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In the construction of new power system, traditional methods and capabilities for regulating the power grid are no longer applicable due to the increasing types and quantities of source, load and storage agents. Currently, research on the participation of these agents in the electricity market has mainly focused on either traditional power systems or the demand side, without exploring the potential interaction between them. To address this issue, this paper proposes a real-time pricing regulation mechanism that incorporates source, load and storage agents into regulation. This mechanism is suitable for new power systems and satisfies the interests of the agents while meeting the needs of grid regulation. Specifically, it is based on time-of-use and real-time pricing regulation mechanisms. In a simulated scenario of load shifting, the proposed pricing regulation mechanism effectively meets the grid regulation requirements and improves the stability of grid operation. Overall, this approach offers a promising solution for the regulation of new power system with diverse and complex agents.
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1 INTRODUCTION
The issue of carbon emissions is a global concern that constrains social development. The United Nations Framework Convention on Climate Change, passed by the United Nations General Assembly in 1992, is regarded as a good starting point for human society to address climate change. In December 2015, the Paris Agreement on Climate Change was adopted at the Paris Climate Conference, which set a long-term goal of limiting the global average temperature rise in the 21st century to within 2°C. In recent years, dozens of countries have successively proposed climate goals of “zero carbon” or “carbon neutrality,” which have become national strategies (Newell et al., 2019).
To promote the clean and low-carbon transformation of energy, building a new power system with the power supply dominated by new energy resources is the direction of future development for the power industry in China. In order to achieve the goals of “carbon peak in 2030, carbon neutralization in 2060,” Chinese Central Financial and Economic Conference in March 2021 clearly proposed the construction of a new power system with new energy as the agent. Therefore, it is necessary to vigorously develop new energies such as wind and solar energy. However, the high randomness and intermittency of new energy pose challenges to the stability of the power grid. As one of the largest carbon emitters, the power industry needs to deepen the reform of the power system and build a new power system that can adapt to and be compatible with new energies, so as to fulfill the obligation of carbon reduction and provide low-carbon, safe, and efficient power guarantee for the comprehensive construction of a modern country. In the context of the new power system, with the continuous emergence of new business models and patterns in the power industry, the demand for power services and consumption concepts is becoming increasingly diversified. Consequently, the business development and management of the power grid will undergo huge changes. Building a new power system poses multidimensional challenges in power production, consumption, transmission, and distribution, and requires designing a mechanism to meet energy demands, enhance social benefits, and provide effective support for the stable and efficient operation of the new power system (China Southern Power Grid Co., Ltd, 2021; China Southern Power Grid Co., Ltd, 2021; Chen et al., 2020; Zhou et al., 2018).
Previously, several scholars have argued that the power system is a complex system. They have used complex systems theory to conduct researches on the power system (Saleh et al., 2017; Zhao et al., 2021; Chen et al., 2021; You, 2021). Holland’s book “Emergence” mentions that there is emergent phenomena in complex systems, that is, the system of microscopic mechanisms of action of the agents at the macroscopic level emerge into the role and characteristics of the whole, a few rules and laws can produce complex systems, and in the form of changing new emergent phenomena (Holland, 2000). The nature of emergence arises from the interaction of altered physical objects (Langford and Langford, 2017). In the power system, the phenomenon of emergence is reflected in the interaction between source, grid, load and storage. In the new power system, these changes may lead to the emergence of new forms and functions due to the greater variety of agents and the significant increase in the number of agents. In order to ensure that the new power system achieves its predetermined functions, a set of rational mechanisms should be design to participate in this emergence process and to guide the micro-mechanisms between agents.
As the primary means of resource allocation, the market can provide effective assistance to coordinate the operation of the source, load, and storage. The traditional power market, which was mainly composed of large power plants, power grids, and large users, is no longer suitable for the market vision of involving full-chain users in transactions. With the access of huge amount of electric equipment, the market plays a decisive role in resource allocation. To meet the increasing demand for agent to participate in power market regulation, it is necessary to adjust or redesign existing market policies and mechanisms.
Currently, most research on the participation of source, load, and storage agent in the electricity market has focused solely on either the energy storage (Schick et al., 2020; Parvania et al., 2014; Su and El Gamal, 2013; Thatte and Xie, 2012) or the demand response aspect (Kirschen, 2003; Hao et al., 2016; Qdr, 2006; Sæle and Grande, 2011; Hobbs et al., 1993). At present, there is little research from the point of view of complex system theory on the regulation of market price guidance mechanisms for all agent participating in the power generation, load, and storage markets simultaneously. Furthermore, there is a lack of interactive trading mechanisms on the regulatory side to adapt to the vast amount of distributed and user-side resources. As a result, demand response has become difficult to promote in short time frames.
To address these issues, this paper proposes a real-time electricity price regulation mechanism that takes into account the background of the massive access of equipment in the new power system via multi-agent technique, including the increase in scale and business categories. This mechanism is designed to allow all agents of power generation, load, and storage to participate fully and adjust their own power generation and consumption strategies in response to changes in electricity prices. This is achieved through the simulation of peak shaving and valley filling scenarios in the power grid, which provides a background for the mechanism’s regulation. By doing so, this mechanism not only meets the interests of all agent involved but also fulfills the needs of power grid regulation.
2 THE CHARACTERISTICS OF NEW POWER SYSTEM AND THE CORRESPONDING ELECTRICITY MARKET
2.1 The characteristics of new power system
The core task of power systems is to allocate the electric energy optimally to meet the energy demand of users. Therefore, in the traditional power system, the construction and operation of the power grid is designed by adjusting the output of large generators to meet the power demand of users, which is known as the “generation follows load” principle (McPherson and Stoll, 2020).
With the development of science and technology, the integration of massive power generation agent and large-scale new energy into the power system has made it difficult to predict the output of the power generation side. As the proportion of new energy continues to increase, the impact of the output fluctuations on the balance of power supply and demand is becoming increasingly severe. In some periods, there is abundant power supply while in other periods, power shortage becomes prominent. At the same time, the massive participation of electricity consumers in the power grid has made electricity demand further difficult to predict accurately.
To maintain the stability of the power system and the safety and convenience of electricity use by users, a new type of power system should be designed. The new power system has four important characteristics: safety and efficiency, clean and low-carbon, flexibility, and intelligent integration. Among them, safety and efficiency are the basic premise, clean and low-carbon is the core objective, flexibility is the important support, and intelligent integration is the basic guarantee. Together, the “four in one” framework system of the new power system has been constructed, which fully considers the market behavior of various agent involved in generation, transmission, distribution, and storage. The system should be designed to adapt to various agents, such as massive distributed energy and user-side resources, and to stimulate the enthusiasm of multiple agents to provide flexible services to the power grid.
In the traditional power system, the output of thermal and hydroelectric power plants is adjusted based on the current electricity demand information of users to achieve power balance. However, the changes in the types and scales of electricity consumers and electricity generators in the new power system make it more difficult to cope with the fluctuation. In traditional power systems, central agencies constrain the system to operate in a reasonable state by actively limiting uncertainty to tolerable ranges. On the contrary, in new power systems, full system control will not be possible, and randomness as an essential property is unlikely to be adequately limited proactively. What the grid needs to do is to design a mechanism to guide the uncertainty to a reasonable state. Electricity prices, as the core part of the electricity market, can intuitively reflect the relationship between electricity demand and supply. The tool of price regulation can guide various agent involved in generation, transmission, distribution, and storage to participate in power grid regulation and meet the operational requirements of the power grid.
The regulation mechanism adapted to the new power system should effectively reduce system power reserves and fill in power peaks and valleys, bringing significant economic and system reliability benefits. This paper will take the peak shaving and valley filling scenario as an example to analyze and study from the point of view of complex system that how the new mechanism of agent interaction brought by the power market in the new power system can demonstrate more advantageous grid operation effects.
2.2 Improved information systems in the new power system
The traditional scheduling automation system utilizes a “direct procurement and control” architecture (Bedi et al., 2018; Marzal et al., 2019; Franco et al., 2021) that is built based on business requirements. For example, in the Guangdong power grid of China, the scale of controlled items is approximately 10^5. However, with the massive influx of users into the power system, the number of control objects will increase by thousands of times, reaching a scale of 10^8. The traditional control system is no longer sufficient to control the resources of source, load, and storage efficiently and precisely.
In the current power grid automation system, the dispatch control is mainly based on the philosophy of “source-follow-load.” The corresponding “direct procurement and control” mode controls centralized objects such as thermal power, pumped storage, and nuclear power, and has become quite mature. However, the introduction of IoT and other related technologies along with the information system of traditional power systems can behave as the basic conditions to introduce additional interaction mechanism into the physical operation of the power system and fully tap the potential of various objects, thereby enhancing the operational efficiency of the power system.
The most important techniques mainly include the following.
2.2.1 Cloud computing
Cloud computing (A Vouk, 2008; Wang et al., 2008) is a type of distributed computing that involves breaking down large data processing programs into numerous small programs, which are then processed and analyzed through a system consisting of multiple servers connected over a network or “cloud.” The service types of cloud computing include Infrastructure as a Service (IaaS), Platform as a Service (PaaS), and Software as a Service (SaaS).
2.2.2 Edge computing
Edge Computing (Shi et al., 2016) is a computing paradigm that moves relevant application processing from centralized nodes to edge nodes to improve data processing efficiency and reduce latency caused by information transmission.
2.2.3 Cloud-edge collaboration
With the rapid development of communication technology and IoT, the power grid has proposed the distribution IoT as a solution for distribution network business (Bedi et al., 2018). The cloud analyzes and stores massive data and issues further instructions to the edge computing terminal, which then sends commands to various users and equipment. Cloud computing can connect huge system resource pools together to allocate corresponding computing and storage resources to edge computing terminals and users. The cloud-edge collaboration system can transfer some of the computing tasks originally belonging to the cloud computing center to the network edge equipment, thereby improving the processing efficiency of massive data.
The advent of new information technologies, such as communication technology and the Internet of Things (IOT) technology, has created additional opportunities for interactions between agents within the system. In traditional power system, due to the limitation of information technology, the grid control party has difficulty in real-time acquisition to the system for use of electrical information, which also makes it difficult to design the corresponding mechanism to guide the various parties of the system in the regulation. In the new power system, the addition of new information technology enables the power grid to understand the real-time power generation and consumption information and formulate current electricity prices through the study of historical power generation and consumption data. Various power generation and consumption agent can obtain real-time information on current electricity prices through IoT and adjust their current power generation and consumption accordingly. This research background involves multiple fields, such as power, IoT, and data analysis. Further exploration can be made on how to use advanced IT techniques to achieve intelligent power regulation, improve the efficiency and reliability of the power system, reduce the cost of power production and usage, and contribute to social and economic development.
It should be emphasized that this paper does not focus on the specific connotation of information technology itself, but rather on how the application of new technologies can provide a new mechanism for the all the participants in the new power system, especially how to provide technical conditions for the realization of the new power market mechanism described below.
2.3 Power market in the new power system
Research in the field of electricity markets began in the 1990s and has been ongoing for over 30 years. The traditional research approach starts from an economic perspective, using modeling methods such as microeconomics, econometrics, and game theory to study individual behavior (Pinto et al., 2013), and market conditions (Aliabadi et al., 2017) in the electricity market. The commonly used technical route is to model the individual optimal bidding decision process as a constrained optimization problem based on the assumption of complete rationality (Ruiz and Conejo, 2009; Vespucci et al., 2013), and to analyze the market game equilibrium process by combining multiple market participant models (Ruiz et al., 2011). These methods have a clear mathematical form, a clear economic meaning, and strong interpretability, making them the most widely used research approach in the field of electricity market research, achieving a large number of theoretical results.
However, traditional methods based on economic theory models have limitations that are closely linked to the lack of electricity market data in the past. Due to limitations in information technology, it was difficult for the power grid to obtain sufficient information on electricity consumption in the past, which made it challenging to use actual data for research purposes and to efficiently utilize massive data.
Since power system is a complex system, and the power market is indispensable for the power system, studying the microstructure and development of the market is conducive to the development of the power system, which has important practical significance. As information technology has advanced, the power grid is now able to access a vast amount of real-time electricity consumption data and analyze it, making it possible to overcome previous limitations.
The spot market plays a crucial role in the electricity market system, supporting the open, competitive, and orderly operation of the market and serving as a key factor in coordinating market transactions and ensuring system safety. It refers to a real-time market for immediate physical delivery of commodities (Morey, 2001) and typically includes three parts: the day-ahead market, intraday market, and real-time market. Each market has its own functional positioning and works together in an organized manner to form a complete spot market system.
The real-time electricity market offers several benefits, such as enabling power companies to compete more effectively, reducing consumers’ electricity costs, improving power system efficiency, and helping power systems to manage their energy supply and stability. By adjusting real-time market demand and supply, power companies can better handle unexpected events such as supply shortages or power failures to ensure the stability of the power system.
In this paper, by designing the price guidance mechanism of the real-time electricity market, the agent such as the source, load and storage are included in the power grid regulation system. In this regulation system, these agents can realize the power grid regulation demand through interaction. Similarly, this paper does not delve into the details of the power market, but rather focuses on exploring how the new interactions between various entities in the power system promoted by market mechanisms can provide stronger group effect capabilities, thereby achieving better results in scenarios such as peak shaving and valley filling.
3 THE DEMAND MODEL FOR PEAK SHAVING AND VALLEY FILLING GUIDED BY MARKET MECHANISM IN NEW POWER SYSTEM
3.1 Real-time electricity price guidance mechanism involving source, load and storage
With the development of technologies such as computing, control, and communication, the intelligence of power grid is experiencing rapid development as the power system and information technology converge. Traditional fixed pricing mechanisms are inadequate to match the rapid development of the power system. Demand response, with price response at its core, adjusts electricity prices in real time by collecting current electricity usage information, guiding users to conserve and use electricity efficiently. This has significant implications for the stable operation and low-carbon energy conservation of the power system (Campillo et al., 2016; Huang et al., 2019). Currently, the pricing mechanisms for demand response mainly include time-of-use pricing, adaptive pricing, peak pricing, and real-time price (RTP) (Yuanyuan et al., 2020; Dong et al., 2017). RTP is the most flexible item in price-based demand response. Based on the current pricing method of peak and valley periods in Guangdong Province, this paper divides a day into 96 periods, and combines time-of-use pricing and real-time electricity pricing methods to propose an improved real-time electricity price pricing method.
3.2 Agent types and their properties
In the new power system, due to the improvement of information technology means, more agents can participate in the regulation, so new mechanisms are needed to welcome these agents to play a new role. The agents participating in the price regulation of the electricity market can be divided into the following categories.
3.2.1 Virtual power plant (VPP)
VPP can be regarded as the integration of geographically dispersed distributed energy sources, energy storage systems, controllable loads, electric vehicles and other distributed energy resources through advanced communication and software architecture. It aggregates these resources into a single model through mathematical modeling, presenting itself as a unified agent, and uploads its own power usage information to the market platform for participation in regulation and control (Pudjianto et al., 2007). Due to the emergence of virtual power plants, the distributed energy, controllable load and other entities in the power system can interact with each other through advanced technical means. The virtual power plant discussed in this paper is mainly developed based on demand response, therefore controllable loads occupy the main component.
3.2.2 Large electricity customers (LEC)
Large electricity customers, including schools, factories, hospitals, and government agencies, etc., play an important role in the social, economic, and political life of countries and regions. They have a high demand for electricity and require a stable power supply.
3.2.3 Small electricity customers (SEC)
Small electricity customers include household users, electric vehicle users, and other users with a relatively small demand for electricity. They play a major role on the demand side of the power grid. By studying the electricity consumption habits of small users, the power grid control side can fully mobilize their enthusiasm to respond to the power grid control requirements.
3.2.4 Large-scale storage (LSS)
Large-scale storage can discharge during peak electricity demand and charge during low-demand periods. The existence of large-scale energy storage can assist in peak shaving and filling valleys in the power system, while also contributing to stable grid operation through profit from charging and discharging.
3.2.5 Wind power (WP)
Wind power, as a newly developed renewable energy source in the new power system, has significant scale and potential for further development.
3.2.6 Thermal power (TP)
At present, thermal power still occupies an important position as a traditional energy source.
3.2.7 Small hydro power (SHP)
Guangdong Province has abundant water resources that are widely distributed. Developing small hydropower in rural and remote mountainous areas can help address local electricity needs and promote economic development, making it a promising area for growth.
3.2.8 External power (EP)
The Guangdong province has a developed economy but lacks primary energy resources. Being close to the southwest region of China, which has abundant energy resources but slower economic development, Guangdong relies on external power as one of its important sources of electricity.
3.2.9 Small-scale power (SSP)
Small-scale power generation mainly consists of nuclear power and photovoltaic power, and the number of small power generation companies emerging in Guangdong Province is increasing, which has great development potential and will be an important source of power in Guangdong Province in the future.
From the above description, it can be seen that the main agents in the new electricity market can be divided into two categories. The first type of agents has large volume, but a small number, and its mechanism can still follow the traditional direct regulation method. The second type of agents are small, but its quantity is huge. The impact of a single source, load, and storage agent on the entire power grid regulation is relatively small, but when the number of agents develops to a larger scale, the interaction between a large number of source, load, and storage agents will have a significant impact on the power grid regulation, and this effect is mostly nonlinear, hence the complexity of research will also significantly increase. In the new power system, the number of agents participating in regulation has significantly increased compared to the past. It is of great significance to analyze the behavior of agents at the microscopic level and study the emerging phenomena of interactions between agents at the macroscopic level. At the microscopic level, each agent will make changes in their behavior based on current electricity price information in order to maximize their own interests. At the macroscopic level, changes in the electricity generation and consumption behavior of a large number of source, load, and storage agents will cause certain changes in the operation of the power grid. The power grid regulation side can further guide the electricity generation and consumption behavior of source, load, and storage agents to change in the desired direction by adjusting the electricity price.
In traditional power systems, due to the difficulty of grid scheduling caused by the randomness of users, the power market is mainly oriented towards large power sources and large users, mainly in the wholesale market, and the user side is relatively inactive. In the new power system, due to the improvement of information technology, the massive agents of source, load, and storage can widely participate in the regulation mechanism of the power market, which can lead to the emergence of new power consumption patterns and ecology, providing guarantee for the stable operation of the power system. Figures 1, 2 respectively show the operating mechanism of the power market in the traditional power system and the new power system. In Figures 1, 2, Large Electricity Customers and Large Electricity Producers are common regulatory agents in the power market under traditional and new power systems, and Large Electricity Producers include WP, TP, SHP, and EP power generation agents mentioned above.
[image: Figure 1]FIGURE 1 | Electricity market in tradition power system.
[image: Figure 2]FIGURE 2 | Electricity market in new power system.
3.3 Peak cutting and valley filling
Peak shaving and valley filling is a demand of power regulation aimed at avoiding overloading or under-supplying the power system during peak periods, in order to reach the balance of the electric power supply-demand. Specifically, this method involves storing electricity during off-peak periods or reducing electricity consumption, and then releasing the stored electricity or increasing electricity supply during peak periods, in order to ensure the stable operation of the power grid (Wang and Wang, 2013; Maly and Kwan, 1995). Due to the characteristics of electricity being unable to be stored in large quantities and production and consumption taking place almost simultaneously, the peak-to-valley difference in the load curve on the demand side is large. Therefore, it is necessary to use reasonable methods to shift some of the high load peaks to the low demand valleys in order to effectively reduce peak-to-valley differences, improve equipment utilization, and save energy. Peak shaving and valley filling, as a common method of power regulation, has practical significance to modeling the method.
3.4 Electricity market price guidance mechanism model
From the perspective of the overall welfare of the whole society, market is the most effective way of allocating resources. In China, the peak-valley electricity price division method is commonly implemented among electricity users. This method is based on a daily cycle and has three pricing prices: peak, flat, and valley, implemented during different time periods within 24 h. However, this time division strategy is difficult to adapt to the changes in load and cannot accurately reflect the actual demand of the current power system. Therefore, based on the current peak-valley pricing method of Guangdong Power Grid, this paper proposes a real-time electricity price guidance schedule. This schedule establishes a multi-agent electricity consumption characteristic model, adjusts the original electricity price based on the current real-time electricity consumption situation, and guides electricity consumers with different electricity consumption levels and price sensitivities to choose reasonable electricity consumption time periods and amounts. This approach aims to respond to the peak-load shifting demands of the power grid. The time scale of real-time electricity price changes is defined as 15 min. The following formula is used to adjust the electricity price.
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The variables used in the formula are as follows: [image: image] represents the number of electricity-consuming enterprise, [image: image] represents the number of electricity storage enterprise, [image: image] represents the electricity price adjustment coefficient, [image: image] represents the predicted electricity consumption, [image: image] represents the actual electricity consumption, [image: image] represents the electricity consumption deviation, [image: image] represents the predicted average electricity consumption, [image: image] represents the electricity price, and [image: image] represents the current time.
In order to prevent collusion among power generation agent by controlling the amount of electricity generated and considering the generation cost and operating cost of power generation agent, this paper imposes the following constraints on the electricity price [image: image]:
[image: image]
Agents of different types have different upper and lower limits on their electricity generation or consumption, as well as different desires for price scheduling to respond to peak shaving and valley filling. As the electricity price changes, the response desires of various electricity generation and consumption agent will also change accordingly. This paper establishes a model for electricity generation and consumption agent based on their characteristics.
3.5 Solving algorithm
By inputting 96 time periods of electricity generation and consumption data, the grid control side can allocate the electricity generation and consumption of various agent during a day based on the input data. The allocated electricity generation and consumption in each time period of each agent is used as the initial data. The difference between the agent’s initial electricity generation or consumption in the current time period and the agent’s initial average electricity generation or consumption in each time period is used as a variable. The grid can adjust the electricity price according to the size of the difference to guide the agent’s electricity generation or consumption. Figure 3 shows the algorithm flowchart for adjusting electricity prices.
[image: Figure 3]FIGURE 3 | Price adjustment algorithm.
The peak shaving desire formula is,
[image: image]
[image: image] represents the peaking demand willingness of the electricity user at time [image: image], [image: image] and [image: image] are the peaking desire coefficients of the agent at time [image: image].
The formula for power adjustment is,
[image: image]
[image: image] is a random number between 0 and 1 with uniform distribution, [image: image] is the electricity elasticity coefficient, [image: image] is the peak shaving intention at time [image: image], and [image: image] is the peak shaving value of the agent’s response to price at time [image: image]. If the peak shaving intention [image: image] is greater than the random number [image: image], the agent participates in peak shaving, otherwise it does not. The purpose of setting random numbers is to consider the randomness and independence of each agent’s choice of power generation and consumption at different times. Introducing random numbers can to some extent reflect the characteristics of the agent’s power generation and consumption, which is more in line with the actual situation.
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[image: image] represents the power generation after peak shaving, [image: image] represents the power generation agent, including wind power, nuclear power, photovoltaic, West-East Electricity Transmission (Since the end of the last century, China has taken the strategy of transforming the rich coal, hydropower and other resources in the western region into power resources and delivering them to the eastern coastal areas where power is scarce.), hydropower, etc. [image: image] represents the predicted power generation of power generation agent [image: image] at time [image: image], and the power generation at time [image: image] is composed of the predicted power generation at time [image: image] and the peak shaving amount [image: image].
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[image: image] represents the electricity storage and consumption agent, including large enterprises, small enterprises, users, battery storage, and pumped storage. The power generation agent and the electricity consumption agent are modeled in a similar form, where the power generation is composed of the predicted electricity generation and the peak-shaving quantity [image: image].
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To ensure the power balance of the entire power grid, this paper imposes constraints on the overall power generation, consumption, and energy storage, as shown in Formulas 8, 9, 10. The above formula mainly constrains the overall power of the agents and does not regulate a certain agent.
The electricity prices discussed in this paper are based on a bilateral mechanism, with a unified pricing system for both electricity generators and consumers. Each agent can adjust their electricity generation or consumption based on the price information they receive. Traditional power systems adopt unilateral pricing, and the bilateral pricing mechanism adopted in this paper can increase the overall benefits of the grid.
Benefits: The grid load curve is flatter, which can reduce the backup cost of the system for peak regulation.
[image: image]
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[image: image] represents the mean square error of the daily load curve of power generation and consumption, which reflects the difference between the peak and valley of the load curve. [image: image] is the average amount of power generated or consumed in the 96 time periods of the day.
The main purpose of the regulatory mechanism mentioned earlier is to achieve peak shaving and valley filling functions, which may lead to an increase in the final electricity price of users. To protect the interests of users, the electricity market settles electricity prices on a daily basis. Based on the effect of peak shaving and valley filling, and combined with changes in electricity prices, users are given certain subsidies. The specific subsidy method is shown in the following formula.
[image: image]
[image: image]
When the average electricity price after grid regulation is higher than the average electricity price before regulation, users will be given a certain degree of subsidy based on the effect of peak shaving and valley filling [image: image] is the electricity price subsidy coefficient, [image: image] is the mean square error of the load curve before regulation, [image: image] is the mean square error of the load curve after regulation, [image: image] is the average electricity price after regulation, and [image: image] is the average electricity price before regulation. [image: image] is the subsidy ratio for the user’s electricity price, and [image: image] is the time of use electricity price after the subsidy.
The electricity fees subsidized by users are mainly reduced or exempted by the power grid after settling the electricity price. After the power grid calculates the compensation electricity fee, the final settlement of the electricity price is made to the user through the electricity market.
This paper compares the income situation of all parties before and after regulation by calculating the average expenditure or income price per kilowatt hour on the load side, energy storage side, and power generation side. The specific calculation method is shown in the following formula.
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The above formulas are the average electricity cost calculation formulas, where [image: image] in Formula 15 is the average expenditure per kilowatt hour of electricity consumption by the load side agents, [image: image] is the electricity consumption power of the load side agents at time [image: image], [image: image] is the average electricity transportation cost, in Formula 16, [image: image] is the average expenditure per kilowatt hour of electricity consumption or generation by the energy storage side agents, [image: image] is the electricity consumption power of the energy storage side agents at time [image: image], and [image: image] is the average electricity storage cost. In Formula 17, [image: image] is the average income earned by the agents on the power generation side for each kilowatt hour of electricity generated.
4 SIMULATION ANALYSIS
4.1 Case settings
Guangdong, the province with the largest provincial power grid and power trading market in China, has a unique advantage in building a power market that adapts to the new power system and putting it into operation. The power system reform pioneered in Guangdong Province has broken the traditional pattern of the power industry in China. Therefore, the case study analyzed in this paper uses a set of typical daily power generation and consumption data provided by the Guangdong Power Grid. The power generation and consumption agents studied are divided into nine types, as introduced in Section 3.2, and the initial power amounts for each individual agent of each type are supposed to follow a normal distribution. This paper analyzes the characteristics of these agents and considers practical factors to model the number, power range, and initial response desire of different types of agents. Tables 1, 2 display the model, where the response desire denotes the initial regulatory response desire of the power generation and consumption agent.
TABLE 1 | Agent model of power consumption.
[image: Table 1]TABLE 2 | Agent model of power generation.
[image: Table 2]In Table 1, a positive value for “power range” represents power consumption, while a negative value represents electricity generation. In Table 2, a positive value for “power range” represents power generation.
The given data is used as the initial value of the actual power generation and consumption curve for the day (divided into 96 time periods, with a 15-min interval between each time period). The data for the first time period is taken as the actual value for the first time period of the day, while the data for the other time periods is used as the initial value for the power generation and consumption curve for the day. At time [image: image], the initial power generation and consumption value are [image: image], and the actual value are [image: image]. If there is a requirement for peak load shifting and valley filling at this time period, it will result in a corresponding change in power generation and consumption, denoted as [image: image]. This, in turn, will affect the actual power generation and consumption at the next time period, denoted as [image: image]. By simulating this process, a new power generation and consumption curve can be obtained and compared with the original curve. By analyzing the guidance of the market price control mechanism, various power generation and consumption agents participate in peak load shifting and valley filling through price guidance of the power grid, thus achieving the regulation needs of the power grid.
The data for basic power consumption scenarios is also used as a reference for price adjustment by the price-setting party in the peak-shaving scenario. Guangdong power grid sets prices according to peak, normal and valley power consumption periods, with a ratio of 1.7:1.0:0.38. Following this pricing model and time period division, this paper sets the actual basic electricity prices in the program for ease of analysis as follows: [image: image] (peak period electricity price, 10:00–12:00, 14:00–19:00), [image: image] (normal period electricity price, 08:00–10:00, 12:00–14:00, 19:00–24:00), and [image: image] (valley period electricity price, 00:00–08:00).
In this paper, by analyzing the characteristics of different agents, the desire coefficients for them to participate in peak shaving and valley filling at different times of the day are set. The agent peak shaving desire coefficient are shown in Table 3.[image: image] is the basic electricity price set at different time periods according to the peak-valley segmentation of the Guangdong power grid at time [image: image], and the specific values can be found in Table 4.
TABLE 3 | The agent peak shaving desire coefficient.
[image: Table 3]TABLE 4 | Basic electricity price value.
[image: Table 4]In this paper, the constraint on the actual electricity price is
[image: image]
4.2 Case data processing
This paper assigns numerical values to various agent such as power sources, loads, and energy storage based on the data in Tables 1, 2. It also constrains the amplitude range of power generation and consumption for each agent based on their characteristics.
[image: image]
[image: image]
[image: image] represents power generation agents, and [image: image] represents power consumption agents.
Directly allocating data equally is not a realistic approach. Therefore, this paper proposes a method of decomposing the normal distribution of various agent’ values and allocating the decomposed values to each agent to better reflect the actual situation. At any given moment, the power generation and consumption agent have predicted power usage values. The power grid regulation side adjusts the electricity price based on these predicted values, thereby guiding the agents to change the actual power generation and consumption.
Considering the mechanical characteristics of power generation agent, actual power production characteristics, and the actual power consumption habits of power consumption agent, this paper places certain restrictions on the range of response changes of power generation and consumption agent to electricity prices at a specific moment.
[image: image]
The amount of power adjustment at time [image: image] does not exceed [image: image] of the predicted power consumption and generation at the current time.
4.3 Simulation tool
Because different agents have different power injection characteristics and different sensitivity to price, this paper adopts a multi-agent modeling method. The scenario studied in this paper is a complex system that changes with time. It is necessary to model the agent and link the behavior of the agent at the microscopic level to observe the phenomenon at the macroscopic level. The agent-based simulation can meet the research needs. NetLogo is a simulation platform launched by Uri Wilensky in the United States in 1999 and developed by the Connected Learning and Computer Modeling Center (CCL), which has continued to develop multiple versions in the future. It can provide a programmable modeling environment for modelers, model the agents to be studied and simulate the interaction between the agents.
4.4 Case analysis
During the simulation, the electricity elasticity coefficient [image: image] is set as 30, electricity price subsidy coefficient [image: image] is set as 0.03, and the electricity price adjustment coefficient [image: image] is set as 0.2. Based on the actual situation of Guangdong Power Grid, this paper sets the average electricity transportation cost of VPP to 0.1¥ [image: image], LEC to 0.05¥ [image: image], SEC to 0.18¥ [image: image], and the average electricity storage cost of LSS to 0.5¥ [image: image]. During the simulation process, a day is divided into 96 time periods, [image: image] represents the time point, the interval between time points is 15 min. The simulation of individual operating curves of VPP, LEC and SEC are shown in Figure 4 and the simulation of overall operating curves of VPP, LEC, and SEC are shown in Figure 5.
[image: Figure 4]FIGURE 4 | Individual operation curves of VPP, LEC, and SEC. (A) The operation curve of a randomly selected agent in VPP. (B) The operation curve of a randomly selected agent in LEC. (C) The operation curve of a randomly selected agent in SEC.
[image: Figure 5]FIGURE 5 | Overall operation curves of VPP, LEC, and SEC. (A) The overall operation curve of VPP. (B) The overall operation curve of LEC. (C) the overall operation curve of SEC.
Figure 4A shows the operation curve of a randomly selected agent in VPP, Figure 4B shows the operation curve of a randomly selected agent in LEC, and Figure 4C shows the operation curve of a randomly selected agent in LEC.
Figure 5A shows the overall operation curve of VPP, Figure 5B shows the overall operation curve of LEC, and Figure 5C shows the overall operation curve of SEC.
As shown in Figures 4, 5, although the operation of a single agent has a certain degree of randomness, under the interaction between multiple agents, the entire satisfactory regulatory results can still be achieved physically. This indicates that the agent has actively changed its behavior at the microscopic level due to the impact of market mechanisms, resulting in a global effect.
The simulation peak-shaving and valley-filling load curve is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Load curves.
The load curve after electricity price regulation is smoother than the corresponding curve before regulation, as shown in the Figure 6. The mean square error [image: image] of the load curve before regulation is 10,285.93, while the mean square error [image: image] of the load curve after regulation is 4,569.14. The load curve after regulation effectively achieves the goal of peak-shaving and valley-filling.
The simulated individual operating curves of WP, TP, SHP, EP, and SSP are shown in Figure 7 and the simulated overall operating curves of WP, TP, SHP, EP, and SSP are shown in Figure 8.
[image: Figure 7]FIGURE 7 | Individual operation curves of WP, TP, SHP, EP, and SSP. (A) The operation curve of a randomly selected agent in WP. (B) The operation curve of a randomly selected agent in TP. (C) The operation curve of a randomly selected agent in SHP. (D) The operation curve of a randomly selected agent in EP. (E) The operation curve of a randomly selected agent in SSP.
[image: Figure 8]FIGURE 8 | Overall operation curves of WP, TP, SHP, EP, and SSP. (A) The overall operation curve of WP. (B) The overall operation curve of TP. (C) The overall operation curve of SHP. (D) The overall operation curve of EP. (E) The overall operation curve of SSP.
Figure 7A shows the operation curve of a randomly selected agent in WP, Figure 7B shows the operation curve of a randomly selected agent in TP, Figure 7C shows the operation curve of a randomly selected agent in SHP, Figure 7D shows the operation curve of a randomly selected agent in EP, and Figure 7E shows the operation curve of a randomly selected agent in SSP.
Figure 8A shows the overall operation curve of WP, Figure 7B shows the overall operation curve of TP, Figure 7C shows the overall operation curve of SHP, Figure 7D shows the overall operation curve of EP, and Figure 7E shows the overall operation curve of SSP.
As shown in Figures 7, 8, although the operation of a single agent has a certain degree of randomness, under the interaction between multiple agents, the entire satisfactory regulatory results can still be achieved physically. This indicates that the agent has actively changed its behavior at the microscopic level due to the impact of market mechanisms, resulting in a global effect.
The simulated peak-shaving and valley-filling simulated power generation curve is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Power generation curves.
As shown in the Figure 9, the power generation curve after electricity price regulation is smoother than the curve before regulation. The mean square error [image: image] of the power generation curve before regulation is 14,046.63, while the mean square error [image: image] of the power generation curve after regulation is 6,698.41. The power generation curve after regulation effectively achieves the goal of peak-shaving and valley-filling.
The simulated peak-shaving and valley-filling simulated storage curves are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Individual and overall operation curves of LSS. (A) The operation curve of a randomly selected agent in LSS. (B) The overall operation curve of LSS.
Figure 10A shows the operation curve of a randomly selected agent in LSS, and Figure 10B shows the overall operation curve of LSS.
As shown in Figure 10, although the operation of a single agent has a certain degree of randomness, under the interaction between multiple agents, the entire satisfactory regulatory results can still be achieved physically. Storage also helps the power grid to achieve peak shaving and valley filling purposes, and due to market mechanism regulation, the peak value of energy storage power is also reduced, which can effectively reduce energy storage investment costs. This indicates that the agent has actively changed its behavior at the microscopic level due to the impact of market mechanisms, resulting in a global effect.
The operation curves of generation, load, and storage are shown in Figure 11, which shows that the power of the power grid is balanced.
[image: Figure 11]FIGURE 11 | Operation curves of Power system.
The electricity price curve is shown in Figure 12.
[image: Figure 12]FIGURE 12 | Electricity price curves.
The power grid guides the agents to respond by controlling changes in electricity prices to achieve regulatory purposes. Before the regulation, users had to pay an average electricity fee of 1.07¥ [image: image], while after the regulation, users had to pay an average electricity fee of 0.99¥ [image: image]. Because the average electricity price after regulation is lower than before, no subsidy will be given to the electricity price. After adding the transportation electricity cost, the average electricity price of the load side agents before regulation is 1.16¥ [image: image], and the average electricity price after regulation is 1.09¥ [image: image], indicating that the electricity fee required for users to participate in grid regulation has decreased and they can enjoy more stable power supply. The power grid has reasonably regulated the electricity consumption behavior of energy consumption side through electricity price regulation. The average income on the energy generation side before regulation is 1.05¥ [image: image], and the average income after regulation is 0.99¥ [image: image]. Although the income of power generation companies has been reduced to a certain extent, they have avoided significant machine losses caused by the switching of units. By adding electricity storage costs, it can be calculated that the average cost of LSS agents before regulation is 1.02¥ [image: image], and the average cost of LSS agents after regulation is 0.58¥ [image: image]. From the above calculation results, it can be seen that under the effect of price regulation mechanism, the cost of energy storage can be effectively reduced.
5 CONCLUSION
Based on the simulation results, it is evident that the peak-valley curve is notably smoother under the price regulation mechanism proposed in this paper. Under the effect of price regulation mechanism, the cost on the load side is reduced, the stability of electricity consumption is enhanced, and the cost on the energy storage side is also reduced. The narrowing of the gap between power generation and consumption effectively reduces system standby and improves economic efficiency.
In this paper, through the careful design of microscopic interaction mechanism between the agent, one can achieve satisfactory global control results, which shows that in the power grid, reasonable microscopic mechanism can effectively improve the system function. The integration of advanced information technology into the new power system has provided more agent for grid regulation. This allows the grid regulation side to obtain real-time information on current load and electricity consumption. By gathering extensive information on the electricity consumption habits of massive access agent, the grid regulation side can establish a model for the electricity consumption of these agent and study a price regulation mechanism that matches this model. This enables better alignment with the actual regulatory needs of the grid. Through IoT technology, regulatory agents in the power grid can obtain current electricity price information in a timelier manner and adjust their own power generation or consumption accordingly.
In future research, greater emphasis should be placed on exploring the potential of the new power system and devising more suitable regulation mechanisms to contribute to the safe and stable operation of the grid and reliable, convenient electricity consumption for users, thereby achieving a win-win situation for power generation and electricity consumption and promoting stable grid operation.
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