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Due to excessive greenhouse gas emissions, carbon emission-reducing measures are urgently needed. Important emission-re-
duction measures mainly include carbon trading and low-carbon cost subsidies. Comprehensive consideration of these two
policies is a research hotspot in the field of low-carbon technology investment. Based on this background, this paper considers the
impact of consumer low-carbon preferences on market demand and the impact of uncertainty in carbon emission-reduction
behaviour. We construct a stochastic differential game model with upstream and downstream enterprises based on cost-sharing
coordination under a cost subsidy. From a dynamic perspective, this paper researches the optimal equilibrium strategy and
evolution characteristics of the joint emission-reduction mechanism in a supply chain. ,is paper discusses the sensitivity of the
parameters and uses numerical simulation to verify the impact of each parameter on the emission-reduction decision-making
activities of stakeholders after introducing the cost subsidy. ,e results show that a cost subsidy policy can promote carbon
emission-reduction investment and supply chain profit. ,us, it is important to strengthen technical cooperation and exchange
among enterprises.

1. Introduction

Low-carbon economy is an inevitable choice for the
sustainable development of global economy. Developing
low-carbon economy is conducive to breaking through
the bottleneck constraints of resources and environment
in the process of economic development and taking the
new road of industrialization; it is conducive to forming a
sound policy mechanism and institutional guarantee
system to promote sustainable development; it is con-
ducive to promoting industrial upgrading and techno-
logical innovation of enterprises and building the future
international core competitiveness of enterprises. It
provides a rare opportunity to realize the fundamental
transformation of the economic mode. Under the current
situation, actively developing circular economy and low-
carbon economy is the best choice to achieve sustainable
development. It requires us not only to change the tra-
ditional high-carbon economic development mode from

the adjustment of industrial structure and energy struc-
ture but also to seek energy-saving ways and promote
energy-saving technology from all aspects of the industrial
chain. As a major developing country and high-carbon-
emitting country, China is actively exploring various
carbon emission-reduction measures. ,e government
actively adjusts the industrial and energy structures from a
macroperspective, implements carbon emissions trading,
and encourages technological innovation from a micro-
perspective. With the implementation of China’s carbon
trading system, the carbon trading market’s demand for
carbon-dependent enterprises has gradually risen. De-
signing a carbon trading policy that encourages carbon-
dependent enterprises to invest in production and carbon
emission-reduction measures has become a focus of social
concern. Due to the dynamic and uncertain nature of
innovation, carbon emission-reduction behaviour pres-
ents high uncertainty. ,erefore, it is important to study
the influence of the carbon trading system on corporate
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emission reduction based on the perspective of stochastic
differential games.

Under the background of carbon emission trading and
cost subsidies, and considering the low-carbon preferences
of consumers and the randomness of the emission-reduction
process, this paper uses a stochastic differential game
method to analyse the game relationships between the
government, manufacturers, retailers, and consumers under
cost-sharing coordination from a dynamic perspective. ,e
equilibrium strategies of government, supply chains, and
consumers are obtained, and the evolutionary paths of
emission reduction, manufacturer profit, and retailer profit
are obtained.

,e object of this paper is to (1) calculate an objective
function describing carbon emission reduction, manufac-
turer profit, retailer profit, and cost-sharing ratio; (2) con-
sider the low-carbon preferences of consumers and the
randomness of the emission-reduction process and study the
optimal equilibrium strategies of the government, supply
chains, and consumers under cost subsidies and the evo-
lutionary path of carbon emission reduction and supply
chain profit; and (3) explore the sensitivity of cost subsidy
rates and other stochastic factors to supply chain emission
reductions via a numerical experiment.

,e theoretical value of this paper lies in its in-depth
exploration of supply chain enterprise cooperation mech-
anisms and the design of carbon emission-reduction in-
vestment paths. It provides a theoretical basis for decision-
making by supply chain enterprises operating under envi-
ronmental regulation.,e practical significance of this paper
is to analyse the optimal decision-making paths of coordi-
nated cost-sharing decision-making under a carbon trading
system and cost subsidy policies from a dynamic perspective.
,is provides theoretical support for technological invest-
ment and output decision-making by supply chain
enterprises.

,e structure of this paper is as follows. Section 2 is a
literature review. Section 3 describes the problem in terms of
the carbon trading system and emission-reduction tech-
nological innovation subsidies under uncertain circum-
stances of carbon emission-reduction behaviour. A
stochastic differential game model is then constructed on
this basis. Section 4 uses stochastic differential game theory
to solve the Stackelberg equilibrium under a feedback
strategy. Section 5 uses the stochastic differential Stackelberg
game model to predict emission-reduction inputs and the
evolution path of variables. Section 6 provides a parameter
sensitivity analysis. Section 7 describes the numerical sim-
ulation and the final section makes the conclusions.

2. Literature Review

,e essence of sustainable development is that supply chain
enterprises start from the energy structure and change the
traditional mode of high-carbon economy. Swiader evalu-
ated the natural area surface for carbon fiber assimilation
and provided management tools and policy tools for the
sustainable development of human settlements [1]. Renwick
explored the effect of practice in achieving workplace goals

of environmental sustainability [2]. Bashir discussed the
relationship between environmental taxes and carbon
emissions, as well as the role of environmental technology
and financial development [3]. Nong put forward sugges-
tions on energy resources, policies, and scientific research to
achieve a cleaner and more sustainable economy in Vietnam
[4]. Jackson studied the labor, reciprocity, and care logic
needed to reduce or sequester carbon through the case of
carbon agriculture to reduce carbon emissions [5]. Douglas
made a theoretical and conceptual comparative analysis on
the policies and measures of coal-dependent employment,
determined the measures to successfully improve the social
and economic well-being of coal-dependent communities,
and put forward the framework to successfully achieve a just
transition [6]. Amundson proposed a quantitative risk
analysis method of biomass supply chain based on Bayesian
belief network (BBN) [7].

,e impact of microeconomic policies on enterprises’
carbon emission-reduction investment behaviour began
with the research of Benjaafar, who studied the impact of
joint emission reductions by supply chain members on
operating costs and carbon emissions [8]. Song et al. pro-
posed a carbon footprint calculation model based on dis-
criminant factors [9]. Elhedhli and Merrick found that the
optimal allocation of a supply chain can be achieved by
adjusting the cost of carbon emissions [10]. Dai and Hu
proposed a double-objective network optimization model of
a low-carbon closed-loop supply chain [11]. Chen et al.
constructed a fuzzy programming optimization model to
find the lowest total cost [12]. Lou et al. proposed a
Stackelberg game emission-reduction investment model
with manufacturers as the leaders and retailers as the fol-
lowers [13]. Fu et al. obtained the evolutionarily stable
strategy for supplier and manufacturer emission-reduction
input behaviour [14]. Liu et al. studied the operational
decisions of original equipment manufacturers and autho-
rized remanufacturers under the carbon emission quota and
trading rules in a two-echelon supply chain [15]. Zhao et al.
analysed the joint carbon emission-reduction problem in a
secondary supply chain composed of twomanufacturers and
a dominant retailer [16]. In addition, Yang et al. compared
the effects of four low-carbon policies on supply chain
coordination [17]. Xu et al. studied the decision-making and
coordination of a two-level supply chain composed of
manufacturers and retailers [18]. Yang and Wang compared
and analysed carbon emission reduction and supply chain
profit under the three situations of decentralization, con-
centration, and revenue-sharing contracts [19]. Xu et al.
studied the game coordination of supply chain members
under consignment contracts, revenue-sharing contracts,
and revenue-sharing and emission-reduction cost-sharing
contracts [20].

In addition, the impact of government on supply chain
emission-reduction decision-making is crucial. Zhang et al.
studied the optimal investment decisions of a supply chain
considering a government carbon tax [21]. Kang et al.
studied the behaviour of low-carbon supply chain enter-
prises and strategic issues related to government low-carbon
policies and emerging low-carbon markets [22]. Sun et al.
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analysed carbon emission transfer and reduction among
enterprises in a supply chain [23]. Wang et al. studied the
dynamic coordination of long-term cooperative emission
reduction in supply chains under government subsidies [24].
Peng analysed the popular quantity discount contract and
revenue-sharing contract in a supply chain [25]. Li et al.
discussed the coordination methods of a low-carbon supply
chain under different channel power structures [26]. Wang
compared differences in levels of emission-reduction effort,
advertising, and the present value of supply chain total profit
under decentralized and cooperative decision-making
modes [27]. Han et al. established a game model to study the
decision-making behaviour of manufacturers in a low-car-
bon e-commerce supply chain that received government
carbon subsidies that considered fairness [28]. Wang et al.
studied the long-term dynamic cooperative emission re-
duction and government subsidy strategies of a two-level
supply chain [29]. Wang et al. established single and joint
emission-reduction models in which supply chain members
could adopt one- or two-way cost-sharing contracts and
analysed the optimal strategy design and appropriate sharing
rate contract [30]. Wang studied the decision-making
problem of a two-echelon supply chain composed of a single
manufacturer and a single retailer [31]. Zhang et al. dis-
cussed the influences of emission-reduction rate, carbon tax,
and unit carbon emissions on order quantity, revenue, and
contract parameters [32]. Liu and Li established a differential
game model of a two-level supply chain and introduced a
low-carbon preference into the model. ,ey discussed in
detail the impact of low-carbon reference carbon emission
reduction by a supply chain [33]. Zhu et al. compared and
analysed two situations of government subsidies to low-
carbon product manufacturers and consumers who pur-
chased low-carbon products [34]. Li et al. analysed the
interactive game between government subsidies and en-
terprises’ choices of emission-reduction cooperation [35].
Zhao et al. analysed the influence coefficient of different
subsidy objects on the pricing decisions and profits of
channel members [36]. Wei considered dynamic changes in
carbon emissions and constructed a differential game model
of emission-reduction investment by a supply chain [37].
Wang et al. studied the joint emission-reduction coordi-
nation problem of a three-level supply chain with centralized
and decentralized decision-making and cost-sharing col-
laborative decision-making [38].

,e above literature mainly considers the operational
cooperation of a low-carbon supply chain from a static
perspective. However, enterprise operations often span
multiple cycles. ,erefore, it is very important to study
coordination and cooperation between the upstream and
downstream enterprises in a low-carbon supply chain from a
dynamic perspective. Mohamad et al. analysed the selection
of the best cooperation mode for supply chain management
when the carbon emission limit is exceeded [39]. Ren et al.
researched the influence of government subsidies on en-
terprise decision-making behaviour via a two-stage dynamic
game [40]. Wang et al. constructed three dynamic game
models involving decentralized decision-making without
cost-sharing, decentralized decision-making, and

centralized decision-making under cost-sharing. ,ey
analysed the dynamic strategy of regional low-carbon
technology [41]. Huang and Yuan proposed a Stackelberg
differential game model of a single government and multiple
enterprises in a limited period [42]. Yang et al. constructed a
continuous-time dynamic model of differential inequality
[43]. Giovanni studied the optimal green advertising in-
vestment and pricing strategies of manufacturers and re-
tailers under wholesale-pricing and reverse-revenue-sharing
contracts, respectively [44]. Considering a carbon trading
market and the low-carbon preferences of consumers, Liu
et al. obtained the low-carbon technology conditions re-
quired to achieve a win-win situation [45]. Zhao et al.
studied the vertical cooperative emission-reduction dynamic
optimization problem of a low-carbon supply chain [46]. Ye
et al. studied supply chain dynamic optimization and the
coordination of joint emission reductions with consider-
ation of consumers’ low-carbon preferences [47]. You et al.
compared the long-term dynamic equilibrium strategies of a
two-level supply chain under decentralized and centralized
decision-making situations [48]. Xu et al. constructed and
analysed three differential game models: decentralized de-
cision-making without cost-sharing, decentralized decision-
making under a cost-sharing contract, and centralized de-
cision-making under collaborative control [49].

Existing research has mainly focused on manufacturer
research and development (R&D) investment. ,e retailers
use low-carbon publicity or promotion to follow the
manufacturers. However, no research has considered that
the emission reductions related to product manufacturing
decline naturally over time, which affects the incentive for
enterprises to reduce emissions. ,erefore, this paper uses
the stochastic differential game method to expand the re-
search in this field. Considering a scenario of a carbon
trading market with a cost subsidy, this paper compre-
hensively analyses consumers’ low-carbon preferences and
random factors in the process of carbon emission reduction.
It obtains the optimal equilibrium strategy and evolution
path for joint carbon emission reduction by manufacturers
and retailers.

3. Stochastic Differential Game Model

3.1. Problem Description. Actively developing circular
economy and low-carbon economy is the best choice to
achieve sustainable development. To develop low-carbon
economy, we should not only change the traditional de-
velopment mode of high-carbon economy but also seek
energy-saving ways and promote energy-saving technologies
from all aspects of the supply chain. ,erefore, this paper
considers a carbon emission-reduction system of a simple
secondary supply chain composed of a manufacturer and a
retailer. Widely used low-carbon supply chain coordination
mechanisms include cooperative advertising contracts,
revenue-sharing contracts, wholesale price contracts, cost-
sharing contracts, and two-part contracts. ,is paper studies
the cooperation between upstream and downstream en-
terprises in the practice of carbon emission-reduction supply
chain management. ,e upstream manufacturer carries out
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energy and emission reductions, and the downstream re-
tailer shares certain costs. In general, the manufacturer is the
main source of emission reduction and faces more pressure
than the retailer. Meanwhile, the manufacturer can transfer
the cost of emission reduction downstream through market
forces. ,erefore, the manufacturer is the decision-maker in
the differential game and the retailer follows the manufac-
turer to share the R&D cost of emission reduction. In
China’s quota-based carbon trading system, the government
grants enterprises a certain carbon quota. Emissions that
exceed the quota must be purchased from the society. At the
same time, carbon trading is carried out in some large
markets and the supply chain has no effect on the carbon
price. ,erefore, it is assumed that the carbon price is ex-
ogenous. In addition, this paper assumes that consumers
have a low-carbon preference; i.e., they prefer products
associated with lower carbon emissions.

To describe the above problems, this paper defines the
parameters shown in Table 1.

,is paper simplifies the complex conditions and makes
the following hypotheses.

Hypothesis 1 (demand function hypothesis). Referring to
the research of Laroche et al. [50] and Ouardighi [51, 52],
market demand is mainly affected by price factors and
nonprice factors, which affect market demand in the form of
separable multiplication. ,e product demand function is as
follows:

QE(t) � (a − bp(t))kE(t). (1)

Hypothesis 2 (input cost hypothesis of emission-reduction
technology). ,e manufacturer’s emission-reduction cost
function is an extension of the hypothesis of the innovation
cost function. ,e function is a convex function describing
emission-reduction efforts. ,us, the manufacturer’s emis-
sion-reduction cost at time t is given by

C ZM(t)(  �
μM

2
Z
2
M(t). (2)

Hypothesis 3 (interest intensity hypothesis). Suppose that
the upstream manufacturer and downstream retailer have
the same interest intensity ρ, and ρ> 0.

3.2. Dynamic Model of Carbon Emission-Reduction
Investment. ,e supply chain modelled in this paper is a

simple two-level supply chain with one manufacturer and
one retailer. ,is paper studies a model of investment in
carbon emission-reduction technology based on govern-
ment subsidies and consumer low-carbon preference. ,e
decision-making process of the government, supply chain,
and consumers is shown in Figure 1.

,e emission-reduction process is affected by investment
in emission-reduction subject, facilities maintenance, con-
sumer environmental awareness, and various uncontrollable
factors. ,us, the emission-reduction process is random.

Hypothesis 4. ,e stochastic process of carbon emission
reduction is composed of three driving forces. One is a
random factor, which can be described as a standardWiener
process dE(t) � δ

����
E(t)


dz(t), in which δ is a fluctuation

parameter of carbon emission reduction. ,e second is the
carbon emission reduction resulting from R&D investment
by the emission-reduction subject dE(t) � αZM(t)dt, in
which ZM(t) is the emission-reduction effort. ,e third
changes in environmental awareness and equipment ageing,
dE(t) � − σE(t)dt, in which σ is the emission-reduction
coefficient. ,e overall dynamic equation is the sum of the
three parts:

dE(t) � αZM(t) − σE(t)( dt + δ
����
E(t)


dz(t). (3)

3.3. Objective Function of the Manufacturer and Retailer.
Carbon trading system based on a carbon quota is essentially
the intensity control mode. It is assumed that the carbon
quota and carbon emissions per unit product set by the
government are fixed in a certain period. ,us, the function
of the carbon emissions trading cost is as follows:

EMT(t) � pe gMQE(t) + E(t) − eMQE(t) . (4)

In actual operations, for a carbon emission-reduction
supply chain that is regulated by the government, the profit
function of the manufacturers consists of sales revenue,
carbon emission-reduction costs, and carbon trading in-
come. Considering that the retailer will share part of the
carbon emission-reduction cost of the manufacturer, the
retailer’s profit function is composed of sales revenue and
carbon emission-reduction cost. In addition, the goal of the
game between the manufacturer and retailer is to maximize
profit. For ease of expression, t is not listed below.

,us, the objective function of the manufacturers is as
follows:

maxE JM ω, ZM, ξ   �

maxE 
∞

0
e

− ρt
(w − c)QE − (1 − ξ)(1 − τ)

μM

2
Z
2
M + pe gMQE + E − eMQE(  dt .

(5)
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,e objective function of the retailers is as follows:

maxE JR[p, ξ]  � maxE 
∞

0
e

− ρt
(p − w)QE − ξ(1 − τ)

μM

2
Z
2
M dt . (6)

3.4. Stochastic Differential Game Model. Assuming that the
government, manufacturers, and retailers adopt a progres-
sive Stackelberg game, the stochastic differential gamemodel
of the carbon emission system is as follows:

s.t.

max
ω,ZM,ξ

JM w, ZM, ξ; p( ,

max
p,ξ

JR w, ZM, ξ; p( ;

dE(t) � αZM(t) − σE(t)( dt + δ
����
E(t)


dz(t),

E(0) � E0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

4. Equilibrium Strategy

Based on the stochastic differential game method, this paper
discusses the game process between upstream and down-
stream enterprises of a supply chain and obtains the feed-
back equilibrium between the manufacturer and the retailer.
Firstly, the manufacturer determines the wholesale price and
carbon emission-reduction efforts of the products at each
moment and carries out a game with the retailer to deter-
mine the cost-sharing proportion. Secondly, the retailer
determines the market price of products at each moment
and carries out a game with the manufacturer to determine
the emission-reduction cost-sharing ratio.

Table 1: Description of the parameters of the model.

Variable Description
p Product retail price
a Product market size
QE Quantity demanded considering consumer low-carbon preference
μm Abatement cost coefficient
α Impact coefficient of the manufacturer’s emission-reduction effort
gm Per unit product emission quota set by government regulations
c Manufacturer’s unit production cost
JM Profit of the manufacturer
k Low-carbon sensitivity coefficient of consumers
τ Cost subsidy coefficient
δ Fluctuation coefficient of emission reduction
w Manufacturer’s wholesale price
b Product marginal demand
Zm Emission-reduction effort
E Carbon emission reduction
σ Relative attenuation rate for the product emission-reduction function
em Carbon emissions per unit product without emission-reduction investment
ρ Discount rate
JR Profit of the retailer
ξ Retailer emission-reduction cost-sharing proportion
pe Carbon trading price

Government Manufacturer Consumer marketRetailer

The first stage
Government decides the 

optimal subsidy rate

The second stage
Manufacturer determines

carbon emission level, 
cost-sharing, and 
wholesale price of 

products

The third stage
Retailer determines

the market price and 
cost-sharing of 

emission reduction

Consumers with 
low-carbon preference

in the consumer
market buy low-carbon 

products

Figure 1: Decision diagram.
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Theorem 1. 8e decision-making goal of upstream manu-
facturers and downstream retailers is to maximize their re-
spective profits. 8e game equilibrium results of the
manufacturer and retailer are as follows:

w
∗

�
1
2b

a + bc + bpeeM − bpegM( ,

Z
∗
M �

V
S′
M

(1 − ξ)(1 − τ)

α
μM

,

p
∗

�
1
4b

3a + bc + bpeeM − bpegM( ,

ξ �
2V

S′
R − V

S′
M

2V
S′
R + V

S′
M

.

(8)

Proof. It is assumed that the wholesale price of manufac-
turer ω(t) and the carbon emission-reduction effort ZM(t)

are given for any time t ∈ [0,∞). ,is paper uses backward
induction and continuous-time dynamic programming
theory to obtain the HJB equation. ,e HJB equation sat-
isfies the retailer’s optimal product pricing and optimal cost-
sharing ratio.

ρV
S
R � max

p,ξ
(p − w)(a − bp)kE − ξ

μM(1 − τ)

2
Z
2
M + V

S′
R αZM − σE(   +

1
2
δ2EV

S″
R, (9)

where VS
R is the retailer’s optimal value function.

Optimizing the right-hand side of the retailer’s function,
the product price-response strategy of the retailer can be
obtained as follows:

p �
a + bw

2b
. (10)

,is paper uses continuous-time dynamic programming
theory to obtain the HJB equation. In addition, the optimal
wholesale price and carbon emission-reduction effort
strategy of the manufacturer should satisfy the following
HJB equation:

ρV
S
M � max

ZM ≥ 0
w − c − peeM + pegM( (a − bp)kE − (1 − ξ)

μM(1 − τ)

2
Z
2
M + peE

+V
S′
M αZM − σE(  +

1
2
δ2EV

S″
M.

(11)

,e retailer’s product price reflecting strategy is intro-
duced into the above formula, which can be solved as

ρV
S
M � max

ZM ≥ 0
w − c − peeM + pegM( 

a − bw

2
 kE − (1 − ξ)

μM(1 − τ)

2
Z
2
M

+peE + V
S′
M αZM − σE(  +

1
2
δ2EV

S″
M,

(12)

where VS
M is the optimal value function of the manufacturer.

Solving the optimization problem at the right-hand
side of the equation, the manufacturer’s optimal wholesale
price and optimal carbon emission-reduction effort are as
follows:

w
∗

�
1
2b

a + bc + bpeeM − bpegM( ,

Z
∗
M �

V
S′
M

(1 − ξ)(1 − τ)

α
μM

.

(13)
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Substituting the emission-reduction effort into the re-
tailer’s HJB equation, and making the first-order partial
derivative equal to zero, we can obtain the following result:

ξ �
2V

S′
R − V

S′
M

2V
S′
R + V

S′
M

. (14)

To obtain the strategies of the manufacturer and retailer,
it is necessary to determine their optimal value functions.
,ese are obtained by introducing the strategies of manu-
facturer and retailer.

ρV
S
M � max

ZM≥0

1
8b

a − bc − bpeeM + bpegM( 
2
k − V

S′
Mσ + pe +

1
2
δ2VS″

M E −
α2VS′

M 2V
S′
R + V

S′
M 

4μM(1 − τ)

⎧⎪⎪⎨

⎪⎪⎩

⎫⎪⎪⎬

⎪⎪⎭
, (15)

ρV
S
R � max

p,ξ

1
16b

a − bc − bpeeM + bpegM( 
2
k − V

S′
Rσ +

1
2
δ2VS″

R E

+
V

S′
Rα

2 2V
S′
R + V

S′
M 

2μM(1 − τ)
−
α2 2V

S′
R − V

S′
M  2V

S′
R + V

S′
M 

8μM(1 − τ)

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

. (16)

Solving the differential equation system separately, the
optimal value functions of the manufacturer and retailer are
as follows:

V
S
M � f1E

2
+ f2E + f3,

V
S
R � g1E

2
+ g2E + g3.

⎧⎨

⎩ (17)

,e first and second derivatives of the optimal value
function of the manufacturer and the retailer are given by

V
S′
M � 2f1E + f2,

V
S′
R � 2g1E + g2,

⎧⎪⎨

⎪⎩
(18)

V
S″
M � 2f1,

V
S″
R � 2g1.

⎧⎪⎨

⎪⎩
(19)

Tomake the optimal value functions of themanufacturer
and the retailer assumed in equation (17) is the solution of
equations (15) and (16), substituting equations (17)–(19),
respectively, into equations (15) and (16), which can be
solved as

ρf1 �
α2 2f1g1 + f

2
1 

μM(1 − τ)
− 2σf1,

ρf2 �
a − bc − bpeeM + bpegM( 

2
k + 8bpe + 8bδ2f1 − 8bσf2

8b
+
α2 f1g2 + f2g1 + f1f2( 

μM(1 − τ)
,

ρf3 �
α2f2 2g2 + f2( 

4μM(1 − τ)
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(20)

ρg1 �
α2 4g1 + 2f1( 

2

8μM(1 − τ)
− 2σg1,

ρg2 �
a − bc − bpeeM + bpegM( 

2
k + 16bδ2g1 − 16bσg2

16b
+
α2 2g2 + f2(  2g1 + f1( 

2μM(1 − τ)
,

ρg3 �
α2 2g2 + f2( 

2

8μM(1 − τ)
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(21)
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Equations (20) and (21) are valid for all possible values of
carbon emission reduction, which indicates that the

coefficients and constant terms on both sides of the equation
are equivalent. ,ey can be solved as

f1 � −
2(2σ + ρ)μM(1 − τ)

α2
,

f2 �
a − bc − bpeeM + bpegM( 

2
kα2(σ + ρ) + 8bα2pe(3σ + 2ρ) − 8bδ2(2σ + ρ)(8σ + 5ρ)μM(1 − τ) 

4bα2 (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
,

f3 �
α2g2f2

2μM(1 − τ)ρ
+

α2f2
2

4μM(1 − τ)ρ
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

g1 �
(2σ + ρ)μM(1 − τ)

2α2
,

g2 �
a − bc − bpeeM + bpegM( 

2
kα2(4σ + 3ρ) − 16bα2pe(2σ + ρ) + 8bδ2(2σ + ρ)(16σ + 9ρ)μM(1 − τ) 

16bα2 (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
,

g3 �
α2 4g

2
2 + f

2
2 + 4g2f2 

8μM(1 − τ)ρ
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(22)

Firstly, we calculate the coefficient f1 according to the
given parameters and then calculate the other coefficients.
Secondly, we derive the optimal value function according to
formula (17). Finally, we use ,eorem 1 to obtain the
manufacturer’s carbon emission-reduction effort and
wholesale price, the retailer’s retail price, and the carbon
emission-reduction cost-sharing ratio. □

5. Characteristics of Evolution in the Emission-
Reduction Rate

Theorem 2. 8e expectation of random carbon reduction
and the expectation limit are, respectively, as follows:

E(E) � e
Mt

E0 + NM
− 1

− NM
− 1

e
− Mt

 ,

lim
t⟶∞

E(E) � − NM
− 1

.
(23)

,e variance of random carbon reduction and variance
limit are, respectively,

D(E) � e
2Mt

E0 + NM
− 1

− NM
− 1

e
− Mt

 
2

− e
2Mt

E
2
0 + ME0 + N(  2N + δ2 M

− 2
− N 2N + δ2  2M

2
 

− 1
 

− e
Mt

ME0 + N(  2N + δ2 M
− 2

+ N 2N + δ2  2M
2

 
− 1

,

lim
t⟶∞

D(E) � N 2N + δ2  2M
2

 
− 1

− N
2
M

− 2
,

(24)

where M � − (3σ + ρ) and N � α2(2g2 + f2)[2μM

(1 − τ)]− 1.

Proof. ,e manufacturer’s carbon emission-reduction ef-
forts in ,eorem 1 are brought into the process of carbon
emission reduction, which can be solved as

dE(t) � αZM(t) − σE(t) dt + δ
����
E(t)


dZ(t),

E(0) � E0.
(25)

Integrating the two sides by using boundary conditions,
it can be solved as

E � E0 + 
t

0
(ME + N)dt + 

t

0
δ

����
E(t)


dZ(t). (26)

8 Complexity



Taking the expectations on both sides by using the zero-
mean property of the Wiener process, it can be solved as

E(E) � E0 + 
t

0
ME(E) + N dt. (27)

Integrating again, it can be solved as

E(E) � e
Mt

E0 + NM
− 1

− NM
− 1

e
− Mt

 . (28)

When t⟶∞, we can obtain M< 0, which can be
solved as

lim
t⟶∞

E(E) � − NM
− 1

. (29)

Based on the ITO theorem, we determine the change
process of the square of carbon reduction, which can be
solved as

dE
2

� 2ME
2

+(2N + δ)
2
E dt + 2δE

����
E(t)


dZ(t),

E
2
(0) � E

2
0.

(30)

Integrating the two sides by using boundary conditions,
we obtain

E
2

� E
2
0 + 

t

0
2ME

2
+ 2N + δ2 E dt + 

t

0
2Eδ

����
E(t)


dZ(t). (31)

Taking the expectations on both sides by using the zero-
mean property of the Wiener process, we can obtain

E E2( ) � E
2
0 + 

t

0
2ME E2( ) + 2N + δ2 E(E) dt. (32)

By substituting the result into the above formula, we
obtain

E E2( ) � e
2Mt

E
2
0 +

ME0 + N(  2N + δ2 

M
2 −

N 2N + δ2 

2M
2

⎛⎝ ⎞⎠ − e
Mt

ME0 + N(  2N + δ2 

M
2 +

N 2N + δ2 

2M
2 . (33)

We then determine the variance in carbon reduction
according to the following equation:

D(E) � E E2( ) − E(E) 
2
. (34)

Considering M< 0, we get limt⟶∞
E(E2) � ((N(2N + δ2))/(2M2)). ,us, the variance limit of
emission reduction is limt⟶∞D(E) � limt⟶∞ E(E2)−

limt⟶∞ [E(E)]
2 � ((N(2N + δ2))/(2M2)) − (N2/M2). It is

assumed that the process of carbon emission reduction does
not produce random interference (δ � 0); that is,

limt⟶∞E(E2) � (N2/M2); thus, D(E) � E(E2)− [E(E)]
2

� 0. □

6. Parameter Sensitivity Analysis

Assume that the consumer low-carbon preference coefficient
is k, the emission-reduction effort influence coefficient of
manufacturer is α, the emission-reduction cost coefficient is
μM, the carbon trading price is pe, and the cost subsidy rate is
τ. We then calculate the impact of the above parameters on
the optimal emission-reduction effort, wholesale price, retail

Table 2: Parameter sensitivity analysis.

E(E(t)∗) Z∗M w∗ p∗

k ↑ ↑ ⟶ ⟶
μM ↓ ↓ ⟶ ⟶
α ↑ ↑ ⟶ ⟶
pe ↑ ↑ ↓ ↓
τ ↑ ↑ ⟶ ⟶

Complexity 9



price, and emission reduction. ,e results are shown in
Table 2.

Inference 1. Under the coordinated decision-making of
cost subsidy, the increase in the consumer low-carbon
preference coefficient will lead to increased carbon

emissions. ,e manufacturers will increase their emis-
sion-reduction efforts, and the wholesale price of the
manufacturer and the retail price of the retailer will re-
main invariant.

Proof

zp
∗

zk
� 0,

zw
∗

zk
� 0,

zZ
∗
M

zk
� −

(2σ + ρ)

α
dE(E)

dk
+

a − bc − bpeeM + bpegM( 
2α(6σ + 5ρ)

16bμM(1 − L) (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
> 0.

zM

zk
� 0.

(35)

□
Inference 2. Under the coordinated decision-making of cost
subsidy, with increases in the manufacturer’s emission-re-
duction cost coefficient, the system’s carbon emission re-
ductions will decrease, the manufacturer will reduce

emission-reduction efforts, and the manufacturer’s whole-
sale price and retailer’s retail price will remain invariant.

Proof

zp
∗

zμM

� 0,

zw
∗

zμM

� 0,

zZ
∗
M

zμM

� −
(2σ + ρ)

α
dE(E)

dμM

−
a − bc − bpeeM + bpegM( 

2
kα(6σ + 5ρ) + 16bαpe(σ + ρ)

16bμ2M(1 − L) (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
< 0,

zM

zμM

� 0,

zN

zμM

� −
a − bc − bpeeM + bpegM( 

2
kα2(6σ + 5ρ) + 16bα2pe(σ + ρ)

16bμ2M(1 − L) (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
< 0.

(36)

□
Inference 3. Under the coordinated decision-making of cost
subsidy, increases in the emission-reduction cost coefficient
will lead to increases in carbon emission reductions, the

manufacturers will increase carbon emission-reduction ef-
forts, and the manufacturer’s wholesale price and retailer’s
retail price will remain invariant.
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Proof

zp
∗

zα
� 0,

zw
∗

zα
� 0,

zZ
∗
M

zα
�

(2σ + ρ) E − α dE(E)/dα  

α2
+

8bδ2ρ(2σ + ρ)

16bα2 (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
> 0,

zM

zα
� 0,

zN

zα
�

a − bc − bpeeM + bpegM( 
2
kα(6σ + 5ρ) + 16bαpe(σ + ρ)

8bμM(1 − L) (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
> 0.

(37)

□
Inference 4. Under the coordinated decision-making of cost
subsidy, increases in the carbon trading price will lead to
increases in carbon emission reduction, the manufacturers
will reduce their emission-reduction efforts, and at the same

time, the manufacturers will reduce their wholesale price
and retailers will reduce their retail price.

Proof

zp
∗

zpe

�
1
4

eM − gM( < 0,

zw
∗

zpe

�
1
2

eM − gM( < 0,

zZ
∗
M

zpe

� −
(2σ + ρ)

α
dE(E)

dpe

+
8α(σ + ρ) + a − bc − bpeeM + bpegM( kα gM − eM( (6σ + 5ρ)

8μM(1 − L) (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
> 0,

zM

zpe

� 0,

zN

zpe

�
8α2(σ + ρ) + a − bc − bpeeM + bpegM( kα2 gM − eM( (6σ + 5ρ)

8μM(1 − L) (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
> 0.

(38)

□
Inference 5. Under the coordinated decision-making of cost
subsidy, increases in the cost subsidy rate will lead to in-
creases in carbon emission reduction, the manufacturers will

increase their emission-reduction efforts, and the wholesale
price of manufacturers and the retail price of retailers will
remain invariant.
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Figure 2: State variable trajectories under a cost-sharing and coordinated decision-making scenario.
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Figure 3: Sensitivity analysis of consumers’ carbon sensitivity coefficient and cost subsidy rate.
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Proof

zp
∗

zτ
� 0,

zw
∗

zτ
� 0,

zM

zτ
� 0,

zN

zτ
�

8bδ2ρ(2σ + ρ)

16b (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
> 0,

zZ
∗
M

zτ
� −

(2σ + ρ)

α
dE(E)

dτ
+

8bδ2ρ(2σ + ρ)

16bα (3σ + 2ρ)(8σ + 5ρ) − 2(2σ + ρ)
2

 
> 0.

(39)

□
7. Numerical Example

7.1. EvolutionPathAnalysis. ,is paper intuitively analyses
the supply chain’s optimal strategic trajectory under cost-
sharing and coordinated decision-making through pa-
rameter assignment. ,e parameters of this paper are set
as follows: ρ� 0.3, σ � 0.2, a � 4.5, b � 1, c � 3, α� 0.8,
pe � 0.02, k � 0.6, μM � 1, eM � 0.5, gM � 2, E (0) � 0,
τ � 0.15, and δ � 0.01. ,e trajectory of the supply chain’s
profit and emission reductions under cost-sharing and
coordinated decision-making can be obtained, as shown
in Figure 2.

In Figure 2, the carbon emission reductions and retailer
profit show nonlinear upward trends with time, and the rate
of increase becomes slower and slower and finally becomes

stable. ,e change of manufacturer’s profit is opposite to
that of the retailer.

7.2. Sensitivity Analysis

7.2.1. Sensitivity Analysis of τ and k. Assuming that other
parameters remain unchanged, the simulation of the cost
subsidy rate and consumer low-carbon sensitivity coefficient
is as shown in Figure 3.

As shown in Figure 3, the manufacturer profit, retailer
profit, product carbon emissions, and the emission-re-
duction effort of the manufacturer increase with increases
in the cost subsidy rate and consumer low-carbon sen-
sitivity coefficient. However, the impacts of the cost
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Figure 4: Sensitivity analysis of efforts influence coefficient and cost subsidy rate.
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Figure 6: Continued.
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Figure 5: Sensitivity analysis of emission-reduction efforts, cost coefficient, and cost subsidy rate.
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subsidy rate and consumer low-carbon sensitivity coef-
ficient on the parameters are different. When the gov-
ernment subsidy rate is fixed, the consumer low-carbon
sensitivity coefficient positively affects product carbon
emissions, the emission-reduction effort of the manu-
facturer, and the profits of upstream and downstream
enterprises in the supply chain. At the same time, the cost
subsidy rate enhances the impact of the low-carbon
sensitivity coefficient on the parameters, indicating that
government subsidies can incentivize enterprises to invest
in carbon emission reduction.

7.2.2. Sensitivity Analysis of τ and α. When other pa-
rameters remain unchanged, the simulation results of the
cost subsidy rate and impact coefficient of manufac-
turers’ emission-reduction efforts are as shown in
Figure 4.

As shown in Figure 4, the manufacturer profit, retailer
profit, product carbon emissions, and manufacturer emis-
sion-reduction effort increase with increases in the cost
subsidy rate and impact coefficient of manufacturers’
emission-reduction efforts. However, the influences of the
cost subsidy rate and manufacturer’s emission-reduction
effort influence coefficient on parameters are different.
When the government subsidy rate is fixed, manufacturer’s
emission-reduction effort influence coefficient positively
affects the product carbon emissions, manufacturer emis-
sion-reduction effort, and the profits of the upstream and
downstream enterprises in the supply chain. Meanwhile, the
introduction of government subsidies enhances the influ-
ence of the manufacturers’ emission-reduction impact co-
efficient on the parameters, indicating that government
subsidies can incentivize enterprises to invest in carbon
emission reductions.

7.2.3. Sensitivity Analysis of τ and μm. With other param-
eters unchanged, the simulation results of the cost subsidy
rate and cost coefficient of carbon emission reduction are as
shown in Figure 5.

As shown in Figure 5, the manufacturer profit, the
retailer profit, product carbon emissions, and the man-
ufacturer emission-reduction effort increase with in-
creases in the cost subsidy rate and cost coefficient of
carbon emission reduction, but the effects of the latter two
are different. When the government subsidy rate is fixed,
the cost coefficient of carbon emission reduction has a
negative influence on product carbon emissions, manu-
facturer emission-reduction efforts, and supply chain
members’ profits. ,ese parameters all decrease with
increases in the cost coefficient of carbon emission re-
duction, but the increase in government subsidy rate leads
to an increase in carbon emissions, manufacturer emis-
sion-reduction effort, and the profits of the upstream and
downstream enterprises in the supply chain. Moreover,
the influence of the government subsidy rate on the pa-
rameters is greater than that of the emission-reduction
effort cost coefficient, so these parameters show an up-
ward trend. ,us, government subsidies can incentivize
enterprises to invest in carbon emission reductions.

7.2.4. Sensitivity Analysis of τ and pe. With other pa-
rameters unchanged, the simulation results of cost
subsidy rate and carbon trading price are as shown in
Figure 6.

As shown in Figure 6, manufacturer profit, retailer
profit, product carbon emissions, and manufacturer
emission-reduction effort increase with increases in the
cost subsidy rate and carbon trading price, but the in-
fluences of the latter two are different. When the gov-
ernment subsidy rate is fixed, the carbon trading price
positively affects the product carbon emissions, manu-
facturer emission-reduction effort, and the profits of the
upstream and downstream enterprises in the supply
chain. At the same time, the introduction of a government
subsidy enhances the influence coefficient of carbon
trading price on the parameters, which shows that gov-
ernment subsidies can incentivize enterprises to invest in
carbon emission reduction.
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Figure 6: Sensitivity analysis of carbon trading price and cost subsidy rate.
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8. Conclusions

Under the background of economic globalization, supply
chain enterprises can only improve their competitiveness
and achieve the goal of sustainable development by for-
mulating specific strategies and measures based on the
perspective of sustainable development. In order to achieve
sustainable development, supply chain enterprises need to
follow the steps of the world closely and abide by the carbon
rules of the international community and international
organizations. Supply chain enterprises should give con-
sideration to both economic and ecological benefits and
maximize benefits with the minimum cost and carbon
emissions. ,erefore, this paper comprehensively consid-
ered the influences of an efficiency-based carbon quota
system and an incentive-based cost subsidy system on supply
chain emission-reduction investment decisions. From a
dynamic perspective, this paper considered consumer low-
carbon preferences and the randomness of the emission-
reduction process. We used a stochastic differential game
model to determine the equilibrium strategies of the gov-
ernment, supply chain, and consumers, the evolution path of
carbon emission reduction, and manufacturer and retailer
profits.

To characterize the impact of carbon trading price, cost
subsidy rate, consumer low-carbon preferences, and various
uncontrollable factors on supply chain emission-reduction
technology decision process, this paper used the zero-mean
property of the Wiener process and the Ito theorem to
describe the carbon emission-reduction decision-making
process under stochastic circumstances. According to the
profit structure of the manufacturer and retailer, this paper
analysed the profit objective function of the manufacturer
and retailer. Based on the supply chain emission-reduction
technology decision process and the profit objective function
of the manufacturer and retailer, this paper established a
Stackelberg stochastic differential game model of a dynamic
supply chain system. Using a stochastic differential game
model and dynamic optimization method, we obtained the
manufacturer’s equilibrium wholesale price, manufacturer’s
equilibrium emission-reduction effort, retailer’s equilibrium
product price, retailer’s equilibrium emission reductions,
cost-sharing rate, and the optimal function of upstream and
downstream enterprises’ profits in the supply chain.

,is paper analysed the sensitivity of each parameter
to the carbon emission-reduction process in supply chain.
,e results show that the consumer low-carbon sensitivity
coefficient, manufacturer carbon emission-reduction ef-
fort coefficient, carbon trading price, and cost subsidy rate
have positive effects on carbon system emissions and
supply chain profits. ,e cost coefficient of emission re-
duction has negative impacts on carbon system emissions
and supply chain profits. To grasp the statistical charac-
teristics of stochastic carbon emission reduction in the
system, this paper also analysed the statistical properties
of expectation and variance. Finally, this paper simulated
and assigned the parameters, intuitively analysed the
optimal strategy trajectory of the supply chain under cost-
sharing coordination decisions, and verified the influence

of different parameter changes on carbon emission-re-
duction behaviour.

,is paper discussed the dynamic investment decisions
of carbon emission-reduction technology in an ideal sec-
ondary supply chain with one supplier and one retailer
under a cost-sharing coordination decision scenario.
However, the simple secondary supply chain is too idealistic
and does not meet actual development needs. Future re-
search will focus on investment decision-making related to
carbon emission reductions in a multilevel supply chain.
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[1] M. Świąder, S. Szewrański, and J. K. Kazak, “Environmental
carrying capacity assessment—the policy instrument and tool
for sustainable spatial management,” Frontiers in Environ-
mental Science, 2020.

[2] P. Pascal, V. Patrick, and D. W. Renwick, “Leveraging green
human resource practices to achieve environmental sus-
tainability,” Journal of Cleaner Production, p. 260, 2020.

[3] M. F. Bashir, B. Ma, and M. Shahbaz, “,e nexus between
environmental tax and carbon emissions with the roles of
environmental technology and financial development,” PLoS
One, vol. 15, no. 11, 2020.

[4] D. Nong, C. Wang, and Q. A. Abul, “A critical review of
energy resources, policies and scientific studies towards a
cleaner and more sustainable economy in Vietnam,” Re-
newable and Sustainable Energy Reviews, p. 134, 2020.

[5] S. Jackson, L. Palmer, and M. Fergus, “Cultures of carbon and
the logic of care: the possibilities for carbon enrichment and
its cultural signature,” Annals of the American Association of
Geographers, vol. 107, no. 4, 2017.

[6] K. Harrahill and O. Douglas, “Framework development for
‘just transition’ in coal producing jurisdictions,” Energy
Policy, p. 134, 2019.

[7] J. Amundson, W. Faulkner, and S. Sukumara, “A bayesian
network based approach for risk modeling to aid in

16 Complexity



sustainable development biomass supply chains,” Computer
Aided Chemical Engineering, vol. 30, 2012.

[8] S. Benjaafar, Y. Li, and M. Daskin, “Carbon footprint and the
management of supply chains: insights from simple models,”
IEEE Transactions on Automation Science and Engineering,
vol. 10, no. 1, pp. 99–116, 2013.

[9] J. Y. Song, R.W. Li, and L. Guo, “Research on the construction
of product carbon chain in supply chain and calculation of
carbon footprint based on discriminant factors,” 8e Inter-
national Journal of Advanced Manufacturing Technology,
vol. 111, no. 1-2, pp. 589–596, 2020.

[10] S. Elhedhli and R. Merrick, “Green supply chain network
design to reduce carbon emissions,” Transportation Research
Part D: Transport and Environment, vol. 17, no. 5, pp. 370–
379, 2012.

[11] Z. Dai and K. Hu, “Multi-objective low carbon loop supply
chain network optimization model and algorithm,” Appli-
cation Research of Computers, vol. 31, no. 6, pp. 1648–1653,
2014.

[12] L. L. Chen, P. Guo, and E. D. Han, “Optimal decision model
for supply chain under carbon tax based on fuzzy theory,”
Computer Integrated Manufacturing Systems, vol. 23, no. 4,
pp. 860–866, 2017.

[13] G. Lou, H. Xia, J. Zhang, and T. Fan, “Investment strategy of
emission-reduction technology in a supply chain,” Sustain-
ability, vol. 7, no. 8, pp. 10684–10708, 2015.

[14] Q. F. Fu, L. Y. Yi, and S. H. Ma, “Evolutionary game of carbon
emission reduction input of supply chain enterprises under
penalty mechanism,” Journal of Management Science, vol. 19,
no. 4, pp. 56–70, 2016.

[15] B. Y. Liu, Z. S. Hua, and Q. H. Zhang, “Optimal operational
decision making of manufacturers and authorized remanu-
facturers with patent licensing under carbon cap-and-trade
regulations,” Complexity, vol. 2020, Article ID 1864641,
22 pages, 2020.

[16] D. Z. Zhao, B. Y. Yuan, L. J. Xia et al., “Dynamic game study in
supply chain with manufacturers’ competition under the
constraint of productions’ emission,” Industrial Engineering
and Management, vol. 19, no. 1, pp. 65–71, 2014.

[17] L. Yang, C. Zheng, and M. Xu, “Comparisons of low carbon
policies in supply chain coordination,” Journal of Systems
Science and Systems Engineering, vol. 23, no. 3, pp. 342–361,
2014.

[18] J. Xu, Y. Chen, and Q. Bai, “A two-echelon sustainable supply
chain coordination under cap-and-trade regulation,” Journal
of Cleaner Production, vol. 135, pp. 42–56, 2016.

[19] S. H. Yang and P. Wang, “Two level low carbon supply chain
game and optimization based on carbon quota policy,”
Control and Decision, vol. 31, no. 5, pp. 924–928, 2016.

[20] C. M. Xu, D. Z. Zhao, and Q. G. Du, “Decision and coor-
dination models for supply chain with carbon emissions
reduction level and price dependent demand,” Control and
Decision, vol. 31, no. 3, pp. 486–492, 2016.

[21] H. J. Zhang, J. Y. Zhang, and M. Y. Lai, “Game analysis of
government behaviour and supply chain cooperative R&D
under low carbon background,” China Management Science,
vol. 23, no. 10, pp. 57–66, 2015.

[22] K. Kang, Y. J. Zhao, and J. Zhang, “Evolutionary game the-
oretic analysis on low-carbon strategy for supply chain en-
terprises,” Journal of Cleaner Production, p. 230, 2019.

[23] L. C. Sun, X. X. Cao, and M. Alharthi, “Carbon emission
transfer strategies in supply chain with lag time of emission
reduction technologies and low-carbon preference of con-
sumers,” Journal of Cleaner Production, p. 264, 2020.

[24] D. P. Wang, T. T. Wang, and B. Q. Zhang, “Differential game
of supply chain cooperative emission reduction under gov-
ernment subsidies,” Operations Research and Management,
vol. 28, no. 5, pp. 46–55, 2019.

[25] H. J. Peng, T. Pang, and J. Cong, “Coordination contracts for a
supply chain with yield uncertainty and low-carbon prefer-
ence,” Journal of Cleaner Production, 2018.

[26] Y. D. Li, L. J. Xia, F. Z. Wang et al., “Comparative study on
emission reduction strategies of low carbon supply chain
considering channel power structure,” Management Review,
vol. 31, no. 11, pp. 240–254, 2019.

[27] Q. P. Wang, “Study on joint emission reduction and com-
petition dynamic strategy considering the effect of reference
emission reduction effort level [J/OL],” Chinese Management
Science, vol. 1-11, 2020.

[28] Q. Han, Y. Y. Wang, and L. Shen, “Decision and coordination
of low-carbon E-commerce supply chain with government
carbon subsidies and fairness concerns,” Complexity,
vol. 2020, Article ID 1974942, 19 pages, 2020.

[29] D. P. Wang, T. T. Wang, and B. Q. Zhang, “Supply chain
cooperative emission reduction and government subsidy
strategy based on differential game,” . Control and Decision
Making, vol. 34, no. 8, pp. 1733–1744, 2019.

[30] Z. R. Wang, A. E. Brownlee, and Q. H. Wu, “Production and
joint emission reduction decisions based on two-way cost-
sharing contract under cap-and-trade regulation,” Computers
& Industrial Engineering, p. 146, 2020.

[31] J. Wang, “Comparative analysis of supply chain revenue
before and after emission reduction based on carbon quota,”
Journal of Xiangnan University, vol. 39, no. 2, pp. 58–65, 2018.

[32] L. H. Zhang, X. B. Song, G. W. Zhang et al., “Research on
coordination of carbon emission reduction technology in-
vestment in supply chain based on carbon tax,” Computer
Integrated Manufacturing System, vol. 23, no. 4, pp. 883–891,
2017.

[33] L. Liu and F. T. Li, “Differential game modelling of joint
carbon reduction strategy and contract coordination based on
low-carbon reference of consumers,” Journal of Cleaner
Production, 2020.

[34] Q. H. Zhu, X. Q. Xia, and Y. L. Wang, “Study of the com-
petition between low carbon products and ordinary products
manufacturer based on government subsidy,” Journal of
Systems Engineering, vol. 29, no. 5, pp. 640–651, 2014.

[35] Y. D. Li, D. Z. Zhao, and L. J. Xia, “Governmental subsidy
policy for enterprises’ cooperative behaviour in emission
reduction in low-carbon supply chain,” Operations Research
and Management Science, vol. 23, no. 4, pp. 1–11, 2014.

[36] J. H. Zhao and J. Lin, “Pricing models of closed-loop supply
chain under different subsidy policies,” Journal of Industrial
Engineering and Engineering Management, vol. 31, no. 1,
pp. 85–92, 2017.

[37] S. D. Wei, “Research on differential game of supply chain
emission reduction under carbon trading policy,” Journal of
Management, vol. 15, no. 5, pp. 782–790, 2018.

[38] T. T.Wang, D. P.Wang, and C. Zhao, “Dynamic coordination
strategy of supply chain joint emission reduction with the
participation of big data service providers[J/OL],”Control and
Decision, pp. 1–10, 2020.

[39] J. Y. Mohamad, G. H. Christoph, and M. A. Ahmed, “Supply
chain coordination with emissions reduction incentives,”
International Journal of Production Research, vol. 51, no. 1,
pp. 69–82, 2013.

[40] J. Ren, P. He, and B. G. Gong, “Research on government
enterprise game and government subsidy strategy in low

Complexity 17



carbon economy,” Operations Research and Management,
vol. 25, no. 6, pp. 258–265, 2016.

[41] M. Y. Wang, Y. Liu, W. Q. Shi et al., “Research on the strategy
and emission reduction benefits of low carbon technology in
different places under the carbon trading policy,” System
Engineering8eory and Practice, vol. 39, no. 6, pp. 1419–1434,
2019.

[42] X. Huang and Z. J. Yuan, “Analysis of carbon tax reduction
strategy based on differential game theory,” Journal of Hefei
University of Technology (NATURAL SCIENCE EDITION),
vol. 42, no. 2, pp. 278–283, 2019.

[43] Y. X. Yang, B. Y. Zhang, and L. J. Meng, “Differential game
analysis of supply chain network member enterprises under
the constraint of carbon emission trading,” System Science and
Mathematics, vol. 38, no. 10, pp. 1172–1185, 2018.

[44] P. D. Giovanni, “Environmental collaboration in a closed loop
supply chain with a reverse revenue sharing contract,” Annals
of Operations Research, vol. 220, no. 1, pp. 135–157, 2014.

[45] M. W. Liu, M. Y. Wan, and H. Fu, “Low carbon technology
selection for supply chain under cap and trade mechanism
with low carbon preference,” Chinese Journal of Management
Science, vol. 26, no. 1, pp. 152–162, 2018.

[46] D. Z. Zhao, B. Y. Yuan, and C. Q. Xu, “Dynamic coordination
strategy of vertical cooperative on carbon emission reduction
in supply chain under low-carbon era,” Journal of Industrial
Engineering and Management, vol. 30, no. 1, pp. 147–154,
2016.

[47] T. Ye, Z. M. Guan, J. Tao et al., “Dynamic optimization and
coordination about joint emission reduction in a supply chain
considering consumer preference to low carbon and reference
low-carbon level effect,” Chinese Journal of Management
Science, vol. 25, no. 10, pp. 52–61, 2017.

[48] D. M. You, G. J. Zhu, and L. Q. Yue, “Differential game
analysis of ecological R&D and promotion in the low-carbon
supply chain with mark- up pricing,” Soft Science, vol. 30,
no. 2, pp. 102–106, 2016.

[49] C. Q. Xu, D. Z. Zhao, B. Y. Yuan et al., “Differential game
model on joint carbon emission reduction and low-carbon
promotion in supply chains,” Journal of Management Sciences
in China, vol. 19, no. 2, pp. 53–65, 2016.

[50] M. Laroche, J. Bergeron, and G. Barbaro-Forleo, “Targeting
consumers who are willing to pay more for environmentally
friendly products,” Journal of Consumer Marketing, vol. 18,
no. 6, pp. 503–520, 2001.

[51] F. E. Ouardighi and K. Kogan, “Dynamic conformance and
design quality in a supply chain: an assessment of contracts’
coordinating power,” Annals of Operations Research, vol. 211,
no. 1, pp. 137–166, 2013.

[52] F. E. Ouardighi, “Supply quality management with optimal
wholesale price and revenue sharing contracts: a two-stage
game approach,” International Journal of Production Eco-
nomics, vol. 156, no. 5, pp. 260–268, 2014.

18 Complexity


