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Abstract: Subsidy and penalty are the two environmental regulatory policies that play an 

important role to promote low-carbon manufacturing. In this paper, using evolutionary game 

approach, we analyzed the behavioral strategies of manufacturers and local governments under 

four different subsidy and penalty mechanisms. Our results dynamic-subsidy-dynamic-penalty is 
the most effective mechanism to provide more incentives for the manufacturers to adopt 

low-carbon manufacturing strategies. In the long run, higher subsidy cannot increase the 

manufacturers' incentives for low-carbon transition while higher penalty is effective to increase 

the proportion of low-carbon manufacturing. It implies that penalty is more effective than subsidy 

to incentivize the manufacturers to choose low-carbon manufacturing. 

Keywords: evolutionary game; government regulation; low-carbon manufacturing; numerical 

simulation; subsidy and penalty mechanisms 
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Evolutionary Game of Low-carbon Manufacturing and Government 

Regulation under Different Subsidy and Penalty Mechanisms 

 

1 Introduction 

 

Over the past 100 years, the Earth's surface temperature has increased by about 1.1 degrees 
Celsius (IPCC, 2022). Rising human-induced greenhouse gas (GHG) concentrations are the main 
cause of the global warming observed since the mid-20th century (Zhou & Liu, 2016). Carbon 
dioxide (CO2) is the most important GHG, which is mainly caused by the burning of fossil fuels, 
and the most important drivers are the rapid growth of economic aggregates and population size 
(Danlami et al.,2018; Feng et al., 2015; Wang et al., 2020). Therefore, it has become a global 
consensus to combat climate change and reduce CO2 emissions. As a result, most governments 
have adopted environmental regulations or laws to limit CO2 emissions (Mardones & Munoz, 
2018; Sulkowski & White, 2016).    

The manufacturing sector is one of the most important sources of CO2 emissions, so 
manufacturers are rightly responsible for addressing climate change and achieving low-carbon 
development, and must reduce CO2 emissions in the production process through low-carbon 
manufacturing. However, manufacturers face enormous difficulties in low-carbon manufacturing 
due to the high cost of retrofitting production systems. In addition, public awareness of 
low-carbon products is low and the concept of low-carbon is not popular enough in the society, 
which greatly reduces the motivation of manufacturers to adopt low-carbon manufacturing. 



Therefore, it is difficult for the production model of low-carbon manufacturing to form 
spontaneously.  

Manufacturers lack incentives for low-carbon manufacturing and need external 
environmental regulation to provide punishment or incentive mechanisms (Song et al., 2020). 
Therefore, reasonable environmental regulatory policies can accelerate the implementation of 
low-carbon manufacturing by manufacturers (Song et al., 2021). In addition, governmental 
publicity and guidance on low-carbon manufacturing can effectively stimulate public demand for 
low-carbon products, which will further motivate manufacturers to choose low-carbon 
manufacturing (Khan et al., 2021).  

Based on the above, we try to use evolutionary game theory to solve the following problems. 

(1) To reduce CO2 emissions, should local governments provide subsidy to manufacturers to 
encourage low-carbon manufacturing? Or is it more effective to penalize those manufacturers who 
implement high-carbon manufacturing? 

(2) What are the behavioral strategies of manufacturers under various subsidy and penalty 
mechanisms?  

(3) Under different combinations of subsidy and penalty, which mechanism is best to 
incentivize manufacturers to adopt low-carbon manufacturing? 

To answer the above questions, an evolutionary game model between the manufacturers and 
the local governments is developed in this paper. We will use this model to analyze the impact of 
government policies on manufacturers' behavior and to determine whether manufacturers will 
adopt low-carbon manufacturing under various subsidy and penalty mechanisms. 

The remainder of the paper is structured as follows. Section 2 reviews the relevant literature. 
Section 3 describes the model assumptions and parameters. Section 4 constructs a basic 
evolutionary game model of the interaction between the manufacturers and local governments 
(static-subsidy-static-penalty model). In Section 5, three dynamic models are established, 
including dynamic-subsidy-static-penalty model, static-subsidy-dynamic-penalty model and 
dynamic-subsidy-dynamic-penalty model. Section 6 analyzes and compares the evolutionary paths 
of the above four models using numerical simulation methods. Section 7 provides some 
conclusions.  

 

2 Literature review 

A large number of scholars have used different theoretical approaches and tools to study the 
relationship between governmental carbon reduction policies and firms' production decisions (He 
et al., 2015; Bouchery et al., 2017; Lamba et al., 2018; Reaños and Lynch, 2022). The literature 
related to this paper includes two main categories: (i) the impact of governmental carbon reduction 
policies on firms' decisions; (ii) the use of evolutionary games to study the behavior of firms and 



governments under specific carbon reduction policies. 

 

2.1 Low-carbon policies and their impacts on enterprises' decisions 

 

Low-carbon policies consist of two main types of market-based and administrative-led 
instruments, with the former mainly referring to carbon emissions trading (Shamin and Bullard, 
2009; Sabzevar et al., 2017) and the latter mainly including subsidy and carbon tax (Galinato and 
Yoder, 2010; Fremstad and Paul, 2019; Ntombela et al. 2019). This section focuses on the second 
type of literature. 

Governmental subsidy and carbon tax are the two main economic incentives for corporate 
technology innovation and supply chain cooperation to reduce emissions (Zhao et al., 2016). 
Wang et al. (2014) compared the incentive effects of two subsidy policies, product subsidy and 
R&D subsidy, on green transformation in different stages of manufacturing. Huang et al. (2019) 
concluded that governmental green subsidy can effectively promote green innovation and 
environmental protection. Ding et al. (2016) found that members of the supply chain can share 
governmental subsidy to preserve their own interests while achieving overall supply chain carbon 
reduction goals. Sung (2019) found a two-way positive causal relationship between governmental 
subsidy and firms' carbon reduction innovations. Bai et al. (2019) found that governmental 
subsidy can increase the propensity and performance of green innovation by 107.3% and 54.1%, 
respectively. Yang and Xu (2019) argued that carbon subsidy encourage firms to increase their 
investment in innovation, which in turn increases the level of technological innovation in carbon 
emission reduction. 

Carbon tax has an important impact on corporate carbon emission behavior. Choi et al. (2016) 
argued that a scientific and reasonable carbon tax can effectively promote carbon emission 
reduction in enterprises. Krass et al. (2013) analyzed the impact of carbon taxes on the adoption of 
low-emission production technologies by monopolies. Wang et al. (2018) studied the impact of 
carbon tax on cooperative emission reductions by non-peer firms. Gu et al. (2021) found that a 
higher carbon tax can motivate firms to adopt low-carbon technologies and effectively promote 
carbon reduction cooperation between upstream and downstream firms in the supply chain. 
Although most scholars believed that a higher carbon tax can force companies to adopt carbon 
reduction behaviors, it is undeniable that it also increases the operating costs of enterprises and 
reduces their profit levels(Chen and Hu, 2018). Therefore, an excessive carbon tax may force 
some companies out of the market, which is not conducive to the increase of social welfare 
(Ntombela et al., 2019). 

Some scholars have compared the effects of subsidy and carbon tax policies, and the 
conclusions were not uniform. Annicchiarico and Di Dio (2017) found that both abatement 
subsidy and carbon tax help to reduce carbon emissions and improve environmental quality, 
differing in that the former promotes economic growth while the latter has a disincentive effect on 



the economy. Guo and Huang (2022) believed that control instruments should favor carbon tax 
policies over subsidy policies due to the increasing marginal environmental damage of 
high-carbon products. Goulder and Parry (2008) analyzed carbon reduction policies in 
international competition and found that domestic countries will definitely choose carbon tax 
policies, but foreign countries may make different choices. Xu et al. (2020) concluded that 
consumer surplus is greatest when the government implements a subsidy policy and lowest when 
the government implements a carbon tax policy. 

In addition, some scholars have studied the impact of the combination of both carbon tax and 
subsidy policies. Mitra and Webster (2008) considered that a heavy carbon tax would further 
reinforce the positive effects of governmental subsidy. Galinato and Yoder (2010) argued that a 
constrained tax/subsidy program can increase social welfare compared to a no-tax scenario. Lim 
and Kim (2012) found that R&D subsidy can increase real GDP without increasing CO2 emissions 
when combined with a carbon tax. Wada (2019) found a synergistic green innovation effect 
between green innovation subsidy and carbon tax. Hu and Wang (2022) considered that a 
combination of static carbon tax and dynamic subsidy can incentivize more manufacturers to 
choose low-carbon production technologies.  

 

2.2 Application of evolutionary game in carbon emission reduction 

 

Due to the complex economic environment, it is difficult for carbon reduction subjects to 
remain completely rational, and their behavioral strategies are influenced by many factors such as  
the behavior of other players and the external environment (Shen et al., 2018). The evolutionary 
game model can appropriately reflect this dynamic process and has been used extensively to 
analyze the impact of emission reduction policies on firms' low-carbon decisions. Zhu et al. (2018) 
analyzed the optimal evolutionary path of firms' low-carbon investment strategies and found that 
governmental subsidy is essential to achieve co-investment. Using an evolutionary game model, 
Mahmoudi and Rasti-Barzoki (2018) analyzed the impact of government policies on three 
indicators including firms' low-carbon behavior, carbon emissions, and competitiveness, 
respectively. Fan et al. (2017) studied the optimal regulatory strategy of low-carbon subsidy based 
on an evolutionary game model with government and corporate agents. Wu et al. (2017) 
constructed an evolutionary game model of government and firms based on a complex network 
environment to analyze the impact of governmental incentives on the diffusion of low-carbon 
technologies by firms. Zhang et al. (2019) argued that dynamic carbon trading pricing has a 
significant impact on firms' emission reduction behavior, while government intervention costs and 
fines can effectively promote corporate carbon reduction. Shan et al. (2019) analyzed the 
behavioral strategies of carbon reduction activities among producers, consumers, and decomposers 
using an evolutionary game approach. Feng et al. (2019) found that when governmental regulation 
cost or fines payed by manufacturers are large, manufacturers are more willing to develop 
innovative technologies and the probability of governmental regulation decreases. 



 

2.3 Incremental contributions to literature 

 

Based on the findings of existing literature, the main contributions of this paper are in the 
following three areas. First, the literature has focused on analyzing the impact of carbon tax and 
subsidy on firms' production decisions, but in practice, many countries have not yet introduced 
explicit carbon tax policies, but have more often chosen other administrative measures to 
intervene, such as fines and production restrictions, which can be interpreted as penalty given by 
the government to firms. Therefore, this paper focuses on analyzing the effects of different 
combinations of subsidy and penalty on manufacturers' production strategies, which are to some 
extent more widely applicable. Second, there is little literature that focuses on the impact of 
dynamic policies on firms' decisions, and all of these papers argue that dynamic mechanisms are 
superior to static mechanisms. In this paper, we analyze the impact of dynamic subsidy and 
penalty mechanisms on low-carbon manufacturing and find that the implementation of dynamic 
subsidy alone is less effective or even inferior to static subsidy. Dynamic subsidy must be 
combined with dynamic penalty to produce better results. Third, the existing literature has paid 
little attention to the impact of changes in subsidy and penalty amounts on the probability of 
low-carbon manufacturing. In this paper, through numerical simulations, we find that in the long 
run, an increase in subsidy instead leads to a decrease in the probability of low-carbon 
manufacturing, which seems to be contrary to our cognitive common sense and different from the 
findings of other similar studies. 

 

3 Model assumptions and parameters 

 

The game participants are manufacturers and local governments. The participation strategies 
of the manufacturers are "low-carbon manufacturing" and "high-carbon manufacturing", while the 
participation strategies of the local governments are "regulation" and "non-regulation". Both 
players are limited rational economic persons. When they faced within incomplete information, 
their behavioral strategies are not optimal at the start. With the passage of time, through constant 
learning and trial and error, gradually they find their own suitable behavioral strategies.    

If the manufacturers choose the strategy of "high-carbon manufacturing", their profit is 1  
(excluding the penalty of the local governments). When choosing the strategy of "low-carbon 

manufacturing ", the manufacturers must transform and upgrade their production and operation 

systems, which will lead to an increase of production costs. This part of the increased costs may 

be called transformation cost, which is assumed to be 
TC . At the same time, due to the higher 

price of low carbon products and consumers' preference for low carbon products, the sales revenue 

of the manufacturers will increase. This part of revenue may be called transformation benefit, 



which is assumed to be 
TR (excluding the bonus of the local governments). In addition, when the 

manufacturers adopt high-carbon manufacturing, it will bring a negative externality cost which is 

EC  (assumed to be borne by the local governments). On the contrary, when the manufacturers 

adopt low-carbon manufacturing, it will bring a positive externality revenue which is
ER (assumed 

to be gained by the local governments). Suppose the probability that the manufacturers adopt 

"low-carbon manufacturing" is x ( ]1,0[x ) , and the probability that the manufacturers adopt 

"high-carbon manufacturing" is )1( x . 

If the local governments choose the strategy of "non-regulation", their profit is 
2 . When 

choosing the strategy of "regulation", the local governments must set up regulatory authorities, 

which will lead to an increase of costs. This part of the increased costs may be called regulatory 

cost, which is assumed to be 
RC . As long as the local governments choose to regulate, they can 

find out whether the production type of the manufacturers is low-carbon manufacturing or 

high-carbon manufacturing. At this time, if the production type of the manufacturers is low-carbon 

manufacturing, the local governments will give a certain subsidy which is assumed to be B . On 

the contrary, if the production type of the manufacturers is high-carbon manufacturing, the local 

governments will impose a certain penalty which is assumed to be F . If the local governments 

choose not to regulate, there will be neither subsidy nor penalty. Suppose the probability that the 

local governments adopt "regulation" is y ( ]1,0[y ) , and the probability that the local 

governments adopt "non-regulation" is )1( y . 

The parameters and variables symbol and their meanings are shown in Table 1. 

Table 1    parameters and variables symbol descriptions 

Parameters Descriptions 

1  Profit of manufacturers when adopting "high-carbon manufacturing" strategy 

TC  Transformation cost of manufacturers when adopting "low-carbon manufacturing" strategy  

TR  Transformation revenue of manufacturers when adopting "low-carbon manufacturing" strategy 

EC  Negative externality cost due to "high-carbon manufacturing" strategy of manufacturers 

ER  Positive externality revenue due to "low-carbon manufacturing" strategy of manufacturers 

2  Profit of local governments when adopting "non-regulation" strategy 

RC  Regulatory cost of local governments when adopting "regulation" strategy 



B  Subsidy obtained by manufacturers when adopting "low-carbon manufacturing" strategy 

F  Penalty borne by manufacturers when adopting "high-carbon manufacturing" strategy 

variables Descriptions 

x  Probability that manufacturers adopt "low-carbon manufacturing" strategy 

y  Probability that local governments adopt "regulation" strategy 

 

4 Basic model: static subsidy and static penalty 

 

4.1 Model description 

 

According to the above parameters and the relationship between the manufacturers and the 

local governments, we can create the payoff matrix to establish the evolutionary game model, as 

shown in Table 2. 

Table 2    Payoff matrix between the manufacturers and the local governments  

 

 local governments 

Regulation(y) non-regulation(1-y) 

manufacturers 
low-carbon 

manufacturing(x) 

BCR TT 1 ，

ER RBC 2  

TT CR 1 ，
ER2  

 
high-carbon 

manufacturing(1-x) 
F1 ，

ER CFC 2  
1 ， EC2  

Let 
11U  and 

12U  represent respectively the expected earnings of “low-carbon 

manufacturing” and “high-carbon manufacturing” for the manufacturers. According to Table 2, the 

payoffs of the manufacturers with the two different behavior strategies are as follows: 

))(1()( 1111 TTTT CRyBCRyU                                 （1）
 

1112 )1()(  yFyU                                                       （2） 

The average earning of the manufacturers is denoted as 1U  showed as follows: 



12111 )1( UxxUU                                                  （3） 

Let 
21U  and 

22U  represent respectively the expected earnings of “regulation” and 

“non-regulation” for the local governments. According to Table 2, the payoffs of the local 

governments with the two different behavior strategies are as follows: 

))(1()( 2221 ERER CFCxRBCxU                            （4）
 

))(1()( 2222 EE CxRxU                                                （5） 

The average earning of the local governments is denoted as 2U  showed as follows: 

22212 )1( UyyUU                                                 （6） 

In the evolutionary game theory, the replicator dynamic system is dynamic differential 

equations that describes the frequency of an especial strategy used in a population. Therefore, the 

replicator dynamic equation of “low-carbon manufacturing” chosen by the manufacturers and the 

replicator dynamic equation of “regulation” chosen by the local governments are expressed 

respectively as follows: 

])[(1()()( 1111 TT CRyBFxxUUx
dt

dx
xf  ）                       （7） 

])()[1()()( 2211 RCFxBFyyUUy
dt

dy
yg                      （8） 

As a result, the replicator dynamic system(I) is constructed by combining Eq. (7) and Eq. (8) 

and equilibrium points (EPs) can be obtained by letting 0)(1 xf and 0)(1 yg .  

 

4.2 Model analysis 

 

Proposition1 In the replicator dynamic system(I), (i)(0,0), (0,1), (1,0) and (1,1) are four 

equilibrium points (EPs); (ii) when
RCF  and 

TTT RBFCR  ,(
1x ,

1y ) is a new EP, 

with 
BF

CF
x R




1
and 

BF

RC
y TT




1
. 

Proof In the system(I), solve }0)(;0)({ 11  ygxf , we obtain four fixed equilibrium points: 

(0,0), (0,1), (1,0) and (1,1). when RCF  and TTT RBFCR  , we can find ），（ 101x  
and ），（ 101y , and (

1x ,
1y ) is the solution to }0)(;0)({ 11  ygxf , so (

1x ,
1y ) is a new EP. 

The EPs obtained by the replicator dynamic system (I) are not necessarily the evolutionary 

stable strategy(ESS), because ESS must also be capable of recovering to a stable point under 

disturbances. According to Friedman(1991), the stability of the EP can be judged by calculating 



the determinant det(J) and trace tr(J) of the Jacobian matrix. When det(J)>0 and tr(J)<0, the EP is 

an ESS; When det(J)>0 and tr(J)>0, the EP is an unstable point; When det(J)>0 and tr(J) is 

uncertainty, the EP is a saddle point. 

 The Jacobian matrix of the above replicator dynamic system (I) is as follows: 
























































])()[21())(1(

))(1(]))[(21(

)()(

)()(

11

11

11

11

1

R

TT

CFxBFyBFyy

BFxxCRyBFx

dc

ba

y

yg

x

yg

y

xf

x

xf

J

                   

（9） 

The determinant (det) and trace (tr) of 
1J are: 

11111det cbdaJ  ,
111 datrJ   

Substituting the above five EPs into Eq. (9), the results of det(J1) and tr(J1) of respective EP 

are shown in Table 3. 

Table 3   The det(J1) and tr(J1) of five EPs in system (I) 

EP det(J1)  tr(J1)  

(0,0) ))(( RTT CFCR   )()( RTT CFCR   

(0,1) ))(( RTT CFCRBF   )()( RTT CFCRBF   

(1,0) ))(( RTT CBCR   )()( RTT CBCR   

(1,1) ))(( RTT CBCRBF   )()( RTT CBCRBF   

(
1x ,

1y ) 
11NM  0 

Note:
BF

CBCF
M R





))((

1
,

BF

CRBFRC
N TTTT





))((

1
 

According to Table 3, the symbols of det(J1) and tr(J1) of respective EP depend on the symbols 

of 
TT CR  , 

TT CRBF  and 
RCF  . There are six situations, and Table 4 analyses the 

local stability of the EPs in different situations. 

Table 4    Local stability analysis of the EPs 

Situation 1:
TT RC  ,

RCF   Situation 2:
TT RC  ,

RCF   

EP det(J1) tr(J1) State EP det(J1) tr(J1) State 

(0,0) + + Unstable point (0,0) - N Saddle point 

(0,1) - N Saddle point (0,1) + + Unstable point 



(1,0) + - ESS (1,0) + - ESS 

(1,1) - N Saddle point (1,1) - N Saddle point 

Situation 3:
TTT RBFCR  ,

RCF   Situation 4:
TTT RBFCR  ,

RCF   

EP det(J1) tr(J1) State EP det(J1) tr(J1) State 

(0,0) - N Saddle point (0,0) + - ESS 

(0,1) - N Saddle point (0,1) + + Unstable point 

(1,0) - N Saddle point (1,0) - N Saddle point 

(1,1) - N Saddle point (1,1) - N Saddle point 

(x1,y1) + 0 Central point     

Situation 5:
TT RBFC  ,

RCF   Situation 6:
TT RBFC  ,

RCF   

EP det(J1) tr(J1) State EP det(J1) tr(J1) State 

(0,0) - N Saddle point (0,0) + - ESS 

(0,1) + - ESS (0,1) - N Saddle point 

(1,0) - N Saddle point (1,0) - N Saddle point 

(1,1) + + Unstable point (1,1) + + Unstable point 

Note:(i)“+”denotes greater than zero;“-”denotes less than zero; N denotes uncertainty. 

(ii)Except for situation 3, the point (x1,y1) in the other five situations is not EP. 

According to Table 4, when
TC is less than

TR , the manufacturers will inevitably choose 

low-carbon manufacturing. At this time, Whether F is greater than
RC or not, the local 

governments will choose non-regulation, and the system (I) finally converges to (1,0). When
TC is 

greater than 
TR but less than

TRBF  , there are two evolutionary results of the system (I). If

F exceeds 
RC , the strategies of both players are interdependent and the system(I) has no ESS. If

F is less than
RC , the manufacturers will choose high-carbon manufacturing and the local 

governments will choose non-regulation, and the system (I) finally converges to (0,0). When
TC is 

greater than 
TRBF  , the manufacturers will inevitably choose high-carbon manufacturing. 

At this time, If F exceeds 
RC , the local governments will choose regulation and the system (I) 

finally converges to (0,1). If F is less than
RC , the local governments will choose non-regulation 

and the system (I) finally converges to (0,0). 

In reality, on the one hand, the manufacturers have to invest high costs to transform and 
upgrade their production systems in order to achieve low-carbon manufacturing. On the other 
hand, owing to the manufactured products have no significant low-carbon peculiarity, without 



carbon labeling, consumers can not be able to distinguish which commodities are made by 
low-carbon manufacturing and which are not. Therefore, in the short term, the transformation cost 
of the manufacturers will be greater than the transformation benefit. At the same time, in order to 
promote carbon emission reduction, the local governments generally implement strict regulatory 
policies. Once the manufacturers are found to have chosen high-carbon manufacturing, they will 
be imposed heavy penalties. In general, situation 3 is more realistic, and the following analysis 
will be based on situation 3.  

 

5 Dynamic model 

 

Subsidy and penalty are two effective regulation tools for the governments to propel the 
manufacturers to adopt low-carbon manufacturing. In order to compare and find the best 
combination of policies, in the following we will present three dynamic evolutionary game models, 
including dynamic-subsidy-static-penalty model, static-subsidy-dynamic-penalty model and 
dynamic-subsidy-dynamic-penalty model. 

 

5.1 Dynamic-subsidy-static-penalty model 

 

In this model, we assume that the subsidy amount is positively and linearly related to the 

possibility of adopting low-carbon manufacturing. Considering the dynamics, we replace the 

original constant B with the function )(xB ,i.e., xBxB )( , where B can be understood as the 

maximum of the subsidy.  

Replacing B with xBxB )( in Eq. (7) and Eq. (8), the replicator dynamic equation of 

“low-carbon manufacturing” chosen by the manufacturers and the replicator dynamic equation of 

“regulation” chosen by the local governments are expressed respectively as follows: 

])[(1()(2 TT CRyxBFxx
dt

dx
xf  ）                                   （10） 

])()[1()(2 RCFxxBFyy
dt

dy
yg                                   （11） 

The replicator dynamic system (II) is constructed by combining Eq. (10) and Eq. (11).  



Proposition2 In the replicator dynamic system(II), (i)(0,0), (0,1), (1,0) and (1,1) are four EPs; 

(ii) when
RCF  and T

R

TT R
CFBFF

CR 



2

)(42

,(
2x ,

2y ) is a new EP, with 

B

CFBFF
x

R

2

)(42

2


 and 

)(4

)(2

2
2

R

TT

CFBFF

RC
y




 . 

Proof In the system (II), solve }0)(;0)({ 22  ygxf , we can obtain four EPs: (0,0), (0,1), 

(1,0) and (1,1). When 
RCF   and T

R

TT R
CFBFF

CR 



2

)(42

, we can find 

），（ 102 x and ），（ 102 y , and (
2x ,

2y ) is the solution to }0)(;0)({ 22  ygxf , so (
2x ,

2y ) is a 

new EP. 

 The Jacobian matrix of the above replicator dynamic system (II) is as follows: 
























































])()[21()2)(1(

))(1()1(]))[(21(

)()(

)()(

22

22

22

22

2

R

TT

CFxxBFyxBFyy

xBFxxByxxCRyxBFx

dc

ba

y

yg

x

yg

y

xf

x

xf

J

       

（12） 

The determinant (det) and trace (tr) of 
2J are: 

22222det cbdaJ  ,
222 datrJ   

Under the condition of 
RCF  and T

R

TT R
CFBFF

CR 



2

)(42

, 

substituting the above five EPs into Eq. (12), we can obtain the det(J2) , tr(J2) and the local 
stability of all the EPs which are shown in Table 5. It should be noted that since

BF
CFBFF R 


2

)(42

, the above condition is consistent with situation 3 in system 

(I). 

Table 5 Stabilities of the EPs in system (II) 

EP det(J2) Symbol  tr(J2) Symbol State 

(0,0) ))(( RTT CFCR   - 
RTT CCRF   N Saddle point 

(0,1) ))(( RTT CFCRF   - 
RTT CCR   N Saddle point 



(1,0) ))(( RTT CBCR   - 
RTT CCRB   N Saddle point 

(1,1) ))(( RTT CBCRBF   - 
RTT CCRF   N Saddle point 

(x2,y2)
 2M  + 

2N  + Unstable point 

Note:(i) “+” denotes greater than zero; “-” denotes less than zero; N denotes uncertainty. 

(ii)
)(4

))]((2)[2)((
22

WFB

RCRCWFWFBWFW
M TTTT




 , 

)(2

))(2)((
2

WFB

RCWFBWF
N TT




 , of which, )(42

RCFBFW  . 

As presented in Table 5, the four EPs, (0,0), (0,1), (1,0) and (1,1), are saddle points, while 
(x2,y2) is a unstable point. There is no ESS in the replicator dynamic system (II), and it suggests 
that the behavior of the two players is interdependent and has no stable evolutionary trend. 

 

5.2 Static-subsidy-dynamic-penalty model 

 

In this model, we assume that the penalty amount is positively and linearly related to the 

possibility of adopting high-carbon manufacturing. Considering the dynamics, we replace the 

original constant F with the function )(xF ,i.e., FxxF )1()(  , where F can be understood 

as the maximum of the penalty.  

Replacing F with FxxF )1()(  in Eq. (7) and Eq. (8), the replicator dynamic equation of 

“low-carbon manufacturing” chosen by the manufacturers and the replicator dynamic equation of 

“regulation” chosen by the local governments are expressed respectively as follows: 

}])1({[1()(3 TT CRyFxBxx
dt

dx
xf  ）                               （13） 

})1(])1([){1()(3 RCFxxFxByy
dt

dy
yg                         （14） 

The replicator dynamic system (III) is constructed by combining Eq. (13) and Eq. (14).  



Proposition3 In the replicator dynamic system(III), (i)(0,0), (0,1), (1,0) and (1,1) are four 

EPs; (ii) when
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Proof In the system (III), solve }0)(;0)({ 33  ygxf , we can obtain four EPs: (0,0), (0,1), 

(1,0) and (1,1). When 
RCF   and T

R

TT R
CBFBB

CR 



2

)(42

, we can find 

），（ 103 x and ），（ 103 y , and ( 3x , 3y ) is the solution to }0)(;0)({ 33  ygxf , so ( 3x , 3y ) is a 

new EP. 

 The Jacobian matrix of the above replicator dynamic system (III) is as follows: 
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The determinant (det) and trace (tr) of 3J are: 

33333det cbdaJ  , 333 datrJ   

Under the condition of 
RCF   and T

R

TT R
CBFBB

CR 



2

)(42

, 

substituting the above five EPs into Eq. (15), we can obtain the det(J3) , tr(J3) and the local 
stability of all the EPs which are shown in Table 6. It should be noted that since

BF
CBFBB R 


2

)(42

, the above condition is consistent with situation 3 in system 

(I). 

Table 6 Stabilities of the EPs in system (III) 

EP det(J3) Symbol  tr(J3) Symbol State 

(0,0) ))(( RTT CFCR   - 
RTT CCRF   N Saddle point 



(0,1) ))(( RTT CFCRBF   - 
RTT CCRB   N Saddle point 

(1,0) ))(( RTT CBCR   - 
RTT CCRB   N Saddle point 

(1,1) ))(( RTT CBCRB   N 
RTT CCR   + Unstable point 

(x3,y3)
 3M  + 

3N  - ESS 

Note:(i) “+” denotes greater than zero; “-” denotes less than zero; N denotes uncertainty. 
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As presented in Table 5, among the five EPs of the replicated dynamic system (III), (0,0), 
(0,1) and (1,0) are saddle points, (1,1) is an unstable point, (x3,y3) is the ESS. It indicates that as time 
evolves and both players continue to modify their behavioral strategies, the proportion of the 
manufacturers choosing low-carbon manufacturing and the proportion of the local governments 
choosing regulation will converge to a certain value respectively. 

 

5.3 Dynamic-subsidy-dynamic-penalty model 

 

In this model, we assume that the subsidy amount is positively and linearly related to the 

possibility of adopting low-carbon manufacturing, while the penalty amount is positively and 

linearly related to the possibility of adopting high-carbon manufacturing. Considering the 

dynamics, we replace B with xBxB )( and replace F with FxxF )1()(  in Eq. (7) and Eq. 

(8), where B and F can be understood as the maximum of the subsidy and the maximum of the 

penalty respectively. The replicator dynamic equation of “low-carbon manufacturing” chosen by 

the manufacturers and the replicator dynamic equation of “regulation” chosen by the local 

governments are expressed respectively as follows: 

}])1({[1()(4 TT CRyFxxBxx
dt

dx
xf  ）                               （16） 

})1(])1([){1()(4 RCFxxFxxByy
dt

dy
yg                         （17） 

The replicator dynamic system (Ⅳ) is constructed by combining Eq. (16) and Eq. (17).  



Proposition3 In the replicator dynamic system (Ⅳ), (i)(0,0), (0,1), (1,0) and (1,1) are four 

EPs; (ii) when
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Proof In the system (Ⅳ), solve }0)(;0)({ 44  ygxf , we can obtain four EPs: (0,0), (0,1), 

(1,0) and (1,1). When 
RCF   and TRRTT RFCCFBCR  )( , we can find 

），（ 104 x and ），（ 104 y , and (
4x ,

4y ) is the solution to }0)(;0)({ 44  ygxf , so (
4x ,

4y ) is a 

new EP. 

 The Jacobian matrix of the above replicator dynamic system (Ⅳ) is as follows: 
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The determinant (det) and trace (tr) of 
4J are: 

44444det cbdaJ  ,
444 datrJ   

Under the condition of 
RCF   and TRRTT RFCCFBCR  )( , substituting 

the above five EPs into Eq. (18), we can obtain the det(J4) , tr(J4) and the local stability of all the 

EPs which are shown in Table 7. It should be noted that since FFCCFBB RR  )( , the 

above condition is consistent with situation 3 in system (I). 

Table 7 Stabilities of the EPs in system (Ⅳ) 

EP det(J3) Symbol  tr(J3) Symbol State 

(0,0) ))(( RTT CFCR   - 
RTT CCRF   N Saddle point 

(0,1) ))(( RTT CFCRF   N 
RTT CCR   N Saddle point 

(1,0) ))(( RTT CBCR   - 
RTT CCRB   N Saddle point 

(1,1) ))(( RTT CBCRB   N 
RTT CCR   + Unstable point 



(x4,y4)
 4M  + 

4N  - ESS 

Note:(i) “+” denotes greater than zero; “-” denotes less than zero; N denotes uncertainty. 
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As presented in Table 7, similar to system (III), (
4x ,

4y ) is the ESS of the replicated dynamic 

system (Ⅳ). It indicates that as time evolves and both players continue to modify their behavioral 

strategies, the proportion of the manufacturers choosing low-carbon manufacturing and the 

proportion of the local governments choosing regulation show convergence trend respectively.  

 

6 Simulation analysis  

 

In order to show more intuitively the behavioral strategies of both players under different 

subsidy and penalty mechanisms, as well as the influence of the maximum subsidy and penalty on 

the evolutionary path of the system, we will use MATLAB software to numerically simulate the 

evolution of the system under various mechanisms. Based on the conditions described in the 

previous section, we assume that the relevant parameters take the following values, 100F ,

60TC , 20TR , 20RC , 20B . Further onwards, we can find the coordinates of ( 1x , 1y ), 

( 2x , 2y ), ( 3x , 3y ) and ( 4x , 4y ) are (0.67,0.33), (0.70,0.35), (0.46,0.54) and (050,0.67) 

respectively.  

 

6.1 System (I): static-subsidy-static-penalty model 

 

Taking 0.33 as the initial value of y, we analyze the evolutionary path of the manufacturer's 
behavior under different initial values of x respectively, and the results are shown in Figure 1. It 
can be found that the proportion of manufacturers choosing low-carbon manufacturing fluctuates 
with no significant convergence trend. When the initial value of x is 0.3, as time goes by, it will 
fluctuate within the range [0.3, 0.93]. When the initial value of x is 0.8, as time goes by, it will 
fluctuate within the range [0.51, 0.8]. It can be seen that when the proportion of adopting 
low-carbon manufacturing is greater, there is a decrease around the oscillation range.  

Taking 0.67 as the initial value of x, as shown in figure 2, the trend of y is similar to that of x, 



which also shows a fluctuating change with no obvious convergence trend. When the initial value 
of y is 0.2, as time goes by, it will fluctuate within the range [0.2, 0.49]. When the initial value of 
y is 0.7, as time goes by, it will fluctuate within the range [0.08, 0.7]. It can be found that when the 
proportion of choosing regulation is greater, there is an increase around the oscillation range. 

Considering the evolution of the whole system (I), as can be seen from figure 3, the 

evolutionary path of the behavioral strategy between the manufacturers and the local governments 

presents a closed loop. This finding verifies that there is no ESS and (
1x ,

1y ) is the center point of 

replicator dynamic system (I). 

        

Figure1  evolutionary path of x in system(I)             Figure2  evolutionary path of y in system(I) 

 

Figure3  evolutionary path of system(I) 

 

6.2 System (II): dynamic-subsidy-static-penalty model 

 

Taking 0.5 as the initial value of x, we compare the evolutionary paths of the proportion of 
choosing low-carbon manufacturing in system (I) and system (II). The results are shown in figure 
4. It can be found that, as time goes by, the trends of x show fluctuating changes with no obvious 
convergence trend in both system (I) and system (II). The difference is that the fluctuation of x in 



system (I) is relatively stable, while the fluctuation of x in system (II) is increasing. This means 
that manufacturers' behavioral strategy is more difficult to stabilize in system (II).  

As shown in figure 5, the evolutionary path of y is similar to that of x. It also has a 
fluctuating trend and the oscillation is getting larger, which means that, compared with system (I), 
the behavioral strategy of the local governments is also more difficult to stabilize in system (II).  

In terms of the evolution of the whole system (II), as can be seen from figure 6, the 

evolutionary path of the behavioral strategy between the manufacturers and the local governments 

presents a periodic open-loop. This finding verifies that there is no ESS and (
2x ,

2y ) is the 

unstable point of replicator dynamic system (II). 

             

Figure4  evolutionary path of x in system(II)             Figure5  evolutionary path of y in system(II) 

 

Figure6  evolutionary path of system(II) 

 

6.3 System (III): static-subsidy-dynamic-penalty model 

 

As shown in Figure 7, the evolutionary path of the proportion of choosing low-carbon 
manufacturing in system (III) is significantly different from that in system (I). In system (I), x 
shows fluctuating changes without a stable evolutionary trend. While in system (III), as time goes 



by, x quickly converges to 0.46 after a short period of violent fluctuations. This shows that under 
the static-subsidy-dynamic-penalty mechanism, the proportion of choosing low-carbon 
manufacturing will converge to a particular value regardless of the initial value of x.  

From figure 8, we can find the evolutionary path of y is similar to that of x. In system (III), y 
quickly converges to 0.54 after a short period of violent fluctuations. It shows that under the 
static-subsidy-dynamic-penalty mechanism, the proportion of choosing regulation will also 
converge to a particular value regardless of the initial value of y. 

Considering the evolutionary process of the whole system (III), as can be seen in Figure 9, 

the evolutionary path of the behavioral strategy between the manufacturers and the local 

governments approaches closer and closer to the point with coordinates (0.46,0.54) in a spiral with 

high speed. This finding verifies that ( 3x , 3y ) is the ESS of replicator dynamic system (III). 

      

Figure7  evolutionary path of x in system(III)          Figure8  evolutionary path of y in system(III) 

 

Figure9  evolutionary path of system(III) 

 

6.4 System (IV): dynamic-subsidy-dynamic-penalty model 

 



As shown in Figure 10, the evolutionary path of the proportion of choosing low-carbon 
manufacturing in system (IV) is very similar to that in system (III). Taking 0.6 as the initial value 
of x, we can find that as time goes by, x quickly converges to a particular value after a short period 
of sharp fluctuations in both systems. In comparison, the convergence value of x in system (IV) is 
greater than the convergence value of x in system (III). 

As can be seen in Figure 11, the evolutionary path of y is similar to that of x. In both system 
(III) and system (IV), y quickly converges to a particular value after a short period of sharp 
fluctuations. In comparison, the convergence value of y in system (IV) is higher than that in 
system (III). 

Similar to system (III), the evolutionary path of the behavioral strategy between the 

manufacturers and the local governments approaches closer and closer to the point with 

coordinates (0.50,0.67) in a spiral with high speed. This finding verifies that (
4x ,

4y ) is the ESS 

of replicator dynamic system (IV). 

          

Figure10  evolutionary path of x in system(IV)          Figure11  evolutionary path of y in system(IV) 

 

 

Figure12  evolutionary path of system(IV) 

 

6.5 Impacts of B , F on evolutionary paths 



 

In the following, we investigate the impacts of maximum subsidy ( B ) and maximum penalty 
( F ) on behavioral strategies of both players in system (IV) individually. 

(1)Impacts of maximum subsidy on evolutionary paths 

In the following, we compare the evolutionary paths of the behavioral strategies of both 

players for different values of maximum subsidy ( 302010 ，，B ) , and the results are shown in 

Figure 13 and Figure 14. We can find that, if the other parameters are held constant, when B is 

larger, the convergence values of both x  and y will be smaller. Conversely, when B is smaller, 

the convergence values of both x  and y will be larger. It can be explained by the fact that the 

regulatory costs and financial pressure on the local governments will increase as subsidy increases, 

so the regulatory probability of the local governments will decrease. For the manufacturers, in 

order to maximize profits, they may have acted opportunistically and use the subsidy for 

high-carbon manufacturing which is more profitable. Thus, although the subsidy increase, the 

probability of low-carbon manufacturing by the manufacturers decreases instead. 

      

Figure13  evolutionary path of x with different values of B        Figure14  evolutionary path of y with different values of B 

(2)Impacts of maximum penalty on evolutionary paths 

In the following, we compare the evolutionary paths of the behavioral strategies of both 
players for different values of maximum penalty ( 11010090 ，，F ) , and the results are shown in 
Figure 15 and Figure 16. We can find that, if the other parameters are held constant, when F is 
larger, the convergence values of x  will be larger while the convergence values of y  will be 

smaller, and vice versa. It can be explained by the fact that the profit of high-carbon 
manufacturing will drop as penalty increases, so the manufacturers are more willing to choose 
low-carbon manufacturing. At the same time, as the probability of high-carbon manufacturing 
decreases, the probability of regulation by the local governments will also decline in order to 
reduce regulation cost. 



      

Figure15  evolutionary path of x with different values of F        Figure16  evolutionary path of y with different values of F 

 

7 Conclusions 

 

Subsidy and penalty are the two main instruments used by the local governments to 
implement environmental regulation. This paper examined four different mechanisms including 
static-subsidy-static-penalty, dynamic-subsidy-static-penalty, static-subsidy-dynamic-penalty and 
dynamic-subsidy-dynamic- penalty. Based on the premise of limited rationality, we analyzed the 
impact of these four mechanisms on the behavioral strategies of the manufacturers and the local 
governments. According to the above research, we provide the following conclusions and 
recommendations. 

(1) The behavioral strategies of both players are various in the static-subsidy-static-penalty 
model considering different constraints. Clearly, in terms of resource allocation, (low-carbon 
manufacturing, non-regulation) is optimal among all combinations of behavioral strategies. It 
means the manufacturers will adopt low-carbon manufacturing and the local governments will 
choose non-regulation. At this point, the local governments can achieve the purpose of 
incentivizing low-carbon manufacturing without regulation cost. However, in the more realistic 
assumption (Situation 3), there is no ESS in the evolutionary system (I). So the local governments 
should adjust the existing mechanisms and provide best possible incentives to inspire more 
manufacturers to choose low-carbon manufacturing.  

(2) In the dynamic-subsidy-static-penalty model, the behavioral strategies of the 
manufacturers and the local governments are more difficult to stabilize and there is also no ESS in 
the evolutionary system (II). Therefore, both the static-subsidy-static-penalty mechanism and the 
dynamic-subsidy-static-penalty mechanism are not effective to promote the proportion of adopting 
low-carbon manufacturing. In particular, the mechanism of dynamic-subsidy-static-penalty is less 
effective.  

(3) In the static-subsidy-dynamic-penalty model and dynamic-subsidy-dynamic-penalty 
model, the behavioral strategies of the manufacturers and the local governments show a significant 



convergence trend, and there is a unique ESS in both system (III) and system (IV). It means the 
two mechanisms can effectively increase the proportion of adopting low-carbon manufacturing. 
And in comparison, the convergence value in system (IV) is greater than that in system (III), so 
the mechanism of dynamic-subsidy-dynamic-penalty is more efficient, and it provides more 
incentives for manufacturers to adopt low-carbon manufacturing. 

(4) In the long term, the probability of the manufacturers choosing low-carbon manufacturing 
is inversely proportional to the amount of subsidy. It means that the manufacturers are less willing 
to adopt low-carbon manufacturing as the subsidy increase. So, in practice, the local governments 
may begin by using generous subsidy to encourage the manufacturers to choose low-carbon 
manufacturing. When the manufacturers are mature enough to reduce their production costs, the 
local governments can gradually reduce the subsidy. Ultimately, the manufacturers themselves will 
continue to choose low-carbon manufacturing and produce low-carbon products. 

(5) The probability of the manufacturers choosing low-carbon manufacturing is positively 
correlated with the amount of penalty. When the local governments impose higher penalty on the 
manufacturers that adopt high-carbon manufacturing, the manufacturers are more likely to choose 
low-carbon manufacturing. It can be seen that penalty is more effective than subsidy to motivate 
the manufacturers to engage in low-carbon manufacturing. Therefore, in the long run, the local 
governments should prioritize penalty policies, especially dynamic penalty, rather than subsidy to 
incentivize manufacturers' low-carbon manufacturing behavior. 
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