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Encouraging enterprises to adopt green and low-carbon technological innovation is an important measure to cope with climate change and achieve low-carbon economic development. As the main stakeholders of green and low-carbon technological innovation of enterprises, what measures should the government and the public take to encourage green and low-carbon technological innovation of enterprises has become one of the focuses of research. This study constructs a tripartite evolutionary game model among the government, the public, and enterprises and then obtains the evolutionary stability strategy by analyzing the replication dynamic equation of each subject. Numerical simulation is made on the evolution path of the game under different enforcement intensities of environmental regulation means. The result shows that pollution tax, low-carbon technology innovation subsidy, and environmental protection publicity and guidance are three environmental regulation means to effectively stimulate enterprises’ green and low-carbon technology innovation. And moderate pollution tax, low-intensity publicity of public environmental protection, and high innovation incentive compensation have the highest incentive efficiency for enterprises’ green and low-carbon technological innovation. Targeted suggestions for promoting green and low-carbon technological innovation of enterprises are put forward in the end.
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INTRODUCTION
The environmental impact caused by the excessive exploitation and utilization of energy, such as climate change, has posed a great challenge to the survival and development of human beings (Gaffney and Steffen, 2017; Tian et al., 2019). In the past 40 years, the frequency and intensity of extreme weather and natural disasters caused by global climate change have increased significantly, posing increasingly severe challenges to human survival and development. It has become a consensus of the international community to reduce emissions and develop a low-carbon economy to cope with global climate change. As the world’s largest emitter of carbon dioxide, China’s emissions status and its commitment to reducing emissions have attracted a lot of attention from the international community (Zhang et al., 2012; Cheng et al., 2021). At the General Debate of the 75th Session of the United Nations General Assembly, President Xi Jinping pledged that China will strive to reach the peak of CO2 emissions by 2030 and strive to be carbon neutral by 2060. Promoting green development through technological innovation is the inevitable choice to achieve the goal of carbon neutrality. To achieve the goal of energy conservation and emission reduction and promote the development of a low-carbon economy, vigorously developing energy technology and carrying out green and low-carbon technological innovation are the fundamental ways (Lutz et al., 2005; Wu et al., 2005; Smulders et al., 2014; Cheng and Yao, 2021). Green and low-carbon technological innovation is conducive to improving the overall utilization efficiency of resources and reducing resource consumption (Jia et al., 2018; Lin and Zhu, 2019). It is a key means to control climate problems, promote the construction of low-carbon cities, and realize low-carbon economy and sustainable development mode (Teixidó et al., 2019; Song et al., 2020a). It is also an effective way to promote China’s transformation from a high-carbon economy characterized by “high energy consumption, high emission, and high pollution” to a low-carbon economy which features “low energy consumption, low emission, and low pollution” (Zhang and Zhang, 2019; Du et al., 2021).
In the composition of China’s carbon emissions, corporate carbon emissions have been high and occupy a large proportion. Therefore, under the vision of “reaching carbon peak by 2030 and being carbon neutral by 2060,” enterprises will gradually become an increasingly important subject of action and responsibility in addressing climate change and achieving low-carbon development. As the main body of innovation, enterprises must be supported by green and low-carbon technology to achieve carbon reduction and pollution reduction and fulfill their social responsibilities. However, high initial investment costs and the dependence of the current technology path are seriously restricting the promotion of low-carbon technology innovation. Moreover, the public’s awareness of low-carbon products is relatively low, and the concept of low-carbon in society is not popular enough, which greatly slows down the process of low-carbon technological innovation of enterprises and reduces enterprises’ enthusiasm for low-carbon technological innovation. Therefore, green and low-carbon technological innovation is difficult to form spontaneously. The lack of enterprises’ motivation for low-carbon technological innovation requires external environmental regulation to provide punishment or incentive mechanisms (Song et al., 2020b). Therefore, reasonable environmental regulation policies can make up for the contrast between the cost and benefit of enterprises’ low-carbon technological innovation and promote the pace of enterprises’ implementation of low-carbon technological innovation (Song et al., 2021). In addition, public consumers are the main demanders in the low-carbon product market, whose preference for low-carbon products directly affects the production decisions of enterprises (Khan et al., 2021). The government’s publicity and guidance for low-carbon technological innovation can effectively stimulate the public’s demand for low-carbon products, thus encouraging enterprises to carry out green and low-carbon technological innovation. With the worsening of environmental pollution, the public’s requirements for enterprises’ green and low-carbon technological innovation have intensified, and the supervision has also been strengthened.
Thus, in the context of low-carbon economy and sustainable development, it is of great significance to explore how government incentives and punishment policies and the public’s consumer supervision behavior affect enterprises’ low-carbon technological innovation, forming a benign interaction between the government, the public, and enterprises to stimulate enterprises’ innovation behavior. However, there are few studies that unify the three in one system to study the common environmental responsibility, interest relationship, and mutual influence of the three parties. Based on this, this study aims to explore how to get rid of traditional non-environmental protection technologies and encourage enterprises to carry out green and low-carbon technological innovation under the participation of the public and the environmental regulation of the government. The marginal contribution of this study is as follows: 1) establish a game model with the government, the public (consumers), and enterprises as the three participants, and study the strategic choices of the three stakeholders; 2) find out the equilibrium point by solving the replicator dynamics equation and analyze its asymptotic stability; and 3) the evolutionary game model is simulated by a MATLAB numerical simulation analysis tool so as to find the path to encourage enterprises to choose the green and low-carbon innovation mode.
The remainder of this study is structured as follows: Literature Review section presents a review of the related literature, followed by the model hypothesis and construction in Model Hypothesis and Construction section. In Model Analysis section, we analyze the stability of the equilibrium point in the evolutionary game. Numerical Simulation Analysis section presents the numerical simulation results of the game model. Conclusions and policy implications are presented in Conclusion section.
LITERATURE REVIEW
With the challenge posed by environmental pollution and global warming, the development of green, low-carbon, and circular economy becomes matters of great concern for the academic community (Lai et al., 2016). The technological progress needed to develop a low-carbon economy is green and low-carbon technological innovation (Li et al., 2021). As an important carrier for the development of low-carbon economy, enterprises are not only the main body of carbon emissions but also the main undertaker of environmental protection and low-carbon emission reduction. Under the strict requirements of ecological environment, green and low-carbon technological innovation, as the strategic direction of enterprises, is the core of enterprise production and operation and is crucial to the improvement of their competitiveness, their ability of market survival, and sustainable development (Bi et al., 2016). Enterprises need to make trade-off between traditional technology and green low-carbon technology innovation. However, due to the large upfront investment cost of green and low-carbon technological innovation and the large uncertainty of the later income, enterprises are not strong in their willingness to take the initiative to conduct green and low-carbon technological innovation (Qu et al., 2019). Based on this, the government needs to take measures to motivate enterprises’ green and low-carbon technological innovation effectively.
At present, there are abundant research studies on government regulation, government intervention, and enterprise innovation. Bi et al. (2016) used DEA and Tobit two-stage method under the framework of the global value chain to analyze the main factors affecting manufacturing enterprises’ low-carbon technological innovation and found that government regulation was the main driving factor. Based on a quasi-natural experiment, Chakraborty and Chatterjee (2017) assessed the impact of environmental regulation policies on green innovation activities of Indian enterprises, finding that environmental regulation indirectly triggered green technology innovation of upstream firms. Using the BarabasiAlbert model, Zhang L. et al. (2019) respectively studied the impact of government environmental regulation measures such as carbon trading, environmental taxation, and innovation subsidies on green technology innovation and diffusion of Chinese manufacturing enterprises. Based on the data of environmental regulation (ER) and green technology innovation (GTI) of 30 provinces in China from 2007 to 2016, Guo et al. (2019) found that environmental regulation has a certain promotion effect on enterprises’ green technology innovation. Lyu et al. (2020) used the DID model to study the impact of carbon emission trading on low-carbon technological innovation of enterprises. Pan et al. (2021) found that the Two Control Zone (TCZ) environmental regulation policy in China had effectively promoted enterprises’ cleaner production technology innovation.
However, there is still no consensus on the direction of the impact of government environmental regulations on green and low-carbon technological innovation of enterprises. Many scholars believe that the adoption of environmental regulation means by the government can effectively encourage enterprises to conduct green and low-carbon technological innovation (Brunnermeier and Cohen, 2003; Lin and Yang, 2011; Dietrich and Chen, 2018; Liang et al., 2019). Some scholars, such as supporters of the Porter Hypothesis, believe that environmental regulation measures have to some extent inhibited enterprises’ green and low-carbon technological innovation behavior (Chintrakarn, 2008). Besides, there are also opinions that the direction of influence between the two is uncertain (Hu et al., 2008). In addition to the government’s environmental regulations, enterprises’ green and low-carbon technological innovation behavior will also be affected by many internal and external driving factors. External factors include the public opinion pressure (Hu et al., 2008), the demand of multinational corporations and consumers for low-carbon products (Kammerer, 2009; Fan and Dong, 2018), consumers’ environmental awareness (Wang and Zheng, 2019), stakeholder pressure (Olusegun et al., 2014; Jiang et al., 2018), and intra- and inter-industry competitive pressure (Cao et al., 2012). Internal factors include the enterprise’s innovation capabilities (Jiang et al., 2018) and the enterprise’s pursuit of economic interests (Klassen and McLaughlin, 1996; Xia et al., 2015).
Many scholars have applied the evolutionary game method to study the relationship between government environmental regulations and enterprises’ green and low-carbon behaviors. For example, with the construction of a mixed-strategy evolutionary game model between the government and enterprises, Wang et al. (2011) believe that the government can encourage enterprises to carry out low-carbon production by adopting the environmental regulation means of dynamic punishment. Wu et al. (2017) constructed an evolutionary game model between the government and enterprises in the context of low-carbon economy and studied the incentive effect of government’s environmental regulation policies on enterprises’ low-carbon production. Fan et al. (2017) constructed an evolutionary game model between the government and enterprises with supervision and without supervision, respectively, and studied the optimal regulatory strategy of the government for enterprises’ low-carbon subsidies as well as the regulatory efficiency and stability. Taking the objective functions of enterprises and governments in three different scenarios into consideration, Mahmoudi and Rasti-Barzoki (2018) established an evolutionary game model between the government and enterprises and analyzed the impact of government environmental regulation policies on enterprises’ low-carbon production, carbon emissions, and competitiveness, respectively.
In addition, the evolutionary game model is often used to study the incentive effect of government environmental regulations on enterprises’ green and low-carbon technological innovation. By establishing a game model between government regulators and enterprises, Krass et al. (2013) found that the two environmental regulation means, cost subsidy and tax punishment, could effectively mobilize enterprises to conduct green and low-carbon technological innovation and choose the low-carbon production mode. Huang et al. (2013) studied the influence of government subsidies and centralized control without subsidies on enterprises’ low-carbon technological innovation, respectively, in a duopoly setting and found that the incentive scheme with the centralized control with no subsidy is more effective in stimulating enterprises’ low-carbon technological innovation. By analyzing the equilibrium solution of the tripartite evolutionary game model of the government, enterprises, and consumers, Xu and Lv (2014) pointed out that the government’s environmental regulation measures effectively stimulated enterprises’ decision-making of green and low-carbon technological innovation. Liu et al. (2017) deduced the equilibrium strategy of the evolutionary game between the government and automobile manufacturers and found that the government’s dynamic tax and static subsidies are effective incentive means. Under the framework of the evolutionary game, Jiao et al. (2017) compared the incentive effects of carbon quota, carbon trading price, and government supervision cost on enterprises’ adoption of green and low-carbon technology innovation. Chen and Hu (2018) obtained the optimal carbon tax and subsidy mechanism by analyzing the stable strategy solution of the evolutionary game between the government and manufacturing enterprises under different conditions. Cheng et al. (2021) found that the government’s compensation method for enterprises’ innovation behaviors, such as transfer payment and tax credit, can effectively encourage enterprises to turn to green and low-carbon technology innovation.
With the application of different methods such as empirical analysis, theoretical research, and simulation model, the aforementioned research studies deeply explore the influence of government environmental regulation means and other factors on enterprises’ green and low-carbon technological innovation. However, most of the existing studies only focus on the mutual influence between the government or public consumers and enterprises, without unifying the three parties into a system to study the common environmental responsibility, interest relationship, and mutual influence of the three. As a public good, the environment connects the interests of the government, enterprises, and public consumers in complex social relations. Therefore, the profit loss of any party will affect the innovation behavior of enterprises’ low-carbon technology. Based on this, this study attempts to construct a tripartite evolutionary game model including the government, enterprises, and public consumers using the evolutionary game method of bounded rationality hypothesis. Through evolutionary game stability analysis and numerical simulation, this article discusses the incentive effect of different regulation means and enforcement intensity on enterprises’ low-carbon technological innovation and strives to provide a useful reference for enterprises’ low-carbon technological innovation decision-making and government’s environmental regulation policy formulation in the context of low carbon.
MODEL HYPOTHESIS AND CONSTRUCTION
Stakeholder Analysis
Under the common vision of “carbon neutrality,” whether an enterprise conducts green and low-carbon technological innovation is not only a strategic issue related to the gain and loss of its own interests but also a common proposition closely related to the interests of the country, the public, and every individual. Therefore, as the main body of green and low-carbon technology innovation, enterprises’ decisions and behaviors are not only driven by their own interests but also subject to the supervision and influence of the public and the government.
From the perspective of economics, the behavior of enterprises conducting the green and low-carbon technological innovation mode has strong positive externalities. Since most of the production and operation activities of enterprises are based on the profit maximization, the problems of “prisoner’s dilemma” and “tragedy of the commons” are common to arise. With the green and low-carbon technological innovation, the natural resources, including traditional fossil energy, consumed by enterprises due to production and operation activities will be greatly reduced, and thus, the environmental pollution caused by enterprise activities will be reduced. Such “energy conservation and environmental protection” results bring much more benefits to the society than enterprises’ own interests, while enterprises need to pay a high cost for their low-carbon innovation behavior. On the contrary, if the enterprise chooses to maintain the traditional technology, instead of conducting green and low-carbon technology innovation, the enterprise will save the corresponding innovation cost while the society will pay more cost for the environmental pollution caused by the production using traditional technology. This is a typical example where the private cost is far less than the social cost (Cheng et al., 2017; Miao et al., 2019).
As a national environmental manager and supervisor, the government’s environmental regulation means will indirectly affect enterprises’ low-carbon innovation behavior (Song et al., 2020a; Ouyang et al., 2020; Zhuge et al., 2020). On the one hand, the higher the consumers’ awareness of green and low-carbon, the greater is their preference for green and low-carbon products (Chen et al., 2018). The government’s vigorous publicity and popularization of green and low-carbon will improve the social view of environmental protection and green consumption and also improve the market acceptance and recognition of green and low-carbon products (Zhu et al., 2013; Jan et al., 2019). It will make the traditional high energy consumption, high pollution, non-environmental protection products gradually phased out by the market, thus forcing enterprises to turn to the green and low-carbon technology innovation mode. At the same time, by the means of propaganda and guidance, the government can encourage the public to actively supervise enterprises’ low-carbon technological innovation behavior (Chen et al., 2018; Fan et al., 2019). On the other hand, measures such as pollution tax or green subsidy adopted by the government will directly affect the final profit of enterprises, which internalizes the external benefits of enterprises’ low-carbon technological innovation and strengthens the motivation of enterprises to conduct green and low-carbon technological innovation (Brav et al., 2018; Song et al., 2020b).
From the perspective of the product market, as the last link of consumer behavior, green consumption can make green production activities make a real difference and achieve sustainable development (Zhang Y. et al., 2019). Public consumers’ satisfaction and acceptance of enterprise products will directly affect the production activities of enterprises. Enterprises are motivated to develop green products that adopt sustainable innovation or materials if environmental sustainability prevails among consumers (Chang and Zhang, 2019). Moreover, if the traditional non-environmental protection production activities of enterprises cause the environmental pollution, consumers, as the victims of pollution, will spontaneously supervise the production behavior of enterprises and adjust their consumption decisions accordingly, which will affect the profits of enterprises (Kammerer, 2009; Lin et al., 2013). Therefore, the public can “vote” for enterprises’ green and low-carbon technological innovation through their consumption behavior.
To sum up, enterprises’ decision on whether to conduct green and low-carbon technological innovation has a great influence on their own profit, production efficiency, energy efficiency, and their social image. And it will also have an impact on the natural environment and then affect the interests of the government and the public, thus causing the government’s regulation and social supervision. Moreover, when making the strategic choice of whether to adopt the green and low-carbon technology innovation mode, enterprises will not only take their needs of interest into account but also the consumption preference of the public, the social consciousness of environmental protection, the social acceptance of innovative products, and the requirements of government policies. Therefore, the interests of the enterprise, the government, and the public are mutually restricted and influenced. To be more intuitive, we use Figure 1 to simply represent the interest relationship between the three.
[image: Figure 1]FIGURE 1 | Relationship between the stakeholders.
Hypothesis
As an important economic analytical tool, the game theory has been widely applied in various fields to explain some social phenomena (Su et al., 2018a; Su et al., 2018b; Ma and Sun, 2018; Xie et al., 2018). The evolutionary game theory studies the changing trend and stability of the proportion of specific strategies adopted by game groups based on the learning ability and bounded rationality of game subjects (Smith, 1976; Friedman, 1998). Different from traditional games that emphasize static equilibrium, evolutionary games emphasize the dynamic process to reach system equilibrium as well as the overall evolution result and stability of the system. The selection process of the green and low-carbon technology innovation mode of enterprises is the result of enterprises’ continuous learning and adjustment of their own strategies in response to the different interest demands of the three parties in the system composed of the government, the public, and the enterprise itself, which is consistent with the evolutionary game theory. Therefore, in order to find the effective ways to encourage enterprises to conduct green and low-carbon technology innovation mode, this study constructs an evolutionary game model that includes the government, the public (consumers), and enterprises. We assume that the strategies of the government are {regulation, no regulation}. The strategies of the public consumers are {Supervision, No supervision}, while the strategies of enterprises are {conduct green and low-carbon technological innovation, adopt traditional techniques}. We first make the following assumptions:
Hypothesis 1: Participating subjects. In this model, the government, the public (consumers), and enterprises are considered a system without considering other constraints. All of them have bounded rationality and certain learning ability. They can form their own strategies and make decisions in response to the actual situation. And they can also adjust their strategies in the process of continuous learning and trial and error to reach an equilibrium state. In the model, [image: image], [image: image], and [image: image] represent the probability that the government chooses an environmental regulation strategy, social consumers choose the supervision strategy, and enterprises choose conducting green and low-carbon technology innovation, respectively, where t presents the time and [image: image].
Hypothesis 2: Regulatory policies. Taxing on pollution, subsidizing and incentivizing green and low-carbon technological innovation (including innovative product price subsidy and innovative cost subsidy), and conducting social propaganda and guidance are the four means for the government to conduct environmental regulation on enterprises. [image: image], [image: image], [image: image], and [image: image] are, respectively, used to represent the cost of these four environmental regulation means, where [image: image] represents the enforcement intensity of emission tax levy; [image: image] and [image: image] represent the proportion of subsidies for low-carbon technology innovation products and for low-carbon technology costs, respectively; and [image: image] represents the implementation intensity of work of environmental propaganda and guidance.
Hypothesis 3: The payoffs of each entity. The profit obtained by the enterprise using traditional technology for production is R. If an enterprise still uses traditional technology to carry out polluting production activities under the supervision of the public, it will lose [image: image] due to the public’s consumption preference. After adopting the green and low-carbon technology innovation mode, enterprises gain incremental benefits [image: image]. Specifically, under the four strategies of (regulation, supervision), (regulation, no supervision), (no regulation, supervision), and (no regulation, no supervision), the incremental benefits of enterprises are [image: image], [image: image], [image: image], and 0, respectively. In addition, the government finds enterprises’ deceptive rent-seeking behavior for the purpose of obtaining innovation subsidies with a certain probability [image: image] and punishes such behavior according to the standard of pollution tax. The cost of enterprises’ green and low-carbon technology innovation is [image: image]. Meanwhile, the environmental benefits brought to the government and the public are [image: image] and [image: image], respectively. On the contrary, if enterprises continue to use traditional production technology, the possibility of pollution discharge will increase, and the government and the public will suffer losses [image: image] and [image: image], respectively, due to the environmental pollution. Besides, if the public has a high degree of preference and demand for enterprises’ green and low-carbon technology innovation products, and “vote” for enterprises’ low-carbon technology innovation by consumption behaviors, then it is considered that public consumers have effectively supervised enterprises’ low-carbon technology innovation behavior. And then, consumers will get extra rewards from the government [image: image]. The cost of public supervision is [image: image]. The corresponding parameters are given in Table 1.
TABLE 1 | Parameter descriptions.
[image: Table 1]Evolutionary Game Model Construction
Based on the aforementioned assumptions that the payoff of the participants is the difference between profit and cost (Hofbauer and Sandholm, 2007), this study constructs an evolutionary game model with the government, the public, and enterprises as the main participants. The payment matrix of the tripartite evolutionary game is given in Table 2.
TABLE 2 | Tripartite evolutionary game payment matrix.
[image: Table 2]MODEL ANALYSIS
The Strategy Stability Analysis of Each Party
Due to the information asymmetry between the government, enterprises, and the public under environmental regulation, the three parties will judge the strategies of other players based on historical experience and adjust their own strategies in the process of continuous learning and trial and error. Therefore, in the process of dynamic adjustment of their own strategies, the government, enterprises, and the public show a dynamic replication process in the evolutionary game. Based on the payment matrix, we calculate the replication dynamic equation of the government, enterprises, and the public, respectively, and analyze the strategic stability of each entity.
Analysis on the Stability of Government’s Strategy
According to the payment matrix, the expected revenue [image: image] when the government chooses the strategy of “regulation,” the expected revenue [image: image] when the government chooses “no regulation,” and the average expected revenue [image: image] are shown, respectively, in Eq. 1:
[image: image]
The replicator dynamic equation of environmental regulation by the government is shown in Eq. 2:
[image: image]
The first derivative of [image: image] and the defined [image: image] are, respectively, shown in Eqs 3, 4:
[image: image]
[image: image]
According to the implicit theorem of differential equations, [image: image] and [image: image] are the stability condition of the government’s adoption of regulation. Since [image: image], [image: image] is a decreasing function of [image: image]. Therefore, when [image: image], [image: image]is derived, so [image: image]and [image: image]. Then the stable state can be achieved at all values of [image: image]. When [image: image], we have [image: image] and [image: image]. The government’s strategy is stable at [image: image]. Otherwise, [image: image] is the evolutionary stable strategy. Thus, the phase diagram of the government’s stability evolution is related to the curve [image: image].
Analysis on the Strategic Stability of the Public
The expected payoff [image: image] when the public adopts the supervision strategy, the expected payoff when the strategy of no supervision is adopted, and the average expected payoff [image: image]are, respectively, shown in Eq. 5:
[image: image]
According to Eq. 5, the replicator dynamic equation of the supervision strategy adopted by the public and its first derivative can be, respectively, written as Eqs 6, 7:
[image: image]
[image: image]
According to the implicit theorem of differential equations, when [image: image] and [image: image], the probability of social public choice of supervision strategy is in a stable state. Therefore, the quantitative relationship between the government’s incentive to the public [image: image]and the cost of public supervision [image: image]determines the strategy evolution of public. To be specific, when [image: image], [image: image], and [image: image]are obtained, the strategy of supervision is in stable state with all the values of [image: image]. When [image: image], we can derive [image: image], then the evolutionary stability strategy is [image: image]. When [image: image], [image: image]is obtained, in which case [image: image] is stable.
Analysis on the Stability of Enterprises’ Strategy
The expected return [image: image]when enterprises choose the strategy of conducting green and low-carbon technology innovation, the expected return [image: image]when enterprises adopt traditional technology, and the average expected return [image: image] are, respectively, shown as follows:
[image: image]
Thus, the replicator dynamic equation of enterprises’ choice of green and low-carbon technology innovation strategy is obtained, as shown in Eq. 9:
[image: image]
Then, the first derivative of [image: image] and defined [image: image] are, respectively, as shown in Eqs 10, 11:
[image: image]
[image: image]
When condition [image: image]and [image: image]are both met, enterprises’ choice of green and low-carbon technology innovation strategy is in a stable state. Therefore, when [image: image], we have [image: image]and [image: image], and all [image: image]’s are in an evolutionarily stable state. When [image: image], we have [image: image], and thus, [image: image]is an evolutionary stable strategy. When [image: image], [image: image] is derived. In this case, [image: image] is the evolutionary stable strategy. Therefore, the evolutionary phase diagram of enterprises’ adoption of green and low-carbon technology innovation is related to the quadratic curve [image: image].
Stability Analysis of Equilibrium Point of Tripartite Evolutionary Game System
In the tripartite game between the government, the public, and enterprises, the replicator dynamics in Eqs 2, 6, 9 describe the dynamic process in which the bounded rational parties learn and adopt regulation strategies, supervision strategies, and green and low-carbon technology innovation strategies, respectively. When all the three parties reach a stable state, it means that all the players have found effective and stable Nash equilibrium solutions through continuous trial and error. In order to seek the equilibrium point of enterprises under environmental regulation, Equation set (12) is established as follows:
[image: image]
All the strategic equilibrium solutions of the evolutionary game model are obtained by solving equation set 12): [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image]. The Jacobian matrix of the tripartite evolutionary game system is given as follows:
[image: image]
According to the Lyapunov equilibrium stability theory, when all eigenvalues of the Jacobian matrix are less than 0, the equilibrium point is asymptotically stable. When all eigenvalues in the Jacobian matrix are greater than 0, the equilibrium point is unstable. When the eigenvalues of the Jacobian matrix are both positive and negative, the equilibrium point is an unstable point. The Lyapunov indirect method was used to analyze the stability of each pure strategy equilibrium point, and the results are given in Table 3.
TABLE 3 | Result of local Stability.
[image: Table 3]As can be seen from Table 3, [image: image], [image: image], and [image: image]are all unstable equilibrium solutions. When [image: image], the system has at least one equilibrium point [image: image]. And if [image: image]and [image: image] are both satisfied, the replication dynamic system has only one stable point [image: image]. It shows that when the supervision cost of the public is greater than the supervision reward, and the pollution tax collected by the government is less than the expenditure on public propaganda and guidance, the government and the public will tend to adopt the strategy combination (no environmental regulation, no supervision). When [image: image], there is at least one equilibrium point [image: image] in the system, that is, when the government and the public, respectively, adopt no regulation and supervision strategy, then enterprises can be effectively mobilized to conduct low-carbon technological innovation in the case that the benefits of conducting green and low-carbon technological innovation are greater than the sum of its possible costs, as can be seen from the stability condition of [image: image]and [image: image]; when enterprises are faced with constraint conditions [image: image] and [image: image], respectively, under the two strategy combinations (regulation, no supervision) and (regulation, supervision), it is a stable strategy for enterprises not to conduct green and low-carbon technology innovation.
NUMERICAL SIMULATION ANALYSIS
The asymptotic stability analysis of the evolutionary game shows that the stability of strategies of the government, the public, and the enterprise are closely related to the benefits and costs of all parties. To visually depict the asymptotic stable operation track of enterprises’ green technology innovation under different executive strengths of pollution tax, subsidies, propaganda, and guidance, respectively, this study uses a MATLAB simulation tool to conduct numerical simulation analysis on the aforementioned evolutionary game model. The initial value of the parameter is set as follows: [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], which met the stability condition of [image: image].
The initial proportion of “regulation,” “supervision,” and “conduct green and low-carbon technology innovation” strategies chosen by the government, the public, and enterprises was set as [image: image]. The number of times that the dynamic equations evolve with time was set as 100. The x, y, and z axes in Figure 2–Figure 5 represent the probability of the government, public, and enterprises choosing environmental regulation, supervision, and conducting green low-carbon technology innovation, respectively.
[image: Figure 2]FIGURE 2 | System evolution trajectory under different tax intensities [image: image].
First, the levy intensity of the pollution tax [image: image] is assigned 0.2, 0.5, and 0.9, respectively, to analyze the impact of different pollution tax intensity on the process and results in evolutionary game. The simulation results are shown in Figure 2. From the evolutionary trajectory of Figure 2, it can be seen that the environmental regulation means of pollution tax on enterprises can effectively mobilize enterprises’ low-carbon and green technological innovation. In the case of pollution tax levied by the government, enterprises will choose green and low-carbon technological innovation after weighing the cost of pollution and technological innovation. The evolution speed of enterprises choosing green and low-carbon technology innovation is faster at a low intensity of pollution tax. Therefore, the levy of pollution tax has a certain incentive effect on enterprises’ green and low-carbon technological innovation. And there may be an optimal value for the intensity of pollution tax. As can be seen from Figure 2, as the probability of the government choosing the environmental regulation strategy decreases, the public gradually plays a major supervisory role. Under the government’s regulatory means of collecting pollution taxes, enterprises will abandon the traditional technology and choose to conduct green and low-carbon technology innovation. When enterprises constantly adjust their strategies, gradually reduce their dependence on the traditional technological innovation, and conduct green and low-carbon technological innovation consciously and spontaneously, the ecological environment will be improved. Then the government tends to cancel pollution tax gradually, where the supervision of the public will play a major role. Besides, with the strengthening of the government’s pollution tax intensity, the public’s supervision on enterprises’ green and low-carbon technology innovation behavior will also be strengthened.
In order to explore the incentive effect of different intensities of innovation subsidies on enterprises’ green and low-carbon technology innovation, we assign 0.2, 0.5, and 0.9 to the implementation intensity [image: image] and [image: image] of subsidies for innovative product price and subsidies for innovation cost, respectively. The evolution path of the system under different intensities of innovation subsidies is shown in Figures 3, 4. With the increase in innovation subsidy intensity, enterprises are stable in green and low-carbon technology innovation strategy much faster, which indicates that subsidy incentive plays a significant role in promoting enterprises’ green and low-carbon technology innovation. And the incentive effect of innovation subsidies on enterprises’ green and low-carbon innovation is most significant at the intensity of 0.9. However, under this intensity, the probability of the government adopting environmental regulation strategy evolves to 0 at the fastest rate. As a kind of cost compensation, low-carbon innovation subsidies reduce the cost of low-carbon technology innovation activities to a certain extent, largely alleviating the economic pressure and constraints faced by enterprises. However, the input of subsidy funds increases the financial burden, which increases the cost and pressure of environmental regulation for the government. And in reality, the government also needs to prevent some enterprises from cheating on subsidies, which also brings some difficulties to the implementation of innovation subsidies. With the incentive of subsidies, enterprises constantly adjust their production and operation activities. With the increasing knowledge and experience of green and low-carbon technology innovation, the cost of innovation will greatly decrease, and enterprises’ willingness of low-carbon technology innovation will gradually strengthen. Thus, the proportion of enterprises adopting green and low-carbon technology innovation strategy will increase as time moving by. With the popularization and wide application of green and low-carbon technology, governments will gradually eliminate the innovation subsidies, so that the supervision of the public will play a leading role. Therefore, the government’s innovation subsidies can effectively mobilize enterprises’ green and low-carbon technological innovation. Moreover, innovation subsidies of high intensity have the most obvious incentive effect on enterprises’ low-carbon technological innovation, as well as the strongest inhibitory effect on government’s environmental regulation.
[image: Figure 3]FIGURE 3 | System evolution trajectory under different subsidy intensities [image: image].
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Numerical simulation analysis was carried out when the intensity of government’s environmental propaganda and guidance to the public is 0.2, 0.5, and 0.9, respectively. The evolution trajectory of the system is shown in Figure 5. With different intensities of environmental propaganda and guidance, the three parties, respectively, choose “no regulation,” “supervision,” “conduct green and low-carbon technology innovation” as the ultimate strategy, that is, because of the government’s environmental protection, propaganda work successfully improved the public environmental protection consciousness and effectively motivated the social public supervision behavior of low-carbon production activities of the enterprise. The government will gradually loosen environmental regulations and let the public’s supervision play a leading role. This is because the government’s efforts on environmental propaganda and guidance have successfully raised the public’s awareness of environmental protection and effectively encouraged the public to supervise enterprises’ low-carbon production activities. Therefore, the government will gradually relax environmental regulations, making the supervision of the public play a leading role. In addition, it can be seen from Figure 5 that low intensity of public propaganda and guidance has the strongest incentive effect on enterprises’ low-carbon technological innovation, that is, the proportion of enterprises choosing low-carbon technological innovation evolves to 1 at the fastest rate. However, the high-intensity public propaganda and guidance do not significantly accelerate enterprises’ choice of green and low-carbon technology innovation, and the speed of public supervision evolved to a stable state in the high-intensity case is also slow. The government’s environmental propaganda and guidance and the public’s supervision all take costs. Besides, when enterprises conduct green and low-carbon technological innovation and related production activities, the innovation cost will be partially transferred to consumers. Therefore, with the strengthening of government’s propaganda and guidance, the cost of the public and enterprises will be further increased, which will slow down the evolution speed of enterprises’ green and low-carbon technological innovation and the adoption of supervision behavior by the public. In addition, in the case of asymmetric information, excessive environmental publicity may also inhibit the public’s preference for low-carbon products to a certain extent, thus having a negative impact on the enthusiasm of enterprises for green and low-carbon technology innovation.
[image: Figure 5]FIGURE 5 | System evolution trajectory under different propaganda and guidance efforts [image: image].
CONCLUSION
Green and low-carbon technology innovation is the fundamental way to implement energy conservation and environmental protection and achieve low-carbon economy. As an important carrier of economic development, enterprises should undertake the responsibility and mission of developing low-carbon economy and actively conduct green and low-carbon technology innovation. The government and the public, as the main stakeholders of green and low-carbon technological innovation, should create favorable conditions for the low-carbon development of enterprises and help enterprises overcome obstacles such as high cost and technical barriers, thus mobilizing enterprises to conduct green and low-carbon technological innovation. The synergy among the government, the public, and enterprises is the key to the development of low-carbon economy in China.
Therefore, it is of great significance to study how should the government make effective environmental regulation policies to fully mobilize the enthusiasm of the public and enterprises, thus directly or indirectly stimulating enterprises’ green and low-carbon technological innovation. Different from some existing studies, this work not only focuses on the interaction between two of the government, public consumers, and enterprises but also studies the three in a unified system. Specifically, under the assumption of information asymmetry and bounded rationality, this study applies the evolutionary game method to study the incentive mechanism of enterprises’ green and low-carbon technological innovation. Specifically, this study constructs an evolutionary game model that includes the government, the public, and enterprises and obtains the evolutionary stability strategy by analyzing the replication dynamic equations of each subject. And the evolutionary path of the game under different enforcement efforts of environmental regulation means is numerically simulated. The results show that 1) the regulation means of pollution tax, subsidies for low-carbon technology innovation products and innovation costs, and environmental propaganda and guidance are all effective incentives for enterprises’ green low-carbon technology innovation; 2) moderate pollution tax can effectively promote the green and low-carbon technology innovation of enterprises; 3) high innovation subsidies have a significant incentive effect on enterprises’ innovation behavior of low-carbon technology; and 4) the incentive effect of low-intensity environmental propaganda and guidance on enterprises’ green technology innovation is stronger than that of high intensity.
This study also has policy implications. Based on the aforementioned analysis, this study puts forward the following suggestions:
1) As the promoter of green and low-carbon technology innovation and the authority of social and environmental supervision, government’s management means and management intensity will have an impact on enterprises’ green technology innovation. Therefore, the government should reasonably choose the means and intensity of environmental regulation so as to prevent the implementation of excessive regulatory means from hindering the green and low-carbon technological innovation of enterprises, which poses a higher requirement for the government’s incentive mechanism design. First of all, the traditional view of all enterprises as the same type of hybrid mechanism no longer meets the practical requirements. For different types of enterprises, the government should treat them differently according to their actual situation. A relatively fair mechanism can be formed by giving matching incentive intensity according to the different levels of low-carbon technology of enterprises. In this way, the motivation of enterprises to conduct green low-carbon technology innovation can be improved. Second, the government should reasonably determine the subsidy level, evaluate the efficiency of subsidy implementation in time, and dynamically adjust the subsidy level according to the evaluation results. Third, the government should dynamically adjust the level of pollution tax and timely evaluate the efficiency of different tax implementation so as to find the optimal proportion of pollution tax. In addition, the environmental propaganda and guidance of the public should not be neglected. As the main body of the market economy, the consumer’s consumption preference is the production orientation of enterprises. The government can improve consumers’ awareness of green and low-carbon products through low-carbon public service advertisements and other publicity methods and provide appropriate incentives for their green and low-carbon consumption. Last but not least, green-credit policy should also be committed to provide support for enterprises’ green and low-carbon technological innovation. Moreover, the government should improve the certification standards of low-carbon product, establish market access systems, and improve the intellectual property protection laws for low-carbon technology so as to create a good institutional environment for the development of green and low-carbon industries.
2) As the main demand body in goods market, the consumption behavior of the public has a significant impact on the production decision-making of enterprises. Therefore, the public consumers should first improve their awareness of low-carbon environmental protection and then cultivate the concept of low-carbon consumption in their daily life by collecting information about green and low-carbon products and services spontaneously, thus gradually increasing the cognition and demand for low-carbon products and services. Second, the public should be aware of their responsibilities as environmental stakeholders and take the initiative to play the role of the market regulator. In efforts to supervise enterprises’ low-carbon production and operation activities and eliminate non-environmental protection products, the public can contribute a lot to the development of green and low-carbon technology innovation.
3) It has become a global consensus to develop low-carbon economy. And low-carbon technological innovation has also become a worldwide trend. Enterprises should seize the opportunity and take the initiative to implement the strategy of green and low-carbon technology innovation. To be specific, enterprise should first strengthen their awareness of social responsibility and green environmental protection and take the initiative to conduct green and low-carbon technological innovation. Besides, at the same time of increasing innovation investment, enterprises should also constantly improve the quality of their low-carbon products and strength to meet the production capacity and requirement of green and low-carbon technological innovation so as to occupy a favorable competitive position in the low-carbon product market. Second, enterprises should develop a long-term low-carbon innovation strategy and improve their own low-carbon management mechanism, which contributes to reducing the cost of low-carbon production. At the same time, enterprises should also make full use of various incentive policies of the government, with the guidance of the government policy mechanism, promoting the low-carbon technology innovation process with maximum efficiency and achieving great progress and sustainable development of enterprises. Last but not least, enterprises can strengthen the publicity of the performance and long-term environmental advantages of low-carbon products so as to enhance consumers’ cognition and trust on the performance of their products and thus attract more consumers with low-carbon preference.
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