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Abstract—With the progress of science and technology, a large
number of waste electrical and electronic equipment (WEEE) not
only poses a threat to the environment, but also causes serious
waste of resources. It’s necessary and practically significant for
the governments environmental regulation to construct reverse
logistics. This paper employs evolutionary game theory to study
interaction of governments and firms and investigates the
evolutionary stable strategies for firms using recycled wastes to
produce new products. The paper shows that the rewards of
government regulation, supervision costs, extraneous income of
new products that produced by recycling WEEE, and subsidies
of firms from the government for constructing the reverse
logistics actively are key factors, which can affect the
performance of the evolutionary game between the governments
and firms. By controlling these factors, evolutionary stable
strategies between firms and governments will close to the
direction where firms constructing reverse logistics consciously
and the governments reducing the proportion of supervision
quickly and effectively.
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l. INTRODUCTION

With the continuous progress of science and technology,
mobile phones, computers and other electronic products are
updating faster and faster. On the one hand, the impact of
hazardous substances and pollutants contained in e-waste on
the environment and public health has attracted increasing
attention. On the other hand, there are many kinds of metal and
nonmetal compounds in e-waste, whose resource value is very
significant. The 13th Five-Year Plan has put forward to
enhance environmental governance and to use the energy
with high efficiency. The construction of closed loop eco
industrial chain of recycling of waste electronic products is of
vital importance. And its foundation is the government
management department to supervise moderately after
analyzing the current situation of the industry market. The
governments should guide and urge producers to fulfill their
social responsibilities in accordance with the inherent laws of
the closed-loop eco industrial chain operation.

The construction of WEEE reverse logistics is an
indispensable step in closed-loop supply chain management.
Research on government regulation in China electronics firms
establishing reverse logistics mainly focus on Extended
Producer Responsibility (EPR) of the system level, there are

few articles to guide the governments to take -effective
regulatory decision to supervise electronic firms to fulfill their
social responsibilities through numerical simulation. Li etalf!l
pointed out that supply chain governance needs institutional
mechanisms to guide stakeholders in the supply chain to make
scientific decisions. Zhao Xiu-kun etal®? pointed out that
corporate pollution control decisions depend mainly on the
degree of interdependence between firms, production
technology gap. Cao Jian etall®l pointed out that the
government incentive contract can improve the level of
recovery and remanufacturing of manufacturers better. Ogushi
etal pointed out that government regulations guide funds
focused on the EPR project effectively, so that the EPR firms
can get more financial support. Cheng Yong-weil® pointed out
that the governments should adjust the incentives according to
the environmental loss coefficient, and achieve a win-win goal
with the firms under the premise of ensuring the freedom of
decision-making. Ma etal® have studied consumers buying
products in the closed-loop supply chain, and consumers
benefit from buying new products regardless of whether the
government has subsidies or not.

Game theory provides a suitable analytical tool for WEEE
processing problems. The existing research focused on the
necessity of building a WEEE reverse logistics, guarantee
mechanism and policy suggestions, seldom considered the
limited rationality of the governments and firms. Moreover,
there are few articles to discuss how the governments and the
firms adjust their strategies to make them evolve towards the
target dynamically. Xiong Zhong-kai etal? showed that
different government incentives have different impacts on
business recovery strategies. Zhang Xue-gang and Zhong
Mao® found that increasing penalties for polluting
manufacturers and reducing dependence on income from
polluting producers would help protect the environment. Zhu
Qing-hua etall® pointed out that the governments' rewards and
punishments policies have a great impact on the construction of
green supply chain. Wang Shi-leil?® studied the role of
governments regulation in the implementation of reverse
logistics through evolutionary game theory. Deng Liang etall*4
used evolutionary game theory to point out that the
development of manufacturing and logistics dual industries is
an effective way to achieve the win-win situation between the
two. It is also an effective industrial strategy in the economic
transition period. This paper uses evolutionary game theory to
construct a theoretical model, analyzes the strategy adjustment
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process of both the firms and the governments, and puts
forward management suggestions on this basis.

Il.  MODEL BUILDING

Consider two groups, namely the firms with WEEE and
the local governments. There is a contradiction between the
pursuit of profit maximization and the pursuit of a better
environment. Therefore, firms have two measures for the
disposal of WEEE. 1) Construct reverse logistics; 2) do not
construct reverse logistics. Due to the large number of
electronic firms in the area, the governments can not spend
huge costs for real-time supervision. The government's strategy
set is (regulation, non regulation). Inspired by the research
methods of Yu Tao etal®, the basic assumptions are as
follows:

Hypothesis 1: The proportion of firms groups decided to
build reverse logistics is X, otherwise occupies 1-x. In the
governments groups, the proportion of adopting the
supervision strategy is y, and the proportion of the non
supervision strategy is 1-y.

Hypothesis 2: The cost of constructing reverse logistics is
C., , such as the price paid by the firms to the consumers, the

cost of treatment or regeneration the WEEE for firms. As
firms build reverse logistics actively, or because of

government regulation timely, comprehensive benefits R are
brought to society, such as improvement of resource recovery
rate and a marked reduction in environmental pollution. The
benefits of manufacturing new products by recycling WEEE is

P, the benefits of manufacturing new products by

repurchasing raw materials is P, . Obviously, P. >P, .
Because firms have increased the comprehensive income by
saving materials.

Hypothesis 3: The government chooses to perform its
supervisory duties and the regulatory cost is Cg , including
fees paid by the government to third parties for service and
supervisor cost. Regulatory rewards received is Sg . This is

because the central government will bring WEEE recycling
level into the performance evaluation of local government. If
the local governments take the laissez faire measures for the
firms, this has resulted in social losses (environmental
pollution). The government needs to pay for the remediation

costs C, .

Hypothesis 4: For the firms that the reverse logistics are
not built, the governments imposed a WEEE treatment fund

S, on it. For some firms that respond to the government's call
positively, and build reverse logistics actively, the
governments give WEEE subsidies S, .

According to the above hypotheses, the game payoff
matrix is shown in table 1:
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TABLE I. PAYOFF MATRIX OF THE GOVERNMENTS-FIRMS
GAME
Governments
regulation y Non regulation
1y

build | B, +85,-C, .| P+S,-C,

S,-C,-S +R -S, +R
Firms | X 9 Yo b b
No
build | P =S, “|p _c
n' r
| S=Cy=C +R+sS,

I1l.  EVOLUTIONARY GAME MODEL ANALYSIS

A. The Balance Point of Evolution Process
For firms, the average expected payoff:

U =xU,, +(1-x)U,, 1)
For governments, the average expected payoff:
L_JZ =yUp + - y)U2n (2)

According to the related theory of evolutionary game we
can get the replicated dynamic equation as follows:

X:%:X(Um_U_1):X(1_X)(Pr+Sb_Cm_Pn+ySa) ©)
y:%: YUy =Uy) = Y(L-Y)(3S, +5,-C, +R+S, - XR) )

A two-dimensional dynamic system (J) can be obtained by
differential equations (3) and (4):

XUy ~0) = XG0P +5,-C, P+ 15.)

W Uy ~0;) =y Y55, £5, ~C, +R+S, ~xR)

For systems (J), by %: pand d_yzo, we can obtain the
t dt

following conclusions.

Proposition 1:Dynamic system (J) has five equilibria,
namely (0,0), (0.1), 1,0), @D and(x,.y,)-

_Cm+Pn_Pr_Sb

Sy—C,+R+S,
=——— " Yu S

X
M S, +R

B. Stability Analysis of Equilibrium

According to Friedman®®l, a method for judging the
stability of dynamic systems is proposed. The resulting
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ox X
Jaconbian matrix is ox oyl {an au}
ﬂ ﬂ & Ay
ox oy
a, =01-2x)(P.+S,-C,—P, +VS,) a, =x1-Xx)S,
a, = -y(@- Y)(Sa +R) )
a, =(1-2y)(-xS,+S, -C, +R+S, —xR)

For convenience, the specific values of the above Local
equilibrium points have been calculated, as shown in Table 2
below.

TABLE II. RESULTS FOR DIFFERENT FIXED POINTS
Equilibrium a, a a, a,

(0,0) P+5,-C P, 0 0 5, C,+R+s,
01 P+5-C,-P+S, 0 O -$,+C,-R-S,
(1,0 -P -5, +C,+P, 0 O S, —C,
(1,1 -P-§,+C,+P-5, 0 0 S +C,
(Xm, ym) 0 A B 0

A:SQ -C,+R+§, _Sg—Cg+R+Sa s
S,+R S,+R :

B

_Cy*R R -8, GuR RS,
S s

a a

(S, +R)

From table 2, we can see that there is a contradiction
between the local equilibrium points and the trace condition

a, +a,, =0, Therefore, local equilibrium (X,,, Y, )is not

an evolutionarily stable strategy. We can find the values of the
determinant and trace of the other 4 local equilibrium points
about the Jaconbian matrix, and then we can judge the local
stability.

Proposition 2 (1)When  § -C+R+5,<0  and
C,+P-S,<P+§<C +P ~or § -C +R+S,<0 and
P +S,<C,+P -S,, the ESS of the system (J) is (0,0).

(2Whenc_ <s andC, +P, —-S, <P +S,<C +P, or

C, <S, andP. +S, >C_ +P,, the ESS of the system (J) is (1,1).

Proof: The following is the proof of conclusions (1).
Conclusions (2) can be obtained by the same way. For
dynamic systems (J), We can get two cases by calculating the
Jaconbian matrix. Similarly, the following propositions 3 and
4 can be obtained.
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TABLEIIl.  EVOLUTIONARY STABILITY OF FIXED POINTS FOR
S;~C,tR+5,<0AND C ' +P, =S, <P +5,<C +PF,

Equilibrium point trd detd  stability
0,0) - + ESS
0,1) + + Unstable point
(1,0) Uncertain - saddle point
1,1) Uncertain - saddle point
TABLEIV.  EVOLUTIONARY STABILITY OF FIXED POINTS FOR

S,—C,+R+S,<0AND B, +§, <C_ +P, =S,

Equilibrium point ~ trJ detJ stability
(0,0) - + ESS
(0,2) Uncertain saddle point
(1,0) Uncertain saddle point
1,1) + + Unstable point

Proposition 3: (1) when P +S -C -P +S,<0 and
0<C,-S, <R+S,0r when p+§-C -P+5,<0and c -s <0, the
ESS of the system (J) is (0,1);

(2) when —p-s,+C +P<0and 0<C -8 <S,+R, OF when
-F -§,+C,+P <0and C -S >S5, +R, the ESS of the system (J)
is (1,0).

Proposition  4: 0<C,-S, <R+S, and
C,+P -S,<P+S,<C,+P,, the system (J) does not exist ESS.

when

IV. CONCLUSION

In the context of an increase in the index of used electronic
products. This paper gives full consideration to the behavior
games between the governments and the firms, the
evolutionary stability strategies are obtained under different
conditions through the construction of the two groups
evolutionary game model. It is considered that the reward of
government regulation, the cost of supervision and the profit
of firms' recycling of waste electronic products are the key
factors that influence the evolutionary game behavior of
governments and firms. As long as the profits that firms
received by recycling WEEE and reproduction are big enough,
firms can build reverse logistics consciously on the basis of
the pursuit of maximum benefits and the governments can also
reduce regulatory costs, thus improving the overall social
welfare greatly.

The research conclusions of this paper has some
enlightenment: When the firms construct the reverse logistics,
the cost is obviously lower than the sum of the additional
profits of the reverse logistics and the subsidy provided by the
government. For the purpose of profit maximization, firms
have great incentive to build reverse logistics. The cost of
government regulation is far greater than the sum of the
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benefits to society and its rewards, the governments will
reduce the proportion of supervision gradually and the overall
social welfare increased in this case.

In this article, we give four propositions and some
parameters. Evolutionary stable strategies between firms and
governments will gradually close to the direction quickly and
effectively where firms will construct reverse logistics
consciously and the governments will reduce the proportion of
supervision by controlling these factors.

Further research can examine the government's different
level of regulation,. There are also interesting questions about
the Cournot and Stackelberg game between the environmental
protection firms in oligopoly.
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