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In the context of insufficient system operation flexibility and increasing peaking pressure caused by the large-scale integration of renewable energy into the grid, a market model for peaking auxiliary services involving pumped storage power stations is proposed in this study. First, taking the minimum peak shaving cost as the optimization goal, the peak shaving value of the participating peak shaving units is quantified, and the mathematical model of the peak shaving auxiliary service market is established. Then, considering that the pumped-storage power station has both source-load characteristics, the peak-shaving value of the pumped-storage power station is deeply excavated to share the peak-shaving pressure of thermal power units, and a compensation mechanism for peak ancillary service fees is established. Finally, the 11-machine, 14-node system topology is proposed to simulate the peak-shaving auxiliary service market model proposed in this study, and the effectiveness of the proposed method is verified.
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INTRODUCTION
In recent years, the installed capacity of renewable energy in China has been increasing. By the end of 2021, China’s installed renewable energy capacity reached 3.584 × 108 kW, signifying a year-on-year increase of 23.4% (Lyu et al., 2021). As the proportion of renewable energy connected to the grid continues to increase, the demand for peak shaving capacity of the power grid during the load trough period increases accordingly (Bie et al., 2017; Qi et al., 2019; Li et al., 2019). At the same time, the output of new energy generating units is restricted by primary energy, and they do not have peak shaving capability. The cost of starting and stopping thermal power generating units is high, and they operate in uneconomical areas during deep peak shaving, with insufficient flexibility and poor economy (Shi et al., 2018; Chen et al., 2022; Wang et al., 2020a; Wang et al., 2020b). Pumped-storage power plants have good regulation characteristics and low regulation costs and hence are suitable as the main peak-shaving power sources (Zou et al., 2015; Guo et al., 2018; Wang C. et al., 2020). Therefore, the study of the sharing mechanism of peak shaving auxiliary service cost in the participation of pumped storage power stations is beneficial to improve the flexibility of system operation and the enthusiasm of power generation enterprises to participate in peak shaving.
At present, a large number of research studies have been carried out on the problem of the allocation of peak shaving auxiliary services at home and abroad. Huang, 2020 considered the energy loss and equipment loss factors of thermal power generating units, establishes the peak shaving impact index, and realizes the reasonable allocation of peak shaving costs for thermal power generating units; Ma et al. (2021) studied the allocation and correction mechanism of inter-provincial peak shaving resources to provide theoretical support for cross-provincial scheduling of peak shaving resources; Jian et al. (2018) established an improved peak-shaving auxiliary service fee compensation mechanism model based on Kaldor, which improves the wind power absorption capacity and overall economy of the system; Y. Fu et al. (2019) used the K-means clustering algorithm to classify the peak shaving capacity of units and solved the problem of “dimension disaster” in the calculation process when a large number of units participate in peak shaving; Wang et al. (2019) allocated the compensation fee to the user side in the form of additional electricity charges according to the demand for auxiliary services for peak shaving, which effectively improves the equity of fee allocation.
Most of the abovementioned literatures ensure the basic balance of power supply and demand in the system through the market cost allocation mechanism of the peak-shaving auxiliary services participated by thermal power generating units and users and reduce the number of transactions in the real-time balanced power market. However, the grid connection of large-scale photovoltaic and wind power in the system is not considered, and there is lack of pumped storage power stations to participate in peak regulation. In the case of large-scale, grid-connected renewable energy, the anti–peak shaving characteristics of wind power and photovoltaics lead to an increase in the peak-to-valley difference between loads and an increase in the demand for the peak shaving of the power grid. Moreover, the output of wind power and photovoltaic power generation depends on primary energy and cannot participate in peak shaving. The pumped-storage power station has both source and load characteristics, that is, through the reasonable switching between the pumping mode and the power generation mode, the thermal power generating unit can run in a more reasonable output range. Therefore, it is necessary to introduce pumped storage power stations to participate in the auxiliary service market in order to reduce the cost of system peak shaving and increase the enthusiasm of peak shaving power plants to participate in peak shaving. This study first considers the operating state of the units participating in peak shaving, establishes the minimum objective function of the system peak shaving cost, quantifies the peak shaving value of units participating in peak shaving in thermal power plants and pumped storage power stations, studies the peak shaving value of units participating in peak shaving, and establishes a mathematical model for the peak shaving auxiliary service market. Second, considering the good peak-shaving performance of the pumped-storage power station due to its source-load characteristics, it can relieve the pressure of lifting and lowering loads of thermal power plants for multiple periods of time. Therefore, the pumped storage power station is required to participate in peak shaving and bear the baseload to develop its peak shaving performance. Then, according to the idea of a cooperative game in game theory, the Shapley value method is used to allocate the auxiliary service fee for peak shaving and establish a compensation mechanism for the auxiliary service fee for peak shaving. Finally, the validity of the ancillary service market model proposed in this study is verified by an example.
PEAK SHAVING AUXILIARY SERVICE MARKET MODEL
The large-scale integration of wind power into the grid has a great impact on the power system, and it is necessary to rely on auxiliary services to ensure stable operation of the system. In general, the demand for ancillary services is divided into peak-shaving ancillary services, frequency-modulating ancillary services, and spinning reserve ancillary services (Tian et al., 2019). The peak-shaving auxiliary service market guides the participating peak shaving units to make reasonable output adjustments through changes in peak shaving indicators and compensation fees to ensure stable operation of the power grid.
The operating period of the system was set as [image: image] and the number of periods is an integer between 1 and 24. The set of thermal power generating units is [image: image], where [image: image]; the set of generating units of pumped storage power stations is [image: image], where [image: image].
Objective Function
Taking the minimum system peak shaving cost as the optimization goal, the objective function is established as follows:
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where [image: image] is the peak shaving cost of the system; [image: image] is the peak shaving cost of the pumped storage unit; [image: image] represents the peak shaving cost of the thermal power generating unit; [image: image] and [image: image] represent the start-up and stop-loss costs of the pumped storage unit, respectively; [image: image] and [image: image] are 0–1 integer variables, that is, [image: image] indicates that the pumped-storage unit [image: image] is in operation at the pumping condition at time [image: image] and [image: image] means that the pumped-storage unit [image: image] is out of service at the pumping condition at time [image: image]; [image: image] means that the pumped-storage unit [image: image] is in operation at the pumping condition at time [image: image] and [image: image] means that the pumped-storage unit [image: image] is out of operation at the pumping condition at time [image: image]; [image: image] and [image: image] are the single start-up and shutdown loss costs of a single pumped-storage unit, respectively; [image: image], [image: image], and [image: image] are the in-depth peak shaving costs, startup peak shaving costs, and shutdown peak shaving costs, respectively; [image: image] E is the unit price of thermal power generating unit [image: image] for peak shaving in excess of deep peak shaving; [image: image] is the peak-shaving depth threshold of thermal power generating unit [image: image]; [image: image] is the output of thermal power generating unit [image: image] at time [image: image]; [image: image] and [image: image] are the startup and shutdown costs of the thermal power generating unit, respectively; [image: image] indicates that the thermal power generating unit [image: image] is in a startup state at time [image: image]; [image: image] indicates that the thermal power generating unit [image: image] is in a shutdown operating state at time [image: image].
The ancillary service market optimization model proposed in this study considering the participation of pumped-storage power stations in peak shaving is a mixed-integer nonlinear model, which is difficult to solve by conventional optimization algorithms. Therefore, the mixed-integer linear model is established as follows:
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Restrictions

1) Power balance constraints
[image: image]
where [image: image] is the output of the thermal power generating unit [image: image]; [image: image] is the output of the pumped-storage generating unit; [image: image] is the output of the wind power generating unit [image: image]; [image: image] is the load demand of the node [image: image].
2) Contact line constraints
[image: image]
where [image: image] is the sensitivity matrix of generator set output and branch power flow; [image: image] is the output vector of the whole generator set; [image: image] is the node load vector; [image: image] is the branch active power flow constraint vector.
3) Spinning spare constraint
[image: image]
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where [image: image] and [image: image], respectively, represent the upper limit and lower limit of the available output of the thermal power generating unit [image: image]; [image: image] and [image: image], respectively, represent the systems upward and downward reserve requirements.
4) State constraints of thermal power generating sets
[image: image]
where [image: image] is the maximum ramp rate constraint of the thermal generator set.
5) Wind turbine state constraints
[image: image]
where [image: image] and [image: image] represent the upper limit and lower limit of the available output of wind turbine [image: image], respectively.
6) Pumped-storage power station constraints
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[image: image]
where [image: image] and [image: image], respectively, represent the upper limit and lower limit of the power generation of the pumped storage power station; [image: image] and [image: image], respectively, represent the upper limit and lower limit of the pumping power of the pumped storage power station; [image: image] and [image: image] represent the output in the power generation mode and the output in the pumping mode of the pumped-storage power station at time t, respectively; the sum of [image: image] and [image: image] is less than or equal to 1, which means that the pumped storage unit can only be in a single working condition in the pumping mode and the power generation mode at the same time. When the pumped-storage power station participates in peak regulation, the adjustment capacity accounts for a small proportion of the overall installed capacity, so the upper reservoir capacity constraint of the pumped-storage power station is not considered.
Compensation Mechanism for Shapley Value Method Peak -Adjusting Assist Service Costs
According to the optimization result of the peak shaving auxiliary service market model aiming at the minimum peak shaving cost, it is determined as the compensation mechanism for the peak shaving auxiliary service fee. When the pumped storage power station does not participate in peak shaving, the conventional thermal power generating unit undertakes all peak shaving tasks, and the peak shaving cost is [image: image]. When the pumped-storage power station participates in peak shaving and bears the baseload, the peak shaving cost of the whole network is [image: image] at this time from the optimization result of the peak shaving auxiliary service market model.
[image: image]
where [image: image], [image: image], and [image: image] are the in-depth peak shaving cost of thermal power generating units, the peak shaving cost of starting thermal power generating units, and the peak shaving cost of thermal power generating units shutting down, respectively. After the pumped storage power station participates in peak shaving and assumes the baseload, the peak shaving price decreases, that is, [image: image]. The energy storage characteristics and power characteristics of the pumped storage power station can be reasonably switched between the pumping mode and power generation mode so that the thermal power generating unit can operate in a more reasonable output range. During the operation of the peak shaving auxiliary service market, the peak shaving contribution of the units should be quantified and compensated so as to ensure the enthusiasm for participating in the peak shaving power plant. In order to improve the economy of peak shaving of the system, increase the enthusiasm for participating in the market of peak shaving auxiliary services, and develop the peak shaving capabilities of various power plants, it is determined that the amount of compensation for peak shaving costs obtained by participating peak shaving units is not greater than the profit [image: image] of the system through this operation mode.
The cost of starting and stopping thermal power generating units is very high, and under low-output operating conditions, it will cause greater wear and tear on the unit, and the loss cost will increase. At the same time, the combustion stability of low-output units is reduced, which may result in combustion-supporting costs such as fuel injection. On the other hand, the pumped storage power station has good regulation ability and low-peak shaving cost because of its combination of source and load characteristics. In order to improve the income and enthusiasm of the power plants participating in peak regulation, this study uses the Shapley value method to allocate compensation fees to deeply explore the peak regulation value of pumped storage power plants.
The traditional peak-shaving auxiliary service market is based on the idea of statistics to allocate compensation fees (Lin et al., 2017). The allocation of compensation fees for power plants participating in the peak-shaving auxiliary service market is a cooperative game problem in game theory (Liu et al., 2018). In order to ensure the equity of the market and the enthusiasm of participating in peak shaving units, considering the synchronism of the unit’s peak shaving value and its compensation, the Shapley value method is used to allocate the compensation fee, and the compensation mechanism for the auxiliary service fee for peak shaving with the participation of multiple power plants based on the cooperative game is used (Nan et al., 2021).
It is assumed that all the units participating in peak shaving belong to the set M, and the number of units is m. The peak shaving costs of the joint peak shaving unit [image: image] and the joint peak shaving unit [image: image] are as follows:
[image: image]
where [image: image] is the grid peak shaving cost when the thermal power generating unit bears the baseload.; [image: image] is the unit in the joint peak shaving unit [image: image] participating in the grid peak shaving, and the units in the joint peak shaving unit all bear the power grid peak shaving cost when the baseload is used has [image: image].
The revenue function of the joint peak shaving unit is as follows:
[image: image]
The peak-shaving ancillary service fee allocated based on the Shapley value method can be expressed as follows:
[image: image]
where [image: image] is a certain peak shaving cost apportionment unit, [image: image]; [image: image] represents the combined peak shaving unit revenue apportioned to the unit; [image: image] represents the joint peak shaving unit including unit [image: image]; [image: image] represents the number of units included in the joint peak shaving unit [image: image]; [image: image] represents the number of units providing peak shaving auxiliary services; [image: image] represents the participation sequence of all participants in the peak shaving unit [image: image]; [image: image] represents the removal of the participant [image: image] from the joint peak shaving unit [image: image]; and [image: image] represents the incremental revenue created by unit [image: image] for the combined peak shaving unit.
CASE ANALYSIS
An 11-machine, 14-node system is proposed to simulate and verify the ancillary service market model proposed in this study considering the participation of pumped-storage power stations in peak shaving. The topology of the 11-machine, 14-node system is shown in Figure 1. The system has six thermal power generating units, which are located at nodes 2, 3, 7, 10, 12, and 14. The maximum force of the firepower generator is 550 mW, and the minimum output force is 100 MW. There are three pumped storage units located at nodes 4, 8, and 11. There are two wind turbines located at nodes 6 and 13. The system load is distributed in three load nodes, which are located at nodes 1, 5, and 9. The parameters of each branch of the system are shown in Table 1. A typical daily wind power generation curve is shown in Figure 2. A typical intraday load demand curve is shown in Figure 3.
[image: Figure 1]FIGURE 1 | Structure of 11-generator 14-node system topology.
TABLE 1 | 11 generator 14 node system branch parameters.
[image: Table 1][image: Figure 2]FIGURE 2 | Typical daily wind power generation curve.
[image: Figure 3]FIGURE 3 | Typical daily load demand curve of each node.
According to the wind power output and load demand on a typical day, it can be seen that wind power has a strong anti–peak shaving characteristic. When the demand peaks in the 9h–13h and 18h–21h load curves, the wind power output is in a trough period. The peak-shaving demand was caused by the power shortage in the system. In the case of the 22–4 h load curve demand trough, wind power generation is in the peak period, causing trough peak regulation demand.
The simulation environment uses the mixed-integer linear programming operator programming of the GAMS commercial optimization software to solve the auxiliary service market model proposed in this study considering the participation of pumped storage power stations in peak regulation, and the system optimization process can be solved within 23.3 s. The model and method proposed in this study are time-effective and suitable for scheduling intraday power generation and real-time scheduling.
From the perspective of game theory, all the peak shaving units in the system are nine players. According to the income difference obtained from the optimization results, the cooperative game method is applied to apportion the peak-shaving costs of nine units. The set of all players can be expressed as N = {1, 2, 3, 4, 5, 6, 7, 8, and 9}, and typical 21 non-empty subsets in the set are selected to form a joint peak shaving unit. The method proposed in this study is used to calculate the peak shaving cost of each unit in the combined peak shaving unit. The peak shaving cost of each unit in the joint peak shaving unit is shown in Table 2. It can be seen that when only the thermal power generating unit is responsible for peak shaving, the peak shaving cost is the highest. When pumped-storage power stations participate, according to different unit combinations, the peak shaving cost can be reduced by up to 50.61%. Considering that the pumped-storage power station participates in peak shaving, the peak-shaving cost is effectively reduced.
TABLE 2 | Peak shaving cost of each unit in the joint peak shaving unit.
[image: Table 2]Figure 4 is the output curve of the pumped-storage unit, and the peak-shaving operation status of the pumped-storage unit and the thermal power unit at each moment are shown in Figure 5. It can be seen that under the auxiliary service market established in this study, considering the participation of pumped-storage power stations in peak shaving from 22 –4 h the next day, the pumped-storage power station works in the pumping mode and is mainly responsible for the task of peak shaving in low valleys. At this time, the thermal power plant can work in a more reasonable output range and does not need to significantly reduce the load. In 9–13 h and 18–21 h, there is a large power shortage in the system. The pumped storage power station works in the power generation mode and is mainly responsible for the task of peak regulation during the peak period. At this time, the thermal power generation unit works in the economic zone. Through the coordination of pumped storage power stations and thermal power plants, the cost of peak regulation is reduced.
[image: Figure 4]FIGURE 4 | Output curve of the pumped storage unit.
[image: Figure 5]FIGURE 5 | Peak shaving operation status of the pumped storage unit and thermal power unit at each moment.
Table 3 shows the unit peak shaving compensation under the two methods of Shapley value and traditional peak shaving auxiliary service fee allocation. It can be seen that the unit with stronger peak shaving capability will receive more compensation for peak shaving costs. At the same time, the amount of peak shaving fee compensation obtained under the Shapley value method is more than that obtained under the traditional peak shaving auxiliary service fee allocation method. The traditional peak-shaving auxiliary service fee allocation method is based on the unit’s peak-shaving value index, and the obtained cost-sharing is proportional to its peak-shaving capacity, which leads to low enthusiasm for units with relatively weak peak-shaving capacity and waste of peak-shaving resources. It also increases the peak load of some units. The Shapley value method is based on the marginal contribution of the unit to the alliance revenue, and the cost compensation per unit of peak shaving capacity must be more.
TABLE 3 | Compensation for unit peak shaving costs under different methods.
[image: Table 3]CONCLUSION
In this study, a market model for peak shaving auxiliary services is established based on the background of large-scale grid connection of renewable energy in the power system. First, the pumped storage power station is introduced to participate in peak shaving, the peak shaving value of the units participating in peak shaving is quantified, and the compensation mechanism for peak shaving auxiliary service fees is established. Finally, the model proposed in this study is simulated and verified by an 11-machine, 14-node system. Taking the minimum peak shaving cost as the optimization goal, the peak shaving cost of each unit combination in the combined peak shaving unit is optimized. The results show that the peak shaving cost can be reduced by up to 50.61%. On this basis, the compensation amount of peak shaving costs obtained by the participating peak shaving units is determined according to the difference in peak shaving costs, the Shapley value method is used to allocate peak shaving auxiliary service fees, the enthusiasm of thermal power generating units with weak peak shaving capacity to participate in peak shaving units has been improved, and the peak shaving pressure of thermal power generating units has been eased.
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