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Abstract: Based on the “three bottom line” and stakeholder theory, the paper considers the relationship and
cooperation strategy between the government and the supplier and manufacturer of the green supply chain.
By constructing the dynamic differential game model, the paper discusses the differences in the optimal
effort level, green degree of product, reputation and the optimal benefit under the three situations of non-
cooperation, government promotion and collaborative cooperation. The results show that the optimal effort
level, green degree of product, reputation and the optimal benefit in collaborative cooperation are obviously
higher than the situations of non-cooperation and government promotion, and the cooperation of the three
parties can promote the development of green supply chain. Government promotion is better than non-
cooperation. The government plays an active role in improving the optimal benefit and reputation of green
supply chain. Finally, the reliability of the proposed proposition is verified by an example analysis, which
provides an important reference for improving the efficiency of green supply chain.
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1 Introduction

China’s economic transformation is taking place. It has been recognized that the development of traditional
rough type has caused serious environmental pollution and ecological damage [1]. The three bottom line
(TBL) theory holds that enterprise development must take into account economic, environmental and social
benefits [2]. It provides a basis for the transformation and development of Chinese enterprises. Therefore,
in the “13th Five-Year plan” , China put forward the new development concept of innovation, coordination,
green, openness and sharing. The formation of green supply chain fits the new development concept.
“Actively promoting the green supply chain and strengthening the green supervision of the supply chain”
is also clearly required in the guidance of the Chinese government to actively promote the innovation and
application of supply chain. However, the green supply chain of China is still in the development stage,
and the relevant governance mechanism is not perfect. Therefore, based on stakeholder theory, this paper
discusses the cooperation strategy between the government and the green supply chain, and considers the
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differences between the government and the green supply chain in different game situations, which will help
to improve the government’s governance of the green supply chain.

Green Supply Chain Management (GSCM) has become a hot topic in academic circles, and many scholars
have done related research [3, 4]. Among them, the green supply chain coordination, consumer willingness,
government subsidies have attracted the attention of scholars. With regard to the coordination of green supply
chain, Huang et al. [5] use game theory to study the relationship between green supply chain coordination
and greenhouse gas emission reduction, and find that product line design, supplier selection, transport mode
selection and pricing strategy will affect greenhouse gas emissions. Price and green level sensitivity will affect
the coordination of green supply chain, and the cost sharing contract in green supply chain has a positive
impact on improving product green level [6]. The development strategy selection of green supply chain is
analyzed by differential game model, and it is found that centralized decision can be achieved through
contract design to achieve the coordination of green supply chain [7]. On the study of the consumer behavior
of the green supply chain, consumers’ green sensitivity plays an important role in the green supply chain
of smart phones, and consumers are highly sensitive to the green level of smart phones [8]. Wang et al. [9]
find that the cost driven elements and consumer driven elements play an important role in the management
practice of the green supply chain, and the role of consumer driven for small companies is more obvious. At
the government level, Sheu [10] believes the government’s fiscal intervention will have a significant impact
on the strategy choices of members of the green supply chain, and government intervention may have a
negative effect on corporate profits and social welfare. Yang and Xiao [11] discuss the relationship between
product pricing and green level in green supply chain under government intervention through three game
models, it is found that when government intervention increases, the level of green will rise, but government
intervention is not always conducive to manufacturers of green supply chains. Sinayi and Rasti-Barzoki [12]
construct a two-level model of government and supply chain, analyze the role of government in the green
development of supply chain, and point out that different government policies have a significant effect on the
profit and environment of supply chain members. Guo et al. [13] compare the impact of different government
subsidy policies (subsidies for manufacturers’ green efforts and price subsidies to green products) on the
green manufacturing of supply chain, and find that the choice of government subsidy policy depends on the
consumer sensitivity to the price of green products. Government subsidies can increase the profits of green
supply chain entities and promote the development of green supply chain [14].

To sum up, the studies of green supply chain by scholars have laid a solid foundation for subsequent
research, but there are still have some knowledge gaps. First of all, the previous researches usually show
the role of government as an impact parameter in consideration of the role of the government, and do
not bring the government as a stakeholder into the research framework, which lead to a certain degree of
deviation in the analysis of the role of the government. Secondly, the green supply chain should reflect
the combination of economic, social and environmental benefits. Most of the previous studies consider the
problem of the coordination of green supply chain from the perspective of maximizing the economic profit.
Finally, the cooperation of the green supply chain is a dynamic process. The green degree of product and
reputation of the supplier and manufacturer will change according to the change of the state variables,
and it is a long-term process. The previous researches are mostly based on the static perspective, and the
dynamic changes of the characteristics of the green supply chain are not fully considered. Therefore, based
on the differential game theory, this paper constructs the dynamic game model between the government
and the supplier and manufacturer of the green supply chain, and analyzes the three situations of the non-
cooperation, the government promotion and the collaborative cooperation. We hope to reveal the specific
role of the government in the green supply chain, and then provide suggestions for the development of green
supply chain.

This paper is arranged as follows. Section 2 presents the problem description and research assumptions.
In Section 3, three differential game models are formulated according to the three situations. Section 4
presents a comparison of the different situations. Simulations and example analysis are conducted in Section
5, and conclusions are presented in Section 6.
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2 Problem description and research assumptions

A simple system is used to describe the relationship between the government and the supplier and manufac-
turer of the green supply chain. In the green supply chain, the supplier and the manufacturer constitute a
two-level supply chain. The main body of the supply chain needs to improve and update the raw materials and
equipment, so as to better satisfy the relevant conditions of green innovation. Supplier provide raw materials
to manufacturer, and manufacturer provide green products to consumers through production, assembly and
sales [7]. Due to the growing awareness of consumers’ environmental protection, a preference for green
products is formed [15]. The consumers play an important role in the game because their environmental
awareness has a significant influence on market demand. The role of government in green supply chain
is to provide a series of policies and subsidies to supplier and manufacturer. The government’s green
supervision will also promote the green production of the supply chain, further reduce energy consumption
and environmental pollution. We assume that government behavior will encourage green supply chain to
carry out green innovation and enhance the green degree of product. It is conducive to the unification of
economic, environmental and social benefits [15].

In green supply chain, supplier and manufacturer will make efforts to enhance the green degree of
product and reputation. Let N (¢) denotes the effort level of supplier at time ¢, and let Ny, (t) denotes the
effort level of manufacturer at time t. According to the assumption of cost in previous studies [17, 18], we
assume that the cost of upgrading the green degree of product and reputation is a convex function of effort.

Therefore, the cost of supplier and manufacturer of green supply chain can be written as Cs () = %ASN § ®

and Cy () = lAMN}M (t), where Ag, A are the cost coefficients of the supplier and manufacturer at time ¢,
respectively. As a stakeholder, the government will make corresponding efforts to improve the green degree
of product and reputation of the supplier and manufacturer, because the government wants the green supply
chain to develop rapidly. Let Ng, (t) and Ng, (t) denote the effort level of government for supplier and

manufacturer. The cost of government can be written as Cg (t) = ATG [N & (O +NE, (t)} , Where Ag is the cost
coefficient of the government at time ¢.

It is proposed that the promotion of product green degree is a time-varied dynamic process. It depends on
the efforts of the supplier, manufacturer and government toward the promotion of product green degree. The
efforts of green supply chain and government during the production process contribute to the promotion of
product green degree, which evolves according to the Nerlove and Arrow model (1962). When there is no effort,
the green degree of product will decay because the related equipment will depreciate with time. In addition,
the green degree of the supplier’s product can affect the green degree of the manufacturer’s product. Let
Dg (t) and Dy, (t) respectively denote the product green degree of supplier and manufacturer at time ¢. The
differential equation of the product green degree of supplier can be expressed as

Ds.(t) = a1 Ng (t) + B1Ng1 (1) - n1Ds (B) 0y

For the manufacturer, the green degree of the product supplied by the supplier will affect the green degree
of the manufacturer’s product to a certain extent. According to formula (1), the differential equation of green
degree of manufacturer’s product can be expressed as

Dys (£) = @2Nyg () + B2Naa () = 12D (0) + 1 Ds (8 o
= u[a1Ns () + B1Ng1 () = 1 Ds ()] + a2Nug () + B2Noo (£) = n2Dum (1)

where a; and a; are respectively the influence coefficient of supplier and manufacturer’s effort level on
product green degree, ; and f3, are respectively the influence coefficient of government effort level on
product green degree of green supply chain. n; and 7, are respectively the attenuation coefficient of product
green degree for supplier and manufacturer. y is the promotion coefficient of supplier product to the green
degree of manufacturer product. In the initial state, D (0) = dy = 0, Dy; (0) = d; = 0.

Considering that green products are environmentally friendly and can be recognized by consumers, the
promotion of reputation will also benefit the green supply chain and the whole system. Based on this, the
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consideration of reputation effect will further improve the research of green supply chain. Reputation also
depends on the efforts of green supply chains and government [19]. Similar to the product green degree,
reputation also decays over time without effort. Let Qg (f) and Qy (t) respectively denote the reputation of
supplier and manufacturer at time t. The differential equation for the reputation of supplier and manufacturer
can be written as

Qs (t) = 61Ns () + 91 N1 (t) - 11 Qs (t) (3)

Qar () = 82Ny () + 92Nga () — v2Qu (t) %)

where §; and 6, are respectively the influence coefficient of supplier and manufacturer effort level on
reputation, ¢, and ¢, are respectively the influence coefficient of government effort level on reputation
of green supply chain. v; and ~, are respectively the attenuation coefficient of reputation for supplier and
manufacturer. In the initial state, Qs (0) = g1 20, Qy (0)=g2 2 0.

Let 75 (t) and 7y (t) denote the benefits (including economic benefit, environmental benefit and social
benefit) of supplier and manufacturer at time t. As we all know, the benefits come from the efforts of
manufacturer, supplier and government, the green dgree of products and reputation. According to literature
[15], the benefit function of supplier and manufacturer can be expressed as

75 (t) = p1Ns (t) + k1 Ngq () + 1Ds (£) + b1 Qs () 5)

iy () = 2Ny () + ko Ngo () + Dy (8) + b2Que (8) (6)

where p; and p, are the influence coefficient of supplier and manufacturer effort level on benefit, k; and
k, are the influence coefficient of government effort level on benefit of green supply chain. /; and [, are the
influence coefficient of product green degree on benefit, b; and b, are the influence coefficient of reputation
on benefit.

3 Differential game equilibrium analysis

Cooperation between government and green supply chain is a long-term dynamic process, and the effects of
the supplier, manufacturer and government can be inter-temporal. Supplier, manufacturer and government
are far sighted, they seek benefit maximization in the long run. It is useful to introduce the dynamic
framework into the research on cooperation between government and green supply chain. Therefore, we
use the differential game to analyze this problem and discuss the differences under the three situations of
non-cooperation, government promotion and collaborative cooperation.

3.1 Situation of non-cooperation

In the situation of non-cooperation, both supplier and manufacturer will independently decide their level of
effort to maximize their own benefit. The only regulatory mechanism in this situation is based on the market.
Namely, the government will supervise green supply chain and provide corresponding efforts. However, the
government does not subsidize the cost of product development of supplier and manufacturer of green supply
chain. The benefit of green supply chain will be allocated between the government and the green supply
chain. Let 6; (0 < 0; < 1,1 = 1, 2) respectively denote the benefit coefficient of the government from supplier
and manufacturer, let 1 — 8; denotes the benefit coefficient of the supplier, let 1 — 8, denotes the benefit
coefficient of the manufacturer. Ag , Ay and Ag are the cost coefficients of the supplier, manufacturer and
government at time ¢, respectively. We assume that the discount rate r is the same. In this situation, the
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objective functions (net benefit) of the supplier, manufacturer and government be expressed as

[I- /e {(1 - 61) 1N (0 + KaNoa () + D (6) + b1 Qs (0] - 2AGN3 (t)} at %
S o
[I- [ {(1 = 02) [P2Nig (0 + Koz (6 + LDy (6 + b2 Qu (6] - SAuNi (t)} at ®
M 9

=[5 e {61 [P1Ns () + k1 Ng1 (t) + 11 Ds (t) + b1 Qs ()] - %AGNél ®

©
+ 05 [p2Ny (t) + kaNgo (£) + LDy (6) + b2 Qp ()] - %AGN%,Z (t)} dt

For convenience in writing and understanding, time ¢ is omitted in the next analysis [20].

Proposition 1 In the situation of non-cooperation, the feedback non-cooperative game Nash equilibria are

(1-069) |:p1 + nalj_lr + Slflr]

oo gt 58]
Niy = o & (11)

0, (kl + Bili + <P1b1) + Bipubr 1
. 7 7 7 7
NGy - m WIAG (m+nm2+7) (12)
(ks B2 2)

N;z _ n2+r Y2 +Tr (13)

Ag
Proof According to the optimal control theory and the sufficient conditions of the Nash equilibrium strategy,
the three parties of the supplier, manufacturer of the green supply chain and government have benefit optimal
value functions. Vs (Ds, Dy, Qs, Qu) » Var (Ds, Dy, Qs, Qp) and Vi (Ds, Dy, Qs, Q) respectively denote the
benefit optimal value functions of the supplier, manufacturer and government. For all D; > O and Qs > 0,
i € {S, M}, the benefit optimal value functions satisfy the following Hamilton-Jacobi-Bellman equation

rVs(Ds, Dy, Qs, Qu)

1 oV
= max {(1 = 601)[p1Ns + kiNg1 + 1Ds + b1Qs] - EAsNé S (ale +B1Ng1 - n1Ds)

a s (14)
[Il (a1Ns + B1Ng1 = n1Ds) + aa Ny + BaNgr = 12Dy

6
+ Td;(alN5+¢lNG1 1Qs)+ (52NM+<P2NGZ- ZQM)}

rVu (Ds, Dy, Qs, Qu)

ov
=max {(1 - 92) [pzNM + kZNGZ + IzDM + bZQM] + TDIZI ((X1N5 +B1NG1 - Tlle)

6 M 5 (15)
[11 (a1Ns + B1Ng1 = n1Ds) + aa Ny + BoNgo — 12Dy - AMNM

aV
M(5 Ns+<P1N(;1—W1Qs)+ 30u (52NM+<P2N62—’YzQM)}
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rVe (Ds, Dy, Qs, Qu)

= gaé( {91 (plNS + k1NG1 + llDS + b1Q5) + 62 (pZNM + kZNGZ + lzDM + bZQM)
2

NM>0
/l oV,
=< (NGl + ch) Dg (a1Ns + B1Ng1 - n1Ds)
aVG

[}.l (a1Ns + B1Ng1 - n1Ds) + axNy + B2 Ngz — 12Dy

a
G (51N5 +@1Ng1 - 71Qs) * 30, (52NM +@Ng, - 'YZQM)}

(16)

For solving formula (14), (15) and (17), using extreme conditions and searching for the optimal value of Ny ,

Ny, Ngi and Ng; by setting the all partial derivative equal to zero, we can get

] s Vs, 5 Vs
(1-61)p1+as (aDS +llaDM) +61 30s
Ny =
As
~ oVy oVy
N (1 92)p2+azaDM+5zaQM
=
Am
oV oV oV
. 91’<1+ﬁ1< HaD ) ‘PlaQ
Gl1 = AG
oV oV
N 0:k; +ﬁzaD szaQ
G2 = A
G
Substituting the results of (17), (18), (19) and (20) into (14), (15) and (17), we can obtain
ov oV ov ov
Vs = [(1 -0 - (aDS +HaDS ﬂ Ds-na aDS Dy + {(1 01) b1 - erQﬂ Qs

2
[(1 - 91)p1 + Qa7 (aVS + an) + 61%}

Vs oDs “HaDy 305
7250, Qum + s
Ve AV oV Vg oV
. { k1+ﬁ1< HaD ) §01aQ } {(1 01) k1 +ﬂ1( HaD ) §01aQ
Ag
oV aVS Vg
(Tﬁ 30w ‘Pz) (92k2 +ﬁzaD + ¢ 3Qu )
+
Ag
Vs, Vs s Vy . dVy
(m“zi— aQ ) |:(1 Gz)pz "'aza +52m:|

Au

17)

(18)

19)

(20)

(21)
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oV, oV oV oV
Vi = {(1 92)12-’126[) ]DM ’Il( M VaDM)DS'*{(l_eZ)bZ_’YZﬁ]QM

ov ov
|:(1—62)p2+azaDM+6zaQM:|
_ M.+ M
71 aQS S ZAM
oV 6VG B oV c)VM
+
Ag
B oVs oV Vs oVy oVy oVy
. [(1 01)p1+a1 (6D5+y76DM>+ 1605} [al oDs +a1yaD + 61 BQS]
As
1% 1% oV, 1% 1% 1%
[91k1+ﬁ1( G “aDG>+ 1606}[1 M ﬁl}l M (PlaQ]g}
+
Ag
oV, oV oV oV
rVG={9111 '11( G paDG)]Ds+[Gzlz n3p” }DM"’(Glbl 7160 >Qs
av oV oV
01ky + B1 G +t U G + QP15+ G
+ (0252 -7, 2Y6 ) gy + 9Du) " 90s
202 VZGQM M 2/1(;
oV
6 ky +
X 2002 ﬂzaD + @2 6QM] (23)
26
[ oV oVs oV oVe  oVg oV
.\ -(1 91)p1+a1<aD +yaD >+6laQSj| |:91p1+a1<aD +yaD )+6laQS:|
As
_ oVy oVy oV; Vg
. _(1 92)p2+a26DM+527aQM] {92192 (XzaD +5zaQM
Aum

Through the above formulas and the optimal control theory, we can see that the linear optimal function

of the Dg, Dy, Qs, Qy is the solution of the HJB equation. Based on the predecessor’s literature [16, 21], we
can get

VS (DS’DMa Qs, QM) = UIDS + UzDM + 0'3QS + O'4QM + W1
VM(DS,DM’QSyQM)= h1D5+h2DM+ths+h4QM+(1)2 (24)
Vi (Ds, Dy, Qs, Qum) = 81Ds + 82Dy + 83Qs + 84Qum + w3

where 0}, q;, 8; (=1, 2, 3, 4)and w; (i = 1, 2, 3) are the constants to be solved. We can have

s Vs Vs Vs

aDS ’ ()D ’ aQ ’ aQM

OV OV OV Wy

aDS hI’ aD hZ’ aQ h3s OQ = h4 (25)
AV, AV, AV, AV,

3Ds _gl’aT_gz’W_gB’W_gl‘
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Substituting the result of (24) and (25) into (21), (22) and (23), we can get

r(01Dg + 02Dy + 03Qs + 04Qy + w1)
=[(1-61)l1 —n1 (01 + 402)] Ds — n202Dy + [(1 - 61) b1 — 1103] Qs

[(1-61)p1 + a1 (01 + U02) + 8103]°
2Ag (26)
N [01k1 + B1 (g1 + 1g2) + 9183][(1 = 01) kq + B1 (01 + p03) + p103]
Ag
4 (02B2 + 0492) (B2k2 + Baga + 9284) | (0202 +046) [(1 - 02) Py + Aahy + 65 h4]
AG AM

- 7204Qp +

r(h1D5 + hZDM + h3 QS + h4QM + a)z)
=[(1-62) 2 —n2h2] Dy — N1 (h1 + phy) Ds + [(1 = 62) ba — v2hy] Qu —v1h3Qs
Lla- 0,) P2 + azhy + 8314 N (02k2 + 282 + 0284) [(1 — 02) ka + Bahy + p2hy4]

2Ay Ag 27
L [(A=61)p1 +ay (01 +poy) + 6103] [@1hy + aapthy + 61 k3]
As
o [01k1 + B (81 + pg2) + P183] [Brha + Bapha + @1 hs3]
Ag

r(g1Ds + 82Dy + 83Qs + 84Qu + w3)
= [01l1 — N1 (81 + 482)| Ds + [021> — 12821 Dy + (01b1 — 1183) Qs + (02b2 — 7284) Qum
L 101k + B (g1 + pga) + p183)° L [02ka + Bogy + P284]°

26 26 (28)
La- 01)p1 + a1 (01 + po3) + 6103][01p1 + a1 (81 + pg2) + 6183]
As
L= 02) P2 + azhy + 62h4] [02p2 + X282 + 8284]
Au

Using the Dg, Dy, Qs, Qu = 0 to (26), (27) and (28), parameter values of the optimal value function can
be expressed as follows

_(A-69)hL _(1-61)b,

01 rl Tr 02:0, 03 ﬁ,ngo
1 1
1-6y)1 1-6))1 1-6))b
B _(?111“+(r) (’122)+ i)’ ha = ( n2 +2)r % hs =0, ha = ( 72 j)r ; )
g - 01li  mubh _ 6:b _ 61y g, - 0,b,
Vmrr mAnma+n’ %t mpr T oyer T
_ 2 a1l b61b1 2
o as pro B B0
1= 2)’/‘5
(30)
(1-6y) {91 (k1+ Bily + <P1b1) . Biubalpr ] {k1+ Bily + <P1b1}
. m+r my+r (M +n(2+71) m+r m+r
r}lG
2 2
(=007 [pa s 22+ 2221 610y (o Sz 2202 )
s = Na+r MNa+r . Na+1r Ya+r1
2 ZT'AM TAG
Ct'lll 61b1:| |: alylz :|
1-6,)(1-6 + +
+( ) ) {pl M+r m+r|[(M+nr)(2+71) (31
As

fili  @ibs Bap0,lr Baply (1-6,)
[01 (k“ m+r+vl+r) ’ ('11+f)(rl2+f)} [(711+T)('12+V)}

+ AG
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01 ( k: + Bila +(P1b1 + Biubr 1 g 0-k +ﬁ29212+(ﬂ292b2 g
T\ m+r m+r (M +nMa+7) 2 m+r Y2 tT

ws = 2)’/\(; ZYAG
_ a111 61b1 a111 51b1 (11],192127'
N (1-61) {p1+q1+r+y1+r} [91 (p1+r11+r+71+r>+(n1+r)(n2+r)} (32)
r}ls
azlz 62b2 :|2
6,(1-6 + +
. 2 ( 2){172 Na+T ya+7r
YAM
Substituting the results of (29), (30), (31) and (32) into (24), we can obtain
L 61by ]
1-6 2[ L %l o1 1}
V§=(1_61)11D +(1—91)leS+( 1) p1 n+r m+tr
n+r +r 2rig (33)
(1-0y) {91 <k1+ Bily + (P1b1) + Biubalor ] {k1+ Bily + <P1b1}
. ni+r m+r) Mu+na+r) ni+r m+r
r/\(;
« _ mpA-6)h (1-6)1 (1-6,)by
Vi = (111+r)()12+r)DS+ N2 +r Du + P Qm
PRY aly, &b, 7° B Bala . ¢2by )\’
+(1 0,) [p2+r12+r+'y2+r} +02(1 62)(k2+n2+r+72+r
ZT/\M T/\G
(x111 51b1:| |: (lelz :| (34)
1-6,)(1-6 + +
a-eyu-e i SB[
As
[91 (k1+ Bili | €01b1> . Biuabor } [BUJIZ (1-92)}
+ m+r m+t+r (Mm+na+n]| [(m+1)M2+7)
Ag
x| 61l _ niu62 1 (215} 01b1 02b,
Ve = {711+T (Mm+nMm2+7 D +’12+YDM+’V1+YQ +’Yz+rQM
2 2
[91 (k1+ Bili | §01b1) . Biubalor } [92k2+‘829212 N (Pzezbz}
N n+r ym+r) (M+nma+r) M+r  ya+r
ZT'AG 2)’/16
a111 51b1 :| |: ( a111 51b1 ) al}lezlzr :| (35)
1-6 + + 0 + + +
+( 1)[}71 m+r m+r| [ b1 n+r m+r/ (Mu+nNa+r)
I’/\S
azlz 52b2:|2
6,(1-6 + +
. 2( 2)[p2 Na+7 Y2 +71
TAM
In this case, the benefit of the whole system is
Vi=Vs+Vy+ V5 (36)

Solving the partial derivative of (33), (34) and (35), and substituting the results into (17), (18), (19) and
(20), we can get the optimal effort level of supplier and manufacturer and government as the proposition 1.
In the situation of non-cooperation, according to formula (1) and (3), we use the general solution method of
differential equations, and can get the supplier’s product green degree and reputation as

Dy 1N +BiNgy (d1 _aNg+ ﬁlNgl) ot

37
M1 M G7)



DE GRUYTER Research on cooperation strategy between government and green supply chain = 837

Q; = 751]\,5 * PNy + (Ch - 751]\,5 * (plNGl) et (38)
7 71
Similar to supplier, according to formulas (2) and (4), the manufacturer’s product green degree and
reputation are
« _ &Ny +PaNg, K (@iNs + BN, —diny) ot

D
" n2 N2 - M 9)
vy a; Ny + BN, _H (a1Ng + B1Ng, — din1) ot
n2 N2 - M1
Q) = M 0aMox (g, Do+ iy ) o )
72 Y2

From proposition 1, we can find that when supplier, manufacturer and government only consider
maximizing their own benefits, the optimal effort level is related to some parameters. For the supplier and
manufacturer of the green supply chain, p;, a;, l;, 6;, b;(i = 1, 2) are positively related to the optimal level of
effort, n;, vi(i = 1, 2), A5, Ay, r are negatively related to the optimal level of effort, k;(i = 1, 2) are not related
to the optimal level of effort, it shows that government efforts have no impact on the optimal level of effort of
supplier and manufacturer.

For the government, 6;, k;, B;, l;, ¢;, b;(i = 1, 2) and u are positively related to the optimal level of effort,
ni, il = 1,2), Ag and r are negatively related to the optimal level of effort. Government needs to integrate
various factors to formulate corresponding incentive policies and regulatory mechanisms.

3.2 Situation of government promotion

The government plays an important role in promoting green supply chain cooperation. Cost subsidy is a
common measure for the government to promote the development of green supply chain. Therefore, in the
situation of government promotion, we focus on the cost sharing of the government to the green supply
chain. We assume that the cost sharing coefficient for the supplier and manufacturer are £; and ¢,. The
government is a leader, the first to make the cost sharing coefficient, the supplier and manufacturer in the
green supply chain as the followers, and then decide how much effort should be made. So, the situation of
the Stackelberg master-slave game is formed. In this situation, the objective functions (net benefit) of the
supplier, manufacturer and government be expressed as

[ A
11- /e "t {(1 = 01) [P1Ns + kiNgy + 11Ds + b1Qs] - 5 (1 - sl)N§} dt (41)
S0
_ -rt _ _ AM _ 2
H = [ e (1-62)[p2Ny +kaNgy + LDy + b2Qyl 35 (1-&) Ny o dt (42)
Mo

H =/e7" {91 [ple + klNGl + llDS + les]
G 0 (43)

A 1
+ 92 [pZNM + kZNGZ + lzDM + bZQM] - 76 (Nél + N(Z_';2> - E <A581N§ + /\MgzN]%/[) } dt

Proposition 2 In the situation of government promotion, the feedback Stackelberg master-slave equilibria
are (for the proof, see the Appendix)

01+1) (pl ;b 6ibs ) 4 201pu0alar

ni+r m+r) Mu+r)(M2+7)

o (44)

*k
Ng =
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(6201) (2 224 2202 )

No+r vy +r

*k

N = 2w 45)
% (k ’ Blilr (plflr) B B:I:)Q(ZIZ: n
Na _ m 71/1 n P 46)
G
6, (kz + ﬁzizr N <szzr)
Ng, = '22}l 72 )
G
0=< 01 < %
. _ arly b161 2“1}192127'
&1 = (36,1 1)(P1+n1+r y1+r> M+ +71) l<6 1 (48)
aily 51b1 ) 2014051 3 1=
6, +1 +
(61 )<p1 et onrr) YN 0n e
- S 2 < §
&= - (49)
2 362 1 1 < 92 <1

02+1 3

Similar to proposition 1, in the situation of government promotion, we can get the supplier’s product
green degree and reputation as

D;*=M + (dl — M) e”llt (50)
m ni
w 61Ny +@1Ng, SINT + o N\
oy = 8ilNs + 91Ny (q1 . 15—‘/’161) et (51
71 71
The manufacturer’s product green degree and reputation are
D;Ik _ azN;,; +B2N*G*2 + M (alNS +ﬂ1NGl - dlnl) e”'llt
n2 n2-M -
(- Ny +BoNg, M (a1N§" + B1Ngy — dana) ot
2 n2-M1
w 63Ny + QN 8Ny + N\
o5 - 21t47—2‘/’262 . (qz _ ZM#‘PZGZ) ot 53

From proposition 2, in the case of government promotion, we find that the efforts of supplier and
manufacturer in green supply chain are positively related to the government’s benefit distribution coefficient.
The more benefit the government gains, the higher the efforts of the supplier and manufacturer, which reflects
the characteristics of the three parties driven by the government. The government is a leader, the first to make
the cost sharing coefficient, the supplier and manufacturer in the green supply chain as the followers, if the
government expects to get more benefit, it will enhance the subsidy level and promote the efficiency of green
supply chain. When the benefit distribution coefficient is too small, the government will not provide a cost
subsidy strategy to the green supply chain. The other influence coefficients are the same as the situation of
non-cooperation.
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3.3 Situation of collaborative cooperation

In the situation of collaborative cooperation, the government and the supplier and manufacturer of the green
supply chain will choose their optimal effort levels based on maximization of their total benefit. Therefore,
product green degree and reputation can be further improved through cooperation between the government
and the supplier and manufacturer of the green supply chain.

Proposition 3 In the situation of collaborative cooperation, the feedback cooperative game equilibria are (for
the proof, see the Appendix)

81b1 , aily aipblr
pi+ R
Hkk yi+r - mtr o (qu+r)(n2+r)
Ng™ = ! h (LuuC (54)
S
azlz 62bz
Ny = B2 T (55)
Am
(Plbl + ﬂlll }lﬁllzl’
oo LT 5y T opar T (n (et (56)
Gl — A
G
Bala | @2b2
Pl Ay (57)
G2 — A
G

Similar to proposition 1, in the situation of collaborative cooperation, we can get the supplier’s product
green degree and reputation as

pyr N+ BiNGy <d1 _ “1Ns+ﬁlNcl) ot (58)
5 n1
*kk 5 N*** + N*** 5 N*** + N*** —
oy - 157—1%61 . (ql _ 157—1%61) ot (59)

The manufacturer’s product green degree and reputation are

Kk ok Kk 2224 *kk
D - Ny +BaNg; B (aiNg™ +BiNgy —dini) -t
M = + e

2 N2-M )
vy Ny + BaNGy ) ,u(alN;*”rﬁlNgf—dml) —
12 n2—-MN1
0 - 52NM;+N<;2 . (qz - 52NMV++N@) ot (€D

From proposition 3, in the case of collaborative cooperation, we find that the benefit allocation coefficient
no longer affects the decisions of supplier, manufacturer and government on the optimal effort level. The
reason is that supplier, manufacturer and government work together to maximize the benefit of the whole
system. It is no longer binding on the benefit obtained by each other. Therefore, benefit allocation coefficient
does not affect the optimal effort level. The other influence coefficients are the same as the situation of non-
cooperation and government promotion.

4 Comparison between situations

According to the analysis of the three situations, we get different optimal effort level, optimal benefit, product
green degree and reputation. So, we develop four propositions for the different game equilibriums in the
aspects of different optimal effort level, optimal benefit, product green degree and reputation.
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Proposition 4 If the benefit distribution coefficient from the government satisfies the condition
% < 0; < 1, the steady-state efforts by the supplier hold for Ng < N5 < N, the steady-state efforts by the

manufacturer hold for Nj; < Ny < Ny, the steady-state efforts by the government hold for N;;; = Ng; <

*kk

N7, Ng, = N, < N, , the cost sharing coefficient of the government are
*k * *k *
*k _ NS - S g** - NM - NM

1 - g ’» €2 g
NS NM

Proof From formula (10), (44) and (54), we can get

Ng - N
a111 511?1 2(11]192121’ _ a111 51b1
_(61+1)<p1+n1+r+71+r) +(111+r)(n2+r) _(1 01) p1+n1+r+y1+r
= 245 s 62)
51b1 a111 > 2(11]192121’
30, -1 + + +
:( ! )(p1 MmEr mtr M +r)(n2+1)
25
N;**_Ng*
61171 (Xlll (Xll,llzr 0, +1 ( " a111 + 61b1)+ 26(1}19212)’
P ey T e T _( P T ) T e + )
As 2Ag (63)
(1 _91) p1+ a111 + 61b1 + 2(1 - 92) alylzr

n+r m+r M1+1(2+1)
21

Kok

According to the % <0;<1,wecangetNg - Ng>0,Ng -Ng 20.
From formula (11), (45) and (55), we can get

Ny - Ny

a1 6,2b; _ axl, 62b,
_(02+1)<p2+r12+r+72+r) (1-67) [p2+rlz+r+'yz+r

2y - Aot (64)
(36, -1) (pz+ wlb 52’“)

N+r m+r
B 2y

*okk

Ny - Ny

(1212 62b2 a212 52b2
+n2+r+72+r _(92+1)<p2+’12+"+72+1’

Au 2Ay (65)

2

_ azlz 62b2
_(1 02)(p2+772+r+72+r)
- 2Au

According to the % <01 <1,wecanget Ny — Ny > 0, Ny, — Ny; = 0. From formula (12), (46) and (56), we

can get N, = Ng; ,

N -G
ky + ¢1b1 | Pl upalor 0, <k1+ Bili | (P1b1> L Piublr

_ yiHr m+r (m+nma+rn) m+r yi+r) Mu+r)(m2+r)

- Ag A (66)

ni+r v +r M1+1(Ma+r)
Ag

(1 - 91) k1 + 7[;111 + (p1b1:| + (1 - 92) 'uﬁllzr
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From formula (13), (47) and (57), we can get N, = N,
Ngz - Ng>
kv B2l 02b2 g (4, Bala \ 02by
2 na+r ’yz+)’_ n2+r Y2 +r
A6 A6 (67)
_ Bl @aby
(1 92)<k2+112+r+72+r
Ag

Kok ke Kok ke

* K * ok
and N;; = Ng; < Ny, Ny = Ny < N, -

Ng - Ng=Ng'ey’ 8)
Ny - Ny = Nyey'

So, the cost sharing coefficient of the government are £]" = NSN:*NS € = NMN:*NM .

In proposition 4, we can find that the optimal effort of supplie? and manufactuﬂger has been improved
in the situation of government promotion, and this promotion has a significant correlation with the govern-
ment’s cost subsidy coefficient, but the optimal effort level of government has not changed. The reason is that
the government will work out the level of effort based on the related factors of its own benefit, which is the
same as that in the non-cooperative situation, so the optimal effort level of the government has not changed.
In the situation of collaborative cooperation, government, supplier and manufacturer will both make higher

levels of effort to improve the product green degree and reputation.

Proposition 5 If the benefit distribution coefficient from the government satisfies the condition % <f;1<1,

then the steady-state product green degree by the supplier hold for D < D3 < Dg™ , the steady-state product
green degree by the manufacturer hold for Dz/, < D;/} < D;,}* (for the proof, see the Appendix).

In proposition 5, we can see that government cost subsidies play an important role in promoting the
product green degree of green supply chain. Both supplier and manufacturer’s product green degree has
been increased. Collaborative cooperation is optimal in three situations.

Proposition 6 If the benefit distribution coefficient from the government satisfies the condition % <f:1<1,

then the steady-state reputation by the supplier hold for Q5 < Qs < Qs , the steady-state reputation by the
manufacturer hold for Q; < Qy; < Q) (for the proof, see the Appendix).

In proposition 6, we can see that government cost subsidies play an important role in promoting
the reputation of green supply chain. Both supplier and manufacturer’s reputation has been increased.
Collaborative cooperation is optimal in three situations.

Proposition 7 If the benefit distribution coefficient from the government satisfies the condition

% < 01 < 1, then the steady-state benefit by the supplier hold for V; < VE* , the steady-state benefit by

the manufacturer hold for V}; < V}; , the steady-state benefit by the government hold for V; < Vi , the
steady-state benefit by the whole system hold for V7 < Vy < V; (for the proof, see the Appendix).

In proposition 7, we can see that the benefits of government, supplier, manufacturer and the whole system
have been increased in the situations of government promotion and collaborative cooperation. Government
cost subsidies play an important role in promoting the reputation of green supply chain.

5 Simulation and example analysis

To better understand the long-term relationship between the equilibriums of three situations, simulation and
example analysis of the models are conducted in this section. According to the assignment method of relevant
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literature [22, 23], through the assignment of relevant parameters, three situations can be compared. The
specific parameter assignment is shown in Table 1.

Table 1: parameter assignment.

As Am A¢ a1 ax B1 P Mmoo nm2 m b

2 3 1 3 4 1 1 03 04 02 2

6, @1 @2 m 2 di d» q1 q Dp1 D2

2 3 3 0.2 025 0 0 0 0 2 3

](1 kz 11 12 b1 bz r 91 92

1 2 2 3 2 3 01 04 0.5

We calculate the optimal effort level of the government and the supplier and manufacturer of the green
supply chain in three situations, as shown in Table 2.

Table 2: Green supply chain and government effort level under different situations.

Ng Ny N1 Ng2
non cooperation 9.100 7.357 10.550 16.857
government promotion 10.842 11.036 10.550 16.857
collaborative cooperation 15.617 14.714 26.300 33.714
size relation Ng<Ng <Ng~ Ny <Ny <Ny Ng =Ng <Ng Ng,=Ng,<Ng,y

In the three situations, we can find that the level of effort of supplier, manufacturer and government is
the lowest in the non-cooperative differential game. The government’s cost subsidy strategy enhances the
level of effort of supplier and manufacturer in green supply chain. The level of effort supplier, manufacturer
and government have greatly improved in the situation of collaborative cooperation. This verifies the truth of
proposition 4. Based on the results of Table 2, we can further calculate the product green degree, reputation
and benefit, as shown in Table 3.

In order to make more intuitive comparison, we use Origin to draw out the trend of product green
degree and reputation changing with time, as shown in Figures 1 and 2. As time goes on, the green degree
of product and reputation of the supplier and manufacturer are growing rapidly in the initial period, then
the speed decreases, and finally tends to be smooth. In the case of collaborative cooperation, supplier and
manufacturer in green supply chain have the highest level of effort, and government promotion is higher than
non-cooperation. This verifies propositions 5 and 6.
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Table 3: Product green degree, reputation and benefit in different situations.

— 843

Situation

Product green degree, reputation and benefit

non cooperation

government promotion

collaborative cooperation

Dg=126.167 - 126.167e 73"
Qs = 249.25 - 249.25¢ 7%
Vs =3Dg + 4Qg +919.9
Dy =115.714 +75.7e7%31 = 191.414¢704
Qy = 261.143 - 261.143e 702
Vi = —0.45D% + 3D}, + 4.286Q) + 3710.321
Vi =1.55Dg + 3Dy, +2.667Qg + 4.286Q), + 4746.239
V7 =4.1Dg + 6Dy, + 6.667Qg + 8.571Q), + 9376.46
Dg'=143.583 - 143.583¢ 03!
Qs =266.667 - 266.667e 0%
Vs =3Dg +4Qg +1068.154
Dy = 152.5 + 86.15e7%31 - 238.65¢ 04
Qj; = 290.571 -290.571e %%t

Vi = —0.45D3 +3Dj; + 4.286Q); + 4124.115

Vi =1.55D5 +3Dy; +2.667Qg +4.286Qy +4979.551

Vi =4.1D5 +6Dj; +6.667Q5 +8.571Q); + 10171.82

Dg"=243.833 - 243.833¢ 703!

*kk

Qs
Dy =231.429 +146.3e 931 - 377.729¢704

=550.667 — 550.667¢ 92!

Q) =522.286 - 522.286e 0->!

Kok K Kk Kok ke Kok K *kk

Vy" = 4.1D5" + 6Dy +6.667Q5 +8.571Q) + 14828.171
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Figure 1: Change trend of supplier’s product green degree and reputation.
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Figure 2: Change trend of manufacturer’s product green degree and reputation.

We compare the benefits of supplier, manufacturer, government and the whole system in different
situations, as shown in Figure 3. When the government adopts the cost subsidy strategy, the benefit of the
supplier and manufacturer of the green supply chain will be greatly improved than the non-cooperation
situation. It shows that the government plays an important role in promoting the development of green
supply chain. A relatively suitable strategy can effectively improve the benefits of the green supply chain and
the government. Figure 3 (d) shows the whole system benefits of government, supplier and manufacturer
in different situations. It can be found that the whole system benefit reaches the maximum in the situation
of collaborative cooperation, followed by the situation of government promotion, and the lowest one is the
non-cooperation situation. Figure 3 verifies the related conclusions of proposition 7.
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Figure 3: Change trend in the benefits of supplier, manufacturer and government.

6 Conclusion

In this paper, we have shown a differential game model under the three situations of non-cooperation,
government promotion and cooperative cooperation. We consider the relationship and cooperation strategy
between the government and the supplier and manufacturer of the green supply chain, and discuss the
differences in the optimal effort level, green degree of product, reputation and the optimal benefit of each
subject. By comparing and analyzing of equilibrium results, we have known that the optimal effort level,
product green degree, reputation and optimal benefit are obviously higher in the situation of collaborative
cooperation than that under non-cooperation and government promotion. The government’s cost subsidy
strategy enhances the level of effort of supplier and manufacturer in green supply chain. The cost coefficient,
the natural attenuation coefficient of product green degree, the discount rate and the negative influence
factors of reputation are negatively correlated with the optimal level of effort. The influence coefficient of
the level of effort, the influence coefficient of product green degree on the benefit, the influence coefficient of
reputation on the benefit, the influence coefficient of the degree of effort on the green degree of the product,
and the influence coefficient of the effort on the reputation are positively related to the optimal level of effort.
Acknowledgments We are very grateful to Yin Shi and Hou Jie for their help in paper writing. Special thanks
to Chen Yuanhong from Fujian Normal University for his help in typesetting. This research was supported by
the National Fund Key Project on Social Science of China (14AGL004) and the Fundamental Research Funds
for the Central Universities (HEUCFW170901).
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Appendix
Proof of Proposition 2

In order to obtain the Stackelberg equilibrium, there exist the benefit optimal value function of the green
supply chain, Vg (Ds, Dy, Qs, Qp) and Vi (Ds, Dy, Qs, Qp) , which are continuous differentiable functions.
First, we use backward induction to solve optimal control problem. For all D; = 0 and Qs = 0,1 € {S, M},
the benefit optimal value functions satisfy the following Hamilton-Jacobi-Bellman equation

Illvl {(1-61)[p1Ns +kiNgy + 11 Ds + b1 Qg] + (“1Ns +B1Ng1 — n1Ds)
a S S ) (A1)
[Il (@1Ng + B1Ng1 —n1Ds) + a;Ny + BoNgy —12Dy] = = (1 - €1) N§

a a
S (51Ns +@1Ng1 —71Qs) * S00 (52NM +@2Ngy - 72 QM)}
rVy (Ds, Dy, Qs, Qum)
aV
= ?ax {(1=62) [p2Np + koNgy + LDy + b2Qu] + <7- Ds M (@1 N5 + B1Ng1 - 11Ds)

aV A (A2)
M N1Ds) + aaNy + B2Ngo — 12Dy - ﬂ (1-&) Ny

O
M (5 Ns+@1Ng1 - 71Qs) + s~ (62Ny + 92Ng - ’YZQM)}

aQ

For solving formula (A1) and (A2), using extreme conditions and searching for the optimal value of Ng
and Ny by setting the all partial derivative equal to zero, we can get

oV oV oV
(1-00pr +ar (5% +n s ) +61 5
Ng = M 5 (A3)
As(1-¢1)
oV, oV
(1-62)pa+a aDM + 52#
Ny = M M (A4)
A (1-¢€3)

Second, the benefit optimal value function, Vi (Ds, Dy, Qs, Q) satisfies the following Hamilton-Jacobi-
Bellman equation

Vs (Ds, Dy, Qs, Qu)
= max {01 (p1Ns + k1Ngy + 1Ds + b1Qs) + 02 (P2Ny + kaNgy + LDy + b2Qpy)
>

NM>O

A oV,
= (NGl + NGZ) (/1581N§ + AM£2N12VI> + TDCS; (a1Ns + B1Ng1 - n1Ds) (A5)

N1Ds) + aa Ny + B2 Ny — 12D ]

v, oV
+ a—Qi(&NsHmNm -71Qs) + A% (62Ny + 92N _’YZQM)}

0Qu

Substituting the results of (A3) and (A4) into (54), we can obtain

aV Ve Ve

NGl - /\G

(A6)
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Ng, 1 M (A7)
G
_ oV , ,OVs\ _(9Vs  OVs Vg 0Vs
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(62+1)p2+a2( m+

Vg Vg

aVM aVM
aDM) +02 ( 30y + aQM)

Substituting the results of (A3), (A4), (A6), (A7), (A8) and (A9) into (A1), (A2) and (A5), we can obtain

I’VS = |:(1 - 91) ll -N
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ov ov oV ov
Ve = |Outs =y (Sp¢ +ngp® )| Do B2t na 3 | Du+ (631 - 50 ) @5

Vg Vg Ve Ve Ve
o oV - [91k1 +.31< +Ilm> P150, } . [92k2+ﬁzaD P50, }
29272500, 226 2/\G
Vg dVg Vs Vs oVg  9oVs
. {(91+1)p1+a1 {2(aDs+y—aDM>+<aDs+yaDM +01 6Q5+OQS
81s
oVg dVy Vg aVM
. [(02 +1)pr +ay ( 3Dy + TDM) +6; ( 30u aQM>:|
8y
(A12)

Through the above formulas and the optimal control theory, we can see that the linear optimal function
of the Dg, Dy, Qs, Qp is the solution of the HJB equation. We can assume

Vs (Ds, Dy, Qs, Qu) = 01Ds + 02Dy + 03Qs + 04Qy + w1
VM (Ds, DM’ Qs, QM) = thS + hZDM + h3QS + h4QM + Wy (A13)
Vi (Ds, Dy, Qs, Qu) = 81Ds + 82Dy + 83Qs + 84Qu + w3

where 0}, q;,8; (=1, 2, 3, 4)and w; (i = 1, 2, 3) are the constants to be solved. We can have

oVs _ dVs _ Vs dVs __

aDS 1 aD 2 OQ =03, aQM = U4

Wu . WV, Vy Vi

3Ds = hy, 3Dy = hy, Qs = h3, 30 = hy (A14)
Vg Vg . oV _ oVg

oD 81, aDM 82, aQS 83, 5~ aQ 84

Substituting the result of (A13) and (A14) into (A10), (A11) and (A12), we can get

r(01Ds + 02Dy + 03Qs + 04,Qpy + w1)

= [(1-61)l1 —n1 (01 + u02)| Ds = N202Dpy + [(1 = 01) by —7103] Qs
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L (0205 +0462) [(62 + 1) pa + @3 (282 + h) + 82 (284 + ha)]
s
. [(A-01)p1+a1(01 +p07) +6103]{(01 + 1) p1 + @1 [2(81 + U82) + (01 + HO)] + 61 (283 + 03)}
4Ag

- 7204Qy +

I’(ths + hZDM + h3 QS + h4QM + a)z)
= [(1-62) 2 —n2h2] Dy — N1 (hy + php) Ds + [(1 - 62) ba — v2ha] Qy
(02k2 + B282 + 9284) [(1 - 02) ka + Bahy + @2 hy]

Ag
. [(A=02)py + ashy + 65h4] [(62 + 1) Py + A2 (282 + h2) + 62 (284 + ha)] (A16)
Wy
L {O1+1)p1+ a1 [2(81 + pgy) + (01 + 02 + 81 (283 + 03)} [@a by + ayphy + 61 hs]
2
L 101k + B1 (81 + pg2) + 9183] [B1ha + Bapthy + p1hs]
Ag

- v1h3Qs +
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r(g1Ds + 82Dy + 83Qs + 84Q + w3)
= [01l1 — 11 (81 + ug2)]| Ds + [020, —1282] Dy + (01b1 — 7183) Qs
[61k1 + B1 (81 + 1g2) + p183)° + [6:2k> + B2g2 + 9284]°
{(61 + 1) p1 + a1 [2(g1 + Ug2) + (01 + 0] + 61 (283 + 03)}°
8
[(0; + 1) py + @y (282 + hy) + 82 (284 + hy)]’
8y
Using the Dg, Dy, Qs, Qur 2 0 to (A15), (A16) and (A17), parameter values of the optimal value function can
be expressed as follows

+ (02b2 —1284) Qu +

+

+

01=7(1_91)11, 0y =0, 03=7(1_91)b1,04=0
mtr T t+T
h1 - Tllll(l—ez) 12 , h2 - (1_62) 12, h3 =0, h4 - (1_92)b2 (A18)
(M1+1)M2+7) Na+r Y2+
g - i mpbhl L= 621 . 61b, g - 62b,
n+r (Mm+na+r’ na+r’ vy +1’ Yo T

[61 (k1+ ﬁ111 + (P1b1) + Biu0lr }(1_91) (k1+ Bily + <P1b1)

nm+r myp+r M1+n(m2+n n+r my+r

wq =
TAG

(A19)
a111 51b1 ) { ( a111 51b1 ) alﬂezlzr }
1-6 + + 0:1+1 + + +
+( 1)(p1 nm+r yp+r (61 v n+r myp+r M1+n(m2+n
41’/15
Bl @aby )\’ al, | 6,by ]
0,(1-67) (kg + ==+ == 1-6)(6,+1 + +
W, = 2( 2)(2 112+r ’)/2+T) +( 2)(2 )|:p2 I]2+T ’}/2+T:|
2 r/l(; 41’/1M
arly | 61bq ) 21461 } [ ap(1-6)0hL ]
6;+1 + + +
. @ (prr 85 2 )+ e LG (A20)
2Ag
[91 (k1+ Bili | §01b1) L Bapbolor } [,3111(1—92)12}
N m+r m+r) (Mm+nNm+n| [(M+1)(2+7)
A
2 2
[91 <k1+ Pili | <P1b1) . Binabor ] {92k2+ﬁ29212 N §0292b2}
- — n+r m+r Mi+r(Mmz2+n M +r Yo+
3 ZTAG ZY/IG
a111 61b1 2(11}192121’ 2
+{(91+1)(p1+7]1+r+%+r)+(111+r)()12+r) (A21)
8)’/15
|:(62 + 1)p2 + 2%) (1 +92)12 + 52 (1 +92)b2:|2
+ n+r T2 T
STAM
Substituting the results of (A18), (A19), (A20) and (A21) into (A13), we can obtain
o (1-61)h (1-61)by
Vs = n+r Ds+ AT Qs
{61 (k1 + Bila + (P1b1) + Biublhr }(1_91) (k1+ Bily + (Plbl)
n+r m+r) Mu+rMa+r) Ni+r m+7
+ (A22)
I’AG
a111 61b1 ) { ( a111 51b1 > alyezlzr }
1-6 + + 0:1+1 + + +
+( 1)(p1 nm+r vy +r 61 )| P1 nm+r yp+r M+ +n

41’/\5
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xx mu1-600h (1-6)1 (1-0,)by
Vi = Dg D
MmN tn ST marr M ger

Ba2lr @>by azlz 6,b) g
62(1 02)(’( +T] +r+f)/2+r (1 62)(92+1) I’I +r+T+r

+

r/\G 4I’AM
a111 51b1> 20(1]102127‘ :| |:a1}1 (1—92) 12:| (A23)
0, +1
) @) (pre e 22 ) e LGres D

225
[91 (k U 1b1)+ Biubalor } [ﬂly(l—ez)lz}

n+r m+r) Mu+NMa+n] [(M+1)M2+7)
Ag

+

Qum

[91 (k L Bl 4’1b1) . Binbabor r [62k2+329212 . ‘Pz@zbz}2
Mm+r yi+r) (Mu+r)Ma2+7) Na+r  ya+r

A24
2 TAG * 2 I’/\G ( )

(Xlll 61b1 ) 2“1}192127’ }2 2 |: (lez 52b2 :|2
0,:+1 + + + 0, +1 + +
+{(1 )<p1 mr er) Senmen S O P e
8T’AS SI’AM

*x 0.1, niu62 1 } 0>1, 61by 0,b,
Vg = - Ds + Dy +
G {rll+r M1+1) (2 +7) ma+r M7+ s+ o+ T

+

In this case, the benefit of the whole system is

Vy =Vs +Vy+ Vg (A25)

Solving the partial derivative of (A22), (A23) and (A24), and substituting the results into (A3), (A4), (A6)

(A7), (A8) and (A9), we can get the Stackelberg master-slave equilibria of supplier and manufacturer and
government as the proposition 2.

Proof of Proposition 3

VT:VS+VM+VG

_ -rt — 1 2 2
- /e {ple +kiNg1 + 1iDs + b1Qs - 5 (AGNGl + ASNS) (A26)
0

1
pzNM + kZNGz + lzDM + b2QM - j (AgN%;Z + AMNIZVI) } dt

In order to obtain the cooperative equilibrium, there exists a benefit optimal value function of
Vr (Ds, Dy, Qs, Qu) , which is a continuous differentiable function. For all Dg, Dy, Qs, Qp = O, the benefit
optimal value function satisfies the following Hamilton-Jacobi-Bellman equation

rVr (Ds, Dy, Qs, Qu)
=\ BIIIZ\;IX o {P1Ns + k1Ng1 + 1Ds + b1Qs+ paNy + kaNgo + LDy + b2 Qy
NZI>(’) IQI/IG_ZEO

A oV
-8 (NGl + ch) (A5N§ + /‘MNI%/I) T (ale +B1Ng1 - n1Ds)

(A27)
a T

Ng1 —n1Dg) + ayNy + BoNga — 12Dy

6
T (51Ns +@1Ng1 - 71Qs) * S0y (52NM +@2Ng, - 72 QM)}
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For solving formula (A27), using extreme conditions and searching for the optimal value of Ng, Ny, Ng1
and N2 by setting the partial derivative equal to zero, we can get

oVy  aVy oVy
p1+ay (TDS +}176DM) +616705

Ng = e (A28)
oVy oVy
D2+ ~w—t+t025~—
Ny = 9Dy 9Qu (A29)
Am
oV oV oV
s (Spr +kape ) 15,
N1 = 5 Y 5 (A30)
Ag
oV oV
kz +ﬁ2 aDT + (pzaQiT
NGZ = M M (A31)
Ag
Substituting the results of (A28), (A29), (A30) and (A31) into (A27), we can obtain
rVr (Ds, Dy, Qs, Qu)
= [11 n <0D5 +H6DM)} Dg + (12 rlzaDM> Dy + <b1 T aQs) Qs
Wy Ve s 0Vr)’
oy [p1+a1(st+yaDM>+616QJ
+ | by =72 Qum +
0Qy 2As (A32)
2 2
oVy oVry oVy  dVy oVr
(p2+azaDM+5276QM) [kl +B1 (TDS +H76DM)+<P1TQJ
+ +
2 2A¢
2
oVy Vg
) <kz +B276DM + %TQM)
2A¢

Through the above formulas and the optimal control theory, we can see that the linear optimal function
of the Dg, Dy, Qs, Qp is the solution of the HJB equation. We can get

V1 (Ds, Dy, Qs, Qu) = t1Ds + 62Dy + £3Q5 + t4,Qy + w1 (A33)
Ve . oVy . oVy . oVp _
aDS = tl! aDM = t25 aQS = t33 aQM = t4 (A34)

Substituting the results of (A33) and (A34) into (A32), we can get

T(tlDS +tDp + tgas +t,Qp + (1)1)
= [l1 = N1 (t1 + ut2)] Ds + (la = n2t2) Dy + (b1 — 71t3) Qs + (b2 — 72t4) Qu

N [p1 +ay (t + pty) + 8165)° + (D2 + axty + 8rts)° (A35)
s 2y

. [ky + By (1 + pty) + @1£3]° . (ky + Bata + @ats)’
ZAG 2AG

Using the Dg, Dy, Qs, Qi 2 O to (A35), parameter values of the optimal value function can be expressed

as follows ] ] ] b b
1 HN1lo 2 1 2

= - ) = 7t = 7t = A36

YTmrr A0t o mrr T ot ey (A36)
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|:p " 61b1 + a111 + ]la1lzr j|2 (pz " azlz " 62b2 >2
w, = yi+1r m+r (qi+n(p+r) . M+r y+r
ZTAS 2T'AM (A37)

{k + @1bq + Bily + upilor r <k2+ B2l + (P2b2)2
+ T2t

vi+r m+r (q+nr(ma+r) na+r
+
ZTAG 2r}lG
Substituting the results of (A36) and (A37) into (A35), we can get
Vs (Ds, Dy, Qs, Qu)
Sominmen) 2 () oo (35 e (5%5)
= - Dg¢+| —=— | Dy + +
(n1+r M1+n(M2+n S ny+r M M+ Qs Yo+ Qu
51b1 (Xlll yallzr :|2 ( azlz 52b2 )2
+ + + +
. {pl yi+r m+r (Mm+r)(na+r) p2 Mm+r y+r (A38)
2)’/15 ZT’AM

2 2
{k1+ ¢iby | Bili | upilor } (k2+ Baly ‘szz>
N yvi+r m+r (m+n(ma+r) Na+r my+r
27'/\6 ZTAG

Solving the partial derivative of (A38), and substituting the results into (A28), (A29), (A30) and (A31), we
can get the cooperative game equilibria of supplier and manufacturer and government as the proposition 3.

Proof of Proposition 5

From formula (37), (50) and (58), we can get

D5 - Dg
_aNs +BiNg; | <d1 _ Ny +ﬁ1NG1) et _ Ns+ BNy (dl _ Ny +:31NG1> ot
m n1 m m
_a (N5 = Ng) +B1 (Ngy - Ng1) L@ (N5 - Ng') +B1 (Ng, - Ngy) ot (A39)
m M
_n (NE* _N;> +h1 (N*Gz _N*G1) (1 _ e—rllt)
m
ox - a N*** _ N** + N*** _ N**
Dy - DY = 1 (Ng S )n B1 (Ngy 61) (1 _ e—mt) (A40)
1

According to the % <0;<1,wecangetDg -D520,D5 -Dg 20.
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From formula (39), (52) and (60), we can get

Dy - Dy
_ Ny + BaNg, L H (a1Ng +B1Ngy - dini) e Mt
M2 Mm—Mm
N (dz _ (XzNX; +B2N*6*2 _ M (alN;* +B1N*6*1 B dlr“)) e M2t
n2 Mm—-m
_ @aNy +BaNgy | B (N + BiNGy - dimi) e
12 n2—-M
(d aNy +BaNg, M (a1Ng+BiNg; — d1'71)> 12t
—|a,- - e
12 m-Mm
_® (N —Ny) + B2 (N> — Ng,) (1 _ e—nzf)
n2
LK [a1 (Ny = Ny) +B1 (NG — Ng,)| (e—nlt _ e—nﬁ)
n2-M
Dy’ - Dy
_ & (Ny" -~ Ny) + B2 (Ng; - Ngy) (1 _ e—nzt)
n2
L H [a1 (Ny™ = Ny) +B1 (Ng; — Ngy) | (e—nlt _ e—nzt)
n2-Mm

*kk

Accordingtothe% <6y <1,wecanget Dy~ Dy 20,Dy —-Dj;20.

Proof of Proposition 6

From formula (38), (51) and (59), we can get

Qs - Q5
_81Ng' +91Ng, .\ <q1 _ 8INg + (plN*G*1> et _ 81Ns+ 91N, (Ch _ 61Ng + @1 NG,
71 71 71 71
251 (Ns" = Ng) + 1 (Ng1 - Ngy) (1 _ e—mt)
7
xx . 5 N*** _ N** + N*‘k* _ N**
Qs - Q5 - 1 (N s)y‘l’l( ¢1 —Ne1) (1_ef’ylt)
1

*kk

Accordingtothe% <f1<1,wecanget Qs —Qs20,Qs -Qg20.
From formula (40), (53) and (61), we can get

Qi - Qu

_ 62NH + q)zNg‘z . (qz ~ 52N;‘; + (pZN’((}*Z) e_»yzt
72 V2
_ 82Ny + 9aNg, _ (Qz _ 8Ny + ‘PZNz;z) et
V2 72
_ 82 (Ny - Ny) + @2 (N, — Ng,) (1 _ e*’yzt)
72
. — 5 N*** _ N‘k* + N*** _ N**
Q- qy =22 (N ) ’yzfpz (NG2 —Ng) (1 _ e—'yzt)

*kk

Accordingtothe% <@y <1,wecanget Qy-Qy;20,Qy -Qy=20.

(A41)

(A42)

(A43)

(A44)

(A45)

(A46)
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Proof of Proposition 7

From formula (33) and (A22), we can get

o _yro =00 h (e ey (1=600)by (o
VS Ve S (05 0) R (65 - 65)
arly 61b1:| |: ( ally 61b1) 2(11}192127' (A47)
1-6 360, -1 + + +
+( 1)[p1+n1+r+vl+r (301 -1) (P2 m+r _m+r) (M+n(m+r)
47’/\5

From formula (34) and (A23), we can get
**_ * _(1—92)12 **_ * (1—92)192 **_ *
Vi - Vi = S5 (Di - D) + SR (00 - Q)
azlz 52})2 :|2
1-6,)(36,-1 + +
+( 2) (3% )[pz M+r m+r] mp-6)hL (D**—D*> (A48)
4rAy Mm+nNma+n 75 78

(1 - 02) alylz |: ( a111 51b1 > 2(11]192127’ :|
S =SSP < (360 -1 + + +
+(n1+r)(112+r) B6=1) | P nm+r m+r M1+n(M2+n

2As
From formula (35) and (A24), we can get
Ve - Vg
_ 9111 _ I‘[lyezlz S 9212 o T
- {m” (M1 +1) (2 +7) (DS DS) Tmwr (DM DM)

+ 010 g5 - q5) + 222 (g5 - gy

Y1+ Y2 +r
2 (A49)
{(301 _ 1) (pl + (Xlll + (Slbl ) + 2&1]192121’ }
m+r v +r Mi+r)(2+1)
+
87’/\5
L 6by]°
30,17 e 2, B
+( 2-1) {pz L+t At
STAM
Accordingtothe% <fy<1,wecangetVg - Vg20,Vy -Vy20,V; -V;20.
Based on the above analysis, we can find V; < V7 .
From the formula (A25) and (A38), we can get
V;** _ V;*
(b mmb (D;** —D;*) g (D}}}* —D}}) o (QQ** - QQ*)
nm+r (Mm+nma+rn nay+r T+
2
[(1_91) <k1+ Pili | <P1b1) . Biuabor ]
bz Hokek *k ni+r Y1+ (’11+r)(772+r)
+ (QM - QM) +
Yo+ T 2rig (A50)

! by 1> al;  61b 201 40,11

1-6-) |k Bala P2 2} {1—6 ( i 11)+ 1

( 2) {2+n2+r+fyz+r . ( v lerr11+r M+ M1+r(M2+1)
2)’/\(; SrAS

2 aly 6:b, 2
(1-6y) {Pz + W + W}

SY'AM

+

+

According to the % <6y<1,wecangetVy - V;20,Vy -Vy 20.
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