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Introduction: Promoting agricultural low-carbon transformation are essential

for achieving the “dual carbon” targets and advancing high-quality development.

Methods: This study employed evolutionary game theory to construct a

tripartite model involving local governments, agricultural enterprises, and

consumers. It stimulated their decision-making processes and explored the

mechanisms of the government and market. Furthermore, taking into account

regional technological di�erences, this study examined the di�erentiated

incentive e�ects of twomechanisms, and developed a comprehensive analytical

framework for agricultural low-carbon transformation.

Results: (1) Themodel revealed three evolutionarily stable states, with the system

evolving toward the optimal equilibrium of (1,1,1) under specific constraint

conditions. (2) To achieve the system’s Pareto optimality, the optimal intervals

for subsidy coe�cients and carbon emission penalties were (0.2, 0.25) and

(1.5, 1.75), respectively. The optimal intervals for publicity coe�cients and low-

carbon consumption preferences were (0.3, 0.35) and (0.65, 0.7), respectively.

(3) Considering regional technological di�erences, western regions with lower

levels of low-carbon technology should prioritize government regulation,

supplemented by market adjustment. Central regions should strike a balance

between two methods, whereas eastern regions with more advanced low-

carbon technologies should focus on market adjustment, with government

regulation as a supplement.

Discussion: This study enhances the understanding of the mechanisms

underlying the government and market, holding both theoretical and practical

significance for advancing agricultural low-carbon transformation.

KEYWORDS

low-carbon agriculture, government regulation, market adjustment, technology

di�erences, evolutionary game

1 Introduction

Since the reform and opening-up, China has achieved tremendous accomplishments

in economic development. However, the extensive economic growth model has also

given rise to severe environmental pollution issues, particularly climate change induced

by carbon emissions, which poses a grave threat to the sustainable development of

China’s economy and society (Stocker, 2014; Hu et al., 2023). As a major agricultural

country, agricultural production is an important source of carbon emissions, and

deep involvement in the agricultural sector is essential for achieving low-carbon

transformation (Tian and Chen, 2021). To this end, the Chinese government has

introduced a series of policies to guide and support agriculture toward a low-carbon,
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environmentally friendly, and sustainable direction.1 Nevertheless,

constrained by the current high-input, high-pollution, and

extensive agricultural production methods, Chinese agricultural

production remains highly dependent on energy, fertilizers,

and other production factors, resulting in considerable pressure

on carbon emission control and ineffective containment of

environmental problems (Gao and Zhang, 2022).

The promotion of agricultural low-carbon transformation

relies on the combined application of government policies and

market mechanism (Sun P. et al., 2024). Theoretically, the “Porter

Hypothesis” suggests that reasonable environmental policies can

help drive technological innovation, achieving a win–win situation

for economic development and environmental protection (Huang

et al., 2022; Shao and Li, 2022; Hu et al., 2020; Porter, 1996). The

government directly influences agricultural enterprises’ decisions

on emission reduction through multidimensional policy tools:

Command-and-control policies set strict emission reduction

targets and clear technical standards to limit enterprises’ pollution

emissions, forcing the withdrawal of backward production

capacity (Lanoie et al., 2008; Zhang et al., 2011). Market-based

environmental policies mainly provide economic incentives

for enterprises’ green innovation behaviors through market-

oriented means, such as subsidies and taxes, internalizing their

environmental costs (Lee et al., 2011). Voluntary environmental

policies cultivate enterprises’ environmental responsibility

through mechanisms, such as information disclosure and

environmental certification (Jia and Jingbo, 2020). Meanwhile,

market mechanisms play a pivotal role in promoting agricultural

green transformation on the demand side. If the market is efficient,

the potential improvement in agricultural product quality from

low-carbon production will lead to price spillovers through the

pricing mechanism, thereby providing economic incentives for

low-carbon production (Stavins, 2010; Malkiel, 1989; Norse, 2012;

Zhu and Tian, 2012).

The decision of agricultural enterprises to adopt low-carbon

technologies is influenced by multiple stakeholders. As rule-

makers and representatives of public interests, governments must

balance the economic and environmental benefits of low-carbon

transformation, and their regulatory decisions directly impact the

costs of other entities. Consumers primarily influence the demand

side, providing market momentum for low-carbon transformation

through their consumption behaviors. Agricultural enterprises are

1 In 2020, the “14th Five-Year Plan” emphasized ecological restoration

in agriculture and the development of low-carbon agricultural industry

chains to achieve the dual-carbon targets. In 2021, the National Energy

Administration and other agencies issued the “Implementation Opinions

on Accelerating the Transformation and Development of Rural Energy

to Support Rural Revitalization,” proposing to increase the proportion

of renewable energy. In 2022, the National Development and Reform

Commission and other institutions jointly issued the “Implementation Plan

for Carbon Emission Reduction and Carbon Sequestration in Agriculture

and Rural Areas,” elucidating key tasks for emission reduction and

carbon sequestration. In 2024, the Ministry of Agriculture and Rural

A�airs issued the “Guiding Opinions on Accelerating the Comprehensive

Green Transformation of Agricultural Development to Promote Ecological

Revitalization in Rural Areas,” setting green development goals for agriculture.

the direct executors, with their production decisions influenced

by regulatory policies, market risks, and consumer demand.

Meanwhile, there is a interactive influence among the three

parties: government promotion can reduce consumers’ information

acquisition costs, whereas green consumption preferences can

enhance the marginal effectiveness of policy tools. Enterprises’

green transformation, while saving energy and reducing emissions,

also provides feasibility space for government regulatory policies.

Essentially, agricultural low-carbon transformation operates as a

closed-loop cycle of “policy driven—production response—market

feedback (Norse, 2012).” Neglecting the role of government may

lead enterprises into “race to the bottom” due to a lack of

constraints. If consumers are overlooked, policy effects remain

confined to the production side, making it difficult to verify

their actual impact. Although other stakeholders are also involved

in agricultural low-carbon transformation, their roles can be

indirectly reflected through the actions of core entities. For

instance, financial institutions’ funding support can be embodied

in policy tools such as green credit, while technology suppliers’

support is internalized as adoption costs for enterprises. The

key to resolving the current transformation dilemma lies in

achieving incentive compatibility among the three parties through

institutional innovation (He et al., 2021; Nyambuu and Semmler,

2020; Xu, 2022).

Based on these practical considerations, this study aimed to

address the following questions:

• How do the decisions of local governments, agricultural

enterprises, and consumers interact and affect the evolution

of system stability?

• How do government regulation and market adjustment

operate in agricultural low-carbon transformation?

• Given regional technological differences, how can we

devise appropriate low-carbon development models for

different regions?

Evolutionary game theory can provide a robust framework for

analyzing behavior and strategic evolution within complex systems

(Zhu and Tian, 2012). To address the aforementioned questions,

this study adopted evolutionary game theory to analyze agricultural

low-carbon transformation. It constructed an evolutionary game

model that incorporates government regulation and market

adjustment, analyzing possible equilibrium points, the stability

conditions for the three stakeholders to reach equilibrium, and the

sensitivity of key variables to explore the evolutionary dynamics

of the system. Building on this, the study further analyzed the

incentive effects of two mechanisms across different regions,

and developed an analytical framework for agricultural low-

carbon transformation.

Compared with existing literature, this study makes the

following three contributions:

First, most existing literature focused on a two-party game

between local governments and enterprises. This study extended

the analysis by incorporating another key stakeholder—the

consumer—and constructed a tripartite evolutionary game model,

aiming to offer a more comprehensive perspective on promoting

agricultural low-carbon transformation.
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Second, existing literature often emphasizes either government

regulation or market adjustment in isolation. This study

constructed an analytical framework that integrates both

mechanisms, comprehensively examining their synergistic effects

and differentiated impacts.

Finally, this study considered regional technological differences

and analyzed the incentive effects of government regulation and

market adjustment. Based on these analyses, targeted policy

recommendations are offered for each region.

The remainder of this paper is organized as follows: Section 2

presents the literature review. Sections 3 introduces the materials

and methods. Section 4 presents the results. Section 5 further

discusses the effects of the two mechanisms. Section 6 explains the

conclusions and implications.

2 Literature review

2.1 Research status of low-carbon
agriculture

Low-carbon agriculture originated from the idea of a

low-carbon economy, initially taking the form of low-carbon

agricultural economics, which focuses on achieving maximum

benefits from agricultural production and operations while

minimizing greenhouse gas emissions (Wang, 2008). As research

progressed, the scope of low-carbon agricultural economics

expanded, leading to the concept of low-carbon agriculture—a

comprehensive approach aimed at achieving low-carbon emissions

throughout the entire food production process by fully leveraging

agricultural carbon sequestration (Nyambuu and Semmler, 2020;

Xu, 2022). Low-carbon agriculture represents the future direction

of modern agricultural development, helping to address challenges,

such as climate deterioration and resource scarcity (Xie et al., 2018).

It is also an inevitable path toward realizing modern agriculture

with Chinese characteristics and advancing agricultural ecological

civilization (Wang and Yang, 2021). To transform agricultural

production methods, the Chinese government has focused on

the improvement of resource utilization efficiency and ecological

protection, actively implementing ecological compensation and

incentive policies (Wang et al., 2010), promoting and innovating

low-carbon agricultural production technologies, and developing

a low-carbon agricultural technology system centered on five

core techniques: no-tillage and reduced tillage, deep tillage and

loosening, pest control, organic fertilization, and straw return

(Zheng et al., 2022).While low-carbon agriculture shows promising

prospects and has achieved initial success, it still faces several

challenges and obstacles. On the one hand, current incentive

policies tend to benefit only large-scale agricultural enterprises,

whereas small and medium-sized enterprises face considerable

liquidity constraints during the initial stages of transformation

(Luo and Xu, 2010). On the other hand, insufficient consumer

awareness of low-carbon consumption, coupled with high market

risks for low-carbon agricultural products, leads to considerable

instability in profit expectations for operators, thereby discouraging

the adoption of low-carbon technologies (Freibauer et al., 2004).

In summary, existing research has extensively investigated the

origins, developmental significance, and practical challenges of

low-carbon agriculture but lacks a systematic analytical framework

that incorporates multiple stakeholders. It has also neglected a

thorough analysis of the conflicts of interest among stakeholders

and the evolution of their behaviors, leading to an incomplete

understanding of the complex interactive mechanisms involved in

agricultural low-carbon transformation.

2.2 Factors influencing agricultural
low-carbon transformation

This study mainly examined the interactions among local

governments, agricultural enterprises, and consumers. Building on

existing literature, we specifically analyzed the impact of individual

characteristics, government regulation, and market adjustment on

agricultural low-carbon transformation.

Existing studies have predominantly focused on the adoption

of low-carbon technologies from the perspective of farmers.

Subjective factors such as farmers’ gender, age, and educational

level significantly influence their willingness to adopt these

technologies (Li and Wang, 2010; Zhang et al., 2024; Yang

et al., 2020). Household endowments, including income level

and the proportion of agricultural income, also affect farmers’

willingness to adopt low-carbon technologies (Barham et al.,

2011). Low income and a small proportion of agricultural income

reduce farmers’ demand for low-carbon technologies. With the

research advancement, some scholars have explored the impact of

psychological factors, such as risk perception and cognitive norms,

on farmers’ decision-making from the perspective of behavioral

economics. For instance, risk aversion leads farmers to prefer

traditional production methods that are familiar and provide stable

returns (Schulte et al., 2022), whereas attitudes, cognitive norms,

and perceived benefits significantly positively influence farmers’

willingness to adopt low-carbon technologies (Zhao and Zhou,

2021).

Both the government and market are key drivers of agricultural

low-carbon transformation. Scholars generally agree that

reasonable environmental regulatory policies contribute to the

promotion of agricultural low-carbon transformation. Policy

tools, such as carbon taxes and carbon emission caps, can

effectively increase the cost of carbon emissions and guide

agricultural producers to adopt low-carbon technologies (Zheng

et al., 2022; Stewart, 2022). Concurrently, the effectiveness of

environmental regulation not only depends on the enforcement

efforts of regulatory agencies but is also closely related to

farmers’ environmental awareness (Hui et al., 2023; Ren and

Zhong, 2022). In developed countries, such as Germany and

the Netherlands, the combination of environmental regulatory

policies with publicity and education has promoted the widespread

application of low-carbon technologies. However, some scholars

pointed out that excessive restrictions in environmental regulation

may have a negative impact on low-carbon agriculture and, in

some cases, may even sacrifice certain economic growth (Luo

et al., 2024). With economic development and the upgrading

of consumption concepts, the role of market mechanisms in

the development of low-carbon agriculture has gradually gained

attention. Numerous studies have proved that market incentive
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mechanisms, such as carbon trading markets and low-carbon

subsidies, have become important tools for promoting agricultural

low-carbon transformation (Zheng et al., 2022; Ke and Huang,

2024). There is limited research in China on the application of

carbon markets, but some scholars have begun to focus on the

potential of carbon trading for agricultural emission reductions. By

establishing agricultural carbon trading platforms, the ecological

benefits of low-carbon agriculture can be effectively converted

into economic benefits (Guo et al., 2022). In addition to the direct

effects of governments and market mechanisms, the synergistic

effect between them is also noteworthy. Studies have reported that

the optimal combination of environmental regulation and market

incentives can effectively balance low-carbon goals and economic

benefits (Zheng et al., 2022). Single environmental regulation may

be constrained by cost pressures, whereas the introduction of

market mechanisms can effectively alleviate this issue. Changes in

market demand are also among the driving forces for low-carbon

agriculture. From a neoclassical economic perspective, the key to

agricultural low-carbon transformation lies in the recognition of

the market value of low-carbon agricultural products (Sneeringer,

2009). With the increase in consumers’ income levels, heightened

environmental awareness, and concerns regarding food safety,

the demand for low-carbon agricultural products in China has

significantly increased (Lyu et al., 2020), and consumers are

more willing to pay for low-carbon development, thereby driving

agricultural enterprises to adopt low-carbon technologies from

the demand side (Norse, 2012; Zhang et al., 2024; Hou and

Hou, 2019; Wang and Wang, 2010; Jin et al., 2020; Echeverría

et al., 2014; Chen et al., 2018; Kong et al., 2017; Zhang and Xu,

2022).

Existing literature mainly focuses on the adoption of low-

carbon technologies from the perspective of farmers, with limited

attention paid to business entities, such as agricultural enterprises.

In contrast to farmers, agricultural enterprises benefit from

advantages in intensification, specialization, organization, and

socialization, enabling them to efficiently allocate production

factors and thereby significantly influence agricultural carbon

emissions (Wang and Wang, 2010). In the context of large-

scale and intensive operations, discussing the low-carbon

transformation of agricultural enterprises is more practically

significant. Furthermore, although the aforementioned studies

have investigated the impact of government regulation and market

adjustment on agricultural low-carbon transformation, there

remains a lack of comprehensive exploration that considers the

interactions and coupling effects of various factors. In addition,

much of the related research adopted a static perspective using

qualitative and descriptive statistical methods to study low-

carbon agriculture, overlooking the long-term and dynamic

nature of the low-carbon transformation (Xie et al., 2018; Zhao

et al., 2024; Coninx et al., 2018; Sun P. et al., 2024; Feng and

Ge, 2024; Liu et al., 2022; He and Liao, 2024; Hu and Wang,

2022).

In summary, existing literature mainly discusses the origins,

significance, development challenges, and influencing factors of

low-carbon agriculture. It examines the impact of government

regulation and market adjustment on agricultural low-carbon

transformation from a singular perspective. However, there is a

lack of a comprehensive analysis involving multiple stakeholders,

and the roles of the government and market, along with

their dynamic effects on low-carbon agriculture, have not been

fully elucidated. To bridge this gap, this study constructed an

evolutionary game model to systematically describe the strategic

evolution process of local governments, agricultural enterprises,

and consumers. It offers a differentiated analysis of the incentive

effects of government regulation andmarket adjustment, providing

a more comprehensive and dynamic perspective for advancing

low-carbon agriculture.

3 Materials and methods

3.1 Evolutionary game theory

Traditional game theory focuses on static equilibrium analysis,

assuming that all participants make instantaneous decisions

based on complete information. However, such static models

often overlook the dynamic nature of decision-making and

the constantly evolving interactions among participants. This

is particularly relevant in complex systems, where decision-

makers frequently face incomplete information and bounded

rationality. Evolutionary game theory is a generalized approach

for studying agent interactions and strategic decisions. It develops

an evolutionary game model based on replicator dynamics and

evolutionarily stable states, which represent the stable states of

evolutionary games and the process of dynamically converging

to these states, respectively (Jin et al., 2020). Compared with the

static equilibrium of traditional game theory, evolutionary game

theory addresses the issues of bounded rationality and learning

mechanisms. By incorporating replicator dynamic equations and

evolutionarily stable states, it captures the strategic evolution of

game participants over long-term interactions. As a result, it serves

as a powerful tool for analyzing individual behavior and strategy

evolution in complex systems.

Agricultural low-carbon transformation is critical for achieving

the coordinated development of the economy and environment,

necessitating cooperation among local governments, agricultural

enterprises, and consumers. Local governments facilitate low-

carbon transformation by implementing ecological compensation

systems, reward and penalty mechanisms, as well as policy

promotion. However, the implementation of these policies often

incurs substantial regulatory costs. When the outcomes of

incentive policies fail to meet expectations, local governments

may resort to passive regulation, which can undermine their

credibility and, consequently, affect policy effectiveness and social

stability. For agricultural enterprises, low-carbon agricultural

products are theoretically more valuable in the market, and

leveraging policy incentives for transformation can yield greater

economic benefits. However, enterprises often face liquidity

constraints and uncertainty regarding whether consumers will

recognize the market value of low-carbon products. They need

to make production decisions by considering both the policy

environment and market demand. Consumers, may perceive

additional benefits in low-carbon agricultural products, but these

benefits are offset by higher purchasing costs. In addition to the
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aforementioned endogenous factors, external factors, such as low-

carbon technology level, considerably influence the evolution of

the system.

The information asymmetry and interest misalignment

among local governments, agricultural enterprises, and consumers

complicate their interactions. As representatives of public interests,

local governments must balance environmental protection

and economic growth, with their core regulatory goal being

to maximize social welfare under limited resource conditions.

Agricultural enterprises, as the direct executors of low-carbon

transformation, pursue profit maximization, but there is a

contradiction between the long-term benefits of low-carbon

production and short-term investment costs. Consumers, acting

on the demand side, reshape the value system of agricultural

products through their purchasing behavior. However, due to

information asymmetry, they struggle to directly assess the quality

of agricultural products, making their choices susceptible to bias

and potentially leading to a “lemon market” problem. The interest

misalignment among the three parties easily results in behavioral

conflicts, such as insufficient subsidies prompting enterprises to

engage in strategic emission reductions, rigid policies hindering

low-carbon transformation, and distorted market signals causing

consumer trust crises. Any deviation from equilibrium by one

party can disrupt the entire system. Given bounded rationality,

local governments, agricultural enterprises, and consumers are

unlikely to find an optimal strategy in a single game. Instead,

they must adjust their decisions based on past experiences and

environmental changes, iterating through multiple rounds of

interaction to gradually identify the optimal strategy. The process

of finding the optimal strategy involves multi-agent, multi-level

interactions, aligning with the analytical framework of evolutionary

game theory. Based on this, this paper constructed an evolutionary

game theoretical framework for analyzing agricultural low-carbon

transformation, as shown in Table 1.

3.2 Model assumptions

The principles of evolutionary game theory encompass three

key dimensions: bounded rationality, differentiated strategies, and

group dynamic adjustment. First, bounded rationality suggests

that participants cannot fully predict the consequences of all

strategies, and their decisions are based on experiential imitation,

local information, or simple rules. Second, differentiated strategies

emphasize that variations in individual characteristics lead to

multidimensional strategy diversification. Finally, group dynamic

adjustment reflects the evolutionary process of strategies through

a “trial-error-learning-diffusion” mechanism, where high-reward

strategies gradually increase in proportion within the group, while

low-reward strategies are progressively eliminated. These three

dimensions reveal the evolutionary logic of evolutionary game

theory, from individual bounded rationality to an evolutionarily

stable state. When constructing an evolutionary game model, it

is essential to follow these principles and extract key parameters

based on real-world contexts, thereby simulating the behavioral

logic and interaction mechanisms of participants. Therefore, this

paper proposes the following assumptions:

Assumption 1 (rational participant assumption). One of

the central principles of evolutionary game theory is that

agents participate in repeated games under the assumption

of bounded rationality until the game system evolves

toward a stable state over time (Li). This model involves

three primary stakeholders: local governments, agricultural

enterprises, and consumers. Each of these stakeholders operates

under bounded rationality, continuously learning from one

another throughout the game process to make decisions

that best align with the evolving environment and their

own interests.

Assumption 2 (strategy selection assumption). For ease of

analysis, scholars typically employ binary strategies to analyze

agents’ strategies (Zhao et al., 2024; Sun Y. et al., 2024). Specifically,

the strategy space for local governments is (active regulation,

passive regulation)= (x, 1 − x), the strategy space for agricultural

enterprises is (low-carbon production, traditional production) =

(y, 1 − y), and the strategy space for consumers is (low-carbon

consumption, traditional consumption)= (z, 1 − z).

Assumption 3 (government behavior assumption). When local

governments opt for active regulation, they must implement a

series of incentive policies to guide agricultural enterprises and

consumers toward low-carbon transformation. Specifically, local

governments provide low-carbon production subsidies, denoted as

αCl (where α denotes the subsidy coefficient and Cl denotes the

cost of low-carbon technologies), to agricultural enterprises while

imposing carbon penalties, denoted as P, on enterprises that exceed

carbon emission thresholds. In addition, local governments seek

to increase consumer demand for low-carbon products through

policy promotion, with the promotion cost represented as (1 +

β)Cp (where β denotes the promotion coefficient and Cp denotes

the promotion cost). Moreover, local governments must cover air

pollution control costs, denoted as Ca, to mitigate excessive carbon

emissions from traditional production methods. In contrast, when

local governments adopt passive regulation, they incur a credibility

loss, denoted as L, which exceeds the costs associated with active

regulation (Mei et al., 2024; Sun P. et al., 2024), i.e., L > αCt +

(1 + β)Cp + Ca.

Assumption 4 (agricultural enterprise behavior assumption).

The prices and sales volumes of traditional agricultural products

and low-carbon agricultural products are denoted as Pt ,Dt and

Pl,Dl, respectively, with production costs represented by Ct and

Cl. Government promotion can enhance consumer awareness,

thereby increasing the sales of low-carbon agricultural products.

Consequently, the revenues of agricultural enterprises from

traditional production and low-carbon production are given by

Pt
∗ Dt and λ ∗ Pl

∗ (1 + β) ∗Dl, respectively, where λ denotes

low-carbon consumption preference. However, the information

asymmetry between agricultural enterprises and consumers can

lead to adverse selection, thereby increasing the market risks (Feng

and Ge, 2024; Liu et al., 2022). The risk cost is denoted as Cm.

In addition, our field research found that the application for

low-carbon subsidies is cyclical, and agricultural enterprises that

transform earlier can occupy a larger market share owing to first-

mover advantages (Kerin et al., 1992). Many enterprises regret

missing the opportunity, so opportunity cost Co is introduced to

describe this aspect.
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TABLE 1 Evolutionary game-theoretic analysis framework for Low carbon transformation of agriculture.

Stakeholders Local governments Agricultural enterprises Consumers

Alternative strategies Positive regulation

Negative regulation

Low-carbon production

Traditional production

Low-carbon consumption

Traditional consumption

Key influencing factors

External driver Low-carbon technology level

Intervention strategies Agricultural enterprises: subsidies for low-carbon production and penalties for exceeding carbon emissions Consumers: policy promotion

The ”+“ symbol represents driving factors, while the ”-“ symbol represents hindering factors.
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FIGURE 1

Relationship among variables in the game system.

Assumption 5 (consumers’ behavior assumption). Low-carbon

consumption can provide consumers with additional perceived

benefits, such as health and environmental benefits as well as

social reputation, with these perceived benefits being linked

to government promotion, denoted as (1 + β)U. However,

a mismatch between supply and demand may arise: when

agricultural enterprises engage in low-carbon production but

consumers opt for traditional consumption, consumers miss out

on the additional benefits, resulting in an opportunity cost, denoted

as V . Conversely, when agricultural enterprises choose traditional

production while consumers lean toward green consumption,

consumers incur a search cost, denoted as Cs.

Assumption 6 (external driver assumption). The maturity of

low-carbon technology considerably influences the cost structure

of agricultural enterprises, making it a critical external factor

in their decision-making. Consequently, this study introduces

the concept of the low-carbon technology level (d) to quantify

the impact of technological maturity on the strategic choices of

agricultural enterprises.

The diagram of the variable relationships is presented in

Figure 1.

3.3 Payo� matrix and replication dynamic
equations

Based on the above assumptions, the payoff matrix for local

governments, agricultural enterprises, and consumers is presented

in Table 2.

Let the expected payoffs for local governments choosing active

regulation and passive regulation be E11 and E12, respectively, with

the average payoff denoted as Ē1. Then:

E11 = P − (1+ β)Cp − Ca + y(Ca − P − α
(

1− d
)

C
l
) (1)

E12 = −L (2)

Ē1 = xE11 + (1− x)E12 (3)

Let the expected payoffs for agricultural enterprises choosing

low-carbon production and traditional production be E21 and

E22, respectively, with the average payoff denoted as Ē2.

Then:

E21 = PtDt −
(

1− d
)

Cl − Cm + xα(1− d)Cl

+z (λPlDl − PtDt) + xzβλPlDl (4)

E22 = PtDt − Ct − x(P + Co) (5)

Ē2 = yE21 + (1− y)E22 (6)

Let the expected payoffs for consumers choosing low-carbon

consumption and traditional consumption be E31 and E32,

respectively, with the average payoff denoted as Ē3. Then:

E31 = −PtDt − Cs + xy (βU − βλPlDl)

+y(U + PtDt + Cs − λPlDl) (7)

E32 = −PtDt − yV (8)

Ē3 = zE31 + (1− z)E32 (9)

The replication dynamic equations for local governments,

agricultural enterprises, and customers are as follows:



































F (x) = dx
dt

= x (1− x) (P + L− (1+ β)

Cp − Ca + y
(

Ca − P − α
(

1− d
)

C
l

))

F
(

y
)

=
dy
dt

= y
(

1− y
) (

Ct −
(

1− d
)

Cl − Cm + x(α
(

1− d
)

C
l

+P + Co)+ z (λPlDl − PtDt) + xzβλPlDl

)

F (z) = dz
dt

= z (1− z)
(

−Cs + xy (βU − βλPlDl)

+y(V + U + PtDt + Cs − λPlDl)
)

(10)
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TABLE 2 Payo� matrix for local government, agricultural enterprises and consumers.

Agricultural
enterprises

Consumers

Low-carbon
consumption (z)

Traditional
consumption (1− z)

Local

government

Positive regulation (x) Low-carbon production (y) −α(1− d)Cl − βCp

λPl (1+ β)Dl − (1− α) (1−

d)Cl − Cm

(1+ β)U − λPl (1+ β)Dl

−α(1− d)Cl − βCp

PtDt − (1− α) (1− d)Cl − Cm

−PtDt − V

Traditional

production (1− y)

P − βCp − Ca

PtDt − Ct − P − Co

−PtDt − Cs

P − βCp − Ca

PtDt − Ct − P − Co

−PtDt

Negative regulation (1− x) Low-carbon production (y) −L λPlDl − (1− d)Cl − Cm

U − λPlDl

−L

PtDt − (1− d)Cl − Cm

−PtDt − V

Traditional

production (1− y)

−L PtDt − Ct −PtDt − Cs −L

PtDt − Ct

−PtDt

3.4 Analysis of local stability strategy

3.4.1 Local governments

F (x) =
dx

dt
= x (1− x)

(

P + Lg − (1+ β)Cp − Ca

+y
(

Ca − P − α
(

1− d
)

C
l

))

(11)

F
′

(x) = (1− 2x)
(

P + Lg − (1+ β)Cp − Ca

+y
(

Ca − P − α
(

1− d
)

C
l

))

(12)

Let:

G
(

y
)

= P + Lg − (1+ β)Cp − Ca + y
(

Ca − P − α
(

1− d
)

C
l

)

(13)

According to the stability conditions of the replicator dynamic

equation, when F (x) = 0 and F
′
(x) < 0, the point is an

evolutionary stable point for local governments. When y = y∗ =
Ca+(1+β)Cp−L−P

Ca−P−α(1−d)Cl
, G

(

y
)

= 0, and for any value of x, F (x) ≡ 0. At

this point, the strategy choice of local governments does not change

over time, and the stable strategy is any arbitrary strategy. When

y 6= y∗ =
Ca+(1+β)Cp−L−P

Ca−P−α(1−d)Cl
, let F (x) = 0, and we get two possible

equilibrium solutions, x1 = 0 and x2 = 1.

(1) When y > y∗ =
Ca+(1+β)Cp−L−P

Ca−P−α(1−d)Cl
, G

(

y
)

< 0,

F
′
(x) | (x1 = 0) < 0, and F

′
(x) | (x2 = 1) > 0. In this

case, x1 = 0 is the evolutionary stable strategy for

local governments.

(2) When y∗ =
Ca+(1+β)Cp−L−P

Ca−P−α(1−d)Cl
> 0, and y < y∗ =

Ca+(1+β)Cp−L−P

Ca−P−α(1−d)Cl
, G

(

y
)

> 0, F
′
(x) | (x1 = 0) > 0, and

F
′
(x) | (x2 = 1) < 0. In this case, x2 = 1 is the evolutionary

stable strategy for local governments.

The evolutionary dynamic phase diagram of local governments

is illustrated in Figure 2.

3.4.2 Agricultural enterprises

F
(

y
)

=
dy

dt
= y

(

1− y
) (

Ct −
(

1− d
)

Cl − Cm + x(α
(

1− d
)

C
l

+P + Co)+ z (λPlDl − PtDt) + xzβλPlDl )

(14)

F
′ (

y
)

= (1− 2y)
(

Ct −
(

1− d
)

Cl − Cm + x(α
(

1− d
)

C
l

+P + Co)+ z (λPlDl − PtDt) + xzβλPlDl

)

(15)

Let:

G (z) =
(

Ct −
(

1− d
)

Cl − Cm + x(α
(

1− d
)

C
l
+ P + Co)

+z (λPlDl − PtDt) + xzβλPlDl) (16)

According to the stability conditions of the replicator dynamic

equation, when F
(

y
)

= 0 and F
′
(y) < 0, the point is an

evolutionary stable point for agricultural enterprisers. When z =

z∗ =
Cm+(1−d)Cl−Ct−x(α(1−d)Cl+P+Co)

λPlDl+xβλPlDl−PtDt
, G (z) = 0, and for

any value of y, F
(

y
)

≡ 0. At this point, the strategy choice

of agricultural enterprisers does not change over time, and the

stable strategy is any arbitrary strategy. When z 6= z∗ =
Cm+(1−d)Cl−Ct−x(α(1−d)Cl+P+Co)

λPlDl+xβλPlDl−PtDt
, let F

(

y
)

= 0, and we get two

possible equilibrium solutions, y1 = 0 and y2 = 1.

(1) Whenz∗ =
Cm+(1−d)Cl−Ct−x(α(1−d)Cl+P+Co)

λPlDl+xβλPlDl−PtDt
> 0, and

z < z∗ =
Cm+(1−d)Cl−Ct−x(α(1−d)Cl+P+Co)

λPlDl+xβλPlDl−PtDt
, G (z) < 0,

F
′ (

y
)

|
(

y1 = 0
)

< 0, and F
′ (

y
)

|
(

y2 = 1
)

> 0. In this

case, y1 = 0 is the evolutionary stable strategy for

agricultural enterprisers.

(2) When z > z∗ =
Cm+(1−d)Cl−Ct−x(α(1−d)Cl+P+Co)

λPlDl+xβλPlDl−PtDt
, G (z) >

0, F
′ (

y
)

|
(

y1 = 0
)

> 0, and F
′ (

y
)

|
(

y2 = 1
)

< 0. In

this case, y2 = 1 is the evolutionary stable strategy for

agricultural enterprisers.

The evolutionary dynamic phase diagram of agricultural

enterprisers is illustrated in Figure 3.
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FIGURE 2

Local government strategy evolution phase diagram.

FIGURE 3

Agricultural enterprises strategy evolution phase diagram.

3.4.3 Consumers

F (z) =
dz

dt
= z (1− z)

(

−Cs + xy (βU − βλPlDl)

+y(V + U + PtDt + Cs − λPlDl)
)

(17)

F
′

(z) = (1− 2z)
(

−Cs + xy (βU − βλPlDl)

+y(V + U + PtDt + Cs − λPlDl)
)

(18)

Let:

G (z) = −Cs + xy (βU − βλPlDl)

+y(V + U + PtDt + Cs − λPlDl) (19)

According to the stability conditions of the replicator dynamic

equation, when F (z) = 0 and F
′
(z) < 0, the point is an

evolutionary stable point for consumers. When x = x∗ =
Cs−y(V+U+PtDt+Cs−λPlDl)

y(βU−βλPlDl)
, G (x) = 0, and for any value of z, F (z) ≡

0. At this point, the strategy choice of consumers does not change

over time, and the stable strategy is any arbitrary strategy. When

x 6= x∗ =
Cs−y(V+U+PtDt+Cs−λPlDl)

y(βU−βλPlDl)
, let F (z) = 0, and we get two

possible equilibrium solutions, z1 = 0 and z2 = 1.

(1) Whenx∗ =
Cs−y(V+U+PtDt+Cs−λPlDl)

y(βU−βλPlDl)
> 0, and x < x∗ =

Cs−y(V+U+PtDt+Cs−λPlDl)
y(βU−βλPlDl)

, G (x) < 0, F
′
(z) | (z1 = 0) < 0, and

F
′
(z) | (z2 = 1) > 0. In this case, z1 = 0 is the evolutionary

stable strategy for consumers.

(2) When x > x∗ =
Cs−y(V+U+PtDt+Cs−λPlDl)

y(βU−βλPlDl)
, G (x) > 0,

F
′
(z) | (z1 = 0) > 0, and F

′
(z) | (z2 = 1) < 0. In this case,

z2 = 1 is the evolutionary stable strategy for consumers.

The evolutionary dynamic phase diagram of consumers is

illustrated in Figure 4.

3.5 Stability analysis

When local governments, agricultural enterprises, and

consumers engage in repeated games and no longer alter their

strategies, the strategy combinations of all agents converge

to an evolutionarily stable state (ESS). To identify the local

stationary points and system stable points in the dynamic

system, set Equation (10) equal to zero, which indicates that

Frontiers in Sustainable FoodSystems 09 frontiersin.org

https://doi.org/10.3389/fsufs.2025.1570678
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Liao et al. 10.3389/fsufs.2025.1570678

FIGURE 4

Consumers strategy evolution phase diagram.

TABLE 3 Stability of local equilibrium points.

Equilibrium
point

Eigenvalue
λ1,λ2,λ3

Symbol

(0, 0, 0) P+ L− (1+ β)Cp −Ca ,Ct −
(

1− d
)

Cl − Cm , −Cs

(+,−,−)

(1, 0, 0) Ca + (1+ β)Cp − L−

P,Ct − (1− α)
(

1− d
)

Cl −

Cm + P + Co ,−Cs

(−,×,−)

(0, 1, 0) L− (1+ β)Cp −

α
(

1− d
)

C
l
,Cm+

(

1− d
)

Cl−

Ct ,V + U + PtDt − λPlDl

(+,+,×)

(0, 0, 1) P + L− (1+ β)Cp −

Ca ,Ct −
(

1− d
)

Cl − Cm +

λPlDl − PtDt ,Cs

(+,×,+)

(1, 1, 0) α
(

1− d
)

C
l
+ (1+ β)Cp −

L, (1− α)
(

1− d
)

Cl + Cm −

Ct − Co − P, (1+ β)U −

λPl (1+ β)Dl + V + PtDt

(−,×,×)

(1, 0, 1) Ca + (1+ β)Cp − L− P,Ct −

(1− α)
(

1− d
)

Cl −Cm+P+

Co +λPl (1+ β)Dl −PtDt ,Cs

(−,×,+)

(0, 1, 1) L− (1+ β)Cp −

α
(

1− d
)

C
l
, PtDt + Cm +

(

1− d
)

Cl − Ct −

λPlDl , λPlDl − PtDt −U −V

(+,×,×)

(1, 1, 1) α
(

1− d
)

C
l
+ (1+ β)Cp −

L, PtDt + Cm +

(1− α)
(

1− d
)

Cl −

λPl (1+ β)Dl − Co − P −

Ct , λPl (1+ β)Dl − PtDt −

V − (1+ β)U

(−,×,×)

“×” represents that the symbol of the eigenvalue is uncertain and needs further discussion.

the strategies of the agents no longer change over time, and

each participant’s choice represents the optimal strategy.

At this point, we obtain nine local equilibrium points:

E1 (0, 0, 0) , E2 (1, 0, 0) , E3 (0, 1, 0) , E4 (0, 0, 1) , E5 (1, 1, 0),

E6 (1, 0, 1) , E7 (0, 1, 1) , E8 (1, 1, 1) , and

E9
(

x∗, y∗, z∗
)

, x∗ [0, 1] , y∗ [0, 1] , z∗ [0, 1 ].

The equilibrium point can be called an ESS if and only if it

is a strict Nash equilibrium and a pure strategy Nash equilibrium

(He and Liao, 2024; Hu and Wang, 2022). Therefore, the mixed

strategy E9 is not a stable strategy. To determine the ESSs, the

partial derivatives of Equation (10) with respect to x, y, and z are

solved to obtain the Jacobian matrix. The eigenvalues of the local

stationary points are presented in Table 3.

J =







J11 J12 J13
J21 J22 J23
J31 J32 J33






=









∂F(x)
∂x

∂F(x)
∂y

∂F(x)
∂z

∂F(y)
∂x

∂F(y)
∂y

∂F(y)
∂z

∂F(z)
∂x

∂F(z)
∂y

∂F(z)
∂z









(20)

J11 = (1− 2x)
(

P + L− (1+ β)Cp − Ca

+y
(

Ca − P − α
(

1− d
)

C
l

))

J12 = x (1− x)
(

Ca − P − α
(

1− d
)

C
l

)

J13 = 0

J21 = y
(

1− y
)

(
(

α
(

1− d
)

C
l
+ P + Co

)

+ zβλPlDl)

J22 =
(

1− 2y
) (

Ct −
(

1− d
)

Cl − Cm + x(α
(

1− d
)

C
l

+P + Co)+ z (λPlDl − PtDt) + xzβλPlDl

)

J23 = y
(

1− y
)

(λPlDl − PtDt + xβλPlDl)

J31 = z (1− z) y (βU − βλPlDl)

J32 = z (1− z) (x (βU − βλPlDl) + V + U + PtDt

+Cs − λPlDl)

J33 = (1− 2z)
(

−Cs + xy (βU − βλPlDl)

+y(V + U + PtDt + Cs − λPlDl)
)

According to Lyapunov’s stability theory, an

equilibrium point can be considered an ESS of the

entire system only if all its eigenvalues are negative.

Consequently,E1 (0, 0, 0) ,E3 (0, 1, 0) ,E4 (0, 0, 1) ,E6 (1, 0, 1) ,

and E7 (0, 1, 1) cannot be ESS. The possible ESSs for the model

include E2 (1, 0, 0) ,E5 (1, 1, 0) , and E8 (1, 1, 1). Considering the

real situation of low-carbon transformation of Chinese agriculture,

these three equilibrium points reflect three typical evolutionary

processes of agricultural carbon reduction to some extent.

Therefore, this study will discuss these three scenarios in detail; the

system evolution process is illustrated in Figure 5.
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FIGURE 5

The evolutionary progression of the game system.

3.5.1 Initial stage (government support in the
embryonic period)

Ct − (1 − α)
(

1 − d
)

Cl − Cm + P + Co <

0. The constraints of the initial stage indicate that under active

regulation, the cost of low-carbon production for agricultural

enterprises is higher than that of traditional production, leading

them to prefer traditional production. The market is dominated by

traditional agricultural products, and consumers face high search

costs, making them inclined toward traditional consumption. At

this point, the system evolves toward (1, 0, 0).

Climate change caused by excessive greenhouse gas

emissions has already posed a considerable threat to agricultural

development. Without appropriate measures, Chinese agriculture

may face the risk of reduced yields or even food shortage (Weibull,

1997). As the main institutional provider, the government plays

an important guiding role in developing low-carbon agriculture

through ecological compensation reward and penalty systems

as well as policy promotion. However, due to the immaturity of

low-carbon agricultural production technologies and consumers’

reluctance to pay for low-carbon agricultural products affected

by factors, such as income levels and consumption concepts, the

cost of low-carbon production remains high, leading agricultural

enterprises to resist the adoption of low-carbon technologies.

Moreover, the limited market share of low-carbon agricultural

products further diminishes consumers’ willingness to engage in

low-carbon consumption. Therefore, this stage corresponds to

E2 (1, 0, 0), in which local governments choose active regulation,

but agricultural enterprises and consumers do not opt for

low-carbon transformation. It is noteworthy that although

(1, 0, 0) represents an evolutionarily stable state in theory, if

incentive policies fail to achieve the expected results, it may

lead local governments to choose passive regulation or even

withdraw from regulation owing to financial burden, which

would significantly hinder the process of agricultural low-carbon

transformation .

3.5.2 Transitional stage (production
transformation under active regulation)

(1 − α)
(

1 − d
)

Cl + Cm − Ct − Co − P <

0, (1 + β)U − λPl (1 + β)Dl + V + PtDt < 0. The constraints

of the transitional stage indicate that under active regulation,

the cost of low-carbon production for agricultural enterprises is

lower than that of traditional production, making them inclined

toward low-carbon production. However, the benefits of low-

carbon consumption for consumers are relatively low,making them

inclined toward traditional consumption. Therefore, the system

evolves toward (1, 1, 0).

As agricultural low-carbon production technologies mature,

agricultural enterprises are generally able to achieve low-carbon

transformation through government subsidies. Concurrently,

the government actively promotes the health benefits and

environmental value of low-carbon agricultural products. However,

as the transformation in consumer attitudes takes a relatively

long time, consumers are still unwilling to pay for low-carbon

products. At this stage, government subsidies directly increase

the disposable income of agricultural enterprises, providing a

more immediate incentive effect compared with policy promotion.

Therefore, this stage corresponds to E5 (1, 1, 0), in which local

governments choose active regulation, agricultural enterprises

choose low-carbon production, and consumers choose traditional

consumption. However, subsidy policies may increase the financial

burden (Xing et al., 2023) and lead to “subsidy dependency,”

resulting in the awkward situation of “using when subsidies are

available and stopping when they are not” (Zhang and Wang,

2022; Sun et al., 2023; Zhang, 2022). Solely relying on government

regulation without market adjustment makes it difficult to truly

achieve agricultural low-carbon transformation.

3.5.3 Mature stage (tripartite cooperation to
promote carbon reduction)

PtDt + Cm + (1 − α)
(

1 − d
)

Cl − λPl (1 + β)Dl −

Co − P − Ct < 0, λPl (1 + β)Dl − PtDt −

V − (1 + β)U < 0. The constraints of the mature

stage indicate that under active regulation, the net income

from low-carbon production is higher than that from traditional

production, and consumers have fully recognized the health

benefits and environmental value of low-carbon agricultural

products. Consequently, agricultural enterprises and consumers are

inclined toward low-carbon transformation, leading the system to

evolve toward (1, 1, 1).
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Long-term policy promotion has significantly improved

consumption attitudes, ensuring the economic benefits of

low-carbon production for agricultural enterprises. The

agricultural low-carbon transformation no longer depends

solely on government subsidies, with market mechanisms

now serving as an important incentive. Financial burdens are

reduced, and resource allocation is further optimized, fostering

the sustainable development of agricultural production and the

environment. Under the combined influence of government

regulation and market adjustment, the three core stakeholders

achieve mutual benefits and a win–win situation. Therefore, this

stage corresponds to E8 (1, 1, 1), where local governments choose

active regulation and both agricultural enterprises and consumers

choose low-carbon transformation.

3.6 Data source

The data source and parameter calibration in this study are

mainly based on the following principles:

(1) Based on field research conducted by our team on multiple

agricultural enterprises in Zhejiang Province. The rich survey

data provide valuable insights into key factors, such as market

information, consumer preferences, and risk expectations

during the modeling process. Our study found that the market

price of low-carbon agricultural products is approximately

four times that of traditional agricultural products, whereas

the sales volume is <50% of that of traditional products. To

minimize data bias, we surveyed 92 agricultural enterprises

and conducted in-depth interviews with their leaders regarding

critical information, including product prices, sales volumes,

and production costs. In addition, by combining these

findings with publicly available data from the “Compilation

of National Agricultural Product Cost and Income Data”

and agricultural product information platforms (Li and Ying,

2004), we calculated the prices of traditional and low-carbon

agricultural products to be 0.004 and 0.016, respectively,

with corresponding sales volumes of 2,250 and 1,000. The

production costs for traditional and low-carbon products are

4 and 14, respectively. In addition, we conducted a survey on

105 consumers using a questionnaire, and 85 of them preferred

low-carbon consumption. Based on this, we assumed that the

low-carbon consumption preference is 0.8.

(2) Based on public documents, such as policies and government

reports. According to relevant policy documents, the low-

carbon subsidy ratio generally ranges between 10% and 30%;

therefore, the subsidy coefficient in this study was set to

α = 0.3. To determine the parameters related to government

regulatory costs, we mainly referred to the annual report

information disclosed by local governments in various regions

of Zhejiang Province. After simplification, we determined the

promotion cost to be 3; initial value of promotion coefficient,

0.5; and air pollution control cost, 1. Moreover, following

the methodology of Wickramarathne, Premaratne (Akerlof,

1970), the loss of credibility can be roughly estimated by

the increase in annual administrative management cost for

regional agriculture. Based on annual reports from different

regions of Zhejiang Province, we calculated the loss of

credibility to be 7.5.

(3) Based on previous literature. Due to the inherently vulnerable

nature of agricultural production, the intensity of carbon

emission penalties is generally lower than low-carbon

production subsidies (Kerin et al., 1992). Following the

method of Moraga-González, Sándor (Ritzberger andWeibull,

1995), consumers’ search cost can be simply considered as

the employment cost of workers within a certain period

of time. Based on the above analysis, this study sets the

carbon emission penalty and consumers’ search cost as 2 and

1.5, respectively.

(4) Based on expert opinions. For controversial data, such

as opportunity cost and perceived utility of low-carbon

agricultural products, we consulted 10 experts from

universities, research institutions, and government

departments to determine the corresponding parameters.

The specific parameter settings are illustrated in Table 4.

4 Numerical simulation and sensitivity
analysis

To further validate the precision of the model analysis and

probe into the impact of government regulation and market

adjustment on agricultural low-carbon transformation alongside

its sensitivity, MATLAB simulation was employed (China Statistics

Press, 2021; Wickramarathne et al., 2012; Gu, 2014; Moraga-

González et al., 2013).

Based on the stability analysis in Section 3.5, this model

has three possible ESSs: E2 (1, 0, 0) ,E5 (1, 1, 0) , and E8 (1, 1, 1).

However, owing to the considerable instability of E2 (1, 0, 0)

and E5 (1, 1, 0), this study took E8 (1, 1, 1) as the final target

state. Using the constraints of (1, 1, 1), we conducted sensitivity

analysis on key parameters, including the subsidy coefficient,

promotion coefficient, carbon emission penalties, and low-carbon

consumption preference.

The initial probability settings for this study are as follows:

As the primary institutional provider, local governments are

responsible for implementing central policies and actively

introducing relevant measures to guide agricultural enterprises and

consumers toward low-carbon transformation. The willingness

of local government is set as x = 0.5. In addition, based on

our research findings, low-carbon production technologies are

predominantly adopted by large enterprises with strong financial

resources, whereas small and medium-sized enterprises mainly

rely on traditional production methods. In a market dominated by

traditional agricultural products, most consumers tend to prefer

traditional consumption. Therefore, the willingness of agricultural

enterprises and consumers to choose low-carbon transformation is

set at y = z = 0.3. The simulation period is set as t = 10.

4.1 The impact of subsidy coe�cient

The subsidy coefficient, denoted by α, has a value range of

[0, 1]. To explore under what conditions the subsidy coefficient
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TABLE 4 Definition and initial value of each parameter.

Subject Parameter Definition Assignment

Local

government

Cp Promotion cost 3

Ca Air pollution

control cost

1

L Loss of credibility 7.5

P Penalties for

exceeding carbon

emissions

2

α Subsidy coefficient 0.3

β Promotion

coefficient

0.5

Agricultural

enterprises

Pt , Pl Prices for

traditional or

low-carbon

products

0.004, 0.016

Dt ,Dl Demands for

traditional or

low-carbon

products

2,250, 1,000

Ct ,Cl Costs under

low-carbon or

traditional

production

4, 14

Cm Costs of market risk 5.6

Co Opportunity cost 2

Consumers U Utility under

low-carbon

consumption

12

V Opportunity cost 1

Cs Search cost 1.5

λ Low-carbon

consumption

preference

0.8

External driver d Low-carbon

technology level

0.5

achieves system Pareto optimality, this section first sets α =

0, 0.1, 0.3, 0.5, 0.7, where α = 0 indicates no subsidy, keeping

other parameters unchanged. The simulation results are illustrated

in Figures 6a–c. According to the results, the optimal subsidy

coefficient for local governments lies within the range of [0.1, 0.3].

When α ≤ 0.1, local governments maintain high

willingness to subsidize, but the willingness of agricultural

enterprises to adopt low-carbon production and consumers to

engage in low-carbon consumption remains at 0. For agricultural

enterprises, owing to the inherent vulnerability of agricultural

production and the uncertainty of expected returns, low-carbon

transformation requires considerable financial subsidies to offset

market operational costs (Selten and Selten, 1988). During this

period, the market is dominated by traditional agricultural

products, and consumers tend to choose traditional consumption

to avoid search cost (Zheng, 2001; Geng et al., 2022). When

0.3 ≤ α < 0.7, the willingness of agricultural enterprises

and consumers for low-carbon transformation markedly increases,

but the willingness of local governments to subsidize begins

to decline. This is because although increased subsidies ease

liquidity constraints for agricultural enterprises, they also impose

heavier financial burden on local governments (Matsuo and

Schmidt, 2017). When α ≥ 0.7, the financial pressure on

local governments further intensifies, resulting in fluctuations

in regulatory willingness. Even if consumers are inclined to

choose low-carbon consumption, the willingness of agricultural

enterprises for low-carbon production becomes unstable due to the

insufficient subsidies provided.

To further refine the optimal range for the subsidy coefficient,

this study adjusts the step size to 0.05 within the interval [0.1, 0.3],

ensuring that the conclusion falls within a reasonable margin of

error of 5%. The simulation results are presented in Figures 6d–f.

Based on the results, when the subsidy coefficient α ∈ (0.2, 0.25),

the system achieves Pareto optimality.

4.2 The impact of promotion coe�cient

The intensity of promotion can be quantified as the ratio of

actual promotion expenditure to the promotion budget, with its

value ranging between [0, 1]. To determine under what conditions

the promotion coefficient causes the system to evolve into the

optimal state, this study initially assigned values to the promotion

coefficient within the range, with a step size of 0.2, and kept other

parameters unchanged. The simulation results are illustrated in

Figures 7a–c.

According to the results, when β ≤ 0.3, local governments

maintain high willingness to promote, but the willingness of

agricultural enterprises to adopt low-carbon production and the

consumers to engage in low-carbon consumption remains at 0.

On the one hand, in the absence of a low-carbon consumption

mindset, consumers find it difficult to perceive the additional

benefits of low-carbon agricultural products. Moreover, the market

price of low-carbon agricultural products is considerably higher

than that of conventional products (Cai and Wang, 2023), making

high prices a major obstacle to low-carbon consumption. On

the other hand, as the market value of low-carbon agricultural

products is not recognized by consumers, agricultural enterprises

cannot obtain market returns and therefore prefer the more

stable traditional production mode. When 0.5 ≤ β <

0.9, the willingness of agricultural enterprises and consumers

for low-carbon transformation increases with the promotion

coefficient. This is because a social consensus on low-carbon

consumption has largely formed, and consumers are willing to

pay for the health benefits and environmental value of low-

carbon agricultural products, ensuring the production benefits of

agricultural enterprises. Further analysis of the simulation results

revealed that as promotion coefficient increases, the marginal effect

of government promotion on incentivizing agricultural enterprises

and consumers gradually decreases, and when β ≥ 0.9, the

government’s willingness declines due to excessively high costs.

Therefore, there is an optimal range for promotion coefficient,

which lies between 0.3 and 0.5.

To further refine the optimal range for promotion coefficient,

this study adjusts the step size to 0.05 within the interval [0.3, 0.5],
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FIGURE 6

The impact of subsidy coe�cient on system evolution. (a–c) Represent the impact of subsidies on local governments, agricultural enterprises, and

farmers, respectively. (d–f) Represent the influence of subsidies on these entities after narrowing the range.

ensuring that the conclusion falls within a reasonable margin of

error of 5%. The simulation results are presented in Figures 7d–

f. According to the results, when the promotion coefficient β ∈

(0.3, 0.35), the system achieves Pareto optimality.

4.3 The impact of penalties for exceeding
carbon emissions

To improve the ecological compensation system for carbon

emissions, in recent years, the Chinese government has actively

performed pilot reforms of the reward and penalty mechanism,

transitioning from a single ecological subsidy to a management

model that combines rewards and penalties.2 To explore the impact

of carbon emission penalties on system evolution, this section scales

2 For example, Shandong Province, based on the principles of “making

continuous improvement in ecological environment quality a binding

requirement for regional development” and “those who protect, benefit;

those who pollute, pay,” took the lead in implementing the ecological

compensation reward and penalty mechanism reform across the province

in 2014. After the reform, Shandong’s environmental quality showed

considerable improvement, and the average annual GDP growth rate of cities

increased accordingly.

the baseline value of carbon emission penalties (P = 2) by certain

proportions (P = 0, 1, 2, 3, 4) while keeping other parameters

unchanged. The simulation results are illustrated in Figures 8a–c.

According to the results, the optimal range for carbon emission

penalties lies between (Stocker, 2014; Hu et al., 2023).

For local governments, imposing carbon emission penalties

does not lead to increased regulatory costs; thus, they consistently

maintain high willingness for regulation. However, as the penalty

intensity increases, the speed of local governments evolving to a

state of 1 decreases. The possible reason is that due to the dispersed

and vulnerable nature of agricultural production, high-intensity

penalties may increase the survival pressure on small and medium-

sized agricultural enterprises (Zhang and Luo, 2022; Acs et al.,

1997). For large enterprises, they may transfer penalty costs to

consumers by concealing information or raising product prices

(China Statistics Press, 2021; Yang and Xu, 2016), which increases

the difficulty of regulation for local governments to some extent.

For agricultural enterprises, when P ≤ 1, they do not need to

bear the high cost of carbon emission control (Wickramarathne

et al., 2012) and therefore tend to prefer traditional production

methods to secure stable returns and avoid the high investment

associated with low-carbon production. When P ≥ 2, the penalty

mechanism raises production costs for agricultural enterprises,

forcing high-emission, inefficient agricultural enterprises to either

exit the market or undergo low-carbon transformation to avoid
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FIGURE 7

The impact of promotion coe�cient on system evolution. (a–c) Represent the impact of promotion on local governments, agricultural enterprises,

and farmers, respectively. (d–f) Represent the influence of promotion on these entities after narrowing the range.

carbon emission penalties (Chen et al., 2023). At this point, the

market is dominated by low-carbon agricultural products, and

consumers tend to prefer low-carbon consumption.

To further refine the optimal range for carbon emission

penalties, this study adjusts the step size to 0.25 within the

interval (Stocker, 2014; Hu et al., 2023). The simulation results

are illustrated in Figures 8d–f. According to the results, when the

carbon emission penalty P ∈ (1.5, 1.75), the system achieves

Pareto optimality.

4.4 The impact of low-carbon consumption
preference

Low-carbon consumption preference can be simply expressed

as the proportion of consumers who choose low-carbon

consumption among all consumers, with its value ranging

between [0, 1]. To explore under what conditions low-carbon

consumption preference causes the system to evolve into the

optimal state, this study initially assigned values to low-carbon

consumption preference within the range, with a step size of 0.2,

and kept other parameters unchanged. The simulation results are

illustrated in Figures 9a–c. According to the results, low-carbon

consumption preference has no considerable effect on the strategy

evolution of local governments, but it significantly affects the

decisions of agricultural enterprises and consumers.

The willingness of agricultural enterprises for low-carbon

production is positively correlated with low-carbon consumption

preference.Within the interval [0.6, 0.8], the willingness shifts from

0 to 1. However, for consumers, the positive stimulation of low-

carbon consumption preference turns into negative stimulation

within the interval [0.8, 1]. Low-carbon consumption preference

is an essential psychological factor for consumption upgrading and

an important market driver for the low-carbon transformation

of agricultural enterprises. On the one hand, when the low-

carbon consumption preference is too low, the market returns

for agricultural enterprises cannot be guaranteed. On the other

hand, under limited market resource conditions, excessively high

consumption preferences can easily lead to malicious consumer

behavior, such as price gouging (Zwolinski, 2008). Therefore, the

optimal range for low-carbon consumption preference is [0.6, 0.8].

To further refine the optimal range for low-carbon

consumption preference, this study adjusts the step size to

0.05 within the interval [0.6, 0.8], ensuring that the conclusion

falls within a reasonable margin of error of 5%. The simulation

results are presented in Figures 9d–f. According to the results,

when the low-carbon consumption preference λ ∈ (0.65, 0.7), the

system achieves Pareto optimality.
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FIGURE 8

The impact of penalties for exceeding carbon emissions on system evolution. (a–c) Represent the impact of penalties on local governments,

agricultural enterprises, and farmers, respectively. (d–f) represent the influence of penalties on these entities after narrowing the range.

5 Further discussion: analysis based on
regional technology di�erences

The sensitivity analysis in Section 4 revealed that changes in

government and market parameters can influence the production

decisions of agricultural enterprises. However, considering the

significant regional technology differences in China, technology

levels also have an important impact on low-carbon transformation

(Huang et al., 2024). To further analyze the effects of government

regulation and market adjustment on low-carbon transformation

in different regions, this section alters the low-carbon technology

level (d) to simulate different regional technology environments.

Accordingly, the relevant parameters are adjusted.

Considering the regional development realities in China, low-

carbon agricultural production technologies are more advanced

in the eastern region, followed by the central region, whereas the

western region lags behind. Therefore, let d = 0.3, 0.5, 0.7

represent the three major regions of western, central, and eastern

China, respectively. On this basis, the subsidy coefficient (α) and

promotion coefficient (β) are adjusted, and policy combinations

are constructed based on the complementary principle3 to analyze

3 Such as the “high subsidy—low promotion” or “low subsidy—high

promotion” combination models. The “low subsidy—low promotion”

the differentiated effects of various policy combinations on the

agricultural low-carbon transformation. The simulation results are

presented in Figure 10.

According to the results, when the low-carbon technology level

is low (d = 0.3), relying on market adjustment alone cannot

achieve low-carbon transformation in agricultural production, and

government subsidies are the main driving factor. As low-carbon

technologies mature (d = 0.5), the marginal utility of subsidy

policies weakens, and market adjustment mechanisms begin to

take effect. In the eastern region, where low-carbon agricultural

production technologies are most advanced (d = 0.7), the

willingness of agricultural enterprises to engage in low-carbon

production rapidly rises under all policy combinations, with almost

the same rate of change. This suggests that at higher levels of

technology, the influence of government regulation and market

adjustment weakens, and the system possesses a form of “automatic

stability” (Sahin, 2006).

combination often fails to produce significant policy e�ects, and there may

be concerns on passive regulation by local governments. Meanwhile, the

“high subsidy—high promotion” combination can easily lead to financial

burden, which is not conducive to the sustainable development of

agricultural carbon emission reduction. Therefore, these two combination

models are not considered in this section.
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FIGURE 9

The impact of green consumption preference on system evolution. (a–c) Represent the impact of consumption preference on local governments,

agricultural enterprises, and farmers, respectively. (d–f) Represent the influence of consumption preference on these entities after narrowing the

range.

FIGURE 10

The impact of policy mix on system evolution in di�erent regions.

Given that government regulation and market adjustment have

different effects at different stages, promoting the agricultural

low-carbon transformation requires the formulation of

differentiated policy combinations tailored to actual development

needs. On the one hand, low-carbon agriculture generates

considerable positive externalities. While the environmental

benefits it provides can maximize social welfare, they do

not directly translate into increased enterprise income. The

transformation cost for enterprises may far exceed the direct

benefits they can obtain (Lin and Xu, 2019), leading agricultural

enterprises to not voluntarily adopt low-carbon production

technologies in the absence of external incentives. Given the
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relatively low level of agricultural low-carbon technology, even

with government promotion encouraging consumer preference

for low-carbon agricultural products, agricultural enterprises

may struggle to quickly respond to market demand, thereby

weakening the incentive effect of market adjustment. Therefore, in

the western region, an incentive model of “government regulation

as the main driver, supplemented by market adjustment” should

be used.

On the other hand, as low-carbon agricultural production

technologies mature, agricultural enterprises do not have to bear

excessive pioneer costs, and the liquidity risk associated with

low-carbon transformation becomes more manageable, thereby

reducing the reliance on government subsidies to some extent.

However, this does not mean that low-carbon transformation

no longer requires government subsidies. According to the

simulation results, in the central region, when α ≤ 0.1,

agricultural enterprises still tend to prefer traditional production.

Concurrently, the widespread adoption of low-carbon agricultural

production technologies also facilitates the production of low-

carbon agricultural products. Under effective market conditions,

agricultural enterprises can increase revenue through product

premiums (Ma and Ma, 2023). Based on this, enterprises are

increasingly turning to market adjustment mechanisms for low-

carbon transformation (Nee, 1992). However, in China, consumers

tend to prefer traditional consumption, and the demand in

the mid-to-high-end market is weak, making it difficult to

obtain sufficient economic returns through market premiums.

Therefore, the market adjustment mechanism still needs to be

improved further. Considering the marginal utility of government

subsidies and the prospects of market incentives, the central

region should gradually increase promotion efforts, supported by

appropriate subsidies.

Moreover, according to the simulation results, while low-

carbon agriculture in the eastern region is less dependent on

government regulation and market adjustment, this does not

imply complete withdrawal of both mechanisms. They still

play pivotal roles in the long-term sustainable development

of low-carbon agriculture. At the mature stage of low-carbon

agricultural production technology, the government’s role should

shift from being a “subsidizer” to a “supporter,” focusing on

supporting technology innovation and institution improvement

(Bian, 2023), whereas market incentives remain the core

element for enterprises to maintain competitiveness. Therefore,

the eastern region should adopt a “market adjustment as

the main driver, supplemented by government regulation”

combination model.

In summary, government regulation and market adjustment

are indispensable incentive factors for the development of

low-carbon agriculture, with both playing different incentive

roles at various stages. To further promote management

innovation and improve market mechanisms, this study,

based on the simulation results and practical development

of low-carbon agriculture in China, proposed the following

analytical framework (Figure 11). The framework comprises

four key stages: defining policy objective, identifying the

development stage, formulating governance strategy, and

achieving transformation effect. Among these stages, formulating

governance strategy is crucial for achieving the agricultural

low-carbon transformation. This requires comprehensive

consideration of the synergistic effects of government regulation

and market adjustment, along with stakeholder participation

mechanisms, to formulate differentiated policies that ensure the

efficient advancement and continued deepening of agricultural

low-carbon transformation.

6 Conclusions and implications

6.1 Main conclusions

To analyze the differentiated impacts of government

regulation and market adjustment on the agricultural low-

carbon transformation, this study constructed an evolutionary

game model based on bounded rationality to explore the strategic

interactions and dynamic evolution among local governments,

agricultural enterprises, and consumers. On this basis, this study

further discussed the effects of policy combinations on the

agricultural low-carbon transformation in different regions and

proposed targeted policy recommendations. The main research

conclusions are as follows:

First, through replicator dynamic analysis, this study

identified three possible ESSs, (1, 0, 0), (1, 1, 0), and

(1, 1, 1), which correspond to different stages of low-carbon

agriculture in China. When the constraints PtDt + Cm +

(1 − α)
(

1 − d
)

Cl − λPl (1 + β)Dl − Co − P − Ct < 0

and Pl (1 + β)Dl − PtDt − V − (1 + β)U < 0 are met, the

system evolves to the optimal stable equilibrium of (1, 1, 1).

Second, this study demonstrated the key influencing factors

of the agricultural low-carbon transformation considering the

interactions among local governments, agricultural enterprises, and

consumers. There are threshold values for the relevant parameters

of government regulation and market adjustment. The optimal

ranges for the subsidy and promotion coefficients are (0.2, 0.25)

and (0.3, 0.35), respectively. Excessive subsidies and promotion

increase the financial burden on local governments. The optimal

range for carbon emission penalties is (1.5, 1.75). Too low penalties

fail to achieve effective emission reduction, whereas excessively

high penalties may increase the survival pressure on enterprises and

even result in a “negative incentive effect.” When the low-carbon

consumption preference is within (0.65, 0.7), the system achieves

Pareto optimality. An excessively high low-carbon consumption

preference can easily lead to malicious market behaviors.

Third, considering the regional technology differences in

China, promoting the agricultural low-carbon transformation

requires formulating differentiated policy combinations based on

actual development needs. The western region, where agricultural

low-carbon production technologies are underdeveloped, should

use a combination model of “government regulation as the

main driver, supplemented by market adjustment.” The central

region should gradually increase promotion efforts based on

appropriate subsidies, whereas the eastern region, where low-

carbon production technologies are relatively advanced, should

mainly rely on market adjustment, with government regulation as

a supplement.
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FIGURE 11

Analytical framework for the agricultural low-carbon transformation.

6.2 Policy implications

Based on the research findings of this study and practical

experiences from the agricultural low-carbon transformation in

China, we proposed the following policy recommendations:

First, the government policy formulation should follow the

principle of moderation. According to the simulation results in this

study, there are optimal ranges for reward and penalty policies as

well as government promotion. Excessive fiscal spending not only

leads to resource misallocation but may also hinder the agricultural

low-carbon transformation. Therefore, before issuing policies, local

governments should conduct comprehensive market research and

scientifically calculate the reward and penalty amounts to avoid

formalism and excessive force.

Second, the agricultural low-carbon transformation should

emphasize the role of market adjustment mechanisms. On the

one hand, local governments should strengthen policy promotion

within a reasonable scope to form a social consensus on low-carbon

consumption, thereby increasing consumer preference for low-

carbon agricultural products and driving agricultural enterprises

toward low-carbon transformation through market demand. On

the other hand, the government should improve the unified

standards and certification systems for the quality inspection of

low-carbon agricultural products, reflecting the market principle

of “high quality, high price.” This would help avoid the “lemon

problem” caused by information asymmetry, enhance consumer

trust in low-carbon agricultural products, and thereby promote the

sustainable development of low-carbon agriculture.

Finally, given the regional technology differences in China, a

classified and regional approach must be employed to promote

the transformation. In the eastern region, where economic levels

are high, technological development is mature, and market

mechanisms are relatively well established, the market mechanism

should be fully adopted to guide agricultural enterprises in the

low-carbon transformation. In the central region, the role of

the market mechanism should gradually be increased on the

basis of government incentives. In the western region, where the

technological foundation is relatively weak, the government should

take the lead at this stage by providing financial subsidies and

technical support to promote the initial development of low-carbon

agriculture. Once stability is achieved,marketmechanisms can then

be gradually introduced.

6.3 Limitations and future research

The theoretical importance of this study lies in providing

a comprehensive theoretical framework for understanding the

agricultural low-carbon transformation, analyzing the effectiveness
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of government regulation, the role of market adjustment, and the

regional differences in policy combinations. In terms of practical

importance, this study proposes policy recommendations for

promoting low-carbon agriculture. However, there are certain

limitations: (1) The analysis of low-carbon transformation in this

study is limited to the perspective of evolutionary game theory,

neglecting alternative theoretical frameworks, such as innovation

systems, decision support systems, and institutional economics.

Future research could consider integrating multiple theoretical

perspectives, such as innovation systems and institutional

economics, to gain a more comprehensive understanding of the

mechanisms by which government and market influence the

agricultural low-carbon transformation. (2) The analysis of the

evolutionary game model requires more accurate data to predict

the behavior of stakeholders. Future research should further

improve the model, consider other variable factors, and conduct

empirical testing to enhance the model’s accuracy.
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