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Abstract: With the rapid development of electric vehicles (EVs), many EV batteries have entered
the retirement stage, leading to increasing concerns about the impact of resource recycling and
environmental sustainability. Some countries have successfully applied reward–penalty and deposit–
refund mechanisms in similar fields, such as lead-acid and waste portable batteries. However,
whether these mechanisms are conducive to collecting waste EV batteries is unclear. This study aims
to comprehensively analyze the influence of reward–penalty and deposit–refund mechanisms in EV
battery collection by developing a Stackelberg game theoretical model. In the model, the recycling
enterprise is the leader and the EV manufacturer is the follower. Furthermore, the total social welfare
is used as the indicator to select the optimal incentive mechanisms. The results show that (1) both
mechanisms could improve collection rates and recycling enterprises’ profits, though the collection
rate is lower under the reward–penalty mechanism than the deposit–refund mechanism unless the
reward/penalty coefficient takes a very high value. (2) Regardless of government focus on increasing
the sales volume of new EV batteries, collection rates, or social welfare, the boundary conditions of
the choice of the two mechanisms are obtained. Additionally, the boundary conditions are related
to the trade-in discount and refund coefficient. (3) Under the deposit–refund mechanism, even if
the refund coefficient is less than 1, the mechanism may still lead to a higher collection rate than the
reward–penalty mechanism.

Keywords: EV battery recycling; reward–penalty mechanism; deposit–refund mechanism; trade-in
strategy; game theory

1. Introduction

The use of electric vehicles (EVs) is not only an effective solution to the resource
crisis and environmental pollution but also a requirement to meet fuel economy and
emission standards [1]. It has become the most attractive alternative tool for the sustainable
development of the transportation industry in the world [2–4]. EV batteries are among the
essential core components of EVs, so the high demand for EVs is accompanied by a high
demand for EV batteries [5].

Usually, when the capacity of EV batteries decreases to 70–80% of their original level,
they can no longer meet the performance requirements of EVs [5,6]. However, EV batteries
have a high value even after retirement. It is vital to alleviate the shortage of resources
and realize green cycling if they can be effectively recycled. On 29 October 2020, the
international environmental organization Greenpeace and China Environmental Protection
Federation together proposed that passenger EV lithium-ion batteries will face a massive
retirement of a total of 463 GWh by 2030 globally. The total value will reach RMB 100 billion,
about 25 times more than in 2019 [7]. However, due to the imperfections in the current
recycling and governmental regulatory systems, many EV batteries are in informal recycling
channels. The formal recycling volume is less than 20% [8].
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To promote collection of retired EV batteries, various countries have developed rele-
vant recycling mechanisms. The reward–penalty and deposit–refund mechanisms have
been widely used. As early as 2006, the European Union adopted Directive 2006/66/EC,
which requires adoption of a reward–penalty mechanism for the recycling of portable
batteries and mandates a minimum collection rate. The approach has received positive
feedback from the market [9]. In addition, Germany uses a fund-and-deposit mechanism
and mandates lead-acid batteries manufacturers to implement the “sell one, collect one”
method in the sales and collection process. Consumers buy lead-acid batteries and return
the old at the same time (otherwise, they need to pay a deposit). The mechanism makes the
collection rate of lead-acid batteries close to 100%.

The American International Battery Association has also developed a deposit–refund
mechanism. The mechanism requires consumers to pay a recycling deposit when purchas-
ing a lead-acid battery. This forces consumers to hand over their end-of-life batteries to
designated recycling points for recycling, which has enabled the collection rate of lead-acid
batteries to reach 97% [10]. Norway and Sweden have a deposit–refund mechanism for
complete retired vehicles. Through this mechanism, the collection rate of used cars in
Sweden can reach between 90% and 99% and Norway can reach over 60%.

China has also been developing relevant collecting mechanisms for EV batteries in
recent years. For example, Shenzhen, China, also proposes to adopt a deposit–refund
mechanism to recycle EV batteries. The government provides a certain amount of EV
battery recycling funds to retailers in advance, and offers subsidies based on the EV
battery recycling situation [11–13]. Additionally, the National People’s Congress deputy
suggested developing a reward–penalty mechanism according to the number or capacity
of EV batteries. However, the currently proposed policy mechanisms remain at the level
of guidance and recommendations. They do not form an effective binding force on the
recycling market. Therefore, the collecting situation of waste EV batteries is still not
optimistic.

To explore the above situations, we propose the following core research questions:
(1) Are the reward–penalty and deposit–refund mechanisms effective for collection of waste
EV batteries? (2) In different situations, which mechanisms should the government adopt
to better facilitate the EV battery collection rate as well as social welfare?

The remainder of the paper is structured as follows. Section 2 presents a comprehen-
sive literature review. Section 3 establishes and describes a game model on a closed-loop
supply chain and Section 4 calculates the equilibrium results of the game model under the
two mechanisms. Section 5 compares the equilibrium results from different perspectives
and Section 6 details a numerical study. Finally, the main contents of this study and future
research directions are summarized in Section 7.

2. Literature Review
2.1. EV Battery Recycling

Research on EV battery recycling has focused primarily on recycling technology, re-
cycling network optimization design, economic benefits, and the environmental impact
of recycling. Regarding recycling technology, Li and Zhao [14] proposed a closed-loop
supply chain network model applicable to lithium-ion battery remanufacturing and an-
alyzed the impact of remanufacturing technology and battery parameters on the supply
chain. Harper et al. [15] assessed the current methods of recycling lithium batteries. They
found that it is necessary to develop more efficient recycling technologies to improve the
environmental and economic viability of recycling.

Ciez and Whitacre [16] compared the carbon emissions of three recycling technologies
(thermal, wet, and anode recycling). They found that anode recycling has the potential
to reduce emissions. Beaudet et al. [17] proposed that increased innovation and financial
support are essential tools that can create a favorable economic and regulatory environment
for the EV battery recycling market.
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In terms of recycling network optimization design, Kannan et al. [18] developed a
multi-level, multi-cycle closed-loop supply chain model based on waste lead-acid battery
recycling. They analyzed the production, distribution, disposal, and recycling levels of
different facilities. Wang et al. [19] considered an EV battery recycling network model based
on carbon emission constraints for handling different quality levels at different disposal
centers. They concluded that transportation cost, carbon tax, and the number of used
batteries are the three main factors affecting the optimization of the recycling network.

In terms of economic benefits and environmental impact, Li et al. [20] developed
a two-channel recycling game model. They concluded that improving environmental
benefits under government governance mechanisms depends on subsidies and consumers’
preferences for channels. Gu et al. [21] studied the optimal pricing strategy for the closed-
loop supply chain of EV batteries. They found that the recycling of used EV batteries
is detrimental to the profits of EV battery manufacturers. Qiao et al. [22] discussed the
economic and environmental benefits of EV recycling in China. They suggested that the
recycling of battery materials will become even more valuable as the EV market grows by
leaps and bounds.

2.2. Closed-Loop Supply Chain Incentives

The government has played an essential role in forming and operating closed-loop
supply chains [23]. Therefore, it is essential to introduce government incentives in closed-
loop supply chains [24]. Regarding the research on the incentive mechanism of the closed-
loop supply chain, domestic and foreign scholars mainly focus on research subsidy, reward–
penalty, and deposit–refund mechanisms. Based on the existing studies, with the gradual
regulation and expansion of the recycling market, there are limitations to the contribution
of the subsidy mechanism. For example, when contrasted with a single subsidy mechanism,
a hybrid subsidy mechanism is more advantageous in promoting recycling. However, it
also brings higher costs [25]. The marginal effect of government subsidies is not significant
in the high quality of collected products [26]. Moreover, when there is a gap between the
subsidy cap and the optimal subsidy to maximize social welfare, a high subsidy does not
necessarily lead to greater social welfare [27].

In terms of the reward–penalty mechanism, Wang et al. [28] have found that it can moti-
vate companies to expand the production of environmentally friendly products and reduce
pollutant emissions. Zhang et al. [29] compared two biofuel companies. They concluded
that whether a company is subject to punitive regulation is a crucial determinant of its
waste collection rate. Li et al. [30] and Wang et al. [31] found that the government’s imple-
mentation of a reward–penalty mechanism is conducive to increasing the profits of e-waste
recycling enterprises and manufacturers. Tang et al. [12] concluded that the reward–penalty
mechanism is more appropriate for models with higher collection rates. They suggested
that the government must set a reasonable minimum collection rate. Song et al. [32] uses
the social analysis network method to analyze the industrial symbiosis in Gujiao, and
found that formulating more preferential policies is crucial.

In terms of the deposit–refund mechanism, the earliest dates back 35 years [33].
Bohm [34] first proposed that a deposit–refund mechanism could reduce pollution levels
and promote environmental protection. Subsequently, the deposit–refund mechanism
was widely used to collect packaging such as beverage containers, beer bottles, and used
tires [10]. Buffington [35] explored a voluntary deposit–refund mechanism and it proved to
be effective in reducing operating costs, increasing collection rates.

Gong et al. [36] explored a closed-loop supply chain of a manufacturer and an online
platform. They concluded that implementing a deposit–refund mechanism has advantages
for online platforms. Wang et al. [24] explored government implementation of deposit–
refund mechanisms for manufacturers and collection companies, respectively. They con-
cluded that collection rate and supply chain profits are higher with a deposit–refund
mechanism for collection companies.
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With the development of the deposit–refund mechanism, the research area began to
expand to include home appliances and e-waste. For example, Xie et al. [37] explored the
impact of a deposit–refund mechanism under dual-channel competition for e-waste. They
found that if the deposit–refund amount for consumers is high enough, e-waste can be fully
processed and recycled by formal recyclers. Linderhof et al. [33] explored implementing
a mandatory deposit–refund mechanism for appliance and battery recycling consumers.
They concluded that the deposit–refund mechanism could increase the collection rate for
both products. Wang et al. [13] comprehensively analyzed the influence of the deposit–
refund mechanism on household appliances and EVs.

2.3. Trade-In Strategy

The trade-in strategy is another essential theme related to this study. In the modern
manufacturing industry, the trade-in strategy is widely implemented by offering trade-
in discounts to encourage customers to return their old products. The approach has
become a standard business practice [38,39]. Research has revealed that the trade-in
strategy can increase willingness of consumers to pay for new products [40,41] and attract
consumers to repeat purchases [42–44]. In addition, some scholars have also analyzed
from the perspective of environmental benefits. For example, Miao et al. [43] compared
three trade-in strategies. When the marginal effect of the product on the environment is
more significant in the continued use phase, they found that the trade-in strategy could
promotes environmental benefits. Subsequently, Miao et al. [45] further analyzed the
pricing decisions and optimal trades for new and remanufactured products in the presence
of “carbon tax and cap-and-trade” regulations. Zhang and Zhang [38] investigated the
effects of consumers’ purchase behavior on the environment under the trade-in strategy.

The above literature plays a vital role in this study. Both reward–penalty and deposit–
refund mechanisms are studied by domestic and foreign scholars. However, most focus on
a single incentive mechanism. Additionally, few studies combine the trade-in strategy with
incentives and apply it to EV battery collection.

Based on the existing literature, this study innovatively compares the effects of the
reward–penalty and deposit–refund mechanisms on the sale quantity of EV batteries, the
collection rate of waste EV batteries, the economic benefits, and social welfare. In addition,
we also explore the impact of the trade-in strategy implemented by the EV manufacturer
for consumers on the optimal decision.

3. Stackelberg Game Model

Local governments, such as China, are promoting the implementation of extended
producer responsibility (EPR) policies among EV manufacturers and raising attention to
the residual value of waste EV batteries (e.g., cobalt, nickel). Closed-loop supply chains for
used EV batteries are becoming more common. In this supply chain, EV manufacturers
purchase EV batteries from battery manufacturers and then assemble them in EVs for sale
to consumers in the market. At the end of the EV battery lifecycle, consumers go to the
repair points of EV manufacturers to replace the batteries. The EV manufacturers collect
the replaced waste batteries and sell them to the corresponding recycling enterprises. These
enterprises carry out the process of discharging, dismantling, separating, and extracting
to recycle the waste batteries. The extracted regenerated materials are sold to the battery
manufacturers to enter the battery production process as alternative materials. Here, the
EV manufacturers play a key role in the recycling of used batteries, and the recycling
strategy they adopt (e.g., recycling promotion, trade-in discount strength) directly affects
the collection amount of waste batteries. Therefore, in this model, we focus on an EV
manufacturer, the nearest node in the supply chain to consumers, and the responsible party
that local governments focus on in the EPR policies. We also analyze the decision of a
recycling enterprise to reflect the impact of the residual value of waste EV batteries on the
EV manufacturer’s collection decision. The closed-loop supply chain process is shown in
Figure 1.
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Figure 1. The framework of the recycling process.

In our model, the EV manufacturer purchases new EV batteries at cost c1 per unit
(including purchase price and transportation costs, etc.) and sells them in the EV market
at price pn per unit. Here, as a new EV with an EV battery, the market capacity of the EV
battery is similar to that of the new EV [12]. In replacing the battery, consumers are also
price-sensitive, so we use the inverse demand function to express the demand for new
EV batteries [46], i.e., D(p) = a− pn where a is the potential market demand for the new
EV batteries

Similar to the previous literature [13,47,48], the EV manufacturer attempts to offer
a trade-in strategy with effort cost bτ2 to encourage consumers to return the waste EV
batteries where b is the effort cost coefficient. In this situation, the consumers could receive a
trade-in discount β for purchasing a new EV battery if they return the retired one. After that,
the EV manufacturer will transfer the waste batteries collected to the recycling enterprise at
a price of pr per unit, and then the latter discharges, disassembles, separates, and extracts
for recycling. The recycling cost is c2 per unit, and the residual value of the waste EV
batteries is f per unit. The notations are summarized in Table 1.

Table 1. The notations.

Symbols Description

pn The selling price per unit for the new EV batteries
pr The recycling price per unit for the waste EV batteries
a Potential market demand of the new EV batteries
f The residual value per unit for the waste EV batteries
b The EV manufacturer’s effort cost coefficient for trade-in strategy
c1 The purchasing cost per unit for the new EV batteries
c2 The recycling cost per unit for the waste EV batteries
q The sale quantity of the new EV batteries
Q Potential volume of the waste EV batteries
τ0 The collection rate baseline set by the government (τ0 > 0)
τ The actual collection rate of the EV manufacturer
β The trade-in discount set by the EV manufacturer (0 < β < 1)
s The reward/penalty coefficient with the reward–penalty mechanism (s > 0)

t The deposit amount per unit for the new EV batteries with
deposit–refund mechanism (t > 0)

k The refund coefficient with the deposit–refund mechanism (k > 0)
eb The environmental benefits of recycling a waste EV battery
ep The environmental damage caused by a waste EV battery that is not recycled

∏R
m The profit of the EV manufacturer with the reward–penalty mechanism

∏R
r The profit of the recycling enterprise with the reward–penalty mechanism

∏R
gov Government’s concern for social welfare with the reward–penalty mechanism



Energies 2022, 15, 6885 6 of 18

Table 1. Cont.

Symbols Description

∏D
m The profit of the EV manufacturer with the deposit–refund mechanism

∏D
r The profit of the recycling enterprise with the deposit–refund mechanism

∏D
gov Government’s concern for social welfare with the deposit–refund mechanism

To better focus the research questions in this paper, we make the following assump-
tions about the model. First, both the EV manufacturer and the recycling enterprise are
completely rational and risk-neutral, and the information in the market is perfectly infor-
mative [12]. Both the EV manufacturer and the recycling enterprise aim to maximize their
own benefits. Although the batteries of different EV types differ in capacity, shape, and
size, we study only one type of battery to avoid complexity in the model [4,11,12,21]. This
is also in line with the trend of unified production standards for EV batteries in the future.
Considering that the secondary use of batteries is very difficult and is not widely practiced
in the current market, this model focuses on the recycling of batteries, i.e., all collected
EV batteries go through the process of being discharged, dismantled, and extracted from
recycled materials. Finally, c2 < f must be satisfied; otherwise, the recycling enterprise has
no desire to recycle. Similarly, pr < pn is assumed to indicate that the EV manufacturer is
willing to collect the waste batteries.

In addition, the government attempts to offer proper incentives (either reward–penalty
or deposit–refund mechanisms) to motivate the EV manufacturer to improve the waste
batteries’ collection volume as much as possible. With the reward–penalty mechanism,
the primary method for the government is to set a collection rate baseline for the EV
manufacturer (i.e., τ0) and a reward/penalty coefficient (i.e., s). If the EV manufacturer’s
collection rate exceeds the baseline (i.e., τ > τ0), the government gives a corresponding
reward for the excess, and the reward is s·(τ − τ0)·Q; however, if the EV manufacturer’s
collection is less than the baseline (i.e., τ < τ0), the government penalty for the unmet
portion is s·(τ0 − τ)·Q. In this situation, the profits of the EV manufacturer and the recycling
enterprise are

R

∏
m

= (pn − c1)·(a− pn) + ((1− β)·pn − c1 + pr)·τQ + s·(τ − τ0)·Q− bτ2 (1)

and
R

∏
r

= ( f − p− c2)·τQ (2)

Moreover, the government’s concern for social welfare mainly consists of the eco-
nomic benefits and environmental impacts (environmental benefits and environmental
damage) [4,49,50]. Social welfare, then, is

R

∏
gov

=
R

∏
m

+
R

∏
r
+eb·τQ− ep·(1− τ)·Q− s·(τ − τ0)·Q (3)

Further, with the deposit–refund mechanism, the government collects a certain deposit
from the EV manufacturer when it sells the new EV (for one unit sold, the deposit is t), and
promises to refund the corresponding amount when the EV manufacture collects some
waste batteries at the end of the battery’s lifecycle (i.e., for one unit collected, kt is returned).
Then, the EV manufacturer’s profit, the recycling enterprise’s profit, and social welfare
are, respectively,

D

∏
m

= (pn − c1 − t)·(a− pn) + ((1− β)·pn − c1 + pr + kt)·τQ− bτ2, (4)
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D

∏
r

= ( f − pr − c2)·τQ, (5)

and
D

∏
gov

=
D

∏
m

+
D

∏
r
+eb· τ Q− ep·(1− τ)·Q + t·(a− pn)− ktτQ. (6)

Based on any of the mechanisms, the recycling enterprise makes decisions first, and
its decision problem is to determine the optimal collection price per unit for the waste EV
batteries (i.e., pr) to maximize its own profit. Then, the EV manufacturer decides on the
optimal selling price of the new EV batteries (i.e., pn) and collection rate of the waste EV bat-
teries (i.e., τ) to maximize its own profit. Finally, the government will determine the better
incentive mechanism by comparing the social benefits under the different mechanisms.

4. Equilibrium Analysis
4.1. Reward–Penalty Mechanism

With the reward–penalty mechanism, according to Equations (1) and (2), we use the
inverse derivation method to find the equilibrium solution of the Stackelberg game between
the EV manufacturer and the recycling enterprise, as shown in Proposition 1. The proofs of
all propositions in this paper can be found in the Supplementary Materials.

Proposition 1. Based on 4b − Q2·(1− β)2 > 0, the equilibrium solution under the reward—
penalty mechanism is

(
pR

n , τR, pR
r
)

where the EV manufacturer’s price is

pR
n =

1
4
·
(

2·(a + c1) + Q2·(1− β)· ψ + 2s

4b− (1− β)2·Q2

)
, (7)

the actual collection rate is

τR =
(ψ + 2s)·Q

2· (4b− (1− β)2·Q2 )
, (8)

and the recycling enterprise’s recycling price is

pR
r =

1
4
·(ψ + 2(1 + β)·c1 − 2a·(1− β)− 2s). (9)

Here,
ψ = 2·( f − c2 ) + (1− β)·a− (1 + β)·c1.

According to the equilibrium solution under the reward–penalty mechanism, we
discuss the effect of the reward/penalty coefficient as follows.

Proposition 2. Under the reward—penalty mechanism, based on 4b−Q2·(1− β)2 > 0, we have
∂pR

n
∂s > 0, ∂τR

∂s > 0, and ∂pR
r

∂s < 0.

Proposition 2 shows that, as the reward/penalty coefficient increases, the collection
rate increases, which means that the EV manufacturer will actively collect the waste EV
batteries to increase the government’s rewards or reduce the penalty. Considering that a
higher collection rate means a higher collection cost, the EV manufacturer must raise the
selling price to balance the cost caused by improving the collection rate. Moreover, as the
collection rate increases, the number of waste batteries the EV manufacturer collected also
increases. In this situation, the recycling enterprise may lower the recycled price to reduce
the procurement costs.
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Moreover, by substituting pR
n , τR, and pR

r into Equations (1)–(3), the profits of the
EV manufacturer and the recycling enterprise under the reward–penalty mechanism are
obtained, i.e.,

R

∏
m

∗

=
1
4
· (a− c1)

2 − sτ0Q +
(ψ + 2s )2·Q2

16·(4b− (1− β )2·Q2 )
(10)

R

∏
r

∗

=
Q2·(ψ + 2s)2

8· (4b− (1− β )2·Q2 )
(11)

With Equations (10) and (11) in hand, the social welfare under the reward–penalty
mechanism is

R

∏
gov

∗

=
1

16
·(4·(a− c1)

2 − 16 epQ +
8Q2·

(
eb + ep − s

)
·(2s + ψ) + 3Q2·(2s + ψ)2

4b− (1− β)2·Q2
). (12)

Another important theory in this article is the trade-in strategy, which directly affects
the collection enthusiasm of the EV manufacturer. Therefore, the trade-in discount is
selected as a parameter to explore the effect of the two different mechanisms. Based on
Proposition 1 and Equations (10)–(12), the effect of the trade-in discount set by the EV
manufacturer is discussed, as shown in Proposition 3.

Proposition 3. Under the reward–penalty mechanism, based on 4b−Q2·(1− β)2 > 0, we have
∂τR

∂β < 0 and ∂pR
r

∂β > 0. Moreover, if 0 < β < min{1, Γ1, Γ2}, we have ∂pR
n

∂β < 0, ∂∏R
m
∗

∂β < 0, and

∂∏R
r
∗

∂β < 0 where Γ1 = 1 + 2· f+s−c1−c2
a+c1

and Γ2 = 1 + 2· b·(a+c1)+
√

b2·(a+c1)
2−bQ2·( f+s−c1−c2)

2

Q2·( f+s−c1−c2)
.

Proposition 3 shows that, under the reward–penalty mechanism, as the trade-in
discount increases, the collection rate decreases, and the recycling price increases. This
suggests that the adoption of the trade-in strategy reduces the marginal profit of the EV
manufacturer in selling new EV batteries. Leading to a lack of enthusiasm to collect the
waste batteries. In this situation, the recycling enterprise must increase the recycling price
to promote the incentive of the EV manufacturer and then increase the collection quantity.

In addition, an interesting phenomenon is that, in a special area, the selling price
of new batteries decreases with the increase in the trade-in discount, which results in a
reduction in profits for the EV manufacturer and, in turn, for the recycling enterprise. This
means that increasing the trade-in discount is likely to result in a loss of profits for both the
EV manufacturer and the recycling enterprise.

4.2. Deposit–Refund Mechanism

Similar to the situation with the reward–penalty mechanism, according to Equations
(4) and (5), the Stackelberg equilibrium with the deposit–refund mechanism is solved, as
shown in Proposition 4.

Proposition 4. With the deposit–refund mechanism, the Stackelberg equilibrium is
(

pD
n , τD, pD

r
)

where the EV manufacturer’s price is

pD
n =

1
4
·
(

2·(a + c1 + t) + Q2·(1− β)·ψ + (1− β + 2k)·t
4b− (1− β)2·Q2

)
, (13)

the actual collection rate is

τD =
Q
2
·ψ + (1− β + 2k)·t

4b− (1− β)2·Q2
, (14)
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and the recycling enterprise’s recycling price is

pD
r =

1
4
·(ψ + 2(1 + β)·c1 − 2a·(1− β)− (1− β + 2k)·t). (15)

Moreover, substituting pD
n , τD, and pD

r into Equations (4)–(6), we could solve the
profits of the EV manufacturer and recycling enterprise, which are

D

∏
m

∗

=
1
4
·(a− c1)

2 +
1
4
·t·(t− 2·(a− c1)) +

Q2·(ψ + (1− β + 2k)·t)2

16· (4b− (1− β )2·Q2 )
(16)

and
D

∏
r

∗

=
Q2·(ψ + (1− β + 2k)·t)2

8·
(

4b− (1− β)2·Q2
) . (17)

Then, based on Equations (16) and (17), the social welfare with the reward–penalty
mechanism is

D

∏
gov

∗

=
1

16
·
(

4·(a− c1)
2 − 16 epQ− 4t2 +

Q2·(t + 2kt− tβ + ψ)·
(
8·
(
eb + ep

)
+ 3ψ− (1− β + 2k)·t

)
4b− (1− β)2·Q2

)
(18)

Based on Proposition 4, with the deposit–refund mechanism, the effect of the deposit
amount per unit for the new EV batteries is discussed, as shown in Proposition 5.

Proposition 5. Under the deposit–refund mechanism, based on 4b − Q2·(1− β)2 > 0, we

have ∂pD
n

∂t > 0, ∂τD

∂t > 0, and ∂pD
r

∂t < 0.

Proposition 5 illustrates that, under the deposit–refund mechanism, as the deposit
amount increases, the EV manufacturer increases the selling price of the new batteries
to offset the deposit collected by the government; at the same time, the manufacturer
also actively collects the waste batteries to improve the collection rate to get the refund
from the government. Moreover, as the collection rate increases, the number of waste
batteries collected by the EV manufacturer increases, and then the recycling enterprise
must reduce the recycling price accordingly to reduce the procurement cost, as occurs
under the reward–penalty mechanism.

Proposition 6. Under the deposit–refund mechanism, based on 4b− Q2·(1− β)2 > 0, we have
∂τD

∂β < 0 and ∂pD
r

∂β > 0, and, if 0 < β < min{1, Γ3, Γ4}, we have ∂pD
n

∂β < 0, ∂∏D
m
∗

∂β < 0, and ∂∏D
r
∗

∂β <

0 where Γ3 = 1 + 2· f+k·t−c1−c2
a+t+c1

and Γ4 = 1 + 2· b·(a+c1+t)+
√

b2·(a+c1+t)2−bQ2·( f+k·t−c1−c2)
2

Q2·( f+k·t−c1−c2)
.

The results of Proposition 6 are similar to Proposition 3. Both indicate that an increase
in the trade-in discount reduces the collection rate of the waste EV batteries and, in the
special area, also hurts the profits of both the EV manufacturer and the recycling enterprise.

5. Comparisons and Analysis

In this section, the equilibrium results under the two mechanisms are compared from
three perspectives: the sales market for the new batteries, the collection and recycling of
waste batteries, and social welfare from the government’s perspective.

5.1. Sales of the New Batteries

As the environmental benefits of driving EVs are increasingly apparent, some coun-
tries, such as China and Germany, are beginning to focus on the EVs’ environmental benefits
over their lifecycle. Consumers are encouraged to replace the battery such as using trade-in
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strategies to extend the lifecycle of their own EVs when the original battery capacity cannot
meet the travel demand. In other words, from an environmental perspective, it is important
to promote the sale of new EV batteries instead of just scrapping the whole EV. Therefore,
we must answer the question, “Which mechanisms of reward–penalty or deposit–refund
will lead to more new battery sales?”

According to Propositions 1 and 4, the EV manufacturer’s sale quantity is qR = a
− pR

n + τRQ under the reward–penalty mechanism and is qD = a− pD
n + τDQ under the

deposit–refund mechanism. By simplifying, we have

qR = a− 1
2
·(a + c1) +

1 + β

4
· ψ + 2s

4b− (1− β)2·Q2
·Q2, (19)

and

qD = a− 1
2
·(a + c1 + t) +

1 + β

4
·ψ + (1− β + 2k)·t

4b− (1− β)2·Q2
·Q2. (20)

Based on Equations (19) and (20), we compare the new EV batteries’ sale quantities
under the two mechanisms, and the results are dependent on the reward/penalty coefficient
(s) and the deposit amount (t), as shown in Proposition 7.

Proposition 7. Based on 4b−Q2·(1− β)2 > 0, if 0 < s < χ1·t, we have qR < qD; if s = χ1·t,
we have qR = qD; and if s > χ1·t, we have qR > qD. Here, χ1 = k +

Q2·(3−4β+β2)−8b
2Q2(1+β)

, and χ1

increases with k.

If the reward/penalty coefficient is small and the deposit amount is high such that
s < χ1·t, the implementation of the deposit–refund mechanism could lead to a higher
sales volume of the new batteries; otherwise, the implementation of the reward–penalty
mechanism can lead to higher sales volume. Here, the value of the boundary χ1 is critical,
and it increases with the refund coefficient (k) in the deposit–refund mechanism. Therefore,
if the government wants to improve the sales volume of the new EV batteries, it could
choose a suitable incentive mechanism by regulating the values of the reward/penalty
coefficient (s), the deposit amount (t), and the refund coefficient (k).

5.2. Collection and Recycling of Waste Batteries

With the widespread use of EVs, the number of waste EV batteries has increased
dramatically. EV batteries contain nickel, cobalt, lithium, and other heavy metal elements
while the electrolyte itself or its conversion products contain some harmful substances. If
the replaced waste EV batteries are not formally or properly collected and recycled, then, it
will lead to serious environmental pollution and waste of resources. Therefore, we now
focus on the recycling market and analyze which incentive mechanism can lead to a higher
collection volume and could raise recycling enterprises’ profits.

Proposition 8. Based on 4b− Q2·(1− β)2 > 0, if 0 < s < χ2·t, we have τR < τD, pR
r > pD

r ,
and ∏R

r
∗
< ∏D

r
∗
; if s = χ2·t, we have τR = τD, pR

r = pD
r , and ∏R

r
∗
= ∏D

r
∗
; and if s > χ2·t,

we have τR > τD, pR
r < pD

r , and ∏R
r
∗
> ∏D

r
∗
. Here, χ2 = k + 1−β

2 .

Based on 4b− Q2·(1− β)2 > 0, we have χ1 − χ2 = Q2·(1−β)2−4b
Q2(1+β)

< 0, then χ1 < χ2.
Therefore, the results of Propositions 7 and 8 are integrated in Table 2. Figure 2 is drawn
based on Table 2, specifying three regions (i.e., SD1, SD2, and SD3) to visually represent the
results of our comparisons.
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Table 2. Comparison of variables.

Variable Range 0 < s < χ1·t χ1·t < s < χ2·t s > χ2·t

q qR < qD qR > qD qR > qD

τ τR < τD τR < τD τR > τD

pr pR
r > pD

r pR
r > pD

r pR
r < pD

r
∏r ∏R

r < ∏D
r ∏R

r < ∏D
r ∏R

r > ∏D
r

Note: χ1 = k +
Q2 ·(3−4β+β2)−8b

2Q2(1+β)
and χ2 = k + 1−β

2 .
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According to Table 2 and Figure 2, in the region SD1 (0 < s < χ1·t), the collection
rate and the recycling enterprise’s profit under the reward–penalty mechanism are lower
than those under the deposit–refund mechanism. In the region SD2 (χ1·t < s < χ2·t), the
collection rate and the recycling enterprise’s profit with the reward–penalty mechanism
are lower than those under the deposit–refund mechanism; the collection price with the
reward–penalty mechanism is greater than that under the deposit–refund mechanism. In
the region SD3 (s > χ2·t), the collection rate and the recycling enterprise’s profit are greater
under the reward–penalty mechanism than under the deposit–refund mechanism; the
recycling price is lower under the reward–penalty mechanism than under the deposit–
refund mechanism. Here, the boundary coefficients χ1 and χ2 decrease with the trade-in
discount and increase with the refund coefficient (k).

Next, to clearly compare the two mechanisms, a special case is discussed here, i.e., the
reward/penalty coefficient under the reward–penalty mechanism is equal to the deposit
amount under the deposit–refund mechanism. The scenario could be found in Shanghai
and Shenzhen, China. The government of Shanghai gives a subsidy/reward of RMB 1000
(the unit of money involved in this research is RMB, RMB 1 = USD 0.1449) for each set of
waste EV batteries collected [51]; the government of Shenzhen adopts the deposit–refund
mechanism for selling new EVs at a rate of 20 RMB/kWh for EV battery recycling and
disposal funds [52]. Since the capacity of an EV battery is about 15 to 60 kWh [53], and
we refer to [12], the amount of deposit in Shenzhen is close to the amount of subsidy
in Shanghai. Given this situation, we discuss the collection rate of the waste batteries
as follows.

Proposition 9. Based on 4b−Q2·(1− β)2 > 0 and s = t, if 0 < k < 1+β
2 , we have τR > τD; if

k = 1+β
2 , we have τR = τD; and if k > 1+β

2 , we have τR < τD.

Proposition 9 illustrates that, when the government sets the reward/penalty coefficient
under the reward–penalty mechanism equal to the deposit amount under the deposit–
refund mechanism, the result of comparing the collection rate of the waste EV batteries
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under the two mechanisms depends entirely on the refund coefficient and the trade-in
discount, as shown in Figure 3. In the actual cases, the trade-in discount is very small and
does not change considerably. Therefore, the main factor affecting the collection rate here is
the refund coefficient. The refund coefficient directly affects the deposit–refund amount
received by the government. Therefore, under the deposit–refund mechanism, with the
increase in the refund coefficient, the collection rate gradually increases. If the refund
coefficient is little such that k < 1+β

2 , it means that the deposit-refund amount is small.
At this time, the EV manufacturer’s collecting enthusiasm is not as high as that under
the reward–penalty mechanism. Therefore, the collection rate under the reward–penalty
mechanism is higher than that under the deposit–refund mechanism. However, as the
refund coefficient gradually increases, when it exceeds a critical point, the collection rate
under the deposit–refund mechanism begins to exceed that under the reward–penalty
mechanism. Even if the refund coefficient is less than 1, as long as k > 1+β

2 is satisfied,
the deposit–refund mechanism is more effective than the reward–penalty mechanism
at collecting as many waste batteries as possible. This conclusion is similar to the plan
proposed by Shenzhen, China (“Shenzhen 2018 Financial Support Policy for the Promotion
and Application of New Energy Vehicles”): a special provision for EV battery recycling
and disposal funds should be made at the standard of 20 RMB/kWh. For those who have
accrued funds for the collection and disposal of waste EV batteries as required, 50% of the
accrued amount will be subsidized [51].
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This conclusion shows that the government’s mechanism of charging deposits in
advance can stimulate the EV manufacturers more to collect waste EV batteries. This
provides an idea for the government in terms of determining the refund coefficient.

5.3. Social Welfare

Compared with collection amount, collection rate, and the recycling enterprise’s profit,
social welfare embodies a broader perspective. It is selected as a comparative indicator to fur-
ther explore the effect of the two different mechanisms. According to Equations (12) and (18),
Proposition 10 is obtained as follows.

Proposition 10. Based on 4b− Q2·(1− β)2 > 0, if 0 < t < t1 or t > t2, we have ∏R
gov
∗
>

∏D
gov
∗
; if t1 < t < t2, we have ∏R

gov
∗
< ∏D

gov
∗
. Here,
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t1 =
Q2·A·(1+2k−β)−

√
Q4·A·(1+2k−β)2−4·L2·Q2·s·(A−s)

L2 ,

t2 =
Q2·A·(1+2k−β)+

√
Q4·A·(1+2k−β)2−4·L2·Q2·s·(A−s)

L2 ,
A = 4ep + 4eb + ψ,

and
L = 16b + Q2 (4k·(1− β + k)− 3(1− β)2 ).

Proposition 10 illustrates that if the deposit amount is set to be either too high or
too low, social welfare is greater under the reward–penalty mechanism than under the
deposit–refund mechanism; if the deposit amount is set to be a moderate value within the
interval [t1, t2], the reverse is true.

6. Numerical Study

In this section, we further analyze the effects of the reward coefficient, the deposit
amount, and the refund coefficient on the collection rate of waste batteries, the profits
of manufacturers and recycling enterprises, and the social welfare with the help of some
special values taken.

6.1. Data Collection

According to some related literature, the relevant data on EV battery recycling are
collected and are shown in Table 3. Here, the Beijing New Energy Vehicle (BJEV) is taken as
an example. Public data show that the market sales of the BJEV in 2021 reached 2.61× 104.
To simplify the calculation, we uniformly adjust the data unit to 10,000 (as below). The
potential market size of the new EV batteries is 2.61, i.e., a = 2.61.

Table 3. Summary of parameter values.

Parameter a f Q τ0 c1 c2 β k s t

Value 2.61 2.9 6.75 20% 7.2 0.034 0.08 0.5 [0, 2.5] [0, 2.5]

According to the Annual Production and Sales Snapshot of BJEV (2019–2021, three-
year average sales), we estimate that the potential volume of the waste EV batteries in
2021 is 6.75× 104, i.e., Q = 6.75. The production cost of the EV battery capacity is about
1.2–1.5 RMB/Wh [54], and the EV battery capacity is close to 60 kWh, as mentioned previ-
ously. We estimate, then, that the EV manufacturer’s purchasing cost for an EV battery is
7.2× 104, i.e., c1 = 7.2.

According to [55], the uniform residual value of the waste EV batteries is 2.9× 104,
i.e., f = 2.9. Referring to [4], the target collection rate set by the government is τ0 = 20%,
and the unit disposal cost of EV batteries is c2 = 0.034× 104, i.e., c2 = 0.034. Moreover, the
discount factor in the trade-in strategy is β = 0.08 [56], the EV manufacturer’s effort cost
coefficient for the trade-in strategy is b = 20, and the refund coefficient under the deposit–
refund mechanism is k = 0.5 [11]. According to [51,52], we restrict the reward/penalty
coefficient and the deposit amount to vary in the range of [0, 2.5].

Finally, the environmental benefit of recycling a waste EV battery is assumed to be
0.4, and the environmental damage caused by a waste EV battery that is not recycled is
assumed to be 0.6, i.e., eb = 0.4 and ep = 0.6.

6.2. Collection Rate Analyses

Now, based on the above data collection, we analyze the effects of reward/penalty
coefficient and the deposit amount on the collection rate of waste EV batteries, as shown
in Figure 4. The collection rate under both mechanisms increases with increasing re-
ward/penalty coefficient or deposit amount, suggesting that both mechanisms can improve



Energies 2022, 15, 6885 14 of 18

the waste EV battery collection rate by increasing the reward/penalty coefficient or the
deposit amount. This is consistent with the conclusion obtained from Propositions 2 and 5.
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Figure 4. The impact of reward/penalty coefficient or deposit amount on collection rate (The
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In addition, Figure 4 shows that, when k = 0.5, the slope of the collection rate with
increasing deposit amount under the deposit–refund mechanism (the dashed line in
Figure 4a) is lower than the slope of the collection rate with an increasing reward/penalty
coefficient under the reward–penalty mechanism (see the solid line in Figure 4a). However,
as the value of k increases, the former (see the dashed lines in Figure 4b,c) will be larger
than the latter (see the solid lines in Figure 4b,c). Therefore, the government could increase
the value of the refund coefficient (k) to promote the incentive of the EV manufacturer to
collect the waste EV batteries and thus improve the degree of impact of the deposit–refund
mechanism on the collection rate.

An interesting finding is that the deposit–refund mechanism leads to a higher collec-
tion rate than the reward–penalty mechanism even if the refund coefficient is less than 1
(i.e., when k = 0.8, see Figure 4b). This is also consistent with the analysis of Proposition 9.

6.3. Profit Analyses for the EV Manufacturer and the Recycling Enterprise

The effect of the reward/penalty coefficient and the deposit amount on the profits of
the EV manufacturer and the recycling enterprise is shown in Figure 5. First, under the
reward–penalty mechanism, according to Figure 5a, the EV manufacturer’s collection rate
is less than the baseline set by the government when k = 0.5. If the government sets a high
collection rate baseline so that the EV manufacture cannot meet it, the EV manufacturer is
penalized, and the manufacturer’s profit decreases with the reward/penalty coefficient (see
the solid line in Figure 5a). This also shows that if the government has already established
a high collection rate target, it is not recommended that it goes further to increase the
reward/penalty coefficient.

On the other hand, if the government is setting up the deposit–refund mechanism,
the profit of the EV manufacturer rises rapidly as the deposit amount increases (see the
dashed line in Figure 5a). The EV manufacturer collects the waste EV batteries and receives
refunds. The more the deposit amount increases, the more often the deposit is returned,
and the greater the profit gained by the manufacturer.

Moreover, the recycling enterprise’s profit increases under the two mechanisms with
the increase in the reward/penalty coefficient or the deposit amount. This results from the
dependence of the recycling enterprise’s profit on the collection rate; the latter increases
with the reward/penalty coefficient and the deposit amount.
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Figure 5. The effect of reward/penalty coefficient or deposit amount on the profits of the EV
manufacturer and the recycling enterprise (The trends in manufacturer’s profit (a) and the recycling
enterprise’s profit (b) at k = 0.5).

6.4. Social Welfare Analyses

The effect of the reward/penalty coefficient and the deposit amount on social welfare is
shown in Figure 6. The y-axis represents the difference between the social welfare under the
reward–penalty mechanism and that under the deposit-refund mechanism (∏R

gov
∗−∏D

gov
∗
).

If the government wants to improve social welfare, the reward–penalty mechanism is better
than the deposit–refund mechanism only if the reward/penalty coefficient is small and
the deposit amount takes an intermediate value (e.g., s = 0.1 and 0.1 < t < 2.2). In
addition, as the reward/penalty coefficient increases (e.g., when s > 0.6), the reward–
penalty mechanism outperforms the deposit–refund mechanism regardless of the value of
the deposit amount.
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7. Conclusions

Based on the reward–penalty and deposit–refund mechanisms, this study compares
the equilibrium results of the two mechanisms by constructing a closed-loop supply chain
model consisting of an EV manufacturer and a recycling enterprise. The study aims
to provide a reference for governments who need to choose an appropriate incentive
mechanism for improving the collection of waste EV batteries.

The specific findings are as follows: (1) Both mechanisms could improve the collection
rate of the waste EV batteries, and the collection rate is lower under the reward–penalty
mechanism than under the deposit–refund mechanism unless the reward/penalty coeffi-
cient takes a very high value. (2) The deposit–refund mechanism could lead to a higher
sales volume of new EV batteries when the reward/penalty coefficient is small and the
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deposit amount is high so that the special condition is satisfied; otherwise, the reward–
penalty mechanism can lead to a higher sales volume. (3) In the recycling market, we obtain
clear comparative results between the two mechanisms for the collection rate, collection
price, and recycling enterprise’s profit, and the boundary values decrease with the trade-in
discount and increases with the refund coefficient. (4) We found that the expression for the
region where social welfare is greater under the reward–penalty mechanism than under
the deposit–refund mechanism; the numerical analysis illustrates that the region expands
with increased deposit amounts.

The research can be further extended in several directions to achieve broader insights.
First, the models are limited to a supply chain consisting of an EV manufacturer and
a recycling enterprise. Future research could extend this to closed-loop supply chains
consisting of multiple subjects. Second, in studying the government incentive mechanism,
we only focus the manufacturer’s adoption of the trade-in strategy for the collection of
waste EV batteries. The design of government incentives under multiple recycling methods
(e.g., recycling by third-party recycling enterprises) can be explored in the future.
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