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ABSTRACT Consumers’ environmental protection awareness promotes the quality of green products
produced by remanufacturers, which requires higher input cost and more efforts but wins environmental
reputation in return. In order to encourage remanufacturers to produce products with less pollution,
government enacts environmental policy to subsidy the production of remanufacturing. This paper aims
to analyze the impact of subsidy on remanufacturing decision and identify the optimal decisions under the
effect of green network using a differential game model. First, both government and remanufacturer’s cost
functions are established with their own environmental effort, respectively. Then, their benefit functions are
built to represent their own reward, in which multiple factors are taken into account including but not limited
to the environmental reputation of remanufacturer and consumers’ demand for remanufactured products.
Using themodels of Nash-non cooperative game, Stackelbergmaster-slave game and cooperative game, their
benefits are calculated and compared. The equilibrium results show that the improvement level of products’
environmental quality is equal to the level of subsidies, and subsidies will increase with the improvement of
products’ environmental quality. In addition, with the support of the government, remanufactures are able to
produce the most environmentally friendly products with the most benefit. Finally, a case study is given to
prove the theorems obtained in this paper.

INDEX TERMS Remanufacturer, environmental policy, government subsidy, green network, differential
game model.

I. INTRODUCTION
In the recent years, the market share of environmental prod-
ucts have been constantly growing with the shortage of
resources and the aggravation of environmental pollution

The associate editor coordinating the review of this manuscript and
approving it for publication was Shunfeng Cheng.

problems [1]. At the same time, enterprises’ awareness
of environmental protection has been gradually enhanced.
As for remanufacturers whose work involves parts recy-
cling, the production-batch disassembly, restoration to like-
new condition and reassembly of used products, they offers
significant environmental benefits by retaining the energy,
as well as material, embodied in the product during original
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manufacture, while diverting solid waste from landfills
[2]. They aim to develop more environmental products or
techniques to reduce pollution, which requires more cost
in development. As a key means to achieve the coordi-
nated development of environmental protection and eco-
nomic development, green product innovation is still in the
lead-in period in China; since it is difficult to achieve rapid
development only by relying on market forces, it needs
government intervention and regulation [3]. Therefore, it is
necessary for government to take some financial measures,
including but not limited to environmental taxes, subsidies,
to encourage remanufacturers to shoulder the responsibility
of recycling waste products [4]–[8] and remanufacturing
[9]–[12]. Besides, the necessity of environmental protection
and green purchase behavior is addressed by the increasing
consumers [13]. According to a survey fromBrecard [1], 83%
of Europeans pay great attention to the impact of products on
the environment when they buy products, and 75% are ‘‘more
willing to buy environmentally-friendly products, even if they
are slightly more expensive’’. With consumers’ preference
for green productions, remanufacturers and the government
are supposed to spare no efforts on environmental protection
during manufacturing process.

Green network effect refers to the impact of con-
sumers’ green payment preferences on green purchase in
low-carbon environment [14]. According to this definition,
Grilo et al. [15] formalized the impact of consumer vanity
and consumer herd mentality on product differentiation and
competition among consumers. In addition, the European
Commission (2008) stressed that under the green network
effect, if the price of green products is the same as that of
high pollution products, most consumers will turn to green
products. Under this assumption, Brecard [1] points out that
‘‘green network effect’’ has a considerable impact on the
environmental quality and price competition of enterprises.
Wang et al. [12] analyzed the effects of consumer green
preference on enterprises’ optimal decisions and found that
consumer green preference significantly influences the prod-
uct green level of the manufacturer and the supplier and
has intricate effects on the speed of the adjustment of the
boundedly rational supply chain which directly affects the
social stability. In the sense of remanufacturing, public envi-
ronmental protection consciousness on the products of an
enterprise is described by the expectation of used product
collection and remanufacturing rate, and customer demand
sensitivity to environmental impact of the products. Based
on this, Qiao et al. [16] developed a model to analyze the
impact of public environmental consciousness on an enter-
prise’s remanufacturing decision. It is found that an enter-
prise’s remanufacturing rate would increase with increasing
of demand sensitivity, resulting in the reverse logistics. It can
be seen that public environmental protection consciousness
has a great impact on the products manufacturing.

Due to the increasing environmental pollution, the gov-
ernment plays a more and more important role in the pro-
duction of enterprises. The high-quality development of the

environmental protection industry requires the support of
the corresponding industrial policy system [17]. Based on
the existence of consumer awareness of environmental pro-
tection, Bransal et al. [18], [19] considered two policies
of government taxes and subsidies to encourage manufac-
turers to deploy green production strategies. On this basis,
Krass et al. [5] studied several important aspects, including
the use of environmental taxes to stimulate innovation and the
choice of ‘‘green’’ emission reduction technologies, as well as
the role of fixed cost subsidies and consumption tax rebates.
In order to curb carbon emissions and maintain sustainable
economic development, Miao et al. [8] solved the issue of
remanufacturing discount trading under carbon tax, carbon
quota and trading and other carbon emission regulations and
government subsidy mechanism, resulting in the reduction of
total emissions. Song et al. [3] analyzed the effect of envi-
ronmental regulation and R&D tax incentives on green prod-
uct innovation from a disciplinary and incentive perspective,
which not only identified the determinants of green product
innovation but also provide a theoretical and decision-making
framework for the industrial development and promotion of
green product innovation in China. With consumers’ pref-
erence on green productions, remanufacturers and the gov-
ernment are supposed to spare no efforts on environmental
protection during manufacturing process.

This paper aims to analyze the impact of environmental
policy on remanufacturing decision under the effect of green
network using differential game model, which has the basis
of previous researches. Zhen et al. [20] established a two-
stage gamemodel for the government’s optimal price subsidy.
It found that government subsidy efectively stimulates the
demand for remanufactured products, reduces the price of
both new and remanufactured products, and promotes the
remanufacturing industry. Wei et al. [21] considered a two-
period competition model of a remanufacturing supply chain
consisting of three members: a new product manufacturer,
a recycler and a remanufacturer. With consumer awareness
of environmental protection taken into account, the effects
of government subsidy and tax and their asymmetric use
on manufacturers’ and remanufacturers’ decision-making
variables and competitive performance have been analyzed.
Song et al. [22] considered the recycling of used products
for environmental sustainability and took into account profit
donation as a corporate social responsibility (CSR) invest-
ment. Based on Stackelberg Game analysis, the results
showed that government subsidy is not only conducive
to expanding market demand and increasing waste recy-
cling rates, but also to improving CSR investment levels.
Zhao et al. [23] set up a decision-making model with con-
sidering both consumers’ environmental preference and the
subsidy policy, which concluded that if a remanufacturer
shares a percentage of the subsidy with consumers, it can
get more profit due to the increased market. Yu et al. [24]
developed an optimization model under oligopolistic com-
petition considering green preferences and subsidies, with
the objective of profit maximization for the manufacturers.
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Numerical results showed that an increase of consumer
environmental awareness will incentivize manufacturers to
produce more green products with higher green levels, and
a well-designed subsidy policy can not only generate more
profits for manufacturers, but also save subsidy investment
for the government. However, this paper considers a govern-
ment system and a remanufacturer as two players in the game
and compares the decision making in different situations,
which is from a distinctive perspective.

This paper uses differential game model which pays atten-
tion to the dynamic impact of time on the research objects.
Some researchers have applied differential game model to
many fields. Gao et al. [25] used differential game model
to study the ecological compensation mechanism of the
river basin in 2019. In the same year, Xu and Han [26]
used differential game model to provide theoretical refer-
ence for supply chain cooperative emission reduction and
government subsidy strategies. Wang et al. [27] used differ-
ential game model to explore government-enterprise coop-
eration disaster relief strategies in 2018. Zhao et al. [28]
used differential game model to study the technology shar-
ing in the system in the field of military-civilian integration
and collaborative innovation in 2017. However, few studies
have applied the differential game model on the field of
remanufacturing.

Based on the previous work, this paper focuses on the
impact of environmental policy on remanufacturing decision
under the effect of green network, in which a differential
game model is presented to formulate the dynamics of the
effort and reward of both government and remanufacturer.
Then their computational results in the three models of Nash-
non cooperative game, Stackelberg master-slave game and
cooperative game can be calculated. By comparing their
results we can obtain the optimal remanufacturing decision,
which also demonstrates the superiority of the environmental
policy on remanufacturing. In addition, some factors influ-
encing the efforts and rewards of government and remanu-
facturer are also discussed.

The remainder of the paper is organized as follows.
In Section 2, the problem statement and model formulation
are given in detail. In Section 3, the decisions and benefits
of remanufacturer and government are discussed using three
models of Nash-non cooperative game, Starkelberg game and
cooperative game. Section 4 gives a comparative analysis of
equilibrium results. In Section 5, a case study is given to
verify the theorems obtained in this paper. At last, a summary
is made in Section 6.

II. PROBLEM STATEMENT AND MODEL FORMULATION
A. PROBLEM STATEMENT
In this study, the government and a remanufacturing enter-
prise are taken as the research object to explore the impact
of government enterprise cooperation on remanufacturing
enterprise’s production strategy and revenue under the green
network effect (for short GNE). Government enterprise

cooperation can bring environmental protection subsidy to
remanufacturers, whose purpose is to improve the production
cost of remanufacturers and environmental protection quality
of products, so as to achieve the effect of environmental
protection. Independent of government development, reman-
ufacturer will reduce production costs due to lack of subsi-
dies, and the environmental protection quality of its products
will also decline. At the same time, the level of product
environmental protection quality will cause the impact of
GNE on remanufacturer’s revenue. Consumers will pay more
attention to the products with high environmental protection
quality. The decision-making process is as follows. First, the
government decides its own environmental protection sub-
sidies to remanufacturers. Second, remanufacturers decide
their own environmental protection efforts (for short EPE)
to produce products. In this process, the government’s benefit
function includes two parts. One is the social benefits brought
by manufacturing enterprises’ active participation in digital
twin technology to promote the development of China’s
manufacturing industry. The other is the change of consumer
demand caused by the GNE of remanufacturer’s behavior,
thus promoting the government’s tax gain. Figure 1 depicts
the decision process.

FIGURE 1. Game decision diagram of government and enterprise.

B. DIFFERENTIAL GAME MODEL FORMULATION
1) ASSUMPTION 1
The cost invested by the government and enterprises in the
production of remanufactured products is related to the EPE.
Considering the convexity of the cost, the cost [28], [29]
invested by the government and enterprises in the remanu-
factured products at time t is respectively

CG(t) = 1
2kGE

2
G(t),CM (t) = 1

2kME
2
M (t)

Let CG(t),CM (t) respectively represent the input cost of the
government and the enterprise at time t. Let kG, kM ≥ 0
denote the input cost coefficient of the government and the
enterprise. Let EG(t),EM (t) ≥ 0 denote the environmental
protection intensity of the government and the enterprise for
the production of remanufactured products at time t .

2) ASSUMPTION 2
In order to encourage the remanufacturer to increase input
costs to produce green products, the government will provide
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environmental protection subsidies to them. Let θ (t) repre-
sent the proportion of costs which the government will share
for enterprise, θ (t) ∈ [0, 1].

3) ASSUMPTION 3
Due to the consideration of GNE and the consumers’ prefer-
ences of greater EPE products, the environmental reputation
of enterprises will be affected by the EPE of enterprises’
own investment in remanufactured products production and
the EPE of government investment. And it will form a con-
tinuous and dynamic impact process. The dynamic equa-
tion of Nerlove-Arrow goodwill model is adopted, and the
differential equation of environmental reputation change of
enterprises L(t) can be expressed as

dL(t)
dt
= αEG(t)+ βEM (t)− δL(t),L(0) = L0 (1)

L0 denotes the environmental reputation of the enterprise
at the initial moment. Let α, β > 0 respectively represent
the influence coefficient of the EPE invested by the govern-
ment and the enterprise in the remanufacturing process on
the environmental reputation of the enterprise. Let δ > 0
represent the decay rate of the environmental reputation of
the enterprise over time due to different external factors.

4) ASSUMPTION 4
Assuming that the purchase behavior of consumers is affected
by the EPE, reputation and price of remanufactured products
invested by the government and the enterprise, the demand
function of consumers for remanufactured products can be
expressed as

D(t) = µ1EG(t)+ µ2EM (t)+ νL(t)− ϕP(t) (2)

Let µ1, µ2 respectively represent the influence coefficient
of the EPE invested by the government and the enterprise
on the consumer demand. ν denotes the influence coefficient
of the environmental protection reputation of the enterprise
on the consumer demand. ϕ denotes the influence coefficient
of the product price on the consumer demand. Let P(t) rep-
resent the price of the remanufactured product at the current
time.

Let ρ represent the same positive discount rate of the gov-
ernment and the enterprise. They seek the goal of maximizing
their own interests in an unlimited time range. Among them,
the objective function of the government is the sum of the
social benefits affected by the EPE invested by the enterprises
and the marginal benefits generated by their own investment,
minus the cost of investment and subsidies. The objective
function of an enterprise is directly obtained by subtracting
the input cost from the marginal income generated by its
own input. Then the objective functions of government and
enterprise can be expressed as

max
EG,θ

JG

=

∫
∞

0
e−ρt [λ0EM (t)+ λ1D(t)− CG(t)− θ (t)CM (t)] dt

(3)

max
EM

JM

=

∫
∞

0
e−ρt [λ2D(t)− (1− θ (t))CM (t)] dt (4)

λ0 > 0 denotes the influence coefficient of EPE invested
by enterprises for production on social benefits. λ1, λ2 > 0
respectively denotes the marginal income coefficient of gov-
ernment and enterprises.

In this paper, government and a remanufacturer, as two
players, launch differential games. Due to the existence of
dynamic parameters in differential games, it is difficult to
solve them. Therefore, the parameters in the model are
assumed to be time independent constants [29], [30]. The
variables in the paper E(t),D(t),C(t), θ(t),L(t),P(t) are
respectively simplified as E,D,C, θ,L,P.

For ease of understanding, most of the notations mentioned
in this paper are shown in the table 1.

III. MODEL ANALYSIS
A. NASH NON COOPERATIVE GAME MODEL
In the Nash-non cooperative game model, the government
and the enterprise develop independently and decide their
own EPE for the remanufactured product production invest-
ment independently. And the government does not provide
environmental protection subsidies to the enterprise, which
means θ = 0. In this case, the objective function of govern-
ment and enterprise can be expressed as

max
EG

JNG =
∫
∞

0
e−ρt [λ0EM + λ1D− CG] dt (5)

max
EM

JNM =
∫
∞

0
e−ρt [λ2D− CM ] dt (6)

Theorem 1: In the case of Nash-non cooperative game,
in order to maximize the interests of both parties, the optimal
EPE invested by the government and enterprises for remanu-
factured product production should be

EN∗G =
µ1λ1(ρ + δ)+ αλ1ν

(ρ + δ)kG
(7)

EN∗M =
µ2λ2(ρ + δ)+ βλ2ν

(ρ + δ)kM
(8)

Prove: According to Bellman’s continuous dynamic pro-
gramming theory, continuous bounded revenue function
VG(L),VM (L), for any L ≥ 0, must satisfy Hamilton-Jacobi-
Bellman (for short HJB) equation

ρVN
G

= max
EG

{
λ0EM + λ1D− CG +

∂VN
G

∂L
(αEG + βEM − δL)

}
(9)

ρVN
M

= max
EM

{
λ2D− CM +

∂VN
M

∂L
(αEG + βEM − δL)

}
(10)
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TABLE 1. Notation declaration.

To solve the right end of HJB equation, the condition to
maximize it is to find the first-order partial derivative for
equation (9). Find the first-order partial derivative of EM for

equation (10), and make it zero, which can be obtained

EG =
µ1λ1 + αV ′NG

kG
,EM =

µ2λ2 + βV ′NM
kM

(11)

where
∂VNG
∂L = V ′NG ,

∂VNM
∂L = V ′NM , substitute (11) into formula

(9) and formula (10), we can get

ρVN
G =

(
λ1ν − δV ′NG

)
L

+

(
λ0 + µ2λ1 + βV ′NG

) (
µ2λ2 + βV ′NM

)
kM

+

(
µ1λ1 + αV ′NG

)2
2kG

− λ1ϕP (12)

ρVN
M =

(
λ2ν − δV ′NM

)
L +

(
µ2λ2 + βV ′NM

)2
2kM

+

(
µ1λ1 + αV ′NG

) (
µ1λ2 + αV ′NM

)
kG

− λ2ϕP(13)

From the structure of formula (12) and formula (13), it can
be seen that the univariate primary function formula with L
as the independent variable is the solution of HJB equation,
satisfying

VN
G (L) = f1L + f2,VN

M (L) = g1L + g2 (14)

where f1, f2, g1, g2 are the constants to be solved, we can get

V ′NG (L) =
dVN

G (L)

dL
= f1 , V ′NM (L) =

dVN
M (L)
dL

= g1 (15)

Substituting equations (14), (15) into equations (12), (13), we
can get

ρ(f1L + f2) = (λ1ν − δf1)L

+
(λ0 + µ2λ1 + βf1) (µ2λ2 + βg1)

kM

+
(µ1λ1 + αf1)2

2kG
− λ1ϕP (16)

ρ(g1L + g2) = (λ2ν − δg1)L

+
(µ1λ1 + αf1) (µ1λ2 + αg1)

kG

+
(µ2λ2 + βg1)2

2kM
− λ2ϕP (17)

It can be seen from the previous assumption that all L ≥ 0
should be satisfied with VG(L),VM (L), so the values that can
be obtained from f1, f2, g1, g2 are

f1 =
λ1ν

ρ + δ

f2 =
[(ρ + δ)µ1λ1 + λ1να]2

2kGρ(ρ + δ)2

+
[(λ0 + µ2λ1) (ρ + δ)+ βλ1ν] [µ2λ2(ρ + δ)+ βλ2ν]

kMρ(ρ + δ)2

−
λ1ϕP
ρ
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g1 =

λ2ν

ρ + δ

g2 =
[(ρ + δ)µ1λ1 + λ1να] [(ρ + δ)µ1λ2 + λ2να]

kGρ(ρ + δ)2

+
[µ2λ2(ρ + δ)+ βλ2ν]2

2kMρ(ρ + δ)2
−

λ2ϕP
ρ

Substituting f1, g1 into equation (11) can respectively obtain
the optimal EPE invested by the government and enterprises
for remanufactured product production, as shown in equa-
tion (7), equation (8). By substituting f1, f2, g1, g2 into equa-
tion (14), the expression of the optimal revenue function of
government and manufacturing enterprise can be obtained
respectively

VN∗
M =

λ2ν

ρ + δ
L

+
[(ρ + δ)µ1λ1 + λ1να] [(ρ + δ)µ1λ2 + λ2να]

kGρ(ρ + δ)2

+
[µ2λ2(ρ + δ)+ βλ2ν]2

2kMρ(ρ + δ)2
−
λ2ϕP
ρ

(18)

VN∗
G =

λ1ν

ρ + δ
L

+
[(ρ+δ) (λ0+µ2λ1)+λ1νβ] [(ρ+δ)µ2λ2+λ2νβ]

kMρ(ρ + δ)2

+
[µ1λ1(ρ + δ)+ αλ1ν]2

2kGρ(ρ + δ)2
−
λ1ϕP
ρ

(19)

B. STACKELBERG MASTER-SLAVE GAME MODEL
In Stackelberg master-slave game model, in order to encour-
age remanufacturers to achieve greenmanufacturing, the gov-
ernment actively provides environmental protection subsidies
for remanufacturers. So the government can be regarded as
the leading Party in the game, and the enterprise can be
regarded as the follower. In this case, the government will
take the maximization of its own interests as the goal, pref-
erentially determine its share proportion of the production
cost of the enterprise, and then determine the optimal EPE
invested in the production of remanufactured products. The
enterprise will determine the optimal EPE invested in the
production of remanufactured products based on the environ-
mental protection subsidies provided by the government and
the maximization of its own interests as the goal. Assuming
that the government and the enterprise both have the optimal
EPE, the revenue function VG(L),VM (L), and are continu-
ously bounded and differentiable, all L ≥ 0 must satisfy the
HJB equation.
Theorem 2: In Stackelberg master-slave game model,

in order to maximize the interests of both sides, the optimal
EPE invested by the government and the enterprise for reman-
ufactured products production and the optimal environmental
protection subsidy from the government to the enterprise

should be

ED∗G =
µ1λ1(ρ + δ)+ αλ1ν

(ρ + δ)kG
(20)

ED∗M =
(2λ0+2µ2λ1+µ2λ2) (ρ+δ)+(2λ1 + λ2)νβ

2(ρ + δ)kM
(21)

θ∗ =
2λ0 + (2λ1 − λ2)

(
µ2 +

βν
ρ+δ

)
2λ0 + (2λ1 + λ2)

(
µ2 +

βν
ρ+δ

) (22)

Prove: By using the reverse induction method, the optimal
objective function of the enterprise is solved firstly. The HJB
equation of its optimal objective function is

ρVD
M =max

EM

{
λ2D−(1−θ )CM+

∂VD
M

∂L
(αEG+βEM−δL)

}
(23)

To solve the right end of HJB equation, the condition to max-
imize it is to find the first partial derivative of equation (23)
for EM , and make it zero. The solution can obtain

EM =
µ2λ2 + βV ′DM
(1− θ )kM

(24)

According to equation (24), the enterprise will determine
its EPE EM for the production input of remanufactured
products. The government will determine its environmen-
tal protection intensity and the proportion of environmental
protection subsidies for the production input of remanufac-
tured products based on the rational decision of the enter-
prise, so as to maximize its own interests. In this case,
the HJB equation of the optimal objective function of the
government is

ρVD
G = max

EG,θ
{λ0EM + λ1D− CG − θCM

+
∂VD

G

∂L
(αEG + βEM − δL)

}
(25)

Substituting equation (24) into equation (25), and solving the
right part of equation (25) to maximize it, the condition is that
equation (25) calculates the first-order partial derivatives for
EG and θ respectively, and makes them all zero. The solution
can obtain

EG =
µ1λ1 + αV ′DG

kG
(26)

θ =


2
(
λ0+µ2λ1+V ′DG β

)
−
(
µ2λ2+βV ′DM

)
2
(
λ0+µ2λ1+V ′DG β

)
+
(
µ2λ2 + βV ′DM

) , 2B > A

0, 2B ≤ A

where
∂VDG
∂L = V ′DG ,

∂VDM
∂L = V ′DM ,

satisfyingA =
(
µ2λ2 + βV ′DM

)
,B =

(
λ0 + µ2λ1 + V ′DG β

)
.

In order to ensure the existence and rationality of the share
proportion, satisfying 2B > A, namely

θ =
2
(
λ0 + µ2λ1 + V ′DG β

)
−
(
µ2λ2 + βV ′DM

)
2
(
λ0 + µ2λ1 + V ′DG β

)
+
(
µ2λ2 + βV ′DM

) (27)
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By substituting equations (24), (26) and (27) into equa-
tions (23) and (25), we can obtain

ρVD
M =

A(2B+ A)
4kM

+

(
λ2ν − δV ′DM

)
L

+

(
µ1λ1 + αV ′DG

) (
µ1λ2 + αV ′DM

)
kG

− λ2ϕP (28)

ρVD
G =

(2B+ A)2

8kM
+

(
λ1ν − δV ′DG

)
L

+
(µ1λ1 + αV ′DG )2

2kG
− λ1ϕP (29)

From the structure of equations (28) and (29), it can be seen
that the 1 yuan function with L as independent variable is the
solution of HJB equation

VD
G (L) = (f1L + f2),VD

M (L) = (g1L + g2) (30)

where f1, f2, g1, g2 are the constants to be solved. We can get

V ′DG (L) =
dVD

G (L)

dL
= f1, V ′DM (L) =

dVD
M (L)
dL

= g1 (31)

Substituting formula (30), (31) into formula (28), (29), we
can get

ρ(f1L + f2) =
[2 (λ0 + µ2λ1 + f1β)+ (µ2λ2 + βg1)]2

8kM

+ (λ1ν − δf1)L +
(µ1λ1 + αf1)2

2kG
− λ1ϕP

(32)

ρ(g1L + g2) =
[2 (λ0 + µ2λ1 + f1β)+ (µ2λ2 + βg1)]

4kM
× (µ2λ2 + βg1)+ (λ2ν − δg1)L − λ2ϕP

+
(µ1λ1 + αf1) (µ1λ2 + αg1)

kG
(33)

From the previous assumption, equation VD
G (L),V

D
M (L)

should satisfy all L ≥ 0, so the values of f1, f2, g1, g2 are

f1 =
λ1ν

ρ + δ

f2 =
[(2λ0 + 2µ2λ1 + µ2λ2) (ρ + δ)+ β (2λ1ν + λ2ν)]2

8kMρ(ρ + δ)2

+
[µ1λ1(ρ + δ)+ λ1να]2

2kGρ(ρ + δ)2
−
λ1ϕP
ρ

g1 =
λ2ν

ρ + δ

g2 =
[(2λ0 + 2µ2λ1 + µ2λ2) (ρ + δ)+ β (2λ1ν + λ2ν)]

4kMρ(ρ + δ)2

× [µ2λ2(ρ + δ)+ βλ2ν]−
λ2ϕP
ρ

+
[µ1λ1(ρ + δ)+ αλ1ν] [µ1λ2(ρ + δ)+ αλ2ν]

kGρ(ρ + δ)2

Substituting f1, g1 into formula (24), (26), (27), we can obtain
the EPE of government and enterprise for remanufactured
product production investment and the optimal environmental
protection subsidy proportion of government to enterprise,
as shown in formula (20), (21), (22).

By substituting f1, f2, g1, g2 into equations (32) and (33),
we can obtain the optimal return functions of government and
enterprise respectively

VD∗
G =

[(2λ0 + 2µ2λ1 + µ2λ2) (ρ + δ)+ βv (2λ1 + λ2)]2

8kMρ(ρ + δ)2

+
[µ1λ1(ρ + δ)+ λ1να]2

2kGρ(ρ + δ)2
−
λ1ϕP
ρ
+

λ1ν

ρ + δ
L (34)

VD∗
M =

[(2λ0 + 2µ2λ1 + µ2λ2) (ρ + δ)+ βv (2λ1 + λ2)]
4kMρ(ρ + δ)2

× [µ2λ2(ρ + δ)+ λ2νβ]−
λ2ϕP
ρ
+

λ2ν

ρ + δ
L

+
[µ1λ1(ρ + δ)+ λ1να] [µ1λ2(ρ + δ)+ λ2να]

kGρ(ρ + δ)2

(35)

C. COOPERATIVE GAME MODEL
In the case of cooperative game, the government and the
enterprise will be regarded as a whole. The system will
take the overall economic and social benefits as the goal
to maximize, and jointly determine the EPE of the two for
remanufactured product production investment. At this time,
the environmental protection subsidies provided by the gov-
ernment for enterprises will be regarded as the fund transfer
within the system.
Theorem 3: In the case of cooperative game, in order to

maximize the interests of both sides, the optimal EPE invested
by the government and the enterprise for remanufactured
product production should be

EC∗G =
µ1(λ1 + λ2)(ρ + δ)+ (λ1 + λ2)να

(ρ + δ)kG
(36)

EC∗M =
(λ0 + µ2(λ1 + λ2)) (ρ + δ)+ (λ1 + λ2)νβ

(ρ + δ)kM
(37)

Prove: In this case, the objective function is

max
EM ,EG

JC=
∫
∞

0
e−ρt [λ0EM + (λ1 + λ2)D− CG − CM ] dt

(38)

Its optimal benefit function satisfies HJB equation, which is

ρVC
= max

EM ,EG
{λ0EM + (λ1 + λ2)D− CG − CM

+
∂VC

∂L
(αEG + βEM − δL)} (39)

To solve the right end of HJB equation, the condition to
maximize it is to find the first-order partial derivatives of
EG,EM , and make them get zero, and the solution can get

EG =
µ1(λ1 + λ2)+ αV ′C

kG
,

EM =
λ0 + µ2(λ1 + λ2)+ βV ′C

kM
(40)
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where ∂VC
∂L = V ′C , substituting equation (40) into equa-

tion (39) can obtain

ρVC
= [(λ1 + λ2)ν − δV ′C ]L +

(
µ1(λ1 + λ2)+ αV ′C

)2
2kG

+
[λ0 + µ2(λ1 + λ2)+ βV ′C ]2

2kM
− (λ1 + λ2)ϕP

(41)

It can be seen from the structure of equation (41) that the
solution of the univariate primary function HJB equation with
L as the independent variable, so that

VC (L) = f1L + f2 (42)

f1 and f2 denote the constant to be solved, which is

f1 =
ν(λ1 + λ2)
ρ + δ

f2 =
[(λ0 + µ2(λ1 + λ2))(ρ + δ)+ (λ1 + λ2)νβ]2

2kMρ(ρ + δ)2

+
[µ1(λ1 + λ2))(ρ + δ)+ (λ1 + λ2)να]2

2kGρ(ρ + δ)2

(43)

Substituting equation (43) into equation (40) can respectively
obtain the optimal EPE invested by the government and
enterprises for the production of remanufactured products,
as shown in equations (36), (37). By substituting equation
(43) into equation (42), we can get the expression of income
function VC (L) of the whole system when the government
and the enterprise cooperate

VC∗
=

[(λ0 + µ2(λ1 + λ2)(ρ + δ)+ (λ1 + λ2)νβ]2

2kMρ(ρ + δ)2

+
[µ1(λ1 + λ2)(ρ + δ)+ (λ1 + λ2)να]2

2kGρ(ρ + δ)2

+
(λ1 + λ2)ν
ρ + δ

L −
(λ1 + λ2)ϕP

ρ
(44)

IV. COMPARATIVE ANALYSIS OF EQUILIBRIUM
RESULTS
Through the comparison of the optimal EPE, the optimal
income situation and the optimal income of the whole coop-
eration between the government and the enterprise for reman-
ufactured product production, the following conclusions can
be drawn.
Theorem 4: Under Stackelberg master-slave game model,

the optimal EPE invested by enterprises in remanufactured
product production is significantly improved compared with
Nash-non cooperative game. The improvement intensity is
equal to the proportion of environmental protection subsidies
provided by the government, which is also called the optimal
cost sharing proportion. This shows that environmental pro-
tection subsidies can encourage enterprises to increase cost
input to improve product quality, so as to achieve the effect of
environmental protection and green production. In these two
non cooperative game situations, the optimal EPE invested

by the government for remanufactured product production
remains unchanged. When the government and the enterprise
reach a cooperative cooperation, the optimal EPE invested by
both sides for remanufactured product production reaches the
maximum respectively, and is superior to the non cooperative
game situation. We can get

EN∗G =E
D∗
G <EC∗G ,EN∗M <ED∗M <EC∗M ,ED∗M − E

N∗
M =E

D∗
M ∗ θ

Prove: From formula (7), (8), (20), (21), (36), (37),we
can get

ED∗G − E
N∗
G = 0

EC∗G − E
D∗
G =

µ1λ2(ρ + δ)+ αλ2ν
(ρ + δ)kG

> 0

ED∗M − E
N∗
M =

(2λ0+2µ2λ1−µ2λ2) (ρ+δ)+(2λ1−λ2)νβ
2(ρ+δ)kM

= ED∗M ∗ θ > 0

EC∗M − E
D∗
M =

µ2λ2(ρ + δ)+ λ2νβ
2(ρ + δ)kM

> 0

Theorem 4 is proved.
Theorem 5: In Stackelberg master-slave game model, the

optimal returns of government and enterprise are higher
than that of Nash-non cooperative game. This shows that
compared with their independent development, it is more
beneficial for both sides to form a master-slave relationship
between enterprises and the government. We can get VN∗

M <

VD∗
M ,VN∗

G < VD∗
G .

Prove: In order to ensure the existence and reasonableness
of the share proportion, satisfy 2B > A. For the convenience
of analysis, satisfy

B = λ0 + µ2λ1 +
λ1νβ

ρ + δ
,A = µ2λ2 +

λ2νβ

ρ + δ
.

From formula (18), (19), (34), (35), we can get

VD∗
G − V

N∗
G

=
[(2λ0 + 2µ2λ1 − µ2λ2) (ρ + δ)+ (2λ1 − λ2)νβ]2

8kMρ(ρ + δ)2

=
(2B− A)2

8kMρ
> 0

VD∗
M − V

N∗
M

=
[(2λ0 + 2µ2λ1 − µ2λ2) (ρ + δ)+ (2λ1 − λ2)νβ]

4kMρ(ρ + δ)2

× [µλ2(ρ + δ)+ νβλ2]

=
(2B− A)A
4kMρ

> 0

Theorem 5 is proved.
Theorem 6: The total optimal revenue of government and

enterprise is the highest in the cooperative game, followed
by Stackelberg master-slave game and Nash-non cooperative
game. This shows that the most favorable choice for both
sides is to reach a cooperative cooperation between the gov-
ernment and enterprises, which means VN∗ < VD∗ < VC∗.
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Prove: From formula (34), (35), (44), we can get

VD∗
= (VD∗

G + V
D∗
M )

VC∗
− VD∗

=
[µ1λ2(ρ + δ)+ αλ2ν]2

2kGρ(ρ + δ)2

+
[µ2λ2(ρ + δ)+ νβλ2]2

8kMρ(ρ + δ)2
> 0

It can be seen from theorem 5 that VN∗
= (VN∗

G + V
N∗
M ) <

VD∗, and VN∗ < VD∗ < VC∗.
Theorem 6 is proved.

V. CASE STUDY
According to the above analysis, the function expressions of
the optimal EPE invested by the government and enterprises
for remanufactured products production and the sum of their
respective optimal income and the optimal income of both
parties have been obtained. Now refer to the relevant literature
[31] to give specific values to the model parameters for
calculation and analysis.

Suppose the parameters in the model are set to:

ρ = 0.1, δ = 0.4, λ0 = λ1=0.4,λ2 = 0.6, µ1 = µ2 = 0.5,

ν = 0.5, ϕ = 0.7, kM = 0.4, kG = 0.2, α = 0.2, β = 0.3,

P = 1,L0 = 1.

It can be solved as follows:

EN∗G = 1.4,EN∗M = 1.2;

ED∗G = 1.4,ED∗M = 2.4, θ = 0.5;

EC∗G = 3.5,EC∗M = 3

and satisfying:

EN∗G = ED∗G < EC∗G ,EN∗M

< ED∗M < EC∗M ,
ED∗M − E

N∗
M

ED∗M
= θ = 0.5,

consistent with the conclusion of theorem 4.
Using MATLAB software to draw the optimal income

of the government and the enterprise with time in the case
of Nash-non cooperative game and Stackelberg master-slave
game (Figure 2), we explore the improvement effect of
environmental protection subsidy in Stackelbergmaster-slave
game on the income in the case of Nash-non cooperative
game. Secondly, we draw the environmental protection sub-
sidy θ according to the change of the impact coefficient
λ0 of the EPE invested by the enterprise for production on
social benefits, and explore the impact of parameter λ0 on
environmental protection subsidy θ (Figure 3). Finally, we
draw the sum of the optimal benefits of the government and
the enterprise with time in the case of Nash-non cooperative
game, Stackelberg master-slave game and cooperative game,
so as to compare the most favorable game situation for both
the government and the enterprise (Figure 4).
(1) As it can be seen from Figure 2, compared with the situ-

ationwithout environmental protection subsidies, when

FIGURE 2. Comparison of government and enterprise income with time
before and after providing environmental protection subsidies.

FIGURE 3. Impact of parameter λ0 on environmental protection subsidy θ .

FIGURE 4. Comparison of the total optimal returns of government and
enterprises with time in three game situations.

the government provides environmental protection sub-
sidies for enterprises, the benefits of both sides have
been improved, which is consistent with the conclusion
of theorem 5.
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(2) It can be seen from Figure 3 that with the increase
of the influence coefficient λ0 of the EPE invested by
enterprises for production on social benefits, the envi-
ronmental protection subsidy θ provided by the gov-
ernment for enterprises will also increase.

(3) It can be seen from Figure 4 that the total optimal
income of the government and the enterprise in three
cases is: the total optimal income is the largest in
the case of cooperative game, the next in the case of
Stackelberg master-slave game, and the smallest in the
case of Nash-non cooperative game, which is consistent
with the conclusion of theorem 6.

It can be seen that the government can reduce the harm
of remanufactured products to the environment by sharing
part of the production cost for remanufacturers, and improve
the respective benefits of the government and enterprises.
Therefore, the rationality of the government’s measures to
provide environmental protection subsidies for enterprises
has been verified. Secondly, the EPE invested by enterprises
in remanufactured product production will have an impact
on their social benefits, and the impact coefficient of their
social benefits is positively related to the environmental pro-
tection subsidies provided by the government. It indicates
that the improvement of environmental protection subsidies
and the improvement of the environmental protection quality
of remanufactured products form a positive promotion cycle.
The superiority of the government’s environmental protection
subsidies for enterprises has been verified. Finally, when the
government and the enterprise achieve cooperative coopera-
tion, the sum of the optimal revenue and the optimal revenue
of both sides are strictly superior to the non cooperative
situation. It shows that the government enterprise cooperation
is the best choice for the remanufacturing enterprise with the
goal of maximizing the benefits.

VI. SUMMARY
This paper analyzes the impact of environmental policy on
decision made by remanufacturers with the effect of green
network using differential game model. Both government
and remanufacturer’s cost functions are established with their
own environmental effort, respectively. Then their benefit
functions are built, in which many factors including but not
limited to the environmental reputation of remanufacturer
and consumers’ demand for remanufactured products can
influence the final benefit. Using the model of Nash-non
cooperative game, Stackelberg master-slave game and coop-
erative game, their benefits are calculated and compared.

The equilibrium results show that the improvement level
of products’ environmental quality is equal to the level of
subsidies, and subsidies will increase with the improvement
of products’ environmental quality. In addition, they can gain
the most benefits in cooperative-game.

This paper regarded a government system and a remanu-
facturer as two players in the game, however, the cooperation
between the government and the enterprise in life always

involves more complex relationships. The future research is
supposed to concentrate on the game with more government
systems or remanufacturers as players to explore the impact
of environmental policy deeper. Further, parameters in this
paper are set to be time-independent in order to be solved
easily. Thus, it also can be one of future research directions
to apply differential game model to solve nondegenerate
problems.
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