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Green finance is an important measure to promote industries' green and low-carbon development, which is of great significance for achieving high-quality economic development. This article constructs a four-party evolutionary game model of “government regulatory departments, banks, non-bank financial institutions, and high-carbon enterprises,” exploring the strategic choices and evolutionary trends of the four parties in the process of green finance and promoting the green development of high-carbon enterprises. Research has shown that: (1) Government regulatory agencies should establish a sound reward and punishment mechanism. Increasing subsidies and punishment will promote the system to evolve to an ideal stable state. Still, there is a threshold for reward and punishment intensity, and its effect shows diminishing marginal benefits. (2) When banks with information advantages have a high initial willingness, they will transmit green concepts through signal effects to encourage non-bank financial institutions to actively enter the green finance market, filling the existing green credit funding supply gap and helping enterprises reduce carbon emissions. (3) The high transformation costs faced by high-carbon enterprises are still the main reason for their choice of excessive emissions. The strategic choice of enterprises mainly depends on their transformational willingness. In addition, according to the theory of willingness behavior, there is a linkage effect and mutual influence between government regulatory departments and high-carbon enterprises in their strategic choices. For the carbon reduction behavior of enterprises, whether financial institutions provide sufficient green funding support is not a determining factor, but it will also play an important role.
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1 Introduction

With the acceleration of global industrialization, issues such as air pollution and water pollution caused by corporate carbon emissions have become significant factors affecting public health. Studies have shown that long-term exposure to high concentrations of pollutants (such as PM2.5 and sulfur dioxide) can significantly increase the incidence of respiratory diseases, cardiovascular diseases, and cancer (1, 2). Meanwhile, as the core institution addressing health challenges, the operational activities of the healthcare system (such as energy consumption and waste generation) also have a non-negligible impact on the environment. For instance, improper disposal of medical waste generated by healthcare institutions may cause secondary pollution, further threatening ecosystems and human health. Therefore, exploring the bidirectional interaction mechanism between the environment and the healthcare sector has become a key proposition for achieving sustainable development. Driven by the tide of carbon neutrality, green finance plays a crucial role in building a Chinese path to modernization in which people and nature coexist harmoniously (3). Since the proposal of the “dual carbon” goal, green transformation and green technology innovation have increasingly become a hot topic of concern (4). In March 2021, China's 14th Five-Year Plan clearly stated the need to vigorously develop green technology innovation and promote transforming critical industries and essential fields. The report of the 20th National Congress of the Communist Party of China has put forward precise requirements for “accelerating the green transformation of development methods,” emphasizing that “promoting green and low-carbon economic and social development is a key link to achieving high-quality development.” In December 2022, the National Development and Reform Commission and the Ministry of Science and Technology jointly issued the Implementation Plan for Further Improving the Market-Oriented Green Technology Innovation System (2023–2025), which clearly stated the need to improve further the relevant work of the market-oriented green technology innovation system, providing technological solid support for promoting the green transformation of development modes and promoting high-quality development. From this, it can be seen that the green and low-carbon transformation has risen to the national strategic level, pointing out the direction for the future development of high-carbon enterprises while also posing more significant challenges (5, 6). However, due to the dual constraints of environmental regulations and limited resources, achieving green transformation is a practical problem faced by developing high-carbon enterprises (7). Green finance, as a market-oriented tool for environmental governance, can effectively reduce corporate carbon emissions by guiding capital toward low-carbon industries, thereby indirectly improving environmental quality and reducing public health risks. From this, the development of green finance is of great significance in solving the financial constraints faced by the transformation of high-carbon enterprises. Currently, banks are the main executors of green finance in China. However, the proportion of green credit to various loans is only 9–10%, and the massive gap in green funds makes the role of green finance very limited (8). Therefore, it is necessary to attract more financial entities to enter the green finance market and further promote the development of the green finance market by enriching and innovating green finance products. However, existing research has primarily focused on the direct impact of green finance on enterprises or industries, with less exploration into how it indirectly influences the healthcare system through environmental improvement, or how the healthcare system can contribute to environmental governance through green practices. This paper takes green finance's role in supporting corporate carbon reduction as a starting point, and through a four-party evolutionary game model, analyzes the dynamic strategic interactions among the government, financial institutions, high-carbon enterprises, and the public (including healthcare practitioners and patients) in carbon reduction, revealing the transmission mechanism of green finance in the bidirectional exchange between the environment and healthcare.



2 Literature review

The essence of green finance is to combine finance with environmental development and use economic means to promote high-quality economic development. The construction of the current green finance system is the focus of various scholars' research on green finance (9–11). The green finance system mainly includes green credit, securities, insurance, funds, etc. Currently, green finance in China is still primarily focused on green credit. Scholars' research on green finance mainly focuses on using green credit policies as a quasi-natural experiment to study their impact on enterprise green total factor productivity (12–14), green technology innovation (15–19), and green governance performance (20–22). In addition, there is also research on the effect of financial technology (23–25), blockchain technology (26), and other technologies on the development of green finance.

In addition to research on green credit, research on promoting high-quality economic development through green bonds (27), green investment (28, 29), green insurance (30, 31), and green funds (32, 33) in the green finance system has also received widespread attention from scholars. Previous studies have empirically tested the economic effects of green finance at the macro level, verifying its positive role in economic development. However, there has been no detailed characterization of the strategic choices of various microenterprises in the development of green finance. In addition, the current focus is mainly on empirical analysis, with less use of mathematical models to depict and analyze the evolution trend of micro-level strategy choices of various participating entities in promoting corporate carbon reduction in green finance.

Evolutionary game models can describe how game players achieve ideal states through continuous learning and adjustment of their strategic choices. Selection and mutation are its main characteristics, just as green finance is a sudden change in financial models compared to traditional finance. At the same time, the trade-off between green and conventional finance is also a choice for financial institutions. Therefore, introducing evolutionary games into the analysis of green finance-related issues has specific applicability. Existing research has also introduced evolutionary game models into the study of green finance. Firstly, some scholars analyze the relevant topics of strategy selection among different participating entities in the process of promoting green development of enterprises through constructing a tripartite model consisting of banks, non-bank financial institutions, enterprises (34), government regulatory departments, banks, enterprises (35), constructing an evolutionary game model that includes government financial institutions, enterprises, and consumers (36). Some scholars have also analyzed the construction of a green supply chain financial system and its essential significance for promoting the green and low-carbon transformation of enterprises by constructing a tripartite evolutionary game model that includes small and medium-sized enterprises, core enterprises, and financial institutions (37), or a four-party evolutionary game model that provides for green small and medium-sized enterprises, core enterprises, financial institutions, and government (38). Previous studies have mainly analyzed banks as gaming entities, but the current green funding gap is increasing yearly. Therefore, it is necessary to mobilize other financial entities within the financial system to participate actively in the green finance market, expand green finance channels to compensate for the shortage of green funds, and promote the green transformation of enterprises. In addition, due to the low enthusiasm of financial institutions for implementing green credit and the high cost of transformation, the willingness of enterprises to undergo green transformation is generally low. Therefore, regulatory authorities must establish a sound reward and punishment mechanism to mobilize the enthusiasm of relevant entities and promote high-quality economic development.

This article is based on the macroeconomic regulation environment led by government regulatory departments, dividing financial institutions into banks and non-bank financial institutions. By constructing a four-party evolutionary game model of government regulatory departments, bank financial institutions, non-bank financial institutions, and high-carbon enterprises, the evolutionary trend of various parties' strategic choices in promoting enterprise carbon reduction through green finance is depicted from a dynamic perspective. Numerical simulation analysis is used to explore how the changes in various parameters affect the evolution trend of the strategic choices of each entity and how measures are ultimately taken to achieve the ideal state of the evolutionary system. This provides guidance and a reference for promoting the realization of China's “dual carbon” goals.



3 Problem description and model construction


3.1 Problem description

Driven by the “dual carbon” goal, promoting green transformation in critical industries and areas has become the primary goal of achieving high-quality development. High-carbon industries, represented by petrochemicals, steel, etc. have become essential for green transformation development (39, 40). However, the high transformation cost has generally led to a lower willingness of high-carbon enterprises to undergo green transformation. The development of green finance has allowed high-carbon enterprises to reduce transformation costs. However, the current willingness of banks and financial institutions to implement green loans is relatively low, and the gap in the green capital market is also significant. Therefore, attracting more financial entities to enter the green finance market is necessary to expand the supply channels of green funds. In response to the above issues, this article intends to use the evolutionary game method to place government regulatory departments, banks, non-bank financial institutions, and high-carbon enterprises under the same analytical framework. Based on the background of government macroeconomic regulation, financial institutions are divided into banks and non-bank financial institutions to systematically analyze the evolution process of various stakeholders' strategic choices in green finance promoting carbon reduction in high-carbon enterprises. This article mainly explores the following questions: (1) Under the existing green finance system, can non-financial institution finance entering the green credit market make up for the existing gap in the supply of green credit funds? (2) Under the background of the “dual carbon” goal, can green finance help high-carbon enterprises reduce emissions to achieve sustainable economic and environmental development? (3) By combining signal effect theory, willingness behavior theory, and evolutionary game theory, we can deeply analyze how changes in behavioral strategies among different entities in the green finance system affect the strategic choices of other entities and generate linkage effects.

This study constructs the decision-making logic relationship between government regulatory departments, banks, non-bank financial institutions, and high-carbon enterprises, as shown in Figure 1. The graph shows that government regulatory agencies are at the core of regulation, and they play a macroeconomic regulatory role in promoting green development by establishing a sound reward and punishment mechanism. Green concept transmission between banks and non-bank financial institutions has a signal effect (41, 42). When banks are highly willing to implement green finance policies, they will transmit green development concepts within the economic system through the signal effect, thereby attracting non-bank financial institutions to actively enter the green finance market and jointly promote the development of the green finance market. The green signal effect transmission between banks and non-bank financial institutions is essentially achieved through mechanisms such as information sharing, product linkage, and reputation transmission, which transform the environmental performance of enterprises (such as carbon emission standards and ESG rating improvement) into positive feedback in the financial market, forming a closed loop of “green signal resource aggregation low-carbon transformation.” The specific methods include: (1) Information layer: Build a unified and transparent green data system to solve the problem of “signal distortion”; (2) Product layer: Design cross market and cross term combination tools to meet diversified green financing needs; (3) Market layer: Connect the credit, bond, equity, and derivative markets to form a closed loop of funds; (4) Policy level: Strengthen institutional incentives through regulatory assessments and policy tool coverage. High-carbon enterprises are limited by government regulatory agencies' environmental pressure and the high transformation cost. They will weigh between exceeding or meeting emissions standards. At this time, the reward and punishment mechanisms of regulatory agencies and the supply of green funds by financial institutions will directly affect their strategic choices.
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FIGURE 1
 A logic diagram of decision-making among the four parties.




3.2 Model building
 
3.2.1 Basic assumptions and parameter settings

Hypothesis 1: This study selects government regulatory departments (G), banking financial institutions (B), non-banking financial institutions (NB), and high-carbon enterprises (E) as the leading players in the game. Compared to the traditional game theory, which assumes that all participants are entirely rational, the evolutionary game theory assumes that all four parties have limited rationality. It describes the dynamic process of each party's continuous learning, adjustment, and imitation to explain why and how different parties achieve a particular state. All parties in the game aim to maximize their interests, with government regulatory departments as the leader in promoting sustainable economic and environmental development and the ultimate goal of maximizing social benefits. Banking financial institutions, non-banking financial institutions, and high-carbon enterprises aim to maximize their interests as their primary goals.

Hypothesis 2: The government regulatory authority's strategic choice is to strictly regulate, with a strategy space of SG= {strict regulation, loose regulation}. The benchmark return is r1, and when the regulatory authority chooses strict regulation, it will incur regulatory costs c1. When high-carbon enterprises meet emission standards, it will improve the environmental situation, and the government will receive additional environmental benefits Δr1. However, when enterprises exceed emission standards, the government must pay additional governance costs Δc1. In addition, when high-carbon enterprises exceed emission standards, banks, and financial institutions do not implement green credit policies, and non-bank financial institutions do not enter the green finance market, they will be punished with P4, P2, P3, and respectively.

Hypothesis 3: The strategic choice of banking financial institutions is whether to implement green credit policies, with a strategy space of SB= {green credit, traditional credit}. The benchmark return of banking financial institutions is r2, and implementing green credit will incur costs c2, while also receiving government policy incentives s2. Similarly, when high-carbon enterprises strictly implement emission standards, banks will receive additional environmental benefits e (43, 44). The benefits mainly include the following: (1) Carbon emission compliant enterprises usually meet green credit standards, and banks can issue low-risk, high interest special loans to them, which helps reduce their overall credit risk. (2) Financial institutions investing in green bonds issued by qualified enterprises can enjoy tax incentives and secondary market premiums, further bringing them substantial investment returns. (3) Enterprises with excessive carbon emissions face risks such as fines and production shutdowns for rectification, while the environmental compliance costs of compliant enterprises have significantly decreased, which will further reduce the default probability of financial institutions and help improve their asset quality. If non-bank financial institutions also actively enter the green credit market at this time, expanding participants in the green credit market can effectively reduce information asymmetry risks and further increase the supervision of high-carbon enterprises, which will bring green premiums to banking financial institutions Δr2. Implementing traditional credit will obtain additional risk benefits of η2. However, there is a loss of punishment of π2.

Hypothesis 4: The strategic choice of non-bank financial institutions is whether to enter the green financial market, and the strategic space is SNB= {enter, not enter}. The benchmark return is r3, when non-bank financial institutions choose to enter the green financial market when banking financial institutions implement green credit. Due to the existence of mature information leaders, this will greatly reduce the investment risk of non-bank financial institutions and improve the quality of their fund use, resulting in a return of Δr3. Similarly, when banking financial institutions do not implement green credit policies, non-bank financial institutions entering the green financial market need to pay additional costs Δc3. When enterprises actively implement emission reduction strategies, non-bank financial institutions will also receive additional environmental benefits e (41, 42). Similarly, when non-bank financial institutions enter the green financial market, they will receive government incentives of s3. In addition, when they do not enter the green financial market, they can obtain additional risk benefits η3, but they may also face fines from regulatory authorities of π3.

Hypothesis 5: The strategic choice for high-carbon enterprises is whether to meet emission standards, with a strategy space of SE= {emission standards met, emission standards exceeded}. The benchmark return for high-carbon enterprises is r4. When banks and non-bank financial institutions simultaneously enter the green credit market, high-carbon enterprises that exceed emission standards will not be able to obtain funding from banks and non-bank financial institutions, and will need to obtain funding through other channels. The additional cost to be paid at this time is c41. However, if banks and non-bank financial institutions implement green credit policies instead of banks and non-bank financial institutions not entering the green financial market, high-carbon enterprises that exceed emission standards will not be able to obtain loans from banks and non-bank financial institutions but can receive support from non-bank financial institutions. The additional cost to be paid is c42. When banks implement green credit policies, the cost of meeting emission standards for enterprises is c43. When banks do not implement green credit, the cost of meeting emission standards for enterprises is c44, and meeting emission standards will receive policy incentives from regulatory authorities (s4). The cost of exceeding emission standards can be ignored, but high-carbon enterprises will face fines from regulatory authorities (π4).

Hypothesis 6: Assuming that the probability of strict regulation by government regulatory authorities is x(0 ≤ x ≤ 1), the probability of choosing loose regulation is 1−x. The probability of banking and financial institutions choosing green credit strategies is y(0 ≤ y ≤ 1), and the probability of choosing traditional credit is 1−y. The probability of non-bank financial institutions choosing to enter the green finance market is z(0 ≤ z ≤ 1), and the probability of choosing not to enter is 1 −z. The probability of high-carbon enterprises choosing to meet emission standards is w(0 ≤ w ≤ 1), and the probability of them choosing to exceed emission standards is 1 − w.



3.2.2 Construction of payment benefit matrix

According to the above hypothesis and parameter settings, the payment income matrix of the four parties is constructed, as shown in Table 1.

TABLE 1  Four party game payment matrix.


	Four party game subject
	Strict supervision by government regulatory agencies (x)
	Loose regulation by government regulatory agencies (1−x)



	Bank
	Non-bank financial institutions
	High carbon enterprises meet emission standards (w)
	High carbon enterprises exceed emission standards (1−w)
	High carbon enterprises meet emission standards (w)
	High carbon enterprises exceed emission standards (1−w)





	Green Credit (y)
	Enter (z)
	a1 = r1−c1+Δr1−s2−s3−s4 b1 = r2−c2+s2+Δr2 c1 = r3+Δr3+s3 d1 = r4−c43+s4
	a2 = r1−c1−s2−s3−Δc1+π4 b2 = r2−c2+s2+Δr2 c2 = r3+Δr3+s3 d2 = r4−c41−π4
	a3 = r1−αc1+Δr1 b3 = r2−c2+Δr2 C3 = r3+Δr3 d3 = r4−c43
	a4 = r1−αc1−Δc1 b4 = r2−c2+Δr2 c4 = r3+Δr3 d4 = r4−c41


 
	Do not enter (1−z)
	a5 = r1−c1+Δr1−s2−s4 b5 = r2−c2+s2 c5 = r3+η3 d5 = r4−c43+S4
	a6 = r1−c1−s2+π3+π4−Δc1 b6 = r2−c2+s2 c6 = r3+η3−π3 d6 = r4−c42−π4
	a7 = r1−αc1+Δr1 b7 = r2−c2 c7 = r3+η3 d7 = r4−c43
	a8 = r1−αc1−Δc1 b8 = r2−c2 c8 = r3+η3 d8 = r4−c42



	Traditional credit (1−y)
	Enter (z)
	a9 = r1−c1+Δr1−s3−s4 b9 = r2+η2 c9 = r3+s3−Δc3 d9 = r4−c44+s4
	a10 = r1−c1−s3+π2+π4−Δc1 b10 = r2+η2−π2 c10 = r3+s3−Δc3 d10 = r4−π4
	a11 = r1−αc1+Δr1 b11 = r2+η2 c11 = r3−Δc3 d11 = r4−c44
	a12 = r1−αc1−Δc1 b12 = r2+η2 c12 = r3−Δc3 d12 = r4


 
	Do not enter (1−z)
	a13 = r1−c1+Δr1−s4 b13 = r2+η2 c13 = r3+η3 d13 = r4−c44+s4
	a14 = r1−c1+π3+π2+π4−Δc1 b14 = r2+η2−π2 c14 = r3+η3−π3 d14 = r4−π4
	a15 = r1−αc1+Δr1 b15 = r2+η2 c15 = r3+η3 d15 = r4−c44
	a16 = r1−αc1−Δc1 b16 = r2+η2 c16 = r3+η3 d16 = r4









4 Analysis on the stability of the strategies of the game player


4.1 Stability analysis of strategic choices by government regulatory agencies

The expected returns of the government regulatory authorities choosing strict and loose regulatory strategies are UA1 and UA2, respectively, with an average expected return of UA. The replication dynamic equation and the first derivative of their behavioral strategy are shown in Equations 2, 3:

UA1=yzwa1+yz(1-w)a2+y(1-z)wa5+y(1-z)(1-w)a6  +(1-y)zwa9+(1-y)z(1-w)a10+(1-y)(1-z)wa13  +(1-y)(1-z)(1-w)a14  UA2=yzwa3+yz(1-w)a4+y(1-z)wa7+y(1-z)(1-w)a8  +(1-y)zwa11+(1-y)z(1-w)a12+(1-y)(1-z)wa15  +(1-y)(1-z)(1-w)a16UA=xUA1+(1-x)UA2      (1)

F(x)=x(UA1-UUA)=x(1-x)(UA1-UA2)  =x(1-x)f(y,z,w)      (2)

Among them:

f(y,z,w)=−[c1−π2−π3−π4+(s4+π2+π3+π4)w                 +(s2+π2)y+(s3+π3)z−π2wy−π3wz]      F′(x)=(1−2x)f(y,z,w)      (3)

According to the stability theorem of differential equations, the strategic choice of government regulatory authorities in a stable state needs to satisfy: F(x) = 0 and F′(x) < 0.

Proposition 1:

• When w < w0, the stable strategy choice of the government regulatory department is “strict supervision.”

• When w > w0, the stable strategy choice of the government regulatory department is “relaxed supervision.”

• When w = w0, the stable strategy choice of the government regulatory department cannot be determined. The threshold value is:

w0=−[c1−π2−π3−π4+(s2+π2)y+(s3+π3)z]/(s4       +π2+π3+π4−π2y−π3z).

Proof: Since ∂f(y, z, w)/∂w < 0, it follows that is a decreasing function of f(y, z, w). When w<w0, we have f(y, z, w)>0, F(x)|x = 1 = 0 and F′(x)|x=1<0, which implies x = 1 stability. When w>w0, we have f(y, z, w) < 0, F(x)|x = 0 = 0 and F′(x)|x=0<0, which x = 0 implies stability. When w = w0, we have F(x) = 0 and F′(x) = 0, which makes it impossible to determine a stable strategy, and it is proved.

According to Proposition 1, it can be concluded that in the strategic choice of government regulatory departments, if the probability of high-carbon enterprises meeting emission standards is low, the strategic choice of government regulatory departments will be “strict supervision.” As the environmental awareness of high-carbon enterprises gradually increases, and the willingness to meet emission standards gradually increases and exceeds a certain threshold, the regulatory departments will reduce the intensity of supervision and progressively shift to “relaxed supervision.”

The phase diagram of government strategy selection is drawn according to Proposition 1 is shown in Figure 2.
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FIGURE 2
 Phase diagram of government regulatory department strategy selection.


As shown in Figure 2, the volume of part Vx1 is the probability of the government regulatory department choosing “strict supervision,” and the volume of part Vx0 is the probability of the government regulatory department choosing “loose supervision.” It is calculated that:

t1=-[c1-π2-π3-π4+(s2+π2)y],t2=(s4+π2+π3+π4-π2y)

The calculation shows that

Vx1=∫01∫01[ t1−(s3+π3)z ]/(t2−π3z)dzdx=[−π3t1       +(s3+π3)t2]ln(1−π3/t2)/[π32−(s3+π3)/π3]      (4)

Then there are:

Vx0=1−Vx1=1−[−π3t1+(s3+π3)t2]ln(1−π3/t2)/[π32       −(s3+π3)/π3]      (5)

Inference 1.1: The strategic choice of government regulatory departments is mainly influenced by their regulatory costs and the implementation of reward and punishment mechanisms. That is, when the regulatory expenses of government regulatory departments are too high, even if they may face high subsequent additional governance costs, the probability of strict regulation by the government is relatively low. Similarly, when the government regulatory departments provide more lavish subsidies to the other three parties and gradually increase their punishment, they will be more inclined to develop in a direction that benefits the social environment and economic benefits. At this time, the government does not need to pay too much attention to the green financial market and the carbon emissions of enterprises, so the probability of choosing strict regulation will gradually decrease.

Proof: Calculate the first derivative of Vx1 for π2, π3, π4, s2, s3, s4, and c1 to obtain: ∂Vx1/∂c1 < 0, ∂Vx1/∂π2>0, ∂Vx1/∂π3>0, ∂Vx1/∂π4>0, ∂Vx1/∂s2 < 0, ∂Vx1/∂s3 < 0, and ∂Vx1/∂s4 < 0. It can be seen that Vx1 is negatively correlated with s2, s3, s4, and c1, and positively correlated with π2, π3, and π4. According to the aforementioned, let f(c1) = −[c1−π2−π3−π4+(s4+π2+π3+π4)w+(s2+π2)y+(s3+π3)z−π2wy−π3wz], then ∂f/∂c1 < 0, we can see that f is a decreasing function with respect to C1, where:

c0=−[−π2−π3−π4+(s4+π2+π3+π4)w+(s2+π2)y      +(s3+π3)z−π2wy−π3wz]

When c1 > c0, there are F(x)|x = 0 = 0 and F′(x)|x=0 < 0. Currently, the government regulatory authorities' strategic choices tended to be “relaxed supervision.” When c1<c0, there are F(x)|x = 1 = 0 and F′(x)|x=1<0. The government regulatory authorities' strategic choices tend to be “strict supervision.” Therefore, the government regulatory authorities' strategic decisions are mainly influenced by their regulatory costs. When the regulatory costs are low, the authorities are more inclined to adopt strict supervision strategies. However, when the regulatory costs gradually increase and exceed a certain threshold, the government regulatory authorities will choose “relaxed supervision,” even if they face higher environmental governance costs in the future.



4.2 Analysis of the strategic stability of banking financial institutions

The expected values of the banking financial institutions choosing the “green credit” and “traditional credit” strategies are UB1 and UB2, respectively, with an average return of UB. The replication dynamic equation and the first derivative of their behavioral strategy are shown in Equations 7, 8:

UB1=xzwb1+xz(1−w)b2+x(1−z)wb5+x(1−z)(1       −w)b6+(1−x)zwb3+(1−x)z(1−w)b4+(1       −x)(1−z)wb7+(1−x)(1−z)(1−w)b8UB2=xzwb9+xz(1−w)b10+x(1−z)wb13+x(1−z)(1       −w)b14+(1−x)zwb11+(1−x)z(1−w)b12+(1       −x)(1−z)wb15+(1−x)(1−z)(1−w)b16UB=yUB1+(1-y)UB2      (6)

F(y)=y(UB1-UB)=y(1-y)(UB1-UB2)  =y(1-y)f1(x,z,w)      (7)

f1(x,z,w)=zΔr2-η2-c2+(s2+π2)x-π2wx F′(y)=(1-2y)f1(x,z,w)      (8)

According to the stability theorem of differential equations, the strategy of banking financial institutions in a stable state should meet the following requirements: F(y) = 0 and F′(y) < 0

Proposition 2

• When w < w1, the strategic choice of banking financial institutions tends to be green credit strategy.

• When w > w1, the strategic choice of banking financial institutions tends to be traditional credit strategy.

• When w = w0, the stable strategy of banking financial institutions cannot be determined. The threshold values are:

w1=[zΔr2-η2-c2+(s2+π2)x]/π2x

Proof: It can be seen from ∂f1(x, z, w)/∂w < 0 that f1(x, z, w) is a decreasing function of w. When w<w1, there are f1(x, z, w)>0, F(y)|y = 1 = 0 and F′(y)|y=1<0, where y = 1 is stable; When w>w1, there are f1(x, z, w) < 0, F(y)|y = 0 = 0 and F′(y)|y=0<0, where y = 0 is stable; When w = w1, F(y) = 0 and F(y′) = 0, and the stability cannot be determined at this time, which is verified.

According to Proposition 2, the strategic choices of banking financial institutions are closely related to the strategic decisions of high-carbon enterprises. When the probability of high-carbon enterprises meeting emission standards is relatively low, the strategic choice of banking financial institutions is to provide “green credit” to assist enterprises in green transformation. However, with the changes in high-carbon enterprises concept and environmental awareness have enhanced, the strategic choice will gradually shift to meeting emission standards. This means that the implementation of green credit policies by banking and financial institutions has achieved good results. The implementation intensity will gradually decrease, ultimately still dominated by traditional credit policies.

Draw the phase diagram of strategy selection of bank financial institutions according to Proposition 2, as shown in Figure 3:
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FIGURE 3
 Phase diagram of strategy selection for banks and financial institutions.


As shown in Figure 3, the volumes of the Vy0 and Vy1 parts represent the probabilities of bank financial institutions choosing traditional credit and green credit strategies, respectively, and it is calculated that:

Vy1=∫01∫01[zΔr2-η2-c2+(s2+π2)x]/(π2x)dzdy  =[Δr2/2-η2-c2+(s2+π2)x]/π2x      (9)

Then there are:

Vy0=1-[Δr2/2-η2-c2+(s2+π2)x]/π2x      (10)

Inference 2.1: The choice of green credit strategies for banking financial institutions is mainly influenced by the costs and benefits of policy implementation, with a positive correlation with the benefits of green credit and a negative correlation with the costs and benefits of traditional credit. In addition, the subsidies and penalties imposed by government regulatory agencies also impact the choice of green credit strategies for banking financial institutions.

Proof: Calculate the first derivative of the probability Vy1 of a bank financial institution choosing a green credit strategy for Δr2, c2, η2, s2, π2 to obtain: ∂Vy1/∂△r2>0, ∂Vy1/∂s2>0, ∂Vy1/∂π2>0, ∂Vy1/∂η2 < 0, ∂Vy1/∂c2 < 0. From this, it can be seen that Vy1 is positively correlated with Δr2, s2, π2, and negatively correlated with η2, c2. The certificate is completed.

Inference 2.2: There is a certain threshold for government regulatory authorities to subsidize banking institutions in implementing green credit policies and impose penalties for non-implementation of green credit. When the subsidy is small, banking institutions consider their benefits and may face more significant uncertainty risks, and their strategic choices tend to be traditional credit. When the subsidy value exceeds a certain threshold, the strategic decisions of banking institutions will gradually shift toward actively implementing green credit strategies. Similarly, there is a threshold for the penalties imposed on banking institutions for not implementing green credit strategies. Below the threshold, the penalties are relatively small, and banking institutions are more inclined to traditional credit. Considering the vast penalty costs, banking institutions will gradually shift toward implementing green credit rather than traditional credit when the threshold is exceeded.

Proof: Let f1(s2) = zΔr2−η2−c2+(s2+π2)x−π2wx, then ∂f1(s2)/∂s2>0, we can see that f1 is an increasing function of s2, where s2*=(zΔr2-η2-c2+π2x-π2wx)/x. When s2>s2*, there are F(y)|y = 1 = 0 and F′(y)|y=1<0, and the strategy choice of banking financial institutions tends to implement green credit. Similarly, when s2<s2*, there are F(y)|y = 0 = 0 and F′(y)|y=0<0, and the strategy choice of banking financial institutions tends to traditional credit. And the same can be proved π2. Therefore, before the penalty for choosing traditional credit strategies reaches a threshold, banks will not be prompted to implement green credit strategies. Still, when the penalty value exceeds a certain threshold, banking financial institutions will most likely choose to implement green credit policies.



4.3 Stability analysis of non-bank financial institutions' strategy selection

The expected returns for non-bank financial institutions to choose to enter and not enter the green finance market are UC1 and UC2, respectively, with an average expected return of UC. The replication dynamic equation and the first derivative of their behavior strategy are shown in Equations 12, 13:

UC1=xywc1+xy(1−w)c2+(1−x)ywc3+(1−x)y(1        −w)c4+x(1−y)wc9+x(1−y)(1−w)c10        +(1−x)(1−y)wc11+(1−x)(1−y)(1−w)c12UC2=xywc5+xy(1−w)c6+(1−x)ywc7+(1−x)y(1        −w)c8+x(1−y)wc13+x(1−y)(1−w)c14+(1        −x)(1−y)wc15+(1−x)(1−y)(1−w)c16UC=zUC1+(1-z)UC2      (11)

F(z)=z(UC1-UC)=z(1-z)(UC1-UC2)  =z(1-z)f2(x,y,w)      (12)

f2(x,y,w)=(Δc3+Δr3)y-η3-Δc3+(s3+π3)x-π3wx  F′(z)=(1-2z)f2(x,y,w)      (13)

According to the stability theorem of differential equations, the strategy of non-bank financial institutions in a stable state shall meet the following requirements: F(z) = 0 and F′(z) < 0.

Proposition 3:

• When y < y1, the strategy choice of non-bank financial institutions is not to enter the green financial market.

• When y < y1, the strategy choice of non-bank financial institutions is to enter the green financial market.

• When y = y1, it is impossible to determine the stable strategy of non-bank financial institutions, where the threshold value is: y0 = −[−η3−Δc3+(s3+π3)x−π3wx]/(Δc3+Δ r3)

Proof: ∂f2(x, y, w)/∂y>0, f1(x, y, w) is an increasing function of y, when y<y0, there are f2(x, y, w) < 0, F(z)|z = 0 = 0 and F′(z)|z=0<0, and z = 0 is stable; when y>y0, there are f2(x, y, w) < 0, F(z)|z = 1 = 0 and F′(z)|z=1<0, and z = 1 is stable; when y = y0, F(z) = 0 and F′(z) = 0, which cannot determine the stable strategy of non-bank financial institutions. Proof completed.

According to Proposition 3, with the gradual deepening of green concepts and the gradual expansion of the scale of green financial markets, banking financial institutions with information advantages will transmit green development concepts to non-bank financial institutions in the implementation of green credit strategies, which means that signal effects exist in the financial system, which will further affect the decision-making of non-bank financial institutions to enter the green financial market. When banking financial institutions gradually increase their willingness to implement green credit policies, non-bank financial institutions are more likely to follow and join the green financial market due to the influence of signal transmission effects. At this time, both parties learn, imitate, and compete with each other, which can effectively compensate for the lack of supply of green credit funds in the market and is also of great significance for the innovative development of the green financial market.

Draw the phase diagram of non-bank financial institutions' strategic choices according Proposition 3, as shown in Figure 4.


[image: Three diagrams showing vector fields within cubes along axes x, y, and z. The left diagram is labeled “y = y1,” with vectors Vx0 and Vx1 inside. The middle diagram, labeled “y > y1,” shows vector Vx1 extending further. The right diagram, labeled “y < y1,” features vectors Vx0 and Vx1 pointing inside the cube.]
FIGURE 4
 Phase diagram of strategy selection for non-bank financial institutions.


It can be seen from Figure 4 that the volume of part Vz0 and part Vz1 is the non-bank financial institutions choosing not to enter and enter the green financial market is respectively. And it is calculated that:

Vz0=∫01∫01−[−η3−Δc3+(s3+π3)x−π3wx]/(Δc3       +Δr3)dxdz       =−[−η3−Δc3+(s3+π3)/2−π3w/2]/(Δc3+Δr3)      (14)

Vz1=1−Vz0=1+[−η3−Δc3+(s3+π3)/2−π3w/2]/(Δc3       +Δr3)      (15)

Inference 3.1: The strategic choice of non-bank financial institutions is mainly influenced by the costs and benefits of entering the green financial market. The increase in the benefits and decrease in the costs of non-bank financial institutions entering the green financial market will increase the probability of non-bank financial institutions entering the green financial market. However, when the benefits of not entering the green financial market increase and the costs and penalties decrease, the probability of non-bank financial institutions entering the green financial market will decrease. Therefore, to encourage non-bank financial institutions to enter the green financial market actively, government regulatory authorities should improve the implementation of subsidy mechanisms. In addition, bank financial institutions should also be encouraged to fully utilize their information advantages and actively convey the concept of green development in implementing green credit policies to attract more entities to enter the green financial market and provide strong support for high-quality green development of the economy.

Proof: The first partial derivative of the probability of the bank implementing the green credit policy Vz1 vs. π3, η3, Δc3, and s3 is obtained: ∂Vz1/∂η3 < 0, ∂Vz1/∂Δc3 < 0, ∂Vz1/∂π3>0 and ∂Vz1/∂s3>0. Proof completed.

Inference 3.2: There is a threshold for government regulatory authorities to implement the reward and punishment mechanism for non-bank financial institutions. When below the threshold, non-bank financial institutions tend to choose not to enter the green financial market; when the punishment and incentive are both above the threshold, the strategic choice of non-bank financial institutions will gradually shift from not entering to entering the green financial market.

Proof: Assuming f2(s3) = (Δc3+Δr3)y−η3−Δc3+(s3+π3)x−π3wx, we have ∂f2(s3)/∂s3>0, We can get f2(s3) is an increasing function of s3, where:

s3*=[(Δc3+Δr3)y-η3-Δc3+π3x-π3wx]/x

When s3<s3*, there are F(z)|z = 0 = 0 and F′(z)|z=0<0, where z = 0 is stable; when s3>s3*, there are F(z)|z = 1 = 0 and F′(z)|z=1<0, where z = 1 is stable, proof completed.



4.4 Stability of high-carbon enterprise strategy selection

The expected benefits of high-carbon enterprises choosing strategies to meet and exceed emission standards are UD1 and UD2, respectively, with an average anticipated benefit of UD. he replication dynamic equation and the first derivative of their behavioral strategies are shown in Equations 17, 18:

UD1=xyzd1+xy(1−z)d5+(1−x)yzd3+(1−x)y(1        −z)d7+x(1−y)zd9+x(1−y)(1−z)d13+(1−x)(1        −y)zd11+(1−x)(1−y)(1−z)d15UD2=xyzd2+xy(1−z)d6+(1−x)yzd4+(1−x)y(1        −z)d8+x(1−y)zd10+x(1−y)(1−z)d14        +(1−x)(1−y)zd12+(1−x)(1−y)(1−z)d16UD=wUD1+(1-w)UD2      (16)

F(w)=w(UD1-UD)=w(1-w)(UD1-UD2)=f3(x,y,z)      (17)

f3(x,y,z)=(c42-c43+c44)y-c44+(s4+π4)x+(c41-c42)yz  F′(w)=(1-2w)f3(x,y,z)      (18)

According to the stability theorem of differential equations, the strategy of high-carbon enterprises in a stable state needs to meet the following conditions: F(w) = 0 and F′(w) < 0.

Proposition 4

• When x > x0, the stable strategy of high-carbon enterprises is to meet emission standards.

• When x < x0, the stable strategy of high-carbon enterprises is to exceed emission standards.

• When x = x0, it is impossible to determine the stable strategy of high-carbon enterprises, with the threshold value being:

x0=-[(c42-c43+c44)y-c44+(c41-c42)yz]/(s4+π4)

Proof: Since ∂f3(x, y, z)/∂x>0, then f3(x, y, z) is an increasing function of x. When x>x0, there are f3(x, y, z)>0, F(w)|w = 1 = 0, and F′(w)|w=1<0, then w = 1 is stable. High-carbon enterprises will choose emission compliance strategies; When x<x0, there are f3(x, y, z) < 0, F(w)|w = 0 = 0, F′(w)|w=0<0, then w = 0 is stable and high-carbon enterprises will choose the emission excess strategy. Similarly, it can be proved that the above conditions are also met y and z, proof completed.

According to Proposition 4, for high-carbon enterprises, green transformation will face higher transformation costs, which will bring more significant financial pressure to the enterprise. Currently, the regulatory authority's supervision strength is whether banks and non-bank financial institutions can provide sufficient green funds to assist the enterprise in green transformation and achieve emission standards to promote high-quality economic development. When the regulatory authority tends to be loose in supervision, and the probability of banks and non-bank financial institutions entering the green financial market is low, high-carbon enterprises are likelier to choose to exceed emission standards. However, as the regulatory authority strengthens its supervision, banks and non-bank financial institutions implement green credit policies, and high-carbon enterprises will gradually shift to achieve emission standards.

Draw the phase diagram of high-carbon enterprise strategy selection according to above Proposition, as shown in Figure 5.


[image: Three diagrams showing velocity vectors in three-dimensional spaces. The first diagram, labeled x = x0, shows vectors V{w1} and V{w0} in opposite directions along the w-axis. The second diagram, labeled x<x0, shows vector V{w0} pointing left. The third diagram, labeled x>x0, shows vector V{w1} pointing right, along the w-axis. Each diagram has axes labeled x, z, and w.]
FIGURE 5
 Phase diagram of strategy selection for high-carbon enterprises.


It can be seen from Figure 5 that the volume of part Vw0 and part Vw1, represent the probabilities of high-carbon enterprises choosing strategies for exceeding emission standards and meeting emission standards, respectively. Which is calculated as follows:

Vw0=∫01∫01[−[(c42−c43+c44)y−c44+(c41−c42)yz]/(s4       +π4)]dzdw       =−[(c42−c43+c44)y−c44+(c41−c42)y/2]/(s4+π4)      (19)

Then there are:

Vw1=1−Vw0=1+[(c42−c43+c44)y−c44+(c41       −c42)y/2]/(s4+π4)      (20)

Inference 4.1: The strategic choices of high-carbon enterprises are mainly influenced by their own cost-benefit and external reward and punishment mechanisms. When the benefits of meeting emission standards, the costs of exceeding emission standards, and the punishment imposed by other third-party game players on enterprises for exceeding emission standards increase, the probability of high-carbon enterprises choosing to meet emission standards will increase. However, when the benefits of meeting emission standards and the costs of exceeding emission standards increase, the probability of high-carbon enterprises choosing to meet emission standards will decrease.

Proof: By calculating the first partial derivatives of the probability Vw1 of high-carbon enterprises meeting emission standards for c41, c42, c43, c44, s4, and π4. We can get ∂Vw1/∂c41>0, ∂Vw1/∂c42>0, ∂Vw1/∂c43 < 0, ∂Vw1/∂c44 < 0, ∂Vw1/∂s4>0 and ∂VW1/∂π4>0, proof completed.

Inference 4.2: There is a threshold for the government regulatory authorities' incentives and penalties for high-carbon enterprises. When the incentives and penalties are relatively small, the strategic choices of high-carbon enterprises tend to exceed the emission standards. However, when the incentives and penalties gradually increase and exceed a certain threshold, the strategic decisions of high-carbon enterprises will shift progressively toward meeting the emission standards. Similarly, there is a threshold for punishing high-carbon enterprises' strategic choices after implementing green credit policies by banks and non-bank institutions.

Proof: if f3(π4) = (c42−c43+c44)y−c44+(s4+π4)x+(c41−c42)yz, we can calculate ∂f3(P4)/∂π4>0 and know that f3(π4) is an increasing function of π4. Therefore, when π4<π4*, there are F(w)|w = 1 = 0 and F′(w)|w=1<0, and w = 0 is stable. At this time, high-carbon enterprises tend to choose the strategy of exceeding emission standards; When π4>π4*, there are F(w)|w = 1 = 0 and F′(w)|w=1<0, and w = 1 is stable, At this time, high-carbon enterprises tend to choose the strategy of meeting emission standards, where π4*=-[(c42-c43+c44)y-c44+s4x+(c41-c42)yz]/x, Similarly, it can be proven that s4. The certificate is completed.




5 Stability analysis of strategy combination


5.1 An analysis of the equilibrium point of the four-way evolutionary game of government regulatory departments, bank financial institutions, non-bank financial institutions, and high-carbon enterprises

Under the background of high-quality development, to explore the conditions and formation process of strategy selection of different participating subjects in the process of green finance helping high-carbon enterprises to reduce carbon emissions in the construction of a dynamic replication system of the four-party game of government regulatory departments, bank financial institutions, non-bank financial institutions, and high carbon enterprises, the stability of the strategy group of the four-party entities can be judged Lyapunov's first rule. Ritzberger and Weibull (45) and Selten (46) pointed out that in the multi-group evolutionary game, the stable solution of the evolutionary game is the strict Nash equilibrium, and the strict Nash equilibrium is a pure strategy. Therefore, this paper only analyzes the stability of16 groups of pure strategy equilibrium solutions and constructs the Jacobian matrix of the four-party agent replication dynamic system as follows:

J=[∂F(x)/∂x ∂F(x)/∂y ∂F(x)/∂z ∂F(x)/∂w∂F(y)/∂x ∂F(y)/∂y ∂F(y)/∂z ∂F(y)/∂w∂F(z)/∂x ∂F(z)/∂y ∂F(z)/∂z ∂F(z)/∂w∂F(w)/∂x ∂F(w)/∂y ∂F(w)/∂z ∂F(w)/∂w]      (21)
 

5.2 Result discussion stability condition analysis

According to Lyapunov's first rule, if the sign of the eigenvalues of the Jacobian matrix is negative, then the equilibrium point is asymptotically stable; If at least one of the eigenvalues of the Jacobian matrix is positive, then this point is unstable. Table 2 shows that equilibrium points E2 − 5, E7 − 8, E12 − 13, and E16 are unstable points, which will not be discussed too much here. The stability analysis of the rest of the equilibrium points is as follows:

TABLE 2  Gradual stability analysis of the equilibrium point of the dynamic system of four-party agent replication.


	Equilibrium point
	Characteristic value ψ1, ψ2, ψ3, ψ4
	Symbol
	Stability and conditions





	E1 (0,0,0,0)
	π2+π3+π4−c1, −η2−c2, −η3−Δc3, −c44
	×−−−
	Stable when conditions 1 are met



	E2 (0,0,0,1)
	−(c1+s4), −η2−c2, −η3−Δc3, c44
	−−−+
	Instability



	E3 (0,0,1,0)
	−(c1−π2−π4+s3), Δr2−η2−c2, η3+Δc3, −c44
	× × +−
	Instability



	E4 (0,0,1,1)
	c1+s4−π3, Δr2−η2−c2, η3+Δc3, c44
	× × ++
	Instability



	E5 (0,1,0,0)
	−(c1−π3−π4+s2), η2+c2, Δr3−η3, c42−c43
	×+ × −
	Instability



	E6 (1,0,0,0)
	c1−π2−π3−π4, −η2−c2+s2+π2, −η3−Δc3+s3+π3, −c44+s4+π4
	× × × × 
	Stable when conditions 2-5 are met



	E7 (1,0,0,1)
	c1+s4, Δr2−η2−c2+s2+π2, −η3−Δc3+s3, −c44+s4+π4
	+ × × × 
	Instability



	E8 (0,1,0,1)
	−(c1+s2+s4), η2+c2, Δr3−η3, −(c42−c43)
	−+ × × 
	Instability



	E9 (0,1,1,0)
	−(c1−π4+s2+s3), −(Δr2−η2−c2), −(Δr3−η3), c41−c43
	× × × × 
	Stable when conditions 1, 6, 8, and 10 are met



	E10 (1,0,1,0)
	c1−π2−π4+s3, Δr2−η2−c2+s2+π2, −(−η3−Δc3+s3+π3), −c44+s4+π4
	× × × × 
	Stable when conditions 2, 3, 8, and 4 are met



	E11 (0,1,1,1)
	−(c1+s2+s3+s4), −(Δr2−η2−c2), −(Δr3−η3),
	− × × × 
	Stable when conditions 6, 8, and 9 are met



	E12 (1,0,1,1)
	c1+s3+s4, Δr2−η2−c2+s2, −(−η3−Δc3+s3), −(c44+s4+π4)
	+ × × −
	Instable



	E13 (1,1,0,1)
	c1+s4+s2, −(−η2−c2+s2), Δr3−η3+s3, −(c42−c43+s4+π4)
	+ × × × 
	Instable



	E14 (1,1,0,0)
	c1−π3−π4+s2, −(−η2−c2+s2+π2), Δr3−η3+s3+π3, c42−c43+s4+π4
	× × × × 
	Stable when conditions 11-14 are met



	E15 (1,1,1,0)
	c1−π4+s2+s3, −(Δr2−η2−c2+s2+π2), −(Δr3−η3+s3+π3), c41−c43+s4+π4
	× × × × 
	Stable when conditions 11-14 and 15-16 are met



	E16 (1,1,1,1)
	c1+s2+s3+s4, −(Δr2−η2−c2+s2), −(Δr3−η3+s3), −(c41−c43+s4+π4)
	+ × × −
	Instability




× represents positive and negative uncertainty, the same below. Condition 1: π2+π3+π4<c1; Condition 2: c1 < π2+π4−s3; Condition 3: Δr2−c2+s2 < η2−π2; Condition 4: s3−Δc3 < η3−π3; Condition 5: s4−c44 < −π4; Condition 6: Δr2−c2>η2; Condition 7: s3−Δc3>η3−π3; Condition 8: Δr3>η3; Condition 9: c41>c43; Condition 10: c41<c43; Condition 11: c1 < π4−s2−s3; Condition 12: η2−π2<s2−c2; Condition 13: Δr3+s3 < η3−π3; Condition 14: s4−c43 < −π4−c42; Condition 15: Δr3+s3>η3−π3; Condition 16: s4−c43 < −π4−c41.




5.2.1 Scenario 1

The stable point (0, 0, 0, 0) means that the government supervision department is relaxed, banks and financial institutions implement traditional credit, non-bank financial institutions do not enter, and high carbon enterprises exceed their emissions standards. The stable condition is π2+π3+π4<c1. At this time, the net regulatory benefit of the regulatory authorities is < 0, and the ultimate strategic choice of the regulatory authorities will tend to be a loose supervision strategy. Banks, non-banking financial institutions, and high-carbon enterprises will all choose methods beneficial to their interests but detrimental to social development by observing the government's plan. This situation is a situation of government inaction and market failure, which is the least ideal situation in reality. Therefore, it is required that the regulatory authorities establish a strict regulatory system, provide specific incentives for banks and non-banking financial institutions, and actively implement national green development policies for high-carbon enterprises. In addition, severe punishment should be imposed when violations of national industrial policy development directions are discovered.



5.2.2 Scenario 2

The stable point (1, 0, 0, 0) means that government regulatory authorities strictly regulate banks and financial institutions to implement traditional credit, non-bank financial institutions actively refuse to enter the green finance market, and high carbon enterprises exceed their emissions standards. The stable conditions are π2+π3+π4>c1, s3+π3−Δc3 < η3, s2−c2+ < η2−π2, s4−c44 < −π4. Compared with scenario 1, the net regulatory benefit of the government regulatory authorities is >0, and the government's strategic choice is gradually inclined toward strict regulatory strategies. However, at this time, the incentive measures are not perfect or limited by the high cost of the other three parties' game subjects themselves, and banking financial institutions will not actively implement green financial policies, non-banking financial institutions will not actively enter the green financial market, and the net benefit of high-carbon enterprises' compliance emissions is less than that of excessive emissions. Therefore, they will insist on choosing the excessive emissions strategy. This situation is a failure of government macro-control; that is, the government's regulatory measures have a small regulatory effect on the market, which is also unsatisfactory. At this time, the regulatory authorities must develop a regulatory system that is more in line with the actual situation of market economic development and promote green economic growth in government macro-control.



5.2.3 Scenario 3

The stable point (1, 0, 0, 0) means (that government regulatory authorities strictly regulate banks and financial institutions to implement traditional credit, non-bank financial institutions actively refuse to enter the green finance market, and high carbon enterprises exceed their emissions standards). The stable condition are c1>π4−s2−s3, Δr2−c2>η2, Δr3>η3, c41<c43. Compared with scenario 1, the net regulatory benefit of the government regulatory authorities is >0, and the government's strategic choice is gradually inclined toward strict regulatory strategies. However, at this time, the incentive measures are not perfect or limited by the high cost of the other three parties' game subjects themselves, and banking financial institutions will not actively implement green financial policies, non-banking financial institutions will not actively enter the green financial market, and the net benefit of high-carbon enterprises' compliance emissions is less than that of excessive emissions. Therefore, they will insist on choosing the excessive emissions strategy. This situation is a failure of government macro-control; that is, the government's regulatory measures have a small regulatory effect on the market, which is also unsatisfactory. At this time, the regulatory authorities must develop a regulatory system that is more in line with the actual situation of market economic development and promote green economic growth in government macro-control.



5.2.4 Scenario 4

The stable point (1, 0, 1, 0) means (government regulatory authorities strictly supervise, bank financial institutions execute traditional credit, non-bank financial institutions actively enter the green finance market, and high carbon enterprises exceed their emissions standards). The stable conditions are π2+π4−s3>c1, Δr2−c2+s2 < η2−π2, s3−Δc3>π3−η3, and s4−c44 < −π4. Compared to scenario 2, at this time, as non-banking financial institutions enter the green financial market, the net benefit is greater than that of not entering, and the strategy choice tends to enter the green financial market actively. However, the strategy choices of banks and high-carbon enterprises are still relatively passive. Currently, the government's regulatory system still needs to be further improved. To promote the development of the green credit market, it is necessary to focus on the execution of banking and financial institutions, supplemented by non-bank financial institutions. Similarly, high-carbon enterprises are limited by high transformation costs and still adhere to the strategy of excessive emissions. Therefore, the current situation still needs improvement and requires further macroeconomic regulation by the government to promote green and healthy economic development.



5.2.5 Scenario 5

The stable point (0, 1, 1, 1) means (government regulatory authorities loosely regulate, bank financial institutions implement green credit, non-bank financial institutions actively enter the green finance market, and high-carbon enterprises meet emission standards). The stable condition are Δr2−c2>η2, Δr3>η3, and c41>c43. This situation is in a relatively ideal state; at this time, the regulatory authorities do not need to take strict regulatory measures, and the market economy will form a virtuous cycle. The banking financial institutions actively respond to the national industrial policy, implement green credit policies, and pass on the green concept to the entire financial system. Non-banking financial institutions are also driven by the bank's signal effect and actively enter the green market. At this time, not only will the green financial market develop significantly, but it will also play a more critical role in promoting high-quality economic development. With the rapid growth of the green financial market, high-carbon enterprises are also more likely to receive support from green credit. At this time, the increasing maturity of transformation technology and the reduction of capital costs will ultimately encourage high-carbon enterprises to choose the emission standards strategy.



5.2.6 Scenario 6

The stable point (1, 1, 0, 0) means (government regulatory authorities strictly supervise, bank financial institutions implement green credit, non-bank financial institutions actively refuse to enter the green finance market, and high-carbon enterprises exceed their emissions standards). The stable conditions are c1 < π3+π4−s2, η2−π2<s2−c2, Δr3+s3 < η3−π3, and s4−c43 < −π4−c42. This state is the condition of government and financial malfunction markets, where the government actively supervises and banking financial institutions actively implement green credit policies. Still, the effect is poor, and the signal effect fails within the financial system. The government regulatory authorities also fail to exert their due deterrent power. This requires the government regulatory authorities to increase the punishment of non-banking financial institutions that do not enter the green financial market and high-carbon enterprises that exceed emission standards to avoid the emergence of stable states that are not conducive to high-quality socio-economic development.



5.2.7 Scenario 7

The stable point (1, 1, 1, 0) means (government regulatory authorities strictly supervise, bank financial institutions implement green credit, non-bank financial institutions actively enter the green finance market, and high carbon enterprises exceed their emissions standards). The stable conditions are c1 < π4−s2−s3, Δr2−c2+s2>η2−π2, Δr3+s3>η3−π3, and s4−c43 < −π4−c41. Compared to scenario 6, non-banking financial institutions choose to actively enter the green financial market because the net income from entering the green financial market is more significant than zero. However, at this time, high-carbon enterprises still choose to emit excessively, indicating that relying solely on the development of the green financial market has not driven the green transformation of high-carbon enterprises. The high transformation costs of high-carbon enterprises remain their primary consideration. This requires government regulatory authorities to intensify rewards and punishments further, and banks and non-banking financial institutions should also further invest in the green financial market to promote their green transformation to reduce enterprises' transformation costs.





6 Numerical simulation analysis

To more intuitively describe the behavior strategy selection of multiple participating subjects in the green finance process promoting corporate carbon emission reduction, we will use MATLAB tools for numerical simulation analysis, focusing on the evolution of strategic choices among government regulatory agencies, bank financial institutions, non-bank financial institutions, and high-carbon enterprises.


6.1 Numerical simulation analysis under ideal strategy combination

To more intuitively reflect the evolutionary path of the four-game players of government regulatory authorities, bank financial institutions, non-bank financial institutions, and high-carbon enterprises, this study chooses to introduce the theory of willingness behavior into simulation analysis based on the stable point (0, 1, 1, 1). It examines the impact of the initial willingness of the game players and changes in relevant parameters on the stable state of the four players' strategy selection. Based on this, this article refers to the practices of Sun and Qu (10) and Cui et al. (36) and assign the relevant parameters based on the parameter constraints of scenario five as follows: c1 = 4, π2 = 3, π3 = 4, π4 = 5, s2 = 3, s3 = 4, s4 = 5, Δr2 = 10, η2 = 3, c2 = 1, Δc3 = 2, Δr3 = 10, η3 = 2, c41 = 10, c42 = 4, c43 = 3, c44 = 2.


6.1.1 The impact of the initial willingness of government regulatory bodies on the equilibrium results

As the leading force in promoting carbon reduction through green finance, government regulatory agencies will significantly impact the strategic choices of the other three parties in the game. This article attempts to embed the theory of willingness behavior into evolutionary game analysis, considering the impact of one party's initial willingness on the strategy choices of other parties and the direction of system evolution. According to Figure 6, when the initial desire of the government regulatory authority is 0, that is, when it is left to its own devices and does not carry out any supervision, the strategic choices of banks and non-bank financial institutions, as well as high-carbon enterprises, tend to evolve in a direction that is detrimental to economic and social development. Banks do not implement green credit policies, non-bank financial institutions do not enter the green financial market, and high-carbon enterprises choose to exceed emission standards. This is the most unfavorable situation. Of course, the government regulatory authority will take measures to avoid severe social losses. When the initial willingness of the government regulatory authority to supervise increases to 0.3, the strategic choices of the other three parties in the game do not change in the same direction. The evolution speed of the strategic decisions of banks and non-bank financial institutions slows down. However, they must still implement green credit policies and enter the green financial market. The possible reason is that, firstly, green finance plays a vital role in pursuing high-quality economic development as a boosting tool. Still, banks and non-bank financial institutions are not the focus of government supervision. The slight increase in supervision strength should mainly affect high-carbon enterprises. At this time, whether high-carbon enterprises meet emission standards will directly affect the pursuit of high-quality economic development. Therefore, after a short period of fluctuation, they will still choose strategies more conducive to their development. At this time, the high-carbon enterprises are affected by the increase in supervision strength, and their strategic choices will change with the change in the supervision strength of the government regulatory authority. This trend can also be seen in the figure. When the initial willingness of the government regulatory authority to supervise further increases to 0.9, the system will evolve to an ideal stable state (0, 1, 1, 1); that is, at this time, the government regulatory authority does not need to spend more energy on supervision, and the other three parties in the game will also evolve to a stable state that is conducive to economic development. Banks and non-bank financial institutions will actively implement green credit policies and enter the green financial market. High-carbon enterprises will also choose to meet emission standards. It can be seen that the linkage effect between the wills of the government regulatory authority and the other three parties in the game, especially high-carbon enterprises, further proves the existence of the influence of the theory of willingness behavior in the evolutionary game process and also expands the application of evolutionary game theory to a certain extent.


[image: Three line graphs showing the proportion of different entities over time, labeled t from 0 to 200. Each graph represents different values of x (0, 0.3, and 0.9). Entities include government regulatory agencies (red triangles), banks (yellow line), non-bank financial institutions (blue dashed line), and high-carbon enterprises (green dashed line). The graphs illustrate how proportions change with varying x values, with noticeable fluctuations in the second graph at x = 0.3 and steadier trends in the others. A legend is included for clarification.]
FIGURE 6
 The impact of changes in the initial willingness x of government regulatory agencies.




6.1.2 The impact of green credit signal effect

As an essential support for the entire financial system, banking financial institutions have always played an important role in developing the green financial market. By actively implementing green credit policies, banks can transmit the concept of green development throughout the financial system. As shown in Figure 7, when the initial willingness of banking financial institutions increases from 0.1 to 0.413 while the initial desire of government regulatory departments, non-bank financial institutions, and high-carbon enterprises remains unchanged (x = 0.5, z = 0.1, w = 0.3), the strategic choices of all parties undergo significant changes. When the initial willingness of bank financial institutions is 0.1, non-bank financial institutions also tend to choose not to enter the green financial market. Currently, the strategic choices of government regulatory departments and high-carbon enterprises fluctuate and do not form a unified trend. The reason may be that government regulatory departments consider that the green development willingness of all parties in the green financial market is low, so their strategic choices are always in a state of strict supervision and loose supervision. For high-carbon enterprises, meeting emission standards involves high transition costs brought about by green transformation. Therefore, the primary considerations for government regulatory departments are their reward and punishment measures and whether banking and financial institutions can provide sufficient green financial support. Thus, regarding unclear strategic choices among all parties, high-carbon enterprises will always fluctuate regarding whether to undergo green transformation. Non-bank financial institutions, when the initial willingness of banking financial institutions is low, also tend to choose not to enter the green financial market. When the initial desire of banking and financial institutions rises to 0.413, all parties' strategic choices tend to be more precise and eventually toward an ideal stable state. Currently, government regulatory departments do not need strict supervision, and banking and financial institutions will actively implement green credit. Affected by green development, non-bank financial institutions will also actively enter the green financial market, and high-carbon enterprises will choose to undergo green transformation and meet emission standards. When the initial willingness of bank financial institutions continued to rise to 0.8, all parties' strategic choices tended to be more precise and eventually tended toward an ideal stable state. However, compared to when the initial willingness is 0.413, the convergence speed is significantly faster, which means that all parties will converge toward an ideal stable state faster. Through the above analysis, it is further verified that there is a signal effect in the green financial market, and this signal effect will gradually increase as the initial willingness increases.


[image: Three line graphs compare the proportion over time (t) for different entities: government regulatory agencies (x), banks (y), non-bank financial institutions (z), and high-carbon enterprises (w). The graphs are labeled with different values of y (0.1, 0.413, and 0.8). In the first graph, all entities fluctuate similarly. In the second and third graphs, the proportions of high-carbon enterprises remain steady while banks and other institutions are near zero. Each graph shares the same x-axis and y-axis labels.]
FIGURE 7
 The impact of changes in initial willingness of banks and financial institutions.




6.1.3 The impact of changes in subsidy intensity of government regulatory departments

It can be seen from Figure 8 that when other parameters are fixed, different subsidy levels significantly impact the system's equilibrium state. When the government regulatory authorities do not take subsidy measures, that is, s2 = s3 = s4 = 0, the strategic choices of banks and non-bank financial institutions tend not to implement green credit policies and not enter the green financial market. However, high-carbon enterprises are constrained by the high cost of green transformation and must also consider the more severe consequences of exceeding emission standards. Under dual pressures, it is difficult for high-carbon enterprises to form stable strategies. Since the government regulatory authorities' strategic choices fluctuate and do not form stable strategies at this time, high-carbon enterprises also do not create a unified strategy choice with their fluctuations. When the subsidy intensity of regulatory authorities is further increased, that is, increased to 3, 4, and 5, respectively, the system tends to reach an ideal stable state, indicating that the subsidy measures of regulatory authorities will have a significant impact on the strategic choices of all parties involved. This impact will gradually increase as the subsidy level increases. However, government subsidies are not sustainable, and both the high-quality development of financial markets and the green transformation of high carbon enterprises must rely on the strength of each entity itself. From the graph, it can be seen that when the subsidy intensity increases without limit, the final effect achieved is that the system tends toward the least ideal stable point of (0, 0, 0, 0), which means that the promotion effect of subsidy intensity on other entities has a marginal decrease. Regulatory authorities need to control the length and width of subsidy policies in order to achieve the optimal subsidy effect.


[image: Three line graphs illustrate the proportion of different entities over time, denoted by t. The graphs compare the proportions of government regulatory agencies, banks, non-bank financial institutions, and high-carbon enterprises. Each graph represents different parameters: top with s2 = 0, s3 = 0, s4 = 0, middle with s2 = 3, s3 = 4, s4 = 5, and bottom with s2 = 8000, s3 = 10000, s4 = 15000. The top graph shows marked oscillation; the middle and bottom graphs depict steady lines for banks, non-bank institutions, and high-carbon enterprises.]
FIGURE 8
 The impact of changes in subsidy intensity.




6.1.4 The impact of changes in the intensity of punishment by government regulatory authorities

As shown in Figure 9, p2, p3, p4 instead of π2, π3, π4, when other parameters are fixed, and the punishment intensity is changed, the change in punishment intensity significantly impacts the equilibrium state of the system. When the punishment intensity is 0, it can be seen that the system eventually approaches (0, 0, 0, 0), which is the minor ideal state and highly detrimental to economic and social development. It is a state that needs to be avoided. It can be seen that the deterrent effect of the punishment intensity of government regulatory authorities on all parties is essential and will significantly impact the system's stability. When the punishment intensity increased to 3, 4, and 5, respectively, the system approached the ideal state of (0, 1, 1, 1). Therefore, it can be seen that the punishment intensity of regulatory authorities also needs to reach a certain threshold to be more effective. However, according to Figure 9, as the punishment intensity of government regulatory departments further increases, the evolution trend of the strategy choices of the four parties remains almost unchanged, indicating that the further increase in punishment intensity will not have any further impact on the strategy choices of all parties. It can be inferred that when the punishment intensity exceeds the threshold, there is a diminishing marginal effect of further increasing the punishment intensity on the regulatory effect. Therefore, regulatory authorities are required to measure the punishment intensity well to ensure the optimal punishment regulatory effect.


[image: Three line graphs show the proportion of four entities over time: government regulatory agencies, banks, non-bank financial institutions, and high-carbon enterprises. Each graph has different parameter values (p2, p3, p4): top graph (0, 0, 0), middle graph (3, 4, 5), bottom graph (30, 40, 50). The x-axis represents time from 0 to 200, and the y-axis represents proportion from 0 to 1.]
FIGURE 9
 The impact of changes in punishment intensity.




6.1.5 The impact of changes in the price difference between traditional credit and green credit income of banking financial institutions

As shown in Figure 10, while substituting n2 for η2 and other parameters remaining unchanged, the change in the return spread significantly impacts the system's equilibrium state. When n2 is 10, traditional credit's return is significantly higher than green credit's, and banks will choose traditional credit. Non-bank financial institutions are also affected by the bank's strategic choice and eventually tend not to enter the green financial market. At this time, government regulatory authorities, due to their inability to drive banks and non-bank financial institutions into the green financial market and thus promote the green transformation of high-carbon enterprises, will fluctuate in choosing strict or loose regulation and ultimately not form a stable strategic choice. High-carbon enterprises are also affected by fluctuations in the government regulatory authorities' strategic decisions, and their strategies are unstable. When n2 is 5, the return spread becomes more minor. However, because the return on traditional credit is still higher than that of green credit, banks still choose traditional credit driven by profit-seeking attributes. The strategic choices of government regulatory authorities and high-carbon enterprises are still fluctuating and not stable during the process. Finally, when n2 is 0, that is, there is no return spread between traditional credit and green credit, it is clear that banks and non-bank financial institutions will consider their social attributes more on the basis of ensuring their own returns, and their strategic choices will eventually converge toward implementing green credit policies and actively entering the green financial market. In this case, the green transformation of high-carbon enterprises can receive sufficient green financial support, significantly reducing the transformation costs of enterprises, and high-carbon enterprises will eventually stabilize under the emission compliance strategy. Currently, the regulatory authorities do not need strict supervision, and the system will tend toward an ideal stable state.


[image: Three line graphs display the proportion of various entities over time from t = 0 to t = 200. The graphs show different settings: n2 = 10, n2 = 5, and n2 = 0. The red solid line represents government regulatory agencies, the purple solid line represents banks, the green dotted line represents non-bank financial institutions, and the green dashed line represents high-carbon enterprises. Each graph reveals fluctuations in proportions of these entities over the time period.]
FIGURE 10
 Impact of changes in yield spread between traditional credit and green credit.




6.1.6 Impact of changes in risk-return of non-bank financial institutions

As shown in Figure 11, substituting n3 for η3 and other parameters remaining unchanged, the change in risk-return of non-bank financial institutions significantly impacts the system's equilibrium state. The changes in the strategic choices of government regulatory authorities and high-carbon enterprises are similar to those caused by the difference above in the return on traditional credit and green credit implemented by banks and are not discussed in detail here. It should be emphasized that the signal-effect transmission between banks and non-bank financial institutions is mutual. As can be seen from the figure, with the gradual decrease in risk-return, the strategic choices of non-bank financial institutions have shifted from not entering the green financial market to eventually entering it. In this process, the strategic decisions of bank financial institutions have also shifted from choosing traditional credit strategies to eventually choosing green ones. It can be seen that the green concept of non-bank financial institutions will gradually be transmitted to bank financial institutions and have a particular impact on their strategic choices.


[image: Three line graphs compare the proportion of different entities over time, t, from 0 to 200. The first graph, labeled n3 = 20, shows fluctuating proportions among government agencies, banks, non-bank financial institutions, and high-carbon enterprises. The second graph, n3 = 10, shows similar fluctuations with different dynamics. The third graph, n3 = 0, presents almost stable lines with government agencies starting high and other entities remaining low. The legend identifies each entity with distinct colors and line styles.]
FIGURE 11
 Impact of risk return changes on non-bank financial institutions.




6.1.7 Impact of cost changes on high-carbon enterprises

It can be seen from Figure 12 that when other parameters are fixed, the main factor considered for whether high-carbon enterprises meet emission standards is still their costs. When c41 and c43 are 4 and 3, respectively, it can be understood that the cost of exceeding emission standards is higher than that of meeting emission standards, and high-carbon enterprises will choose to meet emission standards. Banks and non-bank financial institutions are also more willing to provide green financial support for high-carbon enterprises. In this case, the regulatory authorities will slightly relax their supervision efforts, and the system will approach an ideal state. When c41 = c43 = 5, the cost of meeting emissions standards equals the cost of exceeding emissions. The strategy choices of high-carbon enterprises are constant and not biased.


[image: Three line graphs show the proportion of different entities over time, t, with varying constants c{41} and c{43}. The first graph (c{41} = 4, c{43} = 3) shows nearly constant proportions. The second (c{41} = 5, c{43} = 5) shows a slight decrease in high-carbon enterprises. The third (c{41} = 6, c{43} = 6.1) indicates a more pronounced decline in high-carbon enterprises. The legend identifies lines for government regulatory agencies, banks, non-bank financial institutions, and high-carbon enterprises.]
FIGURE 12
 Impact of cost changes on high carbon enterprises.


On the one hand, exceeding emissions may be punished by regulatory authorities, and on the other hand, meeting emissions standards does not bring more benefits to high-carbon enterprises. Therefore, the strategy choices of high-carbon enterprises will remain constant compared to their initial willingness. When c41 and c43 are 6 and 6.1, respectively, the cost of exceeding emission standards is slightly lower than that of meeting emission standards; it can be seen that the strategic choice of high-carbon enterprises will eventually approach that of exceeding emission standards. At this time, there is a drift toward green behavior in high-carbon enterprises, and the development of green financial markets has not effectively promoted the green transformation of high-carbon enterprises.



6.1.8 The impact of the bank's green credit policy on high-carbon enterprises

As shown in Figure 13, when the values of c43 and c44 are adjusted in any way, the strategic choices of all parties tend to be ideal and stable. It can be seen that the degree of willingness of high-carbon enterprises to choose their strategies is more critical than their strategic choices. When high-carbon enterprises actively choose green transformation, the regulatory authorities do not need to intervene too much. Whether banks and non-bank financial institutions provide green funds will not change the strategic choices of high-carbon enterprises. Of course, banks and non-bank financial institutions are more willing to provide green transformation funds for high-carbon enterprises with strong environmental awareness. While pursuing their interests, they also actively fulfill their social responsibilities. It can be seen that when high-carbon enterprises have solid ecological awareness, they are not sensitive to the green credit policies of banks. On the contrary, if high-carbon enterprises have weak transformation willingness, they may be more sensitive to green funding support from banks and non-bank financial institutions.


[image: Three line graphs depict the proportion of four entities over time from zero to two hundred. Each graph varies by c{43} and c{44} values. A legend indicates: red triangles for government regulatory agencies, blue for banks, yellow for non-bank financial institutions, and green dashed line for high-carbon enterprises. Proportions remain at or near the x-axis, showing minimal change over time.]
FIGURE 13
 Sensitivity of high carbon enterprises to green credit policies of banks.




6.1.9 Analysis of the impact of government regulatory mechanisms on the strategic choices of all parties

Figure 14 shows that when x = 0, there is no unique stable strategy for the strategy selection of all parties. Currently, there are two stable strategies, (0, 1, 1, 1) and (0, 0, 0, 0), which are the most ideal and least ideal stable strategies. The development of the green financial market and its assistance in reducing carbon emissions from high-carbon enterprises require macroeconomic regulation and control from the government to make the system eventually approach an ideal stable state. When x = 1, when the government regulatory department chooses a strict regulatory strategy, there is only one stable strategy choice (1, 1, 1, 1) in the system, which further verifies the effectiveness of the government regulatory department's macroeconomic regulation and control mechanism. Similarly, banks and non-bank financial institutions will actively promote the development of the green financial market, further promoting the green transformation of high-carbon enterprises, thus forming a virtuous cycle of economic growth and ultimately achieving high-quality economic development.


[image: Two 3D plots show colorful, curved lines over a grid. The top plot, labeled x = 0, has lines converging at a central point; the bottom plot, labeled x = 1, shows lines diverging. Axes are marked as z, y, and ω ranging from 0 to 1.]
FIGURE 14
 Analysis of the impact of government regulatory mechanisms on strategic choices of various parties.




6.1.10 Analysis of the impact of green credit policies on the strategic choices of various stakeholders

As shown in Figure 15, when y = 0, that is, when the bank financial institution does not implement the green credit policy and chooses the traditional credit strategy, the system tends to (0, 0, 0, 0, 0). However, it can be seen from the figure that this trend is not stable. Therefore, it is necessary to change the bank's strategy selection to change this trend. When y = 1, that is, when the bank financial institution chooses the green credit policy, there is a unique stable strategy (0, 1, 1, 1) in the system. It can be seen that banks, as the main driving force for the development of the green financial market, will directly affect other entities. Among them, non-bank financial institutions are affected by signal effects, and due to their access to more market information, they need to pay additional costs to enter the green financial market without implementing the green credit policy. Therefore, non-bank financial institutions will not choose to enter the green financial market. When a bank or financial institution implements the green credit policy, it is affected by signal effects and the reduction of information costs. Now, non-bank financial institutions will also actively enter the green financial market.


[image: Two 3D plots showcasing streamlines for fluid flow. The top plot, labeled γ=0, displays swirling patterns with densely packed, colorful lines forming loops. The bottom plot, labeled γ=1, shows similar lines stretching horizontally, indicating flow direction changes. Both plots have axes labeled x, y, and z, ranging from 0 to 1.]
FIGURE 15
 Analysis of the impact of green credit policies on the strategic choices of various parties.


Similarly, high transition costs are the main obstacle to the green transformation of high-carbon enterprises. Because banks and non-bank financial institutions do not implement the green credit policy, high-carbon enterprises cannot obtain sufficient low-cost financial support, so they prefer to risk excessive emissions rather than green transformation. When high-carbon enterprises can obtain sufficient green financial support, they will actively carry out green transformation and ultimately achieve emission compliance. In the above cases, regulatory authorities can gradually relax their supervision efforts, and the green financial market will develop significantly. Energy conservation and emission reduction efforts by high-carbon enterprises will also make some progress.





7 Conclusions

The ultimate goal of high-quality development is coordinating economic growth and environmental sustainability. The development of green financial markets and the green transformation of high-carbon enterprises are significant for achieving high-quality economic development. Based on this, this article constructs a four-party evolutionary game model of government regulatory departments, banks, non-bank financial institutions, and high-carbon enterprises to explore the changes in the strategic choices of all parties in the process of green finance assisting enterprises in carbon emission reduction, as well as the constraints that need to be met to achieve the desired state. Through analysis, the following conclusions and suggestions are drawn:

(1) The reward and punishment mechanisms of government regulatory authorities significantly impact the strategic choices of the other three parties in the game. Increasing subsidies and penalties will promote the system to evolve to an ideal stable state. Still, there is a threshold for the intensity of rewards and punishments and a phenomenon of diminishing marginal benefits in their effects. This requires the regulatory authorities to consider this phenomenon fully when formulating the reward and punishment system. Excessive rewards and punishments will reduce effectiveness, while insufficient rewards and punishments will not achieve the desired deterrent effect. In addition, according to the theory of voluntary behavior and simulation analysis, there is a linkage effect between the strategic choices of government regulatory authorities and high-carbon enterprises; that is, the strategic decisions of regulatory authorities will have an important impact on the voluntary choices of high-carbon enterprises. The greater the intensity of supervision by regulatory authorities, the greater the risk faced by high-carbon enterprises in exceeding emission standards, which is of great significance for the green transformation of high-carbon enterprises. Therefore, it is required that the regulatory authorities formulate a more scientific and reasonable reward and punishment system to maximize their essential role in achieving high-quality economic development. In the early stages of development, stricter regulatory measures should be implemented to guide the rapid growth of the green financial market while actively cultivating the green concept of high-carbon enterprises to promote their green transformation. Later, the intensity of supervision should gradually weaken. It is now more important to actively guide banks and non-bank financial institutions to implement green financial policies to promote the green transformation of high-carbon enterprises. This is also an ideal stable state in which the role of government regulatory authorities is even more critical. Specifically, it includes: firstly, improving the green finance standard system, clarifying the boundaries of transformational finance, such as developing differentiated industry transformation standards, establishing corporate carbon accounts and rating mechanisms, etc. Secondly, it is necessary to strengthen policy incentives and constraints, establish market-oriented transformation mechanisms, such as setting up special incentive funds and risk compensation mechanisms, implementing differentiated regulatory assessments, etc. Finally, it is necessary to strengthen environmental information disclosure and capacity building, reduce the cost of “green awareness,” such as building a unified environmental information sharing platform, conducting pilot projects for transformational finance, and promoting experience.

(2) The signal effect exists in the green finance system, and the strategic choices of banks and non-bank financial institutions have mutual influences. When banks and financial institutions with information advantages are strongly willing to implement green credit, they will guide non-bank financial institutions to actively enter the green finance market, which will promote the development of the green finance market and the carbon emission reduction behavior of high-carbon enterprises. Therefore, it is required that bank financial institutions continue to play their advantages in market information and other aspects, play a demonstration and leading role in the green finance market, maintain the pertinence and stability of the implementation of green credit policies, and actively encourage non-bank financial institutions to enter the green finance market. Promoting the innovation of green finance products can make up for the shortage of green credit fund supply, thus promoting the development of the green finance market and providing sufficient financial support for the green transformation of high-carbon enterprises to achieve high-quality economic development.

(3) Simulation analysis shows that the high transformation costs faced by high-carbon enterprises are still the main reason for their choice of excessive emissions. Compared with external factors such as the reward and punishment measures of regulatory authorities and the green financial support of financial institutions, the willingness of high-carbon enterprises to transform themselves is more important. At the same time, for the green transformation of high-carbon enterprises, government regulatory authorities' reward and punishment measures still play a leading role. In contrast, green financial policies should be more complementary to government regulatory policies, especially when the green concept of high-carbon enterprises is already strong, the government regulatory authorities will gradually relax supervision, and the role of green finance will become increasingly important. Therefore, to promote the green transformation development of high-carbon enterprises, the main goal should be to reduce their transformation costs, mainly through providing higher transformation subsidies by government regulatory authorities, providing sufficient low-cost green funds by banks and non-bank financial institutions, improving awareness of green transformation among enterprises, and promoting technological innovation in transformation. In addition, it is required that the regulatory authorities reasonably combine their own reward and punishment measures with the green financial strategies of financial institutions to maximize the efficiency of social resource utilization.

Driven by global climate governance and the “dual carbon” goals, green finance has become a core tool for promoting low-carbon transformation in high carbon industries. Research is conducted by constructing a four-party evolutionary game model involving government, banks, non-bank financial institutions, and high carbon enterprises. Firstly, this model can simulate the strategy adjustment paths of various agents under different initial conditions, revealing the dynamic balance of multi-agent strategy selection, which is closer to the gradual transformation process in reality. Secondly, the model can quantify the threshold effects of parameters such as central and local government regulatory strength, financial institution risk preferences, and enterprise emission reduction costs. Such quantitative results provide accurate basis for policy design and avoid the negative effects of “one size fits all” regulation. Finally, this study contributes to optimizing the allocation of green financial resources and policy coordination, further verifying the effectiveness of the “incentive punishment supervision” triple mechanism.

The four party evolutionary game model provides an important framework for understanding the role of green finance in carbon reduction, but it requires researchers to be more realistic in modeling complexity: by introducing heterogeneity, dynamic feedback, and external shocks, the “ideal model” can be transformed into a “decision-making tool” that can guide practice. Future research will further combine behavioral economics experiments and field research data to construct a “theory data policy” closed loop, promoting the transformation of green finance from “scale expansion” to “quality improvement.” In addition, when identifying the game participants in this paper, non-bank financial institutions were not further categorized into specific institutions such as insurance, securities, and funds, which simplified the complexity of the study to some extent. At the same time, due to the unique characteristics of different institutions, a completely homogenized classification may introduce certain errors into the research. In future research, it is hoped that the current deficiencies can be addressed to improve relevant academic research.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

JW: Software, Writing – original draft, Conceptualization. XL: Writing – review & editing, Supervision, Investigation. HD: Data curation, Writing – review & editing. LW: Funding acquisition, Writing – review & editing, Investigation.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This article is one of the final achievements of the “Research on the Path of High Quality Development of Advanced Manufacturing Industry Empowered by Technology Finance in Heilongjiang Province” funded by the Philosophy and Social Sciences Fund of Heilongjiang Province (23JYC285).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2025.1641134/full#supplementary-material



References

 1. Tamoiunas A, Lukien D, Kraniukait-Butylkinien D, Radisauskas R, Sopagiene D, Bobak M. Predictive importance of the visceral adiposity index and atherogenic index of plasma of all-cause and cardiovascular disease mortality in middle-aged and elderly lithuanian population. Front Public Health. (2023) 11:1150563. doi: 10.3389/fpubh.2023.1150563

 2. Poznanska A, Seroka W, Stokwiszewski J, Wojtyniak B. Air pollution and social deprivation as the risk factors of cardiovascular diseases in Poland. Eur J Public Health. (2020) 30:ckaa166.303. doi: 10.1093/eurpub/ckaa166.303

 3. Dong R, Wang S, Baloch MA. Do green finance and green innovation foster environmental sustainability in China? Evidence from a quantile autoregressive-distributed lag model. Environ. Dev. Sustain. (2024) 26:25995–6017. doi: 10.1007/s10668-023-03715-x

 4. Liu J, Jiang M, Lu M, Wang L, Zhang X, Wang Z. A business model canvas for construction waste resource use under dual carbon targets. Int J Constr Manag. (2024) 30:1–3. doi: 10.1080/15623599.2024.2448141

 5. Huang J, Lu H, Du M. Regional differences in agricultural carbon emissions in China: measurement, decomposition, and influencing factors. Land. (2025) 14:682. doi: 10.3390/land14040682

 6. Huang J, Zheng B, Du M. How digital economy mitigates urban carbon emissions: the green facilitative power of industrial coagglomeration. Appl Econ. (2025) 1–17. doi: 10.1080/00036846.2025.2486785

 7. Liu Y, Chen N, Cui W, Zhuang Q. Research on the path of low-carbon construction of multimodal logistics parks under the background of “carbon peak” and “carbon neutrality”. J Phys Conf Ser. (2024) 2798:12014. doi: 10.1088/1742-6596/2798/1/012014

 8. Tang D. Green finance and industrial low-carbon transition: a case study on green economy policy in Kazakhstan. Sustainability. (2024) 16:7731. doi: 10.3390/su16177731

 9. Feng W, Bilivogui P, Wu J, Mu X. Green finance: current status, development, and future course of actions in China. Environ Res Commun. (2023) 5:35005. doi: 10.1088/2515-7620/acc1c7

 10. Sun X, Qu X. Multi-stage dynamic evolution of green financial system from the perspective of bilateral moral hazard. Environ Sci Pollut Res. (2023) 30:63788–810. doi: 10.1007/s11356-023-26637-7

 11. Shi Y, Zhao Y. The contribution of green finance to energy security in the construction of new energy system: empirical research from China. J Clean Prod. (2023) 429:139480. doi: 10.1016/j.jclepro.2023.139480

 12. Li S, Yin Y, Jiao Z, Zhao Q. Financial investment and green development: how does financialization affect green total factor productivity? Finance Res Lett. (2025) 78:107258. doi: 10.1016/j.frl.2025.107258

 13. Yue H, Zhou Z, Liu H. How does green finance influence industrial green total factor productivity? Empirical research from China. Energy Rep. (2024) 11:914–24. doi: 10.1016/j.egyr.2023.12.056

 14. Jiakui C, Abbas J, Najam H, Liu J, Abbas J. Green technological innovation, green finance, and financial development and their role in green total factor productivity: empirical insights from China. J Clean Prod. (2023) 382:135131. doi: 10.1016/j.jclepro.2022.135131

 15. Chen J. Environmental regulations, green technological innovation, and green economy: evidence from China. Sustainability. (2024) 16:5630. doi: 10.3390/su16135630

 16. Guo Y, Dong B. Green technology innovation in enterprises and financial market valuation. Finance Res Lett. (2025) 75:106812. doi: 10.1016/j.frl.2025.106812

 17. Lin Y, Song Q, He L. Can the green finance reform and innovation pilot policy promote green technology innovation?—a novelty evidence from both polluting companies and city commercial banks in China. Environ Dev Sustain. (2025) 27:8403–31. doi: 10.1007/s10668-023-04239-0

 18. Du M, Antunes J, Wanke P, Chen Z. Ecological efficiency assessment under the construction of low-carbon city: a perspective of green technology innovation. J Environ Plann Manag. (2022) 65:1727–52. doi: 10.1080/09640568.2021.1945552

 19. Obobisa ES, Ahakwa I. Stimulating the adoption of green technology innovation, clean energy resources, green finance, and environmental taxes: the way to achieve net zero CO2 emissions in Europe? Technol Forecast Soc Change. (2024) 205:123489. doi: 10.1016/j.techfore.2024.123489

 20. Zhu Q, Feng Y, Choi SB. The role of customer relational governance in environmental and economic performance improvement through green supply chain management. J Clean Prod. (2017) 155:46–53. doi: 10.1016/j.jclepro.2016.02.124

 21. Su CW, Li W, Umar M, Lobont OR. Can green credit reduce the emissions of pollutants? Econ Anal Policy. (2022) 74, 205–219. doi: 10.1016/j.eap.2022.01.016

 22. Qian S, Yu W. Green finance and environmental, social, and governance performance. Int Rev Econ Finance. (2024) 89:1185–202. doi: 10.1016/j.iref.2023.08.017

 23. Wu J, Xue Y, Zhang Q, Liu Y. Digital economy, financial development, and corporate green technology innovation. Finance Res Lett. (2024) 66:105552. doi: 10.1016/j.frl.2024.105552

 24. Lorente DB, Mohammed KS, Cifuentes-Faura J, Shahzad U. Dynamic connectedness among climate change index, green financial assets and renewable energy markets: novel evidence from sustainable development perspective. Renew Energy. (2022) 204:94–105. doi: 10.1016/j.renene.2022.12.085

 25. Wan S, Lee YH, Sarma VJ. Is fintech good for green finance? Empirical evidence from listed banks in China. Econ Anal Policy. (2023) 80:1273–91. doi: 10.1016/j.eap.2023.10.019

 26. Hu Y, Feng B, Fang S. Research on the development of green supply chain finance empowered by blockchain: a three-party evolutionary game analysis based on the cost perspective. Pol J Environ Stud. (2025) 34:115–26. doi: 10.15244/pjoes/182908

 27. Xu X, Li J. Can green bonds reduce the carbon emissions of cities in China? Econ Lett. (2023) 226:111099. doi: 10.1016/j.econlet.2023.111099

 28. Mu H. Green investment, energy efficiency, and economic growth: does economic freedom matter? Evidence from brics countries. Technol Econ Dev Econ. (2024) 30:218–37. doi: 10.3846/tede.2024.19442

 29. Cao M, Duan K. Green investments and their impact on ESG ratings: an evidence from China. Econ Lett. (2023) 232:111365. doi: 10.1016/j.econlet.2023.111365

 30. Hu Y, Du S, Wang Y, Yang X. How does green insurance affect green innovation? Evidence from China. Sustainability. (2023) 15:12194. doi: 10.3390/su151612194

 31. Wang C, Nie P, Peng D, Li Z. Green insurance subsidy for promoting clean production innovation. J Clean Prod. (2017) 148:111–7. doi: 10.1016/j.jclepro.2017.01.145

 32. Jin J, Han L. Assessment of Chinese green funds: performance and industry allocation. J Clean Prod. (2018) 171:1084–93. doi: 10.1016/j.jclepro.2017.09.211

 33. Ma W, Duan X, Tang Y. Enterprise sustainable development and green fund concern: the analysis and test of R&D from listed companies in China. Energy Econ. (2023) 121:106654. doi: 10.1016/j.eneco.2023.106654

 34. Yue W, Yu B, Jian S. Research of the win-win credit mechanism based on game model. In: 2015 27th Chinese Control and Decision Conference (CCDC). IEEE: Qingdao, China (2015). doi: 10.1109/CCDC.2015.7162288

 35. Li S, Chen R, Li Z, Chen X. Can blockchain help curb 'greenwashing' in green finance? - Based on tripartite evolutionary game theory. J Clean Prod. (2024) 435:140447. doi: 10.1016/j.jclepro.2023.140447

 36. Cui HR, Wang RY, Wang HR. An evolutionary analysis of green finance sustainability based on multi-agent game. J Clean Prod. (2020) 269:121–7. doi: 10.1016/j.jclepro.2020.121799

 37. Feng B, Feng CF, Zhao SH. Green supply chain finance credit market under government regulation: an evolutionary game theory analysis. Pol J Environ Stud. (2023) 32:3999–4010. doi: 10.15244/pjoes/168262

 38. Qin C, Hong YT. Quadripartite evolutionary game of sustainable development of supplychain finance with government participation. Sustainability. (2023) 15:3788. doi: 10.3390/su15043788

 39. Wang Z, Xie W, Zhang C. Towards COP26 targets: characteristics and influencing factors of spatial correlation network structure on US carbon emission. Resour Policy. (2023) 81:103285. doi: 10.1016/j.resourpol.2022.103285

 40. Wang Z, Zhou Y, Zhao N, Wang T, Zhang Z. Spatial correlation network and driving effect of carbon emission intensity in China's construction industry. Buildings. (2022). doi: 10.20944/preprints202201.0132.v1

 41. Wang Y. Greenwashing or green evolution: can transition finance empower green innovation in carbon-intensive enterprise? Int Rev Financ Anal. (2025) 97:3826. doi: 10.1016/j.irfa.2024.103826

 42. Zeng Q, Tong Y, Yang Y. Can green finance promote green technology innovation in enterprises: empirical evidence from China. Environ Sci Pollut Res. (2023) 30:87628–44. doi: 10.1007/s11356-023-28342-x

 43. Liu L, Wang Z, Song Z, Zhang Z. Evolutionary game analysis on behavioral strategies of four participants in green technology innovation system. Manag Decis Econ. (2023) 44:960–77. doi: 10.1002/mde.3724

 44. Li SL, Zheng XZ, Zeng Q. Can green finance drive the development of the green building industry?-based on the evolutionary game theory. Sustainability. (2023) 15:13134. doi: 10.3390/su151713134

 45. Ritzberger K, Weibull JW. Evolutionary selection in normal-form games[J]. Econometrica (1995) 63:1371–399.

 46. Selten R. A note on evolutionarily stable strategies in asymmetric animal conflicts. J Theor Biol. (1980) 84:93–101. doi: 10.1016/S0022-5193(80)81038-1

Copyright
 © 2025 Wang, Liu, Duan and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpubh-13-1641134-g013.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Game analysis of green finance assisting enterprises in carbon reduction under the participation of four parties



		1 Introduction



		2 Literature review



		3 Problem description and model construction



		3.1 Problem description



		3.2 Model building



		3.2.1 Basic assumptions and parameter settings



		3.2.2 Construction of payment benefit matrix













		4 Analysis on the stability of the strategies of the game player



		4.1 Stability analysis of strategic choices by government regulatory agencies



		4.2 Analysis of the strategic stability of banking financial institutions



		4.3 Stability analysis of non-bank financial institutions' strategy selection



		4.4 Stability of high-carbon enterprise strategy selection







		5 Stability analysis of strategy combination



		5.1 An analysis of the equilibrium point of the four-way evolutionary game of government regulatory departments, bank financial institutions, non-bank financial institutions, and high-carbon enterprises



		5.2 Result discussion stability condition analysis



		5.2.1 Scenario 1



		5.2.2 Scenario 2



		5.2.3 Scenario 3



		5.2.4 Scenario 4



		5.2.5 Scenario 5



		5.2.6 Scenario 6



		5.2.7 Scenario 7













		6 Numerical simulation analysis



		6.1 Numerical simulation analysis under ideal strategy combination



		6.1.1 The impact of the initial willingness of government regulatory bodies on the equilibrium results



		6.1.2 The impact of green credit signal effect



		6.1.3 The impact of changes in subsidy intensity of government regulatory departments



		6.1.4 The impact of changes in the intensity of punishment by government regulatory authorities



		6.1.5 The impact of changes in the price difference between traditional credit and green credit income of banking financial institutions



		6.1.6 Impact of changes in risk-return of non-bank financial institutions



		6.1.7 Impact of cost changes on high-carbon enterprises



		6.1.8 The impact of the bank's green credit policy on high-carbon enterprises



		6.1.9 Analysis of the impact of government regulatory mechanisms on the strategic choices of all parties



		6.1.10 Analysis of the impact of green credit policies on the strategic choices of various stakeholders













		7 Conclusions



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References

















OPS/images/fpubh-13-1641134-g012.gif





OPS/images/fpubh-13-1641134-g015.gif





OPS/images/fpubh-13-1641134-g014.gif





OPS/images/fpubh-13-1641134-g011.gif





OPS/images/fpubh-13-1641134-g010.gif











OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Public Health







OPS/images/fpubh-13-1641134-g005.gif
Y

Vo
Y
Sl / w
x=x,

X<y,






OPS/images/fpubh-13-1641134-g006.gif





OPS/images/fpubh-13-1641134-g003.gif
7 7
y » o
/)y [
7 4
5






OPS/images/fpubh-13-1641134-g004.gif
EE






OPS/images/fpubh-13-1641134-g009.gif





OPS/images/fpubh-13-1641134-g007.gif





OPS/images/fpubh-13-1641134-g008.gif





OPS/images/cover.jpg
@ frontiers | Frontiers in Public Health

Game analysis of green finance
assisting enterprises in carbon
reduction under the participation
of four parties





OPS/images/fpubh-13-1641134-g001.gif





OPS/images/fpubh-13-1641134-g002.gif
2\
N\

L
v,

N

wow,





