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Abstract: The green supply chain realizes the unification of economic and environmental
benefits through green manufacturing, green circulation and reverse logistics, and represents an
important way to reduce emissions. The characteristics of the green supply chain network,
however, can encourage some companies to exhibit “free-riding” behavior, participating without
being willing to reduce emissions directly themselves. This paper applies an evolutionary game
model to a two-level green supply chain composed of green suppliers and green manufacturers in
order to analyze a variety of internal and external factors that affect the behavior of both parties in
the game, and thence numerically simulate the evolution and stability trend of coordinated
reductions in emissions. The results identify many cases of system evolution but the only stable
evolution strategy is when both (1) the sum of collaborative emission reduction benefits and
government subsidies is greater than the sum of collaborative emission reduction input costs and
"free rider" benefits, and (2) the increased rate of unilateral emission reduction benefits is greater
than the ratio of costs to original benefits. Income arising from collaborative reductions in
emissions, enterprise original income, income from unilateral reductions in emissions increase
ratio, government subsidy coefficient and achievement reward base can directly affect the system
evolution path. The larger these value, the greater the probability of green suppliers and green
manufacturers choosing collaborative reductions in emissions, and the faster the system
convergence speed. Only the imposition of regulatory punishments above the threshold will affect
the "free riding" behavior of enterprises and drive the upstream and downstream enterprises of the
green supply chain to reduce emissions faster.

Keywords: Government regulation; Green supply chain; Coordinated emission reduction;
Evolutionary game



1. Introduction

The link between environmental pollution arising from industrialization and global climate
change has become increasingly well understood, and subject to government intervention. The EU
launched the European Green agreement and the United States returned to the Paris Agreement,
announcing that the GDP of carbon neutral countries has exceeded three quarters of the world. At
the same time, China put forward the "3060 target" and launched the world's largest carbon
trading market. Many scholars have optimized the design of urban transportation system (Bi et al.,
2021; Zhang et al., 2018; Shang et al., 2020), buildings (Yan et al., 2019), distributed energy (Qiu
et al., 2021; Xing et al., 2019) and oil pipelines (Yuan et al., 2018) to find the path and method of
energy conservation and emission reduction. If these efforts are to deliver meaningful change,
however, commercial enterprises need to effect significant reductions in carbon emissions across
their operations. A key element in such change is the supply chain—an integrated organizational
form of many enterprise groups, which can achieve cross-industry and cross-regional
collaboration. Traditional supply chains pay attention to the CO; reduction of individual and
ignore the cooperative emission reduction of the whole system have been difficult to adapt to the
low-carbon competition environment, however, and green supply chains have thus become the
mainstream direction of future development. There are many enterprises in the upstream and
downstream of the green supply chain, and some of these have transformed into intelligent and
low-carbon green enterprises through technological change or product structure adjustment. The
examples and guidance provided by these enterprises, and technology diffusion, can reduce the
overall level of carbon emissions in the supply chain. At the same time, in the processes of
pollution control and low-carbon production, they are inseparable from relevant government
systems Financial and monetary policy support. How to improve the willingness of green
enterprises in the upstream and downstream of the green supply chain to cooperate in emission
reductions under the regulation of the government is therefore of great practical significance.

1.1. Literature review

Many scholars have conducted research on how to realize the network design (Wang et al.,
2019), optimization and coordination, low-carbon and environmental protection (Zwickl-Bernhard
et al., 2020) of the green supply chain. Waltho et al. (2019) pointed out that the conventional green
supply chain network design policies mainly include carbon taxes, carbon quotas, carbon offset,
and quota transactions. Based on data from a multinational clothing company, Fahimnia et al.
(2018) proposed a supply chain network model that is both green and flexible. Guo et al. (2021)
used the contract model of cooperative game theory to study the cost-sharing strategy for reducing
carbon emission levels in the green supply chain. Luo et al. (2021) constructed a multi-stage game
model in multiple scenarios to analyze the changing laws influencing factors such as green
after-sales services, product greenness, and equilibrium prices to solve the information-sharing
problem of green services provided by manufacturers in two competitive green supply chains. Han
et al. (2021) established a Stackelberg game model to study the impact of government subsidies
and retailers' fairness concerns on the optimal pricing, greenness decision-making and main profits
of the green supply chain. Jamali et al. (2018) and Liu et al. (2021) studied the pricing strategy of
green and non-green products by constructing a dual-channel Stackelberg game model. Madani et
al. (2017) conducted a sensitivity analysis on key factors such as governance tariffs, green
strategies, and pricing policies by constructing a government-led competition game model



between green supply chains and non-green supply chains. Ma et al. (2019) studied the green
R&D financing issues of green manufacturers and conventional manufacturers by comparing three
game models of partial concentration, government subsidies and two-part tariff contract scenarios.
Considering the "free rider" behavior of online retailers, Jing et al. (2019) established a contract
model for a dual channel green supply chain, arguing that revenue sharing and cost sharing
contracts can realize system coordination. Wang (2019) and Zhou (2020) developed the MILP
model to help decision makers plan oil pipeline supply chain networks. Yang et al. (2022) and
Shang et al. (2020,2022) then studied the green manufacturing process of distribution transformers
and the optimization of urban road transport networks.

China is establishing the world's largest carbon dioxide emission trading system (ETS) to
achieve the goal of "carbon peak and carbon neutralization" faster through the coordination of
environmental regulation objectives and government policies. Many scholars have studied the
efficiency with which regulation achieves environmental protection. Springer et al. (2018) used a
general equilibrium (CGE) model to simulate the interaction between structural transformation
policy and a national ETS. Lin et al. (2019) used a seven scenario equilibrium model of an ETS to
study the impact of government fines on carbon emission intensity, the economy and the
environment. Shen et al. (2019) studied the impact of different environmental regulations on the
total factor energy efficiency of the industrial sector. Ouyang et al. (2020) used provincial panel
data to study the relationship between environmental regulations and energy saving and emission
reduction technologies. Guo et al. (2019) analyzed data from thirty provinces and cities in China
from 2007 to 2016 to find that environmental regulations (ER) have an agglomerative effect on a
province’s green credit (GC) and green technology innovation (GTI). Jiang et al. (2019) studied
the interactive process underpinning the evolution of the environmental regulation strategies of
local government regulators (LG), central government planners (CG) and the polluting enterprises
(PE) that were regulated. It is inherent in these models that enterprises focus on their own interests,
and that the decisions as to whether to carry out energy conservation and emission reduction are
affected by the evolution of government policies. Tan et al. (2020) studied the impact of carbon
tax policy on the ecological efficiency of China's energy-intensive industries. Axsen et al. (2020)
and Shang (2020,2021) summarized the existing combination of climate and road traffic policies,
and pointed out that it is rapidly to achieve transportation emission reduction targets through a
comprehensive combination of policies, dominated by strict regulations and supplemented by
pricing mechanisms. He et al. (2019), however, pointed out that lower government subsidies can
still have a significant effect in reducing emissions in the waste incineration power generation
industry. Xu et al. (2019) established a game model between government regulation and
consumers, to analyze and compare four different government subsidy strategies, finding that the
is most profitable approach was to subsidize supply chain members meanwhile. Li et al. (2020)
used a DE-SSA algorithm to analyze the impact of four different carbon emission policies
(emission cap, carbon tax, carbon trading and carbon offset) on coal supply chain network
optimization. From the perspective of cities, rather than organizations, meanwhile, some scholars
have also studied the impact and guidance of macroeconomic policies on the development of
low-carbon cities (Afzali et al., 2020; Chen et al., 2020; Zhao et al., 2019).

Based on the limited rationality of stakeholders, evolutionary game theory can dynamically
evolve to reflect the decision-making behavior of participants, and the influence of the external
environment (Liu et al., 2021). It is often used in research into the green supply chain and
government environmental regulation. Shao et al. (2021) combined the evolutionary game method
and the idea of system dynamics to model the influence paths of government subsidies, policy



measures, enterprise green achievement quality and green management level. Xu et al. (2019)
applied evolutionary game analysis to the green investment strategies of suppliers and
manufacturers in the secondary green supply chain, pointing out the importance of government
regulation. Zhu et al. (2021) built a reverse supply chain composed of third-party recyclers and
retailers, compared the evolutionary equilibrium strategies of government participation and
government non-participation, and found that, when the government participates, the system can
achieve cooperation results faster. Tang (2019), meanwhile, compared the differences between
dual-species evolutionary game theory and the Nash equilibrium theory, to analyze the issue of
how governments, enterprises, and consumers compete in reducing emissions in the green supply
chain. Huang et al. (2021) applied the idea of evolutionary game to the practice of construction
projects, developing an independent symbiotic density game model of whether developers should
build green or traditional buildings. Finally, Dong et al. (2021) studied the optimal boundary
problem of the amount of government subsidies by constructing evolutionary game models under
different supervision situations, finding that the government's issuance and supervision of
low-carbon subsidies should meet certain conditions.

1.2. Bibliometric analysis and literature gaps

In addition to the above literature review, this paper uses VOSviewer software to conduct a
bibliometric analysis of the field. This is intended to help grasp the status of research status into
green supply chains and low-carbon supply chains as a whole, offering a quantitative
summarization of the current practices of carbon emission management, and thus clarifying the
research hotspots and frontiers in respect to green supply chains, The data comes from the core
collection database of Web of Science (WOS), with "supply chain" and "carbon emission
reduction" as keywords, the retrieval time span is nearly ten years, and excludes conference papers,
editorial comments, papers unrelated to the research topic. The search returned an initial set of
1214 articles, which were then refined manually by reviewing the dimensions of the research
topics of the selected studies according to the abstracts and publication years. The results are
shown in Figures 1 and 2. Figure 1 shows the most important and popular research topics in the
field of supply chains and carbon reduction, clustered by relevance to form six main clusters,
represented in the figure with different colors. In the past ten years, scholars' research has mostly
focused on: (1) Low-carbon transformation of energy and manufacturing (Chen et al., 2019; Kim
et al.,, 2019; Tan et al., 2018; Zhu et al., 2020); (2) Calculation of and influencing factors for
carbon footprint intensity and carbon emission efficiency (Xu et al., 2014; Long et al., 2016; Yu et
al., 2018; Ma et al., 2019); (3) Research on the roles of government, carbon taxes, subsidy
mechanisms, carbon trading mechanisms, etc. (Memari et al., 2018; Chen et al., 2018; Zhang et al.,
2020); (4) Green supply chain management, supply chain coordination and optimization
mechanisms (Pathak et al., 2020; Peng et al., 2018; Safarzadeh et al., 2019); (5) Enterprise
strategic decision-making from the perspective of environmental regulation and life cycles
(Hedayati et al., 2018; Zhong et al. and Zappa et al., 2019); (6) Game theory analysis among
supply chain members, risk preferences and low-carbon consumption behavior of consumers (Zu
et al., 2018; Le et al., 2020; Wang X et al., and Wang Z et al., 2018). At the same time, it can be
seen from Figure 2 that, in the past five years, the research hotspots of carbon emission reduction
have gradually expanded from traditional high-energy-consuming industries such as electricity
and energy to the field of consumer services. How to further highlight the key role of innovation
and technology and build a resource-sharing platform to promote collaboration between upstream



and downstream enterprises has also become an important research topic in the coordination and

optimization of green supply chains and low-carbon supply chains.
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Figure 1. Distribution of research hotspots in the field of supply chain and carbon reduction
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Figure 2. Knowledge mapping of research publication times in the field

Combining the results of the literature review and bibliometric analysis, it is evident that the
existing research focuses on the development path of the green supply chain, environmental
regulations, and the influence of government policies on the members of the supply chain, but that
less attention has been paid to the game behavior between enterprises in the green supply chain. In
particular, the following problems are still to be solved.

(1) Scholars mainly use game models and empirical research methods, but most of the
research uses static evolutionary game models. The equilibrium strategy between enterprises and
enterprises, and enterprises and government is not a static process however, hence the static
evolutionary game is inherently not well-suited to the analysis and study of such problems.

(i1)) Most of the existing literature focuses on the interaction between government and
enterprises to study the impact of government environmental regulation strategies on enterprise



energy efficiency and low-carbon investment strategies. Government external policy regulation
and supervision on its own, however, is insufficient to effect radical revision of enterprises’
emission reduction activities.

(iii)) While many scholars use evolutionary game methods to analyze the behavioral
decision-making among the government, enterprises and consumers, few consider "free-riding"
behavior. How to avoid speculation in emissions reduction by green supply chain members has
become an urgent and difficult issue to be addressed.

1.3. Contributions of this work

Relying on external government supervision alone cannot effectively improve the emission
reduction efficiency of the green supply chain, and collaboration between upstream and
downstream enterprises in the green supply chain is still required if systematic emission
reductions are to be achieved. From the internal perspective of the green supply chain, therefore,
this paper adopts as its research object the collaborative emission reduction activities of upstream
and downstream enterprises, considering the external regulation measures of the government. To
this end, the paper constructs an evolutionary game model between green suppliers and green
manufacturers, analyzes the factors influencing collaborative emission reductions under different
circumstances, and finally obtains the evolutionary stable strategy for collaborative emission
reduction of upstream and downstream enterprises in the green supply chain. This work is
intended to act as a reference to assist governments seeking to formulate environmental policies
and enterprises engaged in low-carbon decision-making. Accordingly, the main contributions of
the paper are shown as follows:

(i) Unlike the existing literature, which mostly take the government and enterprises as
evolutionary game subjects, this paper constructs an evolutionary game analysis framework
between upstream suppliers and downstream manufacturers in the green supply chain. The paper
thence investigates the influence of external government subsidies, incentives and other support
measures on the evolutionary game results in respect to the coordinated emission reductions of
upstream and downstream enterprises.

(i1) The paper builds a mathematical model to analyze the impact of collaborative emission
reduction revenue, "free rider" revenue, carbon emission reduction investment and other internal
factors of the supply chain on the system evolution results of upstream and downstream
enterprises collaboration within the green supply chain under different emission reduction
scenarios.

(ii1) The paper discusses the evolution of the green supply chain of upstream and downstream
enterprises, and intuitively reflects on the evolutionary driving forces and trends in collaborative
emission reductions of enterprises under government control. From this basis the paper proposes
ways in which government regulation could help to promote the cooperation of upstream and
downstream enterprises in respect to emission reductions.

The rest of this paper is organized as follows: Section 2 outlines the research framework and
basic assumptions, and then establishes the payment matrix of upstream and downstream
enterprises in the green supply chain. Section 3 analyzes the stable strategy of system evolution
and identifies the influences of each parameter on the result of dynamic evolution. Section 4
verifies the above model and theorem through the simulation of an actual case. Finally, section 5
summarizes the conclusions of the study, and makes suggestions for management and government,

as well as identifying avenues for future research.



2. Methodology

The main body of the game model presented in this paper is the upstream green supplier and
downstream green manufacturer groups in the green supply chain. Each time, a pair is randomly
selected from these two groups to conduct multiple cooperative emission reduction games. Both
the green supplier group and the green manufacturer group are rationally bounded, and cannot
accurately know each other's income function and strategy choice. This makes it difficult to make
the optimal decision and carry out long-term cooperation and thus the process of adjusting and
improving the strategy to reach evolutionary stability can take some time (Zhang et al., 2019,
2020). The corporate behavior strategy space for collaborative emission reduction in the model is
abbreviated as (7, N) . Collaborative emission reduction includes low-carbon technology research

and development, low-carbon environmental protection of raw materials, and transportation of
parts and products, and the greening of the production processes so as to reduce the overall carbon
emission intensity of the green supply chain. At the same time, based on the double carbon goal,
all levels of government have strengthened their support for the green supply chain and actively
promoted the low-carbon transformation of traditional industries. This comes in the form of policy
guarantees from government subsidies, technology investment, risk compensation and other
aspects (Chen et al., 2018; Sun et al., 2019). Governments are also constantly strengthening their
supervision, hoping to guide upstream and downstream enterprises of the green supply chain to
reduce emissions and improve social benefits through macro-control. The research framework is

shown in Figure 3, followed by a statement of the corresponding assumptions:
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Figure 3. Analytical framework for carbon reduction by upstream and downstream
enterprises in green supply chains under government regulation
(1) If neither the green supplier nor the green manufacturer is willing to carry out coordinated
emission reduction in respect to the product provided by the green supply chain, the unit product
carbon footprint has not changed, the low-carbon level of the product has not been significantly
improved, and consumers will not pay higher prices. At this time the income of the green supplier

and the manufacturer are v, and v, respectively.

(2) When only one of the green supplier or green manufacturer hopes to break through the
existing green level to reduce carbon emissions through measures such as new technology
research and development, process optimization, the party that does not carry out coordinated
emission reduction will nonetheless get shared benefits, and thus a "free rider" effect (Guo et al.,
2020; Ke et al., 2021; Liu et al., 2020). This is because consumers want to buy more green
products, and both parties in the supply chain will benefit from this. It is assumed that the green



supplier and manufacturer who carry out coordinated emission reduction, that is, increase the
low-carbon input, obtain the benefits respectively as (1+ A)v,,(1+ w)v,,A > u ,where A, p is the
rate of increase in revenue, and the shared benefit for the party that does not invest in low-carbon
emission reduction is £,(i =1,2).

(3) When both green suppliers and green manufacturers have reached a cooperative
willingness to reduce emissions, they have both contribute to reducing carbon dioxide emissions
across the supply chain, thereby enhancing the green competitiveness of their products and
consumers' desire to buy. At this time, the green supplier and green manufacturer's collaborative
emission reduction input costis ¢, (i =1,2), the added benefitis w,,w,,and w, > Av,,w, > uv,.

(4) In order to encourage the green supply chain game, the government wants to support
collaborative emission reduction, and thus subsidizes ac;(i=1,2) the costs incurred by relevant
enterprises when adopting collaborative emission reduction strategies, in which & €[0,1]is the

strength of government subsidies. When the green supply chain members play a leading role in
low-carbon environmental protection, sustainable development and social responsibility to create
social benefits, the collaborative emission reduction results that meet the conditions are rewarded
pb, where b is the reward base set by the government, [ is the social benefit coefficient, and

the reward is obtained according to the distribution coefficient 77 €[0,1] distributed between
green suppliers and green manufacturers. At the same time, the government will impose a fine of
md on the "free rider" party. m €[0,1] is the government supervision coefficient and d is the

maximum fine. If neither party chooses collaborative emission reduction, they will not be
punished. Therefore, the payment matrix of both parties in the game of green supply chain
members under government regulation is obtained, as shown in Table 1.

Table 1. Payout matrix of both parties in the game

Green manufacturer

Coordinated emission Uncoordinated emission
reduction reduction
.Co.ordlnated. v —¢ +w +ac +npb, (A4 A=, + v, +k, —md
Green emission reduction v, —c, +w, + ac, + (1-1)Bb
Supplier Uncoordinated
vi+k —md, (1+p)y,—c, Vis Y,

emission reduction

3. Evolutionary game analysis of collaborative emission reductions by
enterprises

3.1. Equilibrium point analysis of the evolution process

Assume that the proportion of members of the upstream green supplier group who choose the
coordinated emission reduction strategy is [x, and the proportion of members who choose the
non-coordinated emission reduction strategy is 1—x. At the same time, the proportion of the
members of the downstream green manufacturer group who choose the cooperative emission
reduction strategy is |y, and the proportion of the members who choose non-coordinated emission

reduction is 1— y. And the proportion of members x,y €[0,1] is a function of time ¢.

At this time, the benefits of the collaborative and non-collaborative emission reduction



strategies selected by the green supplier group are as follows:

7w, =y, —c +w +ac +npBb)+(1-»)A+ Ay, —¢] (1)

7w, =y, +k —md)+ 11—y (2)

The average expected benefit of the green supplier group is:

7y = xr, +(1-x)r, 3)

According to evolutionary game theory, the replication dynamic equation of the green
supplier group is obtained by:

F(x)=dx/dt =x(z,, —7;) = x(1-x)(7,, — 7,,) @)
=x(1-x)[y(w, +ac, +npb+md —k, — Av))+ Av, —¢,]

And, the coordinated emission reduction, non-coordinated emission reduction and expected

benefit function of the green manufacturer group are:

oy = X[V, —c, +w, + ac, +(1—-n) bl + (1 —x)[(1+ )v, — ¢, ] )
7,, =x(v, +k, —md)+(1—x)v, (6)
7_Zm =y, t (I- y)”mz (7

In the same way, the dynamic replication equation of the green manufacturer group is
obtained by:
F(y)=dy/dt=y(@, ~n) = y(1= )T, = 7,5)
=y(1—y)[x(w2 +ac, +(1_77)ﬁb+md —HY, _k2)+,uv2 _Cz]

The two-dimensional dynamic system of green suppliers and manufacturers under

®)

government regulation is obtained from equations (4) and (8)
Fx)=x(1-x)[yW, +ac, +npb+md —k, — Av))+ Av, —¢]
{F(y) =y(1-y)x(w, +ac, + 1=n)pb+md — uv, —k,)+ puv, —c, |
Let equation group F(x)=0 and F(y)=0 , hence we can obtain x=0,1 or

)

_ G~ M,
w, +ac, +(1-1)pb+md — uv, -k,

X , indicating that the proportion of collaborative emission

reduction cooperation with downstream suppliers in the green supplier group is stable. When
¢ — Ay
w, +ac, +nfb+md —k — v,

y=0,1 or y= , it indicates that the proportion of collaborative

emission reduction cooperation with upstream suppliers in the green manufacturer group is stable.
That is, five local equilibrium points (0,0), (0,1) , (1,0), (1,1) and (x,y) of the

evolutionary game model are obtained.

3.2. Stability analysis of equilibrium

According to Friedman's discriminant method, the equilibrium point obtained above is not
necessarily the evolutionary stable strategy of the system. Instead, the stable collaborative
emission reduction strategy of green suppliers and manufacturers based on government regulation
can be obtained by judging the local stability of the Jacobian matrix of the system; that is, the
local equilibrium point satisfying condition det(J)>0,#(J)<0is the evolutionary stability

strategy (ESS) of the system. We find the partial derivative with respect to the equation system (9)
to obtain the following Jacobian matrix:



e (1=20)[y(w +ac, +npb+md -k - Av)+ v, —¢]  x(1=x)(w, +ac, +nfb+md -k - Av)) (10)
y(1=y)w, +ac, +(1-n)pb+md - uv, -k, (1=2y)[x(w, + ac, +(1=n) fb+md - uv, —k)) + pv, - ¢,

Table 2. The value of the determinant and trace of each equilibrium point

point det(J) tr(J)
(0,0 (Av = )(uv, =¢,) (Avy =¢)) +(uv, —c,)
(0,1) —(w, +npb+md +ac, —c, —k)(uv, —c,) W +npb+md+ac, —c,—k)—(uv, —c,)
(1,0 —(Av, —¢e)w, + (A=) Bb+md +ac,—c, —k,] —(Av,—¢)+[w, +(1-1)Bb+md +ac, —c, —k,]
(D) (W, +npb+md +ac, —c, —k)x —-(W +npb+md+ac,—c,—k)—
[w, +(1-n)Bb+md +ac, —c, —k,] [w, +(1-n)Bb+md +ac, —c, —k,]
(")) — 0

Theorem 1: The government participates in the coordinated emission reduction game
between upstream and downstream companies in the green supply chain through incentives, cost
subsidies, and fines. This means that different reward bases and supervision efforts will have an
impact on stable evolution strategies. At the same time, changes in parameters, such as the benefits
arising to green suppliers and green manufacturers from cooperative emission reduction, their
respective free-riding benefits, and emission reduction input costs will also change the results of
the system evolution game. The details are as follows:

(1) When w, +nBb+ac, >c,+k,—md, A >4, w, +(n—Dpb+ac, >c, +k,—md , u>c—2
Vi Vs
the evolutionary stable strategy of the system is (T, T).
(2) Whenw, +nBb+ac,>c,+k—md , 0<A<<, w +n-1)pb+ac, <c,+k —md ,
V,

1

O<pu< 2 the evolutionary stable strategy of the system is (N,N).

V2

(3) Whenw, +npb+ac, <c, +k —md , 0<i<<, w,+(n-Dpb+ac, <c,+k,—md ,
%

1

o> 2 the evolutionary stable strategy of the system is (N, T).
V2

(4) Whenw, +npb+ac, >c, +k —md , 1> a, w, +(n—-Dpb+ac, <c,+k,—md , u > &
\Z V2
the evolutionary stable strategy of the system is (T,N).
(5) Whenw, +nBb+ac, >c,+k,—md , 0<A <i—‘ y wy+(m-Dpb+ac, >c,+k,—md ,

1
¢ . .
0< u<-2 the evolutionary stable strategy of the system is (N,N) or (T,T).
V2
Proof: bring in the value of the equilibrium point and judge the positive and negative symbols
of the matrix determinant and trace values at each equilibrium point; get five typical evolutionary
game processes of whether green suppliers and green manufacturers carry out collaborative
emission reduction cooperation; and draw the game phase diagram, as shown in Figure 4.
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Figure 4. Phase diagram of the evolutionary game between the two parties of the system in
different situations

3.3. Evolutionary game analysis

The following analysis results can be obtained from the above phase diagram:

(1) If the income from collaborative emission reduction by green suppliers and green
manufacturers, plus the income from government subsidies and incentives for green supply chains,
is greater than the difference between the input cost of collaborative emission reduction and the

balance of the free rider income and penalty, ie. w +nBb+ac >c +k—md ,
w, +(n—-1)pBb+ac, >c, +k, —md . At the same time, the income increase ratio of green suppliers

and manufacturers for separate emission reductions is greater than the ratio of emission reduction

. . . c c - -
input costs and income, thatis, A >-1, u>-2.As shown in Fig 4 (a), the carbon emission of the
\2 Y

2
green supply chain is reduced and the income increases greatly. Finally, both sides of the game are
willing to cooperate in emission reduction.

(2) If the government gives more support to upstream green suppliers by increasing cost
subsidies and achievement incentives, i.e. w, +178b+ac, >c, +k —md . Yet, on the other hand,

the support for downstream retail is small and the free rider income is high, i.e.
w,+(n-Dpb+ac, <c,+k,—md , and at the same time, green suppliers and manufacturers



. . . .. . . . C C.
increase the income ratio after carbon emission reduction, that is, thereis 0<A<-L, O<pu<-2.
V.

1 v2
As shown in Fig 4 (b), the evolutionarily stable point is (0,0). In this circumstance, neither
upstream green suppliers nor downstream green manufacturers will choose a collaborative
emission reduction strategy.

(3) If green suppliers and green manufacturers cooperate, the income from emission
reductions will be less than the sum of the emission reduction input cost and free rider income,
and the government does not give sufficient supervision to the emission reduction behavior of the
green supply chain, that is, w, +nBb+ac <c +k —md , w,+(n-)pb+ac, <c,+k,—md ;
Moreover, due to technical or management differences, the benefits of carbon emission reductions
by green manufacturers alone will be greater than those by green suppliers alone,

fe.0<i<d 7 £ As shown in Fig 4 (c), in this event, the evolutionarily stable point of the

Vi V)

system is (0,1): the upstream green suppliers will not choose collaborative emission reduction, and
the downstream green manufacturers will choose collaborative emission reduction.

(4) If the increased income ratio of green suppliers or green manufacturers is greater than the
ratio of input cost to original income, i.e. 1 > z—l, o> ‘i—z . At the same time, when the government

1 2

focuses on supporting the emission reduction investment of upstream green suppliers and ignores
the emission reduction efforts of green manufacturers, downstream enterprises get a higher "free
ride" income, that is, w, +nBb+ac, >c, +k —md ,w,+(n-1)pb+ac, <c,+k, —md . As shown
in Fig 4 (d), in this circumstance, the evolutionarily stable point of the system is (1,0): the
upstream green suppliers will carry out collaborative emission reductions, but the downstream
green manufacturers will not.

(5) If green suppliers and green manufacturers meet the conditions of
w, +nBb+oac >c +k —md ,w,+(n-D)pb+ac, >c, +k,—md , it indicates that the benefits of

enterprise collaborative emission reduction will be greater than the "free rider" benefits. At the
same time, the increase in the green suppliers and green manufacturers income from emission
reductions alone will be less than the ratio of input cost to original income, i.e.
0<A< % ,0<u< ‘c)—z . As shown in Fig 4 (e), in this circumstance, the evolutionarily stable points
1 2

of the system are (1,1), (0,0). Both upstream green suppliers and downstream green manufacturers
carry out collaborative emission reduction or do not carry out collaborative emission reduction.
The specific choice of which path converges to which equilibrium point is related to the payment
matrix and the initial state of the system.

Analyzing the situation in Fig 4 (e) further, no matter what the initial decision of the two
parties in the game is, after a long-term game, they will evolve towards the equilibrium point of
(1,1) and (0,0). If we record the area of the quadrilateral OADC as H, and the area of

quadrilateral ABCD as H, it is found that the final strategy chosen by the two parties in the
game is related to the relative size of H; and Hy,. When H, > H,, the probability of the system

converging to (0,0) is greater than the probability of converging to (1,1). On the contrary, when
H, < H,, the probability of the system converging to (1,1) is greater than the probability of

converging to (0,0).



Hy = (437 =~ ( i ¥ oL ) (1)
2 2w, +ac, +(1-n)pb+md —uv, -k, w +ac, +npb+md—k —Av,

Theorem 2: As green suppliers and green manufacturers increase the input cost of
coordinated emission reductions, the probability that the two sides of the game will not implement
a cooperative emission reduction strategy increases.

Proof: Find the partial derivatives of «¢,c, in equation (11), and get
OH, npb+w, +dm—k, oH, w, +dm—k, —(n-1)Bb

= >0,—= >0 .That
oc, 2w —k, +ac, +dm—Av, +npb)’ oc,  2[k, —w, —ac, —dm+ uv, +(n—-1)Bb)I’

is, H, is a monotonically increasing function of ¢,c,. The larger ¢,c, is, the larger the area of

the quadrilateral OADC is, and the faster the system evolves to the (0,0) point. With the rise of
technologies and concepts for smart manufacturing, energy saving and emission reductions, more
and more traditional supply chains are turning to green supply chains. It cannot be ignored,
however, that there are differences in productivity and environmental awareness between upstream
and downstream members of the green supply chain. When the input cost is too large and the
payback period is too long, the two sides of the game will reduce their willingness to cooperate in
reducing emissions (Liu et al., 2020; Long et al., 2021).

Theorem 3: as the value of collaborative emission reduction income, w;,w, , of green suppliers

and green manufacturers increases, the probability of both sides of the game choosing a
collaborative emission reduction strategy increase.

Proof: Find the partial derivatives of w,w in equation (11) and get

OH, _ o —Av,

ow, 2(w —k +ac, +dm—Av, +1Bb)

. From the above assumptions, it is easy to know that

OoH OH . . .
q—-Av>0, 6_1<0 and Wl<0 can be obtained in the same way. Therefore, H, is a
M 2

monotonic decreasing function of w,,w,. The larger the wy,w,, the larger the area of the

quadrilateral ABCD, and the faster the system evolves to the point (1,1). Compared with a
company in the green supply chain that independently bears the cost of emission reductions,
upstream and downstream companies carry out coordinated emission reduction to achieve cost
sharing, which benefits the entire industry chain.

Theorem 4: As green suppliers or manufacturers increase the rate of unilateral carbon
emission reduction revenue, and increase the original revenue of the enterprise without
implementing any low-carbon strategy, the probability of both parties in the game choosing a
coordinated emission reduction strategy will increase.

Proof: Find the partial derivative of A,u,v,v, in equation (11) to get

OH, v +ac +dm+nfb—k —c) 0OH AW —k +ac —c +dm+npb) <0 Tt is casy

04 20w —k +ac, +dm—Av,+npby " dv.  2(w —k +ac, +dm—Av, +1pb)
0H, oH, . . .
to know that e < 0,—* < 0from the previous assumptions and Theorem 1. Similarly, we get
vl
oH, oH,

a—<0,a—‘<0, that is, H, decreases with the increase of A,u,v,,v,, and the area ABCD
H Vs

increases, the probability of the system evolving to the equilibrium point (1,1) increases.
Theorem 5: When one party in the game chooses to coordinate emission reductions and the
other party chooses to "free ride", as the revenue of free riders increases, the probability that both



green suppliers and green manufacturers will not perform coordinated emission reductions

increases.

Proof: Finding the partial derivative of k,k, , it is easy to get
o, _ G = Av >>0 . Similarly, knowing that %>0 , that is, the
Ok, 2(w, —k +ac, +dm—Av, +npb) Ok,

parameter k,,k,and H, are positively correlated, the probability of the system evolving to the

equilibrium point (0,0) increases. Given the speculative behavior of some companies in green
supply chains, it is inevitable that appropriate government regulation (penalties, incentives) is
needed to create a level playing field (Encarnacao et al., 2018).

Theorem 6: with the increase of government cost subsidies, incentive base, social welfare
coefficient, supervision and fines; that is, where the government fully participates in the
low-carbon transformation process of the green supply chain, the probability of collaborative
emission reduction between upstream green suppliers and downstream green manufacturers
increases.

Proof: Find the partial derivatives of b,m,n,d,a, in equation (10) respectively, and get:

% _ ﬂ(cz —HY )7 —1) _ ﬁﬂ(q _Avl) ,
ob 2k, —w, —ac, —dm+ uv, +(n-1)Bb)Y  2(w, —k, +ac, +dm— Av, +nb)’
%_ d(c, — uv,) 3 d(c,—Av)
om 2k, —w, —ac, —dm+ uv, + (=D)L 2(w, —k, +ac, +dm— Av, +npb)’
% _ ﬂb(cz _IUVZ) _ ﬁb(cl _/1‘/1)
on 2k, —w,—ac, —dm+ v, +(n-1)Bb)" 2w, —k, +ac, +dm—Av, +npby’ ’
Because 77—1>01it is easy to know that %<0 ,%<0, and %<0,%<0.
0b m od oa

OH . . . . .\
a—‘<Ocan be obtained in the same way, that is, the parameter b,m,d,a,f is positively

correlated with H,, and the system moves toward the equilibrium point (1,1). The probability of
evolution increases, and the influence of the reward distribution coefficient r needs to be

discussed separately.

4. Case studies and numerical simulations

In order to further verify the effectiveness of the evolutionary game model, clarify the
relationship between various influencing factors and system stability, and thus model the evolution
of whether upstream green suppliers and downstream green manufacturers will choose a
collaborative emission reduction strategy, MATLAB software is combined with examples to
simulate and analyze the evolution trajectory of the equilibrium point in situation 5. Sinopec East
China Petroleum Bureau, East China Oil and Gas Branch (referred to as East China Oil and Gas
Field) and Sinopec Nanjing Chemical Industry Co., Ltd. (referred to as Nanhua Company) are
taken as examples for the numerical simulation analysis. East China Oil and Gas Field is an
upstream enterprise of Sinopec Group engaged in the exploration and development of
unconventional oil and gas resources such as shale gas, shale oil, and coalbed methane, as well as
conventional oil and gas exploration and development in the eastern part of the North Jiangsu
Basin. Nanhua Company is an important downstream base for the research and development of

inorganic chemicals, organic chemicals, fine chemicals, chemical machinery and catalysts for use



by Sinopec Group. It is reported that the carbon capture, utilization and storage (CCUS)
demonstration base jointly constructed by the two parties can capture more than100000 tons of
carbon dioxide per year, while also helping upstream oilfields to increase production by about
50,000 tons. There is a plan to build a million-ton CCUS demonstration project in 2025. Assuming
that East China Oil and Gas Field is the main body 1 (upstream green supplier) and Nanhua
Company is the main body 2 (downstream green manufacturer), the local government will
subsidize and reward CCUS projects and R&D products while monitoring their carbon emission
levels. Referring to previous studies, and combining with the actual data for these projects, this
paper tries to  generalize the conclusion and assign values to each
parameter: w, =3, w, =5,¢,=6,¢, =65,k =2,k, =25,v,=10,v,=12,1=02,4=03,0=0.5,
p=1,b=4,m=05,d=4,71=0.5.

4.1. The impact of the cooperation ratio of green supply chain members on the outcome of the
evolutionary game

There are many green suppliers and green manufacturers in the green supply chain system.
Due to the different proportion of members who initially choose collaborative emission reduction,
the final evolution result of the system may be (collaborative emission reduction, collaborative
emission reduction) or (non-collaborative emission reduction, non-collaborative emission

reduction). Set the initial value of the participation proportion (x,y) as
(0.1,0.1),(0.3,0.3),(0.5,0.5),(0.7,0.7),(0.9,0.9) to obtain the relationship betweentand x,y, as
shown in Figure 5 (a) and Figure 5 (b); At the same time, set the step size as 0.1 to obtain the

trajectory of the evolution from different initial value points to equilibrium points, as shown in
Figure 5 (c).
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(a) The evolution result of different initial values of x (b) Evolution results of different initial values of y



(c) Evolution results of different initial values of (x, y)

Figure 5. Dynamic evolution process of the cooperative emission reduction strategies of
both parties in the game

As can be seen from Figure 5, when the upstream green suppliers and downstream green
manufacturers of the green supply chain carry out collaborative emission reductions, the income
obtained is greater than the sum of "free rider" income and input cost. At the same time, when the
green supplier or green manufacturer does not cooperate, and the rate of return is less than the cost,
regardless of the proportion of green supply members who choose collaborative emission
reduction at the beginning, the final game evolution result can only converge to (1,1) or (0,0). At
this time, the value of saddle point D is about (0.417,0.666).Thus, it is verified that the stable

strategy selected by both sides of the game is closely related to the initial value of (X, y). In this
case, since there are only two entities involved, namely East China Oil and Gas Field and Nanhua
Company, there is only a zero-sum game and a win-win situation. When there are multiple entities
in the upstream and downstream of the supply chain, however, the higher the ratio of cooperation
among members, the easier it is to form a multi-channel, multi-form and multi-level strategic

alliance for coordinated emission reduction.

4.2. The influence of the internal parameters of the enterprise on the outcome of the
evolutionary game

In the evolutionary game model between upstream and downstream enterprises in the green
supply chain constructed above, the two parties need to take account of the game equilibrium
strategy of other green suppliers and green manufacturers, as well as the government’s attitude
towards green supply chain enterprises’ collaborative emission reduction. Therefore, sensitivity
analysis of many influencing factors is needed. Firstly, consider the impact of the internal
parameters of green supply chain enterprises on the results of the evolutionary game. Because the
decisions of green suppliers and green manufacturers are consistent in situation 5, only the
evolutionary direction of (1) the benefits to green suppliers of collaborative emission reductions,
(2) the original benefits of enterprises, and (3) the increase ratio of the benefits arising from

carbon emission reductions are simulated here. The results are shown in Fig 6.
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Figure 6. The influence of parameter w,,v,, # on the equilibrium probability (7,7)

The numerical simulation results in Figure 6 verify the conclusions of Theorem 3 and
Theorem 4 in section 3. The rate of increase of benefits arising from collaborative emission
reductions, original corporate benefits, and carbon emission reduction benefits is in each case
positively correlated with the probability of the upstream and downstream members of the green
supply chain choosing coordinated emission reduction. By comparing Figure 6 (a) and Figure 6
(b), it can be seen that the threshold at which collaborative emission reduction benefits start to
affect the evolution game results is lower than the threshold in the case of the enterprise’s original
income. This is because the income obtained through collaborative emission reductions will not be
higher than the income of the enterprise's original business, and the enterprise's high income is the
premise and basis for increasing carbon emission reduction investment. At the same time, it can be
seen that, in the early stage of evolution, the benefits of collaborative emission reduction will be
(1,1) The convergence speed of the point is significantly higher than the original income of the
enterprise, and the higher the value, the faster the evolution speed. As can be seen from Figure 6
(c), meanwhile, the threshold at which the rate of increase of the benefits from carbon emission
reduction affects both sides of the game is between 0.3 and 0.5. A high income from carbon
emission reductions will stimulate the willingness of enterprises to cooperate in collaborative
emission reductions; that is, it will improve the probability of cooperation between upstream and
downstream enterprises in the green supply chain. Low income from carbon emission reductions,
however, encourages enterprises to abandon the collaborative emission reduction strategy.

Based on the position of the saddle point, it is consistent with the above assumption that

x=0.45,y=0.65. Under the condition that other parameters remain unchanged, the value of



"free rider" income k, for green suppliers is 1, 1.5, 2, 2.5, 3; the cost of coordinated emission
reductions for for green suppliers, ¢, takes the value 1, 3, 6, 9, 12, and the simulation result is

shown in Figure 7.
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Figure 7. The influence of parameter £,,c, on the equalization probability (N, V)

The simulation results in Figure 7 verify the conclusions of Theorem 2 and Theorem 5. It can
be seen that with the increase of enterprise "free rider" income and collaborative emission
reduction investment cost, the two sides of the game will evolve to point (0,0), and thus there will
be no agreement on collaborative emission reduction. At the same time, the convergence rate of
the effect of the input cost of collaborative emission reduction is greater than that of the "free
rider" income, which shows that in the early stage of the game, green suppliers and green
manufacturers are more sensitive to the input costs of collaborative emission reduction. By
reducing the input cost of collaborative emission reduction, the probability of collaborative
emission reduction in the green supply chain can be improved. Although the impact of reducing
the "free rider" income on the evolution results is more long term, the "free rider" behavior of
green supply chain members cannot be ignored. This implies that either enterprises will need to
develop more internal consciousness of the need for emission reductions, or government
macro-control will be needed to ensure fair competition, and stable strategic relationships for
emission reduction in the green supply chain.

4.3. The influence of external (government control) parameters on the outcome of the
evolutionary game

Government departments may influence the coordinated emission reduction mechanism
between upstream and downstream enterprises in the green supply chain through financial
subsidies, achievement rewards, and regulatory penalties. Under the condition that other
parameters remain unchanged, the government subsidy coefficient, the reward base, and the
supervision coefficient are here simulated and analyzed with different values. The simulation
results are shown in Figure 8.
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Figure 8. The influence of parameter «,b,m on the equalization probability (7,7)

The simulation results in Figure 8 verify the conclusion of Theorem 6. As the government
subsidy coefficient, government incentive base, and government supervision coefficient increase,
the probability that green suppliers and green manufacturers will eventually engage in coordinated
emission reductions increases. The speed with which these forms of government influence lead to
convergence to the point (1,1) varies, however. Specifically, government rewards lead to a slightly
faster convergence than government subsidy coefficients and regulatory coefficients, especially
when low-carbon technological innovations are rewarded with high results. In respect to
supervision, and the punishment of “free riding” behavior, as can be seen from Figure 8 (c), a low
level of supervision and small fines will not weaken the motivation of enterprises to reduce "free
riding". Only supervision coefficients higher than the threshold, and fines higher than the "free
riding" income will encourage green suppliers or green manufacturers who do not cooperate in
emission reduction to do so. In short, diversified government control methods can not only better
encourage coordinated emission reduction among green supply chain enterprises, but also have a
strong binding force to prevent the rights and interests of any party in the game from being

harmed.

5. Conclusions and policy implications

Based on the idea and method of evolutionary games, this paper constructs a dynamic game
model of collaborative emission reduction between upstream and downstream enterprises in a
green supply chain under government regulation. It analyzes the evolutionary stability of this



collaboration, obtains five different evolutionary game strategies, and uses MATLAB software to
simulate and verify the evolutionary path of the fifth case. The results show that:

(1) when the sum of collaborative emission reduction benefits and government subsidies is
greater than the sum of collaborative emission reduction input costs and "free rider" benefits, and
the rate of increase of benefits arising from unilateral emission reductions is less than the ratio of
cost to original benefits, the system will only evolve to either (T, T)or (N N equilibrium.

(2) The ratio of the increase of income from collaborative emission reductions, enterprise
original income and income from unilateral reduction in emissions influences the evolution of the
system towards collaborative emission reduction. Increases in "free rider" income and the input
costs of collaborative emission reductions increase the probability of green suppliers and green
manufacturers choosing non-collaborative approaches to emission reductions, At the same time, in
the early stage of the game, the higher the income and input costs of collaborative emission
reductions, the faster the system converges. In the later stage of the game, however, the "free rider
income" slows down the evolution trend of the system towards collaborative emission reductions.

(3) Increases in the coefficient of government subsidy, achievement reward, social benefit
coefficient, supervision coefficient and fines, increase the probability of green suppliers and green
manufacturers choosing collaborative emission reductions. The impact of the distribution
coefficient, meanwhile, depends on the situation. At the same time, government regulation
measures, based on the integration of financial subsidies, achievement rewards, supervision and
punishment, have act as stronger incentives for upstream and downstream enterprises of the green
supply chain to undertake collaborative emission reductions.

The above conclusions can give some enlightenment to regulators (governments) and
participants (upstream and downstream enterprises of the supply chain) implementing
collaborative emission reduction strategies:

(1) Strengthen government supervision, and improve incentive and guidance mechanisms.
Firstly, based on the existing development strategy to promote collaborative emission reductions
among upstream and downstream enterprises in the green supply chain, the green industry chain
development plan and other documents, there is a need to formulate action guidelines for
enterprise energy conservation and emission reduction activities, clarify the strategic objectives
and industrial layout of upstream and downstream green industry chain development, and
regularly release capacity scales, emissions quotas, green innovation technology patents and other
information in order to guide enterprises' low-carbon investment decisions. Secondly, in response
to the demand for green collaborative innovation behavior among upstream and downstream
enterprises in the supply chain, there is a need for timely adjustment of existing financial subsidies,
industrial support, introduction of high-level talent, green technology research and development
and other policies to support the green industry supply chain, recognition of the key role of
upstream enterprise technology and cost advantages in the green supply chain, and improvement
of the green competitiveness of the entire supply chain and corporate profits. Finally, there is a
need to improve the service function of the government to promote collaborative emission
reduction of enterprises; strengthen the coordination and cooperation of various supporting
policies and management measures, constantly improve the green industrial chain and
management systems to promote the green innovation behavior of enterprises, standardize the
government's behavior in policy releases, industrial regulation and market management, and create
a fair environment for the market competition of upstream and downstream enterprises in the
supply chain.

(2) Stimulate the motivation of upstream and downstream enterprises in the green supply



chain to coordinate emission reduction. When the upstream and downstream enterprises in the
supply chain implement energy-saving and emission-reduction behaviors, they should not only
consider their own development needs, but also the perspective of the sustainable development of
the entire industrial chain, by building a collaborative emission reduction strategic alliance to
reduce emission reduction input costs and increase the overall profit of the industrial chain and the
green competitiveness of products. At the same time, when implementing coordinated emission
reductions, upstream and downstream companies in the supply chain must combine their own
advantages in the role of suppliers or manufacturers in the industry chain, actively cooperate with
the government, and use green innovative technologies to develop preferential policies and
platforms. In addition, under the background of economic and social construction, they need to
invest actively in the national carbon emission trading market, use flexibly market means, save
costs for enterprises in energy-saving and emission-reduction activities, and improve their green
competitiveness and corporate profits.

(3) Build a low-carbon industrial platform for resource sharing. To promote collaborative
emission reductions among upstream and downstream enterprises in the green supply chain, there
is a need for resource sharing platform, led by the government but with participation from green
enterprises, scientific research institutions and the public. The government needs to actively
publicize low-carbon-related laws and regulations, and regularly publish the results of supervision
and assessment of green enterprises, so as to provide convenient and up-to-date information for
relevant enterprises, realize the openness, transparency and sharing of information, and reduce the
cost of supervision. Green enterprises will rely on the platform to build an emission reduction
cooperation system, announce the progress and phased achievements of emission reduction
cooperation projects, and release information according to their own needs for talents, resources
and technology. Various scientific research institutions dedicated to environmental protection and
green technology innovation should regularly release the latest research and development projects
to provide enterprises with more theoretical and technical support for collaborative emission
reduction. The public should be able to obtain the latest green products of various enterprises and
relevant data about government supervision and inspection online.

This paper has a number of shortcomings, such as a failure to take account of the risk attitude
of enterprises, the market demand for green products and other factors affecting collaborative
emission reductions of upstream and downstream enterprises in the green supply chain. Future
work will address these limitations and go on to study the four-way evolutionary game of
upstream and downstream green enterprises, governments and consumers.
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