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Abstract 3 

Purpose – This study aims to explore the long-term decision-making behavior of energy enterprises, 4 

private equity organizations (PEs), and governments in the context of Environmental, Social and 5 

Governance (ESG)-driven transformation. Given the cost barriers associated with ESG adoption and 6 

the new opportunities presented by PEs investments, understanding how these stakeholders interact 7 

and make strategic choices is crucial for facilitating a sustainable energy sector. 8 

Design/methodology/approach – This paper proposes a tripartite evolutionary game model to 9 

investigate the interactions among the three stakeholders. The model illustrates the feasibility of 10 

deploying digital twin (DT) technology in energy enterprises. We then analyze the impact of key 11 

factors on three stakeholders’ decision-making and derive strategies and conditions for their 12 

evolutionary stabilization. 13 

Findings – The findings show that governments should provide policy incentives to attract 14 

enterprises to adopt innovative technologies to improve ESG levels. ESG as an important non-15 

financial indicator, provides a basis for PEs to invest in it. When PEs invests in it, enterprises will 16 

have more funds to deploy DT, which may form a technological barrier. 17 

Research limitations/implications – This study provides valuable insights into sustainable supply 18 

chains by examining the decision-making processes of diverse stakeholders in relation to 19 

sustainability. 20 

Originality/value – This paper employs an evolutionary game theory approach to elucidate the 21 

impact of using and not using DT technology on the decision-making process of three stakeholders. 22 

Insights are provided for the decision-making process of three stakeholders. It also reveals how 23 

governments and PEs can promote ESG development in energy enterprises. 24 
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digital twin, evolutionary game. 26 

Article Type: Research paper 27 

1. INTRODUCTION28 

Currently, an increasing number of energy enterprises are actively engaging in ESG practices to29 

facilitate high-quality development through their own initiatives. (Lu and Li, 2024). For instance, 30 

State Grid ICT released its 2023 Environmental, Social and Governance (ESG) report, aiming to 31 
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promote energy digitization and intelligence, such as the “blockchain + 5G” demand response system 32 

selected by the National Energy Administration in 2023 (State Grid ICT, 2024). The disclosure rate 33 

of ESG-related reports across China’s A-share industry will increase annually from 2021-2023, 34 

growing from 30.18% in 2021 to 41.36% in 2023 (National Business Daily, 2024). At the same time, 35 

the stock exchange released the “Guidelines for Sustainability Reporting by Listed Companies” 36 

requiring mandatory ESG disclosure involving 459 listed companies, marking a new stage in the 37 

standardization of ESG disclosure for Chinese companies (Shanghai, Shenzhen and Beijing Stock 38 

Exchange, 2024). 39 

The rise of ESG provides investors with a multidimensional framework to assess enterprises’ 40 

operations beyond economic interests, facilitating more informed investment decisions. Private 41 

equity organizations (PEs) are expanding their role across investment markets, supporting investee 42 

enterprises’ profitability through flexible strategies and diversified portfolios. ESG has also become 43 

a key factor in supply chain sustainability decisions (Dai and Tang, 2022). Additionally, research has 44 

found that the purchasing department can play a special role when appropriately involved. Internally, 45 

it serves as a link by sharing knowledge and expertise with other company departments, and at the 46 

same time, it acts as a bridge by stimulating the company through innovation and R&D activities 47 

(Fiorini et al., 2023). A growing number of studies have demonstrated the effectiveness of innovative 48 

technologies in improving firm performance. (Büyüközkan and Göçer, 2018) examine how digital 49 

supply chains can leverage diverse innovative technologies, indicating that digital supply chains can 50 

attain superior performance and ultimately generate more significant value. Digital energy business 51 

models are essential for achieving energy transition policy goals. By adopting reasonable resource 52 

requirements, economic benefits and energy efficiency can be maximized and minimizing 53 

environmental impact (Yang, 2025). For energy enterprises, digital twin (DT) technology plays a 54 

pivotal role in optimizing data flow, improving resource allocation and enhancing control across 55 

production processes, thereby supporting sustainable development (Zhao et al., 2022). However, the 56 

high cost of technology remains a significant obstacle to the green transition. manufacturers are more 57 

likely to invest in DT technology and provide ESG services when the investment level and order loss 58 

ratio are low, and the tax rate is high (Zhang et al., 2024). Energy sources such as wind and nuclear 59 

power are characterized by intermittency, volatility and stochasticity, and it is a complex challenge to 60 

effectively combine these new energy sources with traditional fossil energy sources (Xinhua Finance, 61 

2024). The growing emphasis on Environmental, Social, and Governance (ESG) practices has driven 62 

energy enterprises to actively engage in sustainable development, supported by government mandates 63 

and increasing investor interest. While ESG initiatives and emerging technologies, such as digital 64 
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twin (DT) systems, can enhance operational efficiency and sustainability, high implementation costs 65 

remain a significant barrier to widespread adoption. Research shows that green investment can play 66 

a leading role, numerous firms have made the twin transition by investing in both digitalization and 67 

environmental sustainability and plan to further increase their investments (Veugelers et al., 2023). 68 

At the same time, private equity investments (PEs) provide financial backing for ESG-driven 69 

innovation, creating opportunities for long-term profitability, and collaboration between governments, 70 

investors, and enterprises to facilitate a greener energy sector. At the same time, PEs are facing the 71 

investment demand to meet ESG goals. An increasing number of PEs are integrating ESG factors and 72 

sustainable development concepts into their investment strategies and valuation processes (Bian et 73 

al., 2023). This makes it possible for cost barriers and the new opportunities brought by PEs to drive 74 

transformation in the industry. Therefore, the long-term decision-making behavior of energy 75 

enterprises, PEs, and governments has become an interesting topic. 76 

Amid the increasing significance of ESG development, governments have persistently mandated 77 

the disclosure of corporate ESG reports. For energy enterprises, enhancing ESG practices can reduce 78 

costs, particularly through the adoption of new technologies. However, these advancements come at 79 

high cost. Strong ESG performance can attract long-term investors, providing financial support for 80 

sustainable growth, while PEs investment in technology-driven energy enterprises allow for potential 81 

high returns and cooperation with governments and enterprises can also reduce investment risks. Fu 82 

et al. (2024) exploring the interrelations among energy commodities, clean energy equities, and ESG 83 

investments in China. Over a long horizon, ESG investments emerge as the foremost contributors. 84 

Governments support not only raises societal ESG standards, but also supports economic growth. 85 

Current research focuses on single dimension of ESG and supply chain, such as combining ESG 86 

and supply chain metrics to create rating models that assess upstream and downstream performance 87 

with financial and non-financial variables (Sardanelli et al., 2022). The application of DT can 88 

facilitate the simplification of data collection, enhance data accuracy, and enable cleaner production, 89 

thereby reducing pollution and energy consumption (Tao et al., 2019). Using an environmentally 90 

responsible approach to supply chain management can effectively improve enterprises’ reputation 91 

and ESG levels (Quintana-García et al., 2021). PE investment reduces environmental degradation by 92 

providing investments in cleaner technologies, energy-efficient sources and renewable investments 93 

(Malik and Sharma, 2024). The dynamic process of trade-offs between PEs and other stakeholders as 94 

drivers of sustainability reforms in energy enterprises is also underexplored. To fill this gap, this study 95 

aims to elucidate the dynamic decision-making process among governments policies, energy 96 

enterprises, and PEs, and then derive the results of the tripartite stabilization solution under the long-97 
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term behavior, which will provide a theoretical basis for the revision of governments policies as well 98 

as PEs investment in energy enterprises. 99 

Energy enterprises are often hesitant to adopt DT technology due to high cost. PEs investment 100 

can effectively promote enterprise innovation and has a more significant impact on substantive 101 

innovation (Liang et al., 2023). This means that PEs can facilitate the deployment of DT by energy 102 

enterprises. As long-term investors, PEs can provide significant financial support, though with 103 

heightened risks due to complex exit mechanisms and uncertain market conditions (Calafiore et al., 104 

2020). Therefore, this research seeks optimal strategies to help PEs mitigate risks through a focus on 105 

long-term changes. 106 

The existing literature has not thoroughly examined how PEs influence the performance of 107 

energy enterprises through ESG investment. Simultaneously, existing studies frequently neglect to 108 

consider the financial implications of adopting new technologies and the interactions among 109 

stakeholders. Governments, as important supporters, use policy guidance to help enterprises 110 

determine the direction of development; however, such policies remain underdeveloped and require 111 

funding. To help PEs and energy enterprises make better decisions and improve government policy 112 

making, this paper provides theoretical support for the decision making of the three stakeholders by 113 

analyzing long-term dynamic changes. 114 

This paper proposes a tripartite evolutionary game model that analyzes the decision-making 115 

behavior of energy enterprises, PEs, and governments. Energy enterprises need to contemplate how 116 

new technologies can elevate ESG levels while also assessing the cost associated with DT. PEs, being 117 

investment institutions with a focus on long-term gains, are well-positioned to aid firms in their ESG 118 

transformation. Governments, as supporting institutions, need to promote technological innovation 119 

and sustainable development of energy enterprises while controlling expenditures. The objective is 120 

to find out the impacts among the three stakeholders and the optimal decision-making in the context 121 

of sustainable development and ESG transformation of energy enterprises. Then show how key 122 

factors influence their optimal decisions, providing ESG transformation recommendations and 123 

managerial insights. Thus, we explore the following questions. (1) How to analyze the relationship 124 

among energy enterprises, PEs and governments from the model? (2) In the tripartite evolutionary 125 

game model, what is the equilibrium point of governments, PEs, and energy enterprises? (3) How do 126 

the key factors affect the optimal strategies of the three stakeholders? 127 

To address these issues, first we develop a tripartite evolutionary game model with PEs, energy 128 

enterprises and governments, and find the equilibrium point. Subsequently, the conditions for 129 

stabilizing strategies are derived in accordance with Lyapunov’s first law. Ultimately, a sensitivity 130 
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analysis is conducted to elucidate the impact of the primary factors on the tripartite decisions (Cai 131 

and Kock, 2009). The main findings of this study are as follows. First, when environmental fines are 132 

low, PEs tend to invest, but they more conservative due to future uncertainties and challenging exit 133 

mechanisms. Governments penalties encourage energy enterprises to proactively innovate their 134 

supply chains for ESG improvement. Second, given the high cost of DT deployment, governments 135 

support ESG improvements, while PEs focus on long-term returns, showing greater interest when 136 

enterprises face technological barriers. PEs’ decisions also accelerate government actions. Third, 137 

social returns from government decisions reflect market dynamics, providing a basis for energy 138 

enterprises and PEs’ decision-making. 139 

This paper delivers contributions in the following ways. First, this paper employs an 140 

evolutionary game theory approach to provide insights for PEs and energy enterprises in decision-141 

making processes. PEs can provide enterprises with a substantial amount of capital, thereby 142 

facilitating greater investment in technological innovation. Currently, there is a paucity of research 143 

examining the role of PEs in facilitating ESG improvements in energy enterprises. Second, the 144 

deployment of DT by energy enterprises requires huge financial support, improving ESG 145 

performance remains a formidable challenge, and few studies have explored ESG enhancement from 146 

the operational perspective of enterprises. This paper proposes to expand the research idea by 147 

studying the mutual influence with other stakeholders to seek the optimal decision for sustainable 148 

development. Environmental penalties can drive technological change in businesses and force them 149 

to adopt more sustainable practices. Government ESG supportive policies can further promote PEs’ 150 

participation in environmental, social, and governance-driven investments. Third, due to the high cost 151 

of the technology and its impact on stakeholders, few studies have discussed the risk of investment. 152 

This paper examines the long-term evolution to elucidate how the use and non-use of DT technology 153 

impact the decision-making processes of three stakeholders, this study offers valuable insights into 154 

sustainable supply chain management. 155 

Under the trend of sustainable development, energy enterprises are paying more attention to 156 

ESG reporting. This is not only a response to the social development trend, but it also draws in more 157 

investors. Currently, the governments steadily promote ESG development, while energy enterprises 158 

are working to improve ESG and require new technologies to optimize their supply chains. This paper 159 

constructs a three-party evolutionary game model to study the interactions among the three 160 

stakeholders in the sustainable development of energy enterprises. By identifying equilibrium points 161 

and analyzing key factors, the study explores the feasibility of implementing DT technologies. It aims 162 

to provide managerial insights for energy enterprises, private equity firms, and the government, 163 
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thereby advancing the ESG transformation and supply chain innovation of energy enterprises. 164 

The remainder of the paper is structured as follows. We first review the relevant literature in 165 

Section 2, and the assumptions and model description are given in Section 3. Section 4 provides a 166 

stability analysis of the tripartite evolutionary game model. In Section 5, the numerical study is 167 

conducted. Finally, conclusions are summarized in Section 6. 168 

2. LITERATURE REVIEW 169 

2.1. Sustainable supply chain and digital twin 170 

DT can replicate physical information in the digital space, and this technology can 171 

comprehensively optimize and innovate the supply chain. Liu et al. (2021) provides a comprehensive 172 

overview of the potential applications of DT in supply chain management, which can effectively 173 

enhance processing quality and reduce production costs. A comprehensive DT model can provide a 174 

detailed representation of the production process (Qi et al., 2021). A comparison of CPS and DT 175 

highlights the potential research value of DT in the future and its role in advancing manufacturing 176 

development (Tao et al., 2019). The integration of DT can enhance enterprise sustainability, enabling 177 

competitiveness and improved performance in the manufacturing industry (Li et al., 2020). As 178 

awareness of the economic benefits of digital technology grows, it will be at the heart of Industry 4.0, 179 

driving industrial restructuring and upgrading, while DT can facilitate cost control across the factory. 180 

(Jiang et al., 2021). Furthermore, DT provides a new perspective on sustainable production. Miehe 181 

et al. (2021) deploy DT technology for sustainability-orientated, data-driven production monitoring 182 

and management. Theoretically, DT enables effective measurement of carbon emissions and 183 

reduction of the carbon footprint (Yu et al., 2022). Governments and industries are increasingly 184 

focused on DT’s role in current technological transformations and its future applications. (Rasheed 185 

et al., 2020). However, Singh et al. (2021) indicate that one of the biggest challenges to overcome in 186 

implementing DT is the high cost. The development of a complete DT system usually requires the 187 

acquisition of high-performance computers and sensors to collect data, making DT an expensive 188 

investment. DT applied to the supply chain of energy enterprises can better enable carbon tracking 189 

and control of carbon emissions, but few studies consider the high cost of building DT, which is a 190 

deterrent to energies companies (Zhang et al., 2023). Current research has demonstrated that DT 191 

contributes to industry sustainability. The transformation of industries can help enterprises control 192 

costs. Meanwhile, a substantial amount of research has indicated that the implementation of DT 193 

entails high costs. There is a paucity of research examining the impact of DT deployment cost on 194 
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decision-making processes within energy enterprises, and this paper addresses this aspect. 195 

2.2. Relationship between PEs and ESG 196 

PEs have a significant role to play in resolving companies’ financial distress, with equity-backed 197 

companies restructuring faster to help enterprises resolve their financial difficulties (Hotchkiss et al., 198 

2021). Performance enhancements and sustained growth in target companies are facilitated by PEs 199 

through financial assistance and the introduction of management models (Cohn et al., 2022). One 200 

study uses panel logit regression to estimate the probability of PEs acquiring companies. Wilson et 201 

al. (2022) explain PEs are more inclined to invest in enterprises with advanced manufacturing 202 

technologies and future growth potential, while also acquiring mature companies to balance the risk 203 

level of their portfolios. For private enterprises in which PEs invest, there will be an increase in 204 

employment and greater productivity gains for the invested target company. PEs investment funds 205 

can effectively help enterprises improve performance, which is a positive contribution for the investee 206 

enterprise (Davis et al., 2021). However, this preference of PEs is not conducive to enterprises that 207 

hope to make technological innovations. Since PEs are unable to determine whether enterprises can 208 

improve their performance after paying high costs, they can only make choices between future 209 

potential and risk control. More and more PEs are incorporating ESG factors into their investment 210 

strategies, and the value of ESG to PEs is that it can effectively manage investment risk and create 211 

more value (Zaccone and Pedrini, 2020). As awareness of sustainability and responsible practices 212 

grows, the influence of ESG on investment decisions is becoming increasingly significant (Lange and 213 

Banadaki, 2024). ESG is also a goal for enterprises to realize their social responsibility, and 214 

enterprises are also the main body to realize the goal of sustainable development. Gillan et al. (2021) 215 

examine enterprises can enhance their overall image and value by strengthening their investment in 216 

the ESG field, which will ultimately bring long-term growth for the enterprises. PEs provide 217 

enterprises with capital supply, strategic guidance, and other support to enhance their governance 218 

level and R&D and innovation capabilities, while PEs also have high risks and do not invest easily. 219 

On the basis of previous studies, this paper explores the impact of PEs on energy enterprises, filling 220 

the gap of previous studies. 221 

2.3. Evolutionary game 222 

Evolutionary game is a way to study multi-agent evolutionary relationship and the dynamic 223 

change of agent decision. Common Evolutionary game include two-party evolutionary game and 224 

three-party evolutionary game (Johari et al., 2019). A tripartite evolutionary game model is used to 225 
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analyze the roles of governments, polluting enterprises, and the public in environmental pollution 226 

control. The study identifies the importance of government incentives and penalties, public 227 

participation, and the impact of lowering sewage disposal costs on encouraging enterprises to comply 228 

with emission standards. (Zhou et al., 2022). There are also research studies using this model to 229 

explore how government policies can encourage manufacturers to adopt more environmentally 230 

friendly designs and electronic equipment recyclers to dispose of electronic equipment in a safe and 231 

proper manner to promote the healthy development of the end-of-life electrical and electronic 232 

equipment recycling industry (Li et al., 2022). Wang et al. (2023)According to the information 233 

disclosure quality and investment return efficiency of ESG enterprises, establishes a dynamic 234 

incentive mechanism. Through game analysis, the dynamic game mechanism between investors and 235 

enterprises under consideration of reciprocal preferences is revealed from the perspective of group 236 

behavior. An analytical model based on evolutionary game theory is used to examine the dynamic 237 

strategic interactions between manufacturers, consumers and governments. It is shown that high 238 

investment levels may discourage manufacturers from providing ESG services, while low tax rates 239 

may lead to manufacturer complacency. Moreover, when consumers value fairness and equity, they 240 

provide positive feedback on the underlying services. Zhang et al. (2024) emphasize that market 241 

incentives are not sufficient to promote ESG services and require third-party interventions such as 242 

government rules, policy incentives, and data security measures. There are also paper that establish a 243 

DTS-supported ESG assessment architecture, derive the positive impact of DT technology on the 244 

ESG assessment of vaccine logistics supply chains (VLSCs), and validate that DTS can provide a 245 

better solution for the ESG assessment of VLSCs (Zhang et al., 2023). The existing literature has 246 

validated that evolutionary game models can effectively analyze long-term dynamic changes and can 247 

also well analyze the impact of ESG. 248 

High-carbon industries like petrochemicals and smelting face critical challenges in achieving 249 

low-cost green transitions, making effective carbon tracking essential. The existing literature has 250 

demonstrated that evolutionary game theory can effectively analyze the long-term behavior of 251 

stakeholders and capture changes. Numerous studies have applied evolutionary game models to 252 

analyze dynamic changes in supply chain management and have used these models to provide 253 

theoretical support for decision-making by governments and businesses. However, research on ESG 254 

and PEs investment is limited. With the increasing application of DT, its impact within energy 255 

companies has not been fully explored. Previous supply chain studies rarely address the influence of 256 

government policies and energy enterprises decisions on green innovation and emerging technologies 257 

within the context of PEs investment. Therefore, this paper constructs a tripartite evolutionary game 258 
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model of PEs, energy enterprises and governments to analyze how the three parties involved interact 259 

with each other to make the supply chain of energy enterprises achieve better ESG outcomes. 260 

3. THE MODEL 261 

3.1. Assumptions 262 

To facilitate modeling, this study proposes the following assumptions. The notation used 263 

throughout this paper is summarized in Table 1 for easy reference. 264 

Assumption 1. We consider the energy enterprises, the PEs, and the governments as a complete 265 

system in the natural environment without considering other constraints. And all of them are 266 

boundedly rational have individual learning ability and can make own behavioral decisions 267 

independent with each other because of information asymmetry (Gu et al., 2021). Each of 268 

stakeholders have two different strategic options to achieve maximize their own profits. The energy 269 

enterprises can choose whether to use DT technology or not. PEs can choose whether to make 270 

investment for energy enterprises. Governments can choose whether to support energy enterprises 271 

use DT technology improve their ESG performance. Let 𝑥, 𝑦, 𝑧  denote the probabilities of 272 

corresponding strategy strategic options for the energy enterprises (whether to use DT), PEs (whether 273 

to make investment) and the governments (whether to support energy enterprises use DT), 274 

respectively, which are functions of time 𝑡 ∈ [0, 1]. The strategy of different stakeholders can evolve 275 

gradually and finally stabilizes at the optimal point with the pass of time, that is, the game subjects 276 

will adjust their own options with much more trial until they reach their ESS. 277 

Assumption 2. Energy enterprises always face additional cost when improving ESG 278 

performance, especially when introducing new technologies. Specifically, once energy enterprises 279 

use DT technology to improve ESG performance, the technology cost is issued. These costs include 280 

technology introduction fees, additional worker learning cost, technology installation fees, and other 281 

operating and corporate governance cost. 282 

Assumption 3. The main profit model of PEs is to obtain the future profit growth of the 283 

enterprise through equity investment (Gupta and Van Nieuwerburgh, 2021). Moreover, the investment 284 

strategy of PEs is generally affected by the policy (Shahbaz et al., 2020). An ongoing governments 285 

policy have a positive impact on PEs investment strategies. This means more profit opportunities and 286 

more growth potential. Using this approach can reduce the overall risk of the PEs portfolio. At the 287 

same time, compared with other investors, PEs generally show a higher return performance (Harris 288 

et al., 2023), which means that they are more inclined to invest in high-risk projects with high returns. 289 
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Assumption 4. This paper assumes that governments support ESG improvements by energy 290 

enterprises, regardless of their level of technology adoption, with the aim of maximizing social 291 

benefits. Thus, governments employ effective support policies and targeted incentives. A general 292 

budget is allocated for ESG improvements, while additional incentives encourage DT adoption, 293 

thereby promoting industry-wide progress. As regulators, governments also impose penalties on 294 

energy enterprises that pollute the environment to prevent serious pollution in the future. 295 

<<<Insert Table 1>>> 296 

3.2. Model description 297 

Emission reduction retrofits and technology upgrades in energy enterprises are vital for ESG 298 

performance and industry-wide sustainability, with PEs and governments as key drivers. This study 299 

examines sustainable development regulations, focusing on energy enterprises deciding whether to 300 

adopt DT for ESG improvement, PEs choosing to invest, and governments deciding on support. 301 

Evolutionary game theory has been effectively utilized to analyze long-term changes and identify 302 

optimal decisions, and it has been widely applied to analyze the decisions of multiple stakeholders. 303 

For example, it has been used to analyze how regulators can assist investors in monitoring corporate 304 

greenwashing behavior (Liu et al., 2024). Additionally, it has been employed to examine the impact 305 

of green bond issuance by banks on corporate technological innovation (Gao et al., 2024). Given its 306 

broad applications in areas such as ESG and investment, evolutionary game theory is suitable for this 307 

study. We apply the evolutionary game theory, analyze time-dependent outcomes and explore the 308 

stable solution of stakeholders’ long-term behavior. First, based on the different strategies of each 309 

stakeholder, a tripartite evolutionary game model among energy enterprises, PEs, and governments 310 

is established to assess DT’s impact on ESG performance. Then we analyze the strategy stability of 311 

the game and the influence of each factor on the strategy decision of each party. Based on Lyapunov’s 312 

first law, the combination of evolutionary stability strategies is obtained under different conditions, 313 

and the conditions for the existence of stable points in the tripartite evolution are discussed (Zhang et 314 

al., 2024). Finally, in the sensitivity analysis, the impact of different factors on decision-making is 315 

analyzed. The alternative strategies for each stakeholder are shown in Fig. 1. 316 

<<<Insert Fig. 1>>> 317 

Each party gets two pure strategies in the decision-making process. The strategy decision always 318 

accompanied by the revenue and cost. Specifically, energy enterprises (player 1) can choose whether 319 

to use the DT technology to improve ESG performance, that is, the strategic choice space of energy 320 
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enterprises is 𝛼=(use DT, do not use DT), The probability of use DT technology to improve ESG 321 

performance is defined as 𝑥 (0 ≤ 𝑥 ≤ 1), and the probability of do not use DT technology is defined 322 

as (1 − 𝑥) . Once energy enterprises decide to use the DT technology to improve their ESG 323 

performance, they have to make the DT investment cost 𝐶𝐷𝑇. Because compare with the traditional 324 

manufacturing, the introduction of DT technology often requires much more operating costs to 325 

achieve the function of DT technology to improve their ESG performance. In addition, energy 326 

enterprises can earn the revenue from their primary business 𝑅𝑐 and have the daily operating cost 327 

𝐶𝑐. Because of the adoption of DT technology to improve the ESG performance, it can reduce certain 328 

management cost 𝐶𝑀, and also 𝐶𝐷𝑇 > 𝐶𝑀 (Javaid et al., 2023). When enterprises do not use DT 329 

technology, they also face punishment by the governments and have to pay fines 𝑓 , because of 330 

environmental pollution caused by behindhand emission control technology. The fine be collected by 331 

the governments and use for environmental remediation. And also, If PEs do not invest in energy 332 

enterprises, this sends a negative signal to other investors, the market may perceive the company has 333 

a higher investment risk. At this time, energy enterprises have losses from the social level 𝑇𝑐. Strictly 334 

speaking, it would be a punishment. 335 

PEs (player 2) can decide whether to make investment for energy enterprises, that is, the strategic 336 

choice space is 𝛽 =(investment for energy enterprises, not investment for energy enterprises). The 337 

probability of investment for energy enterprises is defined as 𝑦 (0 ≤ 𝑦 ≤ 1), and the probability of 338 

do not investment for energy enterprises is defined as (1 − 𝑦). Investment institutions are willing to 339 

invest in new technologies to gain more returns (Jiang et al., 2023). The PEs make equity investment 340 

is 𝐼𝑝  to energy enterprises, and the income brought to the investment is 𝑅𝑝 . Moreover, PEs 341 

investment tend to have a strong policy orientation. When the governments support energy enterprises 342 

to use DT technology, PEs make additional investments 𝐼𝑝𝑔 in energy companies in order to achieve 343 

a higher level of return on equity and get additional investment income 𝑅𝑝𝑔. And also, when energy 344 

enterprises use more advanced technologies, such as DT technology. For PEs means that energy 345 

enterprises can have more returns from technological innovation in the future compared to 346 

competitors who do not use similar technologies. It is expected to bring additional benefits 𝑅𝑝𝑐 to 347 

PEs, 𝐼𝑝 > 𝐼𝑝𝑔 > 𝑅𝑝 > 𝑅𝑝𝑔 ≥ 𝑅𝑝𝑐. However, when the invested energy enterprises do not choose to 348 

use the investment funds for the development of DT technology, the development of energy 349 

enterprises do not meet the expectation of PEs, so the equity return of PEs will be reduced ℎ, ℎ >350 

𝑅𝑝 > 𝑅𝑝𝑐. Meanwhile, 𝜃(𝜃 > 1) can be seen as yield rate when PEs choose to make investment. 351 

Because when 𝜃 is greater than 1, PEs’ income will be greater than the input cost, and then PEs will 352 

have the incentive to make investment. And also, based on PEs’ profit-seeking investment goal, as a 353 
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limited-rational decision maker, PEs will only invest when the return is greater than the input cost, 354 

that is, 𝜃𝑅𝑝 > 𝐼𝑝, 𝜃𝑅𝑝𝑔 > 𝐼𝑝𝑔. 355 

Governments (player 3) can choose whether to support energy enterprises use DT technology 356 

improve their ESG performance, that is, the strategic choice space is 𝛾 =(support energy enterprises 357 

use DT technology, do not support energy enterprises use DT technology). The probability of support 358 

energy enterprises use DT technology is defined as z (0 ≤ 𝑧 ≤ 1) , and the probability of do not 359 

support energy enterprises use DT technology is defined as (1 − 𝑧) . The governments generally 360 

support energy enterprises to innovate to reduce emissions, especially by adopting cleaner energy 361 

sources to improve ESG (Wang et al., 2023). The governments use dedicated funds 𝐷𝑠 to provide 362 

energy enterprises to improve their ESG performance, and no matter what technology companies use 363 

to improve ESG performance. This is because the governments are concerned about the total 364 

contribution of energy enterprises to society by improving their ESG performance. When the 365 

governments support the use of DT technology by energy enterprises, the governments provide 366 

separate funds 𝑀𝐷𝑇 for energy enterprises to support them and get social benefits 𝑇𝑔. When the 367 

governments do not support energy enterprises to introduce DT technology, the governments will 368 

increase spending on environmental governance 𝐷𝑔 (Wang and Ye, 2024). And at the same time, in 369 

order to encourage the enthusiasm of market capital, when PEs invests in energy enterprises, the 370 

governments will increase their investment 𝐼𝑔 in energy enterprises at the same time. 371 

In accordance with the above assumptions and descriptions, we propose the mixed strategy game 372 

matrix according to the relationships of energy enterprises, PEs, and governments. The payoff matrix 373 

including eight strategy profiles is shown in Table 2. 374 

<<<Insert Table 2>>> 375 

4. MODEL ANALYSIS 376 

4.1. Equilibrium analysis of evolutionary game model 377 

The expected payoff functions of energy enterprises choosing the using DT strategy and not 378 

using DT strategy are denoted as 𝐸11 and 𝐸12, the average expected payoff function is defined 𝐸̅1, 379 

respectively. 380 

𝐸11 = 𝑦𝑧(𝑅𝑐 − 𝐶𝑐 − 𝐶𝐷𝑇 + 𝐶𝑀 + 𝐼𝑝 + 𝐼𝑝𝑔 + 𝐷𝑠 + 𝑀𝐷𝑇 + 𝐼𝑔) 

+𝑦(1 − 𝑧)(𝑅𝑐 − 𝐶𝑐 − 𝐶𝐷𝑇 + 𝐶𝑀 + 𝐼𝑝 + 𝐷𝑠 + 𝐼𝑔) 

+𝑧(1 − 𝑦)(𝑅𝑐 − 𝐶𝑐 − 𝐶𝐷𝑇 + 𝐶𝑀 − 𝑇𝑐 + 𝐷𝑠 + 𝑀𝐷𝑇) 

(1) 
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+(1 − 𝑦)(1 − 𝑧)(𝑅𝑐 − 𝐶𝑐 − 𝐶𝐷𝑇 + 𝐶𝑀 − 𝑇𝑐 + 𝐷𝑠). 

𝐸12 = 𝑦𝑧(𝑅𝑐 − 𝐶𝑐 + 𝐼𝑝 + 𝐼𝑝𝑔 − 𝑓 + 𝐷𝑠 + 𝑀𝐷𝑇 + 𝐼𝑔) 

+𝑦(1 − 𝑧)(𝑅𝑐 − 𝐶𝑐 + 𝐼𝑝 − 𝑓 + 𝐼𝑔) 

+𝑧(1 − 𝑦)(𝑅𝑐 − 𝐶𝑐 − 𝐶𝐷𝑇 + 𝐶𝑀 − 𝑇𝑐 + 𝐷𝑠 + 𝑀𝐷𝑇) 

+(1 − 𝑦)(1 − 𝑧)(𝑅𝑐 − 𝐶𝑐 − 𝑓 + 𝐷𝑠). 

(2) 

𝐸̅1 = 𝑥𝐸11 + (1 − 𝑥)𝐸12. (3) 

Specifically, 𝐸11 represents the expected payoff for energy enterprises choosing the using DT 381 

strategy. It includes four scenarios: the expected payoff when PEs invest and the government supports 382 

or does not support, and the expected payoff when PEs do not invest and the government supports or 383 

does not support. Similarly, 𝐸12 represents the expected payoff for energy enterprises not using the 384 

DT strategy. It also includes the expected payoffs for the four scenarios mentioned in 𝐸11 . The 385 

subsequent expected payoff functions in this paper are similar to those here and thus are not described 386 

in detail. The replicator dynamics equation of energy enterprises can be expressed as follows: 387 

𝐹(𝑥) =
𝑑𝑥

𝑑𝑡
= 𝑥(𝑥 − 1)(𝐸12 − 𝐸11) 

= 𝑥(𝑥 − 1)[𝐶𝐷𝑇 − 𝐶𝑀 + 𝐷𝑠 − 𝑓 + (𝐶𝑀 − 𝐶𝐷𝑇 − 𝐷𝑠 + 𝑓)𝑧] − 2𝐷𝑠𝑦 

+(𝐶𝐷𝑇 − 𝐶𝑀 + 2𝐷𝑠 − 𝑓)𝑦𝑧. 

(4) 

The first derivative of 𝑥 and 𝐺(𝑦) are calculated respectively as follows: 388 

𝑑(𝐹(𝑥))

𝑑𝑥
= (2𝑥 − 1)[𝐶𝐷𝑇 − 𝐶𝑀 + 𝐷𝑠 − 𝑓 + (𝐶𝑀 − 𝐶𝐷𝑇 − 𝐷𝑠 + 𝑓)𝑧 − 2𝐷𝑠𝑦 

+(𝐶𝐷𝑇 − 𝐶𝑀 + 2𝐷𝑠 − 𝑓)𝑦𝑧]. 

(5) 

𝐺(𝑦) = 𝐶𝐷𝑇 − 𝐶𝑀 + 𝐷𝑠 − 𝑓 + (𝐶𝑀 − 𝐶𝐷𝑇 − 𝐷𝑠 + 𝑓)𝑧 − 2𝐷𝑠𝑦 

+(𝐶𝐷𝑇 − 𝐶𝑀 + 2𝐷𝑠 − 𝑓)𝑦𝑧. 
(6) 

According to the stability theorem of differential equation, the probability of energy enterprises 389 

choosing using DT strategy in a stable state must satisfy the condition: 𝐹(𝑥) = 0 and 
𝑑(𝐹(𝑥))

𝑑𝑥
< 0. 390 

Because 
𝜕(𝐺(𝑦))

𝜕𝑦
> 0 , 𝐺(𝑦)  is an increasing function of 𝑦 . If 𝐺(𝑦) = 0 , we can get 𝑦 = 𝑦∗ =391 

(𝑧−1)(𝐶𝑀−𝐶𝐷𝑇−𝐷𝑠+𝑓)

2𝐷𝑠+𝑧(𝐶𝑀−𝐶𝐷𝑇−2𝐷𝑠+𝑓)
, that means energy enterprises are unable to determine stabilization strategies. 392 
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When 𝐺(𝑦) < 0, 𝑦 < 𝑦∗, then 
𝑑(𝐹(𝑥))

𝑑𝑥
|𝑥=0 < 0, which means that 𝑥 = 0 (not using DT) is ESS of 393 

energy enterprises. In addition, when 𝐺(𝑦) > 0, 𝑦 > 𝑦∗, then 
𝑑(𝐹(𝑥))

𝑑𝑥
|𝑥=1 < 0, which means that 394 

𝑥 = 1 (using DT) is ESS of energy enterprises. 395 

Proposition 1. In the process of evolution, the probability of energy enterprises uses DT 396 

increases accordingly as the increase probability of PEs investment. As governments grant to support 397 

energy enterprises to reduce emissions increase, the cost of using DT increases, and the probability 398 

that energy enterprises choose not to use DT increases. The probability of energy enterprises chooses 399 

to use DT increases as the cost of reduction increases or the fines for causing environmental pollution 400 

increase. At the same time the ESG levels of energy enterprises increases as well. 401 

𝑉𝐶1
= ∫ ∫

(𝑧 − 1)(𝐶𝑀 − 𝐶𝐷𝑇 − 𝐷𝑠 + 𝑓)

2𝐷𝑠 + 𝑧(𝐶𝑀 − 𝐶𝐷𝑇 − 2𝐷𝑠 + 𝑓)

1

0

𝑑𝑦𝑑𝑧
1

0

=
𝑧(1 − 𝑧)(𝐶𝐷𝑇 − 𝐶𝑀 + 𝐷𝑠 − 𝑓)

2𝐷𝑠 − 𝑧(𝐶𝐷𝑇 − 𝐶𝑀 + 2𝐷𝑠 − 𝑓)
; (7) 

𝑉𝐶2
= 1 − 𝑉𝐶1

. (8) 

The replicated dynamic phase diagram is shown in Fig. 2. We can acquire the first order partial 402 

derivative of correlated factors from the above probability expressions. The positive and negative 403 

values of the first-order partial derivative are indicators for judging the changing trend of factors and 404 

probabilities. Specifically, 
𝜕𝑉𝐶1

𝜕𝐷𝑠
> 0, 

𝜕𝑉𝐶1

𝜕𝐶𝐷𝑇
> 0, 

𝜕𝑉𝐶1

𝜕𝐶𝑀
< 0, 

𝜕𝑉𝐶1

𝜕𝑓
< 0. Therefore, the increasing of 𝐷𝑠, 405 

𝐶𝐷𝑇 can increase the probability of energy enterprises do not use DT. The decreasing of 𝐶𝑀, 𝑓 can 406 

increase the probability of energy enterprises use DT. 407 

<<<Insert Fig. 2>>> 408 

Proposition 1 manifests that with moderate reductions in government grants, enterprises will 409 

consider adopting the DT system to enhance ESG performance. However, the high cost of DT can 410 

hinder ESG improvements. Energy enterprises weigh these costs carefully, maximize the use of DT 411 

to reduce unnecessary cost. Government fines also incentivize enterprises to improve ESG 412 

performance and reduce emissions. 413 

The expected payoff functions of PEs choosing invest energy enterprises strategy and not invest 414 

energy enterprises strategy are defined as 𝐸21 and 𝐸22,the average expected payoff function is set as 415 

𝐸̅2, respectively. 416 



 

15 

 

𝐸21 = 𝑥𝑧(𝜃𝑅𝑝 − 𝐼𝑝 + 𝜃𝑅𝑝𝑐 − 𝐼𝑝𝑔 + 𝜃𝑅𝑝𝑔) + 𝑥(1 − 𝑧)(𝜃𝑅𝑝 − 𝐼𝑝 + 𝜃𝑅𝑝𝑐) 

+𝑧(1 − 𝑥)(𝜃𝑅𝑝 − 𝐼𝑝 − 𝐼𝑝𝑔 − ℎ + 𝜃𝑅𝑝𝑔) + (1 − 𝑥)(1 − 𝑧)(𝜃𝑅𝑝 − 𝐼𝑝 − ℎ). 
(9) 

𝐸22 = 0. (10) 

𝐸̅2 = 𝑦𝐸21. (11) 

The replicator dynamics equation of PEs is given as follows: 417 

𝐹(𝑦) =
𝑑𝑦

𝑑𝑡
= 𝑦(𝑦 − 1)(𝐸22 − 𝐸21) 

= 𝑦(1 − 𝑦)(𝜃𝑅𝑝 − 𝐼𝑝 − ℎ − 𝑧𝐼𝑝𝑔 + 𝑥𝜃𝑅𝑝𝑐 + 𝑧𝜃𝑅𝑝𝑔 + 𝑥ℎ). 

(12) 

The first derivative of 𝑦 and 𝐻(𝑥) are calculated respectively as follows: 418 

𝑑(𝐹(𝑦))

𝑑𝑦
= (1 − 2𝑦)(𝜃𝑅𝑝 − 𝐼𝑝 − ℎ − 𝑧𝐼𝑝𝑔 + 𝑥𝜃𝑅𝑝𝑐 + 𝑧𝜃𝑅𝑝𝑔 + 𝑥ℎ). (13) 

𝐻(𝑥) = 𝜃𝑅𝑝 − 𝐼𝑝 − ℎ − 𝑧𝐼𝑝𝑔 + 𝑥𝜃𝑅𝑝𝑐 + 𝑧𝜃𝑅𝑝𝑔 + 𝑥ℎ. (14) 

According to the stability theorem of differential equation, the probability of PEs choosing invest 419 

energy enterprises strategy in a stable state must satisfy the condition: 𝐹(𝑦) = 0 and 
𝑑(𝐹(𝑦))

𝑑𝑦
< 0. If 420 

𝐻(𝑥) = 0, we can get 𝑥 = 𝑥∗ =
𝑧𝐼𝑝𝑔−𝑧𝜃𝑅𝑝𝑔−𝜃𝑅𝑝+𝐼𝑝+ℎ

𝜃𝑅𝑝𝑐+ℎ
. If 𝐼𝑝𝑔 > 𝜃𝑅𝑝𝑔, 𝐻(𝑥) is an increase function 421 

of 𝑥, because 
𝜕(𝐻(𝑥))

𝜕𝑥
> 0. Thus, when 𝑥 < 𝑥∗, 𝐻(𝑥) < 0, then 

𝑑(𝐹(𝑦))

𝑑𝑦
|𝑦=1 < 0, which means that 422 

𝑦 = 1  (invest energy enterprises) is ESS of PEs. In addition, when 𝑥 > 𝑥∗ , 𝐻(𝑥) > 0 , then 423 

𝑑(𝐹(𝑦))

𝑑𝑦
|𝑦=0 < 0, which means that 𝑦 = 0 (not invest energy enterprises) is ESS of PEs. In a practical 424 

sense, the income of PEs is always less than the cost of investment, so this case is not considered. If 425 

𝐼𝑝𝑔 < 𝜃𝑅𝑝𝑔, 𝐻(𝑥) is a decrease function of 𝑥, because 
𝜕(𝐻(𝑥))

𝜕𝑥
< 0. Thus, when 𝑥 < 𝑥∗, 𝐻(𝑥) >426 

0 , 
𝑑(𝐹(𝑦))

𝑑𝑦
|𝑦=0 < 0 , which means that 𝑦 = 0  (not invest energy enterprises) is ESS of PEs. In 427 

addition, when 𝑥 > 𝑥∗ , 𝐻(𝑥) < 0 , 
𝑑(𝐹(𝑦))

𝑑𝑦
|𝑦=1 < 0 , which means that 𝑦 = 1  (invest energy 428 
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enterprises) is ESS of PEs. 429 

Proposition 2. In the process of evolution, the probability of PEs invests energy enterprises 430 

strategy increases correspondingly with the rising probability of use DT by energy enterprises. The 431 

probability of PEs invests energy enterprises strategy is positively correlated with the amount of 432 

money invested to the energy enterprises, PEs judgment errors reduced income by energy enterprises 433 

don’t use DT, additional money invested by the PEs in accordance with the policy direction. The 434 

probability of PEs invests energy enterprises strategy is negative correlated with the investment 435 

income of PEs, additional income from additional investments. 436 

𝑉𝑃1
= ∫ ∫

𝑧𝐼𝑝𝑔 − 𝑧𝜃𝑅𝑝𝑔 − 𝜃𝑅𝑝 + 𝐼𝑝 + ℎ

𝜃𝑅𝑝𝑐 + ℎ

1

0

1

0

𝑑𝑦𝑑𝑧 =
𝐼𝑝 − 𝜃𝑅𝑝 + ℎ + 𝑧𝐼𝑝𝑔 − 𝑧𝜃𝑅𝑝𝑔

𝜃𝑅𝑝𝑐 + ℎ
; (15) 

𝑉𝑃2
= 1 − 𝑉𝑃1

. (16) 

The replicated dynamic phase diagram is shown in Fig. 3. We acquire the first order partial 437 

derivative of correlated factors from the above probability expressions. The positive and negative 438 

values of the first-order partial derivative are indicators for judging the changing trend of factors and 439 

probabilities. Specifically, 
𝜕𝑉𝐶1

𝜕𝐷𝑠
> 0, 

𝜕𝑉𝐶1

𝜕𝐶𝐷𝑇
> 0, 

𝜕𝑉𝐶1

𝜕𝐶𝑀
< 0, 

𝜕𝑉𝐶1

𝜕𝑓
< 0. Therefore, the increasing of 𝐷𝑠, 440 

𝐶𝐷𝑇 can increase the probability of energy enterprises do not use DT. The decreasing of 𝐶𝑀, 𝑓 can 441 

increase the probability of energy enterprises use DT. 442 

<<<Insert Fig. 3>>> 443 

Proposition 2 manifests that with appropriate reductions in governments grants, enterprises will 444 

consider adopting the innovative system DT to optimize their ESG performance. At the same time, 445 

the high cost of introduce DT can be a hindrance for energy enterprises to improve their ESG 446 

performance. Energy enterprises will also weigh the cost when using DT and maximize the use of 447 

DT to reduce unnecessary cost. Governments fines have also spurred enterprises to improve their 448 

ESG performance and reduce pollution emission. 449 

The expected payoff functions of governments choosing “support enterprises use DT” strategy 450 

and “not support enterprises use DT” strategy are denoted as 𝐸31 and 𝐸32, the average expected 451 

payoff function is defined 𝐸̅3, respectively. 452 

𝐸31 = 𝑥𝑦(𝑇𝑔 − 𝐷𝑠 − 𝑀𝐷𝑇 − 𝐼𝑔) + 𝑦(1 − 𝑥)(𝑇𝑔 − 𝐷𝑠 − 𝐼𝑔 + 𝑓) 

+(1 − 𝑦)(𝑇𝑔 − 𝐷𝑠 − 𝑀𝐷𝑇) + (1 − 𝑥)(1 − 𝑦)(𝑇𝑔 − 𝐷𝑠 + 𝑓). 
(17) 
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𝐸32 = 𝑥𝑦(𝑇𝑔 − 𝐷𝑠 − 𝑀𝐷𝑇 − 𝐼𝑔) + 𝑦(1 − 𝑥)(𝑇𝑔 − 𝐷𝑠 − 𝐼𝑔 + 𝑓) 

+ 𝑥(1 − 𝑦)(−𝐷𝑠 − 𝐷𝑔) + (1 − 𝑥)(1 − 𝑦)(−𝐷𝑠 − 𝐷𝑔 + 𝑓). 
(18) 

𝐸̅3 = 𝑥𝐸31 + (1 − 𝑥)𝐸32. (19) 

The replicator dynamics equation of governments can be expressed as follows: 453 

𝐹(𝑧) =
𝑑𝑧

𝑑𝑡
= 𝑧(𝑧 − 1)(𝐸32 − 𝐸31) = 𝑧(𝑧 − 1)(𝑥𝑀𝐷𝑇 − 𝑇𝑔 − 𝐷𝑔). (20) 

The first derivative of 𝑧 and 𝐾(𝑥) are calculated respectively as follows: 454 

𝑑(𝐹(𝑧))

𝑑𝑧
= (2𝑧 − 1)(𝑥𝑀𝐷𝑇 − 𝑇𝑔 − 𝐷𝑔). (21) 

𝐾(𝑥) = 𝑥𝑀𝐷𝑇 − 𝑇𝑔 − 𝐷𝑔. (22) 

According to the stability theorem of differential equation, the probability of governments 455 

choosing support energy enterprises use DT strategy in a stable state must satisfy the condition: 456 

𝐹(𝑧) = 0 and 
𝑑(𝐹(𝑧))

𝑑𝑧
< 0. Because 

𝜕(𝐾(𝑥))

𝜕𝑥
> 0, 𝐾(𝑥) is an increasing function of 𝑥. If 𝐾(𝑥) = 0, 457 

we can get 𝑥 = 𝑥∗ =
𝐷𝑔+𝑇𝑔

𝑀𝐷𝑇
, that means governments are unable to determine stabilization strategies. 458 

When 𝑥 < 𝑥∗ , 𝐾(𝑥) < 0 , then 
𝑑(𝐹(𝑧))

𝑑𝑧
|𝑧=1 < 0 , which means that 𝑧 = 1  (support energy 459 

enterprises use DT) is an ESS of governments. In addition, when 𝑥 > 𝑥∗ , 𝐾(𝑥) > 0 , then 460 

𝑑(𝐹(𝑧))

𝑑𝑧
|𝑧=0 < 0 , which means that 𝑧 = 0  (not support energy enterprises use DT) is an ESS of 461 

governments. 462 

Proposition 3. In the process of evolution, the probability of governments does not support 463 

energy enterprises use DT strategy increases correspondingly with the rising probability of use DT 464 

by energy enterprises. The probability of governments support energy enterprises uses DT strategy is 465 

positively correlated with social income from governments support enterprises using DT and 466 

governments payments for environmental by energy enterprises do not use DT. The probability of 467 

governments does not support energy enterprises use DT strategy is positively correlated with grants 468 

to energy enterprises by support for enterprise to use DT. 469 
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𝑉𝐺1
= ∫ ∫

𝑇𝑔 + 𝐷𝑔

𝑀𝐷𝑇

1

0

𝑑𝑥𝑑𝑦
1

0

=
𝑇𝑔 + 𝐷𝑔

𝑀𝐷𝑇
; (23) 

𝑉𝐺2
= 1 − 𝑉𝐺1

. (24) 

The replicated dynamic phase diagram is shown in Fig. 4. We acquire the first order partial 470 

derivative of correlated factors from the above probability expressions. The positive and negative 471 

values of the first-order partial derivative are indicators for judging the changing trend of factors and 472 

probabilities. Specifically, 
𝜕𝑉𝐺1

𝜕𝑇𝑔
> 0, 

𝜕𝑉𝐺1

𝜕𝐷𝑔
> 0, 

𝜕𝑉𝐺1

𝜕𝑀𝐷𝑇
< 0. Therefore, the increasing of 𝑇𝑔, 𝐷𝑔 can 473 

increase the probability of governments support energy enterprises use DT. The decrease of 𝑀𝐷𝑇 can 474 

increase the probability of governments do not support energy enterprises use DT. 475 

<<<Insert Fig. 4>>> 476 

Proposition 3 manifests that governments hope energy enterprises’ revenues can reduce 477 

governments expenditure. Governments hope that energy enterprises will adopt new technologies to 478 

improve the environment and increase ESG performance, thereby reducing governments additional 479 

cost. However, there is a trade-off in granting support, making governments grants closely tied to 480 

energy enterprises’ decisions, and also providing incentives for innovation. 481 

4.2. Analysis of evolutionary stable strategies 482 

Based on the above analysis, a tripartite replicator dynamics system can be constituted as 483 

equation 484 

{

𝐹(𝑥) = 𝑥(𝑥 − 1)[𝐶𝐷𝑇 − 𝐶𝑀 + 𝐷𝑠 − 𝑓 + (𝐶𝑀 − 𝐶𝐷𝑇 − 𝐷𝑠 + 𝑓)𝑧 − 2𝐷𝑠𝑦 + (𝐶𝐷𝑇 − 𝐶𝑀 + 2𝐷𝑠 − 𝑓)𝑦𝑧]

𝐹(𝑦) = 𝑦(1 − 𝑦)(𝜃𝑅𝑝 − 𝐼𝑝 − ℎ − 𝑧𝐼𝑝𝑔 + 𝑥𝜃𝑅𝑝𝑐 + 𝑧𝜃𝑅𝑝𝑔 + 𝑥ℎ)

𝐹(𝑧) = 𝑧(𝑧 − 1)(𝑥𝑀𝐷𝑇 − 𝑇𝑔 − 𝐷𝑔).

  (25) 

Let the equation set including three formulas equal to zero, which stands for this system will no 485 

longer evolve and achieve equilibrium. Following the theory proposed by (Friedman, 1991), ESS 486 

only exists in pure strategies, therefore, we exclude the mixed strategies in the equilibrium part. Eight 487 

pure strategies are 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), 488 

𝐸8(1,1,1). In this tripartite replicator dynamics system, we conclude the stability of these equilibrium 489 

points according to the differential equations from the local stability analysis of the Jacobian matrix. 490 

The Jacobian matrix can be depicted as. 491 
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𝐽 = [

𝐽1 𝐽2 𝐽3

𝐽4 𝐽5 𝐽6

𝐽7 𝐽8 𝐽9

] =

[
 
 
 
 
 
 
𝜕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 ]
 
 
 
 
 
 

,  

where 𝐽1 = −(2𝑥 − 1)[𝐶𝑀 − 𝐶𝐷𝑇 − 𝐷𝑠 + 𝑓 + 𝑧(𝐶𝐷𝑇 − 𝐶𝑀 + 𝐷𝑠 − 𝑓) + 2𝐷𝑠𝑦+𝑦𝑧(𝐶𝑀 − 𝐶𝐷𝑇 −492 

2𝐷𝑠 + 𝑓)] , 𝐽2 = −𝑥(𝑥 − 1)[2𝐷𝑠 + 𝑧(𝐶𝑀 − 𝐶𝐷𝑇 − 2𝐷𝑠 + 𝑓)] , 𝐽3 = −𝑥(𝑥 − 1)[𝐶𝐷𝑇 − 𝐶𝑀 + 𝐷𝑠 −493 

𝑓+𝑦(𝐶𝑀 − 𝐶𝐷𝑇 − 2𝐷𝑠 + 𝑓)] , 𝐽4 = 𝑦(𝑦 − 1)(𝜃𝑅𝑝𝑐 + ℎ) , 𝐽5 = (2𝑦 − 1)(𝜃𝑅𝑝 − 𝐼𝑝 − ℎ − 𝑧𝐼𝑝𝑔 +494 

𝑥𝜃𝑅𝑝𝑐+𝑧𝜃𝑅𝑝𝑔 + 𝑥ℎ) , 𝐽6 = −𝑦(𝑦 − 1)(𝐼𝑝𝑔 − 𝜃𝑅𝑝𝑔) , 𝐽7 = 𝑧(𝑧 − 1)𝑀𝐷𝑇 , 𝐽8 = 0 , 𝐽9 = −(2𝑧 −495 

1)(𝐷𝑔 + 𝑇𝑔 − 𝑥𝑀𝐷𝑇). 496 

According to the first method of Lyapunov’s stability test, the equilibrium point is an ESS if all 497 

eigenvalues of the Jacobi matrix have negative real parts. If at least one of the eigenvalues of the 498 

Jacobi matrix is positive, the equilibrium point is unstable. If the Jacobi matrix has an eigenvalue of 499 

0 and the rest of the eigenvalues are negative, the equilibrium point is in a critical state and the stability 500 

cannot be determined by the sign of the eigenvalues. By substituting the eight pure strategy 501 

equilibrium points into the Jacobian matrix, the corresponding eigenvalues can be derived in Table 3. 502 

<<<Insert Table 3>>> 503 

Proposition 4. When 𝐷𝑔 + 𝑇𝑔 < 𝑀𝐷𝑇  and 𝐶𝐷𝑇 + 𝐷𝑠 < 𝐶𝑀 + 𝑓 , the only ESS point is 𝐸2 (1,0,0) 504 

where energy enterprises use DT, PEs do not invest energy enterprises and governments do not 505 

support energy enterprises use DT. 506 

Proposition 4 signifies that governments grants to support energy enterprises use DT are greater 507 

than the sum of the payments for environmental remediation and the social benefits of supporting 508 

energy enterprises use of DT. At the same time, the sum of cost reduction of energy enterprises using 509 

DT and the fines for environmental pollution are also greater than the cost of using DT and the 510 

governments grants to energy enterprises to reduce emissions. This represents energy enterprises use 511 

DT to improve their ESG performance when 𝑥 = 1, PEs not invest energy enterprises when 𝑦 = 0, 512 

the governments do not support energy enterprises use DT when 𝑧 = 0. Energy enterprises using DT 513 

can receive additional governments grants, enhance ESG performance, and be exempt from fines. 514 

However, governments may limit support for DT due to its high expense. Since DT adoption can 515 

reduce expenses, reduce pollution, and improve ESG, energy enterprises are inclined to adopt it. PEs 516 

often reluctant to invest in new technologies due to the high costs and risks associated with them. 517 

Meanwhile, governments, while continuing to support market development, are also looking to 518 
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reduce spending. 519 

Proposition 5. When 𝐶𝐷𝑇 > 𝐶𝑀 + 𝑓 and 𝜃𝑅𝑝 − 𝐼𝑝 + 𝜃𝑅𝑝𝑐 − 𝐼𝑝𝑐 < ℎ, the only ESS point is 520 

𝐸7(0,1,1) where energy enterprises do not use DT, PEs invest energy enterprises and governments 521 

support energy enterprises use DT. 522 

Proposition 5 signifies that cost for energy enterprises using DT exceeds the sum DT reductions 523 

and penalties for environmental pollution. The sum of net profit (𝜃𝑅𝑝 − 𝐼𝑝) on PEs investments and 524 

net profit (𝜃𝑅𝑝𝑔 − 𝐼𝑝𝑔) on investments based on policy direction is less than the reduction in return 525 

from PEs errors of judgment. This represents energy enterprises do not use DT to improve their ESG 526 

performance when 𝑥 = 0 , PEs invest energy enterprises when 𝑦 = 1 , the governments support 527 

energy enterprises use DT when 𝑧 = 1. Due to high DT cost that outweigh potential returns, energy 528 

enterprises choose not to use DT. To promote sustainability and enhance ESG awareness, 529 

governments actively support the adoption of DT, which yields broader societal benefits. However, 530 

if enterprises avoid DT, PEs’ judgments have erred. Because PEs is equity investments, it be difficult 531 

for PEs to make a quick exit decision. when performance lags. Nonetheless, adhering to the high-risk, 532 

high-return principle, PEs often hold shares long-term, anticipating future profit gains even if energy 533 

enterprises do not avoid DT. 534 

5. NUMERICAL STUDY 535 

5.1. Evolutionary convergence trajectory to ESS 536 

In order to verify the effectiveness of the evolutionary stability analysis, we referred to the 537 

existing literature for the parameters of government subsidies and investment (Jiang et al., 2023; Zhao 538 

et al., 2023). At the same time, we refer to the explanation of DT, for the parameter setting of the 539 

costs and benefits of DT (Xiao and Zhang, 2025). Many places have relevant government subsidy 540 

policies. Science and Technology Bureau of Guangzhou Nansha Economic and Technological 541 

Development Zone provides high subsidies for science and technology, offering up to 10 million yuan 542 

in funding support for breakthrough project. We combine the actual situation to give the values of the 543 

variables for simulation analysis, so as to illustrate the process and results of the evolutionary game. 544 

The numerical settings are based on the model assumptions in Section 3, and numerical group 1 and 545 

numerical group 2 also follow the conditions in Proposition 4 and Proposition 5, respectively. 546 

Therefore, the numerical settings can be changed within the scope of the conditions without changing 547 

the final results. The numerical settings in this study are based on references to relevant literature and 548 

practical situations. For numerical group 1, let 𝐼𝑔 = 10, 𝐷𝑠 = 5, 𝑅𝑐 = 150, 𝐶𝐷𝑇 = 90, 𝐶𝑀 = 75, 𝑓 =549 
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30, 𝐶𝑐 = 70, 𝑇𝑐 = 15, 𝐼𝑝 = 60, 𝑅𝑝 = 30, 𝑅𝑝𝑐 = 20, 𝐼𝑝𝑔 = 40, ℎ = 35, 𝑅𝑝𝑔 = 20, 𝑀𝐷𝑇 = 30, 𝐷𝑔 =550 

5, 𝑇𝑔 = 10, 𝜃 = 2.2, which meets the conditions in Proposition 4. For numerical group 2, let 𝐼𝑔 =551 

10, 𝐷𝑠 = 5, 𝑅𝑐 = 150, 𝐶𝐷𝑇 = 110, 𝐶𝑀 = 75, 𝑓 = 20, 𝐶𝑐 = 70, 𝑇𝑐 = 15, 𝐼𝑝 = 60, 𝑅𝑝 = 30, 𝑅𝑝𝑐 =552 

20, 𝐼𝑝𝑔 = 40, ℎ = 35, 𝑅𝑝𝑔 = 20, 𝑀𝐷𝑇 = 30, 𝐷𝑔 = 5, 𝑇𝑔 = 10, 𝜃 = 2.2  which meets the conditions 553 

in Proposition 5. The evolutionary trajectories of the proposed model for numerical group 1 are shown 554 

in Fig. 5, where all the 𝑥 − 𝑦 − 𝑧 curves converge at the same point 𝐸2(1,0,0). The results in Fig. 5 555 

indicate that when the corresponding conditions are met, the equilibrium point is 𝐸2(1,0,0) regardless 556 

of the initial strategy probability combinations of the three stakeholders. Besides, Fig. 6 illustrates 557 

the evolutionary trajectories with the numerical group 2, all the 𝑥 − 𝑦 − 𝑧 curves converge at the 558 

same point 𝐸7(0,1,1). From the above results, we find that no matter what initial strategy probability 559 

the three stakeholders adopt, all curves will converge at ESS. Meanwhile, we also note that 560 

evolutionary results may be affected by cost and policies. Thus, the following sensitivity analysis is 561 

conducted to analyze the impact of different factors on the ESS. 562 

<<<Insert Fig. 5>>> 563 

<<<Insert Fig. 6>>> 564 

5.2. Main factor sensitivity analysis 565 

5.2.1. The impact of penalty of environmental pollution on tripartite game strategies 566 

To describe the impact of penalty of environmental pollution (𝑓 factor) of three stakeholders 567 

under 𝐸2(1,0,0), let 𝑓 =(21,27,33). Fig. 7 (a) shows that cover still converges to 𝐸2(1,0,0) under 568 

the influence of 𝑓 . Fig. 7 (b) indicates that as 𝑓  decrease, 𝑥  converges to 0 more quickly, 569 

suggesting that enterprises tend to use DT. Fig. 7 (c) shows that the increase in 𝑓 accelerates the 570 

trend of 𝑦  approaching 0, indicating that PEs investment institutions are reluctant to invest in 571 

enterprises. Fig. 7 (d) reveals that as 𝑓 increases, 𝑧 converges to 0 faster. Meanwhile, combined 572 

with Fig. 7 (a), it can be seen that when 𝑦 becomes 0, it can significantly speed up the rate at which 573 

𝑧 approaches 0. 574 

<<<Insert Fig. 7>>> 575 

The results indicate that high environmental penalties motivate enterprises to adopt DT to 576 

enhance ESG levels, demonstrating that penalties effectively drive ESG reform. Penalties impact 577 

enterprise performance and reputation, factors crucial to PEs investment decisions. When penalties 578 

are low, PEs may be more inclined to invest, yet often remain cautious due to future uncertainties and 579 

challenging exit mechanisms. Governments aim to raise ESG awareness and encourage energy 580 

enterprises to adopt new technologies but prefer minimal initial investment. Since penalties contribute 581 
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to governments revenue, increased penalties can reduce governments support for ESG reform. On the 582 

other hand, due to the conservative strategy of PEs, the governments also choice to observe the 583 

practice of enterprises DT. 584 

Fig. 8 (a) shows the influence of 𝑓 on the evolution results under 𝐸7(0,1,1). Fig. 8 (b) reveals 585 

that as 𝑓 decreases, 𝑥 approaches 0 more rapidly, indicating that energy enterprises tend to choose 586 

not to implement DT. As can be seen from Fig. 8 (c), the smaller 𝑓 is, the faster 𝑦 approaches 1, 587 

which means PEs are more willing to choose investment. In Fig. 8 (d), it can be understood that as 𝑓 588 

decreases, 𝑧 approaches 1 more quickly, suggesting that the governments are inclined to choose to 589 

support energy enterprises in using DT to improve their ESG levels. 590 

<<<Insert Fig. 8>>> 591 

The simulation results demonstrate that due to the high cost of enterprise deployment of DT, 592 

when environmental pollution penalties are reduced, enterprises would rather pay penalties than use 593 

DT to improve their ESG levels, as this would seriously affect enterprise earnings. Moreover, when 594 

penalties are small, the impact on enterprises performance is also minor. Therefore, PEs tend to seize 595 

the opportunity to invest in energy enterprises. The governments hope that enterprises can take the 596 

initiative to improve their ESG levels and reduce environmental pollution, rather than being forced 597 

to reform under high penalties. Thus, governments choose to support enterprises in adopting DT. 598 

However, due to immature technology and high deployment cost, enterprises remain hesitant to 599 

change. 600 

5.2.2. The impact of cost of DT by energy enterprises on tripartite game strategies 601 

Next, we discuss the impact of the cost of using DT technology 𝐶𝐷𝑇 =(85,90,95) by energy 602 

enterprises on three stakeholders. Fig. 9 (a) shows the evolution process of different 𝐶𝐷𝑇 values, 603 

which eventually converges to 𝐸2(1,0,0). In Fig. 9 (b), the smaller the 𝐶𝐷𝑇, the faster the value of 𝑥 604 

approaches 1, indicating that energy enterprises will tend to use DT technology. In Fig. 9 (c), the 605 

smaller the 𝐶𝐷𝑇, the faster the value of 𝑦 approaches 0, meaning that investment institutions are 606 

reluctant to invest. Fig. 9 (d) shows that the smaller the 𝐶𝐷𝑇, the faster the value of 𝑧 converges to 607 

0, indicating that the governments tend not to support enterprises in adopting DT technology. 608 

<<<Insert Fig. 9>>> 609 

This situation may occur in the early stages of DT adoption when market understanding is 610 

limited. With low DT deployment cost, energy enterprises are inclined to adopt it to improve ESG 611 

and reduce other expenses. However, PEs, focused on long-term stability, view low entry costs as a 612 
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risk for increased competition, potentially affecting returns. PEs prefer investments that create 613 

industry barriers for sustained returns. Governments, seeking to improve ESG levels, are cautious 614 

about initial spending in this nascent market, often following PEs decisions. However, if enterprises 615 

are willing to change and the cost of adopting DT is high, the governments are also willing to support 616 

enterprises reform. 617 

Fig. 10 (a) shows the evolution result of 𝐶𝐷𝑇 =(100,110,120) in different values still converge 618 

to point 𝐸7(0,1,1). Fig. 10 (b) shows that as 𝐶𝐷𝑇 increases, 𝑥 approaches 0 faster, indicating that 619 

energy enterprises tend not to adopt DT technology. Fig. 10 (c) shows that as 𝐶𝐷𝑇 increases, the rate 620 

at which 𝑦 approaches 1 also increases, meaning that PEs are more willing to invest in enterprises. 621 

Fig. 10 (d) describes that as 𝐶𝐷𝑇  increases, 𝑧  also approaches 1 faster, indicating that the 622 

governments are willing to support enterprises in adopting DT technology. 623 

<<<Insert Fig. 10>>> 624 

From the numerical results, when the cost of deploying DT is high, energy enterprises also need 625 

to consider their operating and therefore choose not to adopt DT technology. PEs realize the 626 

development prospects of DT technology. Although the cost of use is high, they value long-term 627 

returns more and are therefore willing to invest in exchange for higher returns. The governments have 628 

a strong willingness to promote ESG and hopes to raise society’s awareness of ESG. Generally, 629 

energy enterprises have a greater impact on the environment, and the governments are willing to help 630 

enterprises adopt new technologies to optimize the supply chain. 631 

5.2.3. The impact of governments social gains on tripartite game strategies 632 

The impact of 𝑇𝑔 =(6,10,14) on evolution under 𝐸2(1,0,0) is also we need to consider. Fig. 11 633 

(a) shows the evolution process of different 𝑇𝑔, which eventually all converge to 𝐸2(1,0,0). Fig. 11 634 

(b) indicates that the smaller 𝑇𝑔 is, the faster 𝑥 approaches 1, indicating that enterprises are more 635 

willing to adopt DT technology. Fig. 11 (c) shows that when 𝑇𝑔 becomes smaller, 𝑦 approaches 0 636 

slightly faster, but the change is not obvious. Fig. 11 (d) shows that when 𝑇𝑔 becomes smaller, 𝑧 637 

approaches 0 faster, indicating that the governments are reluctant to support energy enterprises in 638 

using DT technology. 639 

<<<Insert Fig. 11>>> 640 

The above evolutionary results illustrate that 𝑇𝑔  can reflects the market competition 641 

environment. A smaller governments social gains means that the technology is still in the early stage 642 

and has not attracted much attention. And this is a good opportunity for enterprises to establish 643 
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technological barriers. Therefore, adopting DT to improve the supply chain at this time may have 644 

more advantages in future competitions. PEs pay more attention to the performance of enterprises. 645 

However, under uncertain future, PEs are more inclined to wait. The governments can obtain fewer 646 

social benefits, and the social awareness of ESG is still shallow. Naturally, it is unwilling to support 647 

energy enterprises in adopting DT technology. 648 

Fig. 12 (a) shows the process in which 𝑇𝑔 =(6,10,14) values converge to 𝐸7(0,1,1). Fig. 12 (b) 649 

shows that as 𝑇𝑔 decreases, the speed at which 𝑥 converges to 0 accelerates, but this process is not 650 

obvious, indicating that enterprises tend not to adopt DT technology. Fig. 12 (c) shows that as 𝑇𝑔 651 

decreases, 𝑦 approaches 1 faster, but this change is also not significant, indicating that PEs is more 652 

willing to invest in enterprises. Fig. 12 (d) shows that as 𝑇𝑔  increases, the speed at which 𝑧 653 

approaches 1 is faster, indicating that the governments are willing to support enterprises in adopting 654 

DT. 655 

<<<Insert Fig. 12>>> 656 

The above simulation results indicate that the governments’ social gains have little impact on 657 

the decisions of energy enterprises and PEs. Energy enterprises pay more attention to enterprise 658 

performance. In this case, the cost of deploying DT technology is high and it will not expand revenue. 659 

Therefore, enterprises not choose to adopt DT. PEs investment is equity investment and cannot be 660 

easily withdrawn due to the special exit mechanism. Therefore, PEs can only continue to invest until 661 

there is an opportunity to exit. Due to the increase in society’s ESG awareness and the increase in 662 

governments revenue, the governments are naturally willing to support the supply chain reform of 663 

energy enterprises. 664 

6. CONCLUSION 665 

6.1. Major finding 666 

Energy enterprises primarily focus on profitability while facing significant challenges in 667 

enhancing their ESG performance. Their ability to transform core products, i.e., coal, oil, and 668 

electricity, is inherently constrained, and substantial capital investments are required for technological 669 

advancements. As a result, improving ESG performance remains a formidable challenge. However, 670 

environmental penalties and regulatory pressures can act as catalysts for change, compelling 671 

enterprises to adopt more sustainable practices. Therefore, in this paper, we investigate the optimal 672 

decision-making strategies of energy enterprises, governments, and PEs in the context of sustainable 673 

development. We then employ a tripartite evolutionary game model to analyze how the long-term 674 
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behavior of each stakeholder in the energy enterprise supply chain impacts the system and to identify 675 

the equilibrium point. Additionally, numerical simulation analysis is utilized to demonstrate the 676 

effects of evolutionary stabilization strategies at different stabilization points for each participant. 677 

Additionally, we explore the impact of the main factors through sensitivity analysis, which ultimately 678 

leads to several key findings. 679 

Our findings demonstrate that high DT implementation cost make energy enterprises more likely 680 

to pay pollution penalties than invest in technology, indicating that penalties effectively encourage 681 

ESG reforms. When environmental fines are low, PEs tend to invest, but they more conservative due 682 

to future uncertainties and challenging exit mechanisms. PEs’ decisions often influence governments 683 

policy, which often aligns with PEs decisions. Lower DT cost makes enterprises more willing to adopt 684 

the technology, though this can attract competitors and prompt PEs, focused on long-term returns, to 685 

remain cautious or reluctant to invest. And when technology costs are high, governments make policy 686 

incentives to encourage enterprises to try new technologies in order to promote technological change 687 

and improve ESG. Given government backing for ESG improvements and the focus of PEs on long-688 

term returns, enterprises facing technological barriers are more prone to encountering technological 689 

monopolies, thereby showing greater interest. In addition, governments’ social returns reflect the 690 

market’s reflection, which informs PEs’ decisions. Lower social returns will consequently reduce the 691 

probability that PEs will choose to invest. 692 

The key contributions of this study are as follows. While focusing on profitability, energy 693 

enterprises also need to undergo ESG transformation. Adjustments through DT can effectively 694 

enhance ESG performance but require substantial funding. PEs and governments can provide capital 695 

and policy support to boost long-term enterprise development and sustainable innovation. The social 696 

recognition of ESG, alongside supportive policies, can further facilitate PEs participation in ESG-697 

driven investments. This, in turn, helps enterprises overcome technological bottlenecks and enhances 698 

the overall ESG performance of the energy sector. By examining the decision-making processes of 699 

multiple stakeholders including energy enterprises, PE investors, and policymakers, this study offers 700 

valuable insights into sustainable supply chain management. It contributes to a deeper understanding 701 

of how financial mechanisms, technological advancements, and regulatory frameworks interact to 702 

shape ESG-driven transformations in the energy industry. 703 

In the context of sustainable development, ESG transformation necessitates collaborative efforts 704 

from all stakeholders. DT application can effectively enhance the performance of energy enterprises 705 

and achieve ESG transformation, but it also brings significant costs. This study offers theoretical 706 

support for decision-making by energy enterprises, PEs, and governments through an analysis of 707 
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long-term dynamics. By examining the role of PEs investments in corporations, the study confirms 708 

the significant impact of ESG initiatives and provides a framework for future research on green 709 

investments. Additionally, it enriches research on ESG transformation and provides direction for 710 

future studies. While our research centers on the ESG transformation of energy enterprises, the scope 711 

of ESG transformation is by no means limited to this sector. Achieving sustainable development 712 

requires the collective efforts of all industries. Existing research has illustrated the significance of 713 

ESG investments within the manufacturing sector (Gu, 2024). Consequently, our study offers 714 

valuable insights for enterprises pursuing ESG transformation across various industries. 715 

6.2. Managerial insights 716 

Based on the key findings, this leads to several important management implications. First, due 717 

to the high cost of deploying DT, energy enterprises themselves are not willing to pay such a large 718 

cost to improve ESG. Instead, energy enterprises’ products (e.g., oil, coal, etc.) are closely related to 719 

the environment, and improving ESG has become a top priority. For energy companies with 720 

insufficient funds, other solutions can be adopted to improve ESG levels to gain support from PEs or 721 

the government. When funds are sufficient, energy companies should use emerging technologies such 722 

as DT to improve the supply chain, establish industry barriers. Therefore, in order for energy 723 

enterprises to have incentives to develop new technologies, governments should appropriately 724 

increase penalties for environmental pollution, and at the same time give energy enterprises financial 725 

incentives in terms of ESG to promote ESG development. In addition, as an important non-financial 726 

metric, ESG provides PEs with a basis for investment. PEs can consider injecting capital into potential 727 

energy enterprises to increase their incentives to deploy DT. It helps energy enterprises to build 728 

technological barriers and dominate in a competitive market. This not only increases PEs returns, but 729 

also improves the ESG levels of enterprises and attracts more investors. 730 

Society’s ESG awareness also influences government policymaking. When societal ESG 731 

awareness is low, the government’s social benefits are also reduced, making it less conducive for the 732 

government to support enterprises’ sustainable development. Governments should therefore raise 733 

social awareness of ESG issues and encourage spontaneous change among the public and businesses 734 

through appropriate policies, such as green economy subsidies. The high cost of DT technologies 735 

should also be taken into account, and governments should encourage the development of new 736 

technologies to help enterprises tide over the difficulties in terms of policy and finance. Since PEs 737 

often remain cautious about emerging technologies, the government should take the lead, guide 738 

investment through policies to encourage investment and corporate technological development, and 739 
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at the same time raise social ESG awareness. 740 

6.3. Limitations and future studies 741 

Although some conclusions have been drawn from the study of the energy supply chain, there 742 

are limitations have not been taken into account. In this paper, the impact of the distribution channel 743 

model of energy enterprises on the supply chain are not considered, and perhaps more discussion will 744 

be done in future work. Quantum computing can process data more efficiently and quickly, which 745 

also provides ideas for optimizing supply chain (Awan et al., 2022). At the same time, PEs 746 

investments are also risky, and different investment institutions have different risk preferences, which 747 

can also be added to the model for further analysis in the future. In addition, ESG rating reports also 748 

have an impact on whether energy enterprises can get investment from PEs and also affect the 749 

investment decisions of PEs. However, there is insufficient quantitative research in this area, our 750 

analysis focuses solely on DT application, future work could leverage large language models to 751 

analyze how rating reports influence investment decisions within the energy sector. Based on this 752 

study, future research directions can be expanded. This study highlights the importance of green 753 

investments by PEs. Subsequent research might examine how green financing affects corporate 754 

behavior and performance. 755 
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Table 1 

Summary of the notation. 

Symbol Definition 

Decision variables 

𝑥 Probability of using DT by energy enterprises 

𝑦 Probability of PEs investment 

𝑧 Probability of governments support for energy enterprises to use DT 

Parameters  

𝑀𝐷𝑇 The governments provide funds to be grants when energy enterprises use DT 

𝐼𝑔 To encourage PEs investment, the governments provided funds to energy enterprises 

𝐷𝑠 The governments provide funds for energy enterprises to improve ESG performance 

𝐷𝑔 Governments expenditure on environmental protection funds, when the governments 

do not support DT 

𝑇𝑔 The governments social gains for the result from supporting DT 

𝑅𝑐 The basic operation revenue of energy enterprises 

𝐶𝐷𝑇 The cost of DT by energy enterprises  

𝐶𝑀 The save environmental protection cost of energy enterprises when use DT 

𝐼𝑝 The investment funds form PEs 

𝑓 The penalty of environmental pollution 

𝐶𝑐 The operating cost of energy enterprises 

𝑇𝑐 The energy enterprises lose the social reputation when PEs do not invest energy 

enterprises 

𝑅𝑝 The revenue of PEs from equity investments 

𝑅𝑝𝑐 The additional revenue of PEs when energy enterprises use DT 

𝐼𝑝𝑔 The additional investment funds from PEs 

ℎ The PEs investment loss due to energy enterprises are not using DT 

𝑅𝑝𝑔 The extra revenue of PEs due to additional investment 

𝜃 Return rate on investment 
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Table 2  

The payoff matrix of the tripartite decision. 

Energy enterprises PEs 

Governments 

Support enterprises use DT (𝑧) 
Not support enterprises use DT 

(1 − 𝑧) 

Using DT (𝑥) 

Invest energy enterprises 

(𝑦) 

𝑅𝑐 − 𝐶𝑐 − 𝐶𝐷𝑇 + 𝐶𝑀 + 𝐼𝑝 + 𝐼𝑝𝑔 + 𝐷𝑠 +

𝑀𝐷𝑇 + 𝐼𝑔, 𝜃𝑅𝑝 − 𝐼𝑝 + 𝜃𝑅𝑝𝑐 − 𝐼𝑝𝑔 +

𝜃𝑅𝑝𝑔, 𝑇𝑔 − 𝐷𝑠 − 𝑀𝐷𝑇 − 𝐼𝑔  

𝑅𝑐 − 𝐶𝑐 − 𝐶𝐷𝑇 + 𝐶𝑀 + 𝐼𝑝 + 𝐷𝑠 +

𝐼𝑔, 𝜃𝑅𝑝 − 𝐼𝑝 + 𝜃𝑅𝑝𝑐, − 𝐷𝑠 − 𝐷𝑔 −

𝐼𝑔  

Not invest energy enterprises 

(1 − 𝑦) 

𝑅𝑐 − 𝐶𝑐 − 𝐶𝐷𝑇 + 𝐶𝑀 − 𝑇𝑐 + 𝐷𝑠 +

𝑀𝐷𝑇, 0, 𝑇𝑔 − 𝐷𝑠 − 𝑀𝐷𝑇  

𝑅𝑐 − 𝐶𝑐 − 𝐶𝐷𝑇 + 𝐶𝑀 − 𝑇𝑐 + 𝐷𝑠, 0, 

− 𝐷𝑠 − 𝐷𝑔  

Not using DT (1 − 𝑥) 

Invest energy enterprises 

(𝑦) 

𝑅𝑐 − 𝐶𝑐 + 𝐼𝑝 + 𝐼𝑝𝑔 − 𝑓 + 𝐷𝑠 + 𝑀𝐷𝑇 +

𝐼𝑔, 𝜃𝑅𝑝 − 𝐼𝑝 − 𝐼𝑝𝑔 − ℎ + 𝜃𝑅𝑝𝑔, 𝑇𝑔 −

𝐷𝑠 − 𝐼𝑔 + 𝑓  

𝑅𝑐 − 𝐶𝑐 + 𝐼𝑝 − 𝑓 + 𝐼𝑔, 𝜃𝑅𝑝 − 𝐼𝑝 −

ℎ, 𝑓 − 𝐷𝑠 − 𝐷𝑔 − 𝐼𝑔  

Not invest energy enterprises 

(1 − 𝑦) 
𝑅𝑐 − 𝐶𝑐 − 𝑓 + 𝐷𝑠 + 𝑀𝐷𝑇,0,𝑇𝑔 − 𝐷𝑠 + 𝑓  𝑅𝑐 − 𝐶𝑐 − 𝑓 + 𝐷𝑠,0,𝑓 − 𝐷𝑠 − 𝐷𝑔   

Table 3 

Local stability analysis of equilibrium points. 

Equilibrium points 

𝐸𝑖 

The eigenvalues of the Jacobi matrix Local stability 

results 𝜆1 𝜆2 𝜆3 symbol 

𝐸1(0,0,0) 𝐷𝑔 + 𝑇𝑔 𝐼𝑝 − 𝜃𝑅𝑝 + ℎ 𝐶𝑀 − 𝐶𝐷𝑇 − 𝐷𝑠 + 𝑓  (+, × , ×) Unstable point 

𝐸2(1,0,0) 𝐷𝑔 − 𝑀𝐷𝑇 + 𝑇𝑔 𝐼𝑝 − 𝜃𝑅𝑝 − 𝜃𝑅𝑝𝑐 𝐶𝐷𝑇 − 𝐶𝑀 + 𝐷𝑠 − 𝑓  (× , − , ×) Conditional ESS 

𝐸3(0,1,0) 𝐷𝑔 + 𝑇𝑔 𝜃𝑅𝑝 − 𝐼𝑝 − ℎ 𝐶𝑀 − 𝐶𝐷𝑇 + 𝐷𝑠 + 𝑓  (+, × , +) Unstable point 

𝐸4(0,0,1) 0 −𝐷𝑔 − 𝑇𝑔 𝐼𝑝 + 𝐼𝑝𝑔 − 𝜃𝑅𝑝 − 𝜃𝑅𝑝𝑔 + ℎ  (0, − , +) Unstable point 

𝐸5(1,1,0) 𝜃𝑅𝑝 − 𝐼𝑝 + 𝜃𝑅𝑝𝑐 𝐷𝑔 − 𝑀𝐷𝑇 + 𝑇𝑔 𝐶𝐷𝑇 − 𝐶𝑀 − 𝐷𝑠 − 𝑓  (+, × , −) Unstable point 

𝐸6(1,0,1) 0 𝑀𝐷𝑇 − 𝐷𝑔 − 𝑇𝑔 𝐼𝑝 + 𝐼𝑝𝑔 − 𝜃𝑅𝑝 − 𝜃𝑅𝑝𝑐 − 𝜃𝑅𝑝𝑔  (0, × , ×) Unstable point 

𝐸7(0,1,1) −𝐷𝑔 − 𝑇𝑔 𝐶𝑀 − 𝐶𝐷𝑇 + 𝑓 𝜃𝑅𝑝 − 𝐼𝑝𝑔 − 𝐼𝑝 + 𝜃𝑅𝑝𝑔 − ℎ  (−, × , ×) Conditional ESS 

𝐸8(1,1,1) 𝑀𝐷𝑇 − 𝐷𝑔 − 𝑇𝑔 𝐶𝐷𝑇 − 𝐶𝑀 − 𝑓 𝜃𝑅𝑝 − 𝐼𝑝𝑔 − 𝐼𝑝 + 𝜃𝑅𝑝𝑐 + 𝜃𝑅𝑝𝑔  (× , − , +) Unstable point 
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Fig. 1. Game relationships among three stakeholders 973 

 974 

 975 

Fig. 2. Replicated dynamic phase diagram of energy enterprises 976 
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Fig. 3. Replicated dynamic phase diagram of PEs 979 
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Fig. 4. Replicated dynamic phase diagram of governments 982 
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Fig. 5. Tripartite Strategy Evolutionary Trajectories at 𝐸2(1,0,0) (100 times) 

 984 

 

Fig. 6. Tripartite Strategy Evolutionary Trajectories at 𝐸7(0,1,1) (100 times) 
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(c) (d) 

Fig. 7. The impact of 𝑓 on 𝐸2(1,0,0) 
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(c) (d) 

Fig. 8. The impact of 𝑓 on 𝐸7(0,1,1) 
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(c) (d) 

Fig. 9. The impact of 𝐶𝐷𝑇 on 𝐸2(1,0,0) 
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(c) (d) 

Fig. 10. The impact of 𝐶𝐷𝑇 on 𝐸7(0,1,1) 
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(c) (d) 

Fig. 11. The impact of 𝑇𝑔 on 𝐸2(1,0,0) 
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(a) (b) 

  

(c) (d) 

Fig. 12. The impact of 𝑇𝑔 on 𝐸7(0,1,1) 

 1011 

Appendix: Proof of propositions 1012 

Proof. of Proposition 1. According to the stability analysis of energy enterprises’ strategies, when 1013 

𝐺(𝑦) < 0, 𝑦 < 𝑦∗, then 
𝑑(𝐹(𝑥))

𝑑𝑥
|𝑥=0 < 0, which means that 𝑥 = 0 (not using DT) is ESS of energy 1014 

enterprises. Otherwise, 𝑥 = 1 (using DT) is ESS of energy enterprises. Therefore, with the gradual 1015 

increase of 𝑦 or 𝑧, the stable strategy of energy enterprises moves from 𝑥 = 0 to 𝑥 = 1. The 1016 

probability of not use DT by energy enterprises is denoted by 𝐶1, volume is 𝑉𝐶1
. The probability of 1017 

use DT by energy enterprises is denoted by 𝐶2, volume is 𝑉𝐶2
. 1018 
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Proof. of Proposition 2. According to the stability analysis of energy enterprises’ strategies, when 1019 

𝑥 < 𝑥∗ , 𝐻(𝑥) > 0, 
𝑑(𝐹(𝑦))

𝑑𝑦
|𝑦=0 < 0, which means that 𝑦 = 0 (not invest energy enterprises) is 1020 

ESS of PEs. Otherwise, 𝑦 = 1 (invest energy enterprises) is ESS of PEs. Therefore, with the gradual 1021 

decrease of 𝑥 or 𝑧 the stable strategy of PEs moves from 𝑦 = 0 to 𝑦 = 1. The probability of not 1022 

invest energy enterprises is denoted by 𝑃1 , volume is 𝑉𝑃1
. The probability of invest energy 1023 

enterprises is denoted by 𝑃2, volume is 𝑉𝑃2
. 1024 

Proof. of Proposition 3. According to the stability analysis of governments’ strategies, when 𝑥 <1025 

𝑥∗, 𝐾(𝑥) < 0, then 
𝑑(𝐹(𝑧))

𝑑𝑧
|𝑧=1 < 0, which means that 𝑧 = 1 (support energy enterprises use DT) 1026 

is an ESS of governments. Otherwise, 𝑧 = 0 (not support energy enterprises use DT) is an ESS of 1027 

governments. Therefore, with the gradual decrease of 𝑥 or 𝑧 the stable strategy of governments 1028 

moves from 𝑧 = 0 to 𝑧 = 1. The probability of not support energy enterprises use DT is denoted 1029 

by 𝐺1 , volume is 𝑉𝐺1
. The probability of support energy enterprises use DT is denoted by 𝐺2 , 1030 

volume is 𝑉𝐺2
. 1031 

Proof. of Proposition 4. As mentioned in the modelling part, 𝜃𝑅𝑝 > 𝐼𝑝, so that 𝐼𝑝 − 𝜃𝑅𝑝 −1032 

𝜃𝑅𝑝𝑐 < 0. When 𝐷𝑔 + 𝑇𝑔 < 𝑀𝐷𝑇 and 𝐶𝐷𝑇 + 𝐷𝑠 < 𝐶𝑀 + 𝑓, for 𝐸2(1,0,0), all the eigenvalues are 1033 

negative, which is the only ESS point under this condition. 1034 

Proof. of Proposition 5. When 𝐶𝐷𝑇 > 𝐶𝑀 + 𝑓 and 𝜃𝑅𝑝 − 𝐼𝑝 + 𝜃𝑅𝑝𝑔 − 𝐼𝑝𝑔 < ℎ, for 𝐸7(0,1,1), 1035 

all the eigenvalues are negative, which is the only ESS point under this condition. 1036 

 1037 

 1038 

 1039 




