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*is paper constructs a supply chainmodel composed of a manufacturer and a recycler.*emanufacturer’s CSR and the recycler’s
fairness concerns are introduced to the benchmark model in turn, and the optimal decision-making problems under different
models are studied and compared. *e findings show that the manufacturer’s utility will increase and the recycler’s utility will
decrease when the manufacturer undertakes CSR within a reasonable range.*e optimal utility of manufacturers does not change,
and the utility of the recycler is affected by the proportion of CSR undertaken by the manufacturer when the recycler considers
fairness concerns. Based on the CSR and fairness model, this paper constructs a dynamic decision system of production quantity
and eco-innovation effort. We analyze the influence of adjustment speed on the dynamic decision system and obtain the
conditions required to maintain system stability. *e research conclusion indicates that with the increase of adjusting parameters,
the system gradually appears chaotic state from a stable state and the chaotic state of the system has a negative impact on the utility
of manufacturer and recycler. In order to avoid chaos in the system, this paper uses the delayed feedback method to control
the system.

1. Introduction

Due to the rapid economic growth and urbanization, major
environmental burdens such as energy (resource) depletion,
water pollution, and climate change have forced many
countries to require manufacturers to assume extended
producer responsibility (EPR) regulations. Extended pro-
ducer responsibility (EPR) was first proposed by *omas
Lindhqvist, an economist at Lund University. It was in a
report submitted to the Swedish Ministry of Environment in
1988. *e report believed that producers’ responsibility
should extend to the whole product life cycle, including
product design, recycling, and final disposal [1]. *e EPR
regulations have attracted wide attention from many
scholars since they were proposed. Lifset [2] believed that
EPR is an incentive-based environmental policy. Porter and
Kramer [3] argued that EPR can be a powerful source of

innovation and competitive advantage, not just cost, con-
straints, or philanthropic behavior. In order to facilitate
product recycling, manufacturers need to carry out eco-
logical innovation designs for products. Subramanian et al.
[4] studied the coordination between product design and
closed-loop supply chain under the EPR environment from
the perspective of product energy consumption and product
innovation design strategy. As a management system to
solve the environmental problems of waste resources, the
fundamental purpose of EPR is to reduce the harm of
products to the environment through the manufacturers to
fulfill the EPR regulations. Currently, more than 30 coun-
tries and regions, including China, Germany, Sweden, and
Japan, have implemented the EPR system. In 2009, China
promulgated, “+e Regulations on the Management of
Recycling and Disposal of Waste Electrical and Electronic
Products,” and in 2016, it further promulgated, “+e Plan for
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the Implementation of the Extended Producer Responsibility
System.” At present, the Chinese government is exploring
the construction of the EPR system for four major industries:
electrical appliances and electronics, automobiles, lead
batteries, and packaging materials. *ese EPR regulations
require manufacturers to perform dual tasks. One of the
tasks is to promote ecological innovation in the production
phase, focusing on reducing resource consumption and
preventing waste. Another task is to increase the recovery
ratio during the recovery phase. *e dual task leads to an
environmentally friendly manufacturing and recycling
system [5].

With the introduction of EPR regulations, the level of
corporate social responsibility (CSR) has become an im-
portant indicator to evaluate the reputation of enterprises.
According to reports, under the government subsidy
mechanism, 61% of consumers’ purchasing decisions are
influenced by corporate CSR behavior [6]. While taking on
CSR in the short termmeans increasing costs, a CSR strategy
is potentially profitable. Servaes and Tamayo [7] showed in
their research that those enterprises actively undertaking
social responsibility will gain greater corporate profit. Pino
et al. [8] showed that whether a company undertakes social
responsibility has a significant impact on consumers’ choice
of its products. In reality, the Sanlu Group collapsed due to
the unqualified milk powder incident. Abbott Group, *e
Coca-Cola Company, and many others have suffered serious
physical and psychological damage to consumers due to the
production of illegal products.*ey have been denounced by
consumers and severely sanctioned by the government. *e
above incidents occurred because of the manufacturers’
failure to perform CSR. *erefore, under the guidance of
government policies, more and more large enterprises begin
to develop social responsibility standards actively for their
supply chain (SC) system. For example, PepsiCo has
launched its “2025” sustainability agenda, which aims to
build a healthier relationship between people and food and
achieve sustainable development. Leading international
brands such as Walmart, Huawei, and IKEA have incor-
porated CSR into their strategic management and extended
it to the entire supply chain. More and more researches are
also introducing CSR into the closed-loop supply chain.
Panda et al. [9] introduced social responsibility into the
closed-loop supply chain and coordinated the closed-loop
supply chain with CSR behavior by designing a profit-
sharing contract. Hosseini-Motlagh et al. [10] discussed the
joint decision of product sustainable design level, CSR in-
vestment, and product pricing in a dual-channel closed-loop
supply chain with third-party recycling. Liu and Xiao [11]
compared the recovery ratio and social welfare of manu-
facturer recycling and retailer recycling in a closed-loop
supply chain considering CSR. *e fairness concerns of
supply chain members were not considered in these studies.

Compared with the traditional supply chain, the deci-
sion-making situation of the closed-loop supply chain is
more complex; the decision-making subject is often more
difficult to make decisions in accordance with the completely
rational thinking mode; and the unreasonable profit dis-
tribution is more likely to lead to the occurrence of

enterprise fairness concerns. Ferrer and Swaminathan [12]
pointed out that there are acts of fairness concern in the
supply chain. If the leading enterprises do not adjust their
strategies in time, the fairness concern behavior of the
subordinate enterprises will have a negative impact on the
long-term development of the supply chain. In order to
protect their own interests, lower-level enterprises will
implement fairness concern behavior in decision-making
[13]. *erefore, in order to encourage subordinate enter-
prises to serve the whole supply chain better and participate
actively in recycling, the manufacturer should take the issue
of fairness of subordinate enterprises into consideration
when making decisions. *us, we need to take the fairness
concerns of the recycler into account in the operation and
decision-making of the closed-loop supply chain. Based on
the previous analysis, this article introduces the manufac-
turer’s CSR and recycler’s fairness concerns into the closed-
loop supply chain’s production and management decisions
and compares the profit and utility of the following three
models: basic model, CSR model, and CSR and fairness
concerns model.

In addition, in reality, there are many order cycles in the
production and operation of enterprises, so decision-making
is a long-term process. Jin et al. [14] studied the pricing of
barrier options under continuous conditions. Since deci-
sion-makers do not have complete information about the
market and recycler, so manufacturers’ eco-innovation ef-
forts and production investments are gradually adjusted
according to past business conditions. According to the
gradient adjustment mechanism in the dynamic system, the
decision-maker can adjust their decision continuously
according to the past income, so as to approach the optimal
decision. *e optimization problem is also involved in Deng
et al. [15]. *erefore, this paper uses the nonlinear dynamics
theory, introduces the bifurcation diagram, the largest
Lyapunov exponent, the decision time-series diagram, etc. to
study the stability of the dynamic system, and puts forward
the conditions to maintain the stability of the dynamic
system. Because chaos will destroy the stability of the system,
it not only increases the difficulty for the members of the
supply chain to make decisions but also damages the profits
of the members of the supply chain, so the chaos control
method should be adopted to make the system return from
chaos to a stable state.

In short, the specific research issues of this paper are as
follows:

(1) How do the manufacturer and the recycler make
decisions to optimize their utility?

(2) What is the effect of introducing CSR and fairness
concerns on the utility of manufacturer and recycler,
respectively?

(3) What are the conditions to maintain the stability of a
dynamic decision system? And what is the effect of
the delayed feedback control on the chaotic state?

*e paper is organized as follows. Section 2 presents the
related literature. *e basic model is described in Section 3.
In this section, comparing utility changes in the basic model,
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CSR model, and CSR and fairness concerns model is also
discussed. Section 4 constructs a dynamic decision system
based on CSR and fairness concerns model and finds out the
stable condition of the dynamic system. And, Section 5 uses
the delay feedback control mechanism to control the chaotic
phenomenon of the dynamic system. Finally, the conclu-
sions are drawn in Section 6.

2. Literature Review

Our study is motivated by three streams of literature: (1)
recycling activities in a closed-loop supply chain, (2) CSR
and fairness concern behavior, and (3) complex dynamics.
On the one hand, we elaborate on the previous research
work. On the other hand, we emphasize the gap between this
paper and previous studies.

2.1. Recycling Activities in a Closed-Loop Supply Chain.
*is series of studies mainly solve the problem of the optimal
response of enterprises to recycling legislation, covering a
wide range of fields, including the selection of recycling
agents in the supply chain and the remanufacturing activities
of the closed-loop supply chain. For example, Savaskan et al.
[16] compared four different structures: the centrally co-
ordinated system, the third-party-led collection, the man-
ufacturer-led collection, and the retailer-led collection.
Wang et al. [17] constructed a two-stage remanufacturing
production decision-making model and analyzed the impact
of the carbon tax on the decision-making of manufacturing
and remanufacturing enterprises. Simic and Dimitrijevic
[18] discussed the remanufacturing process of the auto-
mobile recycling plant, and the optimal decision of storage,
recovery, and recycling and landfill disposal is put forward.
*ere are also studies that look at recycling mechanism
design. Li et al. [19] discussed the governance mechanism in
the actual operation of the formal recycling system from the
perspectives of the government and enterprises. Zhou et al.
[20] analyzed the impact of government subsidies on en-
vironmental performance and social welfare. Wang and
Chen [21] proposed policies and regulations for the de-
velopment of China’s scrap car recycling industry. Dong
et al. [22] analyzed the impact of cleaner production policies
on electroplating enterprises. In fact, when establishing an
environmentally friendly manufacturing-recycling system,
more attention should be paid to the product design in the
production stage [5]. Product design for recyclability mostly
focuses on design methods suitable for scrap applicability,
such as modular design, recycling design, environmental
design, reuse design, and so on [23]. For the design of
recycled products, this paper solves the environmental and
scrap problems through ecological innovation in product
design, rather than the traditional end-of-pipe control
method. Some studies have noted eco-innovative products.
For example, Chang et al. [24] considered that the intro-
duction of product eco-innovation can reduce the unit price
of product manufacturing, increase the unit recovery profit
of recyclers, and thus increase the recovery ratio and im-
prove environmental problems. Cao et al. [25] integrated

ecological design and recycling and discussed the ERP
system and the reverse logistics strategy. Chen and Ulya [26]
studied the green supply chain management for manufac-
turers and retailers to carry out ecological design under the
government reward and punishment mechanism but lacked
integrated consideration of the recycling and processing
behavior of the supply chain.

At present, the literature about recycling behavior
mainly focuses on the selection of recycling subjects and
recycling remanufacturing and less on the ecological in-
novative design of recycled products. Unlike previous
studies, this paper focuses on the impact of manufacturers’
ecological innovation behavior on the recycling ratio of
recyclers. On this basis, we combine recycling behavior with
CSR and fairness concerns and further study the impact of
CSR and fairness concerns on the recycling ratio.

2.2. CSR and Fairness Concerns. *e studies that consider
CSR behavior in a closed-loop supply chain are roughly
divided into two categories. One is analyzed from the
perspective of CSR input. For example, Gao et al. [27]
showed that the recovery rate of waste products and the
profits of supply chain members were positively correlated
with the social responsibility effect factors. Modak et al. [28]
studied pricing decisions and coordination of a closed-loop
supply chain considering CSR input under three recycling
channel structures from the perspective of social donations.
*e other kind of literature analyzed CSR from the per-
spective of enterprises’ CSR consciousness, holding that
enterprises can achieve the purpose of improving the in-
terests of stakeholders by setting the goal of maximizing
social welfare that takes consumer surplus into account. For
example, Panda et al. [9] showed that the CSR awareness of
manufacturers is beneficial to increase the channel profits of
member enterprises and improve the recycling efficiency of
waste products. Shu et al. [29] studied the optimal decision
of closed-loop supply chain under the background of social
responsibility from the perspective of carbon emission
constraint and discussed the impact of carbon emission
constraint and enterprise CSR awareness on recycling and
remanufacturing decisions. Wu et al. [30] studied the supply
chain pricing and coordination decision problem consid-
ering CSR and realized the perfect coordination of the
supply chain through wholesale price and quantity discount
contract.

*e above research on considering CSR in the supply
chain still assumes that member firms are traditional rational
“economic man.” However, a group of behavioral scientists,
such as Nobel Prize winner Kahneman, have revealed that
decision-makers are often irrational. *ey also pay special
attention to the benefits and losses of other stakeholder
groups [31]. *e study of considering members’ fairness
concern behavior in the supply chain has attracted extensive
attention from scholars at home and abroad. Ma et al. [32]
studied the optimal pricing decision of a closed-loop supply
chain under four different recycling channel structure
models considering retailer’s fairness concern behavior and
market effort. Wang and Li [33] studied the influence of
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fairness concern behavior of member enterprises on the
pricing strategy of the e-commerce closed-loop supply chain
under different power structures. Many scholars have also
introduced fairness concern behavior into service supply
chain [34], fresh product supply chain [35], and other fields
and revealed the effects of fairness concern behavior on
positive supply chain optimization and operation from
different perspectives.

However, few existing studies have considered the effects
of both CSR awareness and fairness concern behavior on
supply chain optimization and operation. In fact, because
one of the enterprises in the supply chain undertakes CSR,
which affects the profits of the whole supply chain, it is
usually easier to arouse the fairness concern of other en-
terprises in the supply chain.*erefore, we combine the CSR
of manufacturers with the fairness concern behavior of
recyclers to study and analyze, in order to expect the profit
change results of the supply chain in this case.

2.3. Complex Dynamics. Many researchers integrated the
theory of nonlinear dynamics and complex system into the
study of economic systems, which greatly enriches the study
of the complexity of the long-term game of economic sys-
tems. Lou and Ma [36] analyzed the complex effects of sales
efforts and carbon emission reduction efforts in the supply
chain of household appliances. Johari et al. [37] investigated
manufacturers’ pricing decision-making adjustment and
studies the impact of corporate social responsibility on
decision-making. Ma et al. [38] established an oligarchic
game model considering carbon emission reduction con-
straints and conducted a comprehensive study on complex
bifurcation, chaos, and other characteristics. Lou et al. [39]
studied the supply chain system of a manufacturer, a tra-
ditional retailer, and an online retailer.*e bullwhip effect in
the supply chain is analyzed by complexity theory, and the
chaotic system is controlled by the delay feedbackmethod. Li
et al. [40] studied a low-carbon dual-channel supply chain,
aiming to analyze the influence of different parameter values
on price stability and utility of supply chain system using a
two-dimensional bifurcation diagram, parametric graph
basin, attractor basin, chaotic attractor, sensitivity to the
initial value, etc. Ma and Xie [41] analyzed the factors af-
fecting the stability of the mobile phone supply chain, ex-
tended the model to the multiretailer supply chain, and
discussed the influence of competition on the stability of the
supply chain. Ma et al. [42] established two pricing strategies
and analyzed their complex behavior using system dy-
namics. Ma et al. [43] studied the influence of different
channel power structures on pricing decisions. *e non-
linear dynamics theory is introduced into the construction
of a dynamic system to make it more practical. *e delay
control is used to bring the chaos back to a stable state. More
and more dynamic research literatures focus on chaos in the
channel supply chain [44–47] and the closed-loop supply
chain [48–50].

*rough the above literature review, we find that
complex dynamics has been applied in many fields of the
supply chain. But there are few researches on dynamic

analysis of eco-innovative products closed-loop supply
chain. Complex dynamics can vividly depict the decision-
making process of enterprise long-term operation and then
provide inspiration for enterprises in reality. *erefore, this
paper attempts to construct a dynamic decision-making
model to describe further the decision-maker’s process from
short- to long-term decision-making.

Previous studies have never introduced CSR, fairness
concern behavior, and complex dynamics into the closed-
loop supply chain at the same time. As the low-carbon
economy has gradually become the focus of global attention,
it is a very interesting topic to study the impact of ecological
innovation design, CSR, and fairness concern behavior of
renewable products on the stability and complexity of the
supply chain system.*erefore, this paper combines the CSR
of manufacturers and the fairness concerns of recyclers to
observe the impact and change of manufacturers’ eco-in-
novation effort and recyclers’ recycling ratio. In addition,
chaos theory is used to analyze the stability of the supply
chain system, and the conditions for the system to remain
stable are explored. Finally, the chaos state in the dynamic
system is effectively controlled by applying reasonable ad-
justment factors.

3. Model Description and Solution

*is paper considers a supply chain consisting of a man-
ufacturer and a recycler. *e manufacturer produces
products and sells them in the market, and the recycler
collects used products in the market but has limited capacity
to dispose of all the used products. A Stackelberg game is
played between the manufacturer and the recycler, in which
the manufacturer is the leader and the recycler is the
follower.

In this paper, we assume that manufacturers’ investment
in eco-innovation not only can reduce their own production
costs but also can increase the returns of the recycler. *is
fact is also supported by academic research [51]. Based on a
survey of manufacturing firms across a variety of industries,
the results indicate a significant positive correlation between
firms’ environmental management practices (including
product design) and operational performance (such as cost
reduction).

*e demand function is given by q � a − p, where p is
the selling price of the product and a is the market capacity.
For simplicity, a is normalized to 1. When there is no eco-
innovation effort, the manufacturer will incur unit pro-
duction cost c. With the introduction of eco-innovation
effort, the cost per unit of production becomes cm � c − σe.
*e cost of eco-innovation effort that the manufacturer has
to put in is e2 [52].

*e recycler determines the recycling ratio based on the
manufacturer’s production quantity and eco-innovation
effort. *ere is a cost to dispose of each recycled product,
that is, the higher the percentage of used product that re-
cycler collect and process, the higher the transportation,
labor, and processing costs. *e linear recycling cost
structure is cr � φr, where the parameter φ represents the
sensitivity of unit recycling cost to recycling ratio. Higher φ
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means it is more expensive and more difficult to recycle a
unit of recycled products. Parameter θ is the unit recycling
benefit brought by the manufacturer’s ecological innovation
at the source to the final recycler. *erefore, after the
manufacturer invests in the eco-innovation effort, the unit
recycling income of the recycler is Ir � k + θe. For the sake of
clarity, Table 1 summarizes the notations regarding decision
variables and parameters in our model.

3.1. Basic Model. When the manufacturer does not under-
take corporate social responsibility and the recycler does not
consider the fairness concerns, the profit function of the
manufacturer and the recycler can be expressed as follows:

πm � (p − c + σe)q − e
2

� (1 − q − c + σe)q − e
2
, (1)

πr � (k + θe − φr)rq. (2)

According to the inverse solution method, since
(z2πr/zr2) � − 2φq< 0, according to the first-order condi-
tion (zπr/zr) � (k + θe − 2φr)q � 0, the optimal recycling
ratio response function of the collector can be obtained as
follows:

r �
k + eθ
2φ

. (3)

*e Hessian matrix of πm with respect to q and e is as
follows:

H
D

�

− 2 σ

0
1
2

σ2 − 4 

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (4)

Since − 2< 0 and |HD| � 4 − σ2, when σ ∈ [0, 2), this
Hessian matrix is negative definite, and the manufacturer’s
profit function is concave. *ere is production quantity q∗

and eco-innovation effort e∗ that enable the manufacturer to
obtain the maximum profit.

*en the first-order partial derivatives of πm is found
with respect to q and e, respectively, as follows:

zπm

ze
� − 2e + qσ,

zπm

zq
� 1 − c +

1
2

q σ2 − 4 .

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(5)

Based on the first-order conditions, we obtain the
manufacturer’s equilibrium solutions q∗ and e∗ as follows:

q
∗

�
2(1 − c)

4 − σ2
,

e
∗

�
(1 − c)σ
4 − σ2

.

(6)

Substituting e∗ into formula (3), the optimal recycling
ratio of the recycler can be obtained as follows:

r
∗

�
(1 − c)θσ + k 4 − σ2 

2 4 − σ2 φ
. (7)

Substituting q∗, e∗, and r∗ into the profit function of the
manufacturer and the recycler, the maximum profits of the
manufacturer and the recycler can be obtained as follows:

π∗m �
(1 − c)

2

4 − σ2
,

π∗r �
(1 − c) (1 − c)θσ + k 4 − σ2  

2

2 4 − σ2 
3
φ

.

(8)

Proposition 1. +e production quantity and eco-innovation
effort of the manufacturer increase with the increase in the
sensitivity of production costs to eco-innovation effort σ; the
recycling ratio of recyclers increases with the increase in
recycling efficiency θ and with the increase and decrease in
recycling difficulty φ.

When eco-innovation brings more effective production
cost reduction (that is, σ larger), the manufacturer hopes to
provide more products to the market. At the same time, the
manufacturer hopes to invest more eco-innovation efforts.+e
greater the difficulty of recycling, the higher the unit recycling
cost of the recycler, the lower the profit per unit of recycled
products, the lower the recycling enthusiasm of the recycler,
and the lower the recycling ratio of the recycler. With the
increase in recycling benefits, the profit per unit of recycled
products increases, and the recycling ratio increases.

Proposition 2. +e optimal profit of the manufacturer in-
creases with the increase in the sensitivity of production costs
to eco-innovation effort σ; the optimal profit of the recycler
increases with the increase of θ and σ and decreases with the
increase of φ.

From Proposition 1, when the sensitivity of production
cost to eco-innovation effort σ increases, it means that the unit
production cost of the products decreases, and the manu-
facturer’s optimal ecological innovation effort and production
quantity increase accordingly, thereby making the manu-
facturer’s optimal profit increase. In addition, when the
recycling benefit θ increases, the unit recycling profit becomes
larger, and the total profit of the recycler becomes larger.
When the recycling difficulty φ increases, it means that the
recycling costs of the recycler increase, and the proportion of
recycling decreases, which will have a negative impact on the
profits of the recycler. Finally, when the sensitivity of pro-
duction costs to eco-innovation effort σ increases, production
quantity and eco-innovation effort of the manufacturer in-
crease, and the recycling ratio of the recycler increases, which
in turn increases the optimal profit of the recycler.

3.2. CSR Model. Following the economic assumption [53],
social welfare is embodied by consumer surplus. Consumer
surplus is as follows:
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CS � 
pmax

pmin
qdq �

q
2

2
. (9)

Manufacturers with CSR will pay attention to a certain
degree of consumer surplus while pursuing their own
profits. Assuming that the social responsibility coefficient of
a manufacturing company is μ(0< μ< 1), the manufac-
turer’s decision function includes both profit and a certain
degree of social welfare, that is, the utility of the manu-
facturer is as follows:

Um � πm + μCS

� (1 − q − c + σe)q − e
2

+ μ
q
2

2
.

(10)

*e profit function of the recycler is the same as the basic
model. According to the reverse solution method, the op-
timal recycling ratio of the recycler is first obtained as
follows:

r
c∗

�
k + e

c∗θ
2φ

. (11)

*e Hessian matrix of Uc
m with respect to q and e is as

follows:

H
D

�

− 2 σ

0 μ − 2 +
σ2

2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (12)

Because − 2< 0 and |HD| � (4 − σ2 − μ)/2, when
σ ∈ (0,

�����
4 − μ


), the Hessian matrix is negative definite; at

this time, there is optimal production quantity qc∗ and eco-
innovation effort ec∗ that enable the manufacturer to obtain
the maximum profit.

*e first-order partial derivatives of Uc
m with respect to q

and e are calculated as follows:

zU
c
m

ze
� − 2e + qσ,

zU
c
m

zq
� 1 − c + q μ − 2 +

σ2

2
 .

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(13)

Based on the first-order condition, we obtain the
manufacturer’s equilibrium solutions qc∗ and ec∗ as follows:

q
c∗

�
2(c − 1)

4 − 2μ − σ2
,

e
c∗

�
(1 − c)σ

4 − 2μ − σ2
.

(14)

*e optimal recycling ratio of the recycler in this mode is
as follows:

r
c∗

�
(1 − c)θσ + 4 − σ2 − 2μ k

2 4 − σ2 − 2μ φ
. (15)

Substituting qc∗ , ec∗ , and rc∗ into the formulas (1), (2),
and (10), the optimal utility and profit of manufacturer and
recycler can be obtained as follows:

U
c∗

m �
(1 − c)

2

4 − 2μ − σ2
,

πc∗

m �
(c − 1)

2 4 − 4μ − σ2 

σ2 + 2μ − 4 
2 ,

πc∗

r �
(c − 1) (c − 1)θσ + k σ2 + 2μ − 4  

2

2 σ2 + 2μ − 4 
3
φ

.

(16)

To make the calculation results meaningful, it is nec-
essary to ensure that μ ∈ (0, (4 − σ2)/2), that is, if the
manufacturer’s social responsibility ratio is small, the profit
of themanufacturer and the recycler is positive. Otherwise, it

Table 1: Notations and definitions.

Notation Definitions
Decision variables

e Eco-innovation effort
q Production quantity
r Recycling ratio

Parameters
ce � e2 *e manufacturer invest in eco-innovation costs
c Unit production cost in the absence of eco-innovation
cm � c − σe Unit production cost, where the parameter σ measures the sensitivity of production cost to eco-innovation effort
p � 1 − q Selling price
k Unit recovery income in the absence of eco-innovation
φ Recycling difficulty, measuring the sensitivity of unit recycling cost to the recycling rate
θ Recycling benefit, measuring the unit benefit that manufacturer’s unit eco-innovation effort brings to the recycler

Superscript/subscripts
πi, Ui *e optimal solutions for different models (i � ∗ , c∗, f∗)

πj, Uj Profit (utility) for the manufacturer (j � m) and the recycler (j � r)
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will harm the interests of the enterprise and fail to realize the
sustainable operation of the enterprise.

Proposition 3. Under this model, production quantity qc∗ ,
eco-innovation effort ec∗ , and recycling ratio rc∗ all increase
with the increase of the CSR coefficient μ. If the manufacturer
assumes the CSR, the production quantity, eco-innovation
effort, and recycling ratio are all greater than the optimal
decision-making volume under the basic model.

When the manufacturer assumes more CSR, it means that
while the company is making profits, it must create more
welfare for the society, increase product production, and
invest more eco-innovation effort, and the proportion of
product recycling by the recycler will continue to increase.
+erefore, products production, eco-innovation effort, and
recycling ratio are all greater than the basic model.

Proposition 4. As the assumed CSR coefficient increases
within a reasonable range, the utility of the manufacturer will
increase; the optimal profit of the manufacturer itself and the
recycler will decline; and the manufacturer’s own profit will
decline faster.

From Proposition 3, it can be seen that if the CSR coef-
ficient μ undertaken by the manufacturer increases, the
production quantity qc∗ and eco-innovation effort ec∗ both
increase. As the manufacturer undertakes CSR, they can
increase their own brand effect and corporate image, thereby
increasing the utility of the manufacturer, but the more re-
sponsible the social welfare, the profit of both the manufac-
turer and the recycler will decrease. Although the profit of the
manufacturer and the recycler will be negatively affected, the
manufacturer is more affected, so the manufacturer will
carefully consider the CSR coefficient. If manufacturer con-
siders their own utility and long-term development, they will
sacrifice their own profits to assume more social responsi-
bilities. In this case, the recycling ratio and profits of the
recycler will be damaged, and the recycling enthusiasm and
willingness of the recycler will be gradually reduced.

Proposition 5. πc∗

m < π∗m <Uc∗

m , πc∗

r < π∗r , that is, when the
manufacturer assumes CSR, its own utility increases, but the
profit is less than the optimal profit without CSR, and the
profit of the recycler is damaged by the manufacturer’s CSR.

When themanufacturer assumes CSR, it will create a good
corporate image and increase the company’s brand effect,
thereby increasing the manufacturer’s utility. But, after as-
suming CSR, the amount of decisions made by the manu-
facturer and the recycler is relatively small, which damages the

best profits of both parties themselves. For the long-term
development of the enterprise, the manufacturer should pay
more attention to improving the utility of their own enter-
prises. But, as the profits of the recycler decline after the
manufacturer assumes the CSR, the recycler will have a strong
sense of unfairness.

3.3. CSR and Fairness Concerns Model. *e recycler pays
attention not only to their own profits but also to the profit
gap with the manufacturer. *e greater the profit gap, the
stronger the fairness concerns of recycler, which will usually
affect the decision-making process of the manufacturer and
the recycler. Using the fairness concerns model of [32, 54]
for reference, the utility function of the recycler is as follows:

U
f
r � πr − η πm − πr( , (17)

where η is the fairness concerns coefficient of the recycler. As
η increases, the recycler pays more and more attention to the
profit gap. *e utility function of the recycler can be sim-
plified as follows:

U
f
r � (1 + η)πr − ηπm. (18)

According to the inverse solution method, due to
(z2U

f
r /zr2) � − 2qφ(1 + θ)< 0, there is an optimal recycling

ratio rf∗ to maximize the utility of the recycler. In this case,
the manufacturer’s utility function and the manufacturer’s
decision variables have not changed, which is as follows:

r
f∗

�
k + e

f∗θ
2φ

, (19)

q
f∗

� q
c∗

�
2(1 − c)

4 − 2μ − σ2
, (20)

e
f∗

� e
c∗

�
(1 − c)σ

4 − 2μ − σ2
. (21)

Substituting ef∗ into the formula (19), the optimal
recycling ratio of the recycler is as follows:

r
f∗

�
− 4k + 2kμ − θσ + cθσ + kσ2

2 σ2 + 2μ − 4 φ
. (22)

*eoptimal utilities of themanufacturer and the recycler
are as follows:

U
f∗

m �
(1 − c)

2

4 − 2μ − σ2
,

U
f∗

r �
(1 − c) (1 + η) (1 − c)θσ − k − 4 + 2μ + σ2  

2
− 2η(1 − c) − 4 + 2μ + σ2  − 4 + 4μ + σ2 φ 

2 4 − 2μ − σ2 
3
φ

.

(23)
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Proposition 6. +e utility of the recycler increases with the
increase of the fairness concerns coefficient η when
μ ∈ (0, (4 − σ2)/4). +e utility of the recycler decreases with
the increase of the fairness concerns coefficient η when
μ ∈ (((4 − σ2)/4), t((4 − σ2)/2)).

When the manufacturer undertakes less CSR, the recycler
should adopt a lower fairness concerns coefficient. Conversely,
if the manufacturer undertakes more CSR, the recycler will
pay more attention to the profit gap between itself and the
manufacturer. +is is also true in practice. When the man-
ufacturer assumes more social responsibilities, it will form a
better corporate image and will correspondingly influence and

increase the willingness of partners to cooperate, thereby
reducing the fairness concern coefficient of the partners.

Proposition 7. When the recycler considers fairness con-
cerns, there is no change in the comparison between the
manufacturer’s optimal utility and the CSR model, that is,
Uc∗

m � U
f∗

m >U∗m, and the utility of the recycler has changed,
and the specific changes are as follows:

(1) When k2 > 4(1 − c)φ, U
f∗

r >U∗r >Uc∗

r .
(2) When k2 < 4(1 − c)φ,

U
f∗

r >U
∗
r >U

c∗

r ,

kθσ(1 − c)
2

+ k
2

c − 1 + 3 (1 − c)
2 σ2 − 4 φ + A   

2(1 − c) 4(1 − c)φ − k
2

 
< μ<

4 − σ2

2
,

U
c∗
r >U

∗
r >U

f∗
r ,

0< μ<
kθσ(1 − c)

2
+ k

2
c − 1 + 3 (1 − c)

2 σ2 − 4 φ + A   

2(1 − c) 4(1 − c)φ − k
2

 
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(24)

where A �

��������������������������������

(1 − c)4φ((4 − 4c)θσ2 − 2kθσ(σ2 − 4)+



(σ2 − 4)2φ).

When the recycler considers fairness concerns, the man-
ufacturer’s utility has not changed, and both are greater than
the utility under the basic model. +erefore, the recycler’s
concern for fairness has not changed the manufacturer’s
situation and business decisions. As for the recycler itself,
when the recycling revenue per unit product is large, the
recyclers’ utility is greater than the utility under the basic
model and the CSR model. Under this circumstance, when the
manufacturer assumes more CSR, the profit of the recycler will
suffer. At this time, the recycler should pay more attention to
the profit gap with the manufacturer. If the manufacturer
undertakes less CSR, the recycler will be the most effective
under the basic model. At this time, the recycler does not need
to consider fairness concerns. If the manufacturer considers
the long-term development of their own enterprises, they will
choose to undertake CSR. At the same time, in order to
maintain the continuous development of the entire supply
chain, the manufacturer should also pay attention to the
effectiveness and willingness of their partners to cooperate.

4. Stability Analysis of the CSR and Fairness
Concerns Model

In the above static game, the equilibrium solution presented
depends on the complete rationality of the participants. In
other words, decision-makers need complete information
about the market to make perfect decisions. In practice, due

to the lack of necessary information, the manufacturer
cannot implement this perfect strategy under bounded ra-
tionality, and such a profit maximization problem is often
difficult to be solved. But the manufacturer can adjust
strategy through learning and imitation based on their own
experience to obtain greater utility. *erefore, we introduce
a dynamic model to describe the evolution of the manu-
facturer’s decision-making process. Comprehensive Prop-
osition 7 shows that in most cases, the manufacturer and the
recycler can achieve a win-win situation under the CSR and
fairness concerns model, which can maximize the total
utility of the supply chain. *erefore, it is more meaningful
to analyze the dynamic decision-making process under the
CSR and fairness concerns model next.

In this dynamic Stackelberg game, the manufacturer
makes a decision in period t + 1 based on the results of
period t, that is, the manufacturer updates the eco-inno-
vation effort and production quantity of products in period
t + 1 according to the marginal profit in period t. *is
mechanism is called the long-term gradient adjustment
mechanism, which is implemented based on the estimation
of the marginal utility (zU

f
m/ze) and (zU

f
m/zq) in discrete

time periods on the basis of the principle of local optimality.
*e recycler can optimally respond to the manufacturer’s
decision in each time period. Note that in this dynamic
system (25), we assume that the manufacturer is the deci-
sion-maker with bounded rationality, and the recycler is
completely rational. *is is because the manufacturer is
upstream of the supply chain, and the decision-making
environment they face is more complicated, and recycler has
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a time advantage in decision-making compared with the
manufacturer. *erefore, the manufacturer with bounded
rationality needs to adjust strategies based on local opti-
mization, while the recycler with complete rationality makes
decisions on the recycling ratio based on the optimal re-
sponse function.

To characterize the adjustment process, the myopic
adjustmentmechanism (e.g., [55, 56]) at each time period t is
introduced as follows:

q(t + 1) � q(t) + αq · q(t)
zU

f
m(t)

zq(t)
,

e(t + 1) � e(t) + αe · e(t)
zU

f
m(t)

ze(t)
,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(25)

where αq and αe denote the adjustment speeds of the
manufacturer’s production and the eco-innovation effort of
the manufacturer with respect to the marginal utility, re-
spectively. *is means that manufacturer will adjust their
decisions based on estimates of profit margins over discrete
time periods. In each time period, once themanufacturer has
determined the production quantity and ecological inno-
vation effort, the recycler will determine the optimal

recycling ratio under static expectations to maximize its
utility. *erefore, the optimal recycling ratio of recycler can
be determined as r(q(t), e(t)) � ((k + e(t)θ)/2φ).

So the dynamic decision model is as follows:

q(t + 1) � q(t) + αqq(t)(1 − c +(μ − 2)q(t) + e(t)σ),

e(t + 1) � e(t) + αee(t)(− 2e(t) + q(t)σ).


(26)

We now use analytical methods and numerical methods
to analyze the stability of the repeated dynamic game system,
respectively. When q(t + 1) � q(t) � q∗ and
e(t + 1) � e(t) � e∗, dynamic system (25) reaches an equi-
librium state. *e equilibrium points can be solved as
E1(0, 0), E2((1 − c)/(2 − μ), 0), E3(2(1 − c)/(4 − σ2
− 2μ), σ(1 − c)/(4 − σ2 + 2μ)). Among them, E1 and E2 are
the boundary equilibrium points, and E3 is the only internal
equilibrium point of dynamic system (25). In a practical
sense, the manufacturer will never set the production
quantity and eco-innovation effort to zero. In order to
discuss the local stability of the equilibrium point E3, we
introduce the Jacobian matrix of dynamic system (25) at
point E3 as follows:

J E3(  ≔ J q
∗
(t), e
∗
(t)(  �

1 + αq 1 − c + 2(μ − 2)q
∗
(t) + e

∗
(t)σ(  αqq

∗
(t)σ

αee
∗
(t)σ 1 + αe − 4e

∗
(t) + q

∗
(t)σ( 

⎡⎣ ⎤⎦. (27)

Substitute in E3((2(1 − c)/(4 − σ2 − 2μ)), (σ(1 − c)/(4 −

σ2 + 2μ))) to get

J E3(  �

1 +
2αq(c − 1)(μ − 2)

σ2 + 2μ − 4

2αq(c − 1)σ

σ2 + 2μ − 4

αe(c − 1)σ2

σ2 + 2μ − 4
1 −

2αe(c − 1)σ
σ2 + 2μ − 4

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (28)

For the sake of simplicity, we introduce the Jury criterion
to judge the stability of the Nash equilibrium point.*e two-
dimensional Jury criterion is formulated as follows:

1 − Tr(J) + Det(J)> 0,

1 + Tr(J) + Det(J)> 0,

1 − Det(J)> 0,

⎧⎪⎪⎨

⎪⎪⎩
(29)

where Tr and Det represent the trace and determinant of
the Jacobian matrix J(E3), respectively. In the Jury criterion,
the three conditions correspond to the transcritical bifur-
cation curve, flip bifurcation curve, and Neimark–Sacker
bifurcation curve, respectively. If any one of them changes
from inequality to equality with the other two remaining
unchanged, the equilibriumwill lose its stability through one
of three bifurcations according to the nonlinear dynamic
system theory [57].

Proposition 8 presents the conditions for the local sta-
bility of the dynamic game equilibrium point E3.

Proposition 8. +e stability of the Nash equilibrium point E3
needs to satisfy the following conditions:

0< αq <
2 σ2 + 2μ − 4 + αeσ(1 − c) 

(c − 1) 4 − 2μ + αeσ(c − 1)( 
,

0< αe <
αq(μ − 2)

σ − αq(c − 1)σ
.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(30)

4.1. Influence of Parameter Changes on the Stable Area of
Dynamic System (25). For a better understanding of the
complex behavior in the dynamic decision system, we
perform numerical simulations in the following. We fix the
parameters as c � 0.5, μ � 0.2, σ � 1, k � 1.5, φ � 3, θ � 0.2,
η � 0.2, q0 � 0.3, and e0 � 0.1. With the values of these
parameters, the unique equilibrium solution of the model
given in the previous section can be calculated as
q∗ � 0.385, e∗ � 0.192.

Figure 1 shows the stable region of the dynamic system.
We can see from Figure 1 that dynamic system (25) will be
stable only when the adjustment parameters αq and αe are
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small enough. Once the adjustment speed exceeds its
threshold, the system (25) will lose its stability.

Figures 2 and 3 show the changes in the stable area of
dynamic system (25) when μ and σ take different values. By
observing the size of the stable area in Figure 2, we can find
that the larger the manufacturer’s social responsibility co-
efficient μ, the smaller the stable area of the Nash equilibrium
point, and an appropriate reduction in the social respon-
sibility coefficient u can help manufacturer make decision
more easily. Figure 3 shows that the change of σ significantly
affects the change of the equilibrium point, and the stable
area keeps decreasing with the increase of σ. As can be seen
from Figures 2 and 3, compared with αq, the influence of
parameter change on adjustment speed αe is more obvious.
When manufacturers make decisions on production
quantity and ecological innovation effort, they should de-
termine the adjustment speed of the system according to the
parameters reflected by the actual market conditions, so as to
make dynamic system (25) in a stable state.

In this section, set the same parameter values as in the
previous section, and the dynamic behavior of the dynamic
system is described by αq and αe. Figure 4(a) is the bifur-
cation diagram of dynamic system (25) with αq changing
when αe � 0.5. When αq ∈ (0, 2.85), the dynamic system is
stable. When αq changes from 2.85 to 3.65, the dynamic
system has a two-period cycle. When αq > 3.65, dynamic
system (25) accelerates through the period-doubling bi-
furcation and finally enters a chaotic state. *e LLE of the
dynamic system is shown in Figure 4(b). When dynamic
system (25) is in a stable state, the LLE is negative. When
dynamic system (25) is in a chaotic state, most of the LLE is
greater than zero.

In order to more clearly explain the changes of decision
variables under different adjustment speeds. Figure 5 shows
the time series of the decision variables of the system in
different states of stability (blue dots), period-doubling bi-
furcation (red dots), and chaos (green dots). We can see that
only in a stable system, the manufacturer can have the only
optimal production quantity decision.

Figure 6 shows the changing trend of dynamic system
(25) with αe when αq � 0.5. It can be seen from Figure 6(a)
that dynamic system (25) is in a stable state when αe < 4.95.
*en, as αe increases, dynamic system (25) enters a bifur-
cation or chaos state. In addition, when αe < 4.95, the LLE of
dynamic system (25) is negative, indicating that dynamic
system (25) can reach a steady state. Figure 7 shows the time
series of the production quantity under different states of
stability (blue dots), period-doubling bifurcation (red dots),
and chaos (green dots). We find that only when the system is

Stable region

Unstable region

0.5 1 1.5 2 2.5 3 3.5 4 4.5 50
αq

0

1

2

3

4

5

6

7

αe

Figure 1: *e stable region regard to αq and αe.
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Figure 2: *e evolution process of dynamic system (25) with
different parameter (μ) values.
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Figure 4: *e bifurcation diagram of dynamic system (25) with respect to αq when αe � 0.5. (a) *e bifurcation diagram. (b) *e LLE
diagram.
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stable can the manufacturer make the optimal decision
continuously.

Chaos attractor is an important feature that characterizes
the chaotic state of dynamic system (25). Figure 8 shows the
chaotic attractor of dynamic system (25) when αq � 4 and
αe � 0.5. In a state of chaos, manufacturers’ production
quantity and eco-innovation efforts are disordered. Figure 9
clearly shows how a stable system enters into a chaotic state
from period-doubling bifurcation paths. From a macro
perspective, the iterative trajectories appear to be regular.
However, if we magnify the pictures, we can find the chaotic
points forming the iterative trajectories. *is irregular order
is one of the most essential characteristics of a chaotic
system. In order to keep the system stable, the adjustment
speed should be lower than its threshold.

4.2. Global Analysis. In the previous section, the involved
scope of the local analysis is confined to a small neigh-
borhood around the equilibrium point, while the initial
values of the state variables (q0 and e0) may not belong to
such a neighborhood due to the manufacturer’s subjective
judgment of the market under limited information at the
beginning of the game.*erefore, it is necessary to conduct a
global analysis of the long-term behavior of the dynamic
game system. *e main purpose of the global analysis is to
define the range of initial values, and this method is also
mentioned in [58–60]. *ere are three important concepts:
attractors, critical curves, and basins of attraction when
studying the global dynamics of two-dimensional irrevers-
ible mapping.

*e basin of attraction can be used as a guide to ensure
that the initial pricing strategy that belongs to the field of
attraction can converge to the same attractor. In the repeated
game, the attraction basin of the dynamic game system (25)
is shown in Figure 10. From a realistic point of view, the
dynamic process is meaningful only when
S � (q, e) ∈ R2: q> 0, e> 0 . We define system (25) as an
irreversible map T, and its basin of attraction is marked in
green in Figure 10. Since that system (25) is a quadratic
equation of two variables, when we want to solve (q(t), e(t))

by (p(t + 1), e(t + 1)), there may be 0, 2, or 4 solutions. *e
R2 space is divided into different regions, represented by Zi

(i being the number of rank-1 preimages). As shown in
Figure 10, the area is divided into three parts by two critical
lines LC, where the symbols Z0, Z2, and Z4 represent the 0,
2, and 4 solution areas, respectively. In order to obtain the
critical curve LC, we introduce the curve LC− 1, which is the
original image of LC under the mapping T, namely
T(LC− 1) � LC. LC− 1 belongs to the locus of points under the
condition that the Jacobi an determinant of T disappeared,
namely,

LC− 1⊆ (q, e): Det(J) � 0 . (31)

Given other parameters, LC− 1 can be defined as a
function of (q, e). We can observe that LC− 1 is a hyperbola
with two branches. LC is the union of the two branches of
LC � T(LC− 1). In Figure 10, LC− 1 and LC are denoted by the
red dotted curves and blue solid curves, respectively.

By observing Figures 10(a) and 10(c), it can be clearly
seen that as the adjustment speed increases, the attractor
becomes more complex, and its basin shrinks. *is also
proves the conclusion in Proposition 8: in order to maintain
the stability of the system (25), the adjustment speed needs
to be kept within the limit. Specifically, when the adjustment
speed is small, the system is stable. As the adjustment speed
increases, the stability of the system will be destroyed.
*erefore, the attractor changes from a single value in
Figure 10(a) to two values in Figure 10(b) and finally evolves
into multiple values in the chaotic state in Figure 10(c).

4.3. Profit Comparison of Different States of Dynamic System
(25). Changes in parameter values will obviously affect the
stability of dynamic system (25). Manufacturers’ decision-
making in an unstable state is a complex issue. *erefore, we
next analyze the impact of adjustment speed parameter
changes on the manufacturer and the recycler. Figures 11
and 12 show the results of q, e, and r varying with different
states in the dynamic system. *rough observation, we can
find that the decision variables q, e, and r have decreased in
both period-doubling and chaotic states. Figure 13 shows the
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Figure 7: When αq � 0.5, the time series of decision-making in different system states αe � 4, αe � 6,  and αe � 7.
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Figure 10: *e basin of attraction and attractors. (a) αq � 2, αe � 0.5. (b) αq � 3, αe � 0.5. (c) αq � 4, αe � 1.
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Figure 11: *e average production quantity and eco-innovation effort of manufacturer in different states of system (25).
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results of changes in the average utility of manufacturer and
recycler with the adjustment speed αq. We can see that the
average utility of both manufacturer and recycler declines in
the cycle-doubling, bifurcation, and chaotic state. *erefore,
the unstable state has a greater negative impact on the supply
chain.

5. Chaos Control

From the above numerical simulation, it can be seen that if
the manufacturer’s adjustment speed exceeds the stable area,
the system will lose stability or even fall into chaos.
According to the previous section, it is detrimental to the
utility of the manufacturer and the recycler in an unstable
state. In order to avoid this risk, it is very necessary to choose
appropriate adjustment parameters to keep the system in a

stable state. Scholars have proposed manymethods for chaos
control, such as modified straight-line stabilization method
[61], time-delay feedback method [62], OGY method [63],
and parameter adaptation method [64]. In this section, the
delayed feedback control (DFC) method [65] is used to
control the system’s chaos. *is control method has been
widely used in many documents, such as [55, 66]. *e
controlled system is given by

q(t + 1) � f q(t), u1(t)( ,

e(t + 1) � f e(t), u2(t)( ,
 (32)

where q(t + 1) and e(t + 1) are the state variables and ui(t) is
the control signal.*e specific form of the control signal is as
follows:
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Figure 12: *e average recycling ratio of recycler in different states of system (25).
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Discrete Dynamics in Nature and Society 15



u1 � δ(q(t + 1 − τ) − q(t + 1)),

u2 � λ(e(t + 1 − τ) − e(t + 1)),
 (33)

where δ and λ are the controlling factors and τ(t> τ) is the
length of lag time. Here, we assume τ as one period. *e
control system can be formulated as follows:

q(t + 1) � q(t) +
αqq(t)(1 − c +(μ − 2)q(t) + e(t)σ)

1 + δ
,

e(t + 1) � e(t) +
αee(t)(− 2e(t) + q(t)σ)

1 + λ
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(34)

*e Jacobi matrix of the control system is as follows:

J �

1 +
αq(1 − c + 2(μ − 2)q(t) + e(t)σ)

1 + δ
αqq(t)σ
1 + δ

αee(t)σ
1 + λ

1 +
αe(− 4e(t) + q(t)σ)

1 + λ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(35)

*e Nash equilibrium point is E∗(2(c − 1)/
(σ2 + 2μ − 4), σ(c − 1)/(σ2 + 2μ − 4)), and the above Jacobi
matrix can be expressed as follows:

J �

1 +
2αq(c − 1)(μ − 2)

(1 + δ) σ2 + 2μ − 4 

2αqσ(c − 1)

(1 + δ) σ2 + 2μ − 4 

αeσ
2
(c − 1)

(1 + λ) σ2 + 2μ − 4 
1 +

αe (c − 1) σ2 − 8  

(1 + λ) σ2 + 2μ − 4 

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(36)
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Figure 14: *e production quantity fluctuations of the manufacturer.
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From the previous numerical analysis, we can see that
when αq � 4 and αe � 0.5, the system is chaotic. And now,
the Jacobi matrix form of the control system is as follows:

J �

δ − 1.769
1 + δ

1.538
1 + δ

0.096
1 + λ

λ + 0.808
1 + λ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (37)

If dynamic system (25) is stable, δ and λ need to meet the
following conditions:

2.577 + 0.192δ + 2.769λ> 0,

− 0.385 + δ(λ + 0.904) − 0.385λ> 0.
 (38)

As shown in Figures 14 and 15, when δ � 0.4 and λ � 0.6,
after multiple iterations, the variables (q and e) tend to a
fixed Nash equilibrium value (0.385 and 0.192). It can also be
clearly seen from Figure 16 that with the enhancement of the
control factor δ, the system changes from chaos to stability.
*e delayed feedback control (DFC) method is an effective
method of chaos control. In this case, the manufacturer can
adjust its decision by taking not only the profit of the last
period as the benchmark but also the profit of the previous
periods as the reference to improve the stability and ef-
fectiveness of decision-making. *rough the application of
the control factor, the manufacturer can guide the system to
restore stability by increasing the value of the control factor.
*erefore, the manufacturer can make more efficient de-
cisions while reducing the risk of system chaos, which is
beneficial to the entire supply chain.

6. Conclusions

*is paper constructs a closed-loop supply chain composed
of a manufacturer and a recycler and considers the man-
ufacturer’s CSR and recycler’s fairness concern behavior into
the supply chain model in turn. In addition, this paper
analyzes the dynamic behavior of the dynamic decision
model using bifurcation diagrams, attracting basins, and

chaotic attractors and describes the effect on the average
utility of the manufacturer and the recycler when the pa-
rameters change. Finally, the delayed feedback method is
used to control the chaos of the system. *e following
conclusions can be drawn: If the manufacturer undertakes
CSR within a reasonable range, the utility of the manu-
facturer will increase, and the utility of the recycler will be
reduced. After considering fairness concerns, the manu-
facturer’s optimal utility remains unchanged, while the re-
cycler’s utility varies according to the manufacturer’s CSR
proportional coefficient. *erefore, if the manufacturer
considers the long-term development of their own enter-
prises, they should take the initiative to undertake CSR. *e
recycler should choose their fairness concern coefficient
based on the manufacturer’s CSR coefficient. As the ad-
justment speed increases, dynamic system (25) will enter a
chaotic state through bifurcation. In the chaotic state, the
average utility of both the manufacturer and the recycler will
decrease. In addition, the manufacturer can select appro-
priate control parameters and use the delayed feedback
control (DFC) method to restore dynamic system (25) from
a chaotic state to a stable state.

However, the game model established in this article
ignores many factors that affect the dynamic decision-
making of the supply chain, such as consumers’ purchasing
intentions for eco-innovative products in the supply chain,
the level of environmental awareness of consumers actively
participating in products recycling, and so on. *ese factors
will affect the actual situation. *ese issues will be the focus
of our future research.

Appendix

Proofs for Main Results

Proof . of Proposition 1. Analyze the monotonicity of the
decision variables q∗, e∗, and r∗ with respect to the pa-
rameters and obtain the first-order derivatives. *e results
are as follows:
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Figure 16: *e bifurcation diagram of the controlling factors δ, when λ � 0.6.
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∗
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�

(1 − c) σ2 + 4 θ

2φ σ2 − 4 
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(A.1)

□

Proof . of Proposition 2. Similar to the method of Propo-
sition 1.

zπ∗m
zσ

�
4(1 − c)σ

4 − σ2 
2 > 0,

zπ∗m
zs

�
2(1 − c)

4 − σ2
> 0,

zπ∗r
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�
(c − 1)

2σ(c − 1)θσ + k σ2 − 4 

σ2 − 4 
3
φ

> 0,

zπ∗r
zφ

�
(c − 1)

2σ(c − 1)θσ + k σ2 − 4 

4 − σ2 
3
φ2

< 0,

zπ∗r
zs

�
3 (c − 1)θσ + k σ2 − 4  

2

2(c − 1)
3φ

> 0,

zπ∗r
zσ

� −
(c − 1) (c − 1)θσ + k σ2 − 4   kσ σ2 − 4  + 2θ 2 + σ2 (c − 1) 

σ2 − 4 
4
φ

> 0.

(A.2)

□
Proof . of Proposition 3. Analyze the sensitivity of the de-
cision variables qc∗ , ec∗ , and rc∗ to the CSR coefficient μ and

calculate their first-order derivatives, and the results are as
follows:
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zq
c∗

zμ
�

4(1 − c)

σ2 + 2μ − 4 
2 > 0,

ze
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zμ
�

2(1 − c)σ

σ2 + 2μ − 4 
2 > 0,

zr
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zμ
�

(1 − c)θσ

σ2 + 2μ − 4 
2
φ
> 0.

(A.3)

In order to analyze the change trend of each decision
variable and in the CSR model and the basic model, we
subtract the corresponding quantity of the CSR model from
the optimal decision quantity in the basic model. After the
calculation, we can get

e
∗

− e
c∗

�
(c − 1)σ
σ2 − 4

−
(c − 1)σ

2μ + σ2 − 4
< 0,

q
∗

− q
c∗

�
2(c − 1)

σ2 − 4
−

2(c − 1)

2μ + σ2 − 4
< 0,

e
∗

− e
c∗

�
(c − 1)σ
σ2 − 4

−
(c − 1)σ

2μ + σ2 − 4
< 0.

(A.4)

*erefore, ec∗ > e∗, qc∗ > q∗, and rc∗ > r∗. □

Proof . of Proposition 4. Similar to the proof method of
Proposition 1, analyze the sensitivity of the optimal profit in
the CSR model to the CSR coefficient u and calculate their
first-order derivatives. *e results are as follows:

zU
c∗

m

zμ
�

2(1 − c)
2

− 4 + 2μ + σ2 
2 > 0,

zπc∗

m

zμ
�

8(1 − c)
2μ

− 4 + 2μ + σ2 
3 < 0,

zπc∗

r

zμ
� −

(− 1 + c) (− 1 + c)θσ + k σ2 + 2μ − 4   3(c − 1)θσ + k σ2 + 2μ − 4  

− 4 + 2μ + σ2 
4
φ

< 0.

(A.5)

□
Proof . of Proposition 5. Similar to the proof method of
Proposition 3, in order to compare the profit and utility of
manufacturer and recycler under the basic model and the

CSR model, we use their respective benefits in the basic
model minus the benefits in the CSR model, and the dif-
ferences between them are

π∗m − U
c∗

m � −
2(1 − c)

2μ
σ2 − 4  σ2 + 2μ − 4 

< 0,

π∗m − πc∗

m � −
4(1 − c)

2μ2

σ2 − 4  σ2 + 2μ − 4 
2 > 0,

π∗r − πc∗

r �
(c − 1) (c − 1)θσ + k σ2 − 4  

2

2 σ2 − 4 
3
φ

−
(c − 1) (c − 1)θσ + k σ2 + 2μ − 4  

2

2 σ2 + 2μ − 4 
3
φ

> 0.

(A.6)

□
Proof . of Proposition 6. In order to analyze the change
trend of the fairness concerns coefficient η on the optimal

utility of the recycler, we calculate their first-order derivative
as follows:

zU
f∗

r

zη
�

(1 − c) (1 − c)θσ − k − 4 + 2μ + σ2  2+2(c − 1) − 4 + 2μ + σ2  − 4 + 4μ + σ2 φ 

2 σ2 + 2μ − 4 φ
. (A.7)
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We cannot directly judge whether the above formula is
greater than zero, so we find the critical point. *e ex-
pressions are as follows:

zU
∗
r

zη
> 0, when μ ∈ 0,

4 − σ2

4
 ,

zU
∗
r

zη
< 0, when μ ∈

4 − σ2

4
,
4 − σ2

2
 .

(A.8)

□

Proof . of Proposition 7. In order to compare the optimal
utility of the recycler in the three modes, we calculate the
difference between them. Similar to Proposition 6, we
cannot directly judge whether the result is greater than zero,
so we find their critical points. *e expressions are as
follows:
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(A.9)

U
f∗

r − U∗r > 0, U
f∗

r − Uc∗

r > 0. When k2 > 4(1 − c)φ, combine
the conclusion of Proposition 5, so U

f∗

r >U∗r >Uc∗

r .
When k2 < 4(1 − c)φ and ((kθσ(1 − c)2 + k2(c − 1+

3((1 − c)2(σ2 − 4) φ + A)))/2((1 − c)(4(1 − c)φ − k2)))< μ,
U

f∗

r − U∗r > 0 and U
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When k2 < 4(1 − c)φ and μ< ((kθσ(1 − c)2 + k2(c − 1 +

3((1 − c) 2(σ2 − 4)φ + A)))/2((1 − c)(4(1 − c)φ − k2))),
U

f∗

r − U∗r < 0 and U
f∗

r − Uc∗

r < 0. Since the range of μ is

μ ∈ (0, ((4 − σ2)/2)), we know that the upper limit of the
CSR coefficient μ is ((4 − σ2)/2). Combining the results we
calculated above, we get the conclusion in Proposition 7. □

Proof . of Proposition 8. According to the Jacobi matrix and
jury criterion of dynamic system (25), the stability condition
can be calculated as follows:

4αee
∗
(t) 1 + αq 1 − c + 2q
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(t)(μ − 2( (   − αeq

∗
(t)σ − αqe
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(t)σ + 4e

∗
(t)

2αeαqσ + αq − 1 − c − 2q
∗
(t)(μ − 2)(  1 + q

∗
(t)αeσ( > 0,

− 4e
∗
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∗
(t)(μ − 2)(  αqσ > 0.

⎧⎪⎨

⎪⎩

(A.10)

Substituting E3(q∗(t), e∗(t)) into the above set of in-
equalities, after the calculation, we can get the following:

2(1 − c) αeσ − αq αeσ(1 − c) + μ − 2(  > 0,

2αq(− 1 + c) 4 − 2μ +(− 1 + c)αeσ(  − 4 σ2 + 2μ − 4 +(1 − c)αeσ > 0.

⎧⎪⎨

⎪⎩
(A.11)

Separate αq and αe to get the conclusion in Propo-
sition 8. □
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