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From the perspective of multi-stakeholders, considering the rent-seeking phenomenon existing in the inspection and acceptance of low-carbon renovation under the government’s reward and punishment mechanism, this paper constructs a tripartite evolutionary game model of the government, third-party testing institutions, and high-carbon emission enterprises, analyzes the stability of the evolutionary strategies of all parties involved, and tests the influence of the reward and punishment mechanism, rent-seeking cost, and the cost difference between high carbon and low carbon on the choice of tripartite strategies through simulation. Finally, the stability of the equilibrium point in the tripartite game system is verified. The results show that 1 the government’s increase in the reward and punishment mechanism will promote the low-carbon renovation of high-carbon emission enterprises and the refusal to rent-seeking behavior choices, but the increase in incentives will weaken the government’s supervision; 2 the reward and punishment mechanism set by the government must meet the condition that the sum of the strength of the reward and punishment mechanism for each party is greater than its speculative income, so as to ensure the quality of low-carbon renovation of high-carbon emission enterprises; 3 the greater the rent-seeking cost paid by high-carbon emission enterprises, the more conducive it is to avoiding the unqualified low-carbon renovation of high-carbon emission enterprises; and 4 under the premise of certain sales revenue, the greater the cost difference between low-carbon production and high-carbon production, the lower the willingness of enterprises to low-carbon renovation. Therefore, reducing the production cost difference is an effective way to promote the low-carbon renovation of high-carbon emission enterprises.
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1 INTRODUCTION
According to the China’s Listed Companies Carbon Emissions List (2022) released in September 2022, China’s total carbon emissions in 2021 exceeded 10.3 billion tons, accounting for about 27% of the total global carbon emissions. The 100 listed companies, total carbon emissions of about 5.1 billion tons, account for about 49.5% of the total. The total carbon emissions of the top 10 enterprises are more than 150 million tons, accounting for about 44% of the total emissions. The total emissions of these traditional high-carbon emission enterprises such as electricity, petrochemical, and coal are almost close to the total emissions of all the remaining enterprises. It can be seen that the low-carbon renovation of traditional high-carbon emission enterprises is the key path to realize the green and low-carbon renovation of the economy (Yunchao et al., 2022), which is the requirement of high-quality economic development and the proper meaning of China’s participation in global governance. Since 2022, Chinese governments have promulgated a series of relevant policies and regulations to encourage low-carbon renovation of traditional industries and support environmentally sustainable development. For example, in December 2022, the Beijing State-owned Assets Supervision and Administration Commission issued the “action plan for carbon peaking of municipal enterprises” proposing the low-carbon renovation of high-carbon emission enterprises. This is an important way to transform the industrial structure and accelerate the low-carbon cycle transformation of own property and industrial parks. It is required to focus on public buildings such as office buildings, hotels, and commercial supermarkets to carry out energy efficiency assessments and take the lead in promoting low-carbon renovation of existing buildings that meet the conditions. As an auxiliary force of the government in the professional field, third-party testing institutions are prone to rent-seeking behavior driven by interests. For example, in November 2022, the Shanghai Municipal Government notified four institutions in Shanghai of fraud in activities related to environmental monitoring services. At the same time, the Anhui Provincial Department of Ecology and Environment notified eight typical cases of third-party environmental testing agencies falsifying detection data in Anhui Province.
However, the overall atmosphere of low-carbon renovation of China’s high-carbon emission enterprises has not yet been formed (Tingting and Shuhui, 2022). From the perspective of the production side of carbon emissions, traditional high-carbon emission enterprises have profit-seeking motives (Guo and Huang, 2021). Focusing on short-term interest balance, low-carbon renovation is insufficient. In the absence of government guidance, they usually choose to maintain high-carbon production strategies to save total production costs. From the perspective of government supervision, in order to encourage high-carbon emission enterprises to carry out low-carbon renovation, the government will formulate a reward and punishment mechanism for low-carbon renovation of high-carbon emission enterprises to cultivate and guide high-carbon emission enterprises to implement low-carbon renovation. However, in reality, due to the lack of government supervision in the professional field, the reward and punishment mechanism is difficult to fundamentally implement (Wang et al., 2022; Ziming et al., 2022); from the perspective of professional testing guarantee, the third-party testing institutions, as an auxiliary force to make up for the lack of government supervision ability in the professional field (Bin et al., 2020), become the judge of whether the high-carbon emission enterprises complete the low-carbon renovation. Driven by the interests, the third-party testing institutions have the risk of agreeing to rent-seeking (Liu et al., 2020; Lv et al., 2022), resulting in the low-carbon renovation quality of high-carbon emission enterprises failing to meet the government‘s requirements. Through the literature review and existing policy review, it is found that most of the low-carbon renovation policy documents on existing facilities are issued in 2022. However, the existing research mainly focuses on the evaluation of low-carbon renovation and the research on low-carbon emission reduction strategies of enterprises (Qu et al., 2021; Bai and Zhang, 2022; Jiang et al., 2020b; Dong et al., 2021). The research on the low-carbon renovation of high-carbon emission enterprises has only begun to receive attention recently, and related research has begun to expand. In order to fill this research gap, this paper explores the quality supervision of low-carbon renovation of high-carbon emission enterprises under the government reward and punishment mechanism, which has a guiding significance for improving the quality of low-carbon renovation of high-carbon emission enterprises.
Through the aforementioned analysis, it can be seen that there is information asymmetry among the government, high-carbon emission enterprises, and third-party testing institutions, which is a non-cooperative game relationship. Compared with the traditional game theory, the evolutionary game is based on the bounded rationality of decision makers and does not require complete information conditions (ShengYuan et al., 2022). Evolutionary game analysis with multi-agent participation is more helpful to reveal complex problems (Feng et al., 2020; Xie et al., 2022). Studies have confirmed the effectiveness of evolutionary games in the study of quality supervision. Therefore, the evolutionary game is an effective method to study the dynamic change of multi-agent strategy under bounded rationality, which is suitable for the quality supervision of low-carbon renovation studied in this paper. In this paper, the evolutionary game between the government, high-carbon emission enterprises, and third-party testing institutions can be expressed as follows: in order to promote the low-carbon renovation of high-carbon emission enterprises, the government formulates policies on the reward and punishment mechanism to supervise the quality of low-carbon renovation. Based on the maximization of benefits, enterprises and third-party testing institutions will change with the intensity and cost of rewards and punishments, and behavioral strategies will change dynamically.
This paper answers the following key questions:
How does the government’s reward and punishment mechanism affect the strategic choice of high-carbon emission enterprises and third-party testing institutions?
What kind of reward and punishment mechanism can ensure the quality of low-carbon renovation of high-carbon emission enterprises?
How does rent-seeking behavior affect the strategic choice of high-carbon emission enterprises and third-party testing institutions?
How should the government respond effectively to the impact of the difference between the cost of low-carbon retrofit and the cost of high-carbon production on the strategic choices of high-carbon emission enterprises?
The remainder of the paper is organized as follows. Section 2 reviews related research; Section 3 proposes research hypotheses and constructs an evolutionary game model; Section 4 analyzes the stability of the evolutionary game strategy; Section 5 analyzes the influence of key variables on game equilibrium; and Section 6 provides conclusion, suggestions, and limitations.
2 LITERATURE REVIEW
At present, there are two different research ideas on the low-carbon renovation of enterprises at home and abroad: to study the impact of low-carbon renovation behavior on the behavior strategies of all parties on low-carbon development from the perspective of stakeholders and from the perspective of empirical research to study the impact of low-carbon business transformation factors. Based on the first research idea, this paper explores the quality supervision of low-carbon renovation of high-carbon emission enterprises.
The research on the behavior strategy of low-carbon renovation of enterprises mainly focuses on the relationship between the government and enterprises, and the research based on game theory is particularly extensive. In the study of government policies on low-carbon renovation of enterprises (Du et al., 2021; Caijiang et al., 2022; Chen et al., 2022; Huo et al., 2022; Shi et al., 2022), this study analyzes the impact of government environmental policies on low-carbon renovation of enterprises and puts forward relevant suggestions. Fan et al. (2021) studied the problem of overcapacity in coal enterprises under government environmental supervision and concluded that environmental supervision helped low-carbon production in the coal industry. Wan et al. (2021) and Hu and Wang (2022) believed that the government subsidy mechanism can promote low-carbon development. Gao et al. (2022) proposed that the behavior of enterprises depends on the benefits of green innovation and the losses without green innovation. Li (2022) found that the low-carbon behavior of construction enterprises depends on the construction income and government reward and punishment policies. Such research studies can be used as a reference, but only the two stakeholders of government and enterprises are considered, ignoring the impact of other stakeholders on low-carbon renovation.
In the research of low-carbon renovation of traditional high-carbon emission enterprises, Wang et al. (2020), Li et al. (2022), and Shao xiong et al. (2022) constructed a dynamic game model of the evolution and development of enterprise carbon emission reduction and proposed enterprise carbon emission reduction strategies. Cui (2022), Cui (2019), and Yang et al. (2022) proposed that enterprise innovation is the key for high-carbon emission enterprises to determine the effect of carbon emission reduction. Wang and Zhang (2022) examined the role of the carbon emission trading mechanism in the low-carbon renovation of high-carbon emission enterprises. Qu and Sun (2022) and Suyong et al. (2021) proposed the role of flexible carbon tax policy in promoting energy conservation and emission reduction of high-carbon emission enterprises. Jiang et al. (2020a) and Liu et al. (2022) decomposed the influencing factors of low-carbon renovation of high-carbon emissions and proposed that innovation is crucial to green transformation and development. The research on low-carbon renovation of high-carbon emission enterprises is abundant, but the research direction is mostly transformation strategy and influencing factors, and there is lack of research on quality supervision of low-carbon renovation.
In the field of quality supervision (Xu et al., 2021), the evolutionary game method is applied to the study of inland waterway pollution regulation. He et al. (2021) and Wen et al. (2021) studied the quality supervision of online shopping from the perspective of government regulation by using evolutionary game theory. Yang et al. (2021) built an evolutionary game model of the government, contractors, and the public to study the problem of project quality supervision. Sun et al. (2022) constructed an evolutionary game model based on prospect theory to study carbon emission regulation. Xia et (al. studied the quality control of automobile recalls, emphasizing the supervisory role of public opinion. The aforementioned research shows that the evolutionary game is applicable in the field of quality regulation, but ignores the role of third-party professional institutions in quality regulation. Through the aforementioned research, it can be seen that the evolutionary game has made many explorations in the field of quality supervision, but no research has applied it to the quality supervision of low-carbon renovation.
In summary, many scholars have used evolutionary game methods to study and explore government supervision, low-carbon renovation of enterprises, and quality supervision, which provides a rich research basis for this study. The differences between this article and related literature are mainly as follows:
Considering the role of third-party professional institutions in quality supervision, this paper constructs a tripartite evolutionary game model among high-carbon emission enterprises, third-party testing institutions, and governments and studies the three parties within the analytical framework
This paper studies the impact of the reward and punishment mechanism on the quality of low-carbon renovation of high-carbon emission enterprises and innovates research perspectives
Considering the rent-seeking behavior between third-party testing institutions and enterprises, this paper discusses its impact on the quality supervision of low-carbon renovation
3 METHODS AND MATERIALS
The participation of third-party testing institutions is a guarantee for traditional high-carbon emission enterprises to complete low-carbon renovation according to the standards set by the government. The logical relationship between the three evolutionary game stakeholders of low-carbon renovation quality supervision of high-carbon emission enterprises constructed in this paper is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Logical relationship diagram of the tripartite evolutionary game model.
3.1 Model assumptions
Assumption 1. High-carbon emission enterprise is participant 1, the third-party testing organization is participant 2, and the government is participant 3, the three parties are participants with bounded rationality, and the choice of strategy is stable in the optimal strategy over time.
Assumption 2. High-carbon emission enterprises, third-party testing institutions, and government have two kinds of behavior choices, that is, whether high-carbon emission enterprises carry out low-carbon renovation, [image: image] represents low-carbon production, [image: image] represents high-carbon production, and strategic space [image: image]; the third-party testing institutions accept rent-seeking behavior, [image: image] indicates that it rejects rent-seeking, [image: image] indicates that it agrees to rent-seeking, and the strategic space is [image: image]; the government adopts strict supervision, [image: image] means strict supervision, [image: image] means loose supervision, and the strategic space is [image: image]. We use [image: image], [image: image], and [image: image] to represent the choice of low-carbon production, third-party testing institutions to refuse rent-seeking, and the government to take strict regulatory measures, and [image: image], [image: image], [image: image].
Assumption 3. High-carbon emission enterprises need to be tested by third-party testing institutions. Enterprises that can meet the standards will continue to produce, and enterprises that do not meet the standards will be closed down and unable to continue production and operation. Therefore, all high-carbon emission enterprises must pass the inspection and acceptance of third-party testing institutions to maintain the normal production and operation of enterprises. If high-carbon emission enterprises choose a high-carbon production strategy, in order to maintain production, it will seek rent from a third-party testing agency to meet the requirements of the environmental protection department. If the quality of low-carbon renovation of high-carbon emission enterprises is not so thorough, the quality of renovation has certain defects. The production strategy of enterprises is still high-carbon production. If high-carbon emission enterprises choose a low-carbon production strategy and the low-carbon renovation meets the needs of the government, they will not seek rent from third-party testing institutions.
Assumption 4. The sales revenue of high-carbon emission enterprises is R, the low-carbon production cost is [image: image], the high-carbon production cost is [image: image], and the low-carbon production cost is higher than the high-carbon production cost ([image: image]). In order to maintain the normal production of enterprises, high-carbon emission enterprises will apply for inspection and acceptance from the third-party testing institutions entrusted by the government, which have been recognized by the government. When the high-carbon emission enterprises maintain the existing production or low-carbon renovation quality cannot fully meet the standards formulated by the government, they will seek rent from the third-party testing institutions. At this time, the enterprise is still high-carbon production, the production cost is [image: image], and the rent-seeking cost is [image: image]
Assumption 5. The test income of third-party testing institutions is B. If the third-party testing institutions have rent-seeking intentions, regardless of whether the high-carbon emission enterprises have rent-seeking needs or not, the third-party testing institutions will have certain non-material costs due to rent-seeking intentions. In fact, the non-material cost of third-party testing institutions is much greater than the material cost of their participation in rent-seeking. Therefore, in this paper, if the third-party testing agency chooses the intention rent-seeking strategy, it will generate rent-seeking costs, and the rent-seeking of the third-party testing agency is [image: image].
Assumption 6. When the government adopts a strict regulatory strategy, the regulatory cost is [image: image], and the high-carbon emission enterprises do not carry out low-carbon renovation, and the government’s punishment is [image: image]; if completed low-carbon renovation, they will receive government award [image: image]; the third-party testing institutions accepts the punishment of rent-seeking as [image: image], and the reward for refusing rent-seeking is [image: image]. When the government loosens supervision, the government has no constraints on enterprises and third-party testing institutions.
Assumption 7. The low-carbon renovation of high-carbon emission enterprises is conducive to the improvement of the social environment and government credibility and brings social benefits to the government, that is, [image: image]; if high-carbon emission enterprises do not carry out green transformation, in order to maintain the social environment and the credibility of the government, the government needs to carry out environmental remediation of carbon emissions from high-carbon production, the cost is [image: image], then the higher authorities will be held accountable to the government, and the loss is [image: image].
3.2 Model construction
According to the aforementioned assumptions, a tripartite mixed game strategy matrix of high-carbon emission enterprises, third-party testing institutions, and government is constructed, as shown in Table 1.
TABLE 1 | Tripartite mixed game strategy matrix.
[image: Table 1]4 MODEL ANALYSIS
4.1 Strategy stability analysis of high-carbon emission enterprises
The expected revenue of high-carbon emission enterprises for low-carbon production and high-carbon production is [image: image], and the expected revenue is [image: image].
[image: image]
Replicated dynamic equation:
[image: image]
First derivative of [image: image]:
[image: image]
Suppose [image: image].
According to the stability theorem of differential equations, the probability of low-carbon production in high-carbon emission enterprises must satisfy [image: image] and [image: image], and due to [image: image], [image: image] about [image: image] is an increasing function; when [image: image], [image: image], now [image: image], cannot determine the stability strategy; when [image: image], [image: image], now [image: image], [image: image] is the evolutionary equilibrium strategy point of high-carbon emission enterprises, when enterprises choose low-carbon production; conversely, [image: image] is the evolutionary equilibrium strategy point of high-carbon emission enterprises, and enterprises choose high-carbon production. The strategy evolution phase diagram of high-carbon emission enterprises is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Strategy evolution phase diagram of high-carbon emission enterprises.
It can be seen from the phase diagram that the probability of stable high-carbon production of high-carbon emission enterprises is the volume of [image: image], and the probability of stable low-carbon production is the volume of [image: image]. The calculation method is
[image: image]
[image: image]
Proposition 1. The probability of high-carbon emission enterprises choosing high-carbon production is negatively related to the rent-seeking cost of high-carbon emission enterprises and the reward and punishment of high-carbon emission enterprises by the government. It is positively correlated with the cost difference between low-carbon production and high-carbon production.
Proof. The difference in the production cost is the key factor for high-carbon emission enterprises to decide whether to carry out low-carbon transformation. If the difference in production costs is lower than the cost of rent-seeking, then there is no need for enterprises to participate in rent-seeking behavior, which has no practical significance. Therefore, the difference in production costs must be greater than its rent-seeking cost. So, we can obtain [image: image]. Calculating the first-order partial derivative of each element of the probability [image: image] of low-carbon production of high-carbon emission enterprises, we can obtain [image: image]; therefore, the increase in [image: image] and the decrease in [image: image] can increase the probability of low-carbon production of high-carbon emission enterprises and promote the green transformation of high-carbon emission enterprises.
Proposition 1 shows that the government can also expand the rewards and punishments of high-carbon emission enterprises, which can effectively promote the willingness of high-carbon emission enterprises to carry out low-carbon renovation. At the same time, it can expand the rent-seeking cost of high-carbon emission enterprises through information construction, production qualification degradation, credit assessment, and other ways and can also promote the low-carbon transformation of high-carbon emission enterprises. In addition, from the perspective of production links, the use of market mechanisms to reduce the cost difference between low-carbon production costs and high-carbon production costs can also effectively promote the low-carbon transformation of high-carbon emission enterprises.
Proposition 2. In the process of evolution, the probability of high-carbon emission enterprises choosing low-carbon production increases with the increase in the probability of third-party testing institutions refusing rent-seeking and the probability of strict supervision by the government.
Proof. When [image: image], we can obtain [image: image] as the evolutionary equilibrium strategy point of high-carbon emission enterprises. Conversely, [image: image] is the evolutionary equilibrium strategy point of high-carbon emission enterprises. Therefore, with the increase in [image: image], the probability [image: image] of high-carbon emission enterprises choosing low-carbon production gradually increases.
Proposition 2 shows that the increase in the probability of third-party testing institutions refusing rent-seeking is conducive to the stable strategy of high-carbon emission enterprises choosing low-carbon production. This shows that the government, as a regulatory department, can not only promote the green transformation of high-carbon emission enterprises by improving its own strict supervision measures but also cultivate the social responsibility of third-party testing institutions, improve their fairness, and give full play to their testing and supervision effectiveness, which is conducive to the improvement of the quality of low-carbon renovation.
4.2 Strategy stability analysis of third-party testing institutions
The expected revenue of third-party testing institutions refusing rent-seeking and agreeing rent-seeking is [image: image], and the average expected revenue is [image: image].
[image: image]
Replicated dynamic equation:
[image: image]
First derivative of [image: image]: [image: image].
Hypothesis 1. [image: image]According to the stability theorem of differential equation, the probability of the third-party testing organization choosing to refuse rent-seeking must satisfy [image: image] and [image: image], and due to [image: image], [image: image] about [image: image] is an increasing function.When [image: image], [image: image], now [image: image], the stability strategy cannot be determined. When [image: image], [image: image], now [image: image], [image: image] is the evolutionary equilibrium strategy point, and the third-party testing institutions choose the rent-seeking strategy. On the contrary, [image: image] is the evolutionary equilibrium strategy point, and the third-party testing institution chooses to reject the rent-seeking strategy.The strategy evolution phase diagram of the third-party testing institution is shown in Figure 3.It can be seen from the phase diagram that the probability of the third-party testing institutions stably choosing rent-seeking is the volume of [image: image]; the stable refusal rent-seeking probability is the volume of [image: image]. The calculation is
[image: image]
[image: image]
[image: Figure 3]FIGURE 3 | Strategy evolution phase diagram of the third-party testing institution.
Proposition 3. The probability of third-party testing institutions choosing rent-seeking is positively correlated with the rent-seeking cost of high-carbon emission enterprises and negatively correlated with their speculative cost and the government’s reward and punishment for third-party testing institutions.
Proof. Calculating the first-order partial derivative of each element of the probability [image: image], we can obtain [image: image].Therefore, the probability of third-party testing institutions choosing rent-seeking is positively correlated with the rent-seeking cost of high-carbon emission enterprises; that is, the income [image: image] obtained by third-party testing institutions when choosing rent-seeking is negatively correlated with the speculative cost [image: image] and the government’s reward and punishment mechanism [image: image] and [image: image] when choosing rent-seeking.
Proposition 3 shows that when the third-party testing institutions have large speculative gains, the government should increase rewards and punishments and expand their speculative costs through media publicity, qualification downgrades, and other means, which will help reduce the rent-seeking behavior of third-party testing institutions.
Proposition 4. In the process of evolution, the probability of third-party testing institutions refusing rent-seeking increases with the increase in government strict supervision or the probability of high-carbon emission enterprises choosing low-carbon production.
Proof: when [image: image], now [image: image], [image: image], [image: image] is the probability of the evolutionary equilibrium strategy; conversely, [image: image] is an evolutionary equilibrium strategy. Therefore, the probability of high-carbon emission enterprises choosing low-carbon production or the probability of strict government supervision increases. The probability of third-party testing institutions choosing to refuse rent-seeking increases.
Proposition 4 shows that the choice of third-party testing institutions to refuse rent-seeking strategy is affected by the government’s supervision or the choice of low-carbon production strategy by high-carbon emission enterprises. In other words, the government strengthens supervision, and the quality of low-carbon renovation of high-carbon emission enterprises reaches the standard, which can promote third-party testing institutions to refuse rent-seeking. Therefore, in order to ensure the objective fairness of the third-party testing institutions, the government needs strict regulatory measures, while ensuring the quality of low-carbon renovation of high-carbon emission enterprises.
4.3 Strategic stability analysis of government supervision
The expected revenue of the government choosing strict regulation and loose regulation is [image: image], and the average expected revenue is [image: image].
[image: image]
Replicated dynamic equation:
[image: image]
First derivative of [image: image]:
[image: image]
Hypothesis 2. [image: image]According to the stability theorem of differential equation, the probability that the government chooses strict supervision to be stable must satisfy [image: image] and [image: image], and due to [image: image], [image: image] about [image: image] is a decrease function.When [image: image], [image: image], now [image: image], the stability strategy cannot be determined. When [image: image], [image: image], now [image: image], [image: image] is the evolutionary equilibrium strategy point, and the government chooses the strict supervision strategy. On the contrary, [image: image] is the evolutionary equilibrium strategy point, and the government chooses the loose supervision strategy. The government’s strategy evolution phase diagram is shown in Figure 4.It can be seen from the phase diagram that the government’s stable choice of strict stability probability is the volume of [image: image], and the stable probability of loose supervision is the volume of [image: image]. The calculation method is
[image: image]
[image: image]
[image: Figure 4]FIGURE 4 | Government’s strategy evolution phase diagram.
Proposition 5. The probability that the government chooses strict supervision is negatively correlated with its reward and punishment for third-party testing institutions, supervision cost, and reward for enterprises and positively correlated with the punishment of higher authorities and the punishment of enterprises and third-party testing institutions
Proof. Calculating the first-order partial derivative of each element of the probability [image: image], we can obtain [image: image]. Therefore, the probability of strict supervision by the government is negatively correlated with its rewards and punishments for third-party testing institutions, regulatory costs, and rewards for enterprises and positively correlated with the penalties imposed by higher authorities on them and their penalties on enterprises and third-party testing institutions.
Proposition 5 shows that the greater the punishment set by the government, the more it can promote the low-carbon renovation of high-carbon emission enterprises, but its supervision will be weakened. Increased incentives for high-carbon emission enterprises and third-party testing machine are conducive to third-party testing institutions to remain neutral to protect the quality of low-carbon renovation of high-carbon emission enterprises.
Proposition 6. In the evolution process, the probability of strict government supervision decreases with the probability of third-party testing institutions refusing rent-seeking or the probability of high-carbon emission enterprises choosing low-carbon production.
Proof. When [image: image], [image: image], [image: image], [image: image] is the probability of the evolutionary equilibrium strategy. Conversely, [image: image] is an evolutionary equilibrium strategy. Therefore, as the probability of high-carbon emission enterprises choosing low-carbon production or the probability of third-party testing institutions choosing to refuse rent-seeking increases, the probability of strict government supervision decreases.
Proposition 6 shows that the probability of strict government supervision is affected by the strategic choice of third-party testing institutions and high-carbon emission enterprises. When the third-party testing institutions with higher fairness or high-carbon emissions enterprises choose low-carbon renovation, the government’s strict supervision will decline, prone to regulatory deficiencies.
4.4 Strategy stability analysis of the tripartite evolutionary game
By analyzing the evolution of the strategy selection of the whole evolution system, the equilibrium point of the system can be obtained from [image: image], [image: image], and [image: image]. The equilibrium point of the system is as follows:
[image: image]
Due to [image: image], [image: image] are meaningless; therefore, it is discarded in the subsequent analysis. [image: image] is meaningful only when satisfying some conditions. According to the tripartite replicator dynamic equation [image: image], the partial derivative of [image: image] should be calculated. We can obtain the Jacobian matrix of the tripartite evolutionary game system.
[image: image]
where
[image: image]
In the tripartite replication dynamic system, [image: image] is a non-asymptotic stable state, and only the asymptotic stability of [image: image] is discussed. According to the Lyapunov method, [image: image] is an unstable point. The possible equilibrium points and stability of the game system are shown in Table 2.
TABLE 2 | Possible equilibrium points and stability of the game system.
[image: Table 2]Proposition 7. When the rent-seeking cost of high-carbon emission enterprises is greater than the speculative cost of third-party testing institutions and the government’s reward and punishment for it, the sum of the production cost difference and the rent-seeking cost is higher than the sum of the government’s reward and penalty, the replicator dynamic system has a stable point [image: image], [image: image].
Proof. When the rent-seeking cost of high-carbon emission enterprises is greater than the speculative cost of third-party testing institutions and the government‘s reward and punishment, where [image: image], the sum of enterprise production cost difference and rent-seeking cost is higher than the sum of reward and punishment, where [image: image]; the cost of government regulation is lower than the amount of punishment, which is consistent with the objective reality of government regulation, where [image: image]. Therefore, [image: image] of the equilibrium point [image: image] is the negative real part, and [image: image] is the asymptotic stability point of the system.
Proposition 7 shows that when the government‘s rewards and punishments for third-party testing institutions and high-carbon emission enterprises are relatively small and the speculative gains when enterprises and third-party testing institutions choose rent-seeking strategies are high, according to the different initial points of the three-party strategy selection, the evolution of the strategy portfolio is stable at (high-carbon production, rent-seeking, and strict supervision) and (low-carbon production, refuse rent-seeking, and loose supervision). At this time, the regulatory effectiveness of the government has declined, and high-carbon production enterprises and third-party testing institutions easily form a cooperative relationship, resulting in poor quality of low-carbon renovation. In order to avoid the emergence of such phenomena, the government should increase the intensity of rewards and punishments and test the effectiveness of the reward and punishment mechanism.
Proposition 8. When the reward and punishment for third-party testing institutions and high-carbon emission enterprises is greater than their speculative income, the sum of the difference in production costs and rent-seeking costs of enterprises is higher than the government’s reward and punishment, and the replicator dynamic system has only one equilibrium point [image: image].
Proof. When the rewards and punishments for third-party testing institutions and high-carbon emission enterprises are greater than their speculative gains, where [image: image], [image: image] exists a positive real part, this is not an equilibrium point. At this point, the replicator dynamic system has only one equilibrium point [image: image].
Proposition 8 shows that the government’s rewards and punishments for third-party testing institutions and high-carbon emission enterprises are greater than their speculative gains, so as to effectively prevent the emergence of (high-carbon production, rent-seeking, and strict supervision) strategy combinations. At this time, the government’s reward and punishment for high-carbon emission enterprises should be greater than their production cost difference and rent-seeking cost, while the reward and punishment for third-party testing institutions should be greater than their speculative income. Thus, a reasonable reward and punishment mechanism can effectively promote the low-carbon renovation of high-carbon emission enterprises and can constrain the rent-seeking behavior of third-party testing institutions to protect the quality of low-carbon renovation.
5 SIMULATION ANALYSIS
The Chinese government has provided many positive policies for low-carbon renovation, and it has also introduced many negative policies for traditional high-carbon industries, including providing R&D subsidies for low-carbon renovation, upgrading low-carbon supporting facilities and infrastructure, increasing carbon tax, and encouraging high-carbon emission enterprises. Low-carbon renovation gives priority to the development of low-carbon industries. For example, in January 2023, the Industrial and Information Bureau of Jinan City, Shandong Province, announced a list of enterprises that received financial incentives for industrial green development. ZTJ Group’s Construction Technology Co., Ltd., is rewarded by the government department. The company’s main business scope is the research and development of new technologies for building materials and the production of traditional building materials. According to the requirements of the local government, the company has implemented low-carbon renovation since 2021, developed new green technologies, and improved production processes. At the end of 2022, the low-carbon renovation of building material production was basically completed, and it obtained the government’s green development incentive funds of 200,000 Yuan. Based on the aforementioned background, this paper takes the low-carbon renovation of traditional high-carbon emission industries in China as the research background and studies the quality supervision of low-carbon renovation of high-carbon emission enterprises under the government reward and punishment mechanism.
In order to verify the effectiveness of the evolutionary stability analysis, this paper refers to the research results of Yue and Lin (2019), Xu et al. (2021), and Liu et al. (2021) and combines the reality to assign the model. The case is based on the low-carbon renovation of the boiler burner of ZTJ Group Construction Technology Co., Ltd. The cost of the production line after the low-carbon renovation is about 960,000 CNY higher than that before the renovation. In order to facilitate the calculation, the production cost difference is 90. As mentioned previously, after the completion of the low-carbon renovation, the local government awards 200,000 CNY, taking into account the increase in its social benefits, the total income value of 350,000 CNY. Therefore, the parameter for high-carbon emission enterprises rewards is 35. Referring to the work of Xi’an, the government gives each annual 200,000–500,000 CNY incentive policy for no bad business behavior of the third-party inspection and testing institutions; the parameter for third-party testing institution rewards is 25. According to the assumption that the rent-seeking cost should be lower than the government’s reward for enterprises and the cost of renovation and much higher than the government’s reward for third-party testing institutions, the rent-seeking cost parameter is valued at 40. The fundamental purpose of the government’s reward and punishment mechanism is to encourage high-carbon emission enterprises to carry out low-carbon renovation. Therefore, the punishment parameters are assigned according to the principle that the punishment is lower than the reward. This study uses MATLAB 2022a software to simulate the data. Array 1 [image: image], which satisfies condition [image: image] in Proposition 8, and the main results are presented in the following sections.
5.1 Influence of the reward and punishment mechanism on system evolution
5.1.1 Rewards and punishments for high-carbon emission enterprises on system evolution
In order to investigate the influence of the reward intensity of low-carbon renovation of high-carbon emission enterprises on the process and results of evolutionary game, the government’s reward [image: image] for low-carbon renovation of enterprises is assigned, [image: image] , and the dynamic equation is replicated 50 times over time. The results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Influence of rewards of low-carbon renovation on system evolution.
Figure 5 shows that in the process of evolution to a stable point, the increase in the reward amount for low-carbon renovation of high-carbon emission enterprises can accelerate the evolution speed of their low-carbon renovation. With the increase in the reward amount, the supervision of government regulatory departments will be reduced, and the probability of third-party testing institutions refusing rent-seeking will increase. Therefore, the government should strengthen the supervision of the quality of low-carbon renovation while increasing the incentives for low-carbon renovation to promote the low-carbon renovation of high-carbon emission enterprises. In the process, the supervision role of third-party testing institutions can be appropriately played to ensure the quality of low-carbon renovation.
In order to investigate the influence of the punishment of high-carbon production of high-carbon emission enterprises on the process and results of evolutionary game, the government’s punishment [image: image] for high-carbon production of enterprises is assigned [image: image], respectively, and the dynamic equation is replicated 50 times over time. The results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Influence of high-carbon production punishment on system evolution.
Figure 6 shows that the increase in the penalty amount of high-carbon production can promote enterprises to carry out low-carbon renovation, but the evolution speed is lower than that of the reward mechanism. With the increase in the penalty amount, based on the consideration of the penalty income, the government tends to strictly supervise. Therefore, when promoting low-carbon renovation of enterprises, the government should formulate a reasonable reward–punishment mechanism, implement the strategy of giving priority to the reward mechanism and supporting the punishment mechanism, and increase the subjective will of low-carbon renovation of enterprises.
5.1.2 Influence of reward and punishment of third-party testing institutions on system evolution
In order to investigate how the reward for third-party testing institutions affects the evolutionary game process and results, the government’s reward [image: image] for third-party testing institutions to refuse rent-seeking is assigned, [image: image], and the dynamic equation is replicated 50 times over time. The results are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Influence of refusing rent-seeking rewards on system evolution.
Figure 7 shows that the increase in the government’s reward for third-party testing institutions to refuse rent-seeking will increase the probability of refusing rent-seeking, but the probability of strict supervision will decrease. Therefore, the government should formulate a reasonable reward and punishment mechanism when hiring third-party testing institutions, take rewards as part of their service fees, strengthen their assessment, and effectively protect the fairness of third-party testing institutions.
In order to investigate how the punishment for rent-seeking of third-party testing institutions affects the evolutionary game process and results, the government’s punishment [image: image] for rent-seeking of third-party testing institutions is assigned, [image: image], and the dynamic equation is replicated 50 times over time. The results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Influence of rent-seeking punishment on system evolution.
Figure 8 shows that as the government’s penalty for rent-seeking by third-party testing institutions increases, the probability of refusing rent-seeking also increases, while the probability of low-carbon renovation of high-carbon emission enterprises and the probability of strict government supervision increase. Therefore, the punishment of third-party testing institutions to protect the impartiality of third-party testing institutions is an important measure to promote the low-carbon renovation of high-carbon emission enterprises.
5.2 Influence of rent-seeking cost on system evolution
In order to investigate the influence of rent-seeking cost of high-carbon emission enterprises on the process and result of evolutionary game, the rent-seeking cost [image: image] of high-carbon emission enterprises is assigned, [image: image], and the dynamic equation is replicated 50 times over time. The results are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Influence of rent-seeking cost on the evolutionary system.
Figure 9 shows that in the process of evolution, with the increase in rent-seeking costs of high-carbon emission enterprises, government supervision has not changed much, but the probability of low-carbon renovation has increased, while the probability of third-party testing institutions refusing rent-seeking has decreased. Therefore, the government can increase the cost of rent-seeking and reduce the probability of rent-seeking by increasing rewards and punishments for third-party testing institutions and enterprises, reducing production qualification and managing negative lists.
5.3 Influence of enterprise production cost difference on the evolutionary system
In order to investigate the influence of the difference between the production cost after the low-carbon renovation of high-carbon emission enterprises and the high-carbon production cost on the evolutionary game process and results, the difference [image: image] in the production cost is assigned [image: image], and the dynamic equation is replicated and evolved 50 times over time. The results are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Influence of the difference between the productions costs on the evolutionary system.
Figure 10 shows that in the process of evolution, with the increase in the production cost difference, the probability of strict government supervision increases, while the probability of enterprises choosing low-carbon renovation decreases. Therefore, under the premise of certain sales revenue, the difference in the production cost is the key factor for high-carbon emission enterprises to carry out low-carbon renovation, which is also one of the restrictive factors for the low-carbon renovation of most high-carbon emission enterprises. The system evolution results show that the government can reduce the production cost difference by adopting subsidies and tax incentives and improving industrial supporting services. Enterprises can improve production efficiency and reduce production cost difference through technological innovation and supply chain optimization, forming a benign closed loop of mutual support between enterprises and the government.
5.4 Stability analysis of the evolutionary strategy
Array 1 satisfies the conditions in Proposition 8. To verify the stability of the evolutionary strategy, array 2 [image: image] is used to satisfy the conditions in Proposition 7. The two sets of values are evolved 50 times over time from different initial combination strategies. The results are shown in Figures 11, 12.
[image: Figure 11]FIGURE 11 | Array 1 evolution results.
[image: Figure 12]FIGURE 12 | Array 2 evolution results.
As shown in Figure 11, under the condition of satisfying Proposition 8, array 1 has only one evolutionary stable strategy [image: image], which is consistent with the inference result. As shown in Figure 12, there are two evolutionary stable points [image: image] and [image: image] in the system under the condition of Proposition 7, which is consistent with the inference result of inference 7. Thus, the simulation results are consistent with the inference and effective. Therefore, the government’s reward and punishment mechanism for high-carbon emission enterprises should be higher than the sum of production cost difference and rent-seeking cost; the reward and punishment mechanism for third-party testing institutions should be greater than their speculative gains.
6 CONCLUSION
6.1 Research conclusion and suggestions
Under the government reward and punishment mechanism, the possible rent-seeking behavior between high-carbon emission enterprises and third-party testing institutions in the process of low-carbon renovation quality acceptance is considered. A tripartite evolutionary game model was constructed between the government, high-carbon emission enterprises, and third-party testing institutions to analyze the stability of the strategy selection of all parties and the stability of the equilibrium strategy combination of the game system. This paper explores the influence of the government’s reward and punishment mechanism, rent-seeking cost, and production cost difference on the evolution of the game system and verifies the validity of the analysis conclusion by MATLAB 2022a numerical simulation. The conclusions of this paper are as follows:
The increase in the reward and punishment mechanism on the government side will promote the low-carbon renovation of high-carbon emission enterprises and the strategic choice of third-party testing institutions to refuse rent-seeking, but the increase in the reward will reduce the probability of strict government supervision, which is not conducive to the government’s performance of regulatory duties and is prone to inadequate supervision.
A reasonable reward and punishment mechanism can effectively promote the low-carbon renovation of high-carbon emission enterprises and regulate the behavior of third-party testing institutions, but the government in the development of the reward and punishment mechanism must be combined with the actual situation of the parties. The sum of the reward and punishment mechanism for high-carbon emission enterprises should be higher than the sum of production cost difference and rent-seeking cost. The sum of the reward and punishment mechanism for third-party testing institutions should be greater than their speculative income, so as to ensure the quality of low-carbon renovation of high-carbon emission enterprises.
The higher the cost of rent-seeking, the higher the probability of third-party testing institutions choosing rent-seeking behavior, which is not conducive to government regulation of the quality of low-carbon renovation. The government can curb rent-seeking behavior by increasing the amount of penalties, degrading production qualifications, and managing negative lists, which is also an effective way to avoid substandard low-carbon renovation quality.
Under the premise of certain sales revenue, the cost difference between low-carbon production and high-carbon production is the key factor for enterprises to decide whether to carry out low-carbon renovation. The greater the production cost difference, the lower the willingness of enterprises to carry out low-carbon renovation. The government can reduce the difference in production costs by means of subsidies and tax incentives and improve industrial supporting services; enterprises can improve production efficiency, reduce production cost difference, and achieve a win–win situation between the government and enterprises through technological innovation and optimization of supply chain.
Based on the research results, under the realistic background that the government encourages the low-carbon renovation of traditional high-carbon emission enterprises, this study proposes the following suggestions:
The government should establish and improve the types of subsidies and punishments, not blindly set rewards and punishments, and promote the low-carbon renovation of high-carbon emission enterprises in various ways to enhance the willingness of enterprises to actively transform. For example, in the early stage of low-carbon renovation of enterprises, the willingness of enterprises to transform is low. At this time, incentives can be appropriately increased to mobilize the enthusiasm of enterprises for low-carbon renovation. In the late stage of low-carbon renovation, after the low-carbon development of the industry has become a trend, it can reduce incentives and increase penalties to guide enterprises to complete low-carbon renovation.
In order to avoid the phenomenon of rent-seeking between enterprises and third-party testing institutions, the punishment for third-party testing institutions should be greater than their speculative income, so as to fundamentally curb the generation of rent-seeking behavior. For example, the establishment of a third-party testing agency management approach, the rent-seeking behavior as a major breach of trust, once found to cancel its testing qualification, included in the industry blacklist, in order to protect the quality of low-carbon renovation of high-carbon emission enterprises.
In order to ensure the high-quality completion of low-carbon renovation of high-carbon emission enterprises, in addition to avoiding rent-seeking behavior between them and third-party testing institutions, the difference between low-carbon production costs and high-carbon production costs should also be reduced. For example, in the early stage of low-carbon renovation, the government gives appropriate subsidies according to the production volume, improves the infrastructure of supporting services, encourages independent innovation of enterprises, improves production efficiency through technical means, reduces the difference in production costs, and promotes traditional high-carbon emission enterprises to complete low-carbon renovation with high quality through multiple channels.
6.2 Research limitations
This paper only considers the quality supervision of low-carbon renovation of high-carbon emission enterprises under asymmetric information and bounded rationality, and it fails to consider the impact of market demand, sales income difference, and technical level on low-carbon renovation of high-carbon emission enterprises. In order to facilitate the analysis, the rent-seeking cost of the enterprise is equivalent to the rent-seeking income of the third-party testing institutions, and it is not split according to the different stakeholders. In addition, the influence of game order is not considered. Therefore, it will be the next research direction to introduce the influencing factors such as market mechanism and enterprise resource level, analyze the rent-seeking cost in depth, and study the mechanism of each factor on the low-carbon renovation of high-carbon emission enterprises.
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