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Introduction: Enterprise innovation in low-carbon technology is essential for achieving carbon peak and neutrality goals. A thorough understanding of the evolutionary dynamics among the government, financial institutions, and enterprises is key to fostering low-carbon technology innovation.Methods: This paper develops an evolutionary game model involving the government, financial institutions, and enterprises engaged in low-carbon production and uses MATLAB to simulate evolutionarily stable strategies under different conditions. This approach enhances the understanding of stakeholder conflicts in low-carbon production, strengthens the dual regulatory framework, encourages enterprises to innovate in low-carbon technologies, and explores the interactions among these stakeholders.Results: When the government implements green economic policies, financial institutions develop innovative green financial products to provide green financial services, enterprises engage in low-carbon technology innovation, and the system reaches an optimal evolutionary state. Under dual regulation, enterprise income and the initial willingness of the government and financial institutions to participate significantly influence enterprise behavior. The government should regulate enterprises’ operating risk coefficient and the feedback coefficient of low-carbon technology innovation on social welfare, ensuring that they remain within reasonable limits, thus motivating enterprises to pursue low-carbon innovation and implement low-carbon production practices. Moderate government incentives and penalties can motivate enterprises to pursue low-carbon innovations, with subsidies proving more effective than taxes in reducing rent-seeking behavior that exploits green financial dividends.Discussion: This study provides effective strategies and insights for promoting low-carbon technology innovation with stakeholder participation and offers policy recommendations for strengthening the dual regulatory system.Keywords: low-carbon technology innovation, low-carbon production, green finance, dual supervision, evolutionary game
1 INTRODUCTION
The rapid expansion of the global economy has resulted in a significant rise in greenhouse gas emissions, which in turn has an impact on global climate change. As a key driver of economic growth, the manufacturing sector is often associated with “high pollution and high emissions.” China, as the world’s largest manufacturing hub and a major carbon emitter, accounted for 26.16% of global carbon emissions in 2022, exerting a substantial influence on global carbon emission levels. In particular, manufacturing enterprises consumed approximately 3.07 billion tons of standard coal, representing 56.2% of total energy consumption. While contributing 27.7% to China’s GDP, this sector generates over 50% of the country’s carbon emissions. This high emissions and high energy consumption pattern harms China’s sustainability goals and contradicts the national aspiration to achieve dual carbon targets (Zhang et al., 2024). As the world faces the pressing challenges of energy sustainability and environmental degradation, promoting low-carbon technologies has become a leading priority for governments worldwide (Wang J. et al., 2024).
Enterprises, as the primary drivers of economic growth, should prioritize the integration of low-carbon technologies into their production processes to reduce carbon emissions (Kang et al., 2019; Rao et al., 2023). The use of LCT (Low-carbon technology) enhances energy efficiency, reduces greenhouse gas emissions, and supports domestic green innovation and emission reduction targets (Deng et al., 2021b; Cobbold et al., 2024). LCT achieves this through innovations in technology, management, and practices (Zhou F. et al., 2024). The advancement of low-carbon technologies has reduced per capita carbon emissions, stimulated economic growth, and driven the steady expansion of the low-carbon market (Duarte et al., 2018). Ali et al. (2024) suggested that fostering the trade of environmentally sustainable products and encouraging innovation in LCT through the optimization of green market structures can further promote these technologies. Low-carbon technology innovation (LCTI) improves energy efficiency and resource allocation to lower carbon emissions. This helps enterprises overcome green transformation challenges and addresses energy and environmental challenges, contributing to sustainable economic development (Zhao et al., 2023).
Existing research has demonstrated that various stakeholders, including governmental bodies and financial institutions, significantly influence enterprises’ innovative behaviors regarding low-carbon technologies. On the one hand, as the main regulator of the market economy, the government imposes limits on enterprises’ carbon emissions (Nyambuu and Semmler, 2020; Sun et al., 2022). The implementation of the government’s “incentive policy” can significantly improve urban environmental quality while promoting sustainable economic growth (Ma et al., 2024). Strict government regulations can enhance cooperation between manufacturers and suppliers, facilitating the achievement of carbon reduction targets more rapidly (Wei et al., 2024a). Strengthening environmental governance and augmenting government innovation subsidies can significantly promote green innovation among both environmentally sustainable enterprises and traditional polluting industries (Cao and Yu, 2024). An effective regulatory strategy can notably encourage manufacturers to adopt low-carbon technologies, thereby assisting enterprises in reducing carbon emissions (Xu A. et al., 2023). Increasing incentives is conducive to increasing the likelihood that enterprises will opt for green innovation (Wang et al., 2011; Deng et al., 2021a). However, government regulation still faces inherent constraints in influencing manufacturing firms to adopt low-carbon technologies. Solely relying on government oversight may prove insufficient, as it could incentivize businesses to engage in rent-seeking behaviors and foster collusion or fraudulent activities among local authorities. On the other hand, financial institutions providing green financial services to low-carbon production enterprises also consider the carbon-reduction practices of these businesses (Sun and Qu, 2023; Wu X. et al., 2024). The increasing consumer preference for low-carbon products presents new development opportunities for enterprises. Consequently, the demand for green finance has emerged as a critical factor influencing corporate decision-making and is increasingly recognized as an essential strategy for companies pursuing low-carbon technology innovation (Nie et al., 2016; Li et al., 2018; Zhou and Li, 2019). Chen Y. et al. (2024) emphasize the pivotal role of green finance in fostering sustainable green transformation and driving technological innovation within industrial enterprises. By issuing green credit to promote cleaner production, enhance the efficiency of green technology innovation, and optimize energy consumption structures, financial institutions can effectively drive the eco-friendly transformation of economic structures and achieve sustainable green economic growth. Green credit, as a financial instrument aimed at supporting China’s carbon neutrality goals, is identified as one of the critical indicators of bank performance (Chen G. et al., 2024). This innovative financial service (Chen D. et al., 2024) is designed to assist companies in green sectors, including environmental protection, energy conservation, carbon reduction, and renewable energy, while also fostering green innovation (Tseng et al., 2013). Su et al. (2023) argue that green credit serves as a powerful mechanism for fostering innovation within corporations. The government seeks to promote low-carbon production by encouraging financial institutions to offer green financial services to enterprises (Yan and Gong, 2024). Dong and Yu (2024a) assert that the liberalization of China’s bond market has a significant impact on the financial environment. Furthermore, they emphasize that the issuance of green bonds has substantially improved the quantity and quality of green innovations undertaken by enterprises (Dong and Yu, 2024b). Consequently, financial institutions must oversee and encourage enterprises to actively implement LCT in coordination with government regulations.
Multiparty oversight involving financial institutions and governmental bodies can reduce the regulatory burden on governments while promoting low-carbon production. Although the current literature focuses primarily on the government regulation of low-carbon technologies, it seldom explores the efficacy of a multisupervisory approach. This study, therefore, explores the implementation of a multisupervisory strategy for LCT by enterprises. It specifically focuses on the underexplored role of financial institutions in delivering green financial services. Additionally, enterprises not only receive funding from these institutions but also operate within politically influenced frameworks. Considering that enterprises might engage in rent-seeking to access green financial services, this study incorporates rent-seeking costs into an evolutionary game model. This model helps analyze the strategic choices of three stakeholders while accounting for such behavior. This study seeks to answer several critical questions: (1) What is the evolutionary process of participants’ oversight and adoption of low-carbon technologies? (2) Can financial institutions and governmental regulation motivate manufacturers to adopt low-carbon technologies? (3) How do the monitoring behaviors among multiple stakeholders interact, and what are the effects of key parameters on their monitoring strategies concerning low-carbon technologies?
The rest of the paper is structured as follows. The evolutionary game model is developed in the subsequent section. Section 3 elaborates on the interaction mechanism among the three stakeholders and outlines the key assumptions underpinning the evolutionary game model. Section 4 presents the equilibrium analysis of the model and the analytical results for the evolutionarily stable strategies (ESSs) of the tripartite stakeholders. Section 5 presents a numerical analysis of the ESSs, as well as the potential driving factors influencing these strategies. Section 6 discusses the results and their policy implications. Finally, the paper concludes by outlining its limitations.
2 LITERATURE REVIEW
2.1 Low-carbon technology innovation
Low-carbon technology innovation (LCTI) plays a crucial role in reducing carbon emissions (Shi et al., 2021; Gu et al., 2024; Wei et al., 2024b). LCTI serves as a crucial component in advancing sustainable and environmentally responsible business practices (Xu and Liu, 2024; Li Y. et al., 2024). LCTI optimizes energy use and improves resource allocation to lower carbon emissions. This eases the burden of green transformation for enterprises, addresses energy and environmental challenges, and supports sustainable economic growth (Qi et al., 2021; Chi et al., 2022).
Prior research has indicated that government interventions at the policy level, including financial incentives, regulatory sanctions, and carbon trading schemes, are essential for driving corporate innovation in low-carbon technologies (Wang and Chen, 2024). The literature focuses primarily on the influence of individual enterprises’ positioning, low-end enterprises within the supply chain, and financial institutions on their inclination toward green financial services. Concurrently, scholars should focus more on the crucial role played by financial institutions. To address this disparity, some scholars have explored factors pertaining to financial institutions, such as banking competition and credit financing (Liu and Zhao, 2024). Kong et al. (2024) emphasized that financial development fosters corporate green technology innovation. However, most studies rely on linear regression to analyze enterprise behavior in low-carbon technology innovation (Zhao et al., 2024).
2.2 Regulatory mechanisms and their functions
Several scholars have examined the regulation of governments, financial institutions, and third parties from both static and dynamic perspectives. Wang W. et al. (2024) examined the strategic behaviors and interactions of governments, construction enterprises, and financial institutions in advancing carbon emission reduction (CER) by integrating regulatory and market-driven mechanisms. By formulating an evolutionary game model involving the government, cold chain logistics enterprises, and financial institutions, Wu R. et al. (2024) explored how environmental regulatory policies and green credit influence the improvement of low-carbon operational efficiency in cold chain logistics enterprises. A study by Guo et al. (2022) used various recycling structural models to assess how government regulations influence corporate efforts to reduce carbon emissions. Additionally, Zhang et al. (2023) proposed a tripartite evolutionary game model that includes the government, enterprises, and energy regulatory service centers (ESCs). They examined the influence of government subsidies on promoting independent innovation within photovoltaic enterprises. Similarly, Cui et al. (2020) and Xu J. et al. (2023) developed an evolutionary game model that incorporates four key stakeholders: the government, financial institutions, enterprises, and consumers. Their study demonstrated that the robustness of the green financial system positively influences sustainable development and clean production. Chen et al. (2021) explored the influence of government oversight on enterprise behavior via a two-party evolutionary game theory framework. Li Q. et al. (2024) explored the impact of government incentives and constraint mechanisms on carbon offset and carbon neutrality through an evolutionary game model incorporating local governments, tourism enterprises, and tourists. Although numerous scholars have utilized evolutionary game models to explore the effects of regulatory mechanisms imposed by governments and financial institutions on enterprises or consumers, there exists a limited body of research that specifically examines the impact of collaborative governance between these entities on enterprises’ low-carbon technological innovation. This is particularly true regarding the behaviors exhibited during the financing process for low-carbon production.
2.3 Application of the tripartite evolutionary game
Several researchers have increasingly employed tripartite evolutionary game theory to depict and simulate stakeholder decision-making processes as well as conflict resolution strategies. Evolutionary games underscore dynamic equilibrium, rendering them more realistic. In the field of low-carbon technology innovation, Shi et al. (2023) and Zhou W. et al. (2024) applied tripartite evolutionary game theory to analyze the dynamic evolution process. The interactions among governments, financial institutions, and businesses are influenced by both internal and external factors. These stakeholders can ascertain an optimal strategy only through prolonged engagement; however, it remains unclear how their interactions will unfold or what implications they may hold for curtailing corporate innovation in low-carbon technologies.
Numerous scholars have extensively engaged in theoretical studies on the tripartite evolutionary game, yielding a plethora of valuable findings across various research domains. Furthermore, tripartite evolutionary game theory is applicable to emergency supply chains (Zhang and Kong, 2022), as are green building supply chains and other contexts (Wan et al., 2021). A tripartite evolutionary game model encompassing governmental entities, blue carbon trading platforms, and news media is proposed. They suggested that news media could exert positive regulatory control over the platform. Pan et al. (2023) conducted an innovative study recognizing the role of third-party media in shaping local governments’ environmental regulations. They developed a four-party evolutionary game model involving the central government, local authorities, enterprises, and the public to improve environmental governance in China. Zhou et al. (2022) developed a tripartite evolutionary game model involving sewage enterprises, the government, and the public, incorporating spatial analysis into strategy evolution. Their findings emphasize the importance of a reward and punishment mechanism in pollution control, resulting in the creation of an effective framework (Fan et al., 2024).
The tripartite evolutionary game, involving the government, financial institutions, and enterprises as stakeholders, has been applied primarily to sectors such as agriculture (Luo et al., 2023), traditional manufacturing (Liu et al., 2024), and the green supply chain (Huo et al., 2024).
3 CONSTRUCTION OF THE EVOLUTIONARY GAME MODEL
3.1 Problem description
Governments, enterprises, and financial institutions are working together to advance carbon emission reduction efforts. Enterprises reduce their emissions to increase their corporate reputation but must strengthen their capacity for emission reduction by developing low-carbon technologies. However, the high costs of such efforts can dampen financial institutions’ enthusiasm, leading to reduced investment in low-carbon innovations. By implementing permanent policies, governments can incentivize positive behavior from enterprises and financial institutions. Given the high cost of regulation, governments may also opt for negative regulation. The production of low-carbon products by enterprises generates positive societal benefits. This study, therefore, assumes that the government’s strategic scope is to “encourage low-carbon production” and “let conventional production go unchecked.” Similarly, enterprises have the option to choose between “innovating in low-carbon technologies” or “not pursuing innovation in low-carbon technologies”. The strategic options for financial institutions are “green finance” and “conventional finance.”
Figure 1 illustrates the logical relationships among the participating entities within the tripartite evolutionary game model of low-carbon production in enterprises.
[image: Figure 1]FIGURE 1 | Logical relationship diagram for the tripartite evolutionary game model.
3.2 Basic assumptions
Hypothesis 1. The game involves the government, enterprises, and financial institutions as stakeholders; it is characterized by bounded rationality and operates under conditions of asymmetric information.
Hypothesis 2. The strategy space α = (α1,α2) = (innovating in low-carbon technologies, not pursuing innovation in low-carbon technologies), with α1 chosen with probability x and α2 chosen with probability (1-x), where x ϵ [0,1]; the strategy space of the financial institution is β = (β1,β2) = (green financial service, conventional financial service), with the probability of choosing β1 being y and the probability of choosing β2 being 1-y, where y ϵ [0,1]. The government department’s policy space is θ = (θ1,θ2) = (incentive policy, loose policy), with θ1 selected with a probability of z and θ2 selected with a probability of 1-z.
Hypothesis 3. The government regulates financial institutions and enterprise sectors through a variety of measures, including incentives and subsidies, to generate fiscal revenue and promote social welfare. Financial institutions provide financing to the enterprise sector and benefit from financing income as well as government subsidies. The enterprise sector pursues different strategies to achieve the benefits of innovation or noninnovation while also facing constraints from regulations and transformation costs.
Hypothesis 4. The government department income and loss variables W1 represent the social welfare obtained by the government from economic growth, employment, resource allocation, etc. a represents the positive outcomes of reputation enhancement and sustainable economic growth achieved by the government through encouraging financial institutions and the enterprise sector to actively engage in green financial activities, thereby facilitating the green and low-carbon transformation of the economic structure. b argues that insufficient government support for green production drives enterprises to opt for traditional methods, negatively affecting the government. m represents the feedback coefficient of the influence of low-carbon technology innovation on social welfare. K1 denotes government subsidies to low-carbon innovation enterprises. G1 refers to a tax imposed by the government on non-low-carbon technology innovative enterprises. K2 represents government subsidies provided to financial institutions offering green financial services. G2 represents the institutional constraint values imposed by the government on the “effectiveness” and potential “green-washing behavior” of financial institutions’ services, as evaluated through the “transparency of green credit assessments.” C0 stands for governmental regulation costs.
Hypothesis 5. Financial sector income and loss variables: N1 denotes the revenue generated by financial institutions from providing innovative green financial services, green products, intermediary fees, and other enterprise services. n represents the increase in the credit risk ratio due to the innovation of green financial services by financial institutions. U1 represents the revenue generated by the financial institution from providing traditional financial products (including credit risk). C1 encompasses costs associated with financial institutions’ innovation in green financial services, staff training, green product development, promotion, ancillary expenses, asset transfer losses, and related expenditures. f1 indicates that the provision of green financial services to support low-carbon technology innovators can result in indirect benefits such as increased market share, enhanced competitiveness, and greater social recognition.
Hypothesis 6. Profit and loss variables of enterprises: U2 represents the profits of enterprises engaged in low-carbon technology innovation. N2 represents the additional income gained from higher product sales and lower energy consumption and waste disposal costs achieved through low-carbon production. L denotes the probability of loss due to the enterprise’s failure to achieve the anticipated outcomes from low-carbon technology innovation. f2 signifies that enterprises opt for low-carbon technology innovation to obtain development prospects, improve social reputation, and obtain other indirect benefits. C2 represents the total expenses for technology development, equipment upgrades, and personnel involved in low-carbon technology innovation. F1 denotes the financial expenses incurred by enterprises while utilizing green financial services. F2 refers to the associated financial costs that enterprises are required to pay when accessing traditional financial services. S denotes the cost associated with rent-seeking behavior by companies not opting for low-carbon technology innovation to access green financial services.
3.3 Symbol description
We set some relevant parameters and defined their meanings, as shown in Table 1.
TABLE 1 | Parameter symbol descriptions.
[image: Table 1]3.4 Revenue matrix and replication dynamic equations
Table 2 presents the tripartite payoff matrix derived from the symbolic assumption outlined above. The analysis further explores the evolutionary stable strategies and various equilibria arising from the interactions among the three stakeholders.
TABLE 2 | The tripartite payoff matrix.
[image: Table 2]4 MODEL ANALYSIS
4.1 Analysis of the strategic stability among three parties
4.1.1 The enterprises
The anticipated returns and average expected returns (E11, E12, [image: image]) associated with the enterprise’s “low-carbon technological innovation” and “not pursuing innovation in low-carbon technologies” strategies are as (Equation 1) follows:
[image: image]
The replication dynamic equation for enterprises adopting the “low-carbon technological innovation” strategy is as (Equation 2) follows:
[image: image]
The first derivative with respect to x and the set G(y) are respectively defined as (Equations 3, 4) follows:
[image: image]
[image: image]
According to the stability theorem of differential equations, combined with existing academic research on structural equation models (Li et al., 2025), for an enterprise to maintain a stable state while adopting the “low-carbon technological innovation” strategy, the probability must satisfy the following condition: [image: image] [image: image].
Since [image: image], G(y) is a monotonically decreasing function with respect to y. Consequently, when [image: image], and at [image: image], the enterprise is unable to identify a stable strategy. When [image: image], [image: image], and [image: image] represent the enterprise’s Evolutionarily Stable Strategy (ESS), the converse also holds true: [image: image] is an ESS. The phase diagram illustrating the evolution of enterprise production strategies is presented in Figure 2.
[image: Figure 2]FIGURE 2 | Phase diagram of the evolution of enterprise production strategies.
4.1.2 The financial institution
The anticipated returns [image: image] and average expected returns [image: image] for financial institutions adopting the “green financial service” and “conventional financial service” strategies are as (Equation 5) follows:
[image: image]
The replication dynamic equation for financial institutions’ adoption of the “green finance” strategy is as (Equation 6) follows:
[image: image]
The first derivative of y and the set Q(z) are as (Equations 7, 8) follows:
[image: image]
[image: image]
According to the stability theorem of differential equations, for financial institutions to maintain a stable state when adopting the “green finance” strategy, the following condition on probability must be satisfied:
[image: image] and [image: image]. In accordance with [image: image], it can be deduced that [image: image] is a monotonically decreasing function with respect to z. Consequently, when [image: image] , [image: image], and at this point [image: image], financial institutions are unable to ascertain their stability strategies. When [image: image] , [image: image], it follows that [image: image] indicates [image: image] as the Evolutionarily Stable Strategy (ESS). Conversely, when [image: image], [image: image] represents the ESS. The phase diagram illustrating the strategy evolution of financial institutions is presented in Figure 3.
[image: Figure 3]FIGURE 3 | Phase diagram of strategic evolution of financial institutions.
4.1.3 The government
The expected returns, denoted as E31 and E32, along with the average expected returns [image: image] for the government’s selection of the “incentive policy” and “loose policy” strategies, are (Equation 9) respectively:
[image: image]
The replication dynamic equation of the government’s choice of the “incentive-based” strategy is as (Equation 10) follows:
[image: image]
The first derivative of z and the set K(y) are defined as (Equations 11, 12) follows:
[image: image]
[image: image]
According to the stability theorem of differential equations, and the academic analysis of the incentive ratio (Cheng et al., 2024), for the probability of the government adopting an “incentive-type” strategy to reach a stable state, the following conditions must be satisfied:
[image: image] and [image: image]. Given that [image: image] and [image: image] are increasing functions with respect to y, the determination of the stable strategy depends on additional parameters. Specifically, when [image: image] and [image: image] are present, the stable strategy cannot be uniquely determined. Conversely, when [image: image] , [image: image], [image: image] represents the evolutionary stable strategy; otherwise, [image: image] is the evolutionary stable strategy. The phase diagram illustrating the evolution of government strategies is presented in Figure 4.
[image: Figure 4]FIGURE 4 | Phase diagram of the evolution of government department strategies.
4.2 Tripartite evolutionary system equilibrium analysis
The Jacobi matrix for the tripartite evolutionary game system is expressed as (Equations 13-22) follows:
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The replicator dynamic equations for the government, enterprises, and financial institutions are as (Equations 23-25) follows:
[image: image]
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When the above equation satisfies F(x) = 0, F(y) = 0, and F(z) = 0, eight valid local equilibria are determined. At each equilibrium point, the three stakeholders adopt pure strategies to establish the domain boundary. E9 may also emerge as an equilibrium point within the domain but is ultimately excluded as it falls outside the domain. The stability of each of the eight equilibrium points is subsequently assessed via the Jacobi matrix. The evolutionary game model yields eight equilibrium points and eight potential ESSs. Table 3 illustrates the relationship between costs and benefits for each stakeholder, which largely influences the selection of an evolutionary stabilization strategy.
TABLE 3 | Conditions of stability at equilibrium points.
[image: Table 3]To maintain the general applicability of the stability analysis for the game evolution system, it is assumed that the parameters follow a set of constraints, namely, S + G1-C2-F1+ K1 + N2 + f2-N2 *L-U2 *L, G2 + K2-C1 + N1 + f1 and a-C0-b-K1-K2-W1+m*W1. In the context of green financial service development, the benefits derived from government regulation strategies, enterprises’ low-carbon technology innovation strategies, and financial institutions’ green financial service strategies are greater than those derived without such strategies. Given the complexity of the parameters involved in this model, we discuss stability strategies for evolutionary game models in four specific cases.
Scenario I: When G1 - C2 - F2 +K1 + N2 + f2 - N2*L - U2*L < 0 and K2 + G2- C1 + f1 < 0, the equilibrium points E2 (0, 0, 1) and E1 (0, 0, 0) represent stable strategies for the evolution of the tripartite game system, in which financial institutions do not engage in green financial services owing to a smaller sum of subsidies, constraints, and value-added benefits than the cost of low-carbon production and transition income. Additionally, when enterprises do not carry out low-carbon technology innovation, the benefit of financial institutions carrying out green financial services under government regulation is smaller than the basic benefit of not carrying out such services.
Scenario II: When G1 - C2 - F2 +K1 + N2 + f2 - N2*L - U2*L < 0 and K2 + G2- C1 + f1 > 0, the financial institutions fail to provide green financial services, and the sum of government regulation subsidies, taxes and value-added benefits to enterprises is less than the difference between enterprise low-carbon innovation costs and transformation benefits. In addition, when enterprises do not engage in low-carbon technology innovation, the benefits of the green financial services provided by financial institutions under government supervision are greater than the basic benefits when enterprises do not use green financial services. E8 is the equilibrium point, and {low-carbon technology innovation, green financial services, and incentives} represents the evolutionarily stable strategy of the tripartite game system.
Scenario III: When G1 - C2 - F2 +K1 + N2 + f2 - N2*L - U2*L > 0 and K2 + G2- C1 + f1 < 0, the financial institutions fail to provide green financial services and the total amount of subsidies and taxes and the value-added benefits from government regulations to enterprises surpass the gap between the cost of low-carbon innovation and their transition income. Furthermore, the benefit for financial institutions to offer green financial services when enterprises do not engage in low-carbon technology innovation is smaller than the basic benefit of not providing green financial services. E8 is the equilibrium point, and {low-carbon technology innovation, green financial services, and incentives} represents the equilibrium point and serves as an evolutionary and stable strategy within the tripartite game system.
Scenario Ⅳ: When G1 - C2 - F2 +K1 + N2 + f2 - N2*L - U2*L > 0 and K2 + G2- C1 + f1 > 0, the sum of subsidies, taxes, and value-added benefits of government regulations to enterprises exceeds the difference between the cost of low-carbon innovation and the transition income of enterprises when financial institutions do not provide green financial services. Furthermore, the net benefit of financial institutions providing green financial services in comparison to no green financial services is greater than the basic benefit. E8 is the equilibrium point, and {low-carbon technology innovation, green financial services, and incentives} represents the equilibrium point and evolutionarily stable strategy in the tripartite game system.
5 NUMERICAL ANALYSIS
This section employs MATLAB 2016 for model simulation and analysis, highlighting the convergence patterns among the three parties and examining the impact of critical parameters on the ESSs. Firstly, in this study, based on real-world cases such as Guozhong Water and Power Investment Energy, the parameter G1 is set to 20. By referencing practical examples from Bank of China Financial Leasing Co., Ltd. and Ningbo Beilun Rural Commercial Bank, G2 is determined to be 30. Furthermore, considering the low-carbon production subsidy policies implemented in 15 provinces and municipalities including Shanghai, Zhejiang, Anhui, and Shandong, K1 is assigned a value of 10. Drawing upon specific instances like Jiujiang Bank’s “Digital Carbon Finance” product and Jiangsu Bank’s “Su Carbon Finance,” K2 is established at 20. Similarly, by referring to authoritative sources such as reference (He and Chen, 2021; Jiang et al., 2022; Duan and Li, 2023; Li and Li, 2023), the “China Statistical Yearbook,” and the “China Energy Statistical Yearbook,” and taking Company H as a case study, where H is a manufacturing enterprise with advanced engine remanufacturing technology and state-of-the-art production lines, the parameters in this study are assigned as follows:
N1 = 100, C1 = 50, f1 = 30, U2 = 20, N2 = 50, f2 = 30, C2 = 30, F1 = 20, F2 = 25, S = 15, L = 0.5, a = 120, b = 90, K1 = 10, G1 = 20, K2 = 20, G2 = 30, C0 = 5, and m = 0.5.
5.1 The impact of the initial probability of participants on the evolutionary game
The X-axis in Figure 5 represents enterprises, the Y-axis represents financial institutions, and the Z-axis represents government departments. As the initial proportion increases, all enterprises eventually opt for the “low-carbon technology innovation” strategy. Similarly, as the number of evolutionary iterations increases, the strategic combinations of participants can be represented via three-dimensional stochastic graphs. Ultimately, the evolutionary path through which financial institutions select green financial services and governments promote green production decisions can be identified.
[image: Figure 5]FIGURE 5 | System evolution path diagram.
Figure 6 shows that x, y, and z tend toward 1, with the evolutionary equilibrium point approaching (1, 1, 1). When the three parties demonstrate minimal initial willingness, the rate at which z tends toward 1 is significantly higher than that of x and y. With a rise in the initial willingness of all three parties, the speed at which x and y approach 1 accelerates noticeably, whereas z’s convergence slows. The simulation results indicate that when the initial willingness of all three parties is weak, government regulation plays a crucial role in driving low-carbon technology innovation in enterprises and promoting green financial services provided by financial institutions. As the willingness of enterprises and financial institutions to participate increases, the government can appropriately reduce incentives and regulatory costs compared with previous measures, thereby promoting green enterprise transformation and fostering the development of green financial services.
[image: Figure 6]FIGURE 6 | Effect of the initial probabilities of x, y, and z.
5.2 The influence of government regulatory measures on evolutionary systems
To investigate the influence of variations in K1 on the process and outcome of evolutionary games, the values of K1 were set to 10, 20, 30, and 40, respectively. Through simulation, the results after 50 iterations of the replicated dynamic equation system were observed, as specifically illustrated in Figure 7. To analyze the impact of changes in G1 on the game process and outcome, the values of G1 were set to 20, 40, 60, and 80, respectively. The corresponding simulation results are presented in Figure 8.
[image: Figure 7]FIGURE 7 | The effect of K1 on the evolutionary strategy.
[image: Figure 8]FIGURE 8 | The effect of G1 on the evolutionary strategy.
As depicted in Figure 7, during the evolution of the system toward a stable equilibrium point, an increase in government-provided incentive subsidies to enterprises accelerates the convergence rate of enterprises’ low-carbon production stability. Similarly, as shown in Figure 8, an increase in the taxation intensity for traditional production practices by enterprises enhances the speed at which enterprises adopt low-carbon production strategies. Moreover, as K1 and G1 increase, the likelihood of enterprises engaging in low-carbon production rises, while the probability of the government adopting incentive-based strategies diminishes. Furthermore, by comparing Figures 7, 8, it is evident that the effectiveness of government taxation in promoting low-carbon production exceeds that of government subsidies. Consequently, while the government employs subsidies and tax policies to encourage low-carbon production in enterprises, it must also reinforce supervision over these entities. In particular, for enterprises lacking mature low-carbon production technologies, the subsidy period can be appropriately extended to ensure the quality of low-carbon production and effectively promote sustainable enterprise development.
Next, set K2 = 10, 20, 30, 40 to investigate the impact of government subsidies on financial institutions. The results are presented in Figure 9. Additionally, set G2 = 30, 40, 50, 60 to analyze the influence of government regulation on the “transparency of green credit services” constraint value for financial institutions. The simulation outcomes are illustrated in Figure 10.
[image: Figure 9]FIGURE 9 | The effect of K2 on the evolutionary stability strategy.
[image: Figure 10]FIGURE 10 | The effect of G2 on the evolutionary stability strategy.
Figure 9 demonstrates that as K2 increases continuously, the likelihood of the government adopting incentive policies decreases, while the probability of financial institutions opting to implement green financial services increases. Similarly, as shown in Figure 10, with the rise of G2, the regulatory constraint imposed by the government on financial institutions becomes stricter, leading to a decline in the “transparency of green credit services,” which in turn elevates financial risks. Consequently, the feasibility and effectiveness of government regulation over green financial services improve. Therefore, the government should prudently design supervision and subsidy policies for financial institutions, enhance the regulatory framework, and encourage financial institutions to collaborate with the government in promoting low-carbon production among enterprises.
5.3 The impact of the low-carbon production feedback coefficient, operational risk, and rent-seeking costs on the evolutionary system
To analyze how changes in S affect the dynamics and results of the evolutionary game, S values of 20, 40, 60, and 80 were assigned. Figure 11 illustrates the simulation outcomes of the dynamic equations across 50 iterations. Similarly, to assess the impact of changes in C2 on the processes and outcomes of evolutionary games, C2 values of 30, 45, 60, and 75 were assigned. The corresponding simulation results are depicted in Figure 12.
[image: Figure 11]FIGURE 11 | The effect of S on the strategies of three participants.
[image: Figure 12]FIGURE 12 | The effect of C2 on the strategies of three participants.
Figure 11 shows that during the evolutionary process, as S increases, enterprises become increasingly likely to choose low-carbon technology innovation, whereas the probability of financial institutions selecting green financial services decreases. To increase the propensity for low-carbon production, the government can implement market-oriented measures such as increasing media transparency regarding corporate information, amplifying the social reputation of enterprises, raising consumer awareness of low-carbon initiatives, and increasing the rent-seeking costs associated with enterprise operations.
Figure 12 shows that as the system advances toward a stable state, lowering low-carbon production costs for enterprises can accelerate their shift to low-carbon technology innovation and increase financial institutions’ willingness to offer green financial products. As production costs for low-carbon manufacturing (C2) increase, enterprises become less likely to pursue low-carbon technology innovation. When C2 reaches a critical threshold, high costs may deter enterprises entirely from low-carbon technology innovation. Furthermore, the evolution from C2 = 30 to C2 = 45 indicates a greater likelihood of financial institutions opting for green financial services. However, when C2 increases to 60, due to the high costs of green production, financial institutions are no longer motivated to offer green financial services. Therefore, to encourage low-carbon production, the government must enforce strict oversight of enterprises’ green infrastructure development while simultaneously addressing prohibitively high low-carbon technology innovation costs that could undermine efficient green output. Additionally, financial institutions and enterprises adopting low-carbon practices should receive subsidies to support their transition. Relaxing price controls strategically could help reduce low-carbon production costs at the enterprise level and lower financing expenses from banks—thus shifting the motivation for low-carbon practices from compliance-driven (“having to do”) to initiative-driven (“wanting to do”).
Subsequently, the values of L were assigned values of 0, 0.25, 0.5, and 0.75, with the simulation results shown in Figure 13. The parameters m were set at 0.1, 0.25, 0.5, and 0.75, with the corresponding simulation outcomes displayed in Figure 14. Figure 13 shows that throughout the evolutionary process, an increase in L is associated with a reduced likelihood of enterprises pursuing low-carbon technology innovation, while it simultaneously increases the probability of financial institutions engaging in green financial services. Conversely, Figure 14 reveals that the feedback coefficient linking enterprises’ low-carbon technology innovation with social welfare increases significantly, accelerating their transition to low-carbon practices and prompting greater government adoption of incentive policies. Consequently, governments must prioritize monitoring business risks faced by enterprises to ensure supply chain security and stability through robust internal control systems, sound corporate governance structures, and transparent decision-making processes. Furthermore, governments should actively encourage and support enterprises in increasing investments in low-carbon technology research and development (R&D). Promoting collaboration within industrial chains can help build a green supply chain ecosystem that incentivizes suppliers and partners to adopt low-carbon production methods. This ecosystem approach can create cluster effects that enhance environmental performance across industries, improve social welfare, and ultimately strengthen the feedback coefficient between enterprise-level low-carbon technology innovation and societal benefits.
[image: Figure 13]FIGURE 13 | The effect of L on the strategies of three participants.
[image: Figure 14]FIGURE 14 | The effect of m on the strategies of three participants.
5.4 The influence of direct and indirect benefits, as well as the costs associated with green financial services, on the evolutionary system
To analyze the impact of the benefits and costs associated with the green financial services offered by financial institutions on the dynamics and outcomes of the evolutionary game, we define the direct benefits of these services as N1 = 100, 150, 200 and the indirect benefits as f1 = 30, 40, 50. The simulation outcomes generated from iterating the dynamic equations with an initial probability allocation of (0.2, 0.2, 0.2) across fifty cycles are illustrated in Figures 15, 16.
[image: Figure 15]FIGURE 15 | The effect of N1 on the strategies of three participants.
[image: Figure 16]FIGURE 16 | The effect of f1 on the strategies of three participants.
When the other conditions remain constant and the N1 values are set at 100, 150, and 200, the outcomes of the simulation are depicted in Figure 15. During the system’s evolution toward a stable state, increased direct revenue from green financial services increases the likelihood of financial institutions engaging in such services. As shown in Figure 16, the simulation outcomes for f1 values of 30, 40, and 50 indicate that higher indirect revenue from green financial services accelerates the system’s evolution. Therefore, it is essential for financial institutions to prioritize both direct and indirect income streams. Direct benefits can be increased by creating a variety of green financial products, including green bonds, green funds, green insurance, and carbon financial derivatives, which cater to diverse investment and financing requirements. Indirect benefits can be strengthened by building a robust green ecosystem through employee or team capacity building and by reinforcing social responsibility initiatives. Increasing both direct and indirect income streams further incentivizes financial institutions to invest in low-carbon enterprises and promote sustainable practices within these organizations.
Subsequently, values of C1 = 50, 60, and 70 were assigned, with the simulation outcomes presented in Figure 17. The findings in Figure 17 indicate that rising costs associated with green financial services tend to discourage financial institutions from adopting these services while increasing the likelihood of government adoption of incentive policies. Therefore, it is essential for government bodies to account for the costs that financial institutions incur in implementing green financial services. This can be achieved by improving processes such as credit approval, project evaluation, and risk management through digitalization and automation technologies to reduce labor and time costs. Additionally, standardizing product design and operations can streamline green financial products. Establishing a unified certification and rating system for green finance will further reduce redundant evaluations, lower the overall cost of green financial services, and promote low-carbon technology innovation among enterprises.
[image: Figure 17]FIGURE 17 | The effect of C1 on the strategies of three participants.
6 CONCLUSION AND POLICY IMPLICATIONS
This study introduces a trilateral evolutionary game model that incorporates the government, financial institutions, and enterprises under dual oversight, aiming to increase incentives for businesses to adopt low-carbon technology innovations. By employing this model, the study investigates how each stakeholder can develop stable strategies over time. It evaluates the influence of government and financial institution oversight dynamics, taxation policies, and subsidies for low-carbon innovation on individual behaviors.
(1) The optimal state of system evolution is achieved when the government implements green economic policies, financial institutions develop innovative green financial products and provide green financial services, and enterprises engage in low-carbon technological innovation. The key factors shaping the optimal strategy for low-carbon technology innovation include government incentives and subsidies for green enterprises, taxes on traditional enterprises, rent-seeking costs, and low-carbon production expenses.
(2) The initial intentions of the government, financial institutions, and enterprises exert varying degrees of influence on one another. When initial willingness is low, government regulations and incentive measures serve as the primary drivers for advancing low-carbon technology innovation in enterprises and promoting green financial services in financial institutions. Enterprise low-carbon technology innovation is influenced by regulatory actions from both financial institutions and government agencies, whereas the strategic decisions of government agencies remain unaffected by the initial intentions of enterprises and financial institutions. Thus, the government can adopt green economic policies and promote green advocacy to encourage low-carbon technology innovation in enterprises and support green financial services in financial institutions through regulatory signaling.
(3) An increase in the feedback coefficient of enterprises’ low-carbon technology innovation related to social welfare accelerates the progression of enterprises, financial institutions, and the government toward the strategic set of innovation, green finance, and incentives. As the business risk coefficient increases, the probability of enterprises opting for low-carbon technology innovation diminishes, whereas the probability of financial institutions developing green financial services increases.
(4) Government regulatory measures exert varying influences on strategy selection. For financial institutions, government subsidies for green financial services encourage them to adopt green financial strategies. For enterprises, moderate government rewards and penalties promote the choice of low-carbon technology innovation, with subsidies having a stronger promotional effect than taxes do. This approach also reduces the likelihood of enterprises gaining green financial service benefits through rent-seeking behavior.
On the basis of the findings of the above study, the following management implications can be drawn:
(1) Strengthening government supervision is pivotal in fostering the sustainable development of green financial services offered by financial institutions and ensuring the economic stability of enterprises. First, it is imperative to establish comprehensive regulatory frameworks for green finance that clearly delineate the roles and responsibilities of regulatory authorities. Effective supervision should be implemented concerning the transparency of green financial services provided by financial institutions, as well as addressing rent-seeking behaviors among enterprises engaged in low-carbon technological innovation. This approach will enhance both the effectiveness and relevance of oversight. Second, efforts must be directed towards promoting legislation within the realm of green finance, encouraging regions with suitable conditions to enact local regulations. Such regulations should elucidate banks’ social responsibilities and outline due diligence exemptions during credit assessments while imposing penalties and public disclosures on enterprises that fail to meet low-carbon technological innovation requirements or have committed environmental violations.
(2) Enhance fiscal subsidies and incentives for green finance and enterprises’ low-carbon technological innovation. Specifically, qualified financial institutions should be provided with low-cost funds to support their green financial services and facilitate the greening of bank asset allocation. Furthermore, a dedicated fiscal fund should be established to subsidize enterprises engaged in R&D of low-carbon technologies as well as innovative projects, including R&D expense subsidies and grants for project construction. Enterprises that achieve significant results in low-carbon technological innovation and meet carbon reduction targets should be rewarded accordingly. Lastly, tax reductions and exemptions related to low-carbon technological innovation should be implemented, encompassing additional deductions for R&D expenses, tax credits for the purchase of environmental protection equipment, and preferential tax treatment for the production and sale of low-carbon products. These measures aim to encourage enterprises’ efforts in advancing low-carbon technological innovation.
(3) Minimize the costs associated with green financial services for financial institutions and low-carbon technological innovation for enterprises. It is essential to establish clear and unified standards for green financial services to prevent operational confusion among financial institutions and mitigate increased costs arising from inconsistent standards. Furthermore, policy guidance should be enhanced to encourage enterprises to foster close collaborations between industry, academia, and research institutes. Collaborative efforts in low-carbon technology research and development, as well as the transformation of research outcomes, will facilitate shared R&D resources and lower the costs associated with low-carbon technological innovation. Simultaneously, it is imperative for the government or industry associations to create a low-carbon technology sharing platform that disseminates advanced technological information, organizes technology exchange activities, and promotes cooperation among enterprises in terms of technology sharing. This approach will help avoid redundant research endeavors while reducing overall innovation costs.
This study has several limitations. While it considers the government, enterprises, and financial institutions as stakeholders, future research could further classify enterprises into manufacturers, retailers, and suppliers, allowing for the analysis of a four-party evolutionary game. Moreover, the role of third-party regulatory organizations could be investigated in future studies to explore their interaction with enterprises.
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