to green quality and the customers’ maximum

tolerance while demands are wuncertain. Golpira and
Javanmardan (2021, 2022) formulated a risk-based, robust
mixed-integer linear program using a scenario-based
conditional value-at-risk to address demand uncertainty. In
addition, the decision system is constructed based on the
relationships between upstream and downstream companies
in a CLSC, such as centralized and decentralized decision
models. Zhao et al. (2022) studied optimal pricing strategies
for EV batteries in decentralized and centralized decision-
making. Asghari et al. (2022b) examined a mathematical
model of the decentralized model and all possible coalition
forms. By analyzing and comparing the optimal decisions in
decentralized and centralized cases, Zhao et al. (2022) found that
the CLSC cannot achieve coordination. Establishing an effective
recycling system for spent batteries is a critical task. Zhang et al.
(2022) investigated the recycling mode selection and the carbon
abatement decision in a CLSC of EV batteries under the carbon
cap-and-trade policy. Zhao and Ma (2022) constructed a three-
party game supply chain model to analyze the impact of the
external environment on the supply chain and on a new

coordination contract.

2.2 Recycling and remanufacturing

As consumers become more aware of environmental
protection, the importance of recycling and remanufacturing
used products has become increasingly important and has
2019).
Remanufacturing, an environmentally friendly production

reached a social consensus (Guo et al,
method, is a series of processes that re-commercialize used
products and parts as new products (Lee et al, 2017). In
addition, Xie et al. (2018) proposed that supply-chain
operation strategies consider different recycling models and
patent licensing under government subsidies, analyzing
various actors’ differences and benefits. Salehi-Amiri et al.
(2021) developed new mixed-integer linear programming for
CLSC networks, taking forward and reverse flow premises into

account to meet the needs of different markets. Hazen et al.
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FIGURE 1
Structure diagram of the two-period CLSC
(2017) stated that the main reason remanufacturing does not the integrity of the supply chain and relying on core enterprises
reach its full potential is the consumer’s negative perception of to promote their financing (Huang et al., 2020). In studying the
the quality of the remanufactured product. However, we also misunderstanding of supply-chain financing and its stabilizing
found a common problem in the literature on reverse logistics effect, Zhang et al. (2019) found that supply-chain financing is
inventory models, namely that there are two extremes of effective and has no impact on enterprises’ capital performance and
inventory strategies: “dispose of all” and “recycle all” (El inventory management efficiency. Xiao et al. (2017) analyzed
Saadany et al, 2013). Yang et al. (2020) conducted an in- coordination needs in the contract coordination of capital-
depth analysis of recycling mode choices for a constrained supply chains and designed a new revenue-sharing
remanufacturing supply chain, under total volume constraints, contract to coordinate the supply chain. In addition, there is
to show that remanufacturing can effectively increase the level of extensive literature on innovation in the supply-chain finance
carbon reduction and improve the profits of the manufacturer model (Huang et al, 2019; Qin et al, 2020; Yoo et al, 2021).
and the retailer. When faced with multiple recycling channels for The integration of optimized financing strategies enhances the
second-hand products, consumers may choose online recycling resilience of the supply chain. For example, Ji et al. (2022) found
services provided by third-party platforms for convenience (He that a hybrid credit model (including green credit financing from
et al, 2019). By analyzing the performance of a two-period banks and partial early repayment from retailers) could ease the
remanufacturing supply chain with dual recycling channels, financing pressure on capital-constrained suppliers. Mondal and
Wei et al. (2019) found that dual-collecting competition Giri (2022) found that introducing cost sharing and revenue sharing
significantly impacts the supply chain. under cost-sharing contracts could increase the level of greening and
the execution of the supply chain and that government subsidies
could effectively increase sales by increasing the level of product
2.3 Supply-chain finance greening. Recently, some literature has examined capital-
constrained supply chains under supply uncertainty (Li et al,
Supply-chain finance is becoming more prominent in practice, 2017; Ding and Wan, 2020). At the same time, some studies
attracting more and more the attention of researchers. Dekkers et al. have compared loans within the supply chain with bank
(2020) evaluated the supply chain and financial integration theory financing, highlighting the superiority of funding within the
concepts of agency theory, network theory, transaction cost supply chain. Wetzel and Hofmann (2019) analyzed the higher
economics, and social exchange theory as the theoretical profit maximization level of leading supply-chain partners with
framework of the supply-chain financial phenomenon. Due to capital constraints and differentiated payment strategies for
banks’ strict risk controls and low credit ratings, small and upstream and downstream supply-chain partners. Yan and Sun
medium enterprises often face challenges in obtaining bank (2013) studied coordination issues in the capital-constrained supply
financing. Many studies have confirmed that supply-chain chain, when bank financing and limited credit are available, and
financing benefits supply-chain enterprises and medium-sized showed that appropriately limited credit financing schemes could
enterprises in the supply chain. In recent years, supply-chain achieve supply-chain coordination. In the case of uncertain supply,
finance has become an effective way to alleviate the financing financing from upstream suppliers is necessary to promote
difficulties of small- and medium-sized enterprises by utilizing suppliers’” production (Martin and Hofmann, 2019).
Frontiers in Environmental Science 05 frontiersin.org
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TABLE 1 Summary and comparison of this paper with related studies.

Literature CLSC
Single period Two period
Zhao and Mu (2021) v
Wang et al. (2018) v
Xie et al. (2018)
Ji et al. (2022) v
Wei et al. (2019) v

Yang et al. (2020)
Martin and Hofmann (2019) v

This paper v

Table 1 shows a summary and comparison of this paper with
related studies. The abovementioned scholars have studied
problems in the two-period CLSC driven by external
intervention, such as government incentive mechanisms,
third-party and dual platforms, and the trade-offs of business
models. However, our model integrates the forward and reverse
periods of supply-chain enterprises and discusses the influences
of consumer utility and recycling factors on the profits of supply-
chain enterprises in the two-period CLSC. At the same time,
while most research from the perspective of product recycling
discusses recycling channels, little considers the combination of
recycling and remanufacturing. Finally, this study primarily
considers the construction of two financing modes (bank
financing and trade-credit financing from the manufacturer)
under the influence of capital constraint when the retailer
undertakes the majority of recycling, and it conducts a
comparative analysis of the effects of the two financing modes
on the economic benefits of the supply chain.

3 Model

This section considers the two-period CLSC for EV batteries
and access to financing for the capital-constrained retailer. First,
EV battery recycling is divided into two periods. New battery
manufacturing and sales activities are carried out in the first
the
remanufactured and sold competitively with the new products.

period. In second period, recycled batteries are
Second, this section considers the problem of supply-chain
economic benefits and capital constraints. There are three
research scenarios: manufacturer recycling (MR), retailer
recycling bank loans (RRBs), and retailer-recycling trade
credit financing from the manufacturer (RRM). Finally, we
develop these models using the Stackelberg game, in which
the manufacturer is the leader, and the retailer is the follower.

The model structure is shown in Figure 1.
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Supply-chain financing

Recycling Remanufacturing Bank loans Trade credit
\/
v v
v v

v v
v v
v v

\/

% % v %

06

3.1 Symbols and descriptions

This paper constructs a two-period decision-making model
for the CLSC. In the first period, the manufacturer uses new
materials to produce new products. The total cost of making a
new product is c. At the end of the first period, the used batteries
are recycled and remanufactured, and the total cost is g. The cost
of producing a remanufacturing product is 6 = ¢ — g(c > g) less
than the cost of a new one. In the second period, new and
sold,
remanufactured products. The relationship between the first

remanufactured products are increasing sales of
and second periods can be represented by the recycle rate t.
A proportion T (0 <7<1) of used products at the end of the first
period are recycled and remanufactured, and the remanufactured
products are sold in the second period. It is necessary to provide
recycling services; this cost is SC = h7?/2 (Chen and Lin, 2021;
Wang and Wu, 2021), where h represents the cost coefficient of
the recycling service. The sales volume of remanufactured
products in the second recycling period is characterized as
dy,. The product’s wholesale price is w;, and the sales price is
pi> where i = 1n, 2n, 2r. The preference rate of consumers for the
valuation of recycled products in the second period was set as 6,
where 0 <6< 1.

Assuming a market size of 1, the utility of the first consumer
buying the new product isuy, =v— p1,+Apy + 17, with
condition uy, >0, namely v> py, —Apy — y7. Thus, the new
product demand function is dy, =1— p1, +Apy + 475 the
utility of the second period of consumers’ purchasing of new
products is Uy, = v — pa, + apar. The utility of people buying
remanufactured products is u,,, and the value must be 0 < 1, < 1.
The utility function of purchasing remanufactured products is
Uy = OV — par + apay + Ap1,. The conditions consumers must
satisfy when purchasing a new product are uy <u,, <0,
namely v> — (Apy, + (1 + &) (pan — p2r))/ (=1 + 6). Therefore,
the demand function of the second period of the new product

is doyy =14 Ap1p+ (1 + &) (pan — p2r))/ (-1 +6); consumer
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TABLE 2 Summary of notations.
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Notation Definition

0 Consumer preference rate for remanufactured products

c New product production cost

d; Product demand (i = 1n,2n,2r)

pi Sales price (i = 1n,2n,2r)

w; Wholesale price (i = 1n,2n,2r)

T Recycling rate

8 Production cost savings from remanufacturing

v Value of new products

h Cost coefficient of the recycling service

g Cost of recycling and remanufacturing of used products

t Discount of the benefits ratio

¢ Benefit ratio of the transfer for used products

Tp Bank financing rates

Ty Trade credit financing rates from the manufacturer

K Retailers’ initial capital

A Impact coefficient of remanufactured price on the utility of new product in the first period
a Impact coefficient of remanufactured price on the utility of new product in the second period

purchase of the remanufactured products is subject to
Uy > Uy 20, namely po, —apa <v< — Apry + (1 + @) (pan —
P2/ (~1+6).

Based on the analysis above, the demand for the second
period of
dor = = (Apin + (1 + @) (Pan — p2r))/ (=1 + 0) — p2y + apay. If

retailers recycle, they need to make it profitable, and the

remanufactured products is

manufacturer needs to earn money from recycling and
remanufacturing; if so, the parameter relation § =c—¢; > g is
satisfied. When the residual value of the recycling product is
greater than the cost of recycling v, > g, the manufacturer has an
incentive to recycle.

We specifically summarize the model parameters and

decision variables in Table 2 We denote player i’s profit as 7]
in the model j, where i = 1,2, 1n, 2n, 2r represents the first and
the second period, the new product, and the second period of the
remanufactured products, respectively, and j = MR, RRB, RRM
stands for manufacturer recycling, retailer recycling bank loans,

and retailer recycling financing at the manufacturer, respectively.

3.2 Structure of the model

In this subsection, we primarily discuss the two recycling
models, manufacturer and retailer recycling, and compare the
effects of the two models on the supply chain (manufacturer and

retailer) profits. The model structure is shown in Figure 1.

Profit function of the first period:
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T = (Pln—C)(l—Pln +AP27+77T) (1)

where py, — ¢ is the unit profit of the first period of the new
product, and 1 - py, +Apy + 7 is the demand for the first-
period products.

Profit function of the second period:

When the manufacturer conducts the recycling, the
manufacturer’s profit in the second stage can be expressed as:

" = (pzn—c)(1 +Apn+ O +a)(p2"_p2’)> + (par - 9)

-1+06
x <_(Apln + (1 + “) (pZn - er))

1 2
148 “putary) -3
2

When a retailer carries out the recycling, the retailer’s profit in
the second period can be expressed as:

RRBRRM _ () _C)<1 _Apwt (1 ‘;‘i)e(Pzn _er)>

A n 1 n~— P2r
+(p2,—g-c,)< put (120 (pn=pr)

- p2n + aplr)
e

2
(3)

where p,, —c is the unit profit of the second period of new
products, p,- — g is the difference between the sales price of
recycled products in the second period and the cost of recycling
and remanufacturing used products. 1 + (Ap1, + (1 + @) (pan —
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Manufacturer determines :

i the wholesale price w,,

Manufacturer determines
i the wholesale price (w3, )

T
|
|
|
|
|

Period 1

)
|
|
|
|
|

Period 2

Retailer determines
the retail price p,,

FIGURE 2
Decision sequence diagram.

P2r))/ (=1 +0) is the demand for the second period of new
products. The difference between the retailer’s sales price for
remanufactured products under financial constraints, the cost of
recycling the remanufactured products, and the retailer’s
financing rate is py —g-— The demand for recycled
products the
—Apin + (1L + &) (pa2n — p2r))/ (=1 + 0) = pap + apyr.

recycling service costs investment is h1?/2.

Cl.
is
The

in second period

4 Models and decisions

In each of the two periods, the manufacturer is the leader,
and the retailer is the follower. In other words, the decision
can be divided into four periods; the decision sequence is
shown in Figure 2 For practical and modeling purposes, this
paper made the assumptions that 1) the retailer and
manufacturer are neutral and rational, and both want to
maximize their expected profits, and 2) there is no
information asymmetry between

supply-chain agents

(manufacturer and retailer).

4.1 Manufacturer recycling

Manufacturer recycling (MR) earns a portion of the profit by
providing recycled products through
remanufacturing activities. Here only the retailer plays the

recycling  and

role of sales in the sales process to obtain sales profit.

The following formula can express the profit function of the
manufacturer and retailer.

The first period:

4
©)

HIIWR (wln) = (wln - C)dln
71—11\/[R (pln) = (Pln - wln)dln
The second period:

1
ﬂin (Wan, o) = (Way =€)y + (w2r - g)dzr - EhTZ (6)
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time

Retailer determines the
retail price (p,,,P,,)

”2“ (pZm er) = (pZn - wZn)dZn + (er - wlr)dlr (7)

Lemma 1. In the MR model, there is a unique equilibrium. The
equilibrium results are as follows: pf,, wit,, w3, Wi, ps, ps.
Details can be found in the Supplementary Appendix.

The retailer is the follower in this game and makes decisions
based on the wholesale price of the second period of the product
as set by the manufacturer (ws,, w,,). Under certain constraints,
the second period of the corresponding product sales price is
(pan> p2r). Through calculation, the following sales price
expression can be obtained:

24 Qe — DAy, + wy, — a(1 + 20)wa, + Wy + &b (2 + wy,)

i 3-40’+0
L4204 Apiy + 0 — wyy — aqwy, + (2+ a— 207 + O)wy,
e 340> +6

®)
This study does not consider the influence of uncertain factors
introduced by the sales and remanufacturing process. Therefore,
the sales volume of the second period of recycled products is
taken as the demand of consumers, and the following expression
can be obtained through calculation:

_ ((pun +0)(1+6) + 2(wyy — 1) + &(0 = 1 +2(wy, — wyr)) = 20 (wy, —w,) + (1+02) (14 O)wy — 20 (Apyy = 1+ 6+ wy,))
»e (C1+6)(3-4d” +6)
_ (Apu 2+ a(0-1-2a)) + wy + a+O)ws, — (1+60)a’wy, +a0(6 -1 = 2w,,) = 1 +2(& — Dwy, — 2 (wy, — Owy,))
B (-1+6)(3-4a° +6)

d;

dx

©)

As game leader, the manufacturer sets the wholesale price of the
second period of new products and recycled products (wo,, wyy).
Through calculation, the following specific expressions are
obtained:

B 1+c—ad’c+alpy, +ab

Wap

52
2 -2« (10)
a+g(l—a?)+Ap, +0
o = 2-20

According to the market-clearing mechanism, we can obtain the
equilibrium selling price set by the retailer p*, the equilibrium
wholesale prices set by the manufacturer w*, and the demand d
and then insert p*,w*, and dinto the profit function. The
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equilibrium solution of the Stackelberg game is obtained by
backward induction. First, the manufacturer sets the wholesale
price of the first period of the product w,, and the retailer sets
the selling price for the first period of the product py,,. Then, the
manufacturer charges the wholesale price of the second-period
new product and the second-period remanufactured products
(wan, Wy, ). The retailer sets the sales price of the second issue of
new products and the second issue of remanufactured products
according to (pan, p2r), by considering the above first-order
conditions for determining the price. Substituting the optimal
response function into the manufacturer’s profit function
generates the equilibrium wholesale price, retail price, and
by
7, the balanced profits of the
manufacturer and retailer can be obtained. These equilibrium

product demand. Finally, substituting  equilibrium

outcomes into Eqgs 6,

results are summarized as Lemma 1.

4.2 Retailer recycling

In retailer recycling, the retailer carries out the first period of
the new product sales, the second period of new product sales,
and the second period of recycling and sales activities. The
manufacturer produces the first and second periods of
products and conducts the remanufacturing activities of
recycled products. In the retailer recycling process, the cost to
the retailer of reclaiming the first-period product from the
the
remanufacturing is g. It is then sold to the manufacturer at a

consumer and sending it to manufacturer for

certain percentage, plus ¢ sold to the manufacturer (1 + ¢)g. To

ensure that the manufacturer is profitable, here
(1+¢)g—c<wy. The retailer may have some capital
constraints. Thus, the following situation introduces a

financing channel problem and assumes that the unit cost of
interest the retailer must pay for financing is ¢.

4.3 Bank financing

Retailer recycling bank loans (RRBs), assuming that there
is no trade credit financing from the manufacturer and that
the retailer has certain fixed available funds K. The retailer
may use a bank loan. Before the loan is made, the
manufacturer uses market research to determine the order
quantity d, and the cost of recycling and remanufacturing
used products g for the second period to be recycled. The
retailer then tries to meet the manufacturer’s requirements
dyr. When the retailer requests commercial loan financing
from the bank, the bank makes a special interest rate r;, for the
loan by analyzing the recycling amount d,, of the recycled
products in the second period, so retailers need to borrow
(gdy — K). Finally, the bank can get (gdy —K)(1+71p)
capital feedback from the retailer. Here, due to capital
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constraints, the unit cost of a retailer’s recycled product
can be expressed as ¢; = ((gdz — K) (1 +1p))/da.

Based on the above description, it is possible to obtain the
second-period profit of the manufacturer and the retailer, which
can be expressed as follows.

ﬂfRB (Wan, Wor) = (W — )y + (er - (1 + (P)g)dzr (11)

7558 (Pans Por) = (Pon = Wan)dan + (1 + 9)g — g)dar
1
- (ger - K)(l + Tb) + (p2r - er)er - EhTZ
(12)

Lemma 2. In the RRB mode, there is a unique balance. The
equilibrium results are as follows: py,w1, 2,3, Paypar Details can
be found in the Supplementary Appendix.

As a result, the retailer’s decision is influenced by the
the
According to the calculation, the following

manufacturer’s wholesale
(w2n > Wy ) .

expression can be obtained:

price in second period

o = (2+ Qa—DApy, + (1 - a+ 20 Jws, + wy, + g(ry — 9) +ab(2+ g(ry — ¢) +wy,))

3-4a’ +0
_(9le-r)(2+6)(1+a) - a’)wy, — 1 =Api, = 0+ (1 + A)wy, +2a((wsr - g9 -~ rg)a—1))
P = 402 -3-0

13)

Based on the above sales price of the second period of products,
the following expression of the demand for the second period of
new products and remanufactured products (d,,d>,) can be
obtained:

207 (g(ry = 9) = Wan + Wy, ) + Ap1a0 + & ((war = g(@ = 15)) (1 +6) = 2(Apyy + 0+ wa, — 1))
(0-1)(3-4a* +0)
2(Apin = gre) = 1+ 60-2(o = 1)pg (1 + ab) + a(Apin (6= 1) + 2w, + 0(6 - 1 = 2gr,, + 2wy, ))—
<a2 (2Ap1s = 2(gry + wy, ) + way + Owy,) + (1 + O)wy, — 2wy, + 26 (gry,0 — wy, + Ow,,) >
(0-1)(4a* =3 -6)

<AP1H72+ (0-greo +9g) (1+6) +2(1 - W)ws, + (29 (¢ — 1) = 1+ 6) = (1+ 6 - 2a)wy,+ >
dy, =

(14)

Therefore, the wholesale price can be obtained by substituting the

above  demand  expression with the manufacturer

expression (wsy,, W ):

1+c—a2c+¢x/1p1n+tx9
WH, =
o 2(1-a?)

A+ g+20g+Apy—gro+a’g(-1-2¢+1,)+0
- 2(1-a)

Wy
(15)
As in the MR model (4.1), the equilibrium results are
summarized as Lemma 2.
4.4 Manufacturer financing
With retailer recycling trade credit financing from the
manufacturer (RRM), assuming that a bank loan is not

available and the retailer’s own capital is insufficient to
meet its second period of recycling products, it is bound to
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limit how much it can recycle, as this affects sales and revenue
As the
manufacturer may be willing to provide trade credit

for the retailer and manufacturer. a result,
financing to the retailer to support recycling. But when the
manufacturer decides to pay in advance, it requests a discount
t =2(4"7 +1)/5. ry refers to the relative financing rate the
manufacturer makes to the retailer when the retailer makes an
upfront payment financing to the manufacturer (An et al,
2021).

The price at which the retailer recycles the product sold first
to the manufacturer for remanufacturing is:

(1+(p)gt:§(1+<p)g(4’f+1) (16)

Thus, bringing the parameters into their expression yields the
following manufacturer retailer profits:

2
7T§RM (me er) = (wln - C)dZn + (wZV - g (1 + (P)g (4r/ + 1)
X )dz,
17)

2
7T§RM (pan er) = (pZn - wZn)dZn + (g (1 + (P)g (40. + 1) - g)er

+ (er - w2r)er - %h‘rz
(18)

Lemma 3. In the RRM model, there is a unique equilibrium. The
equilibrium results are as follows:pf,, wit,, w3y, Wi, P, P -
Details can be found in the Supplementary Appendix.

In the RRM model, the retailer, as the follower in this
game, carries a wholesale price for the second period of the
the
remanufactured products, following its manufacturer’s

new product as well as for recycling of the

formulation (wy,, w,,) and decides the sales price of the
next period of the product (pa, par).

(=5(2+ (2a— VAP, +ws, — (1 +20)ws, +wy, +2a0+abws, ) + g (= 3+2¢ +2"7 (1+9))(1 +af))
5(-3+4d —0)
_ (20 (g(3-29 2" (1+¢)) + 5wy ) = 5(1+ Apus + 60— wa + 2+ Own ) + (a+ (2+6)) (g (29 + 2"/ (1+ 9) = 3) + 5(way —ws, ~2)) )
v 5(=3+4a’ — 6)

P =

2
(19)

This study does not consider the impact of possible uncertainties
in the sales and remanufacturing process. Therefore, the sales
volume of recycled products in the second period is taken as the
demand of consumers, and the following expression can be
obtained through calculation:
(g(2w+1"z” (149)=3)(146) +a(g((1+ @)™ +49-6)+5(8+2(ws, ~wy) = 1)) +20° (9(3 =29 =2 (1+9)) =5 (wss *er))+)
d 5(001+60) =2+ (Apy, —wy ) (1+60) +2wy,) +a* (5(1+ 0wy, — g(20—3+2"77 (1+9))(1+0)— 10(Apy, — 1 +0+wy,))
5(0-1)(3-4a” +6)

“2(e = 1)g(29 2" (1+9))(1 +a8) +5(8~1+ Ay, + (1+2a + ) (way ~Apy) ~ 2w +aB(B ~1 = 2wy) & (wa, + By, — 2wn,) - 26 (wy, — B )
S(3+4 —0)(-1+0)

20)
As leader of the game, the manufacturer sets the wholesale price
of new products and recycled products in the second period
(way, wyr). Through calculation, it is easy to obtain the following
specific expressions:
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_(I+c-dc+a(Apy, +0))
Wan = 2(1- o)

((49 +4"7 (1 +9)—1)g(a’ — 1) = 5(a+Api +0))
10(a® - 1)

Wy =
(#2))

Similarly, the equilibrium results are summarized as Lemma 3.

4.5 Properties analysis

Proposition 1. This paper focuses on product demand analysis
and supply-chain enterprise model selection. With the increase
in the recycling rate of remanufactured products, the demand for
remanufactured products increases with different growth trends.

Its mathematics can be expressed as
odN™M/9r > 9dMR /9T > 0d R /9r >0  2). There are two

thresholds, 7; = 0.804,7, = 0.817, first when 0.780< 7 < 7; and

dﬁR > d}ffB > dlflfM and then when 7;<7<7, and
dMR > @RRM 5 gRRB Finally, when 7, <71<0.828,

dRRM  gR | gRRD

Proposition 1 indicates that product recycling affects the
demand for the second period of products. Still, it also has a
specific promotion effect on the market for the first period of
consequences. The first- and second-period product demands
play mutually reinforcing roles through the bond role of the
recycling rate. Under the influence of the recycling rate, the RRM
model is the most sensitive of the three models to the market
demand response of the first period of products. It gives an
excellent signal that with the recycling rate increasing, the
supply-chain economic benefit promotion is highest in the
RRM model for the first period. Therefore, as the recycling
rate increases, the demand for new products in the first
period increases. Thus, increasing the recycling rate and
alleviating consumers’ worries can motivate them to purchase

more new products.

Proposition 2. As the consumer preference rate for

remanufactured products 6 increases: 1) the demand for new

products in the second period decreases, 2) the demand for the

second period of remanufactured products increases in different

trends, and 3) there exists a threshold 6,,if 0 <6< 6y, 6, = 0.446

then dSRM > @MR 5 qRRE - GRRE o gMR 5 gRRM i 9, <0 <1, 6, =
dRRB 5, R i

0.446 then d)™* > d3FM > d5RP,
that the consumer’s

Proposition 2 shows valuation
preference ratio for products dominates the quantity of the
second period of the product. The manufacturer plays a
synergistic role in deciding the amounts of the new and
remanufactured product in the second period. On the one
hand, the second period of the new product can directly
reflect the decreasing final demand as the rate of consumers’

valuation preference for the remanufactured products increases.
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Therefore, the manufacturer sets a lower production volume to
invest funds in the production of remanufactured products. On
the other hand, the increasing demand for remanufactured
products in the second period has a second-order effect on
the profits from the remanufactured products, which affects
the manufacturer’s model choice when consumers have low
valuation  preferences  for  remanufactured  products,
0<0<0;, 0, = 0.446. Manufacturers may be reluctant to carry
out a recycling campaign because the new and remanufactured
products are expected to sell less than when the retailer recycles.
When consumers have relatively high valuation preferences for
0, <0<0.54, 6, = 0.446,

recycling is not always the manufacturer’s best choice. The

remanufactured products, retailer
manufacturer gains the maximum benefit in the retailer
recycling model only if the reproductions are produced by
continuing to increase.

Proposition 3. The manufacturer’s two-period profit decreases
with increasing g, in the MR and RRM models. However, there is
an upward trend in the RRB model. Mathematical validation is as
follows: 0nfRB/og>0>0nMR/9g = 9n*®M/9g. The retailer’s
profits have similar characteristics.

Proposition 3 shows that as the cost of recycling and
remanufacturing g increases, the profits of the manufacturer
and retailer decrease in the MR and RRM models and
increase in the RRB model. The main reason is that the
increase in g affects the selling price of the product in the
market. Through optimal sales price analysis, it can be found that
opMR1og = 0pRRM19g >0 > 0pRM /9, 0p)iR/ag = 9pRM/og >
0>0pXM/gg, 0pdR/9g>0p)Riog = 0>0piM/ag. Further,
changes in the prices of new and remanufactured products in
the two periods affect the demand for the products in the market,
ultimately affecting the profits of the manufacturer and the
retailer. Specifically, the manufacturer and retailer minimize
recycling and remanufacturing costs ¢ in the MR and RRM
models to increase their profits, while offering higher-value
recycling and remanufacturing levels in the RRB model can
generate greater profits.

Proposition 4. With increasing recycling, 7, the manufacturer’s
profit grows with different trends in the RRB and RRM models.
However, there is a decreasing trend in the MR model. There is
mathematical validation as
follows: 0nkRB/97 > oM jo1 > 0 > 9} R /o7

Proposition 4 demonstrates that the manufacturer’s profit
keeps growing at different rates under the RRB and RRM models
as the recycling rate 7 increases. However, profit has a decreasing
trend in the MR model. In other words, in the case of a
manufacturer’s recycling, the second period of the profit
paradoxically decreases due to the increased quantity of
recycled products. The second period of recycled products
shares a portion of the volume of the second period of the
new products and dilute the manufacturer’s profit from the
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second period of the new product. Compared with the RRB
and RRM models, profit in the MR model is always the lowest.
Because manufacturers need to invest significant money to build
recycling channels in the early period, publicity surrounding
recycling activities affects the overall profits of manufacturers in
the second period. It is clear that in the early period, the
manufacturer could turn over recycling activities to retailers to
improve their profits.

5 Numerical study

In this section, numerical analysis is implemented through
research and investigation of Tesla and Contemporary
Amperex Technology Co. Limited (CATL), related public
data such as wind, and reports on battery recycling®. The
section follows the usual assumptions of several existing
studies [14, 24, 32]. It then analyzes the influences of
parameters on the equilibrium results, compares and
analyzes optimal strategies under the three models, and
explores model selection under multiple factors. To ensure
more realistic data analysis results, this study set the following
parameters. For simplicity, we normalized the data, a = 0.3,
n=0.4, and 1=0.1, as obtained through surveys and
with  supply The
manufacturing cost of new products is ¢ = 0.3, and the cost

interviews chain companies. unit
of recycling and remanufacturing used products is g = 0.2.
The rate of consumer preference for remanufactured products
is 6 = 0.5, the recycling rate of used products is 7 = 0.8, the cost
coefficient of recycling service is & = 0.05, and the benefit ratio
generated by retailer transfer to the manufacturer after
recycling is ¢ = 0.25. The interest rate of funds provided by
the bank to the retailer is r, = 0.15, the rate of financing from
the manufacturer to the retailer is ry = 0.15, and the retailer’s

initial funds are K = 0.04.

5.1 Demand analysis and pricing decision

This section demonstrates the impacts of consumer
preference rates for remanufactured products, recycling and
remanufacturing costs, and used battery recycling rates on
market demand and manufacturer profits, which influence
manufacturers’ recycling mode choices.

Product recycling rate has a positive impact on the first
period of products. As the recycling rate increases, the demand
for the first period of products also increases. This finding is
consistent with Figure 3. The reason is that the increased
recycling rate mainly depends on the consumer preference

6 https://pdf.dfcfw.com/pdf/H3_AP202103251476026177_1.pdf?
1616667917000.pdf
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Impact of product recycling rate on product demand of the
first period.

rate for remanufactured products, thus increasing the consumer’s
desire to buy during the first-product sales period. The recycling
of new EV batteries after declining user utilization or declining
product performance reduces the risk of purchasing the first
period of the product for consumers and promotes user utility,
thereby increasing consumer demand for the product. Therefore,
an increase in the battery recycling rate can effectively improve
the need for the first period of products and promote the
economic benefits of new EV battery enterprises while
reducing the cost of use for consumers.

When the consumer preference rate for remanufactured
products increases, the demand for new and remanufactured
products in the second period shows different trends under the
three models (MR, RRB, and RRM). The need for new products
decreases in the second period, and conversely, the demand for
remanufactured products increases in the second period (see

Figure 4).
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As 6 continues to rise, the proportion of consumers accepting and
choosing remanufactured products increases, so the utilization rate of
remanufactured products gradually increases, and the demand increases
accordingly. The reason is that retailers have significant money to spend
on publicity after being financed by bank loans, even if the consumer
preference rate is low. Due to this early publicity effect, sales are expected
to be higher than in the other two models. Therefore, this verification
can optimize the production of recycled products in the supply chain by
investigating the consumers’ preference rate for the valuation of recycled
products. With continuous improvement 6, the sales volume of the
second period of new products in RRM mode will decline or even be
replaced by remanufactured products. The utilization rate of
remanufactured batteries will increase as consumers accept them
more. Compared with the manufacturing costs and production cycle
of new products, remanufactured products have the time and benefit
advantages of recycling funds and optimizing the economic benefits of
the supply chain manufacturer.

The
manufacturer and retailer under three models. The results

above provides a profit comparison between
show that the manufacturer can maximize profits under the
retailer’s bank loan collection model. However, for retailers, not
participating in recycling can maximize profits (see Figure 5).
Therefore, as the dominant supply chain manufacturer, the
manufacturer will inevitably choose to increase the production
of the second period of remanufactured products and reduce the
production, research, and development of the second period of
new products to improve its economic benefits and reduce its risk
rate. For this reason, the manufacturer needs to invest a large
amount of money in producing recycled products. Hence, they
are more willing to entrust recycling activities to retailers and to
encourage retailers to borrow money from banks. The profit
curve for the retailer is shown in Figure 5(d). Under the influence
of the cost of recycling and remanufacturing used products, the
profit curve is opposite that of the manufacturer when comparing
the three modes, but the profit curve trend is unchanged. Thus,

retailers and manufacturers have different optimal model

choices.
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Impact of consumer preference rate for remanufactured products on demand. (A) Impact of preference rates on demand for new products in
the second period. (B) Impact of preference rates on demand for remanufactured products in the second period.
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FIGURE 5
Impact of recycling costs on profits under the three models. (A) The impact of recovery costs on manufacturers’ profits. (B) The impact of

recovery costs on retailers’ profits

5.2 Selection of retailer model

In this summary, consider the influence of recycling 7, the
cost of recycling and remanufacturing used products g, and the
consumer preference rate for remanufactured products 6 on
retailers’ profits and financing mode selections. Note that the
other parameters are the same as with the previous settings.

It is important to note that the recycling rate of batteries for new
EVs and the rate of consumer preference for the valuation of
remanufactured products influence retailers’ choice of model.
However, the cost of recycling and remanufacturing used
products does not influence retailers’ choices. As shown in
Figure 6, when both 7 and g have an impact on retailer model
selection, the retailer will only be different at 0.720 < 7 < 0.865, and g

does not affect the retailer’s choice. However, as shown in Figure 7,

when the recycling rate of the product is high, 0.5 < 7 < 1, and the

preferred rate of consumers on the valuation of the remanufactured
products is relatively low, 0.5 < 6 < 0.9, retailers prefer the MR model,
followed by the RRM model, ﬂin > ﬂfRB > nfRM . Notably, when the
recycling rate of the product is 0.745 < 7 < 0.885 and the preferred
rate of the consumer for the valuation of the remanufactured
products is 0.5<6<0.75 or when the preference rate of the
consumer for the valuation of the remanufactured products
reaches 6> 0y, 6; = 0.800, then it is 7RM > MR > RRE,

The reasons are as follows: first, the recycling rate is high, and the
retailer can obtain high economic benefits from the recycling process
only by reverse selling to the manufacturer. However, when
consumers have a low preference rate for the remanufactured
products, the sales volume of remanufactured products is affected,
thus affecting the retailer’s profits in the sales link. Therefore, for the
retailer, when 0 is low, 7 is high. On the one hand, the retailer prefers

the MR model to reduce risks and optimize their profits. On the other

hand, the MR model is an incentive for the retailer to recycle and sell
recycled products. Faced with recycling and selling the second period
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Impact of recycling rate and recycling cost on the retailer’s

profit.

of products, retailers are reluctant to dilute their own recycling
margins by discounting recycled products. In addition, banks will
reduce the loan interest rate according to the recycling scale, so the
retailer is more inclined to recycle bank loans. Finally, when 7 and 0
are equal and occur in a higher range, 0.745<7<0.885,
0.5<0<0.75. The recycling portion of the second
remanufactured product and the sales portion can be actively and
efficiently circulated. For capital-constrained retailers, prepayment
financing from the manufacturer allows for the timely and efficient
use of capital, thus contributing positively to the retailer’s profitability.
Similarly, when the consumer’s valuation preference rate of
remanufactured products is exceptionally high by 0.800<6<1,
the sales link of the second remanufactured product is the
primary source of the retailer’s profit. The retailer will consider
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Impact of recycling rate and consumer preference rate for
remanufactured products on the retailer’s profit.

trade credit financing from the manufacturer in conjunction with the
manufacturer’s decision.

Based on the analysis in this section, our research finds that
recycling rate affects the demand for the second period of the product
and plays a specific role in promoting the demand for products of the
first period. The need for products of the first and second periods plays
a role in mutual promotion via the recycling rate. When consumers
have a low preference rate for the valuation of remanufactured
products, manufacturers do not participate in recycling. They are
willing to entrust the retailer to complete the recycling activities, and it
is most beneficial to the manufacturer for the retailer to borrow money
from banks. In addition, if the recycling rate is high and consumers
have a relatively low preference rate for remanufactured product
valuation, or if consumers have a very high preference rate for
remanufactured product valuation, the retailer will choose a retailer
to recycle the manufacturer’s prepayment financing. With the
combination of recycling rate and the cost of recycling and
remanufacturing used products, bank loan financing is optimal for
capital-constrained retailer recycling when the recycling rate is
high (0.720 < 7 < 0.865).

6 Conclusion

The wide application of EVs has promoted the development of
transportation modes. However, recycling EV batteries is an urgent
problem to be solved by EV enterprises. This study uses consumer
preference rates for the second period of remanufactured products
and the impact of cell recycling on the supply chain of EVs as critical
factors. It establishes an analytical framework composed of
manufacturer and retailer to examine the manufacturer’s pricing
decisions and the retailer’s optimal model choice. The supply chain’s
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demand analysis and model selection are analyzed by equilibrium
solutions under the MR, RRB, and RRM models.

Based on our model analysis and numerical results, this study has
the following theoretical and management implications: the recycling
rate can effectively incentivize the demand for new products in the
first period. For any remanufactured product’s recycling cost, the
manufacturer’s profit is most significant in the retailer recycling bank
financing model, and the retailer’s profit is most effective in the
manufacturer recycling model. As the consumer preference rate for
remanufactured products increases, the demand for new products in
the second stage decreases while the demand for remanufactured
products increases. The RRM model gives the most significant profit
to the retailer when the preference rate is substantial or when the
preference rate is low with a moderate recycling rate.

This study has some limitations, which provide potential
directions for future research. Firstly, for the simplicity of the
model and ease of analysis, this paper only considers the impacts
of consumer preference rate and recycling rate for remanufactured
products on the pricing decision of EV batteries; the quality of
recycled products and ladder processing are also important issues
worthy of study. Secondly, this paper extends the single-stage CLSC
to construct a two-stage CLSC, a certain innovation as far as we
know. However, ours is still a static game model, and a multi-stage
dynamic optimization model is also important for research to
explore. Finally, while retailers are mostly SMEs, and thus suffers
from capital constraints when starting recycling businesses,
manufacturers may also face capital constraints when facing
shocks the
recessions. The issue of multiple capital-constrained subjects and

such as COVID-19 epidemic and economic
multiple financing channels is therefore also an important future
research direction.
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