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Nowadays, with a great number of household electrical appliances being discarded in every corner of the world every day, household
electrical appliances recycling is attracting more attention. In this paper, we build a closed-loop supply chain that consists of a
manufacturer and a third-party recycler based on the development of “Internet Plus” recovery platform. We thoroughly analyze the
model and its evolution by chaos theory, complex dynamics theory, and numerical simulation and introduce the adaptive method to
control the chaos of the system. We find that as the manufacturer increases the retail price, the stable area of the market becomes
smaller. At the same time, when the manufacturers direct recycle price or the price adjustment range of the products recycled from
the third party exceeds a certain threshold, all the recycle prices in the whole market will fluctuate, thus causing market chaos. Among
them, as an adjustment decision method, delay strategy reduces the volatility of recycle price and makes it return to a stable state,
which is an effective method to control system disorder. In addition, the third-party recycler will change the optimal subsidy model
according to the government’s price subsidy level, while the manufacturer always prefers the price subsidy model.

1. Introduction

Since governments worldwide are giving increasing atten-
tion to global environmental issues, more and more man-
agers and scholars also pay attention to the recycling
problem. At present, many corporations possess recycling
sectors by themselves or cooperate with third-party offline
recyclers that collect remanufactured products. Recycling
products is beneficial to enterprise development and can
help consumers save money, which makes a significant
contribution to sustainable development. Thus, the research
of the online recovery platform is becoming a hot issue.
In recent years, the speed of electronic product replace-
ment is accelerating. As the biggest developing country
globally, China is a significant producer and consumer of
electrical and electronic products. According to the Data from
the National Bureau of Statistics, the total retail sales of major
commodities in China in 2019 were 3.6428 trillion yuan,
among which the total retail sales of household appliances and

audio and video equipment reached 913.9 billion yuan, ac-
counting for about 2.5% of the total retail sales, an increase of
about 0.17% compared with 2018. The retail sales of house-
hold appliances and audio and video equipment grew 1.7
percentage points faster on average than the retail sales of
consumer goods above designated quotas. Among them, the
air conditioning market’s retail sales share reached 59.2%, and
the retail sales share reached 46.9%, both significantly higher
than last year. Refrigerator market sales of 99.5 billion yuan, a
year-on-year growth of 0.45%. But now consumer electronics
are becoming saturated. Meanwhile, household appliances, as
durable consumer goods, are becoming more and more
popular in Chinese households [1, 2]. From the above data,
the output of most household electrical appliances has
achieved a small increase, which means that the market of
used electrical and electronic products has enormous po-
tential to realize rapid development.

On the basis of existing research of closed-loop supply
chain, reverse supply chain, and the development of the waste
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recycling market, Savaskan et al. [3] pointed out that the
recycling channels for waste products can be classified into
three categories: recycling by manufacturers, recycling by re-
tailers, and recycling by third-parties. Besides, with the rapid
development of information technology, logistics and distri-
bution systems, and Internet technologies, new ways of
recycling have also emerged in the used electronic products
recycling market. In 2015, the State Council reviewed and
promulgated several plans, which indicated that, to comply
with the development trend of the “Internet plus” in the world,
“Internet plus” refers to the application of the internet and
other information technology in conventional industries. We
need to fully take the advantage of scale and Internet, promote
the expansion of the Internet from the consumer field to the
production field, accelerate the improvement of the level of
industrial development, and enhance the innovative capacity of
the waste recycling industry [4]. Under this policy, the
“Internet + Recycling” platform, a consumer-centric waste
recovery e-commerce system, has rapidly emerged, as well as
the “Love Recovery” platform, the Gome recycling platform,
the Suning recycling platform, and the Jingdong recycling
platform, for instance. Online recovery platform reduces the
transaction costs, improves the information asymmetry be-
tween the buyers and sellers of used products, and improves
the efficiency of recycling, so it has become a popular recycling
channel, through which consumers are keen to resell used
products [5]. In this paper, we take the “Love Recovery”
network recycling platform as an example. As described by
Dou [6], this platform provides several recycling ways for
consumers to choose: first, consumers can ask for on-site
recycling services and select a service site on the network;
second, consumers can return used goods for recycling by
going directly to the offline stores; besides, consumers can send
back the used products to the platform. After professional
inspection, some products are repaired and refurbished and go
to the secondary market, and the others that cannot be reused
are taken away by environmental protection companies.
Meanwhile, many manufacturing companies not only recycle
used products through traditional channels such as third-party
institutions and retail sales, but also create their own recycling
channels in virtue of Internet technologies to form a multi-
channel recycling model. We take Changhong as an example. It
established Changhong Gerun Recycling Resources Limited
Liability Company, which has 2 million/year processing ca-
pacity for five major used household appliances categories:
televisions, refrigerators, air conditioners, washing machines,
and computers. It also built a “sky-to-ground” recycling net-
work, which includes the “ground nets”—the self-built outlets
and franchise recyclers in each region—and the “sky
nets”—telephone, network platform, and so on—a typical 020
mode. As illustrated by Cattani et al. [7], relying on advanced
information intelligence technology, they develop waste elec-
tronic smart recycling ATMs used in the community and build
a leading intelligent recycling platform in China.

Based on the background, this paper makes contribu-
tions in the field of multiple recycling channels. First of all,
considering the emergence of new recycling methods in the
rapid development of Internet technology and combining
with the online recycling of the third party, we constructed
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the recycling amount function and profit function of the
manufacturer and the third-party recycler. Then, because the
decision-making process is dynamic, we introduce the
nonlinear dynamics theory into the system and use the
bifurcation diagram and stable domain diagram to analyze
and express the chaotic phenomenon in the model. Finally,
we analyze the effect of the delay strategy on chaos control.

This paper is organized as follows: In Section 3, the
assumptions are listed, and the model of the recycling system
is built. In Section 4, the model is solved, and the equilibrium
points are calculated. Nonlinear dynamics theory is also
introduced in this part. In Section 5, the numerical simu-
lation is used to express the chaos of the model by bifur-
cation diagram and stability domain diagram, and the effects
of relevant parameters on the model are also studied. In
Section 6, the effective control of chaos is adopted in this
supply chain system. Section 7 discusses the extended model.
The conclusions are presented in the last section.

2. Literature Review

The closed-loop supply chain has been paid much attention
these years, since the recycling process is beneficial to the
economic viability and environmental sustainability [7].
There is plenty of available literature we can find. The
structure of the supply chain is so important that lots of
scholars have researched it. Also relying on a closed-loop
supply chain, a game involving an online direct sale channel
between the manufacturer and the traditional retailer has
been established and analyzed [8]. Sun and Ma [9] studied
dynamic pricing games in dual-channel supply chains with
risk-averse behaviors and incomplete information. Another
closed-loop supply chain consisting of a positive chain that
includes an online channel and a retailer channel has been
investigated, where government subsidies consumers who
return the waste products and purchase new products
through retailers [10]. As a result, profits of manufacturers
and retailers increase, but the impact of online channel
providers on profits is not obvious. Strategies of players in a
supply chain under five modes (centralized decision model,
Nash equilibrium decentralized decision-making model,
manufacturer leadership model, retailer leadership model,
and third-party leadership Strategic Research on Models)
have been researched through the dual recycling channels
(third-party recycling channel and manufacturer’s online
recovery channel) [11]. On the basis of considering green
manufacturers to obtain quality information in a closed-loop
supply chain, Hong et al. studied quality information dis-
closure strategies [12]. Zhang and Meng adopted the
Stackelberg game and two-level planning methods to es-
tablish an electronic closed-loop supply chain value coc-
reation model that considers the cross-shareholding of
manufacturers and retailers [13]. Based on existing litera-
ture, collectors who collect used products can be the
manufacturer, the retailer, and the third-party collector. In
the above literature, the research mainly focuses on the
closed-loop supply chain composed of manufacturers, re-
tailers, or other third-party recycling institutions, but the
members involved in the supply chain are slightly one-sided.
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At the same time, the supply chain structure relationship is
not reasonable. Therefore, this paper constructs a closed-
loop supply chain consisting of a manufacturer, a third-party
offline recycler, and a third-party online recycler to form a
three-layer structure relationship and explain the recycling
process more reasonably.

Pricing also has been paid much attention to the relevant
literature. Wood et al. developed a descriptive model of
locking pricing practices by interviewing the practices, con-
ventions, and perspectives of decision-makers from five
online fashion retailers in pricing [14]. Ma et al. [15] found the
impact of pricing time on profitability and stability. A closed-
loop supply chain is constructed and analyzed under four
different decision structures, in which the retailer collects used
products in two ways [16]. Ma et al. [17] considered the level
and historical price discount sensitivity when establishing the
price sensitive demand function. The effects of recycling and
product quality level on pricing decisions in a two-echelon
closed-loop supply chain were also analyzed [18]. The effect of
the technology licensing on remanufacturing in a two-period
closed-loop supply chain was analyzed, where a manufacturer
produced new and remanufactured products, and a reman-
ufacturer collected used products and produced remanu-
factured products at the same time in Hong’s research [19]. A
closed-loop supply chain was analyzed, in which supply chain
members made centralized decisions and three decentralized
collection modes, and the dynamic pricing strategies were also
studied in this research in Sun et al. paper [20]. The price
decision will be affected by the supply chain buyback con-
tracts and government subsidies [21, 22]. In addition, the
demand fluctuation caused by the promotion price policy will
also affect the integrated inventory control system [23].
Sander found that if quality and cost are negatively correlated,
the company can restore competitive pricing by privately
setting its quality and cost [24]. Modak et al. [25] consider
three possible collection activities of used product for recy-
cling, viz, retailer led collection, manufacturer led collection,
and third-party-led collection and analyze the optimal pric-
ing, and government organizations provide incentives to the
manufacturers for adopting green technologies [26].

This paper is also related with literature about government
intervention. Previous scholars have done a lot of studies on
government intervention. Li et al. [27] examined the optimal
decision of the supply chain and the effective environmental
governance strategy of the government. Based on wholesale
price and revenue sharing contracts under cap-and-trade
regulation, Ji et al. [28] explored the production decision, as
well as the government cap setting. Raz and Ovchinnikov [29]
analyzed how the government can coordinate the supply
through using rebate and subsidy. Li and Li [30] studied the
interaction between the government’s subsidy regulations and
the firms’ marketing regimes.

Considering economic viability and environmental sus-
tainability, more and more manufacturers devote to the
process of remanufacturing, in which a used product trans-
forms into a “new” product. Meanwhile, scholars are also
paying increasing attention to remanufacturing. A two-period
closed-loop supply chain was built with a single manufacturer
and a single remanufacturer, and their decisions under

different cooperative strategies were studied in relevant
studies [31]. The pricing decision of the manufacturer and the
remanufacturer under different consumers’ behaviors were
also studied [32]. Besides, a two-period closed-loop supply
chain was established to analyze whether the collection of the
used products should be outsourced [33]. Additionally, a
closed-loop supply chain consisting of a manufacturer, a
retailer, and a supplier was investigated considering the dy-
namic performance of the model [34]. The effect of rema-
nufactured products on new products was also researched
[35]. Companies will adopt green technology to reduce en-
vironmental pollution [36]. Ata studied the optimal pricing
and production tactics for a bi-echelon green supply chain
[37]. From the consumer’s point of view, consumers will also
consider whether the product is a green product, which will
also affect the sales price and demand of the product [38-40].
From the above literature, we can know that many scholars
have noticed the importance of pricing in the closed-loop
supply chain. But most price decisions are set in a static
model. In this paper, the dynamic model is used to study the
price.

Nonlinear dynamics is an effective theory and adopted
widely. Lots of scholars combine supply chain with non-
linear dynamics theory. The recycling network of color TV
recycling market is studied [39]. Feng et al. [40] studied the
game between four nonlinear hybrid oligopolies. They
introduced nonlinear dynamics theory into the system and
analyzed the complexity of the system. In the end, they
adopted the method of delay control to control the chaos. A
dual-channel closed-loop supply chain was researched
under government intervention in order to analyze relevant
parameters’ effect on the stability and complexity of the
system [41]. They also adopted the delay feedback control
method to control the system. A closed-loop supply chain
was investigated and presented by dynamic phenomena;
the stability and complexity of the system were also ana-
lyzed [42]. In this model, the retailer sells and collects
products, and the manufacturer produces and recycles
products. Through relevant researches, scholars have
proved the feasibility of combining nonlinear dynamics
with closed-loop supply chain. In this paper, the dynamic
system of a new closed-loop supply chain structure is
studied and analyzed by using the theory of nonlinear
dynamics. In addition, different from the static game model
research [43], the literature [44-46] also combines the
theory of complex dynamic systems to study the closed-
loop supply chain problem. Similarly, based on the evo-
lutionary game theory, Su et al. [47] established the tri-
lateral-game payoff matrix, build up the replicator dynamic
equations, and discussed possible evolutionary stable
states, and based on the theoretical framework of infor-
mation entropy and complexity, Su et al. [48] discussed the
APQSIS agents’ equilibrium strategies.

Based on the studies mentioned above, most scholars
used static games in relevant works. However, in reality, the
decision process of supply chain members is dynamic.
Members in the supply chain cannot have a good knowledge
of all information about the market or adjust their decisions
at any time. Therefore, the supply chain might have more



complex characteristics. Stability is an important focus for
both nonlinear dynamic system and supply chain man-
agement. Recyclers in the product market will engage in
healthy competition. To fill these gaps, we start by charac-
terizing how the price strategy of supply chain members
changes under different recycling channels based on non-
linear dynamics theory. Subsequently, in the collecting
system, we investigate the dynamic changes of the system for
used products on pricing decisions.

3. Model Description and Assumption

The background of the model is given in this section. The
symbols and assumptions used in the following section are
described as well.

3.1. Model Description. The closed-loop supply chain in this
paper is composed of a manufacturer, a third-party online
recycler, a third-party offline recycler, and consumers.
Consumers can choose to return used products through the
third-party online recycler, the third-party offline recycler,
or the manufacturer. Besides, the third-party online recycler
and the third-party offline recycler sale used products they
collect from consumers to the manufacturer. At the end, the
manufacturer remanufactures used products and directly
sales remanufactured products to consumers. The model is
shown in Figure 1.

3.2. Symbols and Assumptions. Relevant symbols involved
are given as follows:
D: recycling quantity of the manufacturer
D,: recycling quantity of the third-party offline recycler
D.,: recycling quantity of the third-party online recycler

pg: recycling price of used products collected by the
manufacturer to the consumer

p,: recycling price of used products collected by the
third-party oftline recycler

p,: recycling price of used products collected by the
third-party online recycler

p: retailer price of remanufactured products

w: recycling price of used products collected by the
manufacturer to the third-party

¢: remanufacturing cost of used products

b,: consumers’ sensitivity coeflicient to the price of
third-party online recyclers’ recycling channel

b,: consumers’ sensitivity coefficient to the price of
third-party offline recyclers’ recycling channel

b,: consumers’ sensitivity coefficient to the price of
3
manufacturer’ recycling channel

a: basic market size of used products market
0,: consumer dependence on the online channel

0,: consumer dependence on third-party offline recy-
clers’ recycling channel
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FIGURE 1: Recycling supply chain model.

ry: price cross influence coefficient between the
third-party online recycler and third-party offline
recycler

r,: price cross influence coefficient between the man-
ufacturer and third-party online recycler

r5: price cross influence coefficient between the man-
ufacturer and third-party offline recycler

7,: third-party offline recycler’s profit
7,: third-party online recycler’s profit
7,,: manufacturer’s profit

S,: other operating costs of the third-party online
recycler

S;: other operating costs of the third-party entity
recycler

S4: other operating costs of the manufacturer

In order to simplify the analysis, we make these as-
sumptions as follows:

(i) When the quality level of the remanufactured
product reaches the qualified standard, it can be put
back into the market for sale. Here, we assume that
the manufacturer’s remanufactured products are
qualified products. In practice, manufacturing
companies do the same, such as refurbished ma-
chines sold by Apple.

(ii) The recovery capability of the three channels and the
manufacturing capability of the manufacturer can
meet the demand in the market. The market is large
enough to consume enough products.

(iii) Recycling quantity function is linear, and recycling
quantity is related to price. Factors such as envi-
ronment, service, and consumption level are not
considered [49-51].

(iv) Manufacturers and the third-party recyclers are
independent decision-makers, and the goal of de-
cision-making is to maximize their own profits.
Because of the constraints of the market conditions,
they cannot fully grasp the behaviors and decisions
of other decision-makers and take a limited rational
method to make decisions.
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4. Model Construction and Analysis

In this section, we construct the corresponding dynamic
model. The players make decisions based on the principle of
bounded rationality. Also, the optimal solutions are derived.

4.1. Model Construction. The functions of recycling quantity
of the third-party recyclers and manufacturer are shown as
follows:

Dr = 01a+b1pr - (Pt _pr) _r2(pd _pr)’
D, =0,a+b,p,— 11 (p, = pt) = 13(Pa— Pe)s

Dy =(1-6,-0y)a+bspy—1,(p, = pa) —75(Pr — Pa)-
(1)

In this model, there are three channels, so we also assume
0<0, + 6, <1. And because there is no study focusing on
difference and degree of the price sensitivity coefficient
between recycling channels, we assume that price sensitivity
coefficients and price cross influence coefficients are in-
variable, that is, b, = b, = b; and r| = r, = r;. According to
the actual situation, in each recycling channel, the price of
one channel has greater impact on the price of other
channels, that is, b>r. In this study, we can simplify the
functions as follows:

D, =6,a+bp, —r(p,— p,) ~7(pa—pr)
D, = 6,a+bp, —r(p, — p:) ~7(Pa— pr)
Dy=(1-0,-0,)a+bpy;—r(p, = pa) =1 (p: — Pa)-

5

The profit model can be given as follows:
ﬂi’z(w_pr)Dr_Sr’ (3)
m = (w=p)D; =S, (4)

T = (P~ pa—¢)Dy+(p-w-c)(D,+D;) =Sz (5)

In the profit function, the manufacturer’s profit can be
divided into two parts, which are recycling products from
the third-party recycler and recycling products by collecting
directly from consumers. Since the manufacturer requires
consumers to pay a certain amount of cost for recycling,
consumers are less dependent on the manufacturer’ recy-
cling channels even if the recycling cost is higher. But the
high recycling price will weaken the price competitiveness of
other channels and also cause vicious price competition,
which violates the original intention of manufacturers, that
is, expanding the market by using multiple recycling
channel.

4.2. Complexity Analysis of Market Stackelberg Game
Behavior. We put formula (2) into formulas (3)-(5). Then,
players’ profit in supply chain can be shown as follows:

(2)
E(T[r) = (w - pr)[gla + bpr - r(pt - pr) - T(pd - pr)] - Sr’ (6)
E(m) = (w=p,)[6a+bp, =7 (p, = p;) =7 (pa = )] = Sor (7)

E(m,,) =(p~pa—)[(1 -6, =0,)a+bpy~7(p, — pa) —7 (P — Pa)]

In this model, the third-party recycler and the manu-
facturer form Stackelberg game, so backward induction is
used to analyze the model, and we consider the third-party
recyclers first.

The game process of the paper is organized as follows.
The manufacturer makes simultaneous decisions based on
its recycling price and wholesale price firstly. The third-

8
+(p-w-0)[(0,+6)a++r)(p, + p;) —2rps] — Su (®)
o,
£ =—0a+r(p, +py)+wb+2r)-2p, (b+2r),
o,
ps =—b,a+r(p,+pg)+w(b+2r)-2p,(b+2r).
t
9)
According to formula 9), when

party online and offline recyclers make recycling price
decisions according to the manufacturer. This study mainly
aims to analyzing the complexity on the whole system.
According to formulas (6) and (7), we can derive the
following formula:

(om,/op,) =0, (0om,/op,) = 0, we obtain the optimal recov-
ery price of the third-party online recycler and the third-
party offline recycler, which is the optimal marginal profit
function of the third-party recyclers.



B —0,a+7(p,+ py) +w(b+2r)
- 2(b+2r)

(10)

_—ba+r(p, +py)+wb+2r)
‘o 2(b+2r) '
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According to formula (10), the optimal pricing expres-
sion of the third-party recyclers can be shown as follows:

. 200 +b(2p,r - 2a0; + 9rw) +r(-a (46, + 6,) + 57 (p, + 2w))

P;

(2b+5r)(2b + 3r)

>

(11)

. 20°w +b(2pyr —2a0, + 9rw) + r(-a (46, + 6,) + 57 (p, + 20))

by

Substitute formula (11) into formula (8). We find that
Hessian matrix is negative, which means that manufacturer’s
profit model is strictly a concave function.

2(2192 + 7br + 4r2)
= <0,
2b+ 3r

1

(12)
8b(b* + 5br + 6r°)

H =
2b + 3r

> 0.

on,,

(2b +5r)(2b + 3r)

We make the first derivative of the profit function of
manufacturer equal to zero, and the functions are as follows:

oc(c—p+pd)(2b2 +7br+4r2)(—1 +60,+0,)+2r(b+2r)(c-p+w)+

a(-1+6, + 02)(2b2pd +br(7py —2w) +r(4pyr + a(6, +0,) - 4rw))

opa 2b+3r

’ (13)

aﬂ: ((b+2r)(2pgr —2a(c—p+py)r(-1+6,+6,) —a(6, +6,) -2(b+rw-2(b+r)(c— p+w)))

\ Ow

According to formula 13), when
(0m,,/0p,) = 0, (0m,,/0w) = 0, the Nash equilibrium solu-
tion of this game can be obtained, which is the optimal
marginal profit function of recycling price of used products
collected by manufacturer to consumer, p,; and recycling
price of used products collected by manufacturer to the
third-party, w and the specific expression can be seen in
Appendix.

Assuming that pricing game between the manufacturer
and the third-party is not instantaneous, there is a repeated
game pricing process. In repeated game stage, any partici-
pant has the operating goal of maximizing the profit and
cannot fully grasp market information of product and
competitors’ business information. So, each participant is
not a fully rational decision maker. Combining these con-
ditions, we assume that the three participants in this model
are both limited rational decision-makers, who cannot
predict the market demand information accurately or
completely control their pricing behavior. In the periodic

2b + 3r

repeating game, the manufacturer dynamically adjusts the
price. Based on the marginal profit of the decision of the
previous period, the manufacturer makes current decision
on the basis of forecast information. That is, if the manu-
facturer’s marginal profit is positive in the period ¢, the
strategy is to be continue in the t+1 period. On the other
hand, if the manufacturer accounts for the negative marginal
profit of the period t, p; and w should be adjusted in the
period t+1. The dynamic adjustment model of repeated
game is

om; (t)
op; (t)

As a bounded rational economic offline recycler, the
recycling players have long and prosperous business expe-
rience. When they make price decision of period ¢+ 1, they
should take the profit of the period ¢ into consideration. The
bounded rationality analysis will make player’s decision
more rational. f3; represents price adjustment speed of

pi(t+1) = p;(t) + B;p; (1) (14)
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participants. According to formula (15), the pricing ex-
pression of the manufacturer in the repeated game can be
obtained.

o, (t)

pa(t+1) = py(t) + By pa() 9y () (15)
W(E+1) = w(t) + By () aa?((tt))' (16)

5. Numerical Simulations

In the Section 4, we show the manufacturer’s game process,
in which the manufacturer adjusts his pricing strategy on the
basis of the marginal profit of the previous period. If the
marginal profit of the previous period is positive, the
manufacturer will keep the strategy of the last period in the
next period. Even if the third-party offline and online re-
cycler raise their price to increase recycling quantity in the
next period, the manufacturer will still not adjust strategy
and keep the belief that his profit will be maximized. On the
other hand, if the manufacturer’s marginal profit is negative,
he will not adopt the strategy of the last period, because the
strategy has a bad impact on profit. When the manufacturer
adjusts parameters in the next period, the whole system
stability will be affected.

The changes of 8, and 3, can affect system’s stability in
the process of repeated game. In order to describe the dy-
namic change process accurately, we set some parameters for
numerical simulation analysis. In this paper, we set a = 10,
c=5,0,=0656,=02 b=06r=04 s =1, s, = 0.1,
s; =300, p =30, and then we can obtain

pd (t + 1) = pd (t) +[31pd (t) (33708 -3.8 pd + 1167(0),
wt+1)=w(t)+pw(t)(6.708 + 1.167p, — 2.33w)).
(17)

Let p;(t+1) = p,(t) and w(t +1) = w(t), and we can
get p5 =11.52, w* = 8.64, p; = 5.89, p; = 4.48. According
to the Jury stability criterion, we can get the stable region of
B, and B, as follows.

In the repeated game process of the adjustment, due to
limited information, the manufacturer constantly adjusts the
pricing strategy to get closer to the optimal price of profit
maximization. If the speed of price changing is too fast, the
system will become instable and enter the chaotic state. In
Figure 2, we draw the stable region with the changes of f3,
and f,, then the reasonable ranges of parameters 3, and S,
can be got. In order to describe the effect of the speed of the
price adjustment on system’s stability, we draw the bifur-
cation diagram of p; and w when 5, = 0.0085 and 3, = 0.015
respectively.

In Figures 3 and 4, we describe the changes of p,; and w
with 8, and f3;. The system is steady at the beginning. With
the increasing of 8, and f3,, the system becomes periodic
bifurcation and enters chaotic state at the end. Therefore, we
can observe that, with the increase of price in recycling
channel, the system is losing stability.
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FIGURE 2: The stable region with the change of §; and j3,.
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FIGURE 3: Bifurcation diagram of p; and w when 8, = 0.0085.

In Figures 5 and 6, we describe the changes of p, and p,
with B, and ;. The third-party offline recycler and the
third-party online recycler follow the manufacturer.
When the manufacturer’s price fluctuates, the price of the
third-party offline recycler and the third-party online
recycler also fluctuates, and the vicious cycle will lead to
chaos.

In Figures 7 and 8, we describe the changes of profits
with 3, and f3;. When 8, and $; are small, the profits from
the three channels are stable. When the manufacturer’s price
fluctuates, the price of the third-party offline recycler and the
third-party online recycler also fluctuates. This affects the
profits of the three recycling channels, making their re-
spective profits chaotic.
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Figures 3-8 show how the market changes during the
price adjustment process. In summary, it is not difficult to
see that price chaos will cause short-term irregular fluctu-
ations in the market economy system. This is caused by the
bounded rationality of decision-makers within the system.
Therefore, chaotic research can effectively reflect the overall
changes in the market economy and help companies make
timely decisions.

Combining Figures 5 and 6, we can see from Figures 7
and 8 that the excessive adjustment speed of the system will
affect the recovery price of the product, thus affecting the
profit of each member of the system. When the recovery
price enters into a chaotic state, the whole market will be-
come disordered, which will have a certain impact on the
decision-making of each member in the recovery system.
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Next, we will discuss the Pareto solutions in a dynamic
system,  First, ~we  set the initial  variable
ps(1) =11.5,w(1) = 8.6.

In Figures 9-11, we describe the changes of Pareto so-
lutions with f8,, B,, and p at different periods. Figure 9
represents the Pareto solutions of the first period of the
dynamic system, Figure 10 represents the fourth period, and
Figure 11 represents the ninth period. In the initial period,
when f3, ranges from 0 to 0.15, 3, ranges from 0.2 to 0.45, or
B, ranges from 0.25 to 0.5, p ranges from 0 to 20 and 40 to 50,
and there are Pareto solutions between the profit values of
the three channels with great probability. Red, yellow, green,
and blue are used to represent different regions. It can be
seen from Figures 9 and 10 that the pareto solutions increase
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slowly in the four regions. After the ninth period, the
number of pareto solutions may increase and stabilize due to
the emergence of chaos. According to the results, the de-
cision maker can coordinate the adjustment speed in the
recovery system and the retail price of the remanufactured
product, so as to avoid the occurrence of the bad solution in
the system and ensure the benefit of each member of the
supply chain.

The largest Lyapunov exponent presents the system’s
state. When the largest Lyapunov exponent is smaller than
zero, the manufacturers’ decision system is stable. When the
largest Lyapunov exponent is equal to zero, bifurcation
happens. When the largest Lyapunov exponent is bigger
than zero, the manufacturers’ decision system enters chaos.
We draw the largest Lyapunov exponent when f3; = 0.0085
and f, = 0.015, respectively, to determine whether the
system enters chaos. When the largest Lyapunov exponent is
negative, the system is in a stable state; however, when the
largest Lyapunov exponent is positive, the system gradually
enters the chaotic state. The largest Lyapunov exponent of f3,
and f3, each time corresponds to a cycle bifurcation point in
Figures 3 and 4 when returning to the 0 axis. The largest
Lyapunov exponents at f3; = 0.0085 and f3, = 0.015, re-
spectively, are shown as follows.

As shown in Figures 12 and 13, when the largest Lya-
punov exponent returns to 0 first, the system begins to enter
the two times of the bifurcation point. When the largest
Lyapunov exponent returns to 0 for the third time, the
system enters the chaotic state. Similarly, when the largest
Lyapunov exponent revolves around zero axis, the system
also enters the chaotic state.

The changes of relevant parameters also influence the
stability of the whole system, so we verify the effect of the change
of retailer price p on the stability of the whole system. We make
retailer price change from 0 to 80 and obtain the 3D stable
region with changes of 3,, 3,, and p as shown in Figure 14.

It can be seen from Figure 12 that when the value of
retailer price exceeds a certain value, the stable region is
getting smaller gradually. We also set p = 30, p = 35, p = 40,
p =45, p = 50 and draw the stable region with changes of f3,
and f, as shown in Figure 15.

In Figure 15, we can get green border area, blue border
area, red border area, purple border area, and yellow
border area, respectively, when p =30, p =35, p =40,
p =45, and p = 50. Observing Figure 15, we can draw the
conclusion that is the same as what we can see in Figure 14.
It also can be concluded that an appropriate retailer price p
should be set to keep the stability of the system. According
to the above results, we can clearly determine the stable
region of the system. This prevents the system from en-
tering chaos and is conducive to the stability of the market.
The findings can help policy makers implement man-
agement policies.

The manufacturer is the leader in the closed-loop supply
chain, who not only seeks to maximize profits, but also to
maintain system stability. And other participants follow the
manufacturer’s pricing decision. Considering the volatility
of the system, if the system starts from the manufacturer’s
pricing system into chaos, the other participants will ac-
celerate the process of going into chaos. In a word, after the
objective factors in the market are determined, the price
adjustment of the players in supply chain will have a great
impact on the stability of the system. Players need to ap-
propriately adjust their price to cope with the market
competition, but once the volatility of the adjustment of
players exceeds the reasonable threshold, the market will be
in a chaotic state. Therefore, manufacturers can not pursue
higher profits or ignore other competitors’ strategic behavior
and the real-time state of market sales.

6. Chaos Control

When the recycling market falls into the unstable state, it will
be difficult for corporations to adjust price in a suitable state
or obtain higher profit. According to we have stated, once
the volatility of the adjustment of players exceeds the rea-
sonable threshold, the market will be in a chaotic state,
which is harmful to the whole system. So, in this section,
taking the characteristics of the whole decision-making
process into consideration, we introduce the delay control
method to control the chaos.

The primary idea of the delay control method is to use
feedback as an external input after a time delay and ulti-
mately achieve stabilization of unstable periodic orbits of the
chaotic attractor.

The core idea of this method is taking part of the in-
formation of the output signal of the system into consid-
eration. That is, when making decision for the next period,
we think over the decision in this period as well as the
decision after a period of time at the same time. Considering
other periodic values and adding control factors, the delay
control method can effectively eliminate the occurrence of
system chaos [52]. Thus, the dynamic adjustment model can
be shown as follows:
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011,
pa(t+1)=py(t) +Bipy (f)$ +v(pa(t) = py(t+1)),
d

w(t+1)= w(t)+ﬁ2w(t)a;[—wm+v(w(t) —w(t+1)).

(18)

Formula (18) is the delay strategy equations of the
system. Compared with the previous system model, formula
(19) adds the difference between the forecast value of the
next period and the current period value as the adjustment

interval. v is the control parameter, indicating the degree of
control over the difference. Then, we set 3, = 0.03,5, = 0.1
and draw bifurcation diagram with increasing v as given in
Figure 16.

We show the control of the parameter to the system in
Figure 16, where we can see that when v is small, the system
is in chaos, and with the control parameter v increasing, the
system goes into period doubling and becomes stable at the
end. In conclusion, adjusting decision-making method to get
over market delay is a good way of system control. Man-
ufacturers can take this method in practice.
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FIGURE 10: Pareto solutions at period four. (a) The stereogram of period four, (b) top view of the stereogram, (c) left view of the stereogram,

and (d) right view of the stereogram.

In the delay strategy, combined with the difference of
pg and w between the actual value in the current cycle and
the predicted value in the next cycle, the manufacturers
with bounded rationality adjust the value of p; and w in the
next cycle by setting certain control factors, so as to avoid
large price adjustments and prevent the emergence of
market chaos. This can also help manufacturers better
control their own recycling prices and make more accurate
decisions.

So, we can draw the conclusion that the efficacy is re-
markable to control the chaos by the control parameter. To
achieve this purpose, the manufacturer, the third-party
offline, and online recycler should especially pay attention to
the recycling process and services and control the price

adjustment speed in the appropriate fields. Consumers in the
market should not only focus on the recycling price when
choosing the recycling channel.

7. Extended Model

In order to encourage companies to carry out larger-scale
battery recycling and reduce the pollution of used batteries
in society, the government often subsidizes enterprises in a
variety of ways. There are two main forms of funding: one is
direct cash subsidies, and the other is subsidies based on the
number of products recovered by the company.

In order to complete the financial support for enterprises
more conveniently, the current government often uses direct
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FIGURE 14: The 3D stable region with change of f3;, §,, and p.

cash subsidies to complete the reward work for enterprises to
recycle used batteries. This model does not take the recycling
amount of enterprises as a reference for subsidies, and each
enterprise is subsidized uniformly. Here, we set M, as the
subsidy price. The profit model (Model 1) is as follows:

= (w-p,)D, =S, + M,,

m = (w=p)D, =S +M,,
T,=(p-psi—-c)Dy+(p-w=-c)(D,+D,)-S; + M,.
(19)
The second method of subsidy is that the government
subsidizes the company based on the amount of recycling.

The larger the amount of recycling of the enterprise, the
higher the government’s subsidy. Here, we set the subsidy

13

0.15

0.10

0.05

0.00 | S
0.00

0.02

0.04

0.06

0.08

0.10

0.12

FiGure 15: The stable region with change of 8, and f3,.

13

12

11

10

pd/w
O

0 01 02 03 04 05 06 07 08 09 1

e w

FIGURE 16: Bifurcation diagram with v increasing.

amount per unit of recycled products as M,. The profit
model (Model 2) is as follows:

= (w_pr +M2)Dr _Sr’

m=(w-p, +M2)Dt -Sp

My = (P = Pa—c+M)Dy+(p-w=c+M)(D,+D,) S,
(20)

Next, we will discuss the changes in the profits of the
three recycling entities under the direct subsidy M, and the
price subsidy M,.

Figure 17 shows the selection range of the optimal
subsidy model for the three recycling entities under the
changes of government direct cash subsidies and price
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subsidies. Here, Figure 17(a) shows the third-party oft-
line recycler’s model selection. Figure 17(b) shows the
third-party online recycler’s model selection, and
Figure 17(c) shows the manufacturer’s model selection. It
can be seen from the figure that when the government’s
price subsidy M, is lower than [;, third-party offline
recyclers are more inclined to choose direct cash

subsidies to increase the company’s profits. When the
government’s price subsidy M, is higher than [, the
third-party offline recyclers will choose the price subsidy
model. In the same way, we can see the best choice of
third-party online recycler. But no matter how the direct
cash subsidy changes, manufacturers will always choose
the price subsidy model. This is because the
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manufacturer’s recycling volume is relatively large.
Compared with direct cash subsidies, price subsidies can
alleviate more economic pressure for them.

8. Conclusion

In this paper, we study the game between the traditional
recycling channels and the online recovery platform with the
upsurge of “Internet plus” recycling platform in recent years.
By learning relevant literature and using complex dynamics
theory, we build a supply chain recycling system consisting
of a manufacturer, a third-party online recycler, a third-
party offline recycler, and consumers. Then, through nu-
merical simulation, the dynamic changes of the stable re-
gion, Pareto solutions, recovery price, and profit in the
dynamic system are studied and analyzed. In the end, we use
the adaptive method to control the chaotic state of this
model. The conclusion of our study is drawn as follows:

(1) The manufacturer is the leader in the game of supply
chain system and is of bounded rationality. In a long-
term dynamic repeated game process, the manu-
facturer should control the adjustment speed of
recycling price and keep it within the threshold, so
that the market can maintain a stable state. Other-
wise, excessive adjustment of recycling prices will
prevent the manufacturer from making accurate
price decisions, which also leads to instability in the
decisions of other recycling companies. This will
mess up the recycling market.

(2) The third-party online recycler and the third-party
offline recycler follow the manufacturer’s decision to
make a price. The third-party online recycler and the
third-party offline recycler should always pay at-
tention to the speed of price adjustment of the
manufacturer. Because when the manufacturer’s
recovery price fluctuates, the recovery price of the
third-party online recycler and the third-party offline
recycler will also fluctuate sharply. This will lead to a
vicious circle in the market. Therefore, the third-
party online recycler and offline recycler should
make hedging plans in advance to reduce the impact
on themselves.

(3) As the manufacturer’s retail price increases, the
stable area of the market becomes smaller. This
shows that the increase in the manufacturer’s retail
price will lead to a decrease in consumers’ pur-
chasing expectations. Therefore, the size of the entire
recycling system will also shrink, leading to insta-
bility. Therefore, manufacturers can make targeted
adjustments to the stability of the market by setting
appropriate selling prices, so as to benefit themselves
in the process of market changes. At the same time,
third-party online recyclers and third-party offline
recyclers should be alert to changes in manufac-
turers’ selling prices.

(4) In the initial period of dynamic system evolution, the
recovery system has regional Pareto solutions, and
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with the progress of the period, the relevant region is
expanding. In order to achieve Pareto optimal profit
for each member of the supply chain, the adjustment
speed of the dynamic system and the retail price of
the remanufactured products should be kept within a
certain range, so as to avoid the occurrence of bad
solutions.

(5) Adjusting the decision method to control the chaos is
considered, and it has a good control of the chaos of
the system. When the manufacturer considers the
difference of recycling price between the current
period and the next period, it will effectively avoid
market instability caused by excessive price adjust-
ments. When chaos occurs in the system, decision-
makers can adopt delay control strategy to keep the
market stable.

(6) With the changes in government price subsidies, the
optimal model selection of third-party recyclers will
gradually shift from the direct cash subsidy model to
the price subsidy model. Due to the large amount of
recycling, manufacturers will always choose the price
subsidy model.

This paper examines the long-term repeated game
behavior of a reverse supply chain, which contains two
recyclers and one manufacturer. This paper has certain
reference value for the supply chain that has three channels
of third-party online recyclers, third-party offline recyclers,
and manufacturers’ direct recycling. At the same time, this
paper has some research value in the stability and control of
dynamic systems in closed-loop supply chain. The con-
clusion shows that the adjustment speed of the recycling
price has the most significant impact on the recycle market.
In reality, players cannot get full information about the
market. Adopting bounded rational decision can help
enterprises obtain the optimal solution after repeated
games. Note that the players should adopt appropriate
adjustment speed to get the optimal solutions early and
maintain the stability of the system. However, there is some
limitation in our work. For example, in order to simplify
the model, we assume that price sensitivity coefficient and
price cross influence coeflicient are equal, which may not
correspond to reality. We leave this for future. With the
development of remanufactured product channels, future
research may not only recycle products through third-party
recyclers. Manufacturers may increase profits by selling
through third-party recyclers, thus forming a more in-
teractive supply chain structure.

Appendix

In equation (13), let (9n,,/0p,;) =0, (d7,,/0w) = 0, and we
get at most four fixed points. As we have stated, we get the
unique equilibrium point of the model as follows:

(P ™), (A1)

where
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