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a b s t r a c t

Environmental issues have gradually become one of the most important concerns for society. The
concept of green development has attracted increasing attention, and the green supply chain is gener-
ated under this background. Governments have played an important role in encouraging enterprises to
make green investments. To identify the optimal green investment strategy under a government subsidy
policy, this paper studies the strategy of green investment for manufacturers and material suppliers in a
two-echelon supply chain. First, an evolutionary game theory model is developed between a population
of suppliers and a population of manufacturers under a government subsidy mechanism. Then, the
evolutionarily stable strategies for suppliers and manufacturers are discussed. Finally, a simulation of the
model is conducted to further clarify the impact of the green investment and government subsidy of the
model. The results show that the green investment input-output ratio of suppliers and manufacturers, or
the government subsidy changes, will cause the system to evolve into a different evolutionarily stable
strategy. The initial proportion of green investment can predict the trend of future evolution in the
market, provide a reference for enterprises to choose their strategies, and facilitate further macro-control
of the market by the government. Setting the government subsidy value in the relevant range can reduce
the free-riding behavior of suppliers or manufacturers in the market.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, environmental issues, such as water and air
pollution and drastic changes in climate, have become among the
most important concerns for society. These problems cause envi-
ronmental disasters and events (Chekima et al., 2016); thus, the
concept of sustainable development has been widely accepted
(Yang and Xiao, 2017). Green development has attracted increasing
attention, and the green supply chain (GSC) is generated under this
background. Green supply chain management (GSCM) aims to
achieve enterprise profits while maintaining the ecological effi-
ciency of each stage of the product life cycle (Barari et al., 2012).
GSCM can enable enterprises to achieve active integration. The
integration of supply chains encourages members to share infor-
mation, cooperate and achieve joint economic lot-sizing at multi-
product and multi-level scales (Barari et al., 2012; Hoseini
Shekarabi et al., 2018; Gharaei et al., 2019a). The symbiotic
.

relationship between the supply chain and the environment makes
GSCM an inevitable result of sustainable economic development.

Increasingly more manufacturing companies have focused on
GSCM and implemented plans into practice not only to achieve
green manufacturing by themselves but also to drive their partners
to participate in the GSC. This focus makes the supply chain pro-
duction more environmentally friendly and promotes the envi-
ronmental sustainability of the entire industrial chain. For example,
Apple Inc. started using green manufacturing more than a decade
ago to take the lead in using renewable energy to meet electricity
demand. Apple Inc. encourages suppliers to participate in the GSC,
implement energy transformation, and use recycled or renewable
materials as much as possible in the supply of rawmaterials.1 In the
textile field, Greenpeace published a report called Dirty Laundry in
2011,2 calling on global consumers to demand changes in the
fashion industry. Leading brands, including fast fashion companies
1 https://www.apple.com/supplier-responsibility/.
2 https://www.sixdegreesnews.org/archives/25949/textile-industry-under-

pressure-to-detox-fashion.
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such as Inditex (Zara's owner), H&M, Puma, Nike and Adidas, have
pledged to ending the release of hazardous substances from their
supply chains by 2020. H&M released its Manufacturing Restricted
Substances List and a list of approved alternative chemicals in 2012,
and then it started training its suppliers. How to engage and
mobilize the initiative of suppliers to achieve a more effective
linkage in the upstream industry is a problem that faces the textile
industry.3

Although an increasing number of enterprises have joined the
ranks of the GSC, the GSC has not yet achieved scale benefits.
Certain small- and medium-sized enterprises are not clear about
whether green investment is the correct strategy for their own
business models. For large-scale manufacturers that have formed
scale-effective green manufacturing technology, it is insufficient to
achieve green manufacturing themselves. They may not apply
GSCM well if the upstream suppliers are large polluters and do not
provide green raw materials. GSCM can encourage social sustain-
able development in raw material purchasing and production.
Green production is an important part of the business strategy for
manufacturers aiming to achieve sustainable development (Yu
et al., 2016). Raw materials play an important role in green pro-
duction, and it is preferable to use more environmentally friendly
materials during green production processes. The behaviors of
manufacturers and suppliers will affect the implementation of
GSCM; therefore, it is especially important to analyze the decisions
of manufacturers and suppliers when they face GSCM.

Governmental interventions play an important role in promot-
ing green manufacturing and building GSCs for enterprises to
achieve cleaner production. As an environmental incentive mech-
anism, a government usually implements polices to support and
promote green products (Hafezalkotob, 2018). Effective govern-
ment policies can regulate, guide and adjust the production and
operation strategies of these enterprises (He et al., 2018). In
December 2008, the UN Secretary-General called for a “Green New
Deal” at the UN climate change talks,4 and many countries
responded. The next year, the UK released the UK low carbon
transition and the UK renewable energy strategy. Under these
government plans, renewables will account for 15% of the energy
supply by 2020, with 40% of electricity coming from low-carbon
green sectors such as renewable nuclear and clean coal. The aim
is to make Britain a cleaner, greener and more prosperous country.
France's green economy policy focuses on nuclear and renewable
energy. The French government invested 400 million euros to
develop clean and low-carbon cars in 2009. In China, “Made in
China (2025)00 advances the basic principles of innovation driven,
quality first, green development, structural optimization and
talent-oriented and realizes the strategic goal of manufacturing
power through “three steps” for China to enter the ranks of
manufacturing powers by 2025. The green factories that are chosen
as a demonstration of the construction of the national green
manufacturing system will be provided a one-time subsidy of not
more than 200,000 yuan, and the green park or GSCM demon-
stration enterprises will be given a one-time subsidy of no more
than 300,000 yuan in Zhongshan, located in Guangdong Province.

Although the state has issued a series of policies and measures
to encourage enterprises to conduct GSCM, some provinces and
municipalities have also issued specific incentive rules to actively
create a conducive atmosphere; however, enterprises generally
have a low awareness of GSCs, and government incentives are not
specific. Thus, for the government, how to optimize subsidy policies
3 https://www.chinadialogue.net/article/show/single/en/10928.
4 https://news.un.org/en/story/2008/12/284872-secretary-general-calls-green-

new-deal-un-climate-change-talks.
and encourage more supplier and manufacturing groups to engage
in green investment are important issues.

In this paper, considering a two-echelon supply chain with
manufacturers and suppliers, we study their behavior selection
under a government subsidy mechanism by using an evolutionary
game. The main objectives of this paper are (1) to explore the
decision-making underlying green investment behavior in the
supply chain from the perspective of internal factors or external
environmental factors for manufacturers and suppliers and (2) to
optimize the government subsidy policy and encourage more
suppliers and manufacturers to make green investments, which is
also an important issue that must be urgently solved.

The remainder of this paper is organized as follows: Section 2
reviews the relevant literature. In Section 3, a revolutionary game
model is formulated to study the green investment of supply chain
enterprises under government subsidy mechanisms. Based on the
payoff matrix and the replicator dynamic system, propositions and
the relevant lemmas are proven to analyze the evolutionarily stable
strategy (ESS) in Section 4. Simulation experiments are conducted
to verify the ESS in Section 5. Finally, conclusions and suggestions
are provided in Section 6.

2. Literature review

Green investment and subsidy mechanism have been exten-
sively studied in GSCM. The literature related to green investment,
government subsidy mechanism and the applications of the
evolutionary game theory, are reviewed and summarized in this
section.

2.1. Green investment in GSCM

Green investment refers to the act of allocating capital towards
projects whose purpose is to benefit the environment. There is
considerable research on green investment in GSCM. Some studies
have illustrated the importance of the green investment and reg-
ulatory emission control policies. Benjaafar et al. (2013) used low-
carbon factors to solve operational management problems in a
multi-level supply chain with a single firm. They analyzed the
impact of inventory decisions on carbon emissions when consid-
ering both cost and the carbon footprint. Toptal et al. (2014) studied
carbon emission reduction investment and order quantity under
different emission regulations. Dong et al. (2016) studied the sus-
tainability investment on sustainable products with emission
regulation in a two-level supply chain and investigated the ach-
ievability of supply chain coordination through various contracts.
Chen et al. (2016) discussed retailers' optimal decision with green
technology investment and warehouse management under the
cap-and-trade emissions policy. Gharaei et al. (2019b) considered
the tax cost of greenhouse gas emission and developed an inte-
grated supply chain model under penalties with green, quality
control policies.

Other studies focused on channel coordination. Ghosh and Shah
(2012) studied the impact of greening costs and consumer sensi-
tivity towards green apparel in a two-echelon supply chain and
proposed a two-part tariff contract between the manufacturer and
retailer to coordinate the green channel. Li et al. (2016) used the
Stackelberg game model to discuss the pricing and greening stra-
tegies in a two-echelon supply chain, obtained the relationship
between the greening cost and the channel selection, and proposed
a contract to coordinate the decentralized dual-channel GSC. Ma
et al. (2018) developed six models, including a cost-sharing con-
tract model, to examine the pricing strategies in a two-stage supply
chain with two competitive manufacturers and one retailer.

The interaction between upstream and downstream firms when
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they choose green investments was also studied. Andic et al. (2012)
used an empirical analysis method to analyze the dynamics be-
tween upstream and downstream firms in the supply chain when
the firms adopt a more environmentally aware attitude. Yan et al.
(2018) found that upstream green investment efficiency can affect
downstream competition intensity and the degree of the prisoner's
dilemma in a dual-channel supply chain.

The above studies considered green investment in GSCM
through a multi-level supply chain model. On one hand, these
studies usually used non-cooperative game theory to study the
related problems, but the basic hypothesis of Nash equilibrium in
game theory is entirely rational, so the studies ignored the effects of
positive external factors on the rational decision-making of up-
stream and downstream enterprises in the supply chain when
these enterprises choose whether to make green investment. On
the other hand, there are few studies on the free-riding behavior of
suppliers or manufacturers in green investment.

2.2. Government subsidy mechanism in GSCM

Governments play an important role in GSCM. They may sub-
sidize green products in order to lower their costs and sustain
GSCM. Government subsidy mechanisms in GSCM that consider
social welfare have been studied extensively. Huang et al. (2013)
studied the government's subsidy incentive scheme and found
that the mean value of consumers' bargaining power can affect the
social welfare in a dual-echelon supply chain. Li and Li (2017) used a
Stackelberg game model to study the role of government subsidy
and explored the implications of optimal government decisions for
government welfare. Liu et al. (2019) developed a three-stage
Stackelberg game model to study the effects of government sub-
sidy on the profit of GSC members while considering social benefit
and consumer surplus.

Some researchers studied the effect of government subsidy on
competitive strategy. Mitra and Webster (2008) proposed a two-
period model of a manufacturer and a remanufacturer that
compete in the second period and found that the introduction of
government subsidies increases remanufacturing activity. Yu et al.
(2016) developed a mathematical optimization model and found
that if changes are made to the government subsidy and consumer
environmental awareness, manufacturers may obtain greater
profits when the competition intensifies. Zhao et al. (2018) devel-
oped a decision-making model that considers the government
subsidy and consumers' preference for remanufactured products.
They studied the remanufacturers’ selling price and the subsidy-
sharing problem. Huang et al. (2019) studied the energy-efficient
products in a market with two competing firms under the gov-
ernment subsidy schemes in a monopoly manufacturer setting.

There are also some studies focused on the coordination prob-
lems under government subsidies. Cohen et al. (2016) proposed a
coordination mechanism for consumer subsidies to coordinate the
government and supplier; they found that under uncertain de-
mand, the optimal order quantity will increase, and the effective
price will decrease. Dai et al. (2017) described cartelization and
cost-sharing contracts in a two-echelon supply chain that considers
the consumer green awareness and government subsidies; the re-
sults showed that a cost-sharing contract brings more profit to both
members and the chain than a non-cooperative mode does.

The above studies considered that the government will subsidize
supply chain members when enterprises produce green products,
but in practice, supply chain members will choose whether to make
green investment or not; thus, it is significant to study the strategic
decision-making of supply chain members. In contrast to these
works, we will consider government subsidy incentives for mem-
bers who make green investments in a two-level supply chain.
2.3. The applications of evolutionary game theory

Evolutionary games were introduced as models for repeated
anonymous strategic interactions (Friedman, 1991). Evolutionary
game theory has become an important research method based on
the adaptability of strategies to changes over time. Many scholars
have used evolutionary game theory as a tool to conduct academic
research on the social norms of human behavior (Allen et al., 2017),
in economics (Friedman, 1991) and to solve management problems
(Tian et al., 2014).

Although a large body of literature uses evolutionary game
theory to solve problems in many fields, to the best of our knowl-
edge, only a few studies have used evolutionary game theory to
study GSCM with green investments under government interven-
tion. Chen and Hu (2018) used evolutionary game theory to study
the behavior of manufacturers in response to various combinations
of carbon taxes and subsidies. Liu et al. (2017) studied not only the
optimal strategy of the government to regulate a low-carbon sub-
sidy but also regulatory efficiency and regulatory stability. Fan et al.
(2017) constructed evolutionary game models to study the optimal
strategy for the government to supervise a low-carbon subsidy, and
they described the problem of supervision efficiency and supervi-
sion stability. Mahmoudi and Rasti-Barzoki (2018) modelled the
contrast between government objectives and produced targets and
used a two-population evolutionary game theory approach under
different scenarios.

The above studies investigated the green investment under the
government intervention, but they did not consider the multi-level
supply chain model, their evolutionary game model both between
manufacturers and governments, or ignored the existence of pos-
itive external effects that cause the free-riding behavior of suppliers
or manufacturers in green investments.

Accordingly, the above description of the three subsections shows
that many studies have considered a subsidy mechanism in the
research on GSCM. However, these studies usually assumed that all
the supply chainmembers are entirely rational. In contrast the above
works, this paper will explore the evolutionary process of green in-
vestment behavior between suppliers and manufacturers under
different conditions or different market environments and discuss
evolutionarily stable strategies for suppliers and manufacturers. Our
study makes the following contributions: (1) The strategies of green
investment under government subsidy are studied in a two-level
supply chain when suppliers and manufacturers are all bounded ra-
tionality. We find that the green investment input-output ratio of
suppliers and manufacturers, or the government subsidy changes,
will cause the system to evolve into a different evolutionarily stable
strategy. (2) The profit from free-riding is considered into the model,
the free-riding problem is studied when suppliers or manufactures
do not make green investment. We find that when the green in-
vestment input-output ratio iswithin a certain ranges, both suppliers
and manufactures in the game want to hitchhike, two ESSs are
involved. Setting the government subsidy value in the relevant range
can reduce the free-riding behavior of suppliers or manufacturers in
the market. (3) Three different government subsidy cases are
considered depending on whether the enterprises make green in-
vestment. We find that increasing the government subsidy that
promote the suppliers and the manufacturers make green invest-
ment simultaneouslycan effectively reduce the free-riddingbehavior
in market, changing the government subsidy that promote only
suppliers or manufacturers make green investment can adjust the
time for supplier or manufacturer groups to achieve the ESS.

3. Model formulation

To formulate the problem, several assumptions are made:



Table 1
Payoff matrix of a supplier and a manufacture.

Supplier Manufacture

G NG

P ðð1 þ aÞPs � Cs þ Ts1; ð1 þ bÞPm � Cm þ Tm1Þ ðð1 þ aÞPs � Cs þ Ts2;Pm þ DPmÞ
NP ðPs þ DPs; ð1 þ bÞPm � Cm þ Tm3Þ ðPs;PmÞ
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Assumption 1. A population of suppliers and a population of
manufacturers are the participants of the game; they use bounded
rationality and continuous learning from multiple gaming and
seeking the ESS to achieve the optimal equilibrium.

Assumption 2. The suppliers have two strategies, that is, to
participate in the GSC (P) and not to participate in the GSC (NP). The
manufacturers also have two strategies, that is, to choose green
manufacturing (G) and to choose non-green manufacturing (NG).5

If the suppliers choose NP and the manufacturers choose NG, the
profits of suppliers and manufacturers arePs and Pm, respectively.

Assumption 3. When the suppliers choose P or the manufac-
turers choose G, their profits will increase because consumers will
have a strongerwillingness to buy the greenproduct. Assume that a
is the green investment input-output ratio for the suppliers and b is
the green investment input-output ratio for the manufacturers. The
costs of the green investment of suppliers andmanufacturers are Cs
and Cm, respectively.

Assumption 4. The assumption that the government provides
subsidies to suppliers and manufacturers can be described in the
following three cases:

I. When the suppliers choose P and the manufacturers choose
G, the government subsidy to the suppliers and manufac-
turers is Ts1 and Tm1, respectively.

II. When the suppliers choose P and the manufacturers choose
NG, the government subsidy to the suppliers is Ts2.

III. When the suppliers choose NP and the manufacturers
choose G, the government subsidy to the manufacturers is
Tm3.

In case I, the cooperation between upstream and downstream
enterprises in the supply chain will increase the overall benefit of
the supply chain. To encourage this case, the government will in-
crease subsidy appropriately; thus, Ts1 > Ts2 and Tm1 > Tm3.

Assumption 5. When the suppliers choose NP, and the manu-
facturers choose G, as the market demand increases, the suppliers
can obtain extra profit DPs from free-riding behavior. Similarly,
when the suppliers choose P and the manufacturers choose NG, the
manufacturers can obtain extra profit DPm from free-riding
behavior.

Based on the above assumptions, the payoff matrix between
suppliers and manufacturers is shown in Table 1.

From the green investment perspective, some studies (Liu et al.,
2017; Fan et al., 2017; Chen and Hu, 2018) only consider the
evolutionary game between governments and manufacturers. The
green investment behavior will affect the decisions of upstream
and downstream firms in the supply chain because of their boun-
ded rationality; therefore, it is more realistic to consider green in-
vestment in a multiple-level supply chain. Thus, we consider green
5 In the following, P, NP, G and NG respectively represent strategies “to partici-
pate in the GSC”, “not to participate in the GSC”, “green manufacturing” and " non-
green manufacturing” for simplicity.
investment behavior between two groups, suppliers and manu-
facturers, in a two-echelon supply chain (Assumption 1). From the
government subsidy perspective, Mahmoudi and Rasti-Barzoki
(2018) proposed a two-echelon supply chain model between
manufactures and retailers under government intervention, but
they ignored the free-riding behavior caused by the exits of positive
external effects. Therefore, we consider free-riding parameters
(Assumption 5) and assume that the government only provides
subsidies to the firms that make green investment. Hence, three
different cases are considered (Assumption 4). Such subsidy-setting
rules are more practical and effectively reduce the free-riding
behavior of manufacturers and suppliers.
4. Evolutionary game model discussion

4.1. Stable points in the evolutionary process

Let x ð0� x� 1Þ denote the proportion of suppliers who choose
P, and let ð1�xÞ denote the proportion of suppliers who choose NP.
Additionally, suppose y ð0� y� 1Þ represents the proportion of
manufacturers who choose G, and ð1�yÞ represents the proportion
of manufacturers who choose NG.

The expected payoffs of suppliers who choose P, NP and the
average payoffs against all possible strategies of the manufacturers
are as follows:

UP ¼ yPs1 þ ð1� yÞPs2 ¼ y½ð1þ aÞPs � Cs þ Ts1� þ ð1� yÞ½
� ð1þ aÞPs � Cs þ Ts2�

(1)

UNP ¼ yPs3 þ ð1� yÞPs ¼ yðPs þ DPsÞ þ ð1� yÞPs (2)

Us ¼ xUP þ ð1� xÞUNP (3)

The expected payoffs of manufacturers who choose G, NG and
the average payoffs against all possible strategies of the suppliers
are as follows:

UG ¼ xPm1 þ ð1� xÞPm3 ¼ x½ð1þ bÞPm � Cm þ Tm1� þ ð1� xÞ½
� ð1þ bÞPm � Cm þ Tm3�

(4)

UNG ¼ xPm2 þ ð1� xÞPm ¼ xðPm þ DPmÞ þ ð1� xÞPm (5)

Um ¼ yUG þ ð1� yÞUNG (6)

The strategy will be used by the majority of the population that
gains expected payoffs greater than the average payoff. In the
evolutionary game theory concept, replicator dynamics equations
are used to study which strategies will be chosen by a majority of
suppliers and manufacturers at a certain point in time. The repli-
cator dynamics equations of suppliers that choose P and manu-
facturers that choose G are as follows, respectively:
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_f 1 ¼dx=dt ¼ x
�
Up � Us

�
¼ xð1� xÞ½aPs � Cs þ Ts2 þ yðTs1 � DPs � Ts2Þ� (7)

_f 2 ¼dy=dt ¼ y
�
UG � Um

�
¼ yð1� yÞ½bPm � Cm þ Tm3 þ xðTm1 � DPm � Tm3Þ�

(8)

The two-dimensional dynamical system (S) can be obtained
from Eqs. (7) and (8).
8<
:

dx=dt ¼ xð1� xÞ½aPs � Cs þ Ts2 þ yðTs1 � DPs � Ts2Þ�
dy=dt ¼ yð1� yÞ½bPm � Cm þ Tm3 þ xðTm1 � DPm � Tm3Þ�

(9)

Proposition 1. The stable points of the system (S) are ð0;0Þ, ð0;1Þ,
ð1;0Þ and ð1;1Þ. Let b0 ¼ ðCm � Tm3Þ=Pm,b1 ¼ ðDPm � Tm1 þ CmÞ=
Pm,a0 ¼ ðCs � Ts2Þ=Psanda1 ¼ ðDPs � Ts1 þ CsÞ=Ps when Tm1 �
Tm3 <DPm,Ts1 � Ts2 <DPs, a0 <a<a1 and b0 < b<b1 are satisfied;
ðxD; yDÞ is the stable points of the system (S), where xD ¼
bPm�CmþTm3
DPm�Tm1þTm3

,yD ¼ aPs�CsþTs2
DPs�Ts1þTs2

.

Proof. For the system (S), let dx =dt ¼ 0 and dy =dt ¼ 0; we can
obviously obtain ð0;0Þ, ð0;1Þ,ð1;0Þ and ð1;1Þ as the stable points of the
system (S). When Tm1 � Tm3 <DPm,Ts1 � Ts2 <DPs, a0 <a<a1 and
b0 < b<b1 are satisfied, the stable points ðxD; yDÞ are fractional be-
tween 0 and 1.
4.2. Evolutionary equilibrium stability analysis

When a stable point of the replicator dynamics equation is an
evolutionary equilibrium, which equals the locally asymptotically
stable point, it is judged as the ESS. The standard Jacobianmatrix ðJÞ
is used to evaluate the asymptotic stability of a stable point
regarding x and y, and it can obtain the ESS when the stable points
satisfy trðJÞ<0 and detðJÞ>0(Friedman, 1991).

J¼
2
4 v _f 1

�
vx v _f 1

�
vy

v _f 2
�
vx v _f 2

�
vy

3
5 ¼

2
4 a11 a12
a21 a22

3
5 (10)

where a11 ¼ ð1� 2xÞ½aPs � Cs þ yðTs1 � DPsÞþ ð1� yÞTs2�,
a12 ¼ xð1� xÞðTs1 � DPs � Ts2Þ,
a21 ¼ yð1� yÞðTm1 � DPm � Tm3Þ and
a22 ¼ ð1� 2yÞ½bPm � Cm þ xðTm1 � DPmÞþ ð1� xÞTm3�.
Proposition 2. For the system (S),

(1) When 0<a<a0 and 0<b<b0, the ESS is (NP, NG).
Table 2
trðJÞand detðJÞ of each stable point.

stable point trðJÞ
ð0;0Þ A þ Ts2 þ Bþ Tm3
ð0;1Þ A þ C� B� Tm3
ð1;0Þ � A� Ts2 þ Bþ D
ð1; 1Þ � A� C� B� D
ðxD;yDÞ ð1� 2xDÞ½Aþ yDC þ Ts2ð1� yDÞ�þ

ð1� 2yDÞ½Bþ xDDþ Tm3ð1� xDÞ�

Note: A ¼ aPs � CsB ¼ bPm � CmC ¼ Ts1 � DPs ,D ¼ Tm1 � DPm
(2) When 0<a<a0 and b>b0, or a0 <a<a1 and b>b1, the ESS is
(NP, G).

(3) When a>a0 and 0<b< b0, or a>a1 and b0 <b< b1, the ESS is
(P, NG).

(4) When a0 <a<a1 and b0 <b<b1, the ESS is (NP, G) or (P, NG).
(5) When a>a1 and b>b1, the ESS is (P, G).
Proof. Table 2 shows the trðJÞ and detðJÞ value of the stable points,
so the asymptotic stability can be judged in Tables 3e7.

From Proposition 2, we can obtain the following lemma.

Lemma 1. Suppose that a>a0andb>b0, let
Tm0 ¼ DPm � bPm þ Cm and Ts0 ¼ DPs � aPs þ Cs, for the system
(S),

(1) When 0< Tm1 < Tm0 and 0< Ts1 < Ts0, the ESS is (NP, G) or (P,
NG).

(2) When 0< Tm1 < Tm0 and Ts1 > Ts0, the ESS is (P, NG).
(3) When Tm1 > Tm0 and 0< Ts1 < Ts0, the ESS is (NP, G).
(4) When Tm1 > Tm0 and Ts1 > Ts0, the ESS is (P, G).

Lemma 1 shows that if the green investment input-output ratio
for the suppliers and the manufacturers is not at a low level, that is,
a>a0 and b>b0. (1) When government subsidy are weak for both
suppliers and manufacturers, the effect of stimulating both parties
to jointly make green investments is not obvious. With the
continuous trial-and-error learning and imitation behaviors of
suppliers and manufacturers, the system will still eventually sta-
bilize to the strategy of(P, NG) or(NP, G). (2) When the government
subsidy to suppliers increases while the subsidy to manufacturers
is still low, the stability strategy of the system is(P, NG). Similarly,
when the government subsidy to manufacturers increases while
the subsidy to suppliers is still low, the stability strategy of the
system is(NP, G). (3) When the stability strategy of the system is(P,
G), it shows that the government provides a certain level of sub-
sidies, which is of great significance to encouraging suppliers and
manufacturers in the market to make green investments. The re-
sults inLemma 1 is consistent with the results obtained inMah-
moudi and Rasti-Barzoki (2018).
4.3. Evolutionary result analysis

According to the above results, the strategy evolution diagram of
suppliers and manufacturers in different cases can be obtained by
analyzing the evolutionary process of system (S) evolution, as
shown in Fig. 1.

According to Fig. 1, the following analysis results can be
obtained.

(1) When the green investment input-output ratio for the sup-
pliers and the manufacturers is low, that is, 0<a<a0 and
0<b<b0, the increase in revenue from the green investment
detðJÞ
ðAþ Ts2Þ� ðBþ Tm3Þ
� ðAþ CÞ� ðBþ Tm3Þ
� ðAþ Ts2Þ� ðBþ DÞ
ðAþ CÞ� ðBþ DÞ
ð1� 2xDÞ½Aþ yDC þ Ts2ð1� yDÞ��
ð1� 2yDÞ½Bþ xDDþ Tm3ð1� xDÞ��
xDð1� xDÞðC � Ts2ÞyDð1� yDÞðD� Tm3Þ



Table 3
The ESS of the system (S) in Case (1).

Point trðJÞ detðJÞ Result

ð0;0Þ � þ ESS
ð0;1Þ ? � Saddle point
ð1;0Þ ? � Saddle point
ð1;1Þ þ þ Unstable point

Table 6
The ESS of the system (S) in Case (4).

Point trðJÞ detðJÞ Result

ð0;0Þ þ þ Unstable point
ð0;1Þ � þ ESS
ð1;0Þ � þ ESS
ð1;1Þ þ þ Unstable point
ðxD;yDÞ ? þ Saddle point

Table 7
The ESS of the system (S) in Case (5).

Point trðJÞ detðJÞ Result

ð0;0Þ þ þ Unstable point
ð0;1Þ ? � Saddle point
ð1;0Þ ? � Saddle point
ð1;1Þ � þ ESS
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of both sides is slight, but they have paid much in green costs
for this result. Fig. 1 case (1) shows that ð0;0Þ is the ESS of
system (S), ð1;0Þ and ð0;1Þ are the saddle points, and ð1;1Þ is
the unstable point. In this case, the ESS is when suppliers and
manufacturers all do not choose green investments. This case
is common among start-ups or smaller manufacturers or
suppliers.

(2) When the green investment input-output ratio of manufac-
turers increases to a certain extent, that is, 0<a<a0 and
b>b0, or a0 <a<a1 and b>b1. For manufacturers, the rev-
enue from the green investment is greater than the cost of
the green investment but less than the benefit from free-
riding. However, suppliers will not choose P due to the low
input-output ratio, so the manufacturers cannot choose to
hitchhike. Fig. 1 (2a)- (2c) show that ð0;1Þ is the ESS of sys-
tem (S); therefore, when suppliers choose NP, manufacturers
choose G as the ESS. This case is commonwithmanufacturers
that are in the core position of the supply chain and their
business model has begun to take shape. The manufacturers
will bring in a certain amount of revenue if they choose G.
Hence, manufacturers have the motivation to choose green
investments, while suppliers have no motivation to choose
green investments.

(3) When the green investment input-output ratio of suppliers
increases to a certain extent, that is, a>a0 and 0< b<b0, or
a>a1 and b0 <b<b1. For suppliers, the revenue from the
green investment is greater than the cost of the green in-
vestment but less than the profit from free-riding. However,
manufacturers will not choose P due to the low input-output
ratio, so the suppliers cannot choose to hitchhike. Fig. 1 (3a) -
(3c) show that ð1;0Þ is the ESS of system (S); therefore, when
suppliers choose P, manufacturers will choose NG as the ESS.
This case is commonwith manufacturers that are in the core
position of the supply chain in emerging industries, where
the cost of green investment is relatively high. However, the
Table 4
The ESS of the system (S) in Case (2).

Point 0<a<a0,b0 <b< b1 0<a<a0,b> b1

trðJÞ detðJÞ Result trðJÞ det

ð0;0Þ ? � Saddle point ? �
ð0;1Þ � þ ESS � þ
ð1;0Þ ? � Saddle point þ þ
ð1;1Þ þ þ unstable point ? �

Table 5
The ESS of the system (S) in Case (3).

Point a0 <a<a1,0<b< b0 a>a1,0< b< b0

trðJÞ detðJÞ Result trðJÞ det

ð0;0Þ ? � Saddle point ? �
ð0;1Þ ? � Saddle point þ þ
ð1;0Þ � þ ESS � þ
ð1;1Þ þ þ unstable point ? �
business model of upstream suppliers has begun to take
shape. Therefore, the suppliers have the motivation to
choose green investment, while the manufacturers choose
NG which are the best choices for both sides.

(4) When the green investment input-output ratio of manufac-
turers and suppliers satisfies a0 <a<a1 and b0 <b< b1. For
both sides, the revenue from the green investment is greater
than the cost of the green investment but less than the profit
from free-riding. Thus, both sides want to hitchhike, but they
are reluctant to choose green investment. Fig. 1 (4) shows
that ð1;0Þ and ð0;1Þ are the ESS of system (S), (0, 0) and ð1;1Þ
are the unstable points. Therefore, when suppliers choose P,
manufacturers will choose NG; alternatively, if suppliers
choose NP, manufacturers will choose G as the ESS.

(5) When the green investment input-output ratio of manufac-
turers and suppliers is relatively high, that is, a>a1 and
b> b1. For both sides, the revenue from the green investment
is greater than the cost of the green investment and the profit
from free-riding. As shown in Fig. 1 (5), ð1;1Þ is the ESS of
system (S), ð1;0Þ and ð0;1Þ are the saddle points, and (0, 0) is
the unstable point. Therefore, when suppliers and manu-
facturers both choose green investment, it becomes the ESS.
This case is common among larger manufacturers or
suppliers.
a0 <a<a1,b>b1

ðJÞ Result trðJÞ detðJÞ Result

Saddle point þ þ unstable point
ESS � þ ESS
unstable point ? � Saddle point
Saddle point ? � Saddle point

a>a1,b0 < b<b1

ðJÞ Result trðJÞ detðJÞ Result

Saddle point þ þ Unstable point
unstable point ? � Saddle point
ESS � þ ESS
Saddle point ? � Saddle point



(1)                        (4)                        (5)

(2a) (2b) (2c)

(3a) (3b) (3c)

Fig. 1. Strategy evolution diagram in each case.
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4.4. Evolutionary equilibrium stability analysis in case (4) by
parameter variation

As mentioned above, when a0 <a<a1and b0 <b<b1, the ESS is
(NP, G) or (P, NG). From Fig. 1 (4), it is assumed that a square area
with a side length of 1 is divided into four triangles by point ðxD;
yDÞ: I, II, III and IV. Let the sum of the areas of triangles I and II be S1
and the sum of the areas of triangles III and IV be S2. The probability
of the final convergence state of the system can be determined by
the proportion of the two regions.

S1 ¼
1
2
� 1� xD þ 1

2
� 1� ð1� yDÞ

¼ 1
2

�
bPm � Cm þ Tm3

DPm � Tm1 þ Tm3
þ DPs � Ts1 � aPs þ Cs

DPs � Ts1 þ Ts2

�
(11)

S2 ¼
1
2
� 1� yD þ 1

2
� 1� ð1� xDÞ

¼ 1
2

�
aPs � Cs þ Ts2
DPs � Ts1 þ Ts2

þ DPm � Tm1 � bPm þ Cm
DPm � Tm1 þ Tm3

�
(12)

Taking S1 as an example, there are 12 parameters affecting the
size of the area: a, b, Tm1, Tm3, Ts1, Ts2, Cs, Cm,Pm, DPm,Ps and DPs.
Then, the following propositions can be obtained.

Proposition 3. With the increase of b, Tm1, Tm3, Cs, Pm and DPs,
while the other variations do not change, if the size of S1 increases, the
probability that the ESS is (NP, G)will increase. Otherwise, if the size of
S1 decreases, the probability that the ESS is (P, NG) will increase.

Proof. Taking the partial derivatives of S1 with respect to b, Tm1, Tm3,
Cs, Pm and DPs, we obtain

vS1
vb

¼ Pm

2ðDPm � Tm1 þ Tm3Þ
>0; (13)
vS1
vTm1

¼ bPm � Cm þ Tm3

2ðDPm � Tm1 þ Tm3Þ2
>0; (14)

vS1
vTm3

¼ DPm � Tm1 � bPm þ Cm
2ðDPm � Tm1 þ Tm3Þ2

>0; (15)

vS1
vCs

¼ 1
2ðDPs � Ts1 þ Ts2Þ

>0; (16)

vS1
vPm

¼ b

2ðDPm � Tm1 þ Tm3Þ
>0; (17)

vS1
vDPs

¼ Ts2 þ aPs � Cs
2ðDPs � Ts1 þ Ts2Þ2

>0: (18)

Proposition 4. With the increase of a, Ts1, Ts2, Cm, Ps and DPm,
while the other variations do not change, if the size of S1 decreases, the
probability that the ESS is (P, NG)will increase. Otherwise, if the size of
S1 increases, the probability that the ESS is (NP, G) will increase.

Proof. Taking the partial derivatives of S1 with respect to a, Ts1, Ts2,
Cm, Ps and DPm, we obtain

vS1
va

¼ �Ps

2ðDPs � Ts1 þ Ts2Þ
<0; (19)

vS1
vTs1

¼ �Ts2 � aPs þ Cs
2ðDPs � Ts1 þ Ts2Þ2

<0; (20)

vS1
vTs2

¼ �DPs þ Ts1 þ aPs � Cs
2ðDPs � Ts1 þ Ts2Þ2

<0; (21)

vS1
vCm

¼ �1
2ðDPm � Tm1 þ Tm3Þ

<0; (22)

vS1
vPs

¼ �a

2ðDPs � Ts1 þ Ts2Þ
<0; (23)

vS1
vDPm

¼ �bPm þ Cm � Tm3

2ðDPm � Tm1 þ Tm3Þ2
<0: (24)

Proposition 3 and Proposition 4 show that when
a0 <a<a1,b0 < b<b1 and the other factors do not change, the
probability that the ESS is (P, NG) will increase if the green in-
vestment input-output ratio for the suppliers increase or the green
investment input-output ratio for the manufacturers decrease.
Alternatively, if the profit for suppliers who choose NP increases,
the profit for the manufacturers who choose NG decreases or the
cost of the green investment of the suppliers decreases, the cost of
the green investment of the manufacturers increases. If the sup-
pliers are relatively strong, which is one of the obvious scale en-
terprises in the market; the profit is relatively large when the
suppliers choose NP, or the profit will sharply increase when the
suppliers choose P or the cost of the green investment is relatively
low. If these types of suppliers choose green investment, they will
make greater profits. When the government subsidy to the man-
ufacturers increases, the probability for the manufacturers
choosing G will increase; when the government subsidy to the
suppliers increases, the probability that the suppliers will choose P
will increase. The more profit the suppliers obtain from free-riding



(a)                                      (b)

(c)                                       (d)

Fig. 2. The effect of a or b on game equilibrium.
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behavior, the less actively the suppliers chooses P. The more profit
the manufacturesr obtain from free-riding behavior, the less
actively the manufacturers will choose G.

Proposition 5. When probability y is between ½0; yD�, no matter
what strategy the manufacturers choose, suppliers will choose P.
Similarly, when probability x is between ½0; xD�, no matter what
strategy the suppliers choose, manufacturers will choose G.

Proof. After a repeated game, the necessary and sufficient condition
for suppliers to ensure they choose P is that when the manufacturers
all choose a mixed game strategy, the expected profit of the suppliers to
choose P is not less than the expected profit of not choosing P, that is,

y½ð1þ aÞPs � Cs þ Ts1� þ ð1� yÞ½ð1þ aÞPs � Cs þ Ts2�
� yðPs þ DPsÞ þ ð1� yÞPs; (25)

and we obtain

y� aPs � Cs þ Ts2
DPs � Ts1 þ Ts2

¼ yD: (26)

Similarly, it can be proved that the necessary and sufficient
condition for manufacturers to ensure they choose G is that

x� bPm � Cm þ Tm3

DPm � Tm1 þ Tm3
¼ xD: (27)

Proposition 5 indicates that to increase the possibility of suppliers
participating in the GSC, the value of yD should be increased to expand
the value range of y, which can encourage suppliers to choose P.
Similarly, to increase the possibility of manufacturers choosing green
manufacturing, the value of xD should be increased to expand the
value range of x,which can encourage suppliers to choose P. According
to Assumption 4, the government will increase subsidy appropriately
if the suppliers and the manufacturers both choose green investments;
therefore, from Proposition 5, to encourage both sides to choose green
investments, the range of values of x and y should include the inter-
section of ½0; yD� and ½0;xD�; that is, when xD � yD, then x � xDy � xD,
and whenxD � yD, then x � yD,y � yD.

From Eq. (26), yD is proportional to a, Ps, Ts1, Ts2 and is inversely
proportional to Cs and DPs. Therefore, if the other conditions remain
unchanged, to increase the probability that suppliers will choose P, it is
better to increase the green investment input-output ratio for the
supplier, the profit of the suppliers when they choose NP and the
government subsidy to the suppliers, and to decrease the cost of the
green investment of the suppliers and the profit from free-riding
behavior of the suppliers. Similarly, if the other conditions remain
unchanged, to increase the possibility that manufacturers will choose
G, the green investment input-output ratio for the manufacturers
should be increased; it is better to increase the profit of the manu-
facturers when they choose NG, the government subsidy to the man-
ufacturers, and to decrease the cost of the green investment and the
profit from free-riding behavior of manufacturers.
6 http://news.163.com/17/0221/06/CDPFQ9GF00018AOP.html.
5. Numerical simulations

In this section, a simulation of the model is conducted through
MATLAB to further clarify the impact of green investments and
government subsidy of the model.

A manufacturer that produces jeans in the Pearl River Delta in
China developed a jeans supply chain with upstream raw material
suppliers and downstream garment retailers (Fu et al., 2016). It is
assumed that a ¼ 0:46, b ¼ 0:37, Cs ¼ 900, Cs ¼ 900, Ps ¼ 4000,
Pm ¼ 6000, DPm ¼ 1152, and DPs ¼ 1224. Dongguan City,
Guangdong Province, held the 2017 Energy Management Centre
Promotion Conference. According to the actual scale and efficiency of
the enterprises, the recognized green manufacturer enterprises
could receive a financial subsidy of 5 billion yuan to 2 million yuan,
and the general enterprises could also receive a financial incentive of
approximately 6 or 7 billion yuan.6 Thus, it is assumed thatTs1 ¼ 60,
Ts2 ¼ 50, Tm1 ¼ 70, Tm3 ¼ 60. The range of government subsidies to
manufacturers is Tm12½60; 230�, Tm32½50; 200�, and the range of
government subsidies to the supplier is Ts12½50;200�, Ts22½30;170�.
5.1. Effect of green investment on game equilibrium

5.1.1. Effect of the green investment input-output ratio on game
equilibrium

According to Section 4.3, for manufacturers and suppliers, when
the green input-output ratio of an enterprise is different, the
evolutionary stability strategy will change. Based on the above
parameters setting, the effect of a or b on game equilibrium is
discussed when the other variations do not change. The results are
shown in Fig. 2 (a)-(d).

According to Fig. 2 (a), (b), when the other variables do not
change and a2½0:1;0:7�, the ESS is from (NP, G) to (P, NG); this
result is consistent with Proposition 4. According to Fig. 2 (c), (d),
when the other variables do not change and b2½0:1;0:7�, the ESS is
from (P, NG) to (NP, G); this result is consistent with Proposition 3.
In addition, when a decreases or b increases, the time for the sys-
tem to reach (NP, G) is faster; when a increases or b decreases, the
time for the system to reach (P, NG) is faster.

Therefore, when the other conditions remain unchanged, if the
green investment input-output ratio for the manufacturers in-
creases in the jeans supply chain, manufacturers will be more likely
to choose G but suppliers will be less likely to choose P. This result
induces free-riding behavior among suppliers; thus, when selecting
a supplier as a partner, manufacturers should conduct a variety of
inspections and choose carefully.



Fig. 4. The replicated dynamic diagrams for each side.
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5.1.2. Effect of the green investment initial market proportion on
game equilibrium

In this section, the effect of the green investment initial market
proportion on game equilibriumwill be analyzed. According to the
values of x and y, two scenarios are considered. First, a special case
is discussed; that is, when x ¼ xD, the effect of y on the manufac-
turers' behavior is discussed, andwhen y ¼ yD, the effect of x on the
suppliers’ behavior is discussed. Second, a general case is discussed;
that is, when x and y changes simultaneously, the dynamic evolu-
tion of suppliers and manufacturers is discussed.

In the special case, when y ¼ yD ¼ 0:8155, the effect of x on the
suppliers' behavior is shown in Fig. 3 (a); when x ¼ xD ¼ 0:7706,
the effect of y on the manufacturers’ behavior is shown in Fig. 3 (b).

According to Fig. 3 (a) and (b), when x ¼ xD and y ¼ yD, the
game achieves the mixed strategy Nash equilibrium. Therefore, as
t/∞, 77.06% of suppliers will choose P and 81.55% of manufac-
turers will choose G. According to Fig. 3 (a), when y ¼ yD and x2 ½0;
1�, the ESS will be different. When x2ð0;0:7706Þ, the suppliers will
choose NP, which corresponds to line segment AE in Fig. 4, where
the coordinate of E is ð0:7706;0:8155Þ and E is the saddle point of
the system. Line segment AE is in region I, whichmeans that the ESS
is (NP, G). When x2ð0:7706;1Þ,the suppliers will choose P, which
corresponds to line segment EB in Fig. 4. Line segment EB is in re-
gion III, where the ESS is (P, NG). This result is consistent with
Proposition 2. From Fig. 4, when x2ð0;0:7706Þ, the smaller the x is,
the closer it is to point A and the faster the system will reach the
ESS. The larger the x is, the closer it is to point E and the slower the
systemwill be to reach the ESS. Similarly, when x2 ð0:7706;1Þ, the
smaller the x is, the closer it is to point E and the faster the system
will be to reach the ESS. The larger the x is, the closer it is to point B
and the slower the system will be to reach the ESS.

Similarly, according to Fig. 3 (b), when y2ð0;0:8155Þ, the ESS for
manufacturers is to choose NG, which corresponds to line segment
DE in Fig. 4. Line segmentDE is in region IV, where the ESS is (P, NG).
The larger the y is, the closer it is to point E and the slower the
system will be to reach the ESS and, conversely, the faster the
system will be to reach the ESS. When y2ð0:8155; 1Þ, the ESS for
manufacturers is to choose G, which corresponds to line segment
EC. Line segment EC is in region II, where the ESS is (NP, G). The
larger the y is, the closer it is to point C and the faster the system
will be to reach the ESS, and conversely, the slower the systemwill
be to reach the ESS. This conclusion is consistent with the results
obtained in Mahmoudi and Rasti-Barzoki (2018).

In general, when the green investment initial market proportion
keeps changing, x and y are in the range of ½0;1�; the value of
suppliers' dynamic evolution result is shown in Fig. 5 (a), and the
value of manufacturers’ dynamic evolution result is shown in Fig. 5
(a)                                       (b)

Fig. 3. a. Effect of x on the suppliers' behavior. b. Effect of y on the manufacturers'
behavior.
(b).
According to Eq. (7), when y ¼ yD ¼ 0:8155, _f 1 ¼ dx=dt ¼ 0;

therefore, y ¼ 0:8155 is the critical point. When 0 � y<0:8155,
_f 1 ¼ dx=dt >0, and _f 1 is a convex function with respect to x;

therefore, v
_f 1

vx

������ x ¼ 1 < v _f 1
vx

������ x ¼ 0:5 ¼ 0. Hence, x ¼ 1 is the stability

point, and the suppliers will choose P. When 0:8155< y � 1, _f 1 ¼
dx=dt <0, and _f 1is a concave function with respect to x. Hence,

v _f 1
vx

������ x ¼ 0 < v _f 1
vx

������ x ¼ 0:5 ¼ 0, x ¼ 0is the stability point, and the

suppliers will choose NP. Similarly, according to Eq. (8), when x ¼
xD ¼ 0:7706, x ¼ 0:7706is the critical point. When 0 � x<0:7706,
y ¼ 1is the stability point and the manufacturers will choose G.
When 0:7706< x � 1, y ¼ 0is the stability point and the manu-
facturers will choose NG. These results are consistent with
Proposition 5.

By combining Fig. 5 (a) and (b), two conclusions can be obtained.
Conclusion 1 The dynamic evolution function of the suppliers

and the manufacturers is a concave-convex function. The critical
point is the demarcation point of decision making. When the dy-
namic evolution function is a convex function, the dynamic evo-
lution value is positive. The final evolution strategy is that suppliers
choose P or manufacturers choose G. When the dynamic evolution
function is a concave function, the dynamic evolution value is
negative. The final evolution strategy is that suppliers choose NP or
manufacturers choose NG.

Conclusion 2 The supplier dynamic evolution function image is
symmetrical with respect to x ¼ 0:5, and the manufacturer dy-
namic evolution function image is symmetrical with respect to y ¼
0:5. This condition indicates that the choice of supplier and
manufacturer in the initial state is equally probable, and the final
equilibrium state of the game is the result of the game between the
two sides.

5.2. Effect of government subsidy on game equilibrium

When a>a0 and b>b0, the ESS of system (S) is (NP, G), (P, NG) or
(P, G). This section will analyze the effect of Ts1, Tm1, Ts2 and Tm3 on
the green investment behaviors of suppliers and manufacturers.

5.2.1. Effect of Ts1 and Tm1 on game equilibrium
According to the parameter settings and Lemma 1, the ESS of

system (S) is (NP, G) or (P, NG). The government subsidy should be



(a)                                       (b) 

Fig. 5. a. The value of suppliers' dynamic evolution. b. The value of manufacturers' dynamic evolution.

(a)                                    (b)

Fig. 6. a. Effect of Ts1 on the suppliers' behavior. b. Effect of Tm1 on the manufacturers'
behavior.
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raised to Tm1 > Tm0 ¼ 332 and Ts1 > Ts0 ¼ 284 if the ESS of system
(S) is (P, G). Therefore, the subsidy given by the government is
insufficient for both sides to choose a green investment strategy.

To intuitively analyze the effect of government subsidy policies
on reducing free-riding behavior in the market, when the other
parameters do not change, the effect of Ts1 on the suppliers'
behavior is shown in Fig. 6 (a). The effect of Tm1 on the manufac-
turers’ behavior is shown in Fig. 6 (b).

According to Fig. 6 (a), when Ts1 >284, the supplier will choose
P. When Ts1 <284, the supplier will choose NP; that is, suppliers
will choose free-riding behavior. When Ts1 ¼ 284, the strategy of
the suppliers does not change; that is, half of suppliers will
continue to choose NP, and half of suppliers will choose P. In
addition, Fig. 6 (a) shows that when Ts1 >284 andTs1 increases, the
time for the suppliers to reach the ESS of choosing P is shorter.
When Ts1 <284 and Ts1 decreases, the time for the suppliers to
reach the ESS of choosing NP is shorter. Similarly, when Tm1 >332,
manufacturers will choose G. When Tm1 <332, the manufacturers
will choose NG; that is, manufactures will choose free-riding
behavior. When Tm1 ¼ 332, the strategy of manufacturers does
not change. Furthermore, Fig. 6 (b) shows that when Tm1 >332 and
Tm1 increases, the time for the manufactures to reach the ESS of
choosing G is shorter. When Tm1 <332 and Tm1 decreases, the time
for the suppliers to reach the ESS of choosing NG is shorter.

5.2.2. Effect of Ts2 and Tm3 on game equilibrium
According to the parameter settings and Lemma 1, the ESS of

system (S) is (NP, G) or (P, NG). Different values of Ts2 and Tm3 can
make the time to ESS of system (S) change.
To intuitively analyze the effect of government subsidy policies

on facilitating suppliers' and manufacturers' choice of green in-
vestment in the market, when the manufacturers choose NG and
the other parameters do not change, the effect of Ts2on the sup-
pliers' behavior is shown in Fig. 7 (a). The effect of Tm3on the
manufacturers’ behavior is shown in Fig. 7 (b).

When a>a0 and b>b0, according to Fig. 7(a), the change of the
value of Ts2 will not affect the ESS when the manufacturer chooses
NG, and the ESS of system (S) is (P, NG). When Ts2 increases, the
time for the system to reach the ESS is shorter. According to
Fig. 7(b), the change of the value of Tm3 will not affect the ESS when
the suppliers choose NP, and the ESS of system (S) is (NP, G). When
Tm3 increases, the time for the system to reach the ESS is shorter. In
this case, the government can formulate subsidy policies according
to the speed at which suppliers and manufacturers in the market
are expected to choose a green investment strategy. If the gov-
ernment has no financial constraints, when the number of sup-
pliers or manufacturers with green investments in the market
increases slowly, the government can increase Ts2 or Tm3. If the
government has financial constraints, it is not necessary for the
suppliers and manufacturers choose green investment in a short
time, and the government can keep Ts2 and Tm3 at a lower level.

6. Conclusions

6.1. Implications for theory and practice

In this study, the green investment behavior between suppliers
and manufacturers in the evolutionary process has been studied
under a government subsidy mechanism. This paper draws con-
clusions from both theoretical and practical perspectives.

From a theoretical perspective, the implications are as follows.
(1) The strategies of suppliers and manufacturers are affected by
the cost of the green investment, the green investment input-
output ratio, the profit from free-riding behavior and the govern-
ment subsidy.When the green investment input-output ratio of the
suppliers and manufacturers changes in different ranges, the ESS
will change accordingly. (2) When the green investment input-
output ratio is within a particular range, the system may
converge to two different ESS, and then, the external factors
become the important factors that affect the evolutionary stability
of system. (3) Governments have played an important role in
encouraging enterprises to make green investments. When the
green investment input-output ratio of suppliers and



(a)                                    (b)

Fig. 7. a. Effect of Ts2 on the suppliers' behavior. b. Effect of Tm3 on the manufacturers'
behavior.
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manufacturers is not low, if the government subsidy is increased to
a particular range, the ESS can be (P, G). According to the numerical
simulation, the results show that if there are increases in the gov-
ernment subsidy, the time for the system to reach the ESS is faster.

From a practical perspective, we propose several conclusions.
For the government, if it effectively sets the optimal subsidy, it can
reduce free-riding behavior in the market. The government subsidy
can encourage suppliers and manufacturers to make green in-
vestments. Given the green investment initial market proportion,
the trend of evolutionary stability in the future can be determined;
thus, it is possible for the government to understand the overall
situation and facilitate further macro-control of the market. For
enterprises, the leading manufacturers in the supply chain choose
partners that can increase their profits and are more environ-
mentally friendly according to their investment input-output ratio
and can rationally screen out the suppliers who free ride. Moreover,
because the initial proportion of green investment can predict the
trend of future evolution in the market, it is possible to make cor-
rect strategic choices in advance according to the strategic choices
of the existing enterprises in the market.
6.2. Limitations and directions for further research

The above conclusions provide a theoretical basis and practical
suggestions for the decision making of suppliers or manufacturers
and government in formulating GSC subsidy policies. However, this
study has the following two limitations that should be addressed in
future research. First, this study was conducted with the assump-
tion that there is no contract between the supplier and the
manufacturer. In the market, there is often a cooperation contract
between the manufacturer and the supplier, which has the coop-
eration demand. Second, this study did not consider the changes in
actual consumer demand, because the change in consumer demand
is sensitive to many factors.

This study could be extended as follows. First, supply chain
coordination aims at improving supply chain performance by
aligning the plans and the objectives of individual enterprises; thus,
future research can focus on the mechanism for coordinating the
decentralized green supply chain. Second, consumer demand is one
of the important reasons that enterprises choose to go green
(Ghosh and Shah, 2012); therefore, it would be interesting to
consider the impact of the sensitivity of consumer demand on key
optimal decisions. Third, for managers or governors who are
looking for good strategies to facilitate further macro-control of the
markets, it would be very interesting to consider the organizational
strategy performance because strategy evaluation is an important
part of the strategic management process (Gunasekaran et al.,
2004; Sobhanallahi et al., 2016a, 2016b). Furthermore, future
research can focus on maintenance techniques (Duan et al., 2018)
and rewards-driven systems (Gharaei et al., 2015) to facilitate
further macro-control of the market.
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