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ABSTRACT Considering the effective utilization of power battery, the cascade utilization was introduced
power battery closed-loop supply chain, the system decision-making problem of the power battery dual
circulation closed-loop supply chain composed of a manufacturer, recycler and cascade utilization enterprise
was the research object. Under the scenario of government subsidizing cascade utilization enterprise and
manufacturer sharing the innovation cost of cascade utilization, this paper (1) constructs a differential game
model of the closed-loop supply chain dynamic system; (2) studies the equilibrium strategy of each game
participant under the dual mechanism of government subsidy and cost-sharing; (3) analyses the influence
of each parameter on the decision-making of main bodies by numerical simulation. The results show that
with the increase of government subsidies, the utility of cascade utilization efforts will increase, the cascade
utilization enterprise will reduce the sale price of cascade utilization products, the recycler will increase
the wholesale price of high energy density batteries, the manufacturer shares part of the innovation cost of
cascade utilization enterprise, which helps to reduce the burden of cascade utilization enterprise, and the
government subsidy and coordination mechanism of cost-sharing are conducive to improving the level of
cascade utilization.

INDEX TERMS Cascade utilization, closed-loop supply chain, government subsidy, cost-sharing, differen-
tial game.

I. INTRODUCTION
With the global warming and the decline of fossil resources,
the role of new energy in the field of production and life
has become increasingly prominent. The new energy vehi-
cle industry has become the fastest application scenario for
the development of new energy industry [1]. As the driving
force of new energy vehicles, the production and sales of
power batteries have increased rapidly [2]. At present, the
power battery of new energy vehicles in the market will soon
enter the first peak of retirement. From 2018 to 2020, the
total scrapped power battery in China will reach 25 GWh
(200000 tons). According to the prediction of China Automo-
tive Technology Research Centre, the annual waste of power
battery will reach 116 GWh (about 780000 tons) in 2025.
However, when the capacity of the power battery decays to
80% of the rated capacity, the power battery will no longer be
suitable for electric vehicles. The battery capacity of electric
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vehicles accounts for only 50% of the total service life of
the battery. Direct disassembly will cause 50% waste. Power
battery recycling has become a hot topic in the extension
of new energy vehicle industry, and cascade utilization of
power battery has become an important measure to improve
the level of resource utilization. Cascade utilization of power
battery is to technically treat the retired power battery, reor-
ganize it into cascade utilization products, and then apply it
to fields with low requirements for battery performance, such
as communication base station energy storage, peak shaving
and valley filling, microgrid power regulation, etc. [3]. It can
be seen that cascade utilization not only helps to improve the
use value of power battery in the whole life cycle, expand
the utilization level of resources and dilute the manufacturing
cost, but also helps to promote the application of new energy
vehicles and realize industrial closed loop. At the same time,
it can properly dispose of heavymetals and organic pollutants
in waste batteries and avoid environmental pollution [4], [5].
Therefore, how to make full and efficient cascade utiliza-
tion to improve the level of resource utilization and reduce
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environmental pollution has become an urgent problem to be
solved.

II. LITERATURE REVIEW
The continuous improvement of electric vehicle market share
and the issue of battery disposal after retirement are immi-
nent, the closed-loop supply chain of power batteries has
become a research hotspot at home and abroad. Gu et al.
established a three-cycle closed-loop supply chain model for
the recovery and reuse of power batteries for new energy
vehicles, and found that the environmental and economic
benefits of the supply chain can be effectively balanced [6].
Zhu et al. studied the impact of adverse selection and moral
hazard of recyclers on the closed-loop supply chain of power
batteries [7]. Xie et al. discussed the optimal strategy and
the effectiveness of sharing contract of each enterprise in the
three-level closed-loop supply chain for the twomodes of sin-
gle recycling and double recycling channels [8]. Zhang used
the method of mixed integer nonlinear programming to study
the dual-channel closed-loop supply chain [9]. Umangi et al.
considered the dominance of different manufacturers and dis-
cussed the impact of self-owned and cross-channel recycling
prices on demand, optimal pricing and recycling rates [10].
Ismail I. Almaraj et al. designed a multi-period and multi-
level closed-loop supply chain model to study incomplete
quality production under multiple uncertain factors [11]. Hao
put forward countermeasures such as positive and negative
combination, joint consultation and joint construction for the
development of power battery recycling and reverse logistics
under circular economy [12]. Xie et al. constructed a tripar-
tite game model with vehicle companies as the main body
of recycling responsibility, and studied the influence of the
behavioral strategies of different subjects on the assumption
of extended responsibility in the Pareto equilibrium [13].
Zhu et al. consider the value-at-risk design of joint contracts
to realize the Pareto improvement of the dual-channel supply
chain of risk-averse retailers [14]. Alamdar et al. studied a
fuzzy closed-loop supply chain composed of manufacturer,
retailer, and collector, established six game theory mod-
els, and compared different optimal solutions using game
and fuzzy theory. The results showed that the cooperation
between manufacturer and retailer is the optimal strategy of
the two companies [15].

Research on the impact of government policies on
closed-loop supply chain. Li Xin and others discussed the
recovery decision-making and coordination mechanism of
the three-level closed-loop supply chain of power battery
under the recovery rate policy with or without government
regulation [16]. Gu et al. studied the impact of government
subsidies and battery recycling on the optimal production
strategy of electric vehicles to avoid loss under uncertain
market demand [17]. Qiu et al. analyzed the impact of govern-
ment subsidies on the equilibrium strategies investment of all
parties in the recycling process of power battery closed-loop
supply chain based on evolutionary game [18]. Huang et al.
constructed the pricing model of new energy vehicles in the

two-way dual channel closed-loop supply chain, and ana-
lyzed the impact of government subsidies on the recovery
price, the cost and total profit of each subject in the supply
chain [19]. Considering cascade utilization enterprise and
consumers, Liu et al. focused on impact of reverse subsidies
and the scale effect of recyclers on the variables of supply
chain nodes and profit distribution [20]. Fan et al. empha-
sized the coordination and optimization of forward sales
and reverse recycling, and designed recycling reward and
punishment contracts and forward franchising and reverse
cost sharing contracts to coordinate the supply chain [21].
Based on the secondary reverse supply chain composed of
manufacturers and retailers, Heydari et al. analyzed the effect
of different incentive measures adopted by the government on
supply chain coordination. The analysis shows that when the
total profit of the supply chain is improved, it can effectively
encourage each member to participate in recycling, and the
way the government provides subsidies for manufacturers is
more effective [22].

The current research on the closed-loop supply chain of
power batteries considering the cascade utilization mainly
focuses on the economic analysis of cascade utilization, the
design of the recycling channel structure, the distribution
of benefits in the system, and the game of various sub-
jects. Among them, the optimization of supply chain struc-
ture, interest distribution and contract structure design have
become the current research hotspot. Based on the research
results of the existing closed-loop supply chain, from a
dynamic perspective, considering the dual mechanisms of
government subsidies and cost sharing and coordination, this
paper studies and analyzes the equilibrium decision-making
of power battery closed-loop supply chain enterprises intro-
ducing cascade utilization market. The contents are arranged
as follows: firstly, under the scenario of government subsidy
and cost sharing coordination, a closed-loop supply chain
architecture of power battery with cascade utilization market
is established, and a Stackelberg differential game model
of dynamic system is constructed; Secondly, using differen-
tial game theory and dynamic optimization technology, the
profit optimal value function and equilibrium strategy of each
game participant are obtained; Finally, the sensitivity of each
parameter is analyzed and verified from the perspective of
theory and simulation, and the influence of each parameter on
the equilibrium decision-making of the actors is determined.

III. PROBLEM DESCRIPTION AND
MODEL CONSTRUCTION
A. PROBLEM DESCRIPTION
Cascade utilization of power battery is to apply the retired
power battery to other fields with low requirements for
battery performance after professional and technical treat-
ment, which can avoid large-scale idling and abandonment
of resources, effectively improve resource utilization, effec-
tively improve resource utilization, dilute manufacturing
costs and improve economy while saving energy and
environmental protection. The double-cycle multi-stage
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FIGURE 1. Decision diagram of power battery cascade utilization.

closed-loop supply chain of power battery considering cas-
cade utilization is composed of manufacturers, electric
vehicle consumers, recyclers, cascade utilization enterprise,
cascade utilization consumers and the government. This
system is composed of two competitive cycles of pri-
mary cycle ‘‘Manufacturer-Electric vehicle consumer -Third-
party recycler’’ and secondary cycle ‘‘Manufacturer-Electric
vehicle consumer-Third-party recycler -Cascade utiliza-
tion enterprise-Government- Cascade utilization consumer’’.
In the secondary cycle, power battery cascade utilization
needs to achieve breakthroughs in technology, safety and cost
at the initial stage, in order to effectively and quickly pro-
mote the development of this field, the government provides
cascade utilization enterprise certain cost subsidies. At the
same time, manufacturers bear part of innovation costs of
cascade utilization in order to strengthen coordination and
cooperation among enterprises. The basic structure of power
battery closed-loop supply chain is shown in Figure 1.

In this system, due to the existence of EPR (Extended
Producer Responsibility), the manufacturer is in a leading
position in the whole market, and the behaviors of various
stakeholders are as follows:

(1) The manufacturer is responsible for producing new
power batteries and selling them in the electric vehicle market
at retail price pn(t). At the same time, as a remanufacturer,
all waste power batteries are recycled at a unified price f (t)
for product remanufacturing in both cycles, and manufacturer
bear part of the effort utility cost of cascade utilization enter-
prise to improve the cascade utilization level in the secondary
cycle.

(2) Recyclers recycle the retired power batteries in the
electric vehicle market at the recovery rate θ (t) and sort the
recovered retired batteries into two categories: high energy
density and low energy density. The waste batteries with
low energy density are recycled and remanufactured by the
manufacturer at a unified price f (t) in the primary cycle,
and the waste batteries with high energy density are sold to
cascade utilization enterprise at a wholesale price g(t) in the
secondary cycle.

(3) Cascade utilization enterprise process and reorganize
the purchased high-energy density batteries in the secondary
cycle, sell them to the cascade utilizationmarket at retail price
pt (t), and determine their effort level of cascade utilization
n(t) according to the market conditions. Cascade utilization
enterprise recycle all cascade utilized batteries and give them
to manufacturers for recycling and remanufacturing at a uni-
fied price f (t).

(4) The support of government subsidies can promote the
cascade utilization of waste batteries to be accepted by con-
sumers, and help to improve the recognition and profit margin
of cascade utilization of waste batteries. The government sub-
sidizes cascade utilization enterprise in the secondary cycle to
support and encourage the healthy development of cascade
utilization market and promote the steady improvement of
cascade utilization level.

B. PARAMETER DESCRIPTION AND MODEL ASSUMPTION
In order to clearly describe the problem, the symbols in
the model are defined and explained. Details are shown
in TABLE 1.
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TABLE 1. Model symbols and meanings.

According to the actual situation of power battery pro-
duction, recycling, cascade utilization and remanufacturing
process, and referring to the existing research, the following
assumptions are made:
Assumption 1: All actors participate in a dynamic game

with complete information, which is risk-neutral.
Assumption 2: The demand function for new power batter-

ies in the electric vehicle market [23] isD(pn(t)) = a−bpn(t),
and cr < cm < pn(t).
Assumption 3: The number of retired power batteries

recovered by the recycler is G(θ (t)) = θ (t) D (pn (t)), and
the fixed cost of recovery is Ir = 1/2(Aθ (t)2). Where A is
the difficulty coefficient of recovery [24].
Assumption 4: The demand function of the cascade utiliza-

tion market for high energy density waste batteries [25] is D
(pn (t), n(t)) = (k − lpt (t)) n(t), and g(t) < pt (t) < pn(t).
The cost of cascade utilization effort utility [26] is It =
1/2(om(t)2). The cascade utilization market is different from
the ordinary reuse market, and the demand of the cascade
utilization market does not affect the demand of the electric
vehicle market, cascade utilization enterprise is responsible
for recycling all the waste batteries after the cascade utiliza-
tion, and the unit recycling cost is c1.
Assumption 5: As an emerging market, the cascade uti-

lization market has low demand. The number of high-energy
density waste batteries recovered and sorted from the electric
vehicle market canmeet the demand of the cascade utilization
market.
Assumption 6: The battery manufacturer also acts as a

remanufacturer, recycling and remanufacturing all waste bat-
teries at a unified price f (t), and 0 < h(t) < f (t) < g(t),
f (t) < 1,1 = cm−cr . Remanufactured power batteries and
power batteries produced with new materials have the same
sales price and consumer preferences.

Assumption 7: The forward sales, reverse recycling,
cascade utilization and remanufacturing in the model
are completed in one cycle. That is, the model only
considers the power battery cycle process in a single
cycle.
Assumption 8: n(t) is the efforts made by cascade utiliza-

tion enterprise through technology research and development
and other means. However, due to factors such as large
investment, long profit cycle and the decline of consumers’
awareness of environmental protection, there is a natural
decline in the level of cascade utilization efforts [27]. The
cascade utilization effort level changes with time as dn(t) =
[αm(t)− δn(t)]dt .
Assumption 9: Manufacturer, recycler and cascade uti-

lization enterprise have the same discount factor at any
time ρ(ρ > 0).

C. BASIC RELATION EXPRESSION AND DIFFERENTIAL
GAME MODEL
Under the joint action of government subsidy and cost-
sharing mechanism, the manufacturer’s profit function
consists of the revenue from selling new power batter-
ies, the cost of recovering power batteries, and the part
of effort utility cost of sharing cascade utilization enter-
prise. The profit function of the recycler consists of the
revenue from the sale of recycled power batteries and the
fixed cost of the recovery. The profit function of cascade
utilization enterprise consists of the revenue from selling
power batteries (including government subsidies) for cascade
utilization and the effort utility cost of cascade utilization.
Subscripts m, r, and t represent manufacturers, recyclers
and cascade utilization enterprises respectively. In order to
simplify writing, the time variables t is omitted in the analysis
process.
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In summary, the manufacturer’s profit function in the infi-
nite time domain is:

πm = ∫
∞

0 e−ρt {(pn − cm)D (pn)

+ (cm − cr − f )G(θ )− µmIt } dt

= ∫
∞

0 e−ρt


(pn − cm) (a− bpn)

+ (cm − cr − f ) (θ (a− bpn))
−µm

1
2om

2

 dt (1)

The profit function of the recycler in infinite time domain
is:

πr =
∞

∫
0
e−ρt

{
(g− h)D (pt , n)

+ (f − h) (G(θ )− D (pt , n))− Ir

}
dt

=
∞

∫
0
e−ρt


(g− h) (k − lpt) n

+ (f − h) (θ (a− bpn)− (k − lpt) n)

−
1
2
Aθ2

 dt

(2)

The profit function in the infinite time domain of the
cascade utilization enterprise is:

πt =
∞

∫
0
e−ρt

{
(pt − c1 + f − g+ s)D (pt , n)

− (1− µm) It

}
dt

=
∞

∫
0
e−ρt


(pt − c1 + f − g+ s) (k − lpt) n

− (1− µm)
1
2
om2

 dt (3)

Assuming that the power battery closed-loop supply chain
system adopts a manufacturer-led Stackelberg game, the
Stackelberg differential game model is expressed as:

max
[Pn,f ]

πm [Pn, f , θ, g,Pt ,m]

s.t.


maxπr
[g,θ ]

[Pn, f , θ, g,Pt ,m]

maxπt
[Pt ,m]

[Pn, f , θ, g,Pt ,m]

dn(t) = [αm(t)− δn(t)] dt

(4)

IV. EQUILIBRIUM STRATEGY UNDER DUAL MECHANISM
In order to obtain the equilibrium strategy of manufacturer,
recycler and cascade utilization enterprise under the dual
mechanism of government subsidy and cost-sharing, the fol-
lowing contents are analyzed by using differential game the-
ory. The manufacturer first determines the retail price of new
power battery and the unified price of repurchasing waste
batteries; Then, the recycler determines the recovery rate of
waste batteries and thewholesale price of high-energy density
waste batteries to cascade utilization enterprise; Finally, the
cascade utilization enterprise determines the retail price of
cascade utilization products in the cascade utilization market
and its own effort utility.
Theorem 1: The optimal strategies of the game participants

who pursue their own profit maximization are as follows:

p∗n =
2A (a+ bcm)− ab (cm − cr − h)2

4Ab− b2 (cm − cr − h)2
(5)

f ∗ =
(cm − cr + h)

2
(6)

θ∗ =
(a− bcm) (cm − cr − h)

4A− b (cm − cr − h)2
(7)

g∗ =
k + l (cm − c1 − cr + h+ s)

2l
(8)

p∗t =
3k + l (c1 − s)

4l
(9)

m∗ =
α
(
VN ′
t

)
o (1− µm)

(10)

Proof: Assuming that the profit optimal value functions
of manufacturer, recycler and cascade utilization enterprise
are Vm, Vr , Vt respectively, then the following equations are
satisfied:

π∗m = e−ρtVN
m ; π∗r = e−ρtVN

r ; π
∗
t = e−ρtVN

t (11)

At any given time t ∈[0,∞), according to the optimal con-
trol theory, the Hamilton-Jacobian-Bellman equations that
should be satisfied by the optimal decision-making of each
game participant are obtained as follows:

ρVN
m =max


(pn − cm) (a− bpn)

+ (cm − cr − f ) (θ (a− bpn))

−µm
1
2
om2
+ VN ′′

m (αm− δn)

 (12)

ρVN
r =max


(g− h) (k − lpt) n

+ (f − h) (θ (a− bpn)− (k − lpt) n)

−
1
2
Aθ2 + VN ′′

r (αm− δn)

 (13)

ρVN
t =max


(pt − c1 + f − g+ s) (k − lpt) n

− (1− µm)
1
2
om2
+ VN ′′

t (αm− δn)

 (14)

To ensure that the model has an optimal solution, suppose
8A − b(cm − cr − h)2 > 0. Following uses the reverse
induction method to solve the model. First, solve the optimal
decision-making of the cascade utilization enterprise, and
respectively derive the sales price of the cascade utilization
battery pt and cascade utilization effort utility m at the right
end of equation (14):

∂ρVN
t

∂pt
= kn− fnl + g ln−2ptnl ++lc1n− snl (15)

∂ρVN
t

∂m
= −mo (1− µm)+ αVN ′′

t (16)

Make equation (15) and equation (16) equal to 0, and
combine two equations, then obtain expressions of pt , m and
substitute the expressions of pt ,m into equation (13), then the
derivative of g, θ are obtained:

∂ρVN
r

∂g
= (k − lpt) n−

1
2
nl (g− f ) (17)

∂ρVN
r

∂θ
= (f − h) (a− bpn)− Aθ (18)
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Make equation (17) and equation (18) equal to 0, and
combine two equations, then obtain expressions of g, θ and
substitute the expressions of g, θ into equation (12), then the
derivative of pn, and f are obtained:

∂ρVN
m

∂pn
= (a− 2bpn)+ bcm + (cm − cr − f ) θ (−b)

+ (cm − cr − f ) (a− bpn)
(f − h) (−b)

A
(19)

∂ρVN
m

∂f
= −θ (a− bpn)+ (cm − cr − f )

× (a− bpn)
(a− bpn)

A
(20)

Make equation (19) and equation (20) equal to 0, and com-
bine two equations, then obtain expressions of optimal pn, f ,
and substitute the expressions of p∗n, f

∗ into the expressions
of pt , m, g, θ . the optimal strategies of manufacturer, recycler
and cascade utilization enterprise are obtained as follows:

p∗n =
2A (a+ bcm)− ab (cm − cr − h)2

4Ab− b2 (cm − cr − h)2
(21)

f ∗ =
(cm − cr + h)

2
(22)

θ∗ =
(a− bcm) (cm − cr − h)

4A− b (cm − cr − h)2
(23)

g∗ =
k + l (cm − c1 − cr + h+ s)

2l
(24)

p∗t =
3k + l (c1 − s)

4l
(25)

m∗ =
α
(
VN ′
t

)
o (1− µm)

(26)

In order to further clarify the equilibrium strategies of
manufacturer, recycler and cascade utilization enterprise, the
strategic formulas (21) ∼ (26) of manufacturer, recycler and
cascade utilization enterprise are substituted into formulas
(12) ∼ (14) respectively to solve their profit optimal value
function VN

m , VN
r , VN

t . The profit optimal value functions of
manufacturer, recycler and cascade utilization enterprise are
obtained to meet the following requirements respectively:

ρVN
m =

A (a− bcm)[
4Ab− b2 (cm − cr − h)2

] − α2µmVN ′2
t

2o (1− µm)2

+
α2VN ′

t VN ′
m

o (1− µm)
− δVN ′

m n (27)

ρVN
r =

[k − l (c1 − s)]2 n
8l

+
A (a− bcm)2 (cm − cr − h)2

2
[
4A− b (cm − cr − h)2

]2
+
α2VN ′

t VN ′
r

o (1− µm)
− δVN ′

r n (28)

ρVN
t =

[k − l (c1 − s)]2 n
16l

+
α2VN ′2

t

2o (1− µm)
− δVN ′

t n (29)

According to the structure of the problem and the intrinsic
function relationship, referring to the relevant research of

Ma [27], it is suggested that the profit optimal value functions
of manufacturer, recycler and cascade utilization enterprise
are as follows:

VN
m (n) = f1n2 + f2n+ f3

VN
r (n) = i1n2 + i2n+ i3

VN
t (n) = j1n2 + j2n+ j3

(30)

Calculate the first derivative of the profit optimal value
function of the manufacturer, recycler and cascade utilization
enterprise, respectively, and obtain:

VN ′
m (n) = 2f1n+ f2

VN ′
r (n) = 2i1n+ i2

VN ′
t (n) = 2j1n+ j2

(31)

In order to make the profit optimal value function of each
game participant suggested in equation (30) the solution of
equation (27)∼ equation (29), the value of the coefficient f1,
f2, f3, i1, i2, i3, j1, j2, j3, in equation (30) should be determined.
Therefore, substituting equation (30) and equation (31) into
equation (27) ∼ equation (29) respectively, and obtain:

ρf1 =
4α2j1f1

o (1− µm)

−
4α2µmj21

2o (1− µm)2
− 2δf1

ρf2 =
2α2j1f2

o (1− µm)
+

2α2j2f1
o (1− µm)

−
4α2µmj1j2

2o (1− µm)2
− δf2

ρf3 =
A (a− bcm)2

4Ab− b2 (cm − cr − h)2

+
α2f2j2

o (1− µm)
−

α2µmj22
2o (1− µm)2

(32)



ρi1 =
4α2j1i1

o (1− µm)
− 2δi1

ρi2 =
[k − l (c1 − s)]

8l

2
+

2α2j1i2
o (1− µm)

+
2α2j2i1

o (1− µm)
− δi2

ρi3 =
A (a− bcm)2 (cm − cr − h)2

2
[
4Ab− b2 (cm − cr − h)2

]2 + α2j2i2
o (1− µm)

(33)



ρj1 = −
4α2j21

2o (1− µm)
− 2δj1

ρj2 =
[k − l (c1 − s)]

16l

2
+

4α2j1j2
2o (1− µm)

− δj2

ρj3 =
α2j22

2o (1− µm)

(34)

Equations (32) ∼ (34) are valid for all possible values of
the cascade utilization effort level. This indicates that the
coefficients and constant terms of n2 and n on both sides must
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be equal. Solve the coefficients of the optimal value function
f1, f2, f3, i1, i2, i3, j1, j2, j3 as:

f ∗1 = −
oµm (ρ + 2δ)

6α2

f ∗2 =
µm (ρ + 2δ) [k − l (c1 − s)]2

24l (2ρ + 3δ)2 (1− µm)

f ∗3 =
A (a− bcm)2

ρ
[
4Ab− b2 (cm − cr − h)2

]
−

α2µm [k − l (c1 − s)]4

512oρl2 (2ρ + 3δ)2 (1− µm)2

+
α2µm (ρ + 2δ) [k − l (c1 − s)]4

384oρl2 (2ρ + 3δ)3 (1− µm)2

(35)



i∗1 = 0

i∗2 =
[k − l (c1 − s)]
8l (2ρ + 3δ)

2

i∗3 =
α2 [k − l (c1 − s)]4

128oρl2 (2ρ + 3δ)2 (1− µm)

+
A (a− bcm)2 (cm − cr − h)2

2ρ
[
4A− b (cm − cr − h)2

]2
(36)



j∗1 = −
o (1− µm) (ρ + 2δ)

2α2

j∗2 =
[k − l (c1 − s)]
16l (2ρ + 3δ)

2

j∗3 =
α2 [k − l (c1 − s)]4

512oρl2 (2ρ + 3δ)2 (1− µm)

(37)

Substituting m∗ into the state equation of the cascade uti-
lization effort level:

dn(t) =

[
α

αVN ′
t

o (1− µm)
− δn(t)

]
dt (38)

Further obtained:

n(t) =
[

α2j2
o (1− µm)

]
(1− e−(ρ+3δ)t )+ e−(ρ+3δ)tn0 (39)

When n0 = 0 and t →∞, the stable value of the cascade
utilization effort level is:

n(t) =
α2j2

o (1− µm)
(40)

V. PARAMETER SENSITIVITY ANALYSIS
Analyze the impact of price sensitivity coefficient of cascade
utilization market l, price of battery recovered by recycler h,
cost saving of remanufactured products by manufacturer 1,
and government subsidy s on retail price of cascade utilization
products pt , effort utility of cascade utilization m, whole-
sale price of high energy density battery sold by recycler g,
recovery rate of waste battery θ , retail price of new power
battery pn, and unified price for manufacturer to buy waste
battery f . The relevant conclusions are shown in TABLE 2
and inferences respectively.

TABLE 2. Parameter sensitivity analysis.

Inference 1: As the price sensitivity coefficient of cascade
utilization market increases, the effort utility of cascade uti-
lization will decrease. The cascade utilization enterprise will
reduce pt , the recycler will reduce g. The recovery rate of
waste batteries, the retail price of new power batteries, and
the unified price of manufacturer to buy waste batteries will
remain unchanged.

Proof:

∂m
∂l
= −

α
[
k2 − l2 (c1 − s)2

]
16l2 (2ρ + 3δ) o (1− µm)

< 0;

∂pt
∂l
= −

3k
4l2

< 0;

∂g
∂l
= −

k
2l2

< 0

∂θ

∂l
=
∂f
∂l
=
∂pn
∂l
= 0

Inference 2: With the increase of the price of retired bat-
teries recovered by recyclers, the recycler will increase g
while reducing θ . The manufacturer will increase pn and f .
The retail price of cascade utilization products and the effort
utility of cascade utilization will remain unchanged.

Proof:

∂g
∂h
=

1
2
> 0;

∂θ

∂h
= −

(a− bcm)
[
4A+ b (1− h)2

][
4A− b (1− h)2

]2 < 0

∂f
∂h
=

1
2
> 0;

∂pn
∂h
=

2ab (1− h)
[
4Ab− b2 (1− h)2

]
− 2b2 (1− h)

[
2A (a− bcm)− ab (1− h)2

][
4Ab− b2 (1− h)2

]2 > 0

∂pt
∂h
=
∂m
∂h
= 0

Inference 3: With the increase of cost saving of reman-
ufactured products by manufacturer, the recycler will
increase g and θ . The manufacturer will reduce pn and
increase f . The retail price of cascade utilization prod-
ucts and the effort utility of cascade utilization will remain
unchanged.
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FIGURE 2. The profit trajectory of each game participant under the dual mechanism.

FIGURE 3. Sensitivity analysis of price sensitivity coefficient of cascade utilization market.

Proof:

∂g
∂1
=

1
2
> 0;

∂θ

∂1
=
(a− bcm)

[
4A+ b (1− h)2

][
4A− b (1− h)2

]2 > 0

∂f
∂1
=

1
2
> 0;

∂pn
∂1
=

−2ab (1− h)
[
4Ab− b2 (1− h)2

]
+ 2b2 (1− h)

[
2A (a− bcm)− ab (1− h)2

][
4Ab− b2 (1− h)2

]2 < 0

∂m
∂1
=
∂pt
∂1
= 0

Inference 4: As government subsidies increase, the effort
utility of cascade utilization will increase. The cascade uti-
lization enterprise will reduce pt , and the recycler will

increase g. The recovery rate of waste batteries, the retail
price of new power batteries, and the unified price for manu-
facturer to buy waste batteries will remain unchanged.

Proof:

∂m
∂s
=

α [k − l (c1 − s)]
8 (2ρ + 3δ) o (1− µm)

> 0;

∂pt
∂s
= −

1
4
< 0;

∂g
∂s
=

1
2
> 0

∂pn
∂s
=
∂f
∂s
=
∂θ

∂s
= 0

VI. NUMERICAL EXAMPLE
According to the above theoretical derivation and analysis,
the following is an intuitive analysis of the equilibrium strat-
egy trajectory of the power battery closed-loop supply chain
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FIGURE 4. Sensitivity analysis of price of battery recovered by recycler.

FIGURE 5. Sensitivity analysis of cost saving of remanufactured products by manufacturer.

under the cost-sharing coordination mechanism based on
government subsidies by simulating assignment parameters.
With reference to the relevant research of Liu [20], Octave is
used for numerical simulation. The system parameters are set
as follows: ρ =0.3, A = 2, a = 70, o = 100, b = 0.5, cm =
6, k = 35, cr = 2, δ = 0.3, c1 = 1, s = 0.8, α = 3, µm= 0.3,
h = 3, l = 0.6.

A. EVOLUTION PATH ANALYSIS
The change trajectory of the profits of manufacturer, recycler
and cascade utilization enterprise under the scenario of gov-
ernment subsidy and cost-sharing is shown in Fig. 2.

The profit curves of manufacturer, recycler and cascade
utilization enterprise all show a non-linear upward trend with
the increase of time, and the rising speed gradually decreases
with the passage of time, and finally reach a stable profit state
at the same time.

B. SENSITIVITY ANALYSIS
1) PRICE SENSITIVITY COEFFICIENT OF CASCADE
UTILIZATION MARKET
Assuming that other parameters remain unchanged, setting
l = [0.1, 0.8], s = [0.2, 0.6], the simulation results of price
sensitivity coefficient of cascade utilization market are shown
in Fig. 3.

With the increase of l and s, the effort utility of cascade
utilization, retail price of cascade utilization products, the
wholesale price of high energy density batteries, and the
overall profits of recycler and cascade utilization enterprise
show a nonlinear downward trend, and only the profits of
manufacturer show a nonlinear upward trend. The price sen-
sitivity coefficient of cascade utilization market has a strong
negative impact on the decision-making of cascade utilization
enterprise and recycler, and has a more significant impact on
cascade utilization enterprise. In contrast, the subsidy effect
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of the government on cascade utilization enterprise is rela-
tively weak. At the same time, due to the reduction of cascade
utilization effort utility, part of the effort utility cost shared
bymanufacturer decreases. Therefore, when other parameters
remain unchanged, the market sensitivity of cascade utiliza-
tion and government subsidies increase, only manufacturer
can obtain more profits.

2) PRICE OF BATTERY RECOVERED BY RECYCLER
Assuming that other parameters remain unchanged, setting
h = [1, 3], s = [0.2, 0.8], the simulation results of price of
battery recovered by recycler are shown in Fig. 4.

With the increase of h and s, g shows an upward trend, and
the profits of manufacturer and recycler show a downward
trend. The effort utility of cascade utilization, retail price
of cascade utilization products, and the profit of cascade
utilization enterprise have nothing to do with the recovery
price of recycler, and are obviously affected by government
subsidies. With the increase of government subsidies, the
effort utility of cascade utilization and the profit of cascade
utilization enterprise continue to rise, and the retail price of
cascade utilization products decreases slightly.

3) COST SAVING OF REMANUFACTURED PRODUCTS
BY MANUFACTURER
Assuming that other parameters remain unchanged, setting
1 = [3, 5], s = [0.2, 1], the simulation results of cost sav-
ing of remanufactured products by manufacturer are shown
in Fig. 5.

With the increase of1 and s, g,Vm, andVr show an upward
trend as a whole. The effort utility of cascade utilization, retail
price of cascade utilization products, and the profit of cascade
utilization enterprise have nothing to do with the cost saving
of remanufactured products. They are obviously affected by
government subsidies. With the increase of government sub-
sidies, the effort utility of cascade utilization and the profit of
cascade utilization enterprise continue to rise, and the retail
price of cascade utilization products decreases.

VII. CONCLUSION
This paper constructs a dual-cycle closed-loop supply chain
system for power batteries that considers cascade utiliza-
tion, studies the coordinated decision-making problem in
the closed-loop supply chain by using the differential game
method, and analyzes the influence of different parameters
on the equilibrium strategies of each game subject.

It is found that the profit trajectories of manufacturer,
recycler and cascade utilization enterprise show a non-linear
upward trend with the increase of time, and finally reach
a steady state; the price sensitivity coefficient of cascade
utilization market has a more obvious negative impact on
all parties. The government should actively encourage the
development of the cascade utilization industry, increase pub-
lic welfare publicity and improve public recognition. At the
same time, relevant enterprises should also change the public
consumption concept by strengthening the publicity of green

consumption concept with the support of the government,
so as to enhance consumers’ acceptance of the cascade uti-
lization of retired power batteries, reduce the market price
sensitivity of cascade utilization and help the cascade utiliza-
tion level to steadily improve; the effectiveness of the govern-
ment subsidy mechanism is remarkable. With the increase of
government subsidies, the effort utility of cascade utilization
is enhanced, and the cascade utilization enterprise will reduce
the retail price of cascade utilization products, and the r recy-
cler will increase the wholesale price of high-energy density
batteries. It can be seen that the government should vigor-
ously support the weak links of the supply chain, provide
subsidies, incentives and other policy benefits for relevant
enterprises, and guide relevant node enterprises to recycle
and reuse power batteries. In addition, manufacturer should
actively carry out relevant technology R&D and innovation
to increase the cost saving of remanufactured products, it is
also an effective measure to improve the level of cascade
utilization, and the recycling level of industrial resources.
The contribution of this paper is to study and analyze the
equilibrium decision-making of power battery closed-loop
supply chain enterprises with cascade utilization market from
a dynamic perspective and considering the dualmechanism of
government subsidy and cost-sharing coordination. In addi-
tion, this paper provides ideas for improving and innovating
the operationmechanism of power battery closed-loop supply
chain, and the research results have important guiding sig-
nificance for the government to guide relevant enterprises to
make full and efficient cascade utilization, so as to improve
the level of resource utilization and reduce environmental
pollution.

In this paper, the characteristics of the attenuation of cas-
cade utilization effort with time are considered, but the impact
of uncertain factors on the power battery closed-loop sup-
ply chain is not considered. At the same time, the impact
of different decision preferences on the decision-making of
power battery closed-loop supply chain is the focus of further
research in this field.
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