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The evolution of power system is a dynamic and complex process. Whether the evolution of power system can adapt to the macro environment and develop with all subsystems within the system depends on the matching and integration development among different evolutionary subjects. Based on the dissipation theory and Brusselator model, this paper constructs an evolutionary synergy model of the power system, and quantitatively analyzes the evolutionary synergy relationship between the evolving subjects of the power system and the overall evolutionary process of the power system. Then, from the socio-technical system transformation theory, we analyze the evolutionary elements of macro-environmental level, meso-institutional level and micro-beneficial level in the process of system transformation in China and the interaction among them. Finally, by comparing the entropy changes of the evolutionary participant subjects and the overall power system at each stage, the endogenous mechanism of the power system, the external elements and their interactions on the system development are studied in order to reveal the evolutionary synergistic law of China’s power system and make suggestions for the development of the new power system.
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1 INTRODUCTION
On 22 September 2020, President Xi Jinping announced at the 75th session of the United Nations General Assembly that China will strive to peak carbon dioxide emis-sions before 2030 and strive to achieve carbon neutrality before 2060 (referred to as the “dual carbon” goal). The construction of a new power system with new energy as the main body is not only an important direction for the transformation and upgrading of China’s power system, but also a key way to achieve the goal of “carbon peak and carbon neutral” (Fan et al., 2022). To this end, it is necessary to promote the transformation of the traditional power system dominated by fossil energy to a new power system with new energy as the main body, and accelerate the decarbonization of electricity and promote the clean energy transformation by vigorously developing new energy and building a new power system (Shu, 2021; Zhang and Kang, 2022). In the process of transforming the traditional power system to the new power system, the existing institutional mechanisms and policy systems still face some difficulties and challenges, and it is difficult to adapt to the needs of promoting energy transformation under the new situation. Therefore, it is very important to study the evolutionary coordination process of the power system and reveal the evolutionary coordination law of China’s power system.
With the continuous advancement of the energy revolution and the large-scale access of new energy, it is imperative to promote the reform of the power system and build a new power system. Literature (Feng et al., 2014) based on complex network theory, the power grid evolution network under different development and evolution modes is estab-lished, and the statistical characteristics and robustness of each network are compared and analyzed, which provides reference and basis for the planning and design of power grid structure. Literature (Dong et al., 2021) reviews and summarizes the previous power market, and focuses on the issues related to power market construction and market transactions under the new power system in China, which helps to determine the basic specifications for the study of the new power market. Based on the current situation of China’s power market development and future construction needs (Yang et al., 2019), divides the evolution of China’s power market into several stages, and analyzes the structure and operation of the power market according to the stages, providing reference for China’s power market construction. Literature (Chen et al., 2023) reviews the achievements of China’s power sector in carbon emission reduction and the development of China’s power sector, indicating that policy initiatives such as technological innovation and policies to support the transition to a low-carbon economy have played a key role in the development over the years. Smart grids have revolutionized the global power system upon their introduction, and literature (Kang et al., 2023) summarizes the main features of smart grids and summarizes the current development and development experience of current power systems around the world. Literature (Ning et al., 2022) concludes that a new power system utilizing renewable energy is more environmentally friendly and can save power costs and improve energy utilization.
Dissipative structure theory has been widely used to study the evolutionary research of complex systems. Literature (Li et al., 2022) verified the evolutionary law of the digital sharing system of social public resources based on dissipative theory combined with the Brussels model. Literature (Llibre and Valls) mathematically improved the Brussels model. In recent years, the Brussels model has been used in more fields, for example, literature (TTovstyuk, 2020) applies the Brussels model to the study of epidemics; literature (Liang et al., 2018) utilizes the Brussels model to calculate China’s hydropower development capacity, and evaluates China’s sustainable development capacity. The synergistic evolution model of complex system of low-carbon technological innovation of new energy enterprises constructed by literature (Yang et al., 2021) provides a new research perspective for carrying out low-carbon technological innovation. Synergistic evolution refers to the mutual influence and causal relationship among multiple groups, which is a more complex evolutionary process, and the model can also be extended to the study of synergistic evolution of other complex systems.
Literature (Voropai, 2020) puts forward the main technical characteristics of the new generation of power system based on the analysis of the main problems and key factors facing the current and future power system development. Literature (Zhao et al., 2021) discusses the key technologies for building a new generation of power system from four levels, namely, safe operation, reliable power supply, economic efficiency, and digital transformation, and summarizes the main challenges to be faced by the construction of a new generation of power system from the aspects of complexity of the stability problem, strengthening of preventive and control measures, and diversification of flexible resources. Literature (Zhou et al., 2018) examines the future development of the power system from the aspects of power demand growth, power supply structure adjustment, grid pattern optimization, and application of new technologies, and proposes a calculation model of energy and power development based on the “dual carbon” goal, and looks forward to the medium- and long-term energy and power system evolution path. Literature (Li et al., 2021) based on the joint optimization model of long-term planning and short-term operation of power balance in the power industry, researches the optimal transformation technology path and cost of China’s power industry under the requirement of low carbon emission target, and puts forward corresponding policy suggestions. Literature (Li et al., 2021) utilizes modeling tools such as the China-Global Energy Model (C-GEM) to study the path of China’s energy economy transition under the vision of carbon neutrality, quantitatively evaluates the emission reduction contribution of the main emission reduction measures in different time periods and the required intensity of policy interventions, and conducts an uncertainty analysis of the key characteristic indicators of the energy economy transition path. Literature (Zhang et al., 2022) constructed an in-depth power transition path planning optimization model on the basis of power carbon budget assessment, and used the GESP-V software package to conduct optimization analysis to determine the low-carbon transition path of power under different scenarios, including power supply structure, power carbon emission, and power supply cost. Literature (Vasilakis et al.) analyzes the impact of high percentage of renewable energy on power system morphology and structure, establishes a high percentage of renewable energy-driven power system morphology evolution model, and researches the evolution of the structure and morphology of high percentage of renewable energy power system structure and power prediction methods.
The above literature mainly studies the evolutionary transformation path of Chi-na’s new power system from the aspects of power system operation and carbon con-straint, without considering the influence of the synergistic relationship of each evolu-tionary participant on the system evolution. First, in this paper, we propose a synergistic evolution approach based on dissipation theory and Brusselator model to construct a synergistic model of power system evolution in order to quantitatively analyze the evolutionary synergistic relationships among power system evolutionary participating subjects. Then, we analyze the evolutionary elements and the interactions between them in each stage of China’s power system development since the founding of the country. Finally, by comparing the entropy changes of the evolutionary participating subjects and the overall power system at each stage, we studied the effects of the en-dogenous mechanism of the system, the external elements and their interactions on the system development, and summarized the power system evolution laws to guide the development of the new power system.
2 RAISE A QUESTION
As society develops and technology advances, China’s power system is facing unprecedented challenges and opportunities. These changes are reflected in the following aspects:
(1) Increased complexity of the system structure: new forms of energy, such as clean energy, are being incorporated into the power system, leading to a continuous increase in the number of subjects in the system, making the overall structure more complex.
(2) Multi-level subject relations: The inter-subject relations of the power system present an intricate and complex situation. These relationships not only interact with each other, but they are also constantly changing as the system evolves.
(3) Evolutionary laws are yet to be clarified: the driving factors and laws behind the evolution of the power system will influence the development of the power system, however it is not yet clear.
In order to clarify the relationship between the subjects of the power system and grasp the power system development law, this paper proposes to adopt the Brusslator model for the study. Considering the similarity between China’s power system and dissipative structure, the introduction of synergistic entropy and total entropy values of the Brusslator model provides us with a unique perspective to quantify the internal conversion efficiency, ineffective energy consumption of the power system as well as to judge its dissipative structure. It is hoped that this approach can better analyze and reveal the evolutionary characteristics and laws of the power system.
3 A CO-EVOLUTION METHOD BASED ON BRUSSELATOR
This section constructs a Brusselator model of power system evolutionary synergy based on the dissipative structure and Brusselator model to analyze the evolutionary synergy process of power system.
3.1 Analysis of dissipative structure characteristics of China’s power system
The essence of the dissipative structure is a new ordered state spontaneously formed after the exchange of matter, energy, and information between the system and the outside world in an open, far from the equilibrium state. The formation of dissipative structure requires the system to meet the four preconditions of openness, distance from equilibrium, nonlinear action and system fluctuation (Schieve and Allen, 1982; Ren et al., 2001; Su, 2013; Liu and Wang, 2016).
China’s power system meets the four prerequisites for the formation of a dissipative structure. First of all, openness is reflected in the continuous exchange of energy such as information flow, capital flow and technology flow between China’s power system and the external environment. Secondly, the distance from equilibrium is reflected in the different roles and roles played by the participants in the power system, resulting in different potential energy of each subject, thereby forming a potential energy difference between each subject and promoting the overall system to a non-equilibrium state. Then, there is a nonlinear relationship, which is reflected in the complex relationship between the participants of the power system, which will affect the evolution and transformation of the system. Finally, the fluctuation of the system is reflected in the change of macro environmental layer demand or the progress of micro-favorable grassroots technology will be amplified by the nonlinear coupling between subjects, which will lead to the evolution of the power system.
However, whether the system can eventually form a dissipative structure also depends on whether the system has the conditions and mechanisms for instability, as shown in Figure 1. In the process of exchanging materials, technologies and information with the outside world, the negative entropy flow inside the system continues to increase, offset the increase in internal entropy of the power system, and reduce the total entropy of the power system, thereby forcing the disorderly power system to transform to a new structure. When the total entropy reaches a certain threshold, under the nonlinear internal action, the power system loses stability through random fluctuations, and the system enters a relatively stable and orderly dissipative structure state from a chaotic and disordered state.
[image: Figure 1]FIGURE 1 | Schematic diagram of the dissipative structure formation of the power system.
3.2 Power system evolution collaborative model
The Brusselator model is a set of chemical reaction equations that observe various self-organizing phenomena, which can quantitatively analyze whether the negative entropy inflow of the system reaches the threshold and quantitatively determine whether a system forms a dissipative structure.
In this paper, the Brusselator model is applied to the synergistic analysis of power system evolution and the original chemical reaction model is transmuted.
[image: image]
Formula: [image: image], [image: image], [image: image], and [image: image] denote the reaction rate corresponding to each influence relationship, respectively. [image: image] and [image: image] are the components of the cooperative entropy of the evolution of the power system, [image: image] is the positive entropy generated within the system, and [image: image] is the negative entropy generated by the exchange between the subject and the outside world; [image: image] and [image: image] are the two possible dissipative structural states under the interaction of [image: image] and [image: image], where [image: image] is the non-dissipative structure state where the group of each evolutionary participant is not clear, and E is the dissipative structure state with a clear dissipative structure relationship of each evolutionary participant group. [image: image], [image: image] are quantifiable indicators that affect the clarity of the group relationship of evolutionary participants, where [image: image] represents the quantifiable positive entropy index and [image: image] represents the quantifiable negative entropy index. The kinetic equations of the translated Brusselator model are bivariate systems of differential Eq. 2:
[image: image]
Let Equation 2 be equal to 0
[image: image]
Based on the existing studies (Geels, 2010; Li et al., 2016; Yin and Zeng, 2021), in this paper, we set [image: image] = [image: image] = [image: image] = [image: image] = 1, and the condition to discriminate the dissipative structure of the system can be obtained as:
[image: image]
Formula: W is the total entropy of the co-evolution of the power system.
3.3 Calculation of co-entropy for power system evolution
3.3.1 Graph theory based analysis of the relationships among system subjects
The fourteen entities of the power system are: policymakers (A1) policy supervisors (A2) financial institutions (A3) international organizations (A4) public behavior (A5) power side entities (A6) grid side entities (A7) load side entities (A8) energy storage side entities (A9) and electricity market (A10) collaborative entropy research institutions (A11) equipment manufacturing (A12) clean energy technology (A13) power forecasting technology (A14).
According to the current macro, meso, and micro environments in China, the relationships between the various entities involved in the evolution of the power system can be divided into six categories. 1) Policy management (P); 2) Technical support (T); 3) Capital flow (C); 4) Basic attributes (E); 5) Public opinion impact (I); 6) Technology Research and Development R). For example, there is a policy management correlation between A1 and A2, and a fund flow correlation between A3 and A10. The specific relationships of the fourteen themes are shown in Table 1.
TABLE 1 | Correlation between the evolutionary participants of the power system.
[image: Table 1]3.3.2 Evolutionary collaborative entropy of power systems
This article divides the association relationships between various evolutionary participants into strong connections, general connections, and weak connections, and assigns them different weights [image: image]. After adding weight information, the positive and negative paths of the evolutionary participants are:
[image: image]
[image: image]
Formula: the positive path [image: image] is the weighted sum of the paths that the [image: image] evolutionary participant points to other evolutionary participants (i.e., acting on other entities) during the evolution process of the power system. The negative path [image: image] is the number of paths that the [image: image] evolutionary participant accepts from other evolutionary participants (i.e., acting on other entities), and [image: image] is the number of paths that the [image: image] evolutionary participant points to among other evolutionary participants with a weight of 1; [image: image] is the number of paths with a weight of 2 from the [image: image] evolutionary participant to other evolutionary participants; [image: image] is the number of paths with a weight of 3 from the [image: image] evolutionary participant to other evolutionary participants.
Figure 2 shows the association paths between subjects with the addition of weighting information, i.e., f1. The strength of the association relationship between the subject [image: image] and other subjects can have a strong association, a general connection and a weak connection, that is, a weight [image: image].
[image: Figure 2]FIGURE 2 | [image: image] Example diagram.
The total number of associated paths of power system evolution synergy is:
[image: image]
Combined with the relevant theories of information theory, the co-entropy expression of power system evolution can be obtained:
[image: image]
where [image: image] represents the evolutionary co-entropy of the [image: image] th evolutionary participant, and [image: image] represents the probability of the formation of a dissipative structure by the [image: image] th evolutionary participant. From this, we can obtain:
[image: image]
4 ANALYSIS OF THE PHASED EVOLUTION RELATIONSHIP OF CHINA’S POWER SYSTEM
The theory of socio-technological system transformation analyzes the overall system change and evolution under the interaction of environmental change, policy guidance, market regulation, technological progress and other factors from a multi-level perspective (Schieve and Allen, 1982; Ren et al., 2001). The interaction between policy, institution, and technology from the perspective of socio-technological system transformation is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Socia-thechnical systems transformation process.
Based on the theory of socio-technological system transformation, combined with the evolution of China’s power system, this paper extracts the macro-environmental, meso-institutional and micro-grassroots participants involved in the evolution of China’s power system, and analyzes the correlation and interaction between each subject. Among them, the macro-environmental level participants are: policymakers, policy supervisors, financial institutions, international organizations, public behavior habits, etc.,; The participants of the meso system layer are: power supply side evolution subject, power grid side evolution subject, load side evolution subject, energy storage side evolution subject, power market, etc. Micro-grassroots participants include: science and technology research and development personnel, power equipment manufacturers, clean energy technology, power dispatching and forecasting technology, etc.
The evolution and development of China’s power system began with the founding of New China, and the promulgation of Document No. 9 of the Electric Power Reform in 2002 marked the separation of plant and network, the number of evolutionary participants in the power system increased significantly, and the “source-grid-load-storage” cycle was initially formed. For the first time, the electricity market joined the power system and participated in evolution, and technology began to play an important role in the power system. In 2015, Document No. 9 of the Electric Power Reform was promulgated, and the power forecasting entities began to participate in the co-evolution of the power system, and the relationship between the entities was further complicated. With the proposal of the “dual carbon” goal in 2020, the relationship between each entity has become more complex, the intensity of the relationship has been continuously improved, and the role of the four main hubs of “source, grid, load and storage” has become prominent. Therefore, according to the three milestones in the development of China’s power system, China’s power system can be divided into four stages:
4.1 Phase I: initial development, scale construction (1950–2002)
In the construction period of the power system, the prototype of the new China’s industrial system has basically taken shape, China’s power system as a whole is monopolized by the state, the power generation mode is mainly coal power, the transmission and distribution lines are few, the voltage is low, and the power shortage is serious nationwide. During this period, the focus was on large-scale construction of thermal power to increase power production, while introducing foreign advanced technology and increasing transmission lines to improve the current situation of power shortage in the country.
Figure 4 shows the network relationship of China’s power system during the construction period, including the relationship between the evolutionary subject and the subject. The behavior of each subject pointing to the outside in the figure indicates its effect on other subjects, the behavior pointing to itself indicates that it is affected by other subjects, lines with different line widths represent different correlations, and lines of different colors represent different types of association relationships.
[image: Figure 4]FIGURE 4 | The correlation diagram of the participants involved in the evolution of the power system construction period.
4.2 Phase II: market reform, separation of factory and network (2002–2015)
During the period of market-oriented reform of the power system, Document No.5 of the Power Reform (2002) was promulgated, mainly to carry out a drastic reform of the monopoly behavior of the power system, at this time coal power still dominated, the voltage of transmission lines became higher, the coverage became more extensive, and renewable energy generation and energy storage began to develop. Figure 5 shows the network relationship during the market-oriented reform period of China’s power system.
[image: Figure 5]FIGURE 5 | Correlation diagram of the evolution of participants in the period of market-oriented reform of the power system.
4.3 Phase III: electricity price reform, efficient and flexible (2015–2020)
During the deepening period of power system reform, Document No.9 of the Power Reform was promulgated (2015), which focused on solving problems such as electricity price reform, grid independence and liberalization of the electricity market. As the growth of national electricity demand slows down, the development of the power system pays more attention to safety, economy and environmental benefits, and the international impact continues to strengthen. Renewable energy power generation has gradually been integrated into the power generation group, and a pattern of cross-regional UHV transmission line connectivity has been formed nationwide, making users’ electricity consumption more flexible and intelligent. The orderly development of the “direct power supply” project and the microgrid project not only promotes the development of the circular economy model, but also promotes the coordinated development of the regional energy economy. Figure 6 shows the network relationship during the deepening period of China’s power system reform.
[image: Figure 6]FIGURE 6 | Relationship diagram of the evolution of participants in the period of deepening power system reform.
4.4 Phase IV: clean and low-carbon, smart and flexible (2020-present)
In the construction period of the new power system, the “carbon peak and carbon neutral” goal proposes to play a systematic and leading role in the green and low-carbon development of the power system. The realization of the “carbon peak and carbon neutral” goal requires the vigorous development of new energy sources such as wind and solar, and because new energy has the characteristics of randomness, volatility and intermittency, higher requirements will be put forward for the reliability of power supply and energy consumption capacity of the power system. Figure 7 shows the network relationship during the construction period of China’s new power system.
[image: Figure 7]FIGURE 7 | Relationship diagram of the evolution of participants in the construction period of new power system.
5 ANALYSIS OF THE SYNERGY LAW OF POWER SYSTEM EVOLUTION IN CHINA
This section analyzes the changes of collaborative entropy of each evolutionary participant in China’s power system, reveals the change of the evolutionary synergy ability of each participant, and analyzes the law of power system evolution and transformation.
5.1 Data description
Tables 2–5 is based on the correlation relationship between the evolutionary participants shown in Table 1, and the strength of the correlation between the subjects in the four evolutionary stages of the power system is obtained based on the landmark events that occur in the four stages. Taking Table 2 as an example, the correlation between A1 and A2 is policy management, and the intensity is 1. The relationship between A3 and A10 is capital flow, strength [image: image] is 1, and other things are the same.
TABLE 2 | The strength of the association relationship between the participants in the first stage of evolution.
[image: Table 2]TABLE 3 | Strength of association relationship between participating subjects in the second stage of evolution.
[image: Table 3]TABLE 4 | Strength of association relationship between participants in the third stage of evolution.
[image: Table 4]TABLE 5 | Strength of association relationship among participants in the fourth stage of evolution.
[image: Table 5]Tables 2–5 shows that with the continuous advancement of the evolution of the power system, more and more related subjects participate in the evolution, and the correlation relationship between the subjects is generally close.
5.2 Evolutionary co-entropy analysis of participating subjects
From equation (4), (8) and (9), the evolutionary co-entropy value of each evolutionary participant in China’s power system at each stage can be obtained, and the results are shown in Figures 8–10.
[image: Figure 8]FIGURE 8 | The evolution of the macro environment layer participates in the evolution of the subject of the co-entropy change.
5.2.1 Macro environment layer
As can be seen from Figure 8, the collaborative entropy of policymakers (A1) has gradually decreased, reflecting the government’s continuous relaxation of the development of the power system, reducing administrative intervention, and promoting the development of the electricity market. The collaborative entropy of policy supervisors (A2) declined after rising during the period of market-oriented reform of the power system, mainly because the government strengthened its supervision of the market while promoting the market-oriented reform of electricity, and later its influence decreased as the government gradually withdrew. The co-entropy of policymakers and policy supervisors remains negative, and the co-entropy of policymakers is always the largest among all subjects, and this variation of entropy enables the government to effectively coordinate the remaining evolutionary participants.
The collaborative entropy of financial institutions (A3) has experienced the process of gradually changing from positive entropy to negative entropy, and its entropy value change is greatly affected by the government, when the government promulgates the power reform policy to increase the liberalization of the electricity market, and broaden the investment and financing channels of the power system, the entropy of financial institutions changes from positive entropy (0.034) to negative entropy (−0.044) at a large change rate.
The co-entropy of international organizations (A4) and public behavior (A5) has undergone a process of first decreasing and then gradually increasing, but the range of change is not large, and in general, its collaborative entropy is on the rise, and the influence of international organizations and public behavior is increasing.
5.2.2 Meso-institutional layer
As can be seen from Figure 9, the evolutionary co-entropy of each evolutionary participant at the meso system layer has always remained positive. Among them, the collaborative entropy of the power-side body (A6) first decreased, and then increased during the construction period of the new power system. The collaborative entropy of the power-grid-side body (A7) first decreases, and then begins to rise during the deepening period of power system reform. The co-entropy of the load-side body (A8) appears as a wave-like change. In general, the collaborative entropy of the three sides of the “source grid load” showed a downward trend, and the cooperative entropy value on the grid side has always been the largest. The change of the synergistic entropy value on the three sides of the “source grid load” reflects the development process of China’s power system from “load with source movement” to “source with load” and then to “source network load coordination and interaction”, and the main body of the power grid side, as a bridge between the two sides of the source and load, has always played the role of the hub of the power system. At the same time, with the deepening of China’s power system reform, such as the “direct power supply” project and the microgrid project, the institutional barriers have been gradually broken, the interconnection of various subjects has been promoted, the coordinated entropy value of each subject has been reduced, and the power system has developed in a stable and orderly direction.
[image: Figure 9]FIGURE 9 | Meso-level evolution participates in the of subject co-entropy changes.
The increasing co-entropy value of the energy-storage-side body (A9) and the power market (A10) reflects their increasing role in the power system, but it also brings a large amount of positive entropy to the power system, and the coordination with the evolution of the power system needs to be improved, which is not conducive to the formation of the dissipative structure of the power system.
5.2.3 Micro-profit grassroots layer
As can be seen from Figure 10, the co-entropy of the scientific research institutions (A11) has always been negative in the overall evolution process, and its negative entropy value has increased significantly during the period of market-oriented reform of the power system. Equipment manufacturing (A12) co-entropy gradually increases from zero. Therefore, it can be said that the development trend of scientific and technological research and development and equipment manufacturing is the same, but equipment manufacturing always lags behind scientific and technological research and development. In short, the “production, education and research” force of China’s power system development is not coordinated enough, and the application and large-scale promotion of new technologies are relatively slow.
[image: Figure 10]FIGURE 10 | Micro-profit grassroots evolution participants in the evolution of the subject of the co-entropy change.
The co-entropy value of clean energy technology (A13) and power prediction technology (A14) continues to decrease, and the co-entropy value of power prediction technology becomes negative entropy during the construction period of new power system. Specifically, they are poorly coordinated when they first enter the power system, and do not match the existing power system, grid characteristics, electricity market and load demand. However, with the increase of policy, financial and technical support, their adaptability to the power system has been strengthened, and the coordination with the power system has been improved. The development of power forecasting technology is relatively late, and it appears in the positive entropy range, but with the increase of load forecasting, new energy forecasting and pre-side demand for electricity prices, the participation of power forecasting technology in power system operation increases, and its evolutionary coordination can be rapidly improved.
The evolutionary co-entropy of the micro-beneficial base layer has different degrees of influence and evolutionary influence on the power system at different stages of evolution, which is not only closely related to the level of its appearance, but also because the niche is easily affected by technology and productivity, therefore, the entropy change of the micro-beneficial base layer is not stable enough in the overall evolution process, and has been in a floating state under the influence of the macro environment layer and the meso system layer.
5.3 Total entropy analysis of power systems
From equations 3 and (8), the total entropy of the overall power system at each stage is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Changes in the total entropy of the overall power system.
As can be seen from figure 13, the total entropy of the overall power system gradually decreases from 0.818 to 0.726, of which the total entropy of the system reaches the maximum (0.833) during the market-oriented reform of the power system. In general, the total entropy of the overall power system evolution showed a downward trend, and the synergy ability between the participants in the power system continued to improve.
First, during the period of market-oriented reform of the power system, the total entropy of the system increased slightly compared with the previous period. This is mainly because the running-in time between the newly evolved subjects such as clean energy, energy storage and power market and the original power system is short, the degree of synergy is low, and a large amount of positive entropy is generated, while the collaborative entropy of the power system reduced by the reform of the power market is not enough to offset the increase in entropy, so that the power system develops in the direction of chaos and disorder.
Secondly, during the deepening period of power system reform, the total entropy of the overall power system decreased significantly compared with the previous period. This is because the government has further deepened the institutional reform, and promoted market-oriented transactions on the power supply side and the power sales side in accordance with the institutional framework of controlling the middle and releasing the two ends, which greatly broadened the investment and financing channels of the power system, greatly reduced the positive entropy value of the main body on the power supply side, and greatly increased the negative entropy value of financial institutions. At the same time, under the condition that the state subsidizes the development of new energy, a large number of wind and solar projects have been launched in various places, which has greatly promoted the development of clean energy niche and reduced the collaborative entropy of clean energy.
Finally, during the construction period of the new power system, the total entropy of the overall power system has dropped significantly compared with the previous period. This is because the proposal of the “carbon peak and carbon neutral” goal plays a leading role in the green and low-carbon development of the power system, and has overall significance for the development of the power system industry and technology, which significantly increases the negative entropy value of each evolutionary participant at the micro-beneficial grassroots level, and then greatly reduces the total entropy of the power system.
6 CONCLUSION AND RECOMMENDATIONS
6.1 Conclusion
This paper has constructed the Brusselator model of power system evolutionary synergy and demonstrated the evolutionary synergy capacity changes of each evolutionary participant in the process of power system evolutionary transformation and the law of power system evolutionary transformation through the changes of power system evolutionary synergy entropy and total entropy value. The following conclusions can be obtained from the analysis.
(1) The power supply side, power grid side, load side, energy storage side and power market of the power system will inevitably produce a large number of positive entropy values in the process of development, so that the system will move towards the irreversible process of decreasing effective energy conversion efficiency and increasing ineffective energy consumption. Therefore, on the one hand, it is necessary to coordinate the behavior of various subjects within the system to reduce the internal friction of the system; On the other hand, it is necessary to maintain the open state of the system, obtain a sufficient amount of negative entropy flow from the external environment, make the negative entropy flowing in from the outside greater than the positive entropy generated inside the system, and reduce the total entropy of the system to form a dissipative structure. In general, the total entropy of the overall power system evolution in China shows a downward trend.
(2) The evolutionary co-entropy of the macro-environment layer remains negative, and the policymaker co-entropy is always the largest, with negative entropy as high as −0.126 in the first stage. It shows that the government has always played a leading role in the evolution of the power system. The collaborative entropy of the participating subjects of the meso system layer always maintains a positive entropy state during the evolution process, and the overall cooperative entropy of the main body of the power supply side, the main body of the power grid side and the main body of the load side shows a downward trend, and its evolutionary coordination ability continues to improve, and the collaborative entropy of the main body on the energy storage side and the power market continues to rise, and its influence in the evolution of the power system continues to increase. The evolutionary co-entropy of micro-beneficial base layer showed an overall downward trend, and the negative entropy of scientific and technological research and development increased from −0.022 to −0.06, indicating that its role in the evolution of power system gradually increased.
(3) In the process of the evolution of the power system, the evolutionary coordination ability of all evolutionary participants has improved, among which the macro environment layer has generally shown a downward trend, but the public opinion and the evolutionary coordination ability of international organizations have been continuously improved; Due to the lock-in effect, the evolutionary synergy ability of the evolutionary participants changes little. The evolution of the participants at the micro-beneficial grassroots level has the most obvious change in the evolutionary coordination ability of the participants.
6.2 Development advice
Based on the evolutionary co-entropy of the power system and the change of total entropy, some suggestions can be put forward for the construction and development of new power system in China.
(1) For the macro level, because the government has a guiding role in the system, policymakers need to formulate scientific development policies in the early stage of the construction of the new power system, and constrain and guide other participants to promote the green and low-carbon development of the power system, and its negative entropy value may be increased to a certain extent, and policy supervisors and financial institutions as an important part of the government’s implementation of policies, their negative entropy value will also increase to a certain extent. However, the nature of the industrial cultivation method represented by subsidies is a preferential model for the government, and there are problems of government choice failure or excessive support, which may lead to overcapacity, inefficiency, and neglect of other industrial development goals. Therefore, as various affairs are on the right track, the overall negative entropy value is still declining, and the government’s influence on the evolution of the power system will continue to decrease, and gradually shift to the endogenous driving force of the meso system and the micro-niche technological innovation driven development. In addition, with the improvement of the level of government affairs openness and international participation, public opinion and international organizations will play a greater role.
(2) For the meso-layer, with the integration of source, grid, load and storage and the construction of the national unified electricity market, the connection between the subjects within the power system will become closer, and the evolutionary coordination ability between the subjects will continue to improve. However, in order to adapt to the requirements of real development, the power system needs to continuously introduce new technologies, new systems, and new information to resist the unconscious increase in entropy of the system. On the one hand, it is necessary to continue institutional reform to reduce the internal consumption of the system caused by the development of the power system that is not suitable for the distribution of the system, and in view of the situation that the collaborative entropy value of the energy storage side and the power market is still rising, it is necessary to promote the development of new business models for energy storage, develop power grid-side, power-side and load-side energy storage, establish and improve the institutional mechanism of the electricity market, give play to the role of the market in the allocation of power resources, and improve the evolutionary synergy between the main body on the energy storage side and the power market. On the other hand, efforts need to be made to introduce external negative entropy to weaken the trend of entropy increase within the power system, maintain the balance of the system, keep the power system open, and broaden the communication channels between the power system and the public and international organizations under the trend of gradually weakening the influence of the government, and enhance the role of public opinions in promoting the evolution of the power system.
(3) For the micro level, the realization of “carbon peak and carbon neutral” requires the support of a higher level of power system technology, and the development role of scientific research institutions and equipment manufacturing in improving the benefits of the main body such as the source and network load storage of the meso layer will continue to be highlighted. In the early stage of the construction of the new power system, the government needs to support the development of relevant technologies, and with the continuous development and maturity of innovative technologies, the scale of relevant innovative technologies continues to expand, and the government’s support for innovative technologies should be reduced, and its technological development level should be improved through market competition.
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