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Abstract: With the number of energy vehicles increases, so does the quantity of used 14 

batteries. However, the stakeholders of the new energy battery supply chain, so far, 15 

have not been able to take responsibility for recycling. In this study, the influence of 16 

different subsidy strategies adopted by the government on the determination of each 17 

participant in the new energy battery supply chain is determined in the case of 18 

government participation and anarchy participation. We observed different strategies 19 

for government involvement, such as government recycling subsidies, profit reward and 20 
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punishment policies, and total recovery costs and profits. At the same time, we designed 21 

a game strategy. This strategy shows that in the case of interaction between recyclers 22 

and manufacturers, the higher the additional income of recyclers and the degree of 23 

cooperation of manufacturers to participate in recycling processing, the higher the 24 

compensation for non-partners, and the recyclers and manufacturers are more inclined 25 

to increase the level of recycling. Compared with no subsidies and no government 26 

participation, government participation can improve the recycling rate of used batteries 27 

and the profits of enterprises. Our work provides decision support for government 28 

involvement in the energy vehicle supply chain. 29 

Keywords: New Energy Vehicle Battery; Government Intervention; Evolutionary 30 

Game Theory; Reverse Supply Chain (RSC); Penalty Measures; Simulation 31 

1. Introduction 32 

Due to the quasi-externality of battery recycling in energy vehicles, there are large 33 

investments in new technologies and developments. There is also a need for more 34 

technical personnel and better definitions of the recycling network and system at the 35 

initial stages. Generally, recycling enterprises cannot fully assume the responsibility of 36 

recycling, and there needs to be more motivation to create a high-quality recycling 37 

model. The government's macro-control is vital.  38 

Game theory-based research is notably extensive in the battery recycling of energy 39 

vehicles. Zhang et al.(2022) constructed the evolutionary game model of waste battery 40 

recycling supervision. They solved and analysed the evolutionary stable equilibrium 41 
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strategy of waste battery recycling and remanufacturing and step-by-step utilisation in 42 

battery production enterprises under the government's policy of reducing subsidies 43 

yearly. Li et al. (2022) examined the evolutionary equilibrium strategies of participants 44 

in the e-waste recycling governance game under government supervision. This analysis 45 

was conducted through the construction of an evolutionary game model involving 46 

manufacturers, recycling enterprises, and the government. However, the existing 47 

research mostly analyses each strategy's stability from each player's perspective in the 48 

three-way game analysis. It needs to include the overall analysis of the strategy 49 

combination in the game system. Lyapunov's first method is a foundational method 50 

employed in modern cybernetics for analyzing the stability of differential equations. Lu 51 

Zhengyu (2018) analysed the stability of mechanical operating systems. It is rarely used 52 

to analyse the stability of a three-party evolutionary game system. For example, Guo 53 

Benhai and Wang Han used Lyapunov's first method to analyse the stability of a three-54 

group evolutionary game's pure strategy equilibrium point. Rong Junmei and Zhu 55 

Lilong (2020) combined Lyapunov's first method to analyse and simulate the stability 56 

of the equilibrium point of the game system. It can be seen that most of the existing 57 

studies ignoring the analysis of mixed strategy equilibrium points. 58 

The academic research on the government's reward and punishment policy on 59 

Reverse Supply Chain (RSC) has greatly improved the recovery rate of energy vehicles. 60 

From the perspective of subsidy policy types, Li et al.(2020) based on Shenzhen's work 61 

on battery recycling subsidy policy, applied system dynamics to analyse the influence 62 
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of the deposit refund system on the battery recycling of energy vehicles. Zhu et al. (2020) 63 

studied the optimal decision-making problem of each member under different subsidy 64 

objects under the closed-loop supply chain of dual-channel recycling. From the 65 

perspective of recycling mode, Zhang et al. (2021) compared and analysed the influence 66 

of reward and punishment mechanisms on battery recycling of energy vehicles. There 67 

are also a few scholars who have compared different recycling policies. Tang (2019) 68 

and others have comparatively analysed the influence of the subsidy, reward and 69 

punishment mechanism on the recycling of power batteries and found that when the 70 

recycling cost is low, the reward and punishment mechanism has a greater influence on 71 

the recycling rate and social welfare than the subsidy mechanism. Although the 72 

literature shows that the reward and punishment mechanism is superior to the subsidy 73 

mechanism under certain conditions, it does not consider different types of subsidy 74 

policies under different subsidy standards. Therefore, it is still necessary to study the 75 

subsidy mechanism further. 76 

In summary, scholars have generally discussed the factors that affect the decision-77 

making of power battery RSC, including contract coordination, market competition, 78 

recycling policy, etc. The contributions of this paper are as follows: (1) Based on the 79 

existing RSC, this paper compares and analyses whether there are government subsidies 80 

and reward and punishment policies and discusses the influence of government on 81 

battery recycling of energy vehicles; (2) Explore the effect mechanism and different 82 

levels of different recycling subsidies, reward, punishment policies on recycling profits, 83 



 

 5 

recycling costs, total recycling costs and total recycling profits of recyclers and 84 

manufacturers. 85 

The rest of the paper is organised as follows: the second section introduces the 86 

relevant literature review, and the third section establishes the game model. From 87 

different subjects, the game models of recycler, manufacturer and government, recycler 88 

and manufacturer are established. And the game results are analysed and simulated. The 89 

fourth section explores decision support and suggests targeted strategic suggestions for 90 

government intervention. The fifth section summarises and looks forward to the 91 

research results of this paper. 92 

2. Literature review 93 

2.1 The development and application of RSC 94 

With the advancing green economy and the rise of environmental conservation 95 

principles, Zarbakhshnia (2020) and more scholars have incorporated environmental 96 

factors into the supply chain design and developed an RSC. The RSC can improve the 97 

environment and greatly benefit the company's development. Through an RSC, Sauer 98 

and Seuring (2018), Kannan (2018), Govindan et al. (2020) created a corporate image 99 

that protects the environment, gains marketing advantages, reduces costs, and improves 100 

customer relations. 101 

The main body of the RSC mainly includes consumers, recyclers, manufacturers, 102 

remanufacturers and third-party logistics. Many scholars have discussed the cost and 103 
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profit of an RSC. Fu et al. (2021) put forward the supply chain circulation mode of 104 

forward and RSCs, and how the raw material cost in forward supply chain and RSC 105 

affects the demand, balanced price and total profit of RSC. Ullah et al. (2021) 106 

considered the remanufacturing link in the RSC, the research shows that manufacturing 107 

and remanufacturing costs play a decisive role in the remanufacturing rate of products, 108 

and improving the remanufacturing rate can reduce the system setup cost and ordering 109 

cost. Ghavamifar et al. (2018), Rezapour et al. (2017), Liao (2018) and Trochu et al. 110 

(2018) studied how to maximise the profit of RSC, while Kannan (2021), Kusakct et al. 111 

(2019), Doan et al. (2019) and Paydar et al. (2018) focused on minimising the cost of 112 

RSC. 113 

In the RSC of waste energy vehicle batteries, many scholars have been studying 114 

the recycling subject, improving the recovery rate, and putting forward many novel 115 

opinions. Liu et al. (2021) made an evolutionary game study on the alliance and 116 

cooperation between China's main bodies of power battery recycling of energy vehicles. 117 

They proposed a recycling policy combining subsidies with supervision or phased 118 

supervision to promote effective recycling. Karakayai et al. (2007) studied that the 119 

Original Equipment Manufacturer (OEM) outsourced recycling and found that when 120 

the product’s homogeneity is high, the recycler can maximise the recycling rate. Kaya 121 

(2010) toke the recycling price and quantity as evaluation indicators and studies the 122 

situation of direct recycling by remanufacturers and third-party recycling under three 123 

modes. Liu et al. (2017) studied three different recycling systems and finally concluded 124 
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that cooperation between OEMs and recyclers is the best choice. The research on RSC 125 

mainly focuses on the right structure, cost, profit and third-party logistics evaluation of 126 

RSC, and the comparative analysis of different recycling policies needs to be improved 127 

in the future. 128 

2.2 The influence of government subsidies and supervision on 129 

RSC 130 

In recent years, the oversight conducted by the government on the environment 131 

has aroused widespread concern among researchers, and governments of various 132 

countries have reached many agreements on environmental legislation and 133 

responsibilities. The government mainly plays two roles in the RSC. One is to punish 134 

enterprises that do not participate in the RSC through environmental tax; The other is 135 

to reward enterprises through tax relief or subsidies. 136 

Madani and Rasti-Barzoki (2017) observed that the impact of increasing the 137 

subsidy rate by the government is far greater than the tax rate, and the development of 138 

RSC will increase the government's and supply chain's profits. He and Wu (2016) 139 

proposed three government subsidy mechanisms for manufacturers and obtained the 140 

conditions for different subsidy policies to maximise social welfare and profits. Jafar 141 

and Kannan (2017) analysed the role of different government subsidy strategies in 142 

coordinating the supply chain.  143 

Compared with the tax-subsidy mechanism, Chen et al. (2022) put forward that 144 

pollution tax, low-carbon technological innovation subsidy and environmental 145 



 

 8 

protection publicity and guidance are three kinds of environmental regulation means to 146 

effectively stimulate enterprises' green and low-carbon technological innovation.      147 

2.3 The application of evolutionary game in RSC cooperation 148 

Evolutionary game theory is a theoretical method combining analysis employing 149 

game theory a dynamic evolution process and discusses how bounded rational 150 

participants make decisions under incomplete information (Friedman, 1998). In 151 

evolutionary games, the strategies of both participants will eventually converge to the 152 

Evolutionary Stable Strategy (ESS) (Friedman, 1991). This method emphasises the 153 

system's dynamic balance and has great potential to simulate actual economic problems 154 

(Fang et al., 2020). Many scholars use evolutionary game theory to solve problems in 155 

various fields, including economics (Sohrabi and Azgomi, 2019), computer science 156 

(Hosseini-Motlagh et al, 2020), and management. From the perspective of game 157 

subjects, current research literature can be divided into two-party games and multi-party 158 

games. 159 

Mahmoudi and Rasti-Barzoki (2018) considered three different objective Eq.s, 160 

established an evolutionary game model between the government and manufacturers 161 

and analysed the influence of government policies on manufacturers' behaviour and 162 

carbon emissions. Tu et al.(2020) established a three-way game model to analyse the 163 

dynamic evolution process among EPA, manufacturers and consumers. Zhang et al. 164 

(2019) studied the effects of the carbon trading market, environmental tax and 165 

innovation on the evolutionary results.  166 
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Currently, some scholars have applied evolutionary game theory to study the green 167 

and low-carbon development model of the government, upstream and downstream 168 

enterprises in RSC and other stakeholders and to explore the interaction mechanism of 169 

each subject in the game system. However, the existing research mostly analyses each 170 

strategy's stability from each player's perspective in evolutionary game analysis. Still, 171 

it needs the overall analysis of strategy combination in a game system. 172 

3. Problem description 173 

The RSC of energy vehicle batteries starts from manufacturers to retailers, retailers 174 

to consumers, consumers to recyclers, and then to manufacturers for remanufacturing. 175 

When a product has completed its whole life cycle but still has huge surplus value, it 176 

will be recycled from consumers in some way and then remanufactured to make it 177 

reused. Closed-loop supply chain recycling can cancel resources, reduce energy 178 

consumption and carbon emissions, and improve enterprises' profits and overall 179 

benefits (Fig. 1). 180 

As shown in Fig. 1, the RSC constructed in this article contains the following 181 

partial structures. 182 

Battery manufacturer: Buys nickel, cobalt and other raw materials from the 183 

market to produce brand-new power batteries while recycling and reprocessing 184 

materials from battery recyclers. When battery manufacturers choose to maintain the 185 

status and not improve the battery recycling level of energy vehicles, they must pay 186 

government fines and environmental taxes. When battery manufacturers choose to 187 
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improve the recycling level of energy vehicles, the government will give subsidies and 188 

incentives. Still, battery manufacturers must also bear the cost of improving the 189 

recycling cycle. 190 

 191 
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 192 

Fig. 1. The RSC of new energy vehicle batteries 193 

Recycler: Recovers the retired new energy automobile batteries from consumers 194 

for a fee, then tests, classifies, reprocesses, and sells them to battery manufacturers. 195 

When the battery recycling option maintains the status quo and does not improve the 196 

battery recycling level of energy vehicles, it is necessary to pay fines and environmental 197 

taxes to the government. The situation is similar to that of the manufacturers: when 198 

battery recyclers choose to improve the battery recycling level of energy vehicles, the 199 

government will give subsidies and incentives. Still, battery manufacturers must also 200 
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bear the cost of improving the recycling level. 201 

Government: Regulators outside the supply chain, advocating to maximise social 202 

interests. They can choose to actively take subsidy measures for battery manufacturers 203 

and battery recyclers and subsidise battery manufacturers and recyclers in the battery 204 

recycling supply chain. The government can also reap the benefits of environmental 205 

improvement, but the government needs to bear the subsidy cost. Or by raising taxes 206 

and collecting fines to improve the recovery rate of retired car batteries, the government 207 

will pay the additional cost of environmental remediation. 208 

After several years of use, batteries of energy vehicles reach the scrapping standard 209 

and can be recycled by enterprises at this time. In the supply chain system for recycling 210 

new energy vehicle batteries, which consists of recyclers and manufacturers, the 211 

government needs to subsidise and supervise the enterprises involved in recycling new 212 

energy vehicle batteries with high recycling costs and complicated recycling processes. 213 

When enterprises choose not to recycle discarded new energy automobile batteries 214 

actively, they need to bear the public environmental impact of the products on society, 215 

and enterprises should pay corresponding environmental protection taxes to make up 216 

for the negative externalities caused by new energy automobile batteries to the 217 

environment. 218 

This paper formulates a two-party game model between recyclers, manufacturers 219 

and a three-party game model between the government, recyclers and manufacturers to 220 

study the influence of government subsidies and supervision on the recovery rate and 221 
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the recovery decision of both parties without government participation. 222 

4. The evolutionary game model of recycler-manufacturer 223 

4.1 Assumptions and Parameters 224 

In our model, manufacturers collect energy automobile batteries from recyclers. 225 

Both manufacturers and recyclers take the maximisation of their interests as the premise 226 

of the recycling process, and the strategies made by the two participants will affect each 227 

other. In the evolution process of recycling from electric vehicles, the two participants 228 

are bounded and rational, and there is a phenomenon of information integration between 229 

them, which makes it impossible for recyclers and manufacturers to determine whether 230 

their decisions can bring them the greatest benefits. 231 

Through the above evaluation of the evolutionary game for the main body of the 232 

energy vehicle battery, the following assumptions are made: 233 

Hypothesis 1: The battery recycling cost of different models of energy vehicles is 234 

the same. 235 

Hypothesis 2: With recyclers and manufacturers as participants, the two 236 

participants are bound and rational in the evolutionary game of battery recycling in 237 

energy vehicles. 238 

Hypothesis 3: Before the cooperation, the normal income of recyclers and 239 

manufacturers was RI and MI . 240 

Hypothesis 4: Between the recycler and the manufacturer, if one of them does not 241 
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cooperate, it is necessary to pay some compensation K   to the other party who 242 

cooperates. 243 

Hypothesis 5: The probability that recyclers choose the strategy of "improving 244 

reuse level" is y , and the probability of choosing the strategy of "maintaining the status 245 

is 1 y− ; The probability that the manufacturer chooses the strategy of "improving the 246 

reuse level" is z , and the probability that the manufacturer chooses the strategy of 247 

"maintaining the status is 1 z− , in which 0 , 1y z  . 248 

Additional parameters are shown Table 1: 249 

Table 1 Parameter compliance and explanation 250 

 251 

4.2 Stability analysis of equilibrium solution 252 

According to the Malthusian equation, the replication dynamic equation of the 253 

strategy selection of the recycler is: 254 

Parameter 

symbol 

Explanation 

RI  Normal income of recyclers before cooperation. 

MI  Normal earnings of manufacturers before cooperation. 

RC  
Costs incurred by recyclers when they choose the strategy of "improving 

reuse level." 

MC  
Costs incurred by manufacturers when they choose the strategy of 

"improving reuse level." 𝐶 
The total cost generated by the cooperation between recyclers and 

manufacturers is as follows:  and 1- (0 1)   𝑆 
The recycler and the manufacturer choose to cooperate to recycle the 

extra income, and the proportion of the two is  and 1 (0 1) −    𝐾 Compensation paid by the uncooperative party to the cooperative party. 
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1( ) ( )E E

dy
F y y M M

dt
= = −                                          (1) 255 

The manufacturer's reproducible dynamic equation: 256 

  ( ) (1 ) (1 ) (1 ) M M

dz
F z z z S C C y K C

dt
 = = − − − − + + −                  (2) 257 

A two-dimensional decision-making equation set is obtained simultaneously from 258 

the recycling quotient and the replication dynamic equation of manufacturing: 259 

 

  

( ) (1 ) ( ) 0

( ) (1 ) (1 ) (1 ) 0

R R

M M

dy
F y y y S C C z K C

dt

dz
F z z z S C C y K C

dt

 

 

 = = − + − + − =

 = = − − − − + + − =


            (3) 260 

By solving y and z , we can get five equilibrium points of the model, namely: 261 

(0,0), (0,1), (1,0), (1,1), ( , )
(1 ) (1 )

M R

M R

C K C K

S C C S C C   
− −

− − − + − +
 262 

Further, according to the analysis method of local stability proposed by Friedman, 263 

the differential equations about y and z are calculated, and the corresponding Jacobian 264 

matrices are listed, namely: 265 

2

( ) ( )

( ) ( )

F y F y

y z
J

F z F z

y z

  
   =
  
   

 266 

 
    

(1 2 ) ( ) (1 )( )

(1 ) (1 ) (1 ) (1 2 ) (1 ) (1 )

R R R

M M M

y S C C z K C y y S C C

z z S C C z S C C y K C

   
   

 − + − + − − + −
=  − − − − + − − − − + + −  

267 

(4) 268 

Among them: 269 

    2( ) (1 2 ) ( ) (1 2 ) (1 ) (1 )R R M Mtr J y S C C z K C z S C C y K C   = − + − + − + − − − − + + −
270 

(5) 271 

 
    2

(1 2 ) ( ) (1 )( )
det( )

(1 ) (1 ) (1 ) (1 2 ) (1 ) (1 )

R R R

M M M

y S C C z K C y y S C C
J

z z S C C z S C C y K C

   
   

− + − + − − + −
=

− − − − + − − − − + + −
272 
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(6) 273 

The equilibrium point is the Evolutionary Stable Strategy (ESS) only when these 274 

conditions are met. 275 

For the above five equilibrium points 276 

(0,0), (0,1), (1,0), (1,1), ( , )
(1 ) (1 )

M R

M R

C K C K

S C C S C C   
− −

− − − + − +
 277 

Calculate the expressions of its determinant and trace respectively to judge 278 

whether it is stable, in which 279 

0 0( , ) ( , )
(1 ) (1 )

M R

M R

C K C K
y z

S C C S C C   
− −

=
− − − + − +

 280 

The relationship between parameters and the equilibrium points of the model 281 

under different constraints is discussed. There are nine situations, namely: 282 

(1) (1 ) (1 ) 0, 0, ,M R M RS C C S C C C K C K   − − − +  − +     283 

(2) ,0M R RC K C K S C C   −  − +  284 

(3) ,0M R RC K S C C C K   − +  −  285 

(4) (1 ) (1 ) ,M RC K C S C K   − − −   286 

(5) (1 ) (1 ) ,0M R RC K C S C K S C C     − − −  −  − +  287 

(6) (1 ) (1 ) ,0M R RC K C S S C C C K     − − −  − +  −  288 

(7) , (1 ) (1 ) ,M RC K K C S C K   − − −   289 

(8) , (1 ) (1 ) ,0M R RC K K C S C K S C C     − − −  −  − +  290 

(9) , (1 ) (1 ) ,0M R RC K K C S S C C C K     − − −  − +  −  291 

Based on the above nine conditions, the determinant and trace size of the Jacobian 292 

matrix 2J  at five equilibrium points can be obtained to judge its local stability. The 293 
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evolution path diagram of the system is shown in the Fig. 2, in which the horizontal 294 

axis Y represents the probability that the recycler chooses the strategy of "improving 295 

the treatment level", and the vertical axis Z represents the probability that the 296 

manufacturer chooses the strategy of "improving the treatment level". 297 

 298 

 299 

Scenario 1            Scenario 2           Scenario 3    300 

 301 

Scenario 4            Scenario 5           Scenario 6    302 

 303 

Scenario 7            Scenario 8           Scenario 9    304 

Fig. 2. The evolution path diagram of the system in cases 1-9 305 
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 306 

The above Table 2 shows that the parameters have different stable points under 307 

different constraints. 308 

 309 

Table 2. Different stability points under different constraints 310 

We can get the conclusions: 311 

(1) For situation 1, after both parties choose to participate in recycling at first, the 312 

income brought to them by active participation S   and (1 )S−  is less than the 313 

average recycling cost, making both parties lose the motivation to participate actively. 314 

(0,0) is the stable point of the two-party game; that is, it is an evolutionarily stable 315 

Situation Constraint condition Stable 

point 

1 

3(1 ) (1 ) ,0M RC K C S C K S C C     − − −  −  − +  

(1 ) (1 ) ,0M R RC K C S S C C C K     − − −  − +  −  

, (1 ) (1 ) ,0M R RC K K C S C K S C C     − − −  −  − +  

, (1 ) (1 ) ,0M R RC K K C S S C C C K     − − −  − +  −  

(0,0) 

2 ,0M R RC K S C C C K   − +  −  (0,1) 

3 , (1 ) (1 ) ,M RC K K C S C K   − − −   (1,0) 

4 

(1 ) (1 ) 0, 0, ,M R M RS C C S C C C K C K   − − − +  − +     

,0M R RC K C K S C C   −  − +  

(1 ) (1 ) ,M RC K C S C K   − − −   

3(1 ) (1 ) ,0M RC K C S C K S C C     − − −  −  − +  

(1,1) 
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strategy for recyclers and manufacturers not to invest in recycling subsidies. In the early 316 

stage of development, because recyclers and manufacturers have no recycling 317 

experience and perfect recycling channels, they need to invest a lot of money to build 318 

recycling infrastructure. During this period, the income increase rate of participating in 319 

recycling is very low. Moreover, there is a lack of reference objects in the early stage 320 

of RSC, and investment recovery is very risky. If there are no incentive measures from 321 

government agencies, recyclers and manufacturers will choose not to participate in 322 

recycling to ensure their respective benefits and avoid the risk of losing recycling. 323 

(2) For situation 2, (0,1) is the stable point of the two-player game. As for recyclers, 324 

when RC K  , 0RS C C − +   , recyclers choose to improve the reuse level, the 325 

benefits and subsidies they get are less than the costs they pay. Recyclers will not take 326 

the initiative to improve utilisation to save costs and improve economic benefits. From 327 

the manufacturer's point of view, MC K  , when the manufacturer improves the 328 

recycling level, the economic subsidy is greater than the cost, so the manufacturer will 329 

choose to improve the recycling level, thus improving its sustainable development 330 

ability. Therefore, the final stable result is (maintaining the status quo and improving 331 

the level of reuse). When the manufacturer gives full play to its production advantages 332 

and establishes a perfect recycling channel, its recycling will create greater benefits for 333 

it, so the manufacturer will actively recycle and expand the recycling scale. However, 334 

due to its characteristics, recyclers must pay a huge cost to form a perfect recycling 335 

channel, so recyclers will not recycle. 336 
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(3) For situation 3, (1,0) is the stable point of the two-player game. From the 337 

recycler's point of view, when RC K  ,as the recycler improves the reuse level, the 338 

subsidy from the manufacturer is greater than the cost, so the recycler will choose to 339 

improve the reuse level. From the manufacturer's point of view, MC K , the cost paid 340 

by the manufacturer is less than the subsidy obtained, so the manufacturer will not 341 

choose to improve the reuse level. Therefore, the final stable result is (improving the 342 

level of reuse and maintaining the status quo). With the continuous expansion of the 343 

market, many products will be recycled. Currently, recyclers have an advantage over 344 

manufacturers in recycling because they are closer to consumers. Therefore, recyclers 345 

will take the lead in adopting a recycling strategy to ensure a larger recycling volume. 346 

At the same time, manufacturers will not recycle because of the limited benefits of 347 

recycling. 348 

(4) For situation 4, (1,1) is the stable point of the two-player game, and the final 349 

stable result of the system is (improving the reuse level, improving the reuse level). 350 

Under this parameter, the cost paid by recyclers and manufacturers to improve the reuse 351 

level is less than the income obtained, and recyclers and manufacturers will eventually 352 

choose to improve the reuse level. When the recycling market develops to a certain 353 

scale and maturity, both recyclers and manufacturers have a certain market share and 354 

establish a good corporate image and advanced recycling technology, so participating 355 

in recycling can create more profits for them than before. In this case, recyclers and 356 

manufacturers will choose recycling to form a competitive recycling situation. 357 
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4.3 Numerical simulation analysis of the evolution of recycler-358 

manufacturer 359 

This section sets different parameters to verify the conclusion. It simulates the 360 

model using Matlab 2016a software. These parameters are only set to test the rationality 361 

and feasibility of the conclusion and have no practical significance. 362 

(1) The influence of the total cost ratio generated by the cooperation between 363 

recyclers and manufacturers on the strategy evolution. 364 

Assuming that the parameters in the evolutionary game model of recycler and 365 

manufacturer are: 366 

0.1, 3, 0.2, 0.5, 0.2, 0.2R MS C C K C = = = = = = , 367 

when 0.1, 0.25, 0.5, 0.75   = = = =  , the evolution process between the 368 

probability of recyclers and manufacturers participating p  and   in manufacturer 369 

cooperation is shown in Fig. 3. The influence of the total cost generated by the 370 

cooperation (a), of the total income generated by the cooperation (b), of the total income 371 

generated by the cooperation (c), of cooperation (d), of the cost generated by the 372 

recycler's choice of "improving the reuse level" (e), of compensation paid by 373 

uncooperative party to cooperative party (f) between recyclers and manufacturers on 374 

the evolution of strategy. 375 

As seen from the above figure, when other parameters are constant, the greater the 376 

cost of recyclers, the smaller the probability of cooperation between recyclers and 377 

manufacturers. 378 
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Fig. 3. Numerical simulation diagram of recycler-manufacturer evolution 380 

 381 

(2) The influence of the proportion of extra income generated by the cooperation 382 

between recyclers and manufacturers on the strategy evolution. 383 

Assuming that parameters in the evolutionary game model of recycler and 384 

manufacturer are: 0.2, 3, 0.2, 0.5, 0.2, 0.2R MS C C K C = = = = = = , when 385 

0.1, 0.25, 0.5, 0.75   = = = = , the evolution process between the probability 386 

of cooperation between recyclers and manufacturers is shown in Fig. 3(b). 387 

When other parameters are constant, the greater the proportion of extra income 388 

generated by the participation of recyclers and manufacturers, the greater the 389 

probability of cooperation between recyclers and manufacturers. 390 

(3) The cooperation between recyclers and manufacturers influences strategy 391 

evolution. 392 
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Assuming that the parameters in the evolutionary game model of recycler and 393 

manufacturer are: 0.1, 0.2, 0.2, 0.5, 0.2, 0.2R MC C K C = = = = = = , when 394 

1, 2, 3, 4S S S S= = = =  , the evolution process between the probability of 395 

cooperation between recyclers and manufacturers is shown in Fig 3(c). 396 

When other parameters are constant, the more income generated by the 397 

cooperation between recyclers and manufacturers S  , the greater the probability of 398 

cooperation between recyclers and manufacturers. 399 

(4) The total cost generated by the cooperation between recyclers and 400 

manufacturers influences strategy evolution. 401 

Assuming that the parameters in the evolutionary game model of recycler and 402 

manufacturer are: 0.1, 0.2, 0.2, 3, 0.2, 0.2R MC S K C = = = = = = , when 403 

0.3, 0.5, 0.7, 0.9C C C C= = = = , The evolution process between the probability 404 

of cooperation between recyclers and manufacturers is shown in Fig 3(d). 405 

As seen from the above figure, when other parameters are constant, the more the 406 

total cost generated by the cooperation between recyclers and manufacturers, the 407 

smaller the probability of cooperation between recyclers and manufacturers. 408 

(5) The influence of the cost of the strategy that recyclers choose to improve the 409 

"reuse level" on the strategy evolution. 410 

Assuming that the parameters in the evolutionary game model of recycler and 411 

manufacturer are: 0.1, 0.2, 0.5, 3, 0.2, 0.2MC S K C = = = = = = , when 412 

0.1, 0.2, 0.3, 0.4R R R RC C C C= = = =  , the evolution process between the 413 
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probability of recyclers participating in cooperation is shown in Fig 3(e). 414 

As seen from the above figure, when other parameters are constant, the cost 415 

generated by the recycler's choice to improve the "reuse level" strategy has little effect 416 

on whether the recycler and the manufacturer cooperate. 417 

(6) The influence of the compensation paid by the uncooperative party to the 418 

cooperative party on the strategy evolution. 419 

Assuming that the parameters in the evolutionary game model of recycler and 420 

manufacturer are: 0.1, 0.2, 0.2, 0.5, 3, 0.2, 0.2R MC C S K C = = = = = = = , when 421 

0.1, 0.2, 0.3, 0.4K K K K= = = =  The evolution process between the probability 422 

of recyclers participating in cooperation is shown in Fig. 3(f). 423 

As seen from Fig. 3(f), when other parameters are constant, the compensation paid 424 

by the uncooperative party to the cooperative party has little influence. 425 

5. Evolutionary game model among government, recyclers 426 

and manufacturers 427 

5.1 Assumptions and parameters 428 

According to the two-party game model, if the return on investment of recyclers 429 

and manufacturers is low, or even the income is less than the subsidy, at this time, 430 

recyclers and manufacturers in the RSC will choose not to recycle. In this case, if we 431 

want to improve the recovery rate of products, we must subsidize recyclers and 432 

manufacturers through the influence of the government to expand the scale of recycling, 433 
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and reduce environmental pollution. For the RSC, the subsidy input of node enterprises 434 

has a positive externality effect, and the government encourages enterprises to 435 

strengthen the subsidy input in the RSC with subsidies. 436 

The external macro-environment influences the subsidy input of RSC, so to reduce 437 

the cost of recycling and remanufacturing, the government can encourage enterprises 438 

to increase the subsidy input to consumers through tax reduction, exemption policies 439 

and direct subsidies. 440 

The main players of the evolutionary game under government subsidies are still 441 

manufacturers and recyclers, and they are all bound and rational. They learn from the 442 

continuous game and change their strategic choices according to their opponents' plans 443 

to adapt to environmental changes. At the same time, before each decision, they still 444 

determine their opponents' choices. They can only estimate the possible plans of the 445 

other side of the game according to the existing information. 446 

The following assumptions are made based on the three-parties evolutionary: 447 

Hypothesis 1: The participants in the RSC only include the government, 448 

manufacturers and recyclers, in which the government's strategy choice is incentive or 449 

non-incentive; The manufacturer's strategy choice is to improve the treatment level or 450 

maintain the status quo; The strategy choice of recyclers is to improve the reuse level 451 

or maintain the status quo. 452 

Hypothesis 2: The government, manufacturers and recyclers are all bounded 453 

rational economic men, and their information is not completely symmetrical to 454 
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maximize profits. 455 

Hypothesis 3: The environmental tax is only effective under the government's 456 

encouragement, and the environmental benefits brought by improving the recycling 457 

level are counted in the income function of the government subject. 458 

Table 3 is the parameter compliance and explanation: 459 

Table 3 Parameter Compliance and Explanation 460 

Parameter 

symbol 

Explanation 

Government  

1G  
The cost of environmental remediation caused by the government's 

non-incentive measures 

2G  
The benefits obtained by the government when it takes incentive 

measures. 

3G  Costs incurred when the government takes incentive measures. 

RCC  

When the recycler chooses "maintaining the status quo", the 

government is responsible for the treatment costs generated by 

environmental governance. 

MCC  

When the manufacturer chooses "maintaining the status quo", the 

government is responsible for the treatment cost generated by 

environmental governance. 

RRG  
Environmental benefits when recyclers choose the strategy of 

"improving reuse level" 

MRG  
Environmental benefits when manufacturers choose the strategy of 

"improving reuse level" 

Recycler  

FR  

The environmental improvement payment paid to the government by 

recyclers when they choose the strategy of "maintaining the status 

quo" 

TR  
Environmental tax paid by recyclers to the government when they 

choose the strategy of "maintaining the status quo" 

RS  
Incentive subsidies are given by the government when recyclers 

choose the strategy of "improving treatment level" 

CR  
Costs incurred by recyclers when they choose the strategy of 

"improving treatment level" 
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Assuming that the probability of the government choosing the "incentive" strategy 461 

is x , the probability of choosing the "non-incentive" strategy is 1 x− ; The probability 462 

that the recycler chooses the strategy of "improving the treatment level" is y , and the 463 

probability of choosing the strategy of "maintaining the status" is 1 y− ; The probability 464 

that the manufacturer chooses the strategy of "improving the reuse level" is z , and the 465 

probability that the manufacturer chooses the strategy of "maintaining the status" is 466 

1 z− , where 0 , , 1x y z  . There are eight combinations of tripartite games as follows: 467 

(1,1,1), (1,0,1), (1,1,0), (1,0,0), (0,1,1), (0,1,0), (0,0,1). The “0” means “don't 468 

encourage”, the “1” means “improve the treatment level. 469 

1ER  Initial market income before recyclers cooperate. 

2ER  
After the two parties cooperate, the recycler obtains additional 

market income. 

Manufacturer  

FM  
Fines paid by manufacturers to the government when they choose the 

strategy of "maintaining the status quo" 

TM  
Environmental taxes paid by manufacturers to the government when 

they choose the strategy of "maintaining the status quo" 

MS  
Incentive subsidies are given by the government when manufacturers 

choose the "improving treatment level" strategy. 

CM  
Costs incurred by manufacturers when they choose the strategy of 

"improving processing level" 

1EM  Initial market earnings before manufacturers cooperate. 

2EM  
Additional market gains obtained by the manufacturer after the 

cooperation between the two parties. 
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5.2 Stability Analysis of Equilibrium Solution of Evolutionary 470 

Game Model 471 

5.2.1 The solution of government evolutionary stability strategy 472 

According to Fig. 5, the government's evolutionary stability strategy under 473 

different conditions can be discussed. In Fig. 5, the shaded part is taken as the dividing 474 

line, and the volume of area I represents the probability that the government chooses to 475 

"improve the reuse level", and the volume of area II represents the probability that the 476 

government chooses to "not improve the reuse level". 477 

As shown in Fig. 5(a), if 2 3 1( ) 0MC M Ryz y C zS yS G G G− − − + − + = so ( ) 0F x = , 478 

the value for the government does not influence the evolution results. 479 

As shown in Fig. 5(b), if 2 3 1( ) 0MC M Ryz y C zS yS G G G− − − + − +   , when 480 

2 3 1( ) 0MC M Ryz y C zS yS G G G− − − + − +   , and '(0) 0F   , '(1) 0F   available, the 481 

evolutionary stability strategy at this time is that the government chooses the strategy 482 

of "no incentive measures"; that is 0x = , region I in Fig 5(b). 483 

As shown in Fig. 5 (c), if 2 3 1( ) 0MC M Ryz y C zS yS G G G− − − + − +   , when 484 

2 3 1( ) 0MC M Ryz y C zS yS G G G− − − + − +   , and '(0) 0F   , '(1) 0F    available, the 485 

evolutionary stability strategy at this time is that the government chooses the strategy 486 

of "taking incentive measures". That is 1x = , it falls in region II of the Fig 5. 487 

It can be seen that the probability that the government "takes incentive measures" 488 

increases with the probability that manufacturers "improve the recycling level". In the 489 

same way, it can be proved that x  it increases with the increase of the probability of 490 
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"improving the reuse level" of recyclers y . 491 

5.2.2 Solving the evolutionary stability strategy of the payback 492 

quotient 493 

According to Fig. 4, the evolutionary stability strategy of the recycler under 494 

different conditions can be discussed. In Fig. 4, the shaded part is taken as the dividing 495 

line, and the volume of area I indicates the probability that the recycler chooses to 496 

"improve the reuse level", and the volume of area II indicates the probability that the 497 

recycler chooses to "not improve the reuse level". 498 

As shown in Fig. 4(d), if 2(1 ) 0R E C F Tx z S zR R R R− + − + + =  the value for 499 

recyclers y  does not influence the evolution results. 500 

As shown in Fig. 4(d), if 2(1 ) 0R E C F Tx z S zR R R R− + − + +   , when 501 

2(1 ) 0R E C F Tx z S zR R R R− + − + +  , and when '(0) 0F  , '(1) 0F  , the evolutionary 502 

stability strategy is 0y = , and the recycler chooses the strategy of "not improving the 503 

reuse level" (region I in Fig. 4(d). 504 

As shown in Fig. 4(d), if, when 2(1 ) 0R E C F Tx z S zR R R R− + − + +   , and 505 

available '(1) 0F   , the evolutionary stability strategy is 1y =  , and the recycler 506 

chooses the strategy of "improving the reuse level", it falls in region II of Fig. 4(d). 507 

The probability of recyclers "improving the reuse level" increases with the 508 

probability of the government "adopting incentive strategies". In the same way, it can 509 

be proved that it increases with the increase of the probability of "improving the reuse 510 

level" of recyclers. 511 



 

 29

5.2.3 Solving the evolutionary stability strategy of manufacturers 512 

The evolutionary stability strategy of the manufacturer under different conditions 513 

can be discussed. In Fig. 4, the shaded part is taken as the dividing line, and the volume 514 

of area I represents the probability that the manufacturer chooses to "take incentive 515 

measures", and the volume of area II represents the probability that the manufacturer 516 

chooses to "not take incentive measures". 517 

As shown in Fig. 4(g), if 2 0M E F T CxS yM M M M+ + + − =  so ( ) 0F z = , the 518 

value for the manufacturer z  does not influence the evolution result. 519 

As shown in Fig. 4(h), if 2 0M E F T CxS yM M M M+ + + −   , when 520 

2 0M E F T CxS yM M M M+ + + −   , the evolutionary stability strategy is 0y =  , the 521 

manufacturer chooses the strategy of "not improving the reuse level" area I in Fig. 4(h). 522 

As shown in Fig. 4(i), if 2 0M E F T CxS yM M M M+ + + −   , when 523 

2 0M E F T CxS yM M M M+ + + −   , and available '(0) 0F   , '(1) 0F    the 524 

evolutionary stability strategy at this time is that the manufacturer chooses the strategy 525 

of "improving the reuse level". That is 1y = , it falls in area II in Fig. 4(i). 526 

It can be seen that the probability of manufacturers "improving the recycling level" 527 

increases with the probability of recyclers "adopting incentive strategies". In the same 528 

way, it can be proved that the probability of the government "improving the level of 529 

reuse" increases. 530 

 531 
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Fig. 4. Government, recycler, manufacturer's dynamic evolution phase diagram 532 

 533 

5.2.4 Solving the stability strategy of three parties 534 

Further, according to the analysis method of local stability proposed by Friedman 535 

and according to the two-dimensional decision equation, the differential equations 536 

about X, Y and Z are calculated, and the corresponding Jacobian matrices are listed, 537 

namely: 538 
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11 12 13

2 21 22 23

31 32 33

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

F x F x F x

x y z
J J J

F y F y F y
J J J J

x y z
J J J

F z F z F z

x y z

   
     
    = =             
         

                 (7) 539 
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

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
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

                 (8) 540 

According to the context analysis, nine equilibrium points in the three-way 541 

evolutionary game model 9 ( *, *, *)T x y z  exist under certain conditions, but there is no 542 

asymptotic stability. So, when analyzing the three-party stable equilibrium strategy, 543 

according to the Lyapunov indirect method, the stability of the two equilibrium points 544 

4 8(0,1,1), (1,1,1)T T  is mainly analyzed. 545 

Analyze the point 4 (0,1,1)T : the Jacobian matrix under the point can be obtained 546 

according to the Eq.5. According to the analysis, when: 547 

2 3 1( ) 0M RS S G G G− + + − +   , 2 ( ) 0E C F TR R R R− + − +   , 2M ES M− − −548 

( )F TM M+ 0CM+  , 4 (0,1,1)T  is an evolutionarily stable point. When recyclers and 549 

manufacturers take incentive measures, the incentive subsidies given by the 550 

government represent the profits obtained when the government takes incentive 551 

measures, the environmental improvement treatment fees and environmental protection 552 
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taxes paid by recyclers when they choose the strategy of "maintaining the status quo", 553 

and the environmental improvement treatment fees and environmental protection taxes 554 

paid by recyclers when they choose the strategy of "maintaining the status quo". 555 

The Jacobian matrix under the point can be obtained according to the Eq.5. 556 

According to the analysis, when 2 3 1+ 0M RS S G G G− + −  , 2 0E C F TR R R R− + − −  ,557 

2 0M E F T CS M M M M− − − − +  , 8(1,1,1)T is an evolutionarily stable point; otherwise, 558 

the point is an unstable point or a saddle point. 559 

5.3 Numerical Simulation of Evolutionary Game Model 560 

In this chapter, MATLAB software will be used for numerical simulation, and the 561 

model's effectiveness will be verified based on the initial assignment. Furthermore, the 562 

influence of parameter sensitivity and initial strategy probability of each agent in the 563 

model on the evolution rate will be simulated and analyzed, and the results of evolution 564 

stability will be intuitively reflected through the simulation diagram. Finally, according 565 

to the model and simulation analysis, policy suggestions will be provided to the 566 

government, recyclers and manufacturers, respectively. 567 

When 1 2 30.3, 4, 0.2, 0.2, 1.5, 0.5, 0.1, 1.5,MC F T R CG G G C R R S R= = = = = = = =  568 

1.5, 0.5, 0.1, 1.5F T M CM M S M= = = = . The evolution trend diagram is shown in 569 

Fig. 5(a). When other parameters are constant when the system evolves to a stable point, 570 

the probability of the government choosing an incentive strategy also increases when 571 

the recycler and the manufacturer cooperate to recover and generate additional income. 572 

When 1 2 3 20.3, 4, 0.2, 0.2, 1.5, 0.5, 0.1, 2,MC F T R EG G G C R R S R= = = = = = = =573 
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21.5, 0.5, 0.1, 2F T M EM M S M= = = =  , 1.5, 2, 2.5, 1.5C C C CR R R M= = = =  ,574 

2, 2.5C CM M= = .The evolution trend diagram is shown in the following Fig. 5(b). 575 

When other parameters are constant, when the system evolves to a stable point, the 576 

probability that the government will choose an incentive strategy will also decrease 577 

when the additional cost of cooperative recycling between recyclers and manufacturers 578 

increases. 579 

When 1 2 3 20.3, 4, 0.2, 0.2, 1.5, 0.5, 1.5, 2,MC F T C EG G G C R R R R= = = = = = = =  580 

21.5, 0.5, 2, 1.5,F T E CM M M M= = = =581 

0.1, 0.2, 0.3, 0.1, 0.2R R R M MS S S S S= = = = = , 0.3MS = . The evolution trend diagram 582 

is shown in the following Fig 5(c). When other parameters are constant, when the 583 

system evolves to a stable point, the probability that the government will choose an 584 

incentive strategy will also decrease when the additional cost of cooperative recycling 585 

between recyclers and manufacturers increases. 586 

When 1 2 3 20.3, 4, 0.2, 0.2, 1.5, 2, 0.1MC C E RG G G C R R S= = = = = = =   , 587 

21.5, 0.5, 2, 1.5,F T E CM M M M= = = =   and 1.5, 2, 2.5, 0.5F F F TR R R R= = = =  , 588 

1, 1.5T TR R= = . The evolution trend diagram is shown in the Fig. 5. 589 

As seen from the above figure, when other parameters are constant, strengthening 590 

government punishment will reduce the recycling level's promotion to a stable point in 591 

the system evolution process. 592 

 593 
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(a) (b) 

  

(c) (d) 

Fig. 5. Numerical simulation of evolutionary game model among government, 594 

recycler and manufacturer 595 

 596 

6. Discussion 597 

An evolutionary game model between vehicle manufacturers and battery recyclers 598 

of energy vehicles is developed in this paper, and the strategic stability of each player 599 

without government participation and the influence of various factors on strategic 600 

choice are analyzed. Then, the government is involved, and the influence of different 601 

government reward and punishment measures on RSC recycling is studied through 602 

evolutionary game theory. The stability of the equilibrium strategy combination of the 603 
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game system, the influence of government policies on the recycling behavior of vehicle 604 

manufacturers and recyclers are obtained by comparative analysis. 605 

In the three-way evolutionary game analysis, similar studies mostly analyze the 606 

stability of their strategies from each player's perspective but lack the overall analysis 607 

of the strategy combination in the game system. This paper analyses the stability of the 608 

equilibrium points of pure and mixed strategies of the replicated dynamic system by 609 

Lyapunov's first method. It obtains the evolutionarily stable strategy combination under 610 

different conditions. 611 

The study of strategy selection in game theory focuses on analyzing equilibrium 612 

results. However, equilibrium results are hard to obtain reasonably, and non-613 

equilibrium is the normal state of dynamic systems. The evolutionary game theory used 614 

in this study can analyze the evolutionary stable equilibrium of the strategic choice 615 

behavior of bounded rational subjects. The establishment of a two-way evolutionary 616 

game between vehicle manufacturers and recyclers without government participation 617 

and a three-way evolutionary game with government participation can more intuitively 618 

compare and analyze the influence of non-subsidy policy, subsidy policy, non-619 

regulatory policy and regulatory policy on the main decisions of each subject. 620 

The results of the proposed model in this study can be used to enhance managers' 621 

insight to make better decisions for supply chain members and government-level 622 

decision-makers. To encourage manufacturing and recycling enterprises to participate 623 

in the recycling of energy vehicles, the government can introduce macro policies and 624 
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cash subsidies to reduce the costs that enterprises need to pay in the recycling process. 625 

Sharing costs for enterprises and actively promoting enterprises to participate in low-626 

carbon recycling activities to a certain extent will help to form a recycling network 627 

quickly, mobilize the enthusiasm of enterprises to participate in recycling, and benefit 628 

consumers. On the other hand, it can gradually improve the environmental awareness 629 

of enterprises and consumers to achieve the low-carbon emission and green cycle goals. 630 

7. Conclusion 631 

Considering the efforts of automobile and vehicle manufacturers to recycle used 632 

batteries, respectively, the influence of government subsidies and punishment strategies 633 

on the recovery rate of used batteries is compared, analyzed and solved through 634 

numerical simulation. The results show that in the case of the game between recyclers 635 

and manufacturers, the higher the additional income of recyclers and manufacturers 636 

participating in recycling, the higher the compensation of the uncooperative party to the 637 

cooperative party, and the recyclers and manufacturers are more inclined to improve 638 

the recycling level. Compared with no subsidy and government participation, 639 

government participation can increase the recovery rate of used batteries and supply 640 

chain enterprises' profits. Theoretically, the evolutionary game theory is enriched. In 641 

the three-way evolutionary game, Lyapunov's first method is used to analyze the 642 

stability of the equilibrium point of pure strategy and mixed strategy of a replicated 643 

dynamic system. The combination of evolutionarily stable strategies under different 644 

conditions is obtained, and the combination stability of game strategies is analyzed as 645 
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a whole. In practice, it is helpful for local governments to design and choose the 646 

recovery subsidy policy by comparing and analyzing the two reward and punishment 647 

measures of government subsidies and tax penalties and exploring the optimal recovery 648 

policy in different situations. 649 

This paper assumes that only a competitive game relationship exists between 650 

automobile and vehicle manufacturers in the closed-loop supply chain. In reality, the 651 

closed-loop supply chain may pay more attention to cooperation and coordination 652 

between different enterprises to achieve the best interests together. Moreover, only the 653 

choice of recycling strategy between upstream and downstream enterprises in a closed-654 

loop supply chain is considered, and the green consciousness of consumers is 655 

increasingly becoming a key factor that must be addressed in the success of recycling. 656 

Therefore, considering the influence of consumers' green consciousness on their 657 

purchase decisions, the profits of manufacturers and remanufacturers and even the 658 

profits of the whole closed-loop supply chain may become the research direction and 659 

focus in the next academic field. 660 
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