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Abstract: In the early stage of sponge city promotion, both developers and consumers lack initiative, 
and the governments can take incentive measures to encourage both groups to actively participate 
in the construction of sponge city. This paper makes a comparative analysis of the interest 
composition and obstacles faced by the three key stakeholders: governments, developers, and 
consumers, and establishes an asymmetric evolutionary game model of governments, developers, 
and consumers. The dynamic system of the game model is constructed by replicated dynamic 
equation, and the evolution direction of different stages is obtained by solving the stable equilibrium 
point of the system. Based on the reasonable assumption of the parameter value, the numerical 
simulation is carried out for the situation of oversupply, short supply, and balance of supply and 
demand. The results show that the better evolutionary equilibrium points are (incentive, 
development, purchase) and (no incentive, development, purchase). The basic factors influencing 
the decision-making direction of the stakeholder are direct cost, direct benefit, opportunity cost, and 
opportunity benefit. In a fixed scenario, the decision-making direction is unchanged, and the 
parameters can change the evolution speed of the whole system, which can reduce the loss or 
accelerate the promotion. Moreover, some suggestions are put forward for the governments, 
developers, and consumers in the construction of sponge city. 

Keywords: sponge city; evolutionary game; decision-making behavior; numerical simulation 
 

1. Introduction 

According to the investigation data of the Ministry of Housing and Urban-Rural Development 
on the rain and flood disasters in 351 cities in China, 60% of the cities have experienced waterlogging, 
the depth of which is generally more than 15 cm and the time is more than 30 min, which has brought 
great inconvenience to the travel and life of urban residents, caused huge economic losses, and even 
restricted the development of the city. Therefore, the goal of building a sponge city is proposed in 
China. Since 2014, with the promotion of the Ministry of Housing and Urban-Rural Development of 
the People’s Republic of China, many cities have started to build sponge projects and formulated the 
construction objectives of corresponding technical standards. There are more than a thousand pilot 
projects nationwide so far, with an average construction area of 30.8 km2s [1], which involves the 
reconstruction of old communities, the construction of new communities, river management, and the 
reconstruction of public facilities.  
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Sponge city is an important urban planning direction in response to the frequent occurrence of 
urban rain and flood disasters in China and has a positive role in alleviating the heat island effect, 
water resource shortage, and building the urban water ecological security pattern [2]. The 
construction concept is to make the whole urban system like a sponge to absorb and reuse rainwater 
resources at the right time. Figure 1 shows the concept of the overall operation of the sponge city. 
During the rainfall, some of the rainwater can be recycled and stored. Sponge projects with a filtering 
effect can simply purify the collected rainwater. When people need water, filtered rainwater can be 
reused. Sponge city is usually equipped with rainwater recovery system, green roof, rainwater 
garden, sunken square, permeable pavement, etc. Green roof can slow down urban heat island effect, 
and permeable pavement can reduce surface runoff and waterlogging. Sponge city planning and 
design in China mostly draw lessons from low impact development in the United States [3,4], water 
sensitive urban design in Australia, and sustainable urban drainage system in the United Kingdom 
[5,6]. However, due to the vast territory and complex terrain of China, the design of each region needs 
to be adapted to local conditions, and the planning objectives are also different. Under the overall 
planning of the central government, local governments need to make further plans to adapt to local 
planning and design. In addition to the 30 national sponge city pilot cities selected by the Ministry of 
Housing and Urban-Rural Development have more subsidies [7], many projects still need to be 
funded by local governments, which is a huge expenditure for local governments. However, the 
direct economic loss caused by the lack of active control of the rain and flood disaster is between US 
$15–22 million [8]. Sponge city is a major project related to the overall planning of the city, in which 
the government can only play a leading role. The specific construction is related to the decision-
making of the construction developer. Whether consumers are willing to pay additional costs for the 
sponge project will affect the overall construction of the sponge city project in the region. 

 
Figure 1. Sketch of sponge city. 

The study of sponge city can be divided into three parts: planning and design, measurement and 
evaluation, and scheme improvement. The planning part can be traced back to people's attention to 
urban rainwater management [9,10]. Many scholars analyzed the problems faced by different regions 
and made targeted suggestions [11]. This part focused on the problems and solutions until the 
Ministry of Housing and Urban-Rural Development of People’s Republic of China issued the 
technical guide for sponge city construction: construction of low-impact development rainwater 
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system in 2014 [12]. After putting forward the goals of total amount control, peak value control, 
pollution control, and rainwater resource utilization, scholars began to pay attention to the problems 
and solutions in the construction of sponge cities [7,13] and proposed planning solutions for specific 
areas [14]. Smaller scales include residential areas, parks, schools, etc.[15,16]. Larger scales take a 
characteristic city as the research object [17]. Part of the planning is mostly based on the guideline 
[12]. According to the characteristics of the research object, some requirements have been added, such 
as landscape pleasantness, biodiversity, and ecological water cycle [18]. In the measurement 
evaluation section, we mainly take the sponge project that has been built in the current period as an 
example. The ecological, social, and economic benefits of the construction project are considered, and 
the appropriate evaluation index system is designed to evaluate the low-impact development 
facilities [19]. The rainwater management capacity of different low-impact development facilities 
under the situation was simulated [20,21]. The construction risk of the sponge city construction 
project was evaluated by the grey fuzzy intuition analytic hierarchy process [22]. China still has a 
certain gap in technology, research methods, and evaluation systems compared with developed 
countries [23]. In the improvement part of the program, people are not satisfied with drawing on 
other countries and begin to adjust according to local conditions [24]. In the hilly areas of southern 
China, the runoff target decomposition design is carried out, the rainwater superimposed features of 
the upper-middle and lower reaches are considered, and the design of “rainwater feedback” is added. 
This means that the calculation of "rainwater superposition" is added in the planning process 
according to the activity tracking of rainwater. In this way, it is more accurate to select suitable low-
impact development facilities at different elevations. In the existing context, explore the combination 
ratio of different facilities to better achieve the goal of runoff control [25,26]. 

Most of the research on the stakeholders of sponge city still stays at the level of government 
supervision [27], and with the rise of the sponge community, developers and consumers have 
gradually become key stakeholders. The existing research mainly explores the application of Public-
Private Partnership model in the construction of sponge city and the problems that may arise [28]. 
From the perspective of public management, the governments and consumers pay for the sponge city 
to solve the problem of income [29]. In this context, developers and consumers lack the autonomy to 
choose and can only passively accept policies. Existing research ignores its autonomy as a key 
stakeholder and reflects on government policies [30]. Different positions of stakeholders have been 
found through economic and financial analysis of sponge city projects. From the perspective of the 
government, sponge city should be promoted, while for the project builders, from the perspective of 
financial analysis, the construction of sponge city projects would lose money [31]. 

Evolutionary game applies to the case of finite rationality of the object of study and can reach 
finite equilibrium state through learning and imitation. At present, it is widely used in the research 
of green supply chain, new energy vehicles, green home appliances market, green buildings, and 
other fields of environmental protection and energy conservation [32]. Some scholars use 
evolutionary game to study the collective strategies of the central government, local land 
administration, and land expropriated farmers in land expropriation [33]. This method can also be 
used to capture dynamically the interactive behavior of strategy selections based on building 
information modeling(BIM) [34]. It is also combined with the system dynamics to carry out the game 
and simulation research on the evolution of the quadripartite safety supervision system for high-
speed railway companies and their agents [35]. Evolutionary game theory in all walks of life the 
economy played an important role in social studies. In the context of building a sponge city, the 
decision-making role of developers and consumers and the game analysis of developers and the 
government, consumers and the government is considered. Some scholars have established an 
evolutionary game to study how the government regulates developers to promote sponge city 
construction at the building and community scale [36].  

Although some scholars realize that it is not enough to only study the government's measures 
to promote the construction of sponge city, there are still little research involving the perspective of 
developers and consumers at present, especially the demand-side perspective, and little literature 
involves the participation of consumers in the final recommendations. In the multi-participation 
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scenario, the decision-making of the stakeholder is dynamic, and the current research on the relevant 
aspects is also insufficient. This paper analyzes the interaction among the three key stakeholders: 
governments, developers, and consumers, and constructs a tripartite evolutionary game model. 
According to the dynamic replication equation of the three main bodies, the game dynamic system 
is established, the stable equilibrium point of the decision dynamic system is obtained, and the 
evolution direction of the three-party decision-making groups in different construction stages is 
discussed. Using MATLAB software to carry out numerical simulation under different scenarios, we 
analyzed the sensitivity of influencing factors and put forward suggestions for the construction and 
promotion of sponge city. 

2. Analysis of the Interactions of Key Stakeholders 

2.1. Governments 

For local governments, if urban stormwater management cannot be reasonably managed, urban 
traffic, people's security, and related economic losses will hinder the development of the city. In 
China, there are many cities with rainy summer and frequent waterlogging disasters. There is a great 
risk for the safety of pedestrians on the road. In the bad traffic environment, there is no condition for 
timely treatment, and the safety of life cannot be guaranteed. The long time and high frequency of 
urban road ponding reduce the service cycle and increase maintenance times. At the same time, 
rainstorm impacts subway, light rail, and other urban traffic. For the government, the cost of 
infrastructure maintenance caused by rainstorm damage every year is a large expenditure. 

In the early stage of sponge city construction, the government needs to act as a guide, formulate 
relevant technical standards, prepare construction guidance, invest funds to build or transform pilot 
projects, and conduct acceptance evaluation after the completion of construction. During the pilot 
period, the public welfare nature of the project is mainly considered. The key task is to build parks, 
urban roads, affordable housing, and other kinds of non-profit projects. The technology mainly 
focuses on Low-Impact Development and Green Infrastructure. The main acceptance standard is the 
ability of rainwater regulation and control and certain esthetics of the project.  

2.2. Developers 

When the developer develops the project, the main decision-making basis is the final benefit. 
Under normal circumstances, the cost of sponge project construction is higher than that of ordinary 
projects, and it is necessary to contact new raw material suppliers to learn new technologies and new 
planning and design. The extra cost will inevitably lead to price increases, and whether consumers 
pay attention to the environmental benefits brought by the sponge project determines whether the 
developer can make a profit. Without knowing the market demand, the developer does not dare to 
try to innovate. 

The government's incentives can encourage developers to develop sponge projects. When the 
government subsidies and management fees exceed the developer's additional costs, developers will 
choose to develop sponge projects. To promote more consumers to purchase sponge projects, 
developers can give a discount on the price. The quantity usually sold will also be affected by the 
price of a single set of transactions. When consumers have a large demand for sponge projects, the 
government does not need incentives, and developers will also develop sponge projects. 

2.3. Consumers 

When consumers purchase real estate, they usually pay more attention to the location, 
appreciation space, and so on. However, according to the consumer mental accounting theory, 
consumers have improved their ecological awareness, paying more attention to the living 
environment [37], and have a tendency to purchase sponge projects, which can increase the weight 
of the “sponge” elements in each consideration. In the initial stage of construction, in order to 
promote consumers to prioritize sponge projects, they can levy certain environmental management 
fees for owners of other types of industries and promote the concept of sponge city, so that 
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consumers can obtain a certain percentage of preferential treatment when purchasing sponge 
projects. The above measures can change the purchasing tendency of consumers. 

In order to promote a virtuous cycle of developer construction and consumer purchase, the most 
important thing is to effectively improve the quality of the construction of the sponge project, so that 
the owners can feel the improvement of the living environment brought by the sponge project, and 
the owners’ property fee payment rate is high. It is beneficial to provide economic support for the 
maintenance of sponge project. Focusing on the owner's environmental awareness and quality 
improvement of project construction, consumers will feel more value for money and will be more 
willing to purchase sponge projects. 

2.4. Interactions 

In the construction of sponge city, the interests of government, developers, and consumers are 
mutually affected. Figure 2 shows the interactions among the three stakeholders. The government 
motivates developers’ construction enthusiasm and consumers' purchase enthusiasm through the 
incentive system. The quality of developers' construction directly affects the city's development 
benefits and consumers' residential benefits. The purchase and maintenance rate of consumers affects 
the developer's operating income and the city's development benefits. The government's revenue 
comes from the taxation of developers and consumers, the investment attracted by the construction 
of the sponge city, and the development benefits of the sponge project after construction. The 
expenditure includes the management costs of the relevant departments of the sponge city and 
subsidies to developers and consumers. The developer's income includes sales income and 
government subsidies, and the expenditure includes development costs and taxes paid. Consumer 
benefits include housing benefits and government subsidies, and costs include purchase and 
maintenance costs and taxes paid. However, these parameters do not appear in every scenario.  

 
Figure 2. Interaction among government, developers, and consumers. 

In the early stage of sponge city construction, the government can benefit most from it. However, 
both developers and consumers lack the incentive to participate. This paper studies the promotion 
stage of sponge city construction. It will take a long time for the effect of the construction quality of 
developers and the impact of purchase and maintenance of consumers to be reflected. Therefore, 
when selecting elements in the model, the most important intermediate elements, that is, the elements 
directly related to the two parties, have two aspects. One is the government's incentive system for 
developers and consumers, that is, taxes and subsidies. The other is the degree of price concessions 
offered by developers to attract consumers to buy sponge projects. In addition to the two intermediate 
elements, complete modeling also needs to consider the peripheral elements involved in each 
stakeholder, that is, the elements directly related to only one party, usually their respective direct 
costs and direct benefits. Different choices made by the stakeholder will produce different results, 
and the choice of each stakeholder will affect the other two parties, which will be discussed in the 
next part. 
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3. Tripartite Evolutionary Game Model in Sponge City Construction 

Based on the analysis of the interest relationship between the key stakeholders in the foregoing, 
reasonable assumptions are made according to the actual situation, an evolutionary game model 
between the three is established, and the payment matrix of the model is obtained. Then, we 
calculated the expected return function and replicated the dynamic equation of the government, 
developer, and consumer, and then built a three-dimensional dynamic system of the model. We 
performed stability analysis to get the overall evolution direction of the model under different 
circumstances. 

3.1. Symbol Descriptions 

The strategic space of government departments is (incentive, no incentive), and the proportion 
is x and 1-x, respectively. Incentive includes positive incentive subsidy and negative incentive 
taxation. The decision-making space of the developer is (development, no development), and the 
proportion is y and 1-y, respectively. The “no development” represents other projects developed by 
the developer. The decision-making space of consumers is (purchase, no purchase), and the 
proportion is z and 1-z, respectively. No purchase represents that consumers purchase other non-
sponge projects. 

The government implements the incentive strategy, with the fixed expenditure cost of 𝐶  and 
the subsidy to developers of S. The fixed cost mainly refers to the publicity and management 
expenses. Once the incentive policy is implemented, it will become the fixed expenditure, regardless 
of whether the developers choose the development strategy or not. Different from the subsidy, the 
subsidy is only issued when the developers choose the development. The tax on undeveloped 
enterprises is 𝑇 , and the tax on consumers who do not purchase is 𝑇 . If the developer chooses to 
develop, the development benefit obtained by the government is 𝑊 . After the successful 
construction of the sponge project, it can effectively control the runoff, reduce the road area water, 
and prevent and control the waterlogging. Sponge city can play the role of urban rainwater and flood 
management. In addition, the utilization of rainwater resources can increase the total amount of 
available water resources. The purification systems can improve water quality. Green roof helps to 
slow down the heat island effect. It improves the overall infrastructure function of the city. If the 
developer does not build, the cost of disaster recovery by the government is 𝐶 . Because the 
developer does not build sponge project, this area may suffer casualties, damage to public facilities, 
and other losses due to rainstorm weather. The government needs to treat the injured and repair the 
public facilities, which will cost public resources and economic costs. When the government decided 
to encourage the construction of sponge projects, it will attract external investment, which is recorded 
as 𝑊 . This part of investment comes from the special funds appropriated by the higher authorities, 
as well as the funds from other individuals or groups excluding the government. 

When developers develop sponge projects, the extra cost is  C3 . If the government adopts 
incentive strategy at this time, the developers will get subsidy S. In order to attract consumers to 
purchase the developed projects, a certain proportion of subsidy will be given to the consumers who 
purchase sponge projects, which is recorded as a, a as the subsidy proportion. After consumers 
purchase sponge projects, the developers will get additional income of 𝑊 . Under the condition of 
government incentive, the development of other projects instead of sponge projects needs to pay 
certain urban construction tax, which is recorded as 𝑇 . 

The extra cost for consumers to purchase sponge projects is 𝐶 , while compared with other non-
sponge cities, the extra revenue is 𝑊 . Under the condition of government incentive, the purchase of 
sponge project will get the preferential benefit from the developer, which is a s, while the non- 
purchase of sponge project needs to pay a certain urban management tax, which is recorded as 𝑇 . 
When the developer is undeveloped and the consumer has the purchase intention, there is no need 
to pay taxes, waiting for other enterprises to develop and purchase, but the consumer does not 
purchase sponge projects; however, when he purchases other projects, he needs to pay taxes. 

Table 1 shows the parameters in the model, their corresponding meanings, and parameter 
attributes. 
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Table 1. Parameter definitions. 

Parameter 
Symbol 

Descriptions Parameter 
Attribute 

a Preferential ratio of developers to consumers 
intermediate 

element 

aS Benefits for consumers intermediate 
element 𝐶  Government promotion, management fees peripheral 
element 𝐶  Government disaster recovery, facility maintenance, 

direct loss 
peripheral 

element 𝐶  The additional cost of the developer building a sponge 
project 

peripheral 
element 𝐶  The additional cost for consumers to purchase sponge 

items 
peripheral 

element 

S Government subsidies to developers of sponge projects 
intermediate 

element 𝑇  A tax levied by the government on developers who build 
non-sponge projects 

intermediate 
element 𝑇  A tax imposed by the government on consumers who 

purchase non-sponges 
intermediate 

element 𝑊  Urban development benefits obtained by the government 
building sponge project 

peripheral 
element 𝑊  Additional operating income of developers developing 

sponge projects 
peripheral 

element 𝑊  Consumers' purchase of sponge project gains increased 
living environment benefits 

peripheral 
element 𝑊  Government's other income (social investment) from 

incentive policy 
peripheral 

element 
x Government incentive ratio decision ratio 
y Developer development ratio decision ratio 
z Consumer purchase ratio decision ratio 

The stakeholders of this paper are bounded rationality, have certain learning ability, and finally 
reach the optimal state in many studies. The decision of the three stakeholders is sequential. Figure 3 
shows a periodic game process. It should be noted that, when the developer is not developing, the 
consumer can still choose to wait for development instead of purchasing other properties. At this 
time, the consumer is selected to purchase the strategy. 

 

Figure 3. Game tree. 
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Based on the above assumptions, a three-party game model is established to calculate the 
benefits of each key stakeholder under different decisions. Table 2 is the income matrix of this game 
model. From the top to the bottom of each line are the revenue of the government, developers, and 
consumers. 

Table 2. The payment matrix of the game model of governments, developers, and consumers. 

 Consumers 
（purchase） 

Consumers 
(no purchase) 

Governments 
（incentive） 

Developers 
(development) 

𝑊 − 𝐶 − 𝑆 + 𝑊  𝑊 − 𝐶 + 𝑊 − 𝑆 + 𝑇  𝑊 − 𝐶 + (1 − 𝑎)𝑆 S−𝐶  𝑎𝑆 + 𝑊 − 𝐶  −𝑇  

Developers 
(no development) 

𝑇 + 𝑊 − 𝐶 − 𝐶  𝑇 + 𝑇 − 𝐶 + 𝑊 − 𝐶  
−𝑇  −𝑇  
0 −𝑇  

Governments 
（no incentive） 

Developers 
(development) 

𝑊  𝑊  𝑊 − 𝐶  −𝐶  𝑊 − 𝐶  0 

Developers 
(no development) 

−𝐶  −𝐶  
0 0 
0 0 

3.2. Replicated Dynamic Equation 

According to evolutionary game theory, in the group composed of limited rational players, the 
strategy with better results than the average level will gradually be adopted by more players, so the 
proportion of players who adopt various strategies in the group will change. Replicated dynamic 
equation is a dynamic differential equation or a system of differential equations used to express this 
dynamic phenomenon.  

When the government chooses incentives, it should consider the four scenarios (incentive, 
development, purchase), (incentive, development, no purchase), (incentive, no development, 
purchase), and (incentive, no development, no purchase) and the corresponding probability when 
calculating the expected revenue. Equation (1) shows the calculation process. 

When the government chooses no incentive, the calculation of its expected return should 
consider the return and corresponding probability of four scenarios (no incentive, development, 
purchase), (no incentive, development, no purchase), (no incentive, no development, purchase), and 
(no incentive, no development, no purchase). Equation (2) shows the calculation process. 

The average expected revenue is the sum of the expected revenue of each government strategy 
multiplied by the corresponding probability. The revenue of incentive strategy is higher than the 
average expected revenue. When calculating the government's replication dynamic equation, it is the 
product of the probability of the incentive strategy multiplied by the difference between the expected 
revenue and the average expected revenue of the government's incentive strategy. Equation (3) 
shows the calculation process. 

The replicated dynamic equation of developers and consumers can be solved in the same way. 
The expected revenue of the government's choice of incentive strategy is 𝑢 , and the expected 

revenue of no incentive is 𝑢 , as follows:  𝑢 =yz(𝑊 − 𝐶 +𝑊 −S)+y(1−z)(𝑊 − 𝐶 +𝑊 −S+𝑇 )+(1−y)z(𝑇 +𝑊 − 𝐶 −𝐶 )+(1−y)(1−z)(𝑇 +𝑇 +𝑊 − 𝐶 − 𝐶 ) (1) 𝑢 =yz𝑊 +y(1−z)𝑊 +(1−y)z(−𝐶 )+(1−y)(1−z)(− 𝐶 ) (2) 

The average expected revenue can be calculated by the formula 𝑈  = x × 𝑢  + (1 − x) 𝑢 . The 
replicated dynamics equation for governments can be achieved as follows: 
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F(x)=dx/dt=x[𝑢 −(x× 𝑢 +(1−x)𝑢 )]=x(1−x)( 𝑢 − 𝑢12) =x(x−1)(𝐶 − 𝑊 −𝑇 −𝑇 +Sy+𝑇  y+𝑇  z) 
(3) 

The expected revenue of the developer choosing the development strategy is 𝑢 , and the 
expected revenue of the developer choosing not to develop is 𝑢 , as follows: 𝑢 =xz[𝑊 −𝐶 +(1−a)S]+x(1−z)(S−𝐶 )+(1−x)z(𝑊 − 𝐶 )+(1−x)(1−z)(−C3) (4) 𝑢 =xz(−𝑇 )+x(1−z)(−𝑇 ) (5) 

The average expected revenue for developers are computed by 𝑈  = y × 𝑢  + (1 − y) 𝑢 . Then, 
the replicated dynamics equation for developers can be achieved as follows: 

G(y)=dy/dt=y (1−y)(Sx−C3 +𝑇  x+𝑊  z−Saxz) (6) 

The expected revenue of adopting “Purchase” and “No purchase” strategies can be obtained by: 𝑢 =xy(aS+𝑊 𝐶 )+(1−x) y(𝑊 − 𝐶 ) (7) 𝑢 =xy(−𝑇 )+x(1−y)(−𝑇 ) (8) 

The average expected revenue for consumers are computed by 𝑈  = z× 𝑢 + (1 − z) 𝑢 . Then, 
the replicated dynamics equation for consumers can be achieved as follows: 

H(z)=dz/dt=z (1−z) (𝑇  x−𝐶  y+𝑊  y+Saxy) (9) 

The dynamics of evolution equations of the expropriation system can be obtained from the 
combination of Equations (3), (6), and (9): 

⎩⎪⎨
⎪⎧𝐹(𝑥) = = 𝑥 × (𝑥 −  1) × (𝐶  − 𝑊 − 𝑇  − 𝑇  +  𝑆 × 𝑦 + 𝑇 × 𝑦 + 𝑇 × 𝑧)𝐺(𝑦) = = 𝑦 × (1 − 𝑦) × (𝑆 × 𝑥 − 𝐶  + 𝑇 × 𝑥 + 𝑊 × 𝑧 −  𝑆 × 𝑎 × 𝑥 × 𝑧)𝐻(𝑧) = = 𝑧 × (1 − 𝑧) × (𝑇 × 𝑥 − 𝐶 × 𝑦 + 𝑊 × 𝑦 +  𝑆 × 𝑎 × 𝑥 × 𝑦)   

3.3. Stability Analysis 

Eight equilibrium points can be obtained by solving the equations, namely the boundary of the 
evolutionary game, which are 𝐸 (0,0,0)、𝐸 (1,0,0)、𝐸 (0,1,0)、𝐸 (0,0,1)、𝐸 (1,1,0)、𝐸 (1,0,1)、𝐸 (0,1,1) and 𝐸 (1,1,1). The stability of the equilibrium point can be obtained through the Jacobian 
matrix expansion analysis. The Jacobian matrix of the system is as follows: 

⎣⎢⎢
⎢⎢⎡ (2𝑥 − 1) × 𝐶 − 𝑊 − 𝑇 − 𝑇 +𝑆 × 𝑦 + 𝑇 × 𝑦 + 𝑇 × 𝑧 𝑥 × (𝑥 − 1) × (𝑆 + 𝑇 ) 𝑥 × (𝑥 − 1) × 𝑇𝑦 × (1 − 𝑦) × (𝑆 + 𝑇 − 𝑆 × 𝑎 × 𝑥 × 𝑧) (1 − 2𝑦) × 𝑆 × 𝑥 − 𝐶 + 𝑇 × 𝑥 +𝑊 × 𝑧 − 𝑆 × 𝑎 × 𝑥 × 𝑧 𝑦 × (1 − 𝑦) × (𝑊 − 𝑆 × 𝑎 × 𝑥)𝑧 × (1 − 𝑧) × (𝑇 + 𝑆 × 𝑎 × 𝑦) 𝑧 × (1 − 𝑧) × ( 𝐶 +  𝑊 +  𝑆 × 𝑎 × 𝑥) (1 − 2𝑧) × 𝑇 × 𝑥 − 𝐶 × 𝑦 +𝑊 × 𝑦 + 𝑆 × 𝑎 × 𝑥 × 𝑦 ⎦⎥⎥

⎥⎥⎤ 
The stability of the equilibrium point is mainly determined by the sign of the eigenvalue. When 

the three eigenvalues of the corresponding Jacobian matrix are all less than 0, the equilibrium point 
is the stable equilibrium strategy point. The 8 equilibrium points and corresponding eigenvalues of 
the system are shown in Table 3. The stable equilibrium point of the system cannot be distinguished 
under the uncertainty of the specific value. 

Table 3. The system equilibrium points and their eigenvalues. 

Equilibrium 
Points 

Eigenvalues Stability or 
Stability 

Conditions 𝝀𝟏 𝝀𝟐 𝝀𝟑 𝐸 (0,0,0) 𝑇  + 𝑇  − 𝐶  + 𝑊  −𝐶  0 Unstable 𝐸 (1,0,0) 𝐶 − 𝑇 − 𝑇 − 𝑊  S − 𝐶 − 𝑇  𝑇  Unstable 𝐸 (0,1,0) 𝑇 − 𝐶  − S − 𝑊  𝐶  −𝐶  Unstable 
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𝐸 (0,0,1) 𝑇 − 𝐶 − 𝑊  𝑊 − 𝐶  0 Unstable 𝐸 (1,1,0) 𝐶 − 𝑇  + S − 𝑊  𝐶  − S − 𝑇  𝑇  + 𝑊 − 𝐶 + aS 
λ1 < 0, λ2 < 0, λ3 

< 0 𝐸 (1,0,1) 𝐶 − 𝑇 − 𝑊  S + 𝑇 − 𝐶  + 𝑊  − 
aS −𝑇  

λ1 < 0, λ2 < 0, λ3 
< 0 𝐸 (0,1,1) −𝐶 −S + 𝑊  𝐶 − 𝑊  𝐶 − 𝑊  λ1 < 0, λ2 < 0, λ3 
< 0 𝐸 (1,1,1) 𝐶  + S − 𝑊  𝐶  + aS – S − 𝑇 −𝑊  𝐶 − 𝑇 − 𝑊 −aS 

λ1 < 0, λ2 < 0, λ3 
< 0 

For 𝐸 (0,0,0), the eigenvalue 𝜆  = 0, 𝐸  is unstable. For 𝐸 (1,0,0), the eigenvalue 𝜆  = 𝑇  > 0, 𝐸  
is unstable. Similarly, 𝐸 (0,1,0) and 𝐸 (0,0,1) are unstable. 

For 𝐸  (1,1,0), the sponge project market is characterized by oversupply, 𝐶 − 𝑇  + S − 𝑊  < 0, 𝐶  – S − 𝑇  < 0, 𝑇  + 𝑊 − 𝐶  + aS < 0. 𝐸  is a stable equilibrium point. At this point, it is necessary for 
the government to impose an urban management tax on consumption and attract external investment 
that exceeds the fixed cost of management publicity and subsidies to developers. The additional cost 
of developers is less than the sum of subsidies and taxes given by the government, but the extra cost 
of sponge project for consumers is on the high side. 

For 𝐸 (1,0,1), the sponge project market is in short supply. 𝐶 − 𝑇 − 𝑊  < 0, S + 𝑇 − 𝐶  + 𝑊  − 
aS < 0, 𝐸  is the stable equilibrium point. The government can afford the relevant expenditure of 
incentive decision through tax and fund-raising. Consumers have a large demand for sponge 
projects, but developers lack the motivation for development. 

For 𝐸 (0,1,1), the sponge project achieves the coordination of supply and demand without 
government incentives. −𝐶 − S + 𝑊  < 0, 𝐶  < 𝑊 , 𝐶  < 𝑊 , 𝐸  has become a stable equilibrium point 
of the system, that is, the market spontaneously forms the situation that developers develop sponge 
projects and consumers purchase sponge projects without incentives from the government. 

For 𝐸 (1,1,1), the sponge project market shows a balance of supply and demand, which is an 
ideal equilibrium evolution point.𝐶 + s − 𝑊  < 0, 𝐶  + aS – S − 𝑇 − 𝑊  < 0, 𝐶 − 𝑇 − 𝑊  − aS < 0, the 
government needs to maintain the implementation of incentive policies through social fund-raising, 
developers actively develop sponge projects under the government's incentive, and consumers 
actively purchase sponge projects under the government's incentive and developer's incentive. 

We need to classify the elements with each stakeholder. For the government, 𝐶  and S are the 
direct costs, 𝑇 , 𝑇 , and 𝑊  are the direct benefits. For developers, 𝐶  and aS are direct costs, S and 𝑊  are direct benefits, and 𝑇  is opportunity benefit. For consumers, 𝐶  is direct cost, aS and 𝑊  are 
direct benefits, and 𝑇  is opportunity benefit. Although the opportunity cost is not listed, it can still 
be inferred that when direct benefit + opportunity benefit > direct cost + opportunity cost, the 
stakeholder tends to participate in the construction of sponge city and otherwise tends not to 
participate. 

4. Numerical Simulation 

According to the results of stability analysis, four scenarios of sponge city construction can be 
obtained from four equilibrium points. The data of one sample is not good for numerical simulation 
of multiple scenarios. In addition, some parameters involved in this paper lack quantitative analysis 
standards and data, so it is appropriate to select hypothesis data. According to the relevant data in 
the existing quantitative analysis [31], some parameters of the government and enterprises are 
calculated by referring to their proportions. For consumer-related and other parameters that are 
difficult to quantify, assumptions are made in accordance with economic principles and reality. 
Moreover, the adjustment of different parameters is tried to study the law of model evolution speed. 

The two-dimensional pictures more clearly reflect the change of the decision ratio over time, and 
all the verification of quantitative to qualitative conclusions is based on this. Based on these, solutions 
to specific problems can be found. Three-dimensional pictures are more spatial. They show that the 
change in the model is holistic. They imply the mutual influence among the three main bodies. 
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Relatively few curves contain complete information. They more intuitively reflect the overall 
evolution trend. Comparing two-dimensional and three-dimensional images, from the perspective of 
reaching the equilibrium point of evolution as soon as possible, the model is not completely consistent 
with each stakeholder. 

4.1. Oversupply Scenario Simulation 

According to the results of the previous stability analysis, the scenario of oversupply is 
simulated. First, the parameters are reasonably assumed to satisfy the condition of 𝐸 . 𝐶 − 𝑇  + S − 𝑊  < 0, 𝐶  – S − 𝑇  < 0, 𝑇  + 𝑊 − 𝐶  + aS < 0. The specific settings are as shown in scenario A1 in 
Table 4, and other values are appropriately adjusted to obtain the sensitivity of the parameter. 
Scenario A2 reduces x by 0.1, scenario A3 reduces a by 0.1, and scenario A4 reduces y by 0.1. Iteration 
is repeated once every 0.01 second for a total of 500 iterations. Figure 4 shows the simulation results 
oversupply scenario. 

Table 4. Value of oversupply scenario. 

Parameter 
Symbol 

Scenario A1 (black) Scenario A2 (red) Scenario A3 
(blue) 

Scenario A4 
(green) 

a 
 

0.2 0.2 [0.1] 0.2 𝐶  5 5 5 5 𝐶  20 20 20 20 𝐶  10 10 10 10 𝐶  12 12 12 12 
S 5 5 5 5 𝑇  6 6 6 6 𝑇  5 5 5 5 𝑊  10 10 10 10 𝑊  6 6 6 6 𝑊  3 3 3 3 𝑊  6 6 6 6 
x 0.2 [0.1] 0.2 0.2 
y 0.2 0.2 0.2 [0.1] 
z 0.2 0.2 0.2 0.2 

 

(a) 

 

(b) 

Figure 4. System evolution trend chart of oversupply scenario. (a) Two-dimensional evolution 
diagram, (b) Three-dimensional evolution diagram. 
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According to the results of the simulation, scenario A4 best meets expectations. However, the 
speed at which the stakeholders reach the equilibrium point is not the same. When the perceived 
benefit of the consumer is much lower than the comprehensive cost of purchasing the sponge project 
(𝐶  is much higher than 𝑊 ), some consumers will purchase sponge projects in the early stage 
because of the freshness or high expectations. However, as the number of users choosing purchasing 
strategies increases, consumers gradually have a more unified evaluation of the sponge project. Other 
consumers will choose not to buy a sponge project when they realize that the benefits are lower than 
the costs. Moreover, at this time, the government's influence on incentives for consumer decision-
making is temporary, and the government can only promote consumers to purchase sponge projects 
in the short term by raising taxes. The evolution results will not change without changing external 
conditions such as acquisition costs. Therefore, in the scenario of oversupply, developers need to 
appropriately reduce the development speed and increase the proportion of concessions, promote 
more consumers to purchase sponge projects, and actively seek breakthroughs to improve the living 
efficiency of consumers. Without excessively increasing the burden on consumers, the government 
can appropriately increase the amount of tax to prevent consumer groups from evolving in the 
direction of non-purchase. 

4.2. Short Supply Scenario Simulation 

When simulating the supply shortage scenario, it is necessary to assume that the parameters 
satisfy 𝐶 − 𝑇 − 𝑊  < 0, S + 𝑇 − 𝐶  + 𝑊  − aS < 0, and the specific settings are shown in Table 5. By 
adjusting other parameters, the parameter sensitivity is obtained. Scenario B2 reduces x by 0.1, 
scenario B3 reduces y by 0.1, scenario B4 reduces z by 0.1, and scenario B5 adjusts S to 10, every 0.05-
second iteration; 1 time, a total of 100 iterations. Figure 5 shows the numerical simulation results of 
short supply scenario. 

Table 5. Value of short supply scenario. 

Parameter 
Symbol 

Scenario B1 
(black) Scenario B2 (red) 

Scenario B3 
(blue) 

Scenario B4 
(green) 

Scenario B5 
(magenta) 

a 0.2 0.2 0.2 0.2 0.2 𝐶  5 5 5 5 5 𝐶  20 20 20 20 20 𝐶  10 10 10 10 10 𝐶  12 12 12 12 12 
S 5 5 5 5 [10] 𝑇  2 2 2 2 2 𝑇  5 5 5 5 5 𝑊  10 10 10 10 10 𝑊  3 3 3 3 3 𝑊  3 3 3 3 3 𝑊  4 4 4 4 4 
x 0.2 [0.1] 0.2 0.2 0.2 
y 0.2 0.2 [0.1] 0.2 0.2 
z 0.2 0.2 0.2 [0.1] 0.2 
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(a) 

 
(b) 

Figure 5. Evolution trend chart of oversupply scenario. (a) Two-dimensional evolution diagram, (b) 
Three-dimensional evolution diagram. 

According to the results of the simulation, when the developer's sales revenue is too low, the 
group will not choose to continue to develop the sponge project. The government can use the subsidy 
to some extent to promote the development of the sponge project, but the proportion of development 
is never high. It shows that when the developer lacks development motive, the government has 
limited incentives. In order to change the overall development of the sponge project, the government 
can encourage sponge technology innovation and reduce the developer's construction cost indirectly, 
thereby improving the developer's development power. The proportion of development has an 
impact on the proportion of consumer purchases and government incentives. It is necessary to 
calculate the specific value of the adjustment based on the results of the evolution analysis carefully. 

4.3. Supply and Demand Coordination Scenario Simulation 

According to the above analysis, there are two situations in the coordination of supply and 
demand, and they are discussed separately. 

First, we discuss the scenario of 𝐸 . 𝐸  is the supply and demand coordination scenario under 
government incentives. The parameters are assumed to satisfy 𝐶  + S − 𝑊  < 0, 𝐶  + aS – S − 𝑇 − 𝑊  

< 0, 𝐶 − 𝑇 − 𝑊  − aS < 0, the specific settings are shown in Table 6, and other parameters are adjusted 
to get different scenarios, scenario 𝐶  will reduce x by 0.1, scenario 𝐶  will decrease y by 0.1, scenario 𝐶  will reduce z by 0.1, and scenario C5 will adjust the value of a to 0.1, iterating once every 0.05 
second, a total of 100 iterations. Figure 6 shows the numerical simulation results of supply and 
demand coordination scenario. 

Table 6. Value of supply and demand coordination scenario. 

Parameter 
Symbol 

Scenario C1 
(black) Scenario C2 (red) 

Scenario C3 
(blue) 

Scenario C4 
(green) 

Scenario C5 
(magenta) 

a 0.2 0.2 0.2 0.2 [0.1] 𝐶  3 3 3 3 3 𝐶  20 20 20 20 20 𝐶  10 10 10 10 10 𝐶  12 12 12 12 12 
S 5 5 5 5 5 𝑇  6 6 6 6 6 𝑇  5 5 5 5 5 𝑊  10 10 10 10 10 
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Parameter 
Symbol 

Scenario C1 
(black) 

Scenario C2 (red) Scenario C3 
(blue) 

Scenario C4 
(green) 

Scenario C5 
(magenta) 𝑊  6 6 6 6 6 𝑊  7 7 7 7 7 𝑊  9 9 9 9 9 

x 0.2 [0.1] 0.2 0.2 0.2 
y 0.2 0.2 [0.1] 0.2 0.2 
z 0.2 0.2 0.2 [0.1] 0.2 

 

(a) (b) 

Figure 6. System evolution trend chart of supply and demand coordination scenario. (a) Two-
dimensional evolution diagram, (b) Three-dimensional evolution diagram. 

According to the results of the simulation, scenario C3 reaches the evolutionary stability point 
fastest. When the government's management costs and subsidy expenditures are less than the 
benefits of implementing incentive policies, the government will always choose to encourage the 
development of sponge projects. Under the conditions of government incentives, when developers' 
development costs and preferential quotas are less than the sum of sales revenue, government 
subsidy income, and negative incentives (taxes), developers always choose to develop sponge 
projects. Similarly, under government incentives, consumers will always purchase a sponge project 
when the cost of purchasing a sponge project is less than the sum of the benefits they receive, the 
benefits of living, and the tax revenue as an opportunity. If and only if the three conditions are 
established at the same time, the situation of government incentives, developer development, and 
consumer purchase will be formed. In the short run, the three stakeholders are pursuing their own 
interests, but in terms of long-term development, the interests of the three are mutually influential, 
and the three should take the initiative to look at the construction and promotion of the sponge project 
from a comprehensive perspective. 

Finally, the 𝐸  scenario is discussed. 𝐸  is the supply and demand coordination scenario under 
anarchic incentive. The parameters are assumed to satisfy −𝐶  – S + 𝑊  < 0, 𝐶   < 𝑊 , 𝐶  < 𝑊 , and 
the parameters are adjusted. The specific settings are shown in Table 7. Scenario D2 will reduce x by 
0.1, scenario D3 will decrease y by 0.1, scenario D4 will reduce z by 0.1, and scenario D5 will adjust a 
to 0.1, iterating once every 0.05 second, a total of 200 iterations. Figure 7 shows the numerical 
simulation results of ideal scenario. 
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Table 7. Value of ideal scenario. 

Parameter 

Symbol 

Scenario A1 

(black) 
Scenario A2 (red) 

Scenario A3 

(blue) 

Scenario A4 

(green) 

Scenario B5 

(magenta) 

a 0.2 0.2 0.2 0.2 [0.1] 𝐶  5 5 5 5 5 𝐶  20 20 20 20 20 𝐶  5 5 5 5 5 𝐶  6 6 6 6 6 

S 5 5 5 5 5 𝑇  6 6 6 6 6 𝑇  5 5 5 5 5 𝑊  10 10 10 10 10 𝑊  6 6 6 6 6 𝑊  7 7 7 7 7 𝑊  9 9 9 9 9 

x 0.2 [0.1] 0.2 0.2 0.2 

y 0.2 0.2 [0.1] 0.2 0.2 

z 0.2 0.2 0.2 [0.1] 0.2 

 

 
(a) 

 
(b) 

Figure 7. System evolution trend chart of ideal scenario. (a) Two-dimensional evolution diagram, (b) 
Three-dimensional evolution diagram. 

According to the evolutionary results of Figure 7, the system can always evolve to the 
equilibrium point of (no incentive, development, purchase) when the eigenvalues are less than 0. The 
incentive proportion of the government continues to rise until the developers consciously develop 
and the consumers spontaneously purchase. The incentive proportion of the government gradually 
decreases and finally evolves to the state of no incentive, which is the state of sponge city 
development to the mature stage. The developer's construction cost is low, and the benefits from the 
development of the sponge project are enough to stimulate the developer to develop. The maturity 
of technology improves the construction effect. Consumers value the living environment. When 
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purchasing sponge projects, the benefits in their psychological accounts are higher than the costs. So, 
they are willing to purchase sponge projects without other incentives. At this time, the government 
should consider the regulatory issues, guarantee the development quality of the sponge project, 
prevent the purchasing power of consumers from being reduced due to quality problems, and guide 
the overall development of the sponge city. 

5. Conclusions and Discussions 

In this paper, the evolutionary game model is established to analyze the interaction among the 
government, developers, and consumers in the construction of sponge city. Different scenarios of 
oversupply, short supply, and coordination of supply and demand in the construction of sponge city 
are put forward. Based on these studies, some conclusions are drawn and some discussions are 
conducted on the high-quality construction of sponge city:  

First, the equilibrium strategy state point of each agent cannot exist alone, which is affected by 
the strategies of the other two parties. The optimal decision-making of the stakeholder will change 
with time and other stakeholders' strategies. The better evolutionary equilibrium state of the tripartite 
game model established in this paper is (incentive, development, purchase) and (no incentive, 
development, purchase). Among them, (incentive, development, purchase) requires the active 
participation of the three main parties, and optimization and adjustment from the overall perspective; 
(no incentive, development, purchase) is the scenario of less government intervention, which is the 
mature stage of sponge project development. 

Second, the important factors affecting the decision direction of the game players are direct cost, 
direct benefit, opportunity cost, and opportunity benefit. Changing the initial value of the parameters 
will affect the evolution speed of the decision when the decision direction is unchanged. Under the 
oversupply scenario and short supply scenario, the whole evolution speed can be reduced by 
changing a few related parameters, thereby reducing the loss in time, and the incentive and 
construction scheme can be improved after the buffer time. In the scenario of supply and demand 
coordination, the total income of the three parties is higher than the total cost. Adjusting the 
parameters can accelerate the overall evolution speed, thereby quickly promote the construction and 
development of sponge city. 

Third, the construction and development of sponge city need the joint efforts of the government, 
developers, and consumers. The government's incentive measures act directly on developers and 
consumers, which can directly affect developers' development motivation and consumers' purchase 
desire. However, when the development cost and acquisition cost are high, the government's 
incentive cost will be too high in order to mobilize the construction enthusiasm of the other two 
groups. Therefore, the government should consider cost control and improve research development 
incentive to solve the problem of high cost. The government should focus on guidance, not pass 
construction risks to developers, but encourage healthy competition among developers, not force 
consumers to bear construction costs, and increase consumers' attention and participation in sponge 
cities. Developers should make long-term planning, actively understand the market situation, learn 
advanced technology, keep pace with the times, and develop together with the market. After the 
developer's construction ratio exceeds the equilibrium point, consumer purchase trends will decline. 
On the one hand, it is necessary to reasonably adjust the developer's construction equilibrium point 
so that it cannot be too small; on the other hand, it is necessary to consider the matching between 
supply speed and demand speed. The oversupply situation is also not conducive to the long-term 
development of the sponge project. In order to respond to the requirements of the overall 
construction of the sponge city, developers need to design and create different products for 
consumers with different consumption levels. Products for conservative consumers must ensure that 
they meet government standards, control costs, and ensure quality. For general consumption, 
developers can design products with certain characteristics, give attention to both beautiful and 
practical. For consumers seeking quality, developers can use comprehensive advanced technology to 
create high-quality products. Consumers should actively respond to the government's call, establish 
a sense of ownership, and take the initiative to understand relevant knowledge and information. The 
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public should improve their willingness to participate, and consumer demand is the starting point of 
developers' construction. They should supervise the construction quality spontaneously, improve the 
construction requirements, care about the progress of the project, put forward problems on the 
demand side and reasonable suggestions, promote the high-quality construction of sponge project, 
and promote the creation of beautiful urban and rural areas. 

The first innovation of this paper is the research perspective. In the previous game study on 
sponge city construction, only two stakeholders were considered. In this paper, consumers were 
added as stakeholders and an evolutionary game from the perspective of three parties was tried. 
Second, the research object is no longer limited to non-profit projects, and the projects with their own 
profitability are easier to be promoted. The third is the research approach. This article uses 
evolutionary game method to study and analyze different scenarios of sponge city construction and 
development. 

In this paper, the model of sponge city promotion phase is established, the stakeholder selection 
strategy is relatively simple, the parameter setting is relatively simplified, and the influence of 
disturbance factors on the decision-making direction is studied. In the next phase of relevant research, 
we intend to analyze the problems in the development stage of sponge cities and explore the influence 
of government incentive ratio, developer construction quality, and consumer maintenance efficiency 
on the overall development of sponge cities.  
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