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ABSTRACT

The rising number of retired electric vehicle batteries has sparked significant global
interest in the recycling and reuse sectors, crucial for achieving a Sustainable Circular
Economy and Net-Zero goals. In response, governments are exploring strategic
initiatives to enhance the echelon utilization of these batteries, yet current subsidy
policies require refinement. This study presents a two-period closed-loop supply chain
model involving a battery manufacturer, recycler, power grid company, and
government to investigate how subsidies for purchasing reuseable batteries can bolster
their utilization for energy storage. The paper analyzes the optimal subsidy amount and
assesses stakeholder decisions, profits, and social welfare under scenarios with and
without subsidies. The findings reveal that while effective subsidy policies can enhance
overall social welfare and support a circular economy, their impact on echelon
utilization is influenced by the factors such as battery quality, operating revenue, carbon
emission and installation costs. Furthermore, varying installation costs between second-
life and new batteries do not necessarily hinder purchase decisions by power companies.
This research enriches the discourse on sustainable industrial systems by providing
actionable insights for businesses to develop effective strategies in retired battery
utilization and guiding policymakers in promoting circular economy initiatives that
contribute to industry sustainability and Net-Zero objectives.

Keywords: Retired batteries; Echelon utilization; Subsidy policy design


mailto:ZL14@gre.ac.uk

1 Introduction

Against the backdrop of rising global climate concerns and heightened environmental
awareness, electric vehicles (EVs) have gained significant attention as a sustainable mode of
transportation. Supported by policies worldwide, EVs are now a strategic priority for achieving
sustainable development in the automotive industry (Xing and Yao, 2022). According to
International Energy Agency (2024), global EV sales reached nearly 14 million in 2023, accounting
for 18% of total vehicle sales, compared to just 4% in 2020. The IEA forecasts this figure to grow
to 17 million by 2024, representing a year-on-year increase of over 20%.

EVs rely on power batteries, a core component driving the expansion of the EV industry(Liu
and Wang, 2022). According to SNE Research, the global installed capacity of power batteries
reached approximately 705.5 GWh in 2023, growing by 38.6% year-on-year (Electrification
Solutions, 2024). However, these batteries have a limited lifespan, typically requiring replacement
once their capacity drops below 80% (Chirumalla et al., 2022). Retired batteries contain both
hazardous materials (e.g., electrolytes and heavy metals) and valuable metals (e.g., cobalt and nickel)
(Liang et al., 2021). Improper disposal risks resource wastage and environmental harm (Dutta et al.,
2018). Globally, managing retired batteries and extracting their residual value remain significant
challenges.

Key players in the retired battery recycling market include power battery manufacturers (e.g.,
CATL, LG Energy Solution), EV manufacturers (e.g., Tesla, BMW), and third-party recyclers (e.g.,
GEM, Accurec). While manufacturers benefit from channel advantages, third-party recyclers often
employ advanced technologies, enabling them to capture a significant market share (Zhu et al.,
2024). Recycled batteries undergo two main processes: echelon utilization and regeneration (Zhang
etal., 2022). Echelon utilization involves repurposing batteries for secondary applications (e.g., grid
energy storage or low-speed EVs) after testing and refurbishment. Regeneration entails
disassembling batteries with less than 20% capacity to extract valuable metals like cobalt and nickel,
facilitating resource circulation (Lei et al., 2024).

Several successful projects highlight the potential of retired batteries in energy storage. For
example, 4R Energy in Japan repurposes Nissan Leaf batteries for residential and commercial
applications (Nissan, 2021). FreeWire, a U.S.-based company, has developed a mobile EV charging
device powered by retired automotive batteries and provided a convenient charging solution(Scooter,
2023). Similarly, Bosch in Germany has integrated retired BMW batteries into a 2MW/2MWh
photovoltaic energy storage system (Geng et al., 2022). These initiatives demonstrate the versatility
of retired batteries. According to Greenpeace and All-China Environment Federation (2020), global
EV batteries are projected to retire at a scale of 463 GWh by 2030. Reusing 80% of these batteries
could meet global energy storage needs, with an estimated market value of $15 billion. However,
challenges remain, including limited availability of suitable batteries and barriers such as high costs
and technical complexities (Gu et al., 2021).

Currently, governments of different countries have formulated various policies for the
recycling and reuse of retired batteries (Zhang et al., 2023). For example, the Regulation Concerning
Batteries and Waste Batteries issued by the European Union stipulates minimum recycling rates

and material recovery targets for power batteries, aiming to promote a circular economy by



regulating the entire lifecycle of batteries (Council of the European Union, 2023). Germany provides
subsidies to enterprises or individuals that deploy batteries for use in charging stations or
photovoltaic energy storage systems (Bank aus Verantwortung, 2025). Meanwhile, the Chinese
central government has issued the Administrative Measures for Echelon Utilization of Power
Batteries of New Energy Vehicles to ensure standardized and efficient echelon utilization of retired
batteries (Ministry of Industry and Information Technology of the People's Republic of China, 2023).
While in this context, Chengdu in China is offering subsidies up to RMB 5 million to qualified
battery echelon utilization companies (Chengdu Municipal Bureau of Economic and Information
Technology, 2024). For the United States, the federal government supports state and local
governments in expanding battery recycling efforts through funding allocations and the
establishment of battery recycling points (United States Department of Energy, 2024). The
Californian Energy Commission has developed a pilot project to incentivize the secondary use of
batteries in order to promote the further spread of renewable energy (California Energy Commission,
2024).

In view of the above, although there are a number of strategic proposals to support the recycling
and reuse of retired batteries in various countries, it can be found that there are no explicit subsidy
policies being proposed to promote the echelon utilization of retired batteries. As for the
development of EVs, government subsidies for the purchase of EVs and subsidies for the charging
station installation have well and effectively promoted the EV industry (International Energy
Agency, 2023; Yu et al., 2022). Moreover, as the EV market expands, the number of batteries will
also increase. When they are retired from EVs, the whole life cycle of the batteries can be extended
through echelon utilization, thereby alleviating the challenge of scarce raw materials for batteries
and environmental pollution in the production process. This approach not only supports the
principles of the circular economy in manufacturing but also contributes to reducing carbon
emissions across the supply chain. Given the critical role of purchase subsidies and policies in
promoting both the circular economy and the development of EVs, it is essential to evaluate their
effectiveness in fostering the recycling and reuse of batteries within closed-loop supply chains. To
this end, this study investigates the impact of subsidy policies on promoting the echelon utilization
of retired batteries, aiming to provide actionable insights that align with circular economy
frameworks and support sustainable industrial practices.

Specifically, in a circumstance where there is a constraint on the quantity of retired batteries,
the following research questions will be discussed and answered: (1) Should the government have
a purchase subsidy policy in place to promote the echelon utilization? If so, how should it be
designed? (2) What is the impact of the purchase subsidy policy on the supply chain members? (3)
How do the external factors, such as retired battery return yield, the quality of retired batteries, the
installation cost of using batteries, carbon emissions, affect the echelon utilization of retired batteries,
and how do they affect the supply chain members?

To answer these questions, this study designs a two-period game model for a closed-loop
supply chain (CLSC) of power batteries, respectively considering two scenarios of the government
providing and not providing a purchase subsidy. The optimal decisions and profits of supply chain
members under the two scenarios are analyzed and compared, complemented by necessary

numerical analysis.



The rest of this paper is organized as follows. Section 2 reviews relevant literature and
elucidates the innovations of our study. Section 3 provides a detailed description of the model and
necessary assumptions. Section 4 analyzes and compares the equilibrium solutions under the two
scenarios of no purchase subsidy and purchase subsidy. Section 5 conducts numerical analysis on
the equilibrium solutions. Section 6 concludes the paper, further presenting managerial insights and
future research directions. All proofs are provided in the Appendix.

2 Research Context

This research is primarily related to three streams of literature: CLSC of power batteries,
echelon utilization of retired batteries and government subsidy in CLSC of power batteries. Based
on a comprehensive review of existing relevant literature, the current research gap will be identified.

A CLSC is defined as a closed-loop system integrating a forward supply chain and a reverse
supply chain, the core of which lies in incorporating the reverse process of product recycling and
reuse into the framework of the traditional supply chain, thereby achieving management throughout
the entire product lifecycle. Focusing on the field of CLSC of power batteries, rich research results
have been produced (Kannan et al., 2010; Mayyas et al., 2019; Zhang et al., 2024). Li and Wei
(2025) designed a blockchain-enabled electric vehicle battery recycling system to enhance resilience
throughout the EV battery lifecycle.

Scholars have constructed different models grounded in diverse research perspectives, among
which the game models considering single or multiple periods have been widely used to study the
interest relationships and operational strategies of supply chain members. For example, Liu et al.
(2021) modeled a single-period CLSC comprising a battery supplier and an EV manufacturer,
considering the uncertain residual capacity of used batteries, and explored the optimal collection
and remanufacturing strategies under the supplier-recovery and the manufacturer-recovery models.
Zhang and Zhang (2022) built a two-period game model to study the pricing strategy of the
manufacturer and the retailer in the CLSC of EV batteries, as well as the financing channel selection
of the capital-constrained retailer when undertaking recycling. In the first period, new batteries are
produced and sold. In the second period, a portion of the used batteries are recycled for
remanufacturing and sold competitively with the new batteries. Gu et al. (2018) developed a three-
period model for a CLSC composed of a battery manufacturer and a remanufacturer, and analyzed
the optimal manufacturing quantity, remanufacturing quantity, and purchase price. In the first period,
all batteries are made from raw materials. In the second period, returned batteries are sorted into
low- and high-quality. A proportion of high-quality returns can be reused, while the rest are recycled
into materials. The reused batteries are recycled into materials in the third period. In the latter two
periods, batteries are made from raw materials and recycled materials.

Unlike ordinary products, power batteries, when retired from EVs, are not scrapped themselves,
and can be reused in other fields after recycling, a process known as echelon utilization. Echelon
utilization is a crucial link in forming the CLSC of power batteries, and also an important means to
realize the residual value of retired power batteries. At present, academic research on echelon
utilization has not been fully carried out, with most existing literature primarily concentrating on
technical aspects (Abdel-Monem et al., 2017; Gao et al., 2022; Gu et al., 2024; Wang et al., 2023)



and environmental impact (Cui et al., 2023; Quan et al., 2022; Wang et al., 2022) of this process.
Specifically, Gao et al. (2022) designed a grid-connected photovoltaic-energy storage microgrid by
applying retired lithium iron phosphate batteries to the microgrid, and performed experimental
studies on its operating performance. The results found that the retired lithium iron phosphate
batteries can meet the energy storage requirements of the microgrid. Wang et al. (2023) proposed
new available power and energy analysis for battery energy storage systems using active life
balancing control techniques, and demonstrated the effectiveness of active life balancing control in
extending the life of the battery energy storage systems using retired batteries. Wang et al. (2022)
investigated two battery end-of-life management schemes of combining secondary use with
recycling and direct recycling, and found that the secondary application of retired batteries in energy
storage systems can effectively reduce the net environmental impact of battery life cycle. By
evaluating the lifecycle environmental impact of secondary use of lithium-ion batteries in different
scenarios, Cui et al. (2023) suggested that reapplying whole packs of retired batteries was better
than using only cells or modules due to the environmental loads from diagnosis, disassembly,
replacement and testing processes. Recently, echelon utilization has gradually received attention
from some scholars in the field of CLSC management for power batteries. Xu et al. (2023) explored
the pricing decisions of a new CLSC consisting of a battery manufacturer and an echelon utilization
enterprise, considering that the echelon utilization enterprise is responsible for recycling retired
batteries and investing in low-carbon innovation. Yan et al. (2024) studied the impact of introducing
cascade utilization on the CLSC members of power batteries. The results showed that when the
revenue from resource recycling of waste batteries was low, adopting cascade utilization can

enhance the corporate profits and consumer welfare.

The CLSC of power batteries involves multiple stakeholders, and government intervention
inevitably affects the interest relationships of all parties involved (Guo et al., 2024). Subsidy policy
is one of the common means of government intervention. In order to accomplish diverse goals, the
government provide different types of subsidies, and the recipients of these subsidies also vary.
There is still limited research on government subsidy in CLSC of power batteries. Ding et al. (2020)
analyzed and compared the impact of providing collection subsidies to the collecting firm and
dismantling subsidies to the dismantling firm, focusing on the optimal collecting strategies under
different scenarios and the preferences of the firms and the government regarding these two
subsidies. Gu et al. (2021) considered government subsidies to the secondary user, and the
relationship between the amount of subsidies and the quality of retired batteries. Chen et al. (2022)
examined a supply chain with a battery manufacturer and an EV manufacturer, where the
government could choose to offer a subsidy for endurance level or one time quota subsidy to the
EV manufacturer for recycling retired batteries. Their research provides the effect of the two forms
of recycling subsidies with and without subsidy budget constraints and the corresponding thresholds.
Dai et al. (2023) designed a production subsidy for the battery manufacturer and a consumption
subsidy for remanufactured battery consumers, and investigated the short-term operation and long-
term evolutionary trend of the competitive market between the manufacturer and the remanufacturer
under different subsidy policies. Sadrabadi et al. (2024) proposed that the government would pay
recycling subsidies to the automotive battery manufacturing factory, the sales representative, or the
third-party collection center under three recycling models, and analyzed the pricing strategies
involved in the different recycling process of used batteries. Xiao et al. (2024) studied the impact
of subsidizing the formal recycler on the recycling supply chain when the formal recycler and the



informal recycler compete in recycling retired batteries. The results found that the government
subsidy can facilitate an increased flow of retired batteries into the formal recycling channel. Wen
et al. (2025) developed a game-theoretic model to investigate the online collection channel and
government subsidy strategies, aiming to assess the impact of echelon utilization within the battery
collection industry.

Through the above review, it can be found that the current research in the field of CLSC of
power batteries mainly focuses on the recycling of retired batteries. The majority of studies on
echelon utilization are conducted from a technical perspective, with relatively few from the
perspective of supply chain management, that is, there is a lack of thorough exploration on the
interest relationships and operational strategies of supply chain members in the echelon utilization
stage. Meanwhile, some literature has embarked upon scrutinizing the impact of government
subsidy on the CLSC of power batteries, yet the vast majority of these studies concentrate on subsidy
for recycling retired batteries. As the echelon utilization of retired batteries has just begun, to the
extent of our knowledge, there is scarce relevant research on the design of policies to promote the
echelon utilization of retired batteries. Moreover, most of the literature related to government
subsidy treats the subsidy merely as an exogenous variable to analyze its impact, without further
conclusions on the optimal subsidy.

Compared to the previous research, we this paper emphasizes the following innovations: (1)
Drawing from relevant literature, it is reasonable to construct a two-period game model for a CLSC
of power batteries in this study. The highlight of this study is that the recycling, both echelon
utilization and regeneration utilization of retired batteries are considered, which reflects the reality
well; (2) This study fills the research gap by including the government in the game, investigating
the government’s optimal subsidy policy for the purchase of retired batteries, and discussing its
implications; (3) Since the quantity of retired batteries within a certain period is limited, this
constraint is considered in the model to ensure the rationality of results.

3 Model Description

Consider a situation in which there is both a battery manufacturer and a battery recycler in the
market during a certain period, selling new batteries and echelon utilized batteries to a power grid
company (abbreviated as PGC), respectively. After the batteries reach their end of life on EVs, the
battery recycler will collect, test and categorize these retired batteries according to their quality. The
batteries that comply with the echelon utilization standard will be provided as a potential supply to
the PGC for secondary use. The PGC decides how many retired batteries and new batteries to
purchase based on the demand, costs and revenue of the batteries. The rest of all the returned
batteries that have not been echelon utilized will be regeneration utilized and sold to the battery
manufacturer. The battery manufacturer purchases recycled materials and natural raw materials to
produce new batteries. During this process, the recycler will set the price for retired batteries first,
then the manufacturer will set the price for new batteries, and finally, based on its total demand, the
PGC will determine the quantities of both retired and new batteries to purchase.

To improve the secondary utilization rate of retired batteries, governments could adopt various
policy intervention, including but not limited to purchase subsidies, tax incentives, mandatory
recycling quotas, and carbon trading mechanisms. For the purpose of this study, similar with Wu



and Zhang (2025), this study focuses on and simplifies the analysis to a purchase subsidy policy,
given its direct impact on the purchasing behavior of the PGC. Specifically, the government’s
decision on the amount of purchase subsidy is examined as a representative instance of policy
intervention (Li et al., 2020; Tang et al., 2019).

This paper considers a two-period CLSC model to study the optimal decisions of the
participants in the above situation by focusing on the game among the government, the battery
recycler, the battery manufacturer and the PGC. Period 1 involves the manufacturing and selling of
power batteries and EVs. The new batteries serve the EV market, where pricing strategies are driven
by competitive pressures and production scale considerations. In Period 2, the introduction of the
PGC as a user for both new and retired batteries create a differentiated market context. This context
requires tailored pricing strategies, as well as the recycling, echelon utilization and regeneration
utilization of retired batteries. Additionally, period 2 involves the development of government
subsidy policies to support echelon utilization.

In this study, a game theory model is employed to address the problem, specifically through a
Stackelberg game approach. The model is developed by solving the decision-making processes over
two periods (Period 1 and Period 2) using a backward induction method, enabling the analysis of
sequential interactions between the players in the CLSC model. Furthermore, given the constraint
on the availability of used batteries, the Karush-Kuhn-Tucker (KKT) conditions are incorporated to
address the optimization problem under these limitations. This rigorous methodology ensures that
the model effectively captures both the strategic dynamics and the operational constraints.

Figure 1 depicts the interactions of the participants in the two-period game. In addition, this
study will solve and analyze the base model in which the government does not provide a purchase
subsidy, so as to compare the results before and after providing the subsidy and reveal the
implications of the subsidy policy. All notations used throughout the research are listed in Table 1.
Besides, this paper uses superscripts N and S to respectively represent the two scenarios of no
purchase subsidy and purchase subsidy.
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Figure 1 Interactions among the participants in the two-period game
Table 1 Notations
Notations Descriptions
Parameters
a Potential EV market size
B Price sensitive coefficient
CEy Manufacturing cost per EV
Cm Manufacturing cost per new battery
Dn Natural raw material cost per new battery
Ce Environmental cost per unit of carbon emissions

U |




em Carbon emission by producing per unit new battery

én Carbon emission by exploiting per unit raw material

Dpgc Total quantity of batteries demanded by PGC

q Average quality of reusable batteries

a? Quality variance of reusable batteries

q Quality factor of reusable batteries

& Preference sensitivity coefficient to quality fluctuations

Vy Revenue per new battery for PGC

knew Installation cost coefficient of new batteries

Ko Installation cost coefficient of reusable batteries

0 Battery return yield

Dr Recycled material cost per new battery

1) Proportion of recycled materials in total disassembled batteries
er Carbon emission by extracting per unit recycled material

Cr Recycling cost per retired battery

Cdq Disassembling cost per retired battery

n Proportion of batteries that can be reused in total returned batteries

qL

Lower limit on the quality of reusable batteries




qu Upper limit on the quality of reusable batteries

Variables

d Consumer demand for EV

Qnew1 Quantity of new batteries sold in period 1

PEv Selling price per EV

Prewi Selling price per new battery in period i, i € {1, 2}
Qoidrcc Quantity of retired batteries purchased by PGC for reuse
Qnewpcc Quantity of new batteries purchased by PGC

Pold Selling price per retired battery

s Purchase subsidy per reusable battery

Mgy Profit for EV manufacturer

I Profit for battery manufacturer in period i, i € {1, 2}
Mpge Profit for PGC

I1,. Profit for battery recycler

N4 Social welfare (i.e., profit for the government)

The research also has some assumptions which are summarized below:

Assumption 1. The PGC is risk-neutral and the quality of the reusable batteries follows a
normal distribution with mean g and variance o, truncated in [q.,qy]. § = § —€0? is defined as the
quality factor where ¢ is the preference coefficient to describe PGC’s sensitivity to quality
fluctuations (Newbold et al., 2013; Wen and Siqin, 2020).



Assumption 2. The installation cost coefficient of reusable batteries is greater than that of new
batteries, namely ky1q > knew, due to the fact that reusable batteries require additional in-depth
testing, classification and refurbishment before secondary use compared to new batteries.

Assumption 3. In the context of ESG considerations, the battery manufacturer is expected to
prioritize the use of recycled materials in the production of new batteries.

3.1 Period 1

Consumer demand for EV d. The consumer demand for EV d in period 1 for any given EV selling
price pgy takes the following linear form (Yu et al., 2022):

d=a—Bpgy, (1)
where a is the potential EV market size and f (B > 0) is the price sensitive coefficient.

EV manufacturer’s decision pgy. Given the selling price of new batteries ppew1 and the demand
function d in (1), the EV manufacturer will decide the EV selling price pgy. In addition to the
purchase cost of the new battery, the manufacturing cost of each EV is cgy. Therefore, the EV

manufacturer can determine the optimal pgy by maximizing the profit function:
max Ngy = (PEv — Pnew1 — Cev)d. )

Battery manufacturer’s decision Pnen1. By noting that the manufacturing cost and raw material
cost of each new battery are ¢,, and p,, the environmental cost of carbon emissions from producing
each new battery and exploiting required raw material is cc€;, + €€y, the quantity of new batteries
sold in period 1 is @pew1, Which is equal to the quantity of EVs sold, i.e., the consumer demand for
EV d given in (1) (Tang et al., 2018), the battery manufacturer can determine the optimal ppey1 by

solving

ll;na)l( Iy = (pnewl —Cm —DPn—Cebm — Ceen)Qnewl- 3
new

Sequence of decisions. The sequence of decisions and resulting events associated with the different
participants in period 1 is illustrated in Figure 2. The battery manufacturer decides the selling price
per new battery Ppewi in period 1 first. Next, the EV manufacturer purchases batteries from the
battery manufacturer to produce EVs and then decides the selling price per EV pgy. Finally, as the
EV selling price pgy is known, the consumer demand for EV d is realized and the quantity of new
batteries sold Qpey1 in period 1 is known.
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Figure 2 Sequence of decisions in period 1
3.2 Period 2

Power Grid Company’s decision Q,;qpcc. Given the decisions of the government, the battery
recycler and the battery manufacturer (s, poig, Prewz), the PGC will decide the quantity of retired
batteries to purchase for reuse Qqpgc that maximizes its profit. Based on the total demand for
batteries Dpgc, the demanded quantity of new batteries is defined as:

Qnewrcc = Dpcc — Qotaprges “4)

The study assumes that the quality of each new battery is 1, which can generate a revenue of
V. The quality of reusable batteries is random and subject to a distribution on [q,qy]. In this
distribution, the mean of the battery quality is § and the variance is 2. For all these batteries, only
1 (0 <71 < 1) part meets the quality standard and could be considered by the PGC for echelon
utilization with the amount 7160Q,,.,1. In addition to the cost of purchasing batteries, the PGC also
needs to incur the cost of installing them, and this cost exhibits diseconomies of scale. This is
because, as the number of batteries increases, the system complexity of battery packs will also
increase and it will be more difficult to install and operate them, resulting in the total installation
cost increasing exponentially with the number of batteries. To capture the diseconomies of scale of
the installation cost, this study shall model this total cost as a quadratic function of the number of
batteries, and assume that the installation cost coefficient of new batteries is Ky , that of reusable

batteries is Ko1q, and kog > Knew.

Since the quantity of retired batteries provided by the battery recycler is limited, in order to
ensure the rationality of decision, the PGC will maximize its profit under this constraint:

_ (Qnewpsc + 4Qo1apcc)V b — Prew2@newpcc
max Ilpgec=1| _ _ _k 2 k ,
Qorire (Potd — $)Qotarcc — knewQrewpce — ko1aQaiarce

subject to 0 < Qoiarcc < NOQnewt, 5)

where n10Q ey is the total number of retired batteries provided by the battery recycler for echelon

utilization.

Considering the constraint condition 0 < Q1gpcc < 10 Qnew1, KKT conditions will be used to
solve the PGC’s optimal decision problem in Section 4.



Battery manufacturer’s decision pPpew2. The battery manufacturer first uses recycled materials to
produce new batteries in period 2. By noting that the recycled material cost of each new battery is
Pr, the number of new batteries produced from recycled materials is @ (0Q ew1 — Qotapcc), the

battery manufacturer can determine the optimal p.y2 by maximizing the profit function:

(pnewz —Cm — Ceem)QnewPGC pr(p(eQnewl - QoldPGC)
;I:gx)z( Hmz ( - (pn + Ceen)(QnewPGC - QD( Qnewl - QoldPGC)) ) (6)

Battery recycler’s decision p,jq. Assuming that the proportion of retired batteries is 6 in total
batteries sold Qney1 in period 1, the battery recycler will collect 8Qyey retired batteries from
customers who purchased EVs in period 1. The total quantity of low-quality retired batteries and
unsold high-quality retired batteries is 8Qpnew1 — Qoiapce. The battery recycler can maximize its

profit by deciding the optimal pyq4:

_ polonldPGC + (pr — celr) P(0Qnew1 — Qotarcc)
I}}a%i)( HT ( —Cr Qnewl - Cd( Qnewl - QoldPGC‘ ) (7)

Government’s decision s. The government decides the purchase subsidy of each retired battery s
that maximizes social welfare, in order to incentivize the PGC to purchase and reuse retired batteries.
By noting that the social welfare consists of the total profits of the PGC, the battery manufacturer
and the battery recycler, and deducting the purchase subsidy provided by the government for the

PGC, the government can determine the optimal s by solving

max SW = Ilpgc + 2 + I, — sQouapce. ®)

N

Sequence of decisions. Figure 3 depicts the sequence of decisions and resulting events associated
with the different participants in period 2. The government will first decide the subsidy s offered to
the PGC for purchasing each reusable battery (In the base model, there is no government
participation). Next, the battery recycler decides the selling price per battery p,;q. Upon observing
the recycler’s decision, the battery manufacturer decides the selling price per new battery ppew2 in
period 2. Finally, given (s, poid, Prewz), the PGC decides the quantity of retired batteries purchased
Qoidrce, and then the quantity of new batteries purchased Qnewpgc can be determined based on the
unmet demand for batteries.



Government Battery recycler Battery manufacturer Power Grid Company
decides s decides Pota decides Prew2 decides Qowrcc
Decisions i i v v Time R
Y A A A v
Events

Government provides
a purchase subsidy of
s per reusable battery

Battery recycler
collects and tests
retired batteries, then
sells high-quality

Battery manufacturer
sells new batteries at
a price of Prew2 per
unit in period 2

Power Grid Company
purchases Qoarce units
of retired batteries
from battery recycler

retired batteries at a and @newpcc units of
new batteries from

battery manufacturer,

price of Pow per unit

receives s * Quupcc
from government

Figure 3 Sequence of decisions in period 2
4 Model Solving and Analysis

In Section 4.1, the paper analyzes the base model in which there is no government participation.
In Section 4.2, the base model is extended by considering the situation when the government
provides purchase subsidy for the PGC. Specifically, the government will act as the leader of the
game in period 2, first deciding the subsidy s of each retired battery purchased by the PGC. In
Section 4.3, the paper compares the equilibrium solutions for the two models and analyzes the

impact of the optimal subsidy policy.
4.1 No Purchase Subsidy
4.1.1 Period 1

EV manufacturer’s decision pgy. By substituting the demand function in (1) into the EV
manufacturer’s profit function in (2), for any given ppewi, the EV manufacturer determines the
optimal EV selling price pgy by solving

“;][EEIVX gy = (PEv — Pnewt — Cev) (@ — BPEy). ©

. . . . S .. on
It is obvious that (9) is concave in pgy, and by considering the first-order condition WZ =0,

a+IB(CEV+pnew1)

25 and the corresponding consumer

the EV manufacturer’s optimal decision is pgy =

a_ﬁ(cEV"'pnewl)
—2 .

demand is d* =
Battery manufacturer’s decision Ppewi. Anticipating the EV manufacturer’s optimal decision
PEv, the battery manufacturer determines the optimal selling price of new batteries py,,,1 in period
1 by maximizing the profit function:



— +Pnew
11\7/13)1( 1 = (Pnewt — Cm — Pn — Ce€m — Ceen)%' (10)

atl,,,
As (10) is concave in Ppew1, when = 0, the battery manufacturer’s optimal decision in

OPne

a+P(Cmtpntce(emten)—Cey)

2B

period 1 1S Phew1 =

By back-substituting pye.1, the following proposition can be obtained:

Proposition 1. The optimal selling price of new batteries in period 1 is

a+P(Cm+pntce(emten)—cey)

pnewl - 2B > (11)

and the optimal EV selling price is

* 3a+p(cptpntc.(emte,)+cpy)

Pev = v ) (12)

Additionally, the corresponding consumer demand and the profits of the battery manufacturer and
the EV manufacturer are as follows:

d* — a_,B(Cm+pn+cz(em+en)+CEV)’ (13)

* (a=B(Cm+Pntce(emten) +cr))?
l_[ml = 8B - (14)
(a=B(cmtputce(emten)tcry))?
My, = 168 B (15)

4.1.2 Period 2

Power Grid Company’s decision Qo;qpgc. In this model, the government does not provide the
purchase subsidy. By substituting @newpge given in (4) into the PGC’s profit function in (5) and
removing the subsidy variable s, the PGC can determine the optimal quantity of retired batteries

purchased Q74pcc:

Max Ipgp = (((DPGC — Qotarcc) + 4Qotarcc)Vp — Prew2(Dpec — QoldPGC))
Quitpoc PGC = — Do1aQotapec — knew(Dpec — Qotarec)? — kotaQiiapce

s.t. 0 < Qoiarcec < NOQnewt. (16)

Now KKT conditions can be used to solve the PGC’s optimal decision problem, with the
corresponding Lagrange function constructed as follows:



((Dpec — Qotarce) + 4Qotarcc)Vi — pnewZZ(DPGC — goldPGC)
Max Ilpgc = — PotaQotarcc — knew(Dpeec — Qotarcc)” — kotaQo1apce 17
Qotarse + 11(MOQnew1 — Qotarce) + U2Qo1arce

And then the PGC’s optimal decision can be obtained in three different cases, as indicated in

Proposition 2.

ZDPGCknew+pnew2_pold_Vb(l_Q)
2 (knew+kold)

Proposition 2. (i) If < 0, then the optimal quantity of retired batteries

purchased is Q};4pcc = 0, and the optimal quantity of new batteries purchased is Qpewpge = Drge-

ZDPGCknew+pnew2_pald_Vb(l_Q)
2 (knew+kold)

() If o< <NBQuew1, then the optimal quantity of retired batteries

2DPGCknew+pnew2_pold_Vb(l_fl)
Z(knew+kold)

purchased is Q) pcc = , and the optimal quantity of new batteries

2Dpgckota=Prew2tPotatVs(1-4)
Z(knew+kold) '

purchased is Qnewpce =

ZDPGCkneW+pneW2_pold_Vb(l_‘?)
Z(knew+kold)

(i) If >n0Q,ew1, then the optimal quantity of retired batteries

purchased is Q};4pcc = 10 @new1, and the optimal quantity of new batteries purchased is Qnewpsec =
Dpcc —10Qnewn-

It follows from Proposition 2 that both (i) and (iii) are special boundary cases. Therefore,
without loss of generality, Proposition 2(ii) is further analyzed in the following corollary:

.\ 9Quuapce 0Qrewpcc ... 9Q%iapse 0QnewpGe
Corollary 1. (i) FRSAN 0, I 0 and (i1) e 0, ey < 0.
Corollary 1 implies that in the general case, the optimal quantity of retired batteries purchased
Qu1apcc decreases with the increase of selling price of retired batteries p,jq and increases with the
increase of selling price of new batteries Pney. Meanwhile, the optimal quantity of new batteries

purchased Q.. pgc varies inversely.

Battery manufacturer’s decision ppew2. Anticipating the three cases of the PGC’s optimal
quantities of reusable and new batteries purchased (Q}; pcc> @newpce) as stated in Proposition 2,
the battery manufacturer determines the optimal selling price of new batteries Py, in period 2 by
substituting (Q};4pcc> @newpce) and considering the corresponding condition for each of the three

cases.

By using KKT conditions to solve the battery manufacturer’s optimal decision problem, the
study gets Proposition 3.

Cm+2Dpec(LknewtKoia) =Poia=Vs (1= +pn(1=9) +pr@+c.(emten—enp)
4'(knew+kald)

Proposition 3. (i) If <0, then the

optimal selling price of new batteries is Pnewz = —2Dpecknew + Pota + V(1 — §).



Cm+2Dpec(LknewtKoia) =Poia=Vs (1= +pn(1=@) +prp+cc.(emten—enp)
4’(knew+kold)

(i) If0 < < 10Qnew1, then the optimal

selling price of new batteries is DPhewz = >

(Cm + 2DPGCkald + Poid + Vb(l - 61) + pn(l - (P) + pr@ + Ce(em +en— enq)))'

Cm+2Dpec(Rknewtkoid) =Pota=Vp(1=q) +pn(1—=@) +prp+ce(emten—enp)
4’(knew+kald)

(i) If > 1N0Qnew1, then the optimal

selling price of new batteries is Prewz = —2Dpecknew +210Qnewt (knew + kota) + Pota + Vb
1-9.

Battery recycler’s decision p,1q. Anticipating the battery manufacturer’s and the PGC’s optimal
decisions (Phewz> Qoiapce) above, the battery recycler determines the optimal selling price of
reusable batteries p,;, that maximizes its profit by substituting (p}.,2, Q5apcc) and considering
the updated condition for each of the three cases as shown in Proposition 3.

KKT conditions are also used to solve the battery recycler’s optimal decision problem. And
then by back-substituting pj;;, the optimal decisions of the battery recycler, the battery
manufacturer and the PGC in the three different cases are given by the following proposition.

CatCm+2Dpec(Lknewtkoia) =V (1= +pn(1=@)+c.(em+en—enp+e )
S(knew+kold)

Proposition 4. (i) If < 0, then the three

firms’ optimal decisions are as follows:

Nx ( Cm + 2DPGC(aneW + kold) - Vb(l - [I) ) (18)
Poid =\ 4 p(1— 9) + Py + celem + €n — €n9) )’
prl\l]:WZ = Cm +2Dpgc(knew + Kota) T Pn(1 — @) + 0r@ + Ce(em + € — ), (19)
2’121360 =0, (20)
N« =D 21

newPGC PGC- (21)

Additionally, the corresponding profits of the three firms are as follows:
MY = 0Qnew1((pr — o) — € — 1), (22)
H%E = 2DIZJGC(kneW + kold) - (Ceen + Pn— pr)(DPGC - BQnewl)(p’ (23)

Nx __ Vb —Cn— DPGC(3kneW + 2kold)
HPGC - DPGC( - pn(l - (P) —DPr®p — Ce(em + en — en(p)). (24)

CatCm+2Dpec(Lknewtkoiad) =Vo(1=§)+pn(1—@)+c.(emt+en—enp+e )
8(knew"'kold)

() If 0< <N0Qnew1, then the three

firms’ optimal decisions are as follows:

N* _ _(Cm + Ce(em + en) + 2DPGC(aneW + kold) Vb(l - q)) (25)
old + Pn—Cq — (Ce(en + er) + Pn— Zpr)



N+ =1€Qn+3%ﬁ%f+%)+2Dmekmw+3hM)+Vﬂ1_q» (26)
new2 — 4 +3p, —cq — (3ceepn + ceer + 30, — 4D,) @ ’
Nx __ Catcm+2Dpc(Lknewtkora) V(1= +pn(1=@)+cc(emten—enp+e @) 27
oldPGC = 8(Knew+kota) ’ @)
N+ _ =Ca=Cm+2Dpc(2knewt3ko1a)+Vp(1=§) —pn(1—@)—cc(emt+en—erp+e ) 28
QnEWPGC - 8(knewtkoia) ’ ( )

Additionally, the corresponding profits of the three firms are MY*, MY% and MY, which are

described in Appendix (A.1), (A.2) and (A.3).

CatCm+2Dpec(Lknewtkoid) =V (1= +pn(1—@)+c.(em+en—enp+e )
S(knew+kald)

(1) If = 160Q ew1, then the three firms’

optimal decisions are as follows:

pN* — ( Cm + ZDPQC(aneW + kold) - 4‘779Qnew1 (knew + kold) ) (29)
o=\ =Vp(1—q) + pu(1 — @) + pr@ + ce(em + en — e,0))°

N* — ( Cm + 2(kne‘w + kold)(DPGC y 7')eQnewl) ) (30)
Prew2 = \ 4+ p,(1— @) + prop + celem + en — €n) )’

Qi)VlEPGC =100Qnew1, (31)

Qnewpce = Dpcc —10Qnew. (32)

Additionally, the corresponding profits of the three firms are as follows:

n + Pn — Vb(l - 61) - 4'(knew + kold)neQnewl
—cr—cqg(1—n) + (pr — ceer (1 — 1) — Ce€n) — Pl @

( Cm T+ Ce(em + en) + 2DPGC(anew + kold) ) )
, (33)

nlrv* = Qnew19<

H%*Z = Z(knew + kold)(DPGC - ngQTLer)Z - (Ceen +Pn— pr) (DPGC - eQnewl)(pa (34)

ngc = < DPGC(Vb —Cm— pn) +2(2DPGCn9Qnewl + 7729201%Lewl)(knew + kold) ) (35)
+ Dpec(Pn — Pr)® — DpcBknew + 2ko1a) — ceDpge(em + en — end)

The following corollary explains the connotation of the PGC’s different optimal decisions in
the above three cases from the perspective of the limited quantity of retired batteries:

CatCm+2Dpec(LknewtKoia) =V (1= +pa(1—=@)+c.(emt+en—enp+e )
8(knew+kold)

Corollary 2. (i) When <0, it is optimal

for the PGC not to purchase retired batteries.

CatCm+2Dpec(Lknewtkoid) =V (1= +pa(1—@)+c.(em+en—enp+e o)
S(knew+kold)

(i) When 0 < < N0Qnew1, the quantity

of retired batteries that the PGC wants to purchase is less than the quantity of retired batteries

provided by the battery recycler, meaning that the supply of retired batteries is sufficient for the



PGC, so the PGC will purchase a portion of the retired batteries provided by the battery recycler for
echelon utilization, the optimal quantity of which is QNipee =

catcm+2Dpec(Cknewtkoiad) =V (1= +pn(1—=p)+c.(emt+en—enp+e,p)
B(knew+kold) :

CatCm+2Dpec(LknewtKoia) =V (1= +pn(1—@)+c.(emt+en—enp+e )
8(knew+kold)

(ii)) When > 1N0Quew1, the quantity of
retired batteries that the PGC wants to purchase exceeds the quantity of retired batteries provided
by the battery recycler, meaning that the supply of retired batteries is insufficient for the PGC, so
the PGC can only purchase all the retired batteries provided by the battery recycler for echelon

utilization at most.

Without loss of generality, by focusing on Proposition 4(ii) and analyzing the impact of quality

factor of reusable batteries g on the equilibrium solutions, Corollary 3 is derived as follows.

o 9ol < ) 9Pnw 203, 00l
Corollary 3. (i) Ztglld >0, pa[; 220, Qazgpcc >0, Q a[IPGC <0

. apé\'[;i Doz aQ(’YltiPGC 3Qewpcc . 62’1\[13 Ppews 6QNZT1PGC Qnewrac .
(if) 524> 0, 7522 <0, =He > 0, Touret < 0; Tt < 0, “hua > 0, Zldbic < , Zewrdc >

oy P pews 3Q%pce 9Qnewrac
Pod < 0, Paenz > 0, Saldzic <, Znerac

Corollary 3(i) shows that the optimal selling price of retired batteries pl; increases with the
increase of ¢, and the optimal selling price of new batteries pN* > decreases with the increase of §.
Also, the optimal quantity of retired batteries purchased Q)5pcc increases with the increase of g,
so that the corresponding optimal quantity of new batteries purchased QN2 pac decreases with the
increase of . This is because, the higher the quality of retired batteries, the more motivated the PGC
to purchase retired batteries. Consequently, the quantity of retired batteries purchased by the PGC
will increase. And the battery recycler will raise the selling price of retired batteries to make more
profit. Given the constant total demand for batteries, the quantity of new batteries purchased by the
PGC will decrease and the battery manufacturer will reduce the selling price of new batteries to

improve the competitiveness of new batteries in the market.

Corollary 3(ii) shows that the optimal selling price and optimal quantity of retired batteries
ph, QNtpec increases with the increase of average quality g; and the optimal selling price and
optimal quantity of retired batteries N o, QN b decreases with the increase of average quality
g. It can be similarly observed that the variance o and its sensitivity coefficient & are inversely
related to the decision variables associated with the old batteries ()5 Qipcc), whereas they are
directly related to those associated with the new batteries (pﬁ;wz, Qﬁ:wp(;c). In reality, a higher
average quality and lower quality variance of retired batteries serve as stronger incentives for the
PGC to procure such batteries. Consequently, the procurement volume of retired batteries by the
PGC is expected to rise. In response, the battery recycler may increase the selling price in an effort
to enhance profitability.

Next, Corollary 4 reveals the impact of installation cost coefficients Kney and koiq on the



equilibrium solutions.

-\ OPh - OPpews OPpews  9Poia
Corollary 4. (i) ET. > e >0, heors > ks > 0.

catem=Vp(1=+pn(1-@)+c.(emte—enpte p)
2Dpgc

(i1) The study further denotes A = and considers ky;q >

Knew > 0 so that:

K] Nx* ) Nx* 9 Nx* ) Nx*
) If Kot > A and kney, > —A, then 70226 > 0 Huentac < Hulivac < Hewric >

Q% pGe 0QNewpGe Q% pee QNewpGe
b) If kg > A and kyey < —A, then ke, >0, e <0, Okons >0, g <0.

K] Nx* ) Nx* 9 Nx* i) Nx*
©) If kotg < A and kngyy > —A, then Zgalieic < 0, Foueutac > 0 Sirac < Zuurac > ()

It should be further noted that b) exists only when A < 0, but c) exists only when 4 > 0.

Corollary 4(i) indicates that the optimal selling price of retired batteries pl; and the optimal
selling price of new batteries p,l\l’;sz are directly proportional to both k., and k,;4. What’s more,
the impact of kye,, on py; is greater than that on pXs,,», while the impact of ko;q on phe,, is greater
than that on p25;. These results can be explained as follows. The higher installation cost coefficient
of new batteries means that the cost of installing the new batteries for the PGC will be higher. As
the quantity of retired batteries purchased by the PGC increases, the battery recycler is likely to
increase the selling price in an effort to enhance profitability. Meanwhile, fewer new batteries will
be sold and the battery manufacturer will also raise the selling price of new batteries to compensate
for the resulting loss of profit. And in order to improve the competitiveness of new batteries in the
market, the selling price of new batteries will be raised at a slower rate than the selling price of the
retired batteries. The impact of the installation cost coefficient of retired batteries is in a similar

vein.

Corollary 4(ii) shows the impact of K,y and ko on the PGC’s optimal decision under
different conditions, with counterintuitive results in b) and ¢) respectively: when A < 0 and kye
< —A, Qpcc is directly proportional to koq; when A > 0 and koiq < A, QNipec is inversely
proportional to k. Obviously, the impact of installation cost under these two conditions is
relatively small, thus these results can be interpreted as follows. For the case when kg, is small
(i.e., knew < —A), it can be seen from Corollary 4(i) that, firstly, when ko4 is also small, the selling
prices of both batteries are low and the price gap is small, so the PGC tends to purchase new batteries.
Then as ko4 increases, since pha,» increases faster than pby5, the price gap between the two types
of batteries will increase. Therefore, the PGC will purchase more retired batteries. On the contrary,
for the case when kg is small (i.e., ko1q < A), when ke, is also small, the price gap between the
two types of batteries is relatively large, so the PGC tends to purchase retired batteries. Then as
kyew increases, since phy increases faster than pha,,, the price gap between the two types of
batteries will decrease. Therefore, the PGC will purchase more new batteries.



2 ne: aph: a fg* a ad o
Corollary 5. (1) p ew? > ;’ow >0, Pnews , Phi >0, pold < P hewz <0
em de, de, de,

90N aQN: JoN* aQN: 0N dON*
(i) an::GC> 0 Qaeu:c;c <0, Qolgpcc >0 Q V:DGC< 0, Qolapcc >0 Qnevt;PGC <0

Corollary 5(i) reveals that as e;, or e, increases, the optimal selling price of reusable batteries
pglffi and the optimal selling price of new batteries pN* > both increase, with pY2,» increasing at a
faster rate. Conversely, as e, increases, phyy and ph,» decrease, with p; declining at a faster rate.
Corollary 5(ii) indicates that the optimal quantity of retired batteries purchased Q;psc increases
with the increase of e, e, or e,.. This is because the higher the carbon emissions by producing new
batteries or mining raw materials, the higher the corresponding environmental cost borne by the
battery manufacturer. Therefore, the battery manufacturer will raise the selling price of new batteries,
which increases the cost for the PGC to purchase new batteries. The PGC will purchase more retired
batteries, the battery recycler will raise the selling price of retired batteries to gain more profit.
However, in order to preserve the market competitiveness of retired batteries, the increase in the
selling price of retired batteries will be smaller than the increase in the selling price of new batteries.
On the other hand, higher carbon emissions by extracting recycled materials escalate the
corresponding environmental cost for the battery recycler, which means that the battery recycler is
more profitable in selling retired batteries rather than recycled materials. Therefore, the battery
recycler will set a lower selling price of retired batteries to increase sales while the PGC will
purchase less new batteries, and the battery manufacturer will also reduce the selling price of new
batteries to compete with the recycler. Meanwhile, the battery manufacturer can only use fewer
recycled materials to produce new batteries, which increases the cost of purchasing raw materials,
thus attenuating the decrease in the selling price of new batteries.

4.2 Purchase Subsidy
4.2.1 Period 1

In this model, the government will decide the purchase subsidy of each retired battery s in
period 2, which does not affect the game in period 1. Therefore, the optimal decisions of the battery
manufacturer and the EV manufacturer in period 1 are the same as the ones given in Proposition 1.

4.2.2 Period 2

Power Grid Company’s decision Q,;qpgc. For any given per-unit purchase subsidy s, the effective
purchase price of each retired battery is (p,;q — s)- By substituting Qnewpse given in (4) into the
PGC’s profit function in (5), the PGC can determine the optimal quantity of retired batteries

purchased Q74pcc:

Max [pge = ( ((Dpec — Qotarc) + qQotarcc)V — Pnewz(DPGc — QoldPGC) )
Quarce ¢ (Pota — $)Qotarcc — knew(Dpec — Qotarcc)® — KotaQiapc’”

s.t. 0 < Qoiarcec < N0Qnewt. (36)

Analogous to the base model, KKT conditions are used to solve the PGC’s optimal decision



problem, with the corresponding Lagrange function constructed as follows:

(Potd — 5)Qotarcc — knew(Dpec — Qotarcc)? — kotaQaaprce
+ 1 (MOQnew1 — Qoiarce) + H2Qo1arce

Max HPGC =
Qolaprce

( ((Dpec — Qotarce) + 4Qotarcc)Vp — Prew2(Dpec — QoldPGC) )
(37)

And then the PGC’s optimal decision can be obtained in three different cases, as indicated in
Proposition 5.

ZDPGCknew+pnew2_pold_Vb(l_é)"'S
Z(knew+kold)

Proposition 5. (i) If < 0, then the optimal quantity of retired batteries

purchased is Q};4pcc = 0, and the optimal quantity of new batteries purchased is Qpewpge = Drge-

2DPGCknew+pnew2_pold_vb(l_&)"'s
2 (knew+kold)

() If0< < NBQuew1, then the optimal quantity of retired batteries

ZDPGCkneW+pnew2_puld_Vb(l_&)'FS
2 (knew+kold)

purchased is Q} pcc = , and the optimal quantity of new batteries

2Dpgckota=Prew2tPotatV(1-4)—s
Z(knew+kold) ’

purchased is Qnewpec =

ZDPGCkneW+pnew2_pold_Vb(l_Z\I)+S
2 (knew+kald)

(i) If >1n0Q,ew1, then the optimal quantity of retired batteries
purchased is Q};zpcc = 10 @new1, and the optimal quantity of new batteries purchased is Qnewpsec =

Dpgc —10Qnewt.

From Proposition 5(ii), the impact of the selling prices of retired and new batteries on the
PGC’s optimal decision is the same as the base model.

Battery manufacturer’s decision pPpew2. Anticipating the three cases of the PGC’s optimal
quantities of retired and new batteries purchased (Q};;pcc, @newpcc) as stated in Proposition 5, the
battery manufacturer can determine the optimal selling price of new batteries pj.,2 in period 2 by
substituting (Q};4pcc> @newpcc) 1to its profit function in (6) and considering the corresponding

condition for each of the three cases.

By using KKT conditions to solve the battery manufacturer’s optimal decision problem, the
study gets Proposition 6.

Cm+2Dpec(RknewtKoid) =Poia=V (1= +pn(1—@) +prp+c.(emten—enp)+s
4'(knew+kold)

Proposition 6. (i) If <0, then the

optimal selling price of new batteries is Ppewz = —2Dpscknew + Pota + V(1 — §) —s.

Cm+2Dpac(2knewtKoid) =Poia=V (1= +pn(1—@) +prp+c.(emten—enp)+s
4'(knew+kold)

) If 0< <N60Quew1, then the

. . . . . « 1
optimal selling price of new batteries is Prewz =3

(Cm + 2DPGCkald + Poid + Vb(l - 61) + pn(l - (P) + pr@ + Ce(em +en— enq)) - S)'



Cm+2Dpec(2knewtKoia) =Poia=Vs (1= +pn(1=9) +prp+c.(emten—enp)+s
4(knew+kold)

(i) If > 10Qnew1, then the optimal

selling price of new batteries is Prewz = —2Dpecknew +210Qnewt (knew + kota) + Pota + Vb
1-q —s.

Battery recycler’s decision p,1q. Anticipating the battery manufacturer’s and the PGC’s optimal
decisions (Prew2, Qoiapce) above, the battery recycler can determine the optimal selling price of
retired batteries pg;4 by substituting (pew2, Qoiapce) and considering the updated condition for
each of the three cases as shown in Proposition 6.

KKT conditions are also used to solve the battery recycler’s optimal decision problem and
draw the following proposition.

CatCm+2Dpec(Rknewtkoid) =V (1= +pn(1—@)+c.(em*+en—enp+e @) +s
S(knew+kald)

Proposition 7. (i) If <0, then the

optimal selling price of new batteries is Ppq = Cm +2Dpec(2knew + Kotg) — V(1 — §) + Pn
(1 - <P) + br@ + Ce(em + €n— en(p) +s.

CatCm+2Dpec(LknewtKoia) =V (1= +pa(1—@)+c.(emten—enpte,p)+s
8(knew"'kold)

) If 0< <N6Qnew1, then the

. . . . . « 1
optimal selling price of new batteries is Pota =3

(Cm + Ce(em + en) + ZDPGC(aneW + kold) u Vb(l - EI) + Pn—Cq— (Ce(en + er) + Pn— Zpr)(p + S)

CatCm+2Dpec(LknewtKoia) =Vo(1=)+pa(1—@)+c.(emten—enpte, ) +s
8(knew+kold)

(i) If >1N0Qnew1, then the optimal

selling price of new batteries is Ppig = Cm +2Dpec(Lknew + kora) —410Qnew1 (knew + kota) — Vb
(1 - Q) + pn(l - §0) + oo+ Ce(em ten— en(p) +s.

By further checking the impact of the government subsidy s on the above firms’ decisions, the
following corollary is derived:

0D51a ODnew2 0Q%iapcc 9Qnewpcc
Corollary 6. = >0, P <0, s >0, 55 <0.

Corollary 6 reveals that the optimal selling price of retired batteries p},;4 increases with the
increase of purchase subsidy s provided by the government, and the optimal selling price of new
batteries prew2 decreases with the increase of s. Also, the optimal quantity of retired batteries
purchased Q},;4pcc increases with the increase of s, so that the corresponding optimal quantity of
new batteries purchased Q.. ,pcc decreases with the increase of s. These results can be explained
as follows. When the government increases the purchase subsidy, the PGC will be more motivated
to purchase retired batteries due to the lower effective purchase price and corresponding higher
profit of each retired battery, resulting in an increase in the quantity of retired batteries purchased.
Furthermore, the battery recycler will set a higher price for retired batteries to make more profit. As
the battery recycler is in a leading position over the PGC in the game, the increase in the selling



price of retired batteries allows the recycler to capture a portion of the profit from the government
subsidy by squeezing the profit margin of the PGC. On the other hand, the quantity of new batteries
purchased by the PGC will decrease because the total demand for batteries is constant. In order to
maintain the sales of new batteries, the battery manufacturer will reduce the selling price of new
batteries so that the cost of purchasing each new battery will be also lower for the PGC, thereby

improving the competitiveness of new batteries in the market.

Government’s decision s. Anticipating the three firms’ optimal decisions (p};4, Prew2> Qoiarcc)
above, the government can determine the optimal per-unit purchase subsidy s that maximizes the
social welfare by substituting (p};4, Pnewz> @oiapcc) and considering the updated condition for each

of the three cases as shown in Proposition 7.

By using KKT conditions to solve the government’s optimal decision problem and then back-
substituting s*, the optimal decisions of the government and the three firms in the three different
cases are given by the following proposition.

Cd+cm+2DPGCknew_Vb(1_£I) +Pn(1—<.0)+Ce(€m+@n—@n(ﬂ+er(ﬂ)
Z(knew+kold)

Proposition 8. (i) If < 0, then the government

and the three firms’ optimal decisions are as follows:

oS* = (ngp_g)—_ (;?)DEGCC((ZeknT: ]ioled)(p_ +Crg ;)Cd), (38)
n e(em +en—ey r
Pola = (Pr — cce)® — Ca, (39)
Prewz = Cm +2Dpoc(Knew + Kota) + Pn(l — @) +Prg + Ce(em + en —enp),  (40)
Q5iarcc = O, (41)
Qnewpcc = Dpac. (42)

Additionally, the corresponding profits of the three firms and the social welfare are as follows:

I = 0Quew1 (P — Ceer) P — Ca — Cr); (43)

Hfr;«Z = ZD%GC(kneW + kold) - (Ceen + Pn— pr)(DPGC - anewl)(pv (44)
Sx Vb —Cm — DPGC(3kneW + 2kold)

HPGC N DPGC( - pn(l - (P) —Dbr® — Ce(em + en — en(p))’ (45)

SWS* — ( DPGC(Vb —Cm — DPGCkneW - Ce(em + en) - pn) )

+(peQnew1 (Ce(en - er) + pn) - QQnewl(Cd + Cr) (46)

Cd+cm+2DPGCknew_Vb(1_q)+pn(1_(P)+Ce(em+en_en(p+er(p)
z(knew+kold)

() Ifo< < N0Qnew1, then the government and

the three firms’ optimal decisions are as follows:



SS* — (3Cd + 3Cm + DPGC(4‘knew - 2kold) - 3Vb(1 R Q)) (47)
+3pn(1 - (P) + 3Ce(em ten—enp+ erQD) ’

Sx (Zcm + 2Ce(em + en) + 4DPGCkTL€W — 2Vb(1 - Q)) (48)
old +2pn +Cq— (Ce(zen - er) + an - pr)(p ’
Prewz = 2Dpcckoia + V(1 — §) + (0, — coe,)® — Ca, (49)
* C, +Cm+2DPGCknew_Vb(1_q)+pn(1_(P)+Ce(em+en_en<p+er§0)
ledPGC - . Z(knew+kald) > (50)
S _ —Ca=Cm+2DpgckotatVp(1=§)—pn(1=p)—cc(emt+en—enp+e, o)
newPGC — 2 (knew+koia) . (5 1)

Additionally, the corresponding profits of the three firms and the social welfare are I13*, T5:,, T35
and SW**, which are described in Appendix (A.4), (A.5), (A.6) and (A.7).

Cd+cm+2DPGCknew_Vb(1_q)"'pn(1_¢')+Ce(em+en_en(p+er(p)
z(knew+kald)

(1) If = 10Qew1, then the government and the

three firms’ optimal decisions are as follows:

SS* — (Vb(l - Q) + 8779Qnew1(knew + kold) ) 2DPGC(ane‘W + kold)) (52)
—Cm—Cq—Pn(1— @) —colem + e, —enp + e,0) ’
pg?d = 4nHQn9W1 (knew + kold) + (pr - Ceer)(p — Cq, (53)
pS* — ( Cm + 2(kne‘w + kold)(DPGC - 7')eQne‘wl) ) (54)
new2 + (1 — @) +pr@ + co(em + e —enp))
Qg)ldeGC = neQnewla (55)
Qnewpce = Dpec —10Qnewn. (56)

Additionally, the corresponding profits of the three firms and the social welfare are as follows:

Hf* = 0Qnew1 (4n290newl (knew + kota) — ¢r — ca + (pr — Ceer)QD), (57)

HfrTZ = 2(knew + kold)(DPGC - 779Q71€W1)2 - (Ceen +pn— pr)(DPGC - eQnewl)(pﬂ (58)

H‘IS;*GC = < DPGC(Vb —Cm— pn) +2(2DPGCn9Qnewl + 7729201%Lewl)(knew + kold) ) (59)
+ Dpec(Pn — )P — DpcBknew + 2ko1a) — ceDpgc(em + en — en)/)’

DPGCVb + 7IIHQnewl(ZDPGCkneW + n— Vb(l - 61))
SWs* — _eQnewl (Cd +c— Cdn) - nzeanewl(knew ;’ kold) (60)
- (Cm + Ce(em + en))(DPGC - neQnewl) - DPGCknew '
- DPGCpn + (pn + Ce(en - er))eQnewl(l - 77)90

The following corollary explains the connotation of the PGC’s different optimal decisions in



the above three cases from the perspective of the limited quantity of retired batteries:

Cd+cm+ZDPGCknew_Vb(1_&)+pn(1_¢)+C2(em+en_en¢+er(ﬂ)
Z(knew"'kold)

Corollary 7. (i) When < 0, it is optimal for the

PGC not to purchase retired batteries.

Cd+cm+2DPGCknew_Vb(1_21)+pn(1_(p)+ce (em+en_en(p+er(p)
2 (knew+kold)

(i) When 0< <N0Qnew1, the quantity of

retired batteries that the PGC wants to purchase is less than the quantity of retired batteries provided
by the battery recycler, meaning that the supply of retired batteries is sufficient for the PGC, so the
PGC will purchase a portion of the retired batteries provided by the battery recycler for echelon

utilization, the optimal quantity of which is ngdpcc =

Cd+cm+ZDPGCknew_Vb(l_zl)"'pn(l_(p)+Ce (em+en_en(p+er(p)
Z(knew+kold) ’

Cd+cm+2DPGCknew_Vb(l_fl)"'pn(l_(p)+Ce (em+en_en§0+er§0)
2 (knew+kald)

(iil) When > 10Qnew1, the quantity of retired
batteries that the PGC wants to purchase exceeds the quantity of retired batteries provided by the
battery recycler, meaning that the supply of retired batteries is insufficient for the PGC, so the PGC
can only purchase all the retired batteries provided by the battery recycler for echelon utilization at

most.

Based on Corollary 2 and Corollary 7, the PGC’s decisions to purchase used batteries for
echelon utilization under two scenarios of non-subsidization and subsidization can be summarized
in Table 2.

Table 2 Purchase decisions of PGC

Non-subsidization Subsidization
Qbiapcc Qnewpéc Qoiapcc Qnewpcc
g:;:ri(;z: not purchasing retired Eq. (20) Eq. 21) Eq. (41) Hq. (42)
Fetned batteres Tor e | Ea.GD | Ea.@8) | Ea.(0) | EeGD
kc):;ci:ri(:si)fiogl;recuhs?ing atretired | g a1 Eq. (32) Eq. (55) Eq. (56)

Similar to Corollary 4, Corollary 8 shows the impact of quality factor, average quality and



quality variance of reusable batteries ¢ on the equilibrium solutions given in Proposition 8(ii).

3 a a aps;, d
Corollary 8 (1) pold > 0 pnewZ < O QuldPGC > 0 QnewPGC < O > O ( ) pold > O pnewz < 0

’ E)q aq
aQoaldPGC > 0 aQnewPGC < 0, a— > 0’ apald < 0 aanWZ > 0 aQoldPGC < 0 aQnewPGC > 0, E < 0’ apald < O
q q do? do? 0¢
ODpow2 Q5 apcc 8QmswpGe 9s5*
het > (, SALL <, Sere > 0, T < 0,

Corollary 8(i) demonstrates that the impact of g on the three firms’ optimal decisions is the
same as the base model. For the government, the optimal per-unit purchase subsidy s°* increases
with the increase of q. This is because the higher quality of retired batteries will result in the higher
selling price of them, the government will provide higher purchase subsidy to enhance the
motivation of the PGC to purchase retired batteries.

Corollary 8(ii) demonstrates that the impacts of average quality g and variance o on the three
firms’ optimal decisions are the same as the base model. Moreover, for the government, the optimal
per-unit purchase subsidy s5* increases with the increase of g and decrease of o2 and &. This is
mainly because the higher the quality of the retired batteries and the smaller the quality fluctuations,
the more motivated the government will be to offer higher purchase subsidies, thereby enhancing
the PGC’s enthusiasm for purchasing these batteries.

Then, Corollary 9 shows the impact of installation cost coefficients Kney and kyq on the

equilibrium solutions.

old > 0 apnewZ 0 apg?d — O apfl’;WZ > 0 ( ) QaldPGC > 0 aQnewPGC < 0 aQoldPGC < O

Corollary 9. (1) ks SOk D Ok O ko 0k riow ko )

Q5 wrGe
—<newttl > (.
s (111)

Bk > ’ak old

Corollary 9(i) implies that the optimal selling price of retired batteries pg}‘d is directly
proportional to k;ey, and the optimal selling price of new batteries pfl:,wz is directly proportional to
kowa. The difference from the base model is that p3;; is independent of kg, and pieys is
independent of ke, This is because, the existence of the optimal per-unit purchase subsidy s5*

compensates for p5ry and poz.

Corollary 9(ii) indicates that the optimal quantity of retired batteries purchased Qifdpgc
increases with the increase of k., and decreases with the increase of k4. Compared to the base
model, there are no counterintuitive results. The reason is that as kye,, or k4 changes, the gap
between the price of new batteries Pk and the effective price of retired batteries (pold — 55*)
remains unchanged due to the compensation from the purchase subsidy, so that the PGC’ optimal
decision is only affected by installation cost.

Corollary 9(iii) demonstrates that the optimal per-unit purchase subsidy s5* increases with the
increase of ky., and decreases with the increase of k4. This observation is counterintuitive and it
can be explained as follows: when kj., increases, battery recycler will raise the selling price of



retired batteries, the government will provide higher purchase subsidy to incentivize the PGC to
purchase retired batteries. On the other hand, when k,;4 increases, the battery manufacturer will
raise the selling price of new batteries, which will enhance the motivation of the PGC to purchase

retired batteries, the government will reduce the purchase subsidy, thereby saving fiscal expenditure.

.\ 9poly Drew2 _ 0Psia OPrews _ D3 D2 .
Corollary 10. (i) Do >0, Do =0, o2, >0, de, =0, e, >0, d0. <0;

.. a S* a Sx a S¥ a S* a S* a S
(i) Q(;z;:cc >0, QSZM:GC <0, Q;z::cc >0, Qréeev:lpcc <0, Q;z::scc >0, Qyéeewrpcc <0;

Corollary 10(i) shows that the optimal selling price of retired batteries ’pg’[d remains increasing
with the increase of e, or e,, and the optimal selling price of new batteries Pizwz remains
decreasing with the increase of e,. Due to the compensation from the optimal purchase subsidy s5*,
pS+, becomes directly proportional to ey, and p3s,,, becomes independent of e,, and e,. What’s
more, as established in Corollary 10(ii), the relationship between the quantities of retired and new
batteries purchased by the PGC and the carbon emissions remains unchanged. This can be explained
by Corollary 10(iii), as e, e, or e, increases, the government will raise the purchase subsidy to
offset the increase in the selling price of retired batteries, thereby promoting the echelon utilization.

4.3 Model Comparison

Without loss of generality, the paper compares the equilibrium solutions under the two
scenarios of no purchase subsidy and purchase subsidy, respectively given in Proposition 4(ii) and
Proposition 8(ii).

Power Grid Company’s decision and profit. The purpose of the government’ purchase subsidy
policy is to incentivize the PGC to purchase more retired batteries, thereby promoting the echelon
utilization of retired batteries. To examine the effectiveness of government subsidy, the PGC’s
optimal decisions and corresponding profits under the two different scenarios are compared in the
following corollary:

Corollary 11. (i) If 3cq+3cm + Dpoe(dknew — 2koia) —3Vu(1 — §) +3pn(1 — @) +3c,
(em + en — e, + e,p) > 0, then Q3 jupee > Qipee: If 3¢a +3¢m + Dpoc(4knew — 2koia) =3V
(1—q) +3pa(1 — @) +3ce(em + €, — enp + e,9) < 0, then Qdlarce < Qiapce-

(i1) If 3cq +3cm + Dpge(4knew — 2ko1q) —3Vr(1 — @) +3pn(1 — @) +3ce
(em+ en—enp +e.9)>0, then Hffz;c > HI;\)IEC; If 3cq+3cm + Dpoe(dknew — 2ko1q) —3Vp
(1 - Q) +3pn(1 - (P) +3C€(em + €n—en@ + er(p) < 0: then HSI;EC < HgZC

Corollary 11 reveals that the purchase subsidy policy is not necessarily effective in improving
the secondary utilization rate of retired batteries. Only when the certain condition 3¢ +3¢,, + Dpge
(4knew — 2ko1q) —3Vp(1 — @) +3Pn(1 — @) +3Ce(em + €n — en@ + e,¢) >0 is met does the
government need to provide the purchase subsidy for the PGC. What’s more, under this condition,



the purchase subsidy can bring higher profit for the PGC.

Battery manufacturer’s decision and profit. By comparing the battery manufacturer’ optimal
decisions and corresponding profits under the two different scenarios, the following corollary can
be obtained:

Corollary 12. (i) If 3cq+3cm + Dpee(dknew — 2koia) —3Vu(1 — §) +3pn(1 — @) +3c,
(em + en —en® + er(p) > 0: then prZWZ < Pﬁ:wz; If 3Cd +3Cm + DPGC(4knew - 2kold) _3Vb
(1 - Q) +3pn(1 - (P) +3C€(em + en —en® + er(p) = Oa then pf{;wz 2 pTI\l]:WZ'

(ii) If 3¢q +3¢m + Dpec(4knew — 2ko1a) —3Vs(1 — §) +30n(1 — @) +3c.
(em + en—enp + e,.p) > 0, then Hf;z < H%}; If 3c¢cyg+3cy, + DPGC(4knew —2ko1a) -3V
(1= §) +3Pn(1 — @) +3Ce(em + en — en® + e,¢) < 0, then Ty > TING.

Corollary 12 shows that under the certain condition 3¢4 +3¢;, + Dpge(4knew — 2ko1a) —3Vb
(1—q) +3pa(1 — @) +3ce(ey + €, — enp + €,¢) > 0, the purchase subsidy can bring lower
selling price of new batteries and lower profit for the battery manufacturer.

Battery recycler’s decision and profit. By comparing the battery recycler’ optimal decisions and

corresponding profits under the two different scenarios, the following corollary can be drawn:

Corollary 13. (i) If 3cq+3cm + Dpee(dknow — 2koia) —3Vu(1 — §) +3pn(1 — @) +3c,
(em + e —en@ + e,@) > 0, then pg?d > p’,)’,’;; If 3cq +3¢m + Dpoe(dknew — 2ko1q) —3V(1 — )
+3pn(1 - (p) +3C€(em + €n—en@ + er(p) < 0: then pf;?d < pltylti

(i1) If 3cq +3cm + Dpge(dknew — 2ko1a) —3Vp(1 — §) +3pn(1 — @) +3c,
(ém + en — enp + e,) > 0, then 5% > IV*; 1f 3¢4 +3c¢,, + Dpec(dkpeyw — 2koig) —3V(1 — @)
+3pn(1 — @) +3ce(en, + en — €,0 + €,9) < 0, then T17* < TIV*,

Corollary 13 implies that under the certain condition 3¢ +3¢;,, + Dpge(4knew — 2ko1a) —3Vb
(1 —q) +3pa(1 — @) +3ce(em + €, — enp + e,.¢) > 0, the purchase subsidy can bring higher
selling price of retired batteries and higher profit for the battery recycler.

Combining the above results, it can be concluded that when government’s purchase subsidy
policy can incentivize the PGC to purchase more retired batteries, the purchase subsidy is beneficial
to both the PGC and the battery recycler, but detrimental to the battery manufacturer. Corollary 14
further explains the distribution of the government subsidy between the PGC and the battery
recycler.

Corollary 14. When 3cq +3cy + Dpge(4knew — 2ko1a) —3Vu(1 — §) +3pn(1 — @) +3c,

* * * * * — 1
(em +e,—epp+ er(p) > Oa pgld - p{)\]ld = plovld - (pild —s3 ) - E(3Cd +3Cm + DPGC

N 1 ¢,
(4'knew - Zkold) _3Vb(1 - q) +3p71(1 - (P) +3Ce(em te,—epp+ er(p)) = ESS > 0.

Corollary 14 indicates that under the certain condition 3¢g +3¢y, + Dpgc(4knew — 2ko1q) —3
V(1 —q) +3pa(1 — @) +3cc(ey + e, — e, + e,) > 0, both the battery recycler and the PGC



benefit from the government’s purchase subsidy policy. Specifically, the battery recycler can set
higher selling price of retired batteries, while the PGC can purchase retired batteries at a lower
effective price. Furthermore, the purchase subsidy is distributed equally between the PGC and the
battery recycler.

Social Welfare. The study defines the social welfare in the base model as the total profits of the
three firms. The social welfare under the two different scenarios is compared in the following
corollary:

Corollary 15. SWS* — SWN* > 0.

Corollary 15 demonstrates that the social welfare in the scenario where the government
provides the subsidy for retired battery echelon utilization is always higher than or equal to the
social welfare in the scenario where the government does not provide the subsidy.

5 Numerical Analysis

In Section 4, this paper has analyzed the impact of the average quantity of reusable batteries g,
and the installation cost coefficients k.., and k.4, the carbon emissions e,,, e, and e, on the
optimal decisions of the three firms and the government. This section will further discuss the impact
of the important parameters on the profits of supply chain members and the PGC’s purchase decision
cases through numerical analysis. According to the actual situation and combined with the existing
literature (Abdel-Monem et al., 2017; Gu et al., 2021; Liu and Wang, 2022; Shao et al., 2018; Xiao
etal., 2024; Yu et al., 2022), the model parameters are set as follows: @ = 17000000, = 100, cgy
= 70000, c,, =10000, p, =40000, c, =2000, e, =2, e, =3, e, =1, Dpgc=600000, §
=0.8, §=0.7506%=0.1,§ = 0.5V, = 250000, Ky, =0.03, k,q=0.04, c,=8000, c,4
=12000, p, = 30000, ¢ = 0.9, 6 = 0.3, n = 0.6. When discussing the impact of ke, and kg4,
the study ensures that kpey < koig.

5.1 Impact of parameters on profits of supply chain members

Although the battery return yield 6 does not influence the optimal decisions of supply chain
members in the general case, it does affect the upper limit of the constraint condition 0 < Qyqpcc <
10 Qnew1, Which represents the maximum quantity of retired batteries that the PGC can purchase. It
is necessary to check the impact of € on the profits of supply chain members. Figure 4 shows that
under the two scenarios, as 6 increases, the profit for the PGC first increases and then remains
constant, the profit for the battery manufacturer first decreases and then increases, and the profit for
the battery recycler increases. This is because, as the battery return yield increases from a very low
value, the increase in the quantity of retired batteries provided by the battery recycler allows the
PGC to purchase more retired batteries to enhance its profit. Simultaneously, the profit for the
battery recycler increases, while the profit for the battery manufacturer decreases due to a reduction
in the sales of new batteries. When the battery return yield reaches a certain threshold, the quantity
of retired batteries purchased by the PGC has already maximized its profit and will not continue to
increase. Consequently, the profit for the PGC remains unchanged, while the profits for the
manufacturer and the recycler increase due to the increased sales and use of recycled materials.
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Figure 4 Impact of 8 on profits of supply chain members

Figure 5 illustrates the impact of ¢ on the profits of supply chain members. In both scenarios,

as q increases, the profits for the PGC and the battery recycler rise, while the profit for the battery

manufacturer decreases. This can be explained by the fact that the higher the quality of reusable

batteries, the more profitable it is for the PGC to purchase them, so the PGC will purchase more

retired batteries and its profit will increase. And the battery recycler will raise the selling price of

retired batteries, further boosting its profit. Meanwhile, with a decline in both sales and selling price

of new batteries, the battery manufacturer’s profit will diminish.
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Figure 5 Impact of g on profits of supply chain members

Figure 6 and Figure 7 illustrate the impact of g and 2 on the profits of supply chain members

respectively. In both scenarios, as g increases, the profits for the PGC and the battery recycler rise,



while the profit for the battery manufacturer declines. And the impact of a2 is opposite. These results
can be explained as followed. The higher the averaged quality of reusable batteries or the lower the
variance of quality distribution, the higher the quality factor of reusable batteries that has a positive
impact on the echelon utilization. Therefore, the profits for the PGC and the battery recycler will
increase. Meanwhile, the battery manufacturer’ profit will decrease due to the lower sales of new
batteries.
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Figure 6 Impact of g on profits of supply chain members

10 10
10 ‘ i ‘ 1y =10
10 — |- 10F — T |
lINA HSv
L mz2 L m2 | |
o ¥ ¢ [
8 al
7 \ 7 \
6 1 6
= =
5 1 5+
4r 1 40
2 1 2
17 i 1
. . ‘ | [ 0 I : : ; ; :
0 0.05 0.1 0.15 02 0.25 0.3 0.35 0.4 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
rrz rrE
(a) With no purchase subsidy (b) With purchase subsidy

Figure 7 Impact of a2 on profits of supply chain members

Figure 8 and Figure 9 describe the impact of kpey, and kyq on the profits of supply chain
members respectively. Based on Corollary 4 and Corollary 9, the changes in the profits can be

explained as follows. When the government does not provide the subsidy, as Ky or kqiq increases,



the profit for the PGC decreases, and the profits for both the battery manufacturer and the battery
recycler increase because the selling prices of both types of batteries increase. However, when the
government provides the subsidy, with the increase of Ky, the selling price of new batteries
remains unchanged, and the quantity of new batteries purchased by the PGC decreases, so the profit
for the battery manufacturer declines. Similarly, as k,;q increases, the selling price of retired
batteries remains unchanged, and the quantity of retired batteries purchased by the PGC decreases,
leading to a decrease in the battery recycler’s profit.
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Figure 8 Impact of kyew on profits of supply chain members
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Figure 9 Impact of k414 on profits of supply chain members

Figure 10, Figure 11 and Figure 12 describe the impact of e;,,, e, and e, on the profits of supply
chain members respectively. When the government does not provide the subsidy, as e, or e,



increases, the profits for both the PGC and the battery manufacturer decrease, and the profit for the
battery recycler increases. This is because, the selling prices of new and retired batteries increase
and the PGC purchases more retired batteries. And as e, increases, the profit for the PGC increases,
and the profits for both the battery manufacturer and the battery recycler decrease because the selling
prices of both types of batteries decrease. When the government provides the subsidy, as e, or e,
increases, the profit for the PGC shifts towards growth. And as e, increases, the profit for the battery
recycler also shifts towards growth. These shifts are attributed to the compensation from the
purchase subsidy.
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Figure 10 Impact of e;, on profits of supply chain members
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Figure 11 Impact of e, on profits of supply chain members
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Figure 12 Impact of e, on profits of supply chain members

Next, the study further analyzes the impact of the above important parameters on the total
social welfare under the two different scenarios. From Figure 13, The impact of battery return yield,
average quality and quality factor of reusable batteries on the social welfare is positive, while the
variance of quality distribution, installation costs and carbon emissions exert negative influence on
the social welfare. Furthermore, it can be observed that the social welfare with purchase subsidy is
higher than that with no purchase subsidy, which validates Corollary 15.
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Figure 13 Impact of parameters on social welfare

5.2 Impact of parameters on PGC’s purchase decision cases

04

Figure 14 illustrates the impact of € and g on the PGC’s purchase decision cases under the two

different scenarios. The cases (i), (ii) and (iii) marked in the figure correspond to the three cases of

the PGC’s purchase decision respectively. Case (i) represents not purchasing retired batteries, case

(i1) represents purchasing a portion of the retired batteries provided by the battery recycler for

echelon utilization, and case (iii) represents purchasing all the retired batteries. In this example, as

0 increases, the PGC shifts from purchasing all the retired batteries to purchasing a portion of the

retired batteries provided by the battery recycler. Conversely, as q increases, the PGC transitions

from purchasing a portion of the retired batteries to purchasing all of them.
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Figure 14 Impact of 6 and § on PGC’s purchase decision cases

Figure 15 depicts the impact of ke, and k,;q on the PGC’s purchase decision cases. Based on
Figure 15 (a), the changes in the PGC’s purchase decision cases when the government does not
provide the subsidy can be analyzed. In this example, when 0 < ke, < 0.005, as k4 increases,
the PGC shifts from not purchasing retired batteries to purchasing a portion of them. When 0.005 <
knew < 0.024, the PGC purchases a portion of the retired batteries. When 0.024 < k., < 0.043,
as k,q increases, the PGC shifts from purchasing all the retired batteries to purchasing a portion of
them. When 0.043 < k,,.,, < 0.1, the PGC purchases all the retired batteries. It should be noted that
when k., is especially small (i.e., 0 < ke, < 0.005), the result is counterintuitive and essentially
similar to the counterintuitive result in Corollary 4(ii). The reason is that the impact of installation
cost under this condition is relatively small. As ko4 increases, the purchase price gap between new
and retired batteries also increases. Therefore, the PGC will shift from not purchasing retired
batteries to purchasing a portion of them. It can be seen from Figure 15 (b) that under the scenario
where the government provides the subsidy, when ke, is small, the PGC keeps not purchasing
retired batteries, that is, there is no counterintuitive result. The reason for the difference is that as

koiq increases, the effective purchase price gap between the two types of batteries remains

unchanged.
0.10 ' 0.10 ' ' ' '
0.08 H . 0.08 - ’ .
0.06 H . 0.06 H ’ .
3 ] = I
2 2
0.04 1 . . 0.04 1 g .
[ case (i) 1 L [ case (i)
0.02 [ case (i) | 0.02 [ case (i) |
[ case (i) | | L [ case (iii)
0.00 PO S T S O A SO AT S ST SO SO WO I | 0.00 P I TSNS AN OSSO NSNS SN NN SO SO W I |
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Knew knew
(a) With no purchase subsidy (b) With purchase subsidy

Figure 15 Impact of kpey and ko1 on PGC’s purchase decision cases

Figure 16 and Figure 17 describes the impact of e, e, and e, on the PGC’s purchase decision
cases. In this example, as e, e, or &, increases, the PGC shifts from purchasing a portion of the retired

batteries provided by the battery recycler to purchasing all of them.
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Figure 17 Impact of e, and e, on PGC’s purchase decision cases

In addition, by comparing the changes in the PGC’s purchase decision cases under the two scenarios,
it can be found that when the government provides the subsidy, the PGC is more likely to purchase a
portion of the retired batteries provided by the battery recycler or not to purchase them, which further

validates that the subsidy policy is not necessarily effective in promoting the echelon utilization.



6 Conclusion

In this paper, a two-period game model is designed to study the interest relationships and
operational strategies of the CLSC members of power batteries in the echelon utilization stage.
Specifically, considering that the government develops a subsidy policy for the purchase of retired
batteries, the study explores the government’s optimal subsidy and its impact on the decisions and
profits of supply chain members, thereby examining the effectiveness of the subsidy policy in
promoting the echelon utilization of retired batteries. In addition, the sensitivity analysis of battery
return yield 6, quality factors of reusable batteries, carbon emissions, installation cost coefficients
of both new and reusable batteries, Ky and kg4, are incorporated into our study.

The main conclusions are summarized as follows:

(1) When the government provides a purchase subsidy for the PGC, the per-unit subsidy
influences the decisions of power battery supply chain members. Higher subsidies encourage the
PGC to purchase more retired batteries, but the government balances this with the goal of
maximizing social welfare, determining an optimal subsidy level. This optimal level depends on
factors like installation costs, carbon emissions, revenue per new battery, and the quality of reusable
batteries.

(2) Although purchase subsidies generally enhance social welfare, their effectiveness in
promoting echelon utilization depends on parameters like manufacturing costs, demand, installation
costs, revenue per battery, and carbon emissions. When subsidies promote reuse, retired battery
prices rise while new battery prices fall. The subsidy benefits the PGC and recycler equally but
reduces the manufacturer’s profit.

(3) Higher carbon emissions from producing new batteries increase environmental costs,
raising their prices and encouraging PGCs to buy more retired batteries. To stay competitive,
recyclers raise retired battery prices less sharply than new battery prices, preferring to sell reused
batteries over recycled materials. Meanwhile, manufacturers lower prices but face constraints from

rising raw material costs, creating complex market dynamics.

(4) Reusable batteries are cheaper than new ones but have higher installation costs due to
testing, classification, and refurbishment. Without subsidies, changes in installation costs produce
counterintuitive effects: as one type’s cost rises, the PGC may paradoxically purchase more of that
type, driven by shifts in price differences. With subsidies, the price gap remains stable, eliminating
these anomalies. Interestingly, the optimal subsidy increases as new battery installation costs rise or

reusable battery costs decrease.

The findings above yield key managerial insights for decision-makers in the power battery
CLSC. The subsidy policy effectively promotes echelon utilization of retired batteries only under
certain conditions. When designing subsidy policies for retired battery purchases, policymakers
should consider key factors across the CLSC, determine suitable conditions for subsidies, and set
optimal levels accordingly. If subsidies prove ineffective, policymakers can promote the echelon
utilization industry through regulations, public awareness campaigns, and other measures. While
policymakers focus on social welfare, enterprises in the power battery CLSC aim to maximize their



profits. For third-party recyclers, recycling costs directly impact profits. Optimizing processes and
upgrading technology can reduce costs and improve efficiency. Similarly, echelon utilization firms
should reduce the higher usage costs of retired batteries through improved processing technology.
When subsidies are provided, reduced usage costs for reusable batteries will promote echelon
utilization. Battery manufacturers can partner with third-party recyclers to collect retired batteries,
reducing recycling costs through complementary strengths. Under profit-sharing agreements,
manufacturers can also gain a share of the revenue from recycled battery sales. Battery
manufacturers can also recover used batteries from echelon utilization firms and extract materials

to cut manufacturing costs.

Our research enriches the theoretical understanding of closed-loop supply chains (CLSC) for
power batteries, offering valuable insights for policymakers to design effective subsidy policies and
guiding enterprises in formulating strategies aligned with circular economy principles. By
promoting the echelon utilization of retired batteries, this study addresses critical challenges in the
electric vehicle battery manufacturing industry, including resource scarcity, environmental
pollution, and inefficiencies in closed-loop systems. Furthermore, it investigates the systemic shift
toward a sustainable circular economy for EV batteries, emphasizing ecosystem-level orchestration,
stakeholder engagement as key enablers. These contributions enhance the understanding of how
systemic changes can support the transition to a circular economy, mitigate climate change, and
address the pressing challenges facing industrial systems and closed-loop supply chains.

In the future, this study can be further extended in the following areas. For example, based on
the study of a single subsidy policy, comparing different subsidy policies or other intervention
means (such as reward-penalty policy, etc.), and examining the effect of combining multiple policies,
will yield some interesting findings. Furthermore, future research could delve into the integration
of advanced technologies—such as artificial intelligence (Al) for optimizing battery classification
accuracy, and blockchain to enhance transparency and traceability across recycling operations. This
exploration could also extend to quantifying the comprehensive environmental impacts of battery
recycling systems, which includes conducting granular carbon footprint assessments, analyzing
emissions associated with dismantling processes, and refining the operational efficiency of closed-
loop supply chains. Additionally, adopting advanced uncertainty modelling frameworks—for
instance, stochastic optimization and probabilistic analysis—to strengthen the robustness of our
analytical approach by explicitly capturing the inherent variability in real-world battery quality

parameters.
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Appendix A
The profits of the three firms in Proposition 4(ii) are given below.
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The profits of the three firms and the social welfare in Proposition 8(ii) are given below.

(Z(Cm + Ce(em + en) + 2DPGCkneW + Pn— Vb(l - Q)))
S -:_ZCB - (Iie(zen ; e(r) + an pr)(p
CqgTC PGCKnew b
H}q* = ( + pn(l _m(p) + Ce(emnj’ €n —€en® te q)))/(z(knew + kold)) (A-4)
+ ((pr Ceer)(p (Cd + Cr))anewl + (Cd - (pr Ceer)fp)

cqgt+c + 2D PGCk Vb(l— )
( +Pa(1— ) + Ce(emniwen —enp + erso))/ (2CFnew + Kota))

( Cd+cm+2DPGCknew_Vb(1_Q) +pn(1_§0) )
_Z(knew + kold)eQnewl + Ce(em + en —en® + er(p)
Sx (pr Cebn — pn)<p/(2 (knew + kold))
I, = + ( €4+ cm — 2Dpgckoia — V(1 —Qq) ) , (A.5)
N + p,qu()l _Z)) + c?/(e(,,ll +e,—enp+ erp)
Cd T Cm — &£UpgcKold — Vb
(% Pn— P + Colem + en + erq)))/ (2(knew + Kota))

Cdq +c,, — Zngck — Vb(l — q)
(4 Pa(l— @) + (e + en—epp + er<p))/ (4 (Knew + Kota))
( Cgt+cemt 2DPGEknew - Vb(l - q) ) DZ k
+ pn(l - (P) + Ce(em +e,— en(p + er(p) PGCTnew 5 (A-6)
+ DPGC(_Ed - iDZPngo;éi + Vb(]]/_( (r A)Ceer)(p)
Cgrc PGC pll—¢q
+ kneWDPGC( + pn(l _m(p) + Ce(emnj_wen —enQ + er¢) /(knew + kold)

l-[PGC -



Cd +c, + ZDp(;(;k — Vb(l — (A])
( +p,.(1 —m(p) + Ce(emnj-wen —enp + er(p)) [(4(knew + koa))
((Ce(en - er) + pn)(p - (Cd + Cr))anewl ’
- DPGC(Cm + Ce(em + en) + DPGCknew + Pn— Vb)

SWS* = (A.7)

Appendix B

0%L(Qotapce 1, H2)

Proofs of Proposition 2. From the Lagrange function in (17), = —2(kpew + koid)

2
9QGiarce

< 0, so the Lagrange function is a concave function of Q;4pgc. There are three possible cases for

equilibrium solutions:

i . 0L(Qoarccr M1 H2)
(i) When p1 =0, pi2 >0, 76Qnew1 — Qoiarce > 0, Qoiapce =0, by solving — a5 =10,

0Qoiarcc

ZDPGCknew+pnew2_puld_Vb(l_&)
2 (knew+kald)

Q% 1apce = 0 and the corresponding condition < 0 are obtained.

OL(Quiaracs s
(i) When p1 =0, pz = 0, n6Qnew1 — Qotarcc > 0, Qoiarcc > 0, by solving O Qotaroe i bt2) _

0Qoiapcc

ZDPGCkneW+pnew2_puld_Vb(l_&) . )
* —_—
Qoiarcc = 2o hour) and the corresponding condition 0<

ZDPGCknew+pnew2 _pold_Vb(l_Q)

< N0Qew1 are obtained.

Z(knew+kold)
. 0L(Qoarcec: M1, H2)
(iif) When py > 0, piz = 0, 70Qnew1 — Qotarcc = 0, Qotapce > 0, by solving ——~"~——==0,
* . .. 2D knew+pnew —Po _Vb(l_@)
Q% 1apcc = N0Qnewt and the corresponding condition —= z(knewikol:; > N0Q e are
obtained.

All subsequent proofs are similar.

Proofs of Proposition 3. The following Lagrange function is constructed to solve the battery
manufacturer’s optimal decision problem with no purchase subsidy:

(pneWZ - Cm) 2Dpgckold—Prewz+PotatVo(1-4) p QD(QQ _ ZDPGCknew+pnew2_pold_vb(l_q))
- Ceem Z(knew+kald) T newl Z(knew+kold)
2Dpgckota=PnewztPotatV(1—§) 2DpgcknewtPrewz—Pota=Vs(1—q)
maxL=| — + cee ( —pl\0 —
DPnew2 (pn € TL) Z(knew+kald) (p Q‘I‘Ler Z(knew+kold)

+ ‘[,L (n@Q _ ZDPGCknew+pnew2_pold_Vb(1_[1)) + ZDPGCkneW+pnew2_puld_Vb(l_&)
3 newl 2(knew+koid) 2(knewtkoia)



. azL(pneWZu HUs, H‘l-) 1 . age o
By noting that PR = e < 0, there are three possible cases for equilibrium

solutions:

(l) When Uz = 0’ Hq > Oa nQQn6W1 - (ZDPGCknew + Pnewz — Pold — Vb(l - Q))/
(Z(Rnew + kold)) > O’ (ZDPGCkneW + Pnew2 — Pold — Vb(l - Q))/(Z(knew + kold)) = O’ by

aL(pneWZv U3, #4)

s =0, Pnew2= —2Dpgcknew + Poia + Vo(1 —§) and the corresponding

solving

(em+2Dpecknewtkoia) =Poia=Vp(1=q) +pn(1=@)+p,@+c.(emten—enp))
4(knew+kold)

condition < 0 are obtained.

(") When U3z = 07 Hg = 07 neQn6W1 - (ZDPGCkneW + Pnew2 — Pold — Vb(l - Q))/(Z(knew + kold)

aL(pnewz: Uz, #4)

) > O’ (ZDPGCknew + Pnew2 — Pold — Vb(l - Q))/(Z(knew + kold)) > 0’ by SOIVing OPnew2

* 1 n
=0, Pnewz2 = E(cm + 2Dpgckota + Pota + V(1 —q) + pu(1 — @) + 0@ + ce(em + en — en9))

and the corresponding condition 0<

(cm + 2Dpc(2knew + kota) — Pota — Vp(1 — a) +p,(1—@)+p,0+co.(ey, +e,— en¢))/
(4'(knew + kold)) < nBQnewl are obtained.

_ 2DpgcknewtPrewz=Pota=V(1—q)
(iii) When uz >0, Ug =0, N0Qnew1 — 2onon o) =0 and

ZDPGCknew+pnew2 _pold_Vb(l_Q)
Z(knew+kold)

OL(Prewz, M3, Ha) *
I?pnzewj == 0, Prewz = —2Dpecknew +210Qnewt

> 0, by solving

(knew + kota) + Pota + V(1 —q) and the corresponding condition

Cm+2Dpac(Rknewtkoid) =Pota=Vp(1=q) +pn(1=@) +prp+ce(emten—enp)
4(knew+kald)

= N6Qew1 are obtained.

Proofs of Proposition 4. The following Lagrange function is constructed to solve the battery

recycler’s optimal decision problem with no purchase subsidy:

ldCm+2DPGC(2knew+knld)_pold_Vb(1_21)+pn(1_(p)+pr(p+ce(em+en_en¢’)
0 4'(knew+kold)
cn+2D 2Kpewtkoid)— —Vp(1=9)+p,(1—@)+p,p+c.(epte,—e
+ (pr _ Ceer)(p(eQnewl _tm PGC( new old) Pold b( q) pn( (ﬂ) Pry e( m7TCEn n<p))
4(knew+kuld)

cm+2Dpgc(2knewtkoia)=Pota=Vp(1=8)+Pn(1=@)+pr@p+ce(emten—endp)
maXL — _ CrBQnewl _ Cd(BQnewl _tm P new 0, o e — n T e\m n n
Pold A( new uld)
+ 9 Cm+2DPGC(2knew+kald)_pold_Vb(1_q)+pn(1_(p)+pr(p+ce(em+en_en(p)
Us\1n Qnewl -
4'(knew+kold)

Cm+2Dpec(2knewtKoia) =Pota=Vs(1=4)+pn(1—=9) +prp+c.(emten—enp)

+ M6 4(knew+knld)

2L Wota, Us, He) 1 . ey
2y = = etk < 0, there are three possible cases for equilibrium

By noting that

solutions:



Q) When s =0, 16 >0,
(M0Qnew1 — ¢m + 2Dpec(Lknew + Kota) — Pota — V(1 — §) + pn(1 — @) + pr@ + ce(em + en — €n))
/(4 (knew + ko1a)) >0,

(cm + 2Dpec(2knew + Kota) — Pota — V(1 — @) + Pn(1 — @) + prp + ce(em + en — €n))/ (4

OL(Pota, Us) I6)

(knew + kold)) = 0, by SOIVing Pora

=0, p:;ld =Cm +2DPGC(2knew + Kowq) — Vb(l - CA{)

+pp(1— @) + 0@ + ce(ey + e, — enP) and the corresponding condition

(Cd +Cm+ 2DPGC(anew + kold) - Vb(l - Q) + pn(l - QD) + Ce(em tep—éenpt+ er(p))/(B
(knew + ko1qa)) < 0 are obtained.

(ii) When ps =0, te =0, N0Qnew1 —
(cm * 2Dpec(2knew + Kota) — Pota — V(1 — @) + Pn(1 — @) + prp + ce(em + en — en®))/ (4
(knew + ko)) > 0,

(cm * 2Dpec(2knew + Kota) — Pota — V(1 — @) + Pn(1 — @) + prp + ce(em + en —€n))/ (4

. OL(Dotas Us) He) « 1
(knew + koia)) > 0, by solving =0, Do =3

(Cm + Ce(em + en) + ZDPGC(aneW + kold) - Vb(l - EI) + Pn—Ca— (Ce(en + er) + Pn— Zpr)(p)

catCm+2Dpec(Rknewtkoid) =V (1= +pn(1—@)+c.(em+en—erp+e )
S(knew+kald)

and the corresponding condition 0 <

< 10Q w1 are obtained.

(iii) When s >0, te =0, N0Qnew1 —
(cm + 2Dpec(2knew + Kota) — Pota — V(1 = @) + Pn(1 — @) + prp + ce(em + en — €n))/ (4
(knew + ko)) = 0,

(cm + 2Dpec(2knew + Kota) — Pota — V(1 — @) + Pn(1 — @) + prp + ce(em + en — €n))/ (4

OL(Dota, Us) H6)

(knew + kold)) > O, by SOIVing Pora

=0, Poiga = Cm +2DpccRkpew + kota) =410 Qnewt

(knew + kota) = Vo(1 — @) + n(1 — @) + Dr@ + Ce(ey, + €, —enp) and the corresponding

... Catcm+2Dpec(knewtkoid) =V (1=@)+pn(1=@)+c.(em+en—erp+e p) .
condition = 16Q e are obtained.
S(knew+kald)

02L(Qoiapcc 1,
Proofs of Proposition 5. From the Lagrange function in (37), —(Qagzi ic ill ) _ —2(kpew + ko)
oldPG

< 0, so the Lagrange function is a concave function of Q,;4pgc. There are three possible cases for

equilibrium solutions:

i . OL(Qo , U1,
(i) When p1 =0, uz >0, n8Qnew1 — Qotarc > 0, Qoiapcec = 0, by solving 9LQouarac ty k) _ 0,

0Qoiapcc

ZDPGCknew+pnew2_puld_Vb(l_&)"'s
Z(knew+kold)

Q% 1apce = 0 and the corresponding condition < 0 are obtained.

OL(Qotarcer M1, H2)

(ii)) When p3 =0, gz = 0, n6Qnew1 — Qotarcc > 0, Qoiapcc > 0, by solving =0

0Qoiapcc >



ZDPGCkneW+pnew2_puld_Vb(l_&)'FS . el
* —_—
Qoiarcc = 2o o) and the corresponding condition 0<

ZDPGCknew+pnew2 _pold_Vb(l_Q)"'s
z(knew+kald)

< N6Q e are obtained.

OL(Qotarcer M1, H2)

(iif) When p3 > 0, piz = 0, 70Qnew1 — Qotarcc = 0, Qotapce > 0, by solving ——3~"~——==0,
* . .. 2D knew+pnew —Po -V (1_£I)+S

Qr1arcc = N8 Qnew1 and the corresponding condition e 2 (kn:v +kol:) : = N0Q w1 are

obtained.

Proofs of Proposition 6. The following Lagrange function is constructed to solve the battery
manufacturer’s optimal decision problem with purchase subsidy:

2Dpgckola—Prew2+PolatVp(1—4)—s
Z(knew+kold) <
BQ _ ZDPGCknew+pneW2_pold_Vb(l_q)+S)
newl Z(knew+kald) "
2Dpgckota—Pnew2+Pota+Vp(1-q)—s
_ z(knew+kald)
;na)Z(L - - (pn + Ceen) (HQ ZDPGCkneW+pnew2_pold_Vb(l_é)"'s)
new. — —
(p newl Z(knew+kold)
2Dpgcknewt —Pota—Vp(1—q)+s
+ ,u3(779Qnewl _ PGCRnewTPnew2~Pold b( q) )

z(knew+kold),‘
+ ZDPGCknew+pnew2_pold_Vb(l_q)+S
2z

2(knew"'kald)

(pneWZ —Cm— Ceem)

- pr(p(

. azL(pneWZu HUs, ”4) 1 . age o
By noting that PR = e < 0, there are three possible cases for equilibrium

solutions:

(l) When Uz = O, e > Os 779Qnewl - (ZDPGCkneW + Pnew2 — Pold — Vb(l - Q) + S)/(Z
(knew + kold)) > O’ (ZDPGCkneW + Pnew2 — Pold — Vb(l - Q) + S)/(z(knew + kold)) = 07 by

aL(anWZ: Uz, Au4)

Wrewn =0, Prewz = —2Dpecknew + Poia + V(1 — §) —s and the corresponding

solving

condition

(Cm + ZDPGC(aneW + kold) — Pold — Vb(l - EI) + pn(l - (p) + Pr@ + Ce(em + én — en(p) + S)
/(A (kpew + koia)) < 0 are obtained.

(11) When Uz = 07 Ha = 0, 779Qnewl - (ZDPGCkneW + Pnew2 — Pold — Vb(l - Q) + S)/(Z
(knew + kold)) > O’ (ZDPGCkneW + Pnew2 — Pold — Vb(l - 6[) + S)/(z(knew + kold)) > 07 by

. aL(pnewZ: Uz, #4) * 1
solving T oy =0 Pnewz =7
(Cm + 2DPGCkald *+ Pota + Vb(l - 61) + pn(l - (P) t+pre t+ Ce(em ten— enq)) - S) and the
corresponding condition 0<
(Cm + ZDPGC(aneW + kold) — Pold — Vb(l - EI) + pn(l - (p) + bro + Ce(em + én — en(p) + S)
/A (kpew + kota)) <NOQnew1 are obtained.



2DpgcknewtPrew2=Pota=Vp(1=q)+s
(ii1) When uz >0, Us =0, 1N0Qnew1 — 2o o) =0,

2DpgcknewtPrew2=Pota=Vp(1=q)+s >0. by solvin OL(Prnewz, 13, Ha)
z(knew+kald) ’ y g 6pnewZ

=0, P;ewz = —2Dpgcknew +210

Qnew1(knew + kota) + Pota + V(1 —q) —s and the corresponding condition

Cm+2Dpec(2knewtKoid) =Pota=V (1= +pn(1—@) +prp+c.(emten—enp)+s
4'(knew+kold)

= 160Q 001 are obtained.

Proofs of Proposition 7. The following Lagrange function is constructed to solve the battery
recycler’s optimal decision problem with purchase subsidy:

(em*+2DpgcCknewtkoia) =Pota=Vp(1=q) +pn(1=@)+prp+c.(em+en—enp)+s)

p()ld 4’(knew+kold)
cn+2D 2kpewtkoid)— —Vp(1=q)+p,,(1—=@)+p,p+c.(emte,—e,@)+s
+ (pr _ Ceer)(p(eQnewl _tm PGC( new old) Pold bi Q)kpn( (P) Pry e( mTCEn n<p) )
4( new¥ old)
cm+2Dpgc(2knewtkoia) =Poia=Vp(1=3)+Pn(1—@)+pr@p+ce(emten—enp)+s
maXL — _ CrBQnewl _ Cd(BQnewl _tm P new 0, o e e n T e\m n n
Pold (knew+kota)

+ MS(nanewl _ Cm+2DPGC(2knew+kald)_pold_Vb(l_EI)'*'pn(l_(P)+pr‘p+ce(em+en_en(p)+s)

A4(knew+kald)
+ Ue m+2Dpec(2knewtKoia) =Pota=V(1=q)+pn(1—@) +prp+ce(emten—enp)+s

4(knew+kald)

. 0’ L(Potd s, He) __ 1 . e
By noting that P =~ etk < 0, there are three possible cases for equilibrium
solutions:
(1) When ps =0, te >0, N0Qnew1 —

(Cm + ZDPGC(aneW + kold) — Pold — Vb(l - EI) + pn(l - (p) + Pr@ + Ce(em + €n— en(p) + S)
/(4(knew + kold)) > 0:
(Cm + ZDPGC(aneW + kold) — Pold — Vb(l - EI) + pn(l - (p) + Pr@ + Ce(em + €n— en(p) + S)

OL(Pota, Us) I6)

/(4(knew + kold)) = 0, by SOIVing Pora

=0, led =Cm +2DPGC(2knew + ko) — Vi

(1—q¢) +pn(1—¢) +t 0,0+ ce(e,, +e,—e,p) +s and the corresponding condition
(Cd +comt+ 2DPGC(aneW + kold) - Vb(1 - (’D + pn(l - (P) + Ce(em te,—epp+ er(p) + S)
/(B (kpew + koia)) < 0 are obtained.

(ii) When ps =0, te =0, N0Qnew1 —
(cm + 2Dpc(2knew + kota) — Pota — V(1 — §) + pn(1 — @) + prp + coem + en — €,9) +5)
/(4 (knew + ko1a)) > 0,

(cm + 2Dpc(2knew + kota) — Pota — V(1 — §) + pn(1 — @) + prp + coem + en — €,9) +5)

. OL(Dotas Us) He) « 1
/(4 (knew + ko)) > 0, by solving — o =0, Poa =3

(Cm + Ce(em + en) + ZDPGC(aneW + kold) - Vb(l - EI) + Pn—Cq— (Ce(en + er) + Pn — Zpr)(p + S)
and the corresponding condition 0<
(Cd +comt+ 2DPGC(2kneW + kold) - Vb(1 - (’D + pn(l - (P) + Ce(em +en— en® + er(p) + S)



/(8 (knew + kold)) < nanewl are obtained.

(iii) When ps >0, te =0, N0Qnew1 —
(cm + 2Dpec(knew + kota) — Pota — Vo(1 — @) + pn(1 — @) + prp + ce(em + en — enp) +5)
/(4 (knew + ko1a)) =0

(cm + 2Dpgc(knew + kota) — Pota — V(1 — @) + pn(1 — @) + prp + ce(em + en — enp) +5)

OL(Pota, Us) I6)
OPold

Qner(knew + ko) — Vb(l - a) + pn(1 — @)+ +ce(en, +e,—e @) +s and the

/(4(knew + kold)) > 0, by SOIVing = 0: p:;ld =Cm +2DPGC(2knew + kold) _4779

CatCm+2Dpec(Lknewtkoia) =Ve(1=g)+pn(1—=@)+ce(emten—enpte,p)+s >n6Q
S(knew+kold) y n newl

corresponding condition

are obtained.

Proofs of Proposition 8. The following Lagrange function is constructed to solve the government’s
optimal decision problem:

_Cd_cm+ZDPGC(aneW+3kold)+Vb(1_61)_1771(1_(p)_ce(em+en_en§0+er(p)_s

8(knew+l<old) V
+ é‘lCd+cm+2DPGC(2knew+kold)_Vb(1_q)+pn(1_(p)+ce(em+en_enfp+er(p)+5 b
8(knew+kold) 2
—k (_Cd_cm+ZDPGC(anew"'3kald)+Vb(1_£f)_pn(1_(p)_ce(em+en_en¢+er(p)_5)
new 8(knew+kold) 5
k Catcm+2Dpec(2KnewtKo1d) =V(1=@) +pn(1=@) +cc(emten—enp+e, @) +s
— Rold
8(knewtkoiq)
—(C +C e ) —Ca— Cm+ZDPGC(anew+3kold)+Vb(1 Q) pn(l (,0) CE(em+en_en(P+er(P) 5
m emm S(kngw"'kold)
max L = —Ca—Cm+2Dpec(2knewt3Ko1a) +Vp(1=§) —pn(1—@)—co(emt+en—enpte, p)—s _
8(knew+kold)
(Pn + ceen) CatCm+2Dpec(Zknewtkoa) =V (1= +pn(1=@)+Cc(emten—enpte 9)+s
eQnewl ad
8(knew+kold)
0 Catcm+2Dpec(2knewtkoia) =Vo(1-)+pn(1—@)+ce(emten—enpte, @) +s
Qnewl -
8(knew+k0ld)

- Ce€r§0(

cqtcm+2D 2kpewtkoid)—Vp(1—q)+p(1—@)+c.(emte,—enpte, p)+s
_CrBQnewl_Cd(eQnewl_ dTCm pec(Rnewtkod)=V(1=@)+pn(1—@)+c.(em*en—erp+e )

R 8(knew+kold)
+ /17(719Qnew1 _Cd+cm+2DPGC(2knew+kold) V(1-9)+p.(1— (p)+ce(em+en_en(p+er(ﬂ)+s)

knew+kold)
+ CatCm+2Dpec(Lkpewtkoia)—Vp(1— Q)+pn(1 p)tc.(eqte,—e pte, p)+s
#8 8(knew+kold)
By noting that CRACTINT J — < 0, there are three possible cases for equilibrium
y g 952 320knewtko) p q
solutions:
(l) When Uz =0, ug >0, nanewl -

(Cd +comt+ 2DPGC(2kneW + kold) - Vb(1 - (’D + pn(l - (P) + Ce(em +en— en® + er(p) + S)
/(S(knew + kold)) > 0:
(Cd +comt+ 2DPGC(2kneW + kold) - Vb(1 - (’D + pn(l - (P) + Ce(em +en— en® + er(p) + S)

/(8 (knew + kora)) = 0, by solving LD = 0 5 = V(1 — §) ~2D pee(2knew + kota) —

)




—Cq—Pn(1— @) —cCe(ey, +e,—enp + e,.9) and the corresponding condition

(Cd +Cmt+ 2DPGCknew - Vb(l - l?) + pn(l - QD) + Ce(em +en— en® + er(p))/(z(knew + kold)
) < 0 are obtained.

(i1) When u7 =0, ug =0, N0Qnew1 —
(ca+ cm+ 2Dpe(Rknew + kota) = V(1 — @) + pu(1 — @) + ce(em + en — enp + €,0) +5)/
(8(knew + kota)) > 0,

(ca+ cm+ 2Dpe(Rknew + kota) = V(1 — @) + pu(1 — @) + ce(em + en — enp + €,0) +5)/

. OL(s, Uz, *
(8(knew + kota)) > 0, by solving 22 = 0 s* = 3¢, 43¢, + Dpgc(4knew — 2kota) =3V

(1—¢q) +3pn(1 — @) +3ce(ey + €, —enp + €,¢) and the corresponding condition 0 <

(Cd +Cmt 2DPGCknew - Vb(l - l?) + pn(l - QD) + Ce(em +e,— en® + er(p))/
(z(knew + kold)) < nBQnewl are obtained.

(1i1) When Uz >0, ug =0, 10Qew1 —
(ca+ cm+ 2Dpge(Rknew + kota) = V(1 — @) + pu(1 — @) + ce(em + en — enp + €,0) +5)/
(B(knew + ko1a)) =0,

(ca+ cm+ 2Dpe(Rknew + kota) = V(1 — @) + pu(1 — @) + ce(em + en — enp + €,0) +5)/

. dL(s, Uz, % )\
(8(knew + kota)) > 0, by solving LD = 0 s* = V(1 — &) +870Qnewt (Knew + Kota) —2

Dpcc(2knew + kota) = Cm — €a — Pn(1 — @) — Ce(ey + €, — e,9 + €,¢) and the corresponding
condition (ca+ cm + 2Dpgcknew — V(1 — @) + pn(1 — @) + co(em + en — en + €,¢))/
(z(knew + kold)) = nBQnewl are Obtained.



The highlights and main contributions for the paper Reimagining Government
Subsidy Policies: Facilitating Echelon Utilization and Sustainable Practices for
Retired Battery Systems are shown below:

A two-period CLSC model for EV battery echelon utilization involving a
manufacturer, recycler, power grid company, and government is proposed.

Optimal decisions for all parties in the CLSC are analyzed to optimize subsidy
policies.

Subsidy policies effectively enhance total social welfare within the supply chain.

Higher retired battery return yields do guarantee increased profits for recyclers or
improved social welfare, with or without subsidies.



