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OPEN A game study on the evolution of

carbon emission reduction behavior
of Chinese power enterprises
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Carbon verification agencies and power enterprises play a crucial role in the process of reducing
carbon emissions. Under government regulation, this paper explores the low-carbon behavior of
carbon verification agencies and power enterprises, considering factors such as rewards and penalties,
reputation, collusion, and costs. We first constructed a carbon emission reduction game model using
evolutionary game theory and replicated dynamic equations to analyze the interactions between
carbon verification agencies and power enterprises under government oversight. Subsequently, this
study used theoretical derivation and numerical simulation to investigate the model’s evolution and
the influence of various factors on the system’s evolution results. It is found that, firstly, the carbon
emission reduction game between the carbon verification agency and the power enterprises will
eventually be stabilized in two states (authentic verification and carbon emission reduction) and
(fraudulent verification and no carbon emission reduction), and the specific stabilization of which state
is closely related to the selection of the initial values of the parameters. Secondly, within a certain
range, increasing the government’s rewards and penalties, increasing the reputation loss of carbon
verification agencies and power enterprises, reducing the benefits of collusion between two parties,
reducing the cost of low carbon disclosure and emission reduction of power enterprises will help the
construction of a cooperative pattern of low carbon emission reduction and authentic supervision of
carbon verification agencies.

Keywords Carbon emission reduction, Carbon verification, Power enterprise, Collusion, Evolutionary game
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Nowadays, the world is experiencing a low-carbon revolution driven by the increasing demand for electricity.
The continued increase in fossil energy consumption has resulted in significant carbon emissions into the
atmosphere!. The release of large quantities of carbon dioxide has led to natural phenomena such as glacier
melting, biodiversity loss, and an increase in the frequency of extreme weather events?. To effectively mitigate the
adverse effects of excessive carbon emissions, countries worldwide have initiated relevant actions. In the early
years, several nations signed various carbon emission reduction agreements, including the Paris Agreement?
and the Kyoto Protocol®. Notably, the Paris Agreement mandates that all countries, not just developed ones,
must take action to reduce greenhouse gas emissions. Additionally, it aims to limit the increase in global average
temperature to within 2 °C above pre-industrial levels, with an aspiration to restrict it to within 1.5 °C>. The
primary objective of the Kyoto Protocol is to achieve a 5.2% reduction in greenhouse gas emissions among
developed countries between 2008 and 20126,

To effectively address carbon emissions, China has proposed a series of policy measures, including
strategies for carbon peaking and carbon neutrality. For instance, the Chinese government aims for carbon
dioxide emissions to peak by 2030 and to achieve carbon neutrality by 2060”. Currently, the majority of carbon
emissions in China stem from the use of fossil fuels. According to the Second Biennial Update Report on Climate
Change from the People’s Republic of China (https://www.mee.gov.cn/ywdt/hjywnews/202312/W0202312297
17236049262.pdf), energy-related activities are the primary source of greenhouse gas emissions, accounting
for approximately 86.8% of all carbon dioxide emissions in the country. Within these energy activities, carbon
emissions from the power sector are a high proportion of China’s total carbon emissions. Controlling carbon
emissions from the power industry is an important measure to ensure that China reaches its peak emissions as
early as possible.
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Currently, the power industry is a significant contributor to carbon emissions and plays a crucial role in
achieving the goals of carbon peaking and carbon neutrality. The challenge of reducing carbon emissions has
long been a critical concern for both academia and industry. At the technical level, carbon emission reduction
encompasses various strategies, including afforestation, ocean carbon absorption, engineering storage, and
other natural and artificial methods to capture and offset carbon dioxide, ultimately striving to mitigate the
carbon dioxide emissions resulting from human activities. On the other hand, effectively managing enterprises
and third-party carbon verification organizations to actively pursue carbon emission reductions is a critical
issue, and power enterprises are no exception. Poor oversight of these organizations can result in inefficient or
even ineffective carbon emission reductions. Throughout the carbon emission reduction process, it is essential
for third-party verification organizations. If certain power enterprises collude with verification organizations
to engage in fraudulent emission reductions, the overall efforts toward carbon emission reduction will be
undermined. Therefore, it is crucial to investigate the behaviors of power enterprises and third-party carbon
verification agencies to enhance the effectiveness of carbon emission reduction initiatives.

Scholars have conducted numerous studies on the reduction of carbon emissions®. Their research focuses
on various aspects, including the low-carbon supply chain, the relationship between emerging technologies
and carbon emission reduction—such as smart cities, digital technology, blockchain, e-commerce, and green
innovation—carbon emission reduction efficiency prediction and optimization®, and the evolutionary game
theory related to low-carbon initiatives. Among these areas, some researchers have examined how supply chain
coordination can facilitate carbon emission reduction. For instance, Li et al.!® employed the Stackelberg master-
slave game utility model to investigate the impact of fairness preferences on optimizing of low-carbon supply
chain decision-making, including profits, levels of carbon emission reduction, warranty periods, and revenue-
sharing arrangements. Du et al.!! utilized system dynamics to simulate the carbon emission reduction effects
within the prefabricated building supply chain and discovered that subsidies play a crucial role in the carbon
reduction process. Additionally, Li et al.!? analyzed the effects of low-carbon consumption subsidy policies and
the “carbon inclusion” system on the interactions among government, enterprises, and consumers.

In addition, scholars have explored the use of emerging technologies to facilitate carbon emission
reductions!?. For instance, Hu et al.!* developed a system that integrates a power grid, an energy system, and a
shared energy storage station to mitigate carbon emissions. Shen and Zhang'® posited that digital technology
can indirectly lead to pollution and carbon reduction through intermediary channels, such as promoting
green technology innovation, decreasing energy consumption intensity, and enhancing the energy structure.
Zhu et al.' investigated the impact of blockchain technology on carbon emission reductions, revealing that
the implementation of blockchain does not necessarily promote reductions in carbon emissions. Zhang et
al.'” examined carbon reduction strategies in the steel industry and concluded that the carbon metallurgical
process could potentially achieve zero carbon emissions if replaced by a synergistic hydrogen-electric approach.
Additionally, Zhang et al.'® found that the growth of e-commerce resulted in a 7.89% reduction in total CO2
emissions, equating to a per capita reduction of 1.1146 tons in selected Chinese pilot cities. Wang et al.!® analyzed
the effects of green innovation on CO2 emissions in the context of renewable energy, carbon taxes, and GDP.
Furthermore, several studies have identified additional factors that can effectively reduce carbon emissions,
including low-carbon pilot city policies and smart pilot city initiatives**?!, advanced technologies and renewable
energy sources?, green patents and research and development??, low-carbon power transitions?, low-carbon
finance?, and the use of recycled building materials?.

As far as power enterprises are concerned, reducing low carbon emissions holds significant value for China’s
overall efforts in emission reduction. At the industry level, scholars have further investigated low carbon emission
reduction strategies within power enterprises. Yu et al.”’ examined the effects of carbon emission reduction
in power enterprises, focusing on both technological and structural impacts. Using the power industry as a
case study, Wang et al.?? analyzed the factors influencing carbon dioxide emissions across various provinces
in China and proposed differentiated strategies for carbon emission reduction. Wu et al.?® assessed the driving
factors behind changes in carbon emissions in China’s power industry from 2000 to 2018. Ma et al.”” employed
a hybrid gray model to forecast carbon emissions from China’s thermal power sector. Chen et al.** investigated
the regulations surrounding carbon emission quota allocation and their effects on investments in low-carbon
technology within the electric power industry. Yang et al.?! discussed the impact of technological innovation in
the power sector on carbon emissions and offered policy recommendations to foster technological advancement
in China. Brauneis et al.* explored the relationship between the lower bound of carbon pricing and low-carbon
investments in electric utilities.

Scholars have investigated the challenges associated with reducing carbon emissions in power enterprises,
primarily from a macro perspective. However, the efforts of these enterprises to reduce carbon emissions are
often influenced by the behaviors of various stakeholders and other external factors. Evolutionary game theory
effectively simulates the behavioral dynamics among stakeholders, allowing for an exploration of the interplay
between the interests and actions of multiple parties. Consequently, researchers have employed evolutionary
game theory to examine how the carbon emission reduction strategies of power enterprises are influenced by
stakeholder behavior and other factors**~3°. For example, Zhang et al.3® explored the game dynamics among
the central government, local government, and enterprises in the process of reducing carbon emissions. They
found that the central government’s environmental protection inspections drive carbon emission reductions,
facilitating the formation of a stable cooperative relationship among the three parties. In response to the use of
coal or electricity, Fang et al.>” explored the impact of taxation and subsidy policies on the long-term evolution
of urban heat supply systems. Kang et al.*® found that controlling the price of carbon, rather than imposing a
carbon cap, is an important strategy for encouraging firms to reduce their carbon emissions by constructing
a game model between the government and enterprises. Wu et al.** explored the low-carbon game between
governments and firms, finding that government incentives, including subsidies and regulations, can effectively
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motivate firms to engage in low-carbon activities. Guo et al.*’ found that different government subsidies serve
distinct roles, and the rational application of these subsidies could promote the sustainable development of
construction waste recycling systems and contribute to the reduction of carbon emissions.

Further, in comparison to subsidies, several studies have examined the roles of taxation, financing, and
penalties in reducing carbon emissions. For instance, Chen and Hu*!' found that taxes are more effective in
motivating manufacturers to achieve carbon reductions. Zhao et al.*? utilized game theory to explore the
importance of both internal and external financing for upstream and downstream suppliers in the context of
cooperation for carbon emission reduction. Additionally, Sun et al.*> emphasized the importance of penalties in
reducing carbon emissions, arguing that increasing penalties for passive government regulation is more effective
than simply raising penalties for firms.

Existing research on government regulation, subsidies, taxes, penalties, and other factors from a
microeconomic perspective explains the complex interactions among stakeholders involved in the process of
reducing carbon emissions, providing valuable insights for future studies. However, the reduction of carbon
emissions is a multifaceted process that encompasses various interests, and current studies fail to capture the
entirety of this process. Identifying whether enterprises have engaged in carbon emissions and quantifying
the amount they have emitted presents significant challenges. Consequently, governments often rely on third-
party verification organizations to assess the carbon emissions of enterprises. However, this reliance can lead
to potential collusion between third-party organizations and enterprises, resulting in deceptive practices that
undermine government efforts to achieve carbon emission reductions. Therefore, it is crucial to investigate the
behaviors of carbon verification agencies and enterprises under government regulation to effectively promote
carbon emission reductions in China. Unlike existing studies, this paper develops a game-theoretic model of
carbon emission reduction that considers the verification costs incurred by verification agencies, the production
costs and low-carbon information disclosure costs faced by power enterprises, the reputation mechanisms of
both parties, potential collusion, and the implications of government rewards and penalties, among other factors.

Distinguishing itself from existing studies, this paper presents the following contributions and innovations:
(1) A novel model for reducing carbon emissions is proposed, emphasizing the relationship between carbon
verification agencies and power enterprises. This model integrates a reputation mechanism along with reward
and punishment systems to systematically address carbon emission reductions from a business management
perspective. (2) The two-party evolutionary game method is utilized to analyze behaviors related to carbon
emission reduction. This approach facilitates a clearer understanding of the complex and dynamic behaviors of
enterprises in their efforts to reduce emissions, which traditional static research methods often fail to elucidate.
(3) The paper investigates the collusion between carbon verification agencies and power enterprises. By modeling
this collusive behavior, it underscores the detrimental effects such cooperation can have on the carbon emission
reduction processes involving both enterprises and verification agencies. The findings provide valuable insights
and experiences for effectively governing and mitigating collusion in this context.

The content and structure of this paper are organized as follows: Sect. 1 presents the introduction; Sect. 2
outlines the model formulation and hypotheses. Section 3 provides the model analysis, while Sect. 4 details the
numerical simulation. Finally, Sect. 5 includes the discussion and conclusion.

Model formulation and hypotheses

Model formulation

In the process of reducing carbon emissions, accurately calculating the carbon output of an enterprise poses
significant challenges. It is essential for a specialized department to conduct thorough verification and
subsequently report the findings to the government. This department, known as the carbon verification agency,
serves as an independent third party responsible for verifying the authenticity and accuracy of carbon emission
data provided by enterprises and institutions, ensuring compliance with relevant verification guidelines.
To grant the carbon verification agency a degree of authority, the government mandates that it refrain from
participating in or investing in enterprises, whether through equity or other means. However, during the
verification process, carbon verification agencies may face dilemmas influenced by limited rationality. They
might opt for an authentic verification strategy, or, swayed by potential interests, they may resort to fraudulent
verification practices or even collude with enterprises to mislead the government. As the primary contributors to
carbon emissions, enterprises may genuinely engage in carbon emissions or, driven by self-interest, may choose
to misrepresent their emissions data to fraudulently obtain state subsidies. To effectively investigate the carbon
emission reduction process and the strategic interactions between verification agencies and enterprises, this
paper employs evolutionary game theory. The specific research model is illustrated in Fig. 1.

Hypotheses

Under the framework of finite rationality, this paper develops a game model that examines the interactions
between verification agencies and power enterprises within the context of government regulation. The model
considers various factors, including government oversight, the reputation of verification agencies, the costs
associated with verification, the production expenses, and the costs related to carbon emission reductions for
power enterprises, as well as potential collusive behavior. To clarify the research problem, this paper establishes
the following assumptions:

Hypothesis 1 Power enterprises engaged in the process of reducing carbon emissions must disclose the amount
of emissions they have mitigated. In this context, third-party verification organizations often possess a signifi-
cant degree of professionalism and authority. Consequently, the verification of an enterprise’s carbon emission
reductions is typically conducted by third-party organizations. At this stage, these organizations may provide
authentic verification or may engage in fraudulent practices. Let x represent the proportion of authentic veri-
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Fig. 1. Game model diagram.

fication strategies chosen, while 1 — x represents the proportion of fraudulent verification. Power enterprises
have the option to either pursue carbon emission reductions or refrain from doing so. If they choose to engage
in carbon emission reduction, they must establish a comprehensive greenhouse gas monitoring and disclosure
system to effectively control carbon emissions. Additionally, they need to modify their production methods and
adopt clean energy sources, which will significantly increase operational costs. Furthermore, we assume that the
probability of an enterprise opting to pursue carbon emission reduction is y, while the probability of choosing
not to engage in such reductions is 1 — y.

Hypothesis 2 Assuming that the cost of authentic verification is C' and the cost of fraudulent verification is
D,, C, > D,. The production cost of an electric power enterprise is Ce.. If the electric utility implements
measures to reduce carbon emissions, it will face additional costs, including expenses related to low-carbon
information disclosure and the costs associated with reducing emissions. We can denote the cost of low-carbon
information disclosure and the cost of emissions reduction as Clg.

Hypothesis 3 Government regulation is designed to detect instances of fraudulent verification by verification
agencies and instances where enterprises fail to achieve carbon emission reductions. Under government super-
vision, if a verification agency conducts thorough and accurate carbon verifications, the government will provide
certain incentives Rj, such as granting the agency a high level of accreditation. Likewise, if an electric power
enterprise successfully reduces carbon emissions, it will also receive incentives Rz, such as the issuance of green
certificates and an increased quota in the carbon market.

Conversely, if a verification agency performs fraudulent verifications while under government oversight, the
government will impose penalties P on the agency. These penalties may include being placed on a blacklist or
having its accreditation revoked. Similarly, if enterprises do not engage in carbon emission reduction efforts, the
government will penalize them through a carbon tax P.

Hypothesis 4 Enterprises and verification organizations place a high value on their reputations when it comes
to reducing carbon emissions. If a verification organization conducts a fraudulent verification, it will suffer a loss
of reputation, denoted as L1. Similarly, if a power enterprise refuses to engage in carbon emission reduction, it
will also incur a reputation loss, represented as L.

Hypothesis 5 The gain of the verification organization choosing authentic verification is R., the gain of choos-
ing fraudulent verification is Ry. R. and Ry denote the verification fees charged by the verification organiza-
tion to the power enterprises when the verification organization chooses authentic verification and fraudulent
verification. Compared with R., to save the cost of carbon emission, power enterprises will give some favors
to the verification organizations to help them carry out fraudulent tests. Although the government may impose
penalties on such fraudulent verifications, fraudulent verifications still have high returns compared with authen-
tic verifications. For the sake of generality, assume that R. < Ry.

To carry out carbon emission reduction, power enterprises may carry out technological innovations, such as
improving cleaner installations and upgrading the efficiency of coal-to-power conversion, to reduce carbon
dioxide emissions and achieve carbon emission reduction targets. These measures will bring some benefits to
the enterprises, which is Re. In addition, low carbon emission reduction not only requires costly technological
innovation but also the construction of a low carbon disclosure system to cope with the inspection by verification
agencies, for this reason, many enterprises choose not to carry out low carbon emission reduction to save costs.
At this time, enterprises that do not carry out carbon emission reduction may save more costs than enterprises
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Parameter | Description
Cr Cost of authentic verification by verification organizations.
D, Cost of fraudulent verification by verification organizations.
Ce Production costs of power enterprise.
Cy Low-carbon information disclosure costs and emissions costs incurred by power enterprises.
R1 Government incentives for verification organizations to conduct authentic verification.
Ro Government incentives for power enterprises to make low carbon emission reductions.
P Government penalties for fraudulent verification by verification organizations.
Py Government penalizes power enterprises for not cutting carbon emissions.
L1 Reputational damage caused by fraudulent verification by verification organizations.
Lo Reputational damage caused by the failure of power enterprises to carry out low carbon emissions reduction.
R, Benefits of authentic verification by verification organizations.
Ry Benefits of fraudulent verification by verification organizations.
R, Benefits of low carbon emission reduction by power enterprises.
R, Benefits of not having low carbon emissions reductions in power enterprises.
Benefits of collusion between verification organizations and power enterprises (e.g., low carbon abatement
S costs saved through collusion and carbon allowances taken from the government).
P Benefits conveyed by power enterprises to verification organizations for the purpose of collusion.
@ Proportion of collusive gains for power enterprises.

Table 1. Parameter description.

Number | Verification organization Power enterprise Strategy selection

© R. —Cr+ Ry Re —C. —Cgq+ Ro (Authentic, reduce)

® R.—C, + Ry R, —Ce— Py — Lo (Authentic, not reduce)

® Ry — D, —Li — P, Re —C. — Cq+ Ro (Not authentic, reduce)

@ Ry —Dy,—L1—Pi+(1-a)S+F | R, —C.—Ly— Py +«aS — F | (Notauthentic, not reduce)

Table 2. Return of different cases in the model.

that carry out carbon emission reduction, which also means that they obtain more benefits, and these benefits
are known as R,. Therefore, for the sake of generality, this paper assumes that R. < R,.

If the enterprise does not carry out low carbon emission reduction, the power enterprise conveys certain
benefits F' to the verification organization, if the verification organization carries out fraudulent verification,
then the verification organization and the power enterprise form collusion, the collusion benefit is S,
F < S. Collusion between power enterprises and verification agencies allows these enterprises to lower their
costs associated with carbon emission reduction technologies and updates. The savings that result from this
collusion can be considered benefits. Additionally, some power enterprises engage in collusive practices with
verification agencies to obtain more carbon allowances from the government and to reduce their carbon tax
liabilities. This type of collusion also extends to receiving government subsidies for carbon emission reductions.
Thus, the concept of collusive gains is quite complex. For clarity, we will refer to these collusive benefits
collectively as S. Assuming that the collusion benefit coefficient of the power enterprise is « , then the collusion
benefit coefficient of the verification organization is 1 — « . Since the benefit brought by the collusion is greater
than the cost of low carbon emission reduction of the power enterprise, and greater than the benefit conveyed by
the power enterprise to the verification organization, therefore & S > Cg, S > F.

To clearly demonstrate the meaning of each parameter, this paper further presents the parameter descriptions
in tabular form as shown in Table 1.

According to the assumptions and parameter descriptions provided in Table 1, the returns for the various
cases illustrated in Fig. 1 are presented in Table 2.

According to the results presented in Table 2, the utilities for each game subject employing different strategies
are as follows. The utility of a verification organization selecting the authentic verification is denoted as U7".

U =y (Re— Cr + R1) + (1 —y) (R, — Cr + Ra) o))
The utility of a verification organization that selects the fraudulent verification is denoted as U2

Uf =y(Rf =Dy —Li —P)+(1—y)(Rf =D, — L1 —Pi+(1—a)S+F) (2)
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The average utility of a verification organization choosing authentic verification and fraudulent verification
is denoted as Ur .
Ur=aUf + (1 — ) UY €)
The utility of a power enterprise that chooses to reduce carbon emissions is represented as U5
Uf =2 (Re — Ce — Ca+ Ra2) + (1 — 2) (Re — Ce — Cq + R2) (4)
The utility of a power enterprise that chooses not to reduce carbon emissions is represented as
Up
Up =x(Ry—Ce—Po—La)+(1—2) (R, —Ce— Ly — Po+aS—F) (5)
The average utility of a power enterprise that chooses to reduce and not reduce carbon emissions is
denoted as Up
Up=yUR + (1 —y) UY (6)
The replication dynamic equation is a dynamic differential equation that describes the changes in the selection

and proportion of various strategies within the evolutionary game process**. The general form of the replication
dynamic equation is shown in Eq. (10).

F(z) = CC% =z (mn— ﬁm) , z € [0,1] (72)
Fy) = ‘flit/ —y (mn— ﬁ@) ye [0,1] (7b)

In Eq. (10), x and y indicate the proportion of adopting strategy n, my, is the payoff for adopting strategy n,
m denotes the average expected return when the player adopts strategy n, F (z)and F (y) are the replication
dynamic equations.

Accordingly, the replication dynamic equations are shown in Eq. (8).

F(z,y):%:z(UﬁijT> =z(1-2)(Re—Cr+R1—Rf+Dr+Li+P—(1-a)S—F+y((l-a)S+F)) (8a)

d -
H(x,y):??:y(Ungp> =y(l—y)(Re—Cq+Ra—Rn+Lo+Po—aS+F+z(aS—F)) (8b)

Further, let F' (z,y) = 0and H (z,y) = 0, we can get the equilibriums as {0,1} and Eq. (9) by solving the
system of two-dimensional kinetic Eq.

x*_Refcd+R2*Rn+L2+P2+F7CMS

F—as (%)
*7—RC+CT—R1+Rf—DT—Ll—P1—|—F+(1—a)S (9b)
v Ft(l—a)s

Five equilibrium points can be obtained by solving the system of two-dimensional kinetic equations, which are
denoted as F (0,0), S (0,1), W (1,0), N (1,1) and P(z*,y"). Further, the Jacobian matrix of the system of
kinetic equations is solved as in Eq. 10.

9 F(=,y) 9 F(=z,y)

J= af?é,y) af%’;,y) (10)
dx oy
781?(‘9(2’3/):(172;8)(Rc7C’T+R1fRf+DT+L1+P1*(1*Q)S*F+y((1*a)S+F) (1
OF@Y) _ (1 — ) (1 —a)S+F) (12)
dy
9 H(z,y)
= y(1— _ 13
P y(1—y)(aS—F) (13)
%‘z’y):(1—2y)(Re—Cd+R2—Rn+L2+P2—aS+F+x(aS—F)) (14)
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To calculate the determinant and trace of Jacobi matrix at each equilibrium point E (0,0), S (0,1), W (1,0),
N (1,1) and P(z*,y"), the results of the Jacobi matrix at each equilibrium point are as follows:

_[Re—Co+Ri—R;+D,+Li+P —(1—a)S—F 0
Tron = | PR D p it B R Cat Ro RS Lot Pr—as+p | (15
J _[Re—-Cr+Ri—Ry+Dr+L1+ P 0 (16)
5(0.1) = 0 —(R,—Ca+Ry—Rn+ Lo+ Po—aS+F)
[ ~(Re—Cr+Ri—R;+D,+Li+P —(1—a)5—F) 0
']W“’U)—[ Y o Re—cd+R2—Rn+L2+Pz} (17)
J _[ (Re—=Cr+Ri—Rf+ D+ L1+ P1) 0 (18)
N = 0 —(Re —Cq+ Ro — Rp + Lo + P5)
3 0 e (1—a)((1—a)S+F)
e =y -y )aS-F) 0 (9

Model analysis

Unlike z and y , the terms 2" and y™ do not represent probabilities; rather, they serve as numerical notations to
denote the solutions of the two-dimensional system of kinetic equations (8a) and (8b). There are no restrictions
on the range of values that z* and y* can assume. Based on the values of z* and y*, three cases will be
examined in this study.

Casel WhenR. —Cy+ R2 — R, + Lo+ P> <0and —R. + C, — R1 + Ry—D, — Ly — P1 > O,wefind
thatz* > land y* > 1.Itcanbe deducedthat Re — C4+ R2 < R, — P — Loand Ry — D, — L1 — P1 >
Rc — C, + R;. This indicates that when the profit derived from fraudulent verification surpasses that of au-
thentic verification, the verification agency will resort to dishonest practices, regardless of whether the power
enterprise employs low-carbon or conventional emission reduction measures. Furthermore, if power enterprises
realize greater profits from non-carbon emission reduction strategies compared to low-carbon approaches, they
will inevitably opt for the former, irrespective of the verification agency’s choice to conduct rigorous or lenient
assessments. At this point, there are four equilibrium points in the system: E (0,0), S (0,1), W (1,0), and
N (1,1). Calculate the determinant and trace of each equilibrium in the Jacobian matrix, and assess the stability
of each equilibrium based on its sign. The specific results are presented in Table 3.

In dynamical systems, Lyapunov stability is frequently employed to assess the stability of equilibrium points.
An equilibrium point is considered stable if the determinant of the Jacobian matrix, derived from a set of two-
dimensional kinetic equations, is greater than 0 and the trace is less than 0. Conversely, if the determinant is
greater than 0 and the trace is also greater than 0, the point is classified as unstable. If the determinant is less
than 0, the point is identified as a saddle point*°. Based on the stability analysis of equilibrium points presented
in Table 3 and Lyapunov’s stability theorem, the evolutionary dynamics between the verification agency and
power enterprises in Case 1 are illustrated in Fig. 2. This phase diagram effectively visualizes how the strategic
choices of both entities lead to metastable states through continuous adaptation, with arrows clearly indicating
the convergence trajectories toward dominant strategies under Lyapunov-stable conditions.

Phase space analysis in Case 1, as quantified in Table 3 and visualized in Fig. 2, identifies precisely one
unstable point, one evolutionary stable strategy (ESS) point E (0,0), and two saddle points S (0,1) and
W (1,0). This indicates a strong sensitivity to the initial strategy distributions between verifiers and power
enterprises. Ultimately, the system’s strategy will transition from N (1,1) to E (0,0). Consequently, the
verification organization will shift from authentic verification to fraudulent verification, while the enterprise
will transition from effective carbon emission reduction to a failure in achieving low carbon emission reduction.

Case 2 When R.—Cyq+R:—Rn+Lo+Po—aS+F>0 and —-R.+C.—Ri+Ry—D,
—Li—Pi+F+(1—a)S <0,wefindthat 2* < Oand y* < 0.Itcanbededucedthat Re — Cq + R2 > R,
—Ly—P,+aS—F and Ry — D, — L1 —Pi+F+(1—a)S < R.—Cr+ R:. This indicates that
when the profits derived from authentic verification by the agency exceed those from fraudulent practices, the
agency will inevitably prioritize rigorous assessments, regardless of whether power enterprises adopt low-carbon
or conventional strategies. Similarly, if enterprises realize higher profits from low-carbon initiatives compared to
non-low-carbon approaches, they will clearly opt for the former, irrespective of the verification agency’s decision
between strict compliance checks and compromised evaluations. At this point, there are four equilibrium points

Equilibrium point | Sign of determinant | Sign of trace | Stability

E (0,0) + - ESS

S (0,1) - Uncertain Saddle point
W (1,0) - Uncertain Saddle point
N (1,1) + + Unstable point

Table 3. Sign of the determinant and trace of the Jacobian matrix at each equilibrium point in case 1.
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Fig. 2. Phase diagram of case 1.

Equilibrium point | Sign of determinant | Sign of trace | Stability

E (0,0) + + Unstable point
S (0,1) - Uncertain Saddle point
W (1,0) - Uncertain Saddle point
N (1,1) + - ESS

Table 4. Sign of the determinant and trace of the Jacobian matrix at each equilibrium point in case 2.

y
A
S(0,1) N(1,1)
A >
» X
E(0,0) W(1,0)

Fig. 3. Phase diagram of case 2.

in the system: £ (0,0), S (0,1), W (1,0),and N (1,1). Calculate the determinant and trace of each equilibri-
um in the Jacobian matrix, and determine the stability of each equilibrium based on its sign. The specific results
are presented in Table 4.

Based on the stability analysis of equilibrium points and Lyapunov’s stability theorem, the evolutionary dynamics
between the verification agency and power enterprises in Case 2 are depicted in Fig. 3.

As illustrated in Table 4; Fig. 3, there are four equilibrium points in Case 2. According to Lyapunov stability
theory, we identify one unstable point, E (0,0), one point of evolutionary stabilization, NN (1,1), and two
saddle points, S (0,1) and W (1,0). The system’s final strategy will transition from E (0,0) to N (1,1). This
indicates that the verification organization will move from fraudulent verification to authentic verification, while
the enterprise will shift from a lack of low carbon emission reduction to implementing low carbon emission
reduction strategies.
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Case 3 When0< Re—Cy+R2—Rpn+ Lo+ Po<aS—F and —-(l—-a)S—F<—-R.+C;
—Ri1+Rf—D,—Li—P1 <0, we find that0<z*<1 and O<y* <1l It can be de-
duced that R, —-Ce—Ly—Po+ aS—F >R.—Cc—Cq+Rs>R,—Ce—Ls—P>, and
Ry—D,—Li—Pi+(1—a)S—F>R.—Cr+ Ri > Ry — D, — L1 — Pi. This indicates that when
the verification agency opts for authentic verification, the power enterprise will actively pursue reductions in
carbon emissions. Conversely, when the verification agency selects fraudulent verification, the power enterprise
will refrain from implementing such reductions. When power enterprises choose to pursue carbon emission
reductions, the verification agency will opt for authentic verification; conversely, when power enterprises de-
cide against pursuing these reductions, the verification agency will select fraudulent verification. Therefore, the
strategic choices of both the verification agency and the power enterprises are not static; rather, they will evolve
in response to the strategic decisions made by both parties. At this point, there are five equilibrium points in
the system: £ (0,0), S (0,1), W (1,0), N (1,1),and P(z",y"). Calculate the determinant and trace of each
equilibrium in the Jacobian matrix and determine the stability of each equilibrium based on its sign. The specific
results are shown in Table 5.

Based on the stability analysis of equilibrium points and Lyapunov’s stability theorem, the evolutionary dynamics
between the verification agency and power enterprises in Case 3 are depicted in Fig. 4.

In Case 3, as illustrated in Table 5; Fig. 4, there are five equilibrium points within the system: two evolutionary
stabilization strategy points, £ (0,0) and N (1,1); two unstable points, S (0,1) and W (1,0); and one saddle
point, P(z™,y"). At this stage, the strategies within the system will transition from unstable points to stable
points, with the eventual stabilization point depending on the values of z* and y*. As demonstrated in Fig. 4,
the equilibrium strategy to which the system converges is influenced by the areas of regions ESPW and
NSPW. When the area of region ESPW exceeds that of NSPW, the system asymptotically stabilizes at
equilibrium point E (0,0). Conversely, when the area of region N.SPW surpasses that of £SPW, the system
asymptotically stabilizes at equilibrium point N (1,1). In cases where the areas of regions ESPW and NSPW
are equal, the system may asymptotically stabilize at either equilibrium point F (0,0) or N (1,1). As shown in
Fig. 4a,if 0 < 2" < 1/2and 0 < y* < 1/2, the system will stabilize at N (1,1). In Fig. 4b, ifz* = 1/2 and
y* = 1/2, the system will stabilize at either £ (0,0) or N (1,1).InFig.4c,if 1/2 < " < land 1/2 < y" < 1,
the system will stabilize at F (0,0).

Numerical simulation

Phase diagram simulation

To investigate the evolution of strategies employed by verification organizations and power enterprises within
the system, this paper conducts numerical simulations of three game scenarios by selecting relevant parameters
to validate the accuracy of the theoretical derivations. Data released by China’s Ministry of Ecology and
Environment indicates that certain enterprises and organizations have falsified carbon data. Reports suggest that
enterprises can reduce their reported carbon emissions by 10-30% through collusion with carbon verification
organizations. This manipulation can result in savings exceeding 50 million yuan on carbon emission reduction
costs for these enterprises (https://www.cdmfund.org/30571.html). Furthermore, according to the Ministry’s
Carbon Emission Trading Management Measures (Trial), the penalties for falsifying carbon data range from
10,000 to 30,000 yuan. Therefore, penalties Py and P» should be set at a minimum of 10,000 yuan. Additionally,
power enterprises that are unwilling to reduce low carbon emissions through technological and equipment
upgrades have the option to purchase carbon quotas as an alternative. As of April 24, 2024, the market price for
carbon was 100.59 yuan/ton (https://iigf.cufe.edu.cn/info/1019/8996.htm). If these power enterprises consume
between 200 and 300 tons of coal daily, the cost of the purchased carbon quotas—which serve as a way to offset
their carbon emission reductions—would range from 20,000 to 30,000 yuan. Therefore, Cy can be set at 20,000
yuan. Furthermore, according to the carbon verification tender notice published by the Beijing Finance Bureau,
the cost of a single carbon verification is around 30,000 to 50,000 yuan per verification. Thus, C and D, can be
set at 50,000 and 30,000 yuan. According to the actual situation and the China Environmental Statistics Yearbook
2023, and combined with relevant research?®4%46, the values of other parameters are selected as follows. The
following parameters involving money are all in units of 10,000 yuan.

In Case 1, the parameters selected for this study are as follows: C,. =5, D, =3, R. =8, R, =25,
R1:2, R2:4, RC:& Rf:20, L1:2, L2:2, P1:1, P2:4, Cd:2, a:O.5, S:40,and
F = 8. These parameters have been chosen to meet the requirements of Case 1, and the phase diagram
simulation for this case is illustrated in Fig. 5.

Equilibrium point | Sign of determinant | Sign of trace | Stability

E (0,0) + - ESS

S (0,1) + + Unstable point
W (1,0) + + Unstable point
N (1,1) + - ESS
P(z*,y") - 0 Saddle point

Table 5. Sign of the determinant and trace of the Jacobian matrix at each equilibrium point in case 3.
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Fig. 4. Phase diagram of case 3. (a) 0 <z* < 3, 0<y* <1 (b)z* =3, y* = 1.
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As shown in Fig. 5, it can be seen that in Case 1, when Re — Cq+ R2 — R, + L2 + P> <0 and
—R.+Cr —R1+ Ry — D, — L1 — P1 >0, the final evolution of the system will result in a shift from
authentic verification and carbon reduction to a state of fraudulent verification and no carbon reduction. This
outcome aligns with the earlier theoretical derivation.

In Case 2, the parameters of this paper are selected as follows: C =5, D, =3, R. =8, R, =12,
Ri=2 Ry=4, Re=8 Ry =20, [1=2, Ly =2, P, =30, P,=10, C4 =2, a =0.5, S = 20, and
F = 8. These parameters are chosen to satisfy the conditions of Case 2 and the phase diagram simulation for
this case is shown in Fig. 6.

As shown in Figz 6 when R.—Cyq+Re—Rn+Lo+Po—aS+F>0 and
—R.+Cr—Ri+Rf—D,—Li— P+ F+(1—a)S <0, the final evolution of the system will result
in a shift from fraudulent verification and no carbon reduction to an authentic verification and carbon reduction
state. This outcome aligns with the earlier theoretical derivation.

In Case 3, the parameters selected for this study are as follows: C. =5, D,, =3, Re =8, R, =12, R1 =2,
R2 :4, Rc:& Rf:20, L1:2, L2:2, P1:30, P2:10, Cd:2, a:0.5, S:50,and F =28.
These parameters are chosen to meet the conditions of Case 3, and the phase diagram simulation for this case is
illustrated in Fig. 7. When P; = 30 and P> = 10, the values of * and y* satisfy the conditions 0 < z* < %
and 0 < y* < %; the corresponding phase diagram simulation is shown in Fig. 7a. When P; = 26.5 and
P, = 8.5, the values of z* and y* satisfy the conditions z* = % and y* = 3, the phase diagram simulation
for this case is depicted in Fig. 7b. Finally, when P; = 20 and P, = 5, the values of 2™ and y* satisfy the
conditions § < z* < land i < y* < 1, the phase diagram simulation for this case is depicted in Fig. 7c.
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Fig. 5. Phase diagram simulation of case 1.
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Fig. 6. Phase diagram simulation of case 2.

As shown in Fig. 7, when 0 < z* < % and 0 < y* < %, the final evolution of the system will result in a
shift to a authentic verification and carbon reduction state; when z* = % and y* = %, the final evolution of
the system will result in a shift to a authentic verification and carbon reduction state or a state of fraudulent
verification and no carbon reduction. When % <z* <1and %< y*<1, the final evolution of the system will
result in a shift to a state of fraudulent verification and no carbon reduction. This result is consistent with the
previous theoretical derivation.

Influence factor simulation

Taking Case 3 as an example, this study examines the factors that influence verification organizations in
detecting and power enterprises in implementing carbon emission reduction strategies. To investigate the role of
these influencing factors, this paper employs numerical analysis methods for simulation. The relevant simulation
scenarios are outlined as follows.

The influence of R; and R

To investigate the impact of R1 and R2on the evolution of the system, while keeping all other parameters
constant, R; was increased from 2 to 10 and Rawas increased from 4 to 10. The results of this analysis are
presented in Fig. 8.
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Fig. 7. Phase diagram simulation of case 3. (a) 0 < z* < 3, 0<y* < i (b)z* =
() 3<z*<1,s<y <1
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Fig. 8. The influence of R and R: on the system evolution results. (a) The influence of R; on the z(b) The
influence of Rz on the .

As illustrated in Fig. 8, when R; increases from 2 to 6, it is evident that the verification organizations tend to
opt for fraudulent verification. As the incentives for these organizations to conduct rigorous testing increase, the
rate at which they choose to engage in fraudulent verification gradually declines. Conversely, when government
incentives for verification organizations rise from 8 to 10, these organizations are more likely to select authentic
verification, and the rate at which they choose authentic verification accelerates as the incentives increase.

When a power enterprise implements carbon emission reduction strategies, the government provides certain
incentives, such as granting carbon market quotas. As the government’s rewards for power enterprises increase
from 4 to 10, the percentage of power enterprises opting not to pursue carbon emission reduction decreases
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)

Fig. 9. The influence of L; and L2 on the system evolution results. (a) The influence of L1 on the z( b) The
influence of L2 on the y.

Fig. 10. The influence of P and P> on the system evolution results. (a) The influence of P; on the x(b) The
influence of P> on the .

significantly. With higher incentives, both the rate and proportion of power enterprises adopting carbon
emission reduction strategies will continue to rise. Therefore, rewards serve as a crucial management tool in the
government’s efforts to govern carbon emission reduction behaviors.

The influence of Ly and Ly

Reputation, as a crucial factor, significantly impacts an individual’s behavior. This paper examines the influence
of reputation on the behavior of verification organizations and power enterprises by increasing the loss of
reputation from 2 to 8 for these entities, respectively, while keeping other parameters constant. The influence of
L1 and L3 on the system’s evolution results are illustrated in Fig. 9.

As illustrated in Fig. 9, when L; and Lo increase from 2 to 8, the verification organization gradually
transitions from fraudulent verification to authentic verification. Notably, when L reaches 8, the verification
organization opts for authentic verification. Similarly, as Lo increases from 2 to 8, although the power enterprise
initially does not adopt low-carbon strategies, the increasing reputation loss causes the rate at which the power
enterprise avoids low-carbon strategies to decelerate, eventually leading to a preference for low-carbon strategies.
Therefore, reputation, as an intangible asset for enterprises, plays a crucial role in shaping their behavioral
choices and decisions.

The influence of P; and Py

To investigate the effect of punishment on the evolution of system strategies, this paper assigns values to P
and P», where P increases from 30 to 38 and P increases from 10 to 18. The influence of P; and P> on the
system evolution results is illustrated in Fig. 10.

As illustrated in Fig. 10, when P increases from 30 to 38, the verification organization opts for and stabilizes
at authentic verification. This indicates that an increase in penalties plays a significant role in regulating
institutional behavior. Similarly, when P rises from 10 to 18, the duration of steps that a power enterprise
takes to select a non-carbon emission reduction strategy becomes progressively longer, and the rate of change
slows down. If power enterprises fail to implement carbon emission reduction measures, the government can
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Fig. 11. The influence of S on the system evolution results. (a) The influence of S on the x( b) The influence
of S onthe y.

t(s)

Fig. 12. The influence of Cy on the power enterprise evolution results.

increase penalties, such as raising the carbon tax. This approach effectively encourages enterprises to reduce the
likelihood of not adopting carbon emission reduction strategies, thereby leading them to favor carbon emission
reduction initiatives.

The influence of S

Keeping all other parameters constant, this study explores the impact of collusion benefits on system evolution
results by varying the magnitude of collusion benefits between the verification organization and the power
enterprise, as illustrated in Fig. 11.

As illustrated in Fig. 11, when the benefits of collusion between verification organizations and power
enterprises decrease from 50 to 40, the verification organization will transition from fraudulent verification to
authentic verification. At this point, 40 serves as the threshold for collusion benefits; when these benefits fall
below 40, the verification organization opts for authentic verification, whereas if they exceed 40, it will continue to
engage in fraudulent verification. The lower the collusion benefits, the more rapidly the verification organization
will adopt authentic verification. Similarly, as collusion benefits decline from 50 to 30, the power enterprise
will shift from a no-low-carbon strategy to a low-carbon strategy, with the transition to a low-carbon approach
accelerating as collusion benefits diminish. Consequently, collusion benefits are a critical factor influencing
the interactions between the two parties. In the context of government governance, it is essential to focus on
combating collusion, reducing collusion benefits, and systematically promoting carbon emission reductions.

The influence of Cq
In the process of reducing carbon emissions, the cost of emission reduction significantly influences the behavior
of organizations engaged in this effort. To investigate this impact, we maintained all other parameters constant
while decreasing the abatement cost from 2.0 to 0.0. This analysis aims to explore how changes in abatement
costs affect the carbon emission reduction behavior of power enterprises. The specific results are illustrated in
Fig. 12.

As illustrated in Fig. 12, when the cost of emission reduction Cg decreases from 2.0 to 0.0, it is evident that
although power enterprises initially opt for non-low-carbon strategies, the reduction in low-carbon abatement
costs encourages these enterprises to increase their reliance on non-low-carbon strategies. Simultaneously, the
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rate at which they choose non-low-carbon strategies slows down. This indicates that lowering the cost of carbon
emission reduction can effectively motivate power enterprises to engage in carbon emission reduction activities.

Discussion and conclusion

Discussion

Carbon emission reduction is a priority for governments at all levels in China. To mitigate carbon emissions,
verification organizations operate as independent third-party entities that assess the emissions of enterprises.
However, existing studies have largely overlooked the dynamics of the interactions between carbon verification
agencies and power enterprises, as well as the challenges to carbon emission reduction posed by collusive
behavior between these two parties. To investigate the behavior of carbon emission reduction between carbon
verification agencies and power enterprises under government regulation, this paper constructs a carbon
emission reduction game model utilizing evolutionary game theory. The model considers various factors,
including government rewards and penalties, costs, reputation, collusion, and others. The carbon verification
agency can choose between authentic verification and fraudulent verification, while the power enterprise can
opt for either a low-carbon or non-low-carbon production strategy. The findings indicate that increasing the
rewards and penalties imposed by the government on both the verification agency and the power enterprises,
reducing the reputation loss for both parties, diminishing the benefits derived from collusion, and lowering the
costs associated with low-carbon information disclosure and abatement for power enterprises will encourage
the verification agency to adopt an authentic regulation strategy and prompt power enterprises to implement a
low-carbon abatement strategy.

This study aligns with several research findings*!, which highlight the importance of increasing government
incentives and penalties for institutions and enterprises that contribute to carbon emission reductions®’.
However, the government can employ various methods to incentivize and penalize, not solely relying on
financial measures. For instance, high-carbon market quotas could be allocated to enterprises and institutions
that actively engage in carbon emission reduction efforts*®*°. Regarding penalties, a carbon tax can serve as an
effective punitive measure. Additionally, implementing reputation mechanisms, such as establishing a blacklist
of non-compliant enterprises and organizations, can further motivate these entities to pursue carbon emission
reductions. Finally, attention must be given to the potential collusion between carbon verification agencies and
enterprises, and efforts to combat such collusion should be strengthened to ensure the effective management of
carbon emissions.

Based on the results of this study, we offer several actionable insights for policymakers and corporate decision-
makers. First, our findings underscore the necessity of implementing non-monetary incentives and disincentives,
such as carbon market quotas and carbon taxes, which can serve as agency-imposed rewards and penalties to
encourage and regulate low-carbon enterprises, motivating them to align with low-carbon objectives. Second, a
reputation mechanism can be employed as an effective tool to regulate collusive behavior. For instance, a public
blacklist of colluding entities can amplify the hidden costs associated with non-compliance. Third, anti-collusion
measures—including blockchain-enabled data traceability and cross-validation protocols—can be integrated
into corporate compliance frameworks to mitigate the risk of fraud. Finally, reducing the costs associated with
decarbonizing businesses through standardized carbon accounting tools and shared technology platforms
offers a strategic pathway for resource allocation. These steps bridge the gap between model-based insights and
real-world organizational decision-making by translating theoretical dynamics into practical governance tools,
enabling policymakers to design targeted regulations and allowing enterprises to balance compliance costs with
long-term reputational benefits.

Theoretical and practical implications

This study presents several theoretical and practical implications. From a theoretical perspective, this research
advances the existing carbon emission reduction game model, which is based on a reward and punishment
mechanism. It further incorporates a reputation mechanism and collusive behavior, thereby enriching
evolutionary game theory and related models. Additionally, this model takes into account the collusive behavior
of carbon verification agencies, thereby broadening the scope of stakeholder interactions in carbon emission
reduction. This enhancement contributes to the theoretical framework of the study and has several practical
implications. Firstly, it clarifies the relevant pathways for carbon emission management from a micro perspective,
offering significant insights for the collaborative management of carbon emissions among the government,
carbon verification agencies, and power enterprises. Secondly, the findings of this study provide valuable insights
into the management of carbon verification agencies and the reduction of carbon emissions by enterprises.
In the actual emission reduction process, it is essential to effectively utilize the government’s regulatory role,
implement appropriate rewards and penalties for stakeholders involved in carbon emission reduction, and
strengthen efforts against collusive behaviors. These measures are crucial for promoting fairness and justice in
carbon emission reduction efforts.

Limitations and future directions

This paper employs both theoretical and numerical analysis methods to investigate the behavior of carbon
verification agencies and power enterprises in reducing low carbon emissions under government regulation,
ultimately drawing several valuable conclusions. However, the paper does have some limitations. First, regarding
data, due to constraints in data availability, this study relies on numerical simulations to validate the accuracy of
theoretical derivations. While this serves as a validation method, integrating empirical research with numerical
methods would strengthen the research conclusions. Second, concerning the research content, although
this paper examines the low carbon emission reduction processes of carbon verification agencies and power
enterprises, including aspects such as collusion, it is important to note that low carbon emission reduction is a
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complex behavior involving multiple stakeholders. Future research should also concentrate on critical behaviors,
including the disclosure of information regarding low carbon emission reduction, the falsification of carbon
data, and preferences for low carbon options. All of these factors are essential for effective reduction of carbon
emissions.

Conclusion

The authentic verification of carbon verification organizations significantly impacts China’s efforts to reduce
carbon emissions. This paper examines the low-carbon dynamics between third-party carbon verification
agencies and power enterprises under government regulation, considering factors such as government oversight,
reputation mechanisms, costs, and collusive behavior. Utilizing evolutionary game theory and replicated
dynamic equations, we construct a mathematical model to analyze the mechanisms influencing the carbon
emission reduction strategies of carbon verification agencies and power enterprises across various scenarios.
Our numerical simulation analysis reveals that the carbon emission reduction behaviors of these entities can
be categorized into three distinct scenarios based on varying parameter conditions. Within a specific range,
increasing government incentives for authentic verification by carbon verification agencies and for carbon
emission reductions by power enterprises, as well as enhancing penalties for fraudulent verifications and failures
to implement emission reductions, can yield positive outcomes. Furthermore, increasing the reputational losses
associated with negative behaviors, reducing the collusive gains for both parties, and lowering the costs of low-
carbon information disclosure and carbon emission reductions for power enterprises will encourage carbon
verification organizations to adopt authentic supervision strategies and motivate power enterprises to pursue
carbon emission reduction initiatives. This study aims to provide valuable references and insights to support the
Chinese government’s efforts in promoting carbon emission reductions.
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Received: 8 October 2024; Accepted: 23 June 2025
Published online: 02 July 2025

References

1. Huisingh, D., Zhang, Z., Moore, J. C., Qiao, Q. & Li, Q. Recent advances in carbon emissions reduction: policies, technologies,
monitoring, assessment and modeling. J. Clean. Prod. 103, 1-12. https://doi.org/10.1016/j.jclepro.2015.04.098 (2015).

2. Zhang, X. & Wang, Y. How to reduce household carbon emissions: A review of experience and policy design considerations.
Energy Policy. 102, 116-124. https://doi.org/10.1016/j.enpol.2016.12.010 (2017).

3. Guo, D., Chen, H. & Long, R. Can China fulfill its commitment to reducing carbon dioxide emissions in the Paris agreement??
Analysis based on a back-propagation neural network. Sci. Pollut Res. 25, 27451-27462. https://doi.org/10.1007/s11356-018-276
2-2 (2018).

4. Aichele, R. & Felbermayr, G. The effect of the Kyoto protocol on carbon emissions. J. Policy Anal. Manage. 32 (4), 731-757. https:/
/doi.org/10.1002/pam.21720 (2013).

5. Rogelj, J. et al. Paris Agreement climate proposals need a boost to keep warming well below 2C. Nature 534 (7609), 631-639.
https://doi.org/10.1038/nature18307 (2016).

6. Meyerson, E. A. B. Population, carbon emmissions, and global warming: the forgotten relationship at Kyoto. Popul. Dev. Rev. 24 (1),
115-130. https://doi.org/10.2307/2808124 (1998).

7. Sun, L. L., Cui, H. J. & Ge, Q. S. Will China achieve its 2060 carbon neutral commitment from the provincial perspective? Adv.
Clim. Chang. Res. 13 (2), 169-178. https://doi.org/10.1016/j.accre.2022.02.002 (2022a).

8. Shen, A. & Zhang, J. Technologies for CO2 emission reduction and low-carbon development in primary aluminum industry in
china: A review. Renew. Sust Energ. Rev. 189, 113965. https://doi.org/10.1016/j.rser.2023.113965 (2024a).

9. Jiang, H. et al. Industrial carbon emission efficiency prediction and carbon emission reduction strategies based on multi-objective
particle swarm optimization-backpropagation: A perspective from regional clustering. Sci. Total Environ. 906, 167692. https://doi
.org/10.1016/j.scitotenv.2023.167692 (2024).

10. Li, S., Qu, S., Wahab, M. I. M. & Ji, Y. Low-Carbon supply chain optimisation with carbon emission reduction level and warranty
period: Nash bargaining fairness concern. Int. J. Prod. Res. 62 (18), 1-23. https://doi.org/10.1080/00207543.2024.2333108 (2024a).

11. Du, Q, Yang, M., Wang, Y., Wang, X. & Dong, Y. Dynamic simulation for carbon emission reduction effects of the prefabricated
Building supply chain under environmental policies. Sustain. Cities Soc. 100, 105027. https://doi.org/10.1016/j.scs.2023.105027
(2024).

12. Li, E, Guo, Y. & Liu, B. Impact of government subsidies and carbon inclusion mechanism on carbon emission reduction and
consumption willingness in low-carbon supply chain. J. Clean. Prod. 449, 141783. https://doi.org/10.1016/j.jclepro.2024.141783
(2024b).

13. Zhang, J., Shen, J., Xu, L. & Zhang, Q. The CO2 emission reduction path towards carbon neutrality in the Chinese steel industry: a
review. Environ. Impact Assess. Rev. 99, 107017. https://doi.org/10.1016/j.iar.2022.107017 (2023a).

14. Hu, J., Wang, Y. & Dong, L. Low carbon-oriented planning of shared energy storage station for multiple integrated energy systems
considering energy-carbon flow and carbon emission reduction. Energy 290, 130139. https://doi.org/10.1016/j.energy.2023.130139
(2024).

15. Shen, Y. & Zhang, X. Towards a low-carbon and beautiful world: assessing the impact of digital technology on the common benefits
of pollution reduction and carbon reduction. Environ. Monit. Assess. 196 (8), 695. https://doi.org/10.1007/s10661-024-12860-3
(2024b).

16. Zhu, J., Feng, T., Lu, Y. & Jiang, W. Using blockchain or not? A focal firm’s blockchain strategy in the context of carbon emission
reduction technology innovation. Bus. Strat Environ. 33 (4), 3505-3531. https://doi.org/10.1002/bse.3664 (2024).

17. Zhang, F.C., Hong, L. K. & Xu, Y. Prospects for green steelmaking technology with low carbon emissions in China. Carbon Energy.
6 (2), e456. https://doi.org/10.1002/cey2.456 (2024a).

18. Zhang, R,, Liu, H., Xie, K., Xiao, W. & Bai, C. Toward a low carbon path: do E-commerce reduce CO2 emissions? Evidence from
China. J. Environ. Manage. 351, 119805. https://doi.org/10.1016/j.jenvman.2023.119805 (2024b).

19. Wang, Z., Sami, E, Khan, S., Alamri, A. M. & Zaidan, A. M. Green innovation and low carbon emission in OECD economies:
sustainable energy technology role in carbon neutrality target. Sustain. Energy Technol. Assess. 59, 103401. https://doi.org/10.1016
/j.seta.2023.103401 (2023a).

Scientific Reports |

(2025) 15:23137 | https://doi.org/10.1038/541598-025-08645-4 nature portfolio


https://doi.org/10.1016/j.jclepro.2015.04.098
https://doi.org/10.1016/j.enpol.2016.12.010
https://doi.org/10.1007/s11356-018-2762-z
https://doi.org/10.1007/s11356-018-2762-z
https://doi.org/10.1002/pam.21720
https://doi.org/10.1002/pam.21720
https://doi.org/10.1038/nature18307
https://doi.org/10.2307/2808124
https://doi.org/10.1016/j.accre.2022.02.002
https://doi.org/10.1016/j.rser.2023.113965
https://doi.org/10.1016/j.scitotenv.2023.167692
https://doi.org/10.1016/j.scitotenv.2023.167692
https://doi.org/10.1080/00207543.2024.2333108
https://doi.org/10.1016/j.scs.2023.105027
https://doi.org/10.1016/j.jclepro.2024.141783
https://doi.org/10.1016/j.eiar.2022.107017
https://doi.org/10.1016/j.energy.2023.130139
https://doi.org/10.1007/s10661-024-12860-3
https://doi.org/10.1002/bse.3664
https://doi.org/10.1002/cey2.456
https://doi.org/10.1016/j.jenvman.2023.119805
https://doi.org/10.1016/j.seta.2023.103401
https://doi.org/10.1016/j.seta.2023.103401
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

Wang, H., Gu, K., Dong, E & Sun, H. Does the low-carbon City pilot policy achieve the synergistic effect of pollution and carbon
reduction? Energy Environ. 35 (2), 569-596. https://doi.org/10.1177/0958305X221127018 (2024).

Zhang, X. E. & Fan, D. C. Collaborative emission reduction research on dual-pilot policies of the low-carbon City and smart City
from the perspective of multiple innovations. Urban Clim. 47, 101364. https://doi.org/10.1016/j.uclim.2022.101364 (2023).
Wang, W., Tang, Q. & Gao, B. Exploration of CO2 emission reduction pathways: identification of influencing factors of CO2
emission and CO2 emission reduction potential of power industry. Clean. Technol. Environ. Policy. 25 (5), 1589-1603. https://doi.
0rg/10.1007/s10098-022-02456-1 (2023b).

Abbas, S., Saqib, N., Mohammed, K. S., Sahore, N. & Shahzad, U. Pathways towards carbon neutrality in low carbon cities: the role
of green patents, R&D and energy use for carbon emissions. Technol. Forecast. Soc. Change. 200, 123109. https://doi.org/10.1016/j
.techfore.2023.123109 (2024).

Peng, K. et al. The global power sector’s low-carbon transition May enhance sustainable development goal achievement. Nat.
Commun. 14 (1), 3144. https://doi.org/10.1038/s41467-023-38987-4 (2023).

Lu, J., Li, H. & Yang, R. Low carbon finance drives corporate carbon emissions reduction: A perspective from issuing carbon
neutral bonds. Technol. Forecast. Soc. Change. 203, 123404. https://doi.org/10.1016/j.techfore.2024.123404 (2024).

Guo, E, Wang, J. & Song, Y. Research on high quality development strategy of green Building: A full life cycle perspective on
recycled Building materials. Energy Build. 273, 112406. https://doi.org/10.1016/j.enbuild.2022.112406 (2022a).

Yu, Y, Jin, Z. X,, Li, J. Z. & Li, J. Low-carbon development path research on china’s power industry based on synergistic emission
reduction between CO2 and air pollutants. J. Clean. Prod. 275, 123097. https://doi.org/10.1016/j.jclepro.2020.123097 (2020).

Wu, X, Xu, C., Ma, T,, Xu, J. & Zhang, C. Carbon emission of china’s power industry: driving factors and emission reduction path.
Environ. Sci. Pollut Res. 29 (52), 78345-78360. https://doi.org/10.1007/s11356-022-21297-5 (2022).

Ma, X., Wang, Y. & Wang, C. Low-carbon development of china’s thermal power industry based on an international comparison:
review, analysis and forecast. Renew. Sust Energ. Rev. 80, 942-970. https://doi.org/10.1016/j.rser.2017.05.102 (2017).

Chen, W,, Ma, Y. & Bai, C. The impact of carbon emission quota allocation regulations on the investment of low-carbon technology
in electric power industry under peak-valley price policy. IEEE Trans. Eng. Manage. 71 374-391. https://doi.org/10.1109/TEM.20
21.3121002 (2021).

Yang, M., Wang, D., Chen, X, Lei, X. & Cao, L. Influence mechanism of technological innovation of electric power industry on carbon
emission reduction in China. Int. J. Clim. Change Strat Manag. 15 (2), 232-246. https://doi.org/10.1108/IJCCSM-04-2022-0055
(2023).

Brauneis, A., Mestel, R. & Palan, S. Inducing low-carbon investment in the electric power industry through a price floor for
emissions trading. Energy Policy. 53, 190-204. https://doi.org/10.1016/j.enpol.2012.10.048 (2013).

Zhu, J., Baker, J. S., Song, Z., Yue, X. G. & Li, W. Q. Government regulatory policies for digital transformation in small and
medium-sized manufacturing enterprises: an evolutionary game analysis. Hum. Soc. Sci. Commun. 10 (1), 1-18. https://doi.org/1
0.1057/s41599-023-02250-4 (2023).

Yin, S. & Zhao, Y. An agent-based evolutionary system model of the transformation from Building material industry (BMI) to
green intelligent BMI under supply chain management. Hum. Soc. Sci. Commun. 11 (1), 1-15. https://doi.org/10.1057/s41599-02
4-02988-5 (2024).

Yao, H. T., Xiang, Y., Gu, C. H. & Liu, J. Y. Peer-to-peer coupled trading of energy and carbon emission allowance: A stochastic
game-theoretic approach. IEEE Internet Things J. 11 (14), 24364-24375. https://doi.org/10.1109/JI0T.2023.3325966 (2023).
Zhang, Z. H., Ling, D., Yang, Q. X., Feng, Y. C. & Xiu, J. Central environmental protection inspection and carbon emission
reduction: A tripartite evolutionary game model from the perspective of carbon neutrality. Pet. Sci. 21 (3), 2139-2153. https://doi
.0rg/10.1016/j.petsci.2023.11.014 (2024c).

Fang, Y. et al. Coal or electricity? An evolutionary game approach to investigate fuel choices of urban heat supply systems. Energy
181, 107-122. https://doi.org/10.1016/j.energy.2019.04.129 (2019).

Kang, K., Zhao, Y., Zhang, J. & Qiang, C. Evolutionary game theoretic analysis on low-carbon strategy for supply chain enterprises.
J. Clean. Prod. 230, 981-994. https://doi.org/10.1016/j.jclepro.2019.05.118 (2019).

Wu, B, Liu, P. & Xu, X. An evolutionary analysis of low-carbon strategies based on the government-enterprise game in the
complex network context. J. Clean. Prod. 141, 168-179. https://doi.org/10.1016/j.jclepro.2016.09.053 (2017).

Guo, E, Wang, J. & Song, Y. How to promote sustainable development of construction and demolition waste recycling systems:
production subsidies or consumption subsidies? Sustain. Prod. Consump. 32, 407-423. https://doi.org/10.1016/j.spc.2022.05.002
(2022b).

Chen, W. & Hu, Z. H. Using evolutionary game theory to study governments and manufacturers’ behavioral strategies under
various carbon taxes and subsidies. J. Clean. Prod. 201, 123-141. https://doi.org/10.1016/j.jclepro.2018.08.007 (2018).
Zhao,X.,Xue, Y. &Ding, L. Implementation of low carbon industrial symbiosis systems under financial constraint and environmental
regulations: an evolutionary game approach. J. Clean. Prod. 277, 124289. https://doi.org/10.1016/j.jclepro.2020.124289 (2020).
Sun, H., Gao, G. & Li, Z. Evolutionary game analysis of enterprise carbon emission regulation based on prospect theory. Soft
Comput. 26 (24), 13357-13368. https://doi.org/10.1007/s00500-022-07527-5 (2022b).

Zhang, Z. et al. The evolutionary mechanism of haze collaborative governance: novel evidence from a tripartite evolutionary game
model and a case study in China. Hum. Soc. Sci. Commun. 10 (1), 1-14. https://doi.org/10.1057/s41599-023-01555-8 (2023b).
Sastry, S. & Sastry, S. Lyapunov stability theory. Nonlinear Syst. 10, 182-234. https://doi.org/10.1007/978-1-4757-3108-8_5 (1999).
Guo, R, He, Y,, Tian, X. & Li, Y. New energy vehicle battery recycling strategy considering carbon emotion from a closed-loop
supply chain perspective. Sci. Rep. 14 (1), 688. https://doi.org/10.1038/s41598-024-51294-2 (2024).

Song, X., Shen, M., Lu, Y., Shen, L. & Zhang, H. How to effectively guide carbon reduction behavior of Building owners under
emission trading scheme? An evolutionary game-based study. Environ. Impact Assess. Rev. 90, 106624. https://doi.org/10.1016/j.ei
ar.2021.106624 (2021).

Shi, B., Li, N., Gao, Q. & Li, G. Market incentives, carbon quota allocation and carbon emission reduction: evidence from china’s
carbon trading pilot policy. J. Environ. Manage. 319, 115650. https://doi.org/10.1016/j.jenvman.2022.115650 (2022).

Wang, L. & Li, K. Research on renewable energy consumption and emission reduction in power market based on bi-level decision
making in China. Energy 260, 125119. https://doi.org/10.1016/j.energy.2022.125119 (2022).

Author contributions

Y.L. and J.L. authored the main manuscript and conducted several simulations. C.G. developed the overall
framework of the thesis and contributed ideas for its enhancement. All authors have reviewed and approved the
final version of the manuscript.

Declarations

Co

mpeting interests

The authors declare no competing interests.

Scientific Reports |

(2025) 15:23137

| https://doi.org/10.1038/s41598-025-08645-4 nature portfolio


https://doi.org/10.1177/0958305X221127018
https://doi.org/10.1016/j.uclim.2022.101364
https://doi.org/10.1007/s10098-022-02456-1
https://doi.org/10.1007/s10098-022-02456-1
https://doi.org/10.1016/j.techfore.2023.123109
https://doi.org/10.1016/j.techfore.2023.123109
https://doi.org/10.1038/s41467-023-38987-4
https://doi.org/10.1016/j.techfore.2024.123404
https://doi.org/10.1016/j.enbuild.2022.112406
https://doi.org/10.1016/j.jclepro.2020.123097
https://doi.org/10.1007/s11356-022-21297-5
https://doi.org/10.1016/j.rser.2017.05.102
https://doi.org/10.1109/TEM.2021.3121002
https://doi.org/10.1109/TEM.2021.3121002
https://doi.org/10.1108/IJCCSM-04-2022-0055
https://doi.org/10.1016/j.enpol.2012.10.048
https://doi.org/10.1057/s41599-023-02250-4
https://doi.org/10.1057/s41599-023-02250-4
https://doi.org/10.1057/s41599-024-02988-5
https://doi.org/10.1057/s41599-024-02988-5
https://doi.org/10.1109/JIOT.2023.3325966
https://doi.org/10.1016/j.petsci.2023.11.014
https://doi.org/10.1016/j.petsci.2023.11.014
https://doi.org/10.1016/j.energy.2019.04.129
https://doi.org/10.1016/j.jclepro.2019.05.118
https://doi.org/10.1016/j.jclepro.2016.09.053
https://doi.org/10.1016/j.spc.2022.05.002
https://doi.org/10.1016/j.jclepro.2018.08.007
https://doi.org/10.1016/j.jclepro.2020.124289
https://doi.org/10.1007/s00500-022-07527-5
https://doi.org/10.1057/s41599-023-01555-8
https://doi.org/10.1007/978-1-4757-3108-8_5
https://doi.org/10.1038/s41598-024-51294-2
https://doi.org/10.1016/j.eiar.2021.106624
https://doi.org/10.1016/j.eiar.2021.106624
https://doi.org/10.1016/j.jenvman.2022.115650
https://doi.org/10.1016/j.energy.2022.125119
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to J.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports|  (2025) 15:23137 | https://doi.org/10.1038/s41598-025-08645-4 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿A game study on the evolution of carbon emission reduction behavior of Chinese power enterprises
	﻿Model formulation and hypotheses
	﻿Model formulation
	﻿Hypotheses

	﻿Model analysis
	﻿Numerical simulation
	﻿Phase diagram simulation
	﻿Influence factor simulation
	﻿The influence of ﻿￼﻿﻿ and ﻿￼﻿﻿




