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 Hydrogen production using solar energy is an important way to obtain hydrogen energy. However, the inherent intermittent and random characteristics of solar energy reduce the efficiency of hydrogen production. Therefore, it is necessary to add an energy storage system to the photovoltaic power hydrogen production system. This paper establishes a model of a photovoltaic power generation hydrogen system and optimizes the capacity configuration. Firstly, the mathematical model is modeled and analyzed, and the system is modeled using Matlab/Simulink; secondly, the principle of optimal configuration of energy storage capacity is analyzed to determine the optimization strategy, we propose the storage capacity configuration algorithm based on the low-pass filtering principle, and optimal time constant selection; finally, a case study is conducted, whose photovoltaic installed capacity of 30 MW, verifying the effectiveness of the proposed algorithm, analyzing the relationship between energy storage capacity and smoothing effect. The results show that as the cut-off frequency decreases, the energy storage capacity increases and the smoothing effect is more obvious. The proposed algorithm can effectively reduce the 1 h maximum power variation of PV power generation. In which the maximum power variation of PV generation 1 h before smoothing is 4.31 MW. We set four different sets of time constants, the maximum power variation of PV generation 1 h after smoothing is reduced to 0.751, 0.389, 0.078, and 0.04 MW, respectively.
Keywords: PV, hydrogen, simulination, lowpass filter, time constant optimization
INTRODUCTION
Vigorously developing green, clean, and non-polluting energy has become the focus of research all over the world. In 2020, China clearly put forward the goals of “peak carbon dioxide emissions” by 2030 and “carbon neutral” by 2060, and vigorous development of clean energy is an important measure to achieve the double carbon goal (Liu et al., 2022). Due to the random and intermittent characteristics of solar energy, the traditional photovoltaic power generation has the phenomenon of abandoning light (Jurasz et al., 2018; Du et al., 2019; Li et al., 2021). The high development cost and low utilization rate of clean energy do not meet the needs of social development, therefore, people have begun to try to solve the problem of storage of surplus energy in the process of generating electricity from clean energy such as wind and light. At present, there are two most commonly used solutions, one is to use the energy storage system to stabilize the fluctuation of wind and solar output and reduce the rate of abandoning wind and light, and the other is to use hydrogen energy to store part of the energy. Hydrogen is the most environmentally friendly energy source with the highest calorific value of 142.836 MJ kg−1, making it an excellent medium that can be used to store energy. In 2022, China released a medium and long-term plan for the hydrogen energy industry (Chao and Tao, 2021), and carrying out PV power generation to produce hydrogen can effectively solve the problems of light abandonment and PV grid connection, which is of great significance to achieve the double carbon goal.
Experts and scholars at home and abroad have focused their research on multi-energy hybrid systems on energy sources such as hydro, wind and PV. Ren et al. (2022) established a scheduling model for small-capacity hydropower and large-capacity wind power photovoltaic power generation, and used the flexibility of small hydropower to smooth out wind and optical power output fluctuations. A multi-objective model based on complementary hydro-wind-pv power generation was constructed by (Wang et al., 2017) and (Yin et al., 2019), both with the objectives of maximizing power generation and minimizing output fluctuations, with differences in the solution algorithms. However, the ability to smooth the output power curve using the complementarity between hydro-wind-pv is limited, therefore, An et al. (2019) and Liu et al. (2019) incorporated energy storage devices in clean energy generation systems to further improve clean energy utilization and reduced the hazard of clean energy fluctuations to the grid. The cost of energy storage equipment is high, and for owners who seek to maximize profits, the capacity of energy storage equipment should be as small as possible while meeting the requirements of the power grid, so the configuration of energy storage capacity is critical. Hou et al. (2020)added an energy storage system on the basis of wind and solar energy, aimed at the total cost of the system, optimized the capacity of the hybrid power system, and analyzed the impact of different energy storage methods on the system cost. The optimal configuration of energy storage capacity can effectively improve the system economy, Wang et al. (2018),Li et al. (2019), and Wu et al. (2019) studied the capacity configuration of hybrid energy storage systems based on low-pass filtering methods. The above research mainly discusses how to smooth the new energy output curve, all based on the grid can be absorbed, when the grid can not consume new energy power, need a medium to store the excess energy, hydrogen energy is one of the medium.
There is a lot of research in the field of hydrogen energy and other renewable energy sources by domestic and foreign experts and scholars, but there are relatively few research projects targeting the coupling of hydrogen energy into other energy sources (Ulleberg, 2004). used control strategies as an entry point to study the importance of control strategies in PV-powered hydrogen energy systems. A realistic system of direct coupling of photovoltaic power generation to electrolytic water for hydrogen production was established and the operational results proved the practicality of the system (Clarke et al., 2009). Sopian et al. (2009) added a battery pack as a buffer on the basis of wind, light and hydrogen, and the system worked well, but the electrolyzer structure still needs to be improved to avoid hydrogen leakage. Studies of Castaneda et al. (2013) show that hybrid systems consisting of PV and batteries have the lowest cost, while hydrogen systems consisting of PV and hydrogen have the highest cost. Schnuelle et al. (2020) studied the key factors in the wind-photovoltaic hydrogen production system, such as hydrogen production efficiency and power utilization, which depend on the instantaneous power of the input signal and the ability of the electrolyzer to respond to these signals. Awasthi et al. (2011) carried out a dynamic modeling of the PEM electrolyzer, and the results of the model showed that the operating temperature and pressure have opposite effects on the performance, and the electrolyzer must operate at the set temperature and pressure values. Park et al. (2006) constructed a solar hydrogen production system, the electrolyzer uses solid polymer electrolyte, and compared the simulation situation with the actual operation situation, and the results are consistent. Xiao et al. (2020) investigated wind electrolytic hydrogen storage systems, where wind power can sell electricity to the electricity market or convert the electricity from both languages to hydrogen through hydrogen production, but wind power needs to undergo AC-DC conversion before it can be used for hydrogen production. Using hydrogen energy as a storage medium to store part of the energy that cannot be consumed by the grid can further improve the utilization rate of new energy, and the stored hydrogen energy can be used as an accident backup to further improve the stability of the grid.
Research on new energy-coupled hydrogen production systems is in full swing, in which there are still problems in energy coupling, storage system capacity configuration, low-pass filtering strategy time constant selection, etc. Dufo-Lopez and Bernal-Agustín (2008) introduced diesel power generation system in PV-wind power-hydrogen production-storage system, which can improve system stability to some extent, but also leads to CO2 emissions, most new energy hydrogen production systems do not include traditional power generation methods in order to reduce carbon emissions. For this reason, Khalilnejad and Riahy (2014) modeled the scenic hydrogen production system without considering the installation of an energy storage system. Although the natural complementarity of the scenery can be used to reduce the abandonment phenomenon to some extent, the system would be more complete by adding an energy storage system. Low-pass filtering is a common method for capacity configuration optimization, Zhu et al. (2020) and Bocklisch (2015) used low-pass filtering methods to smooth the wind-pv output curve to determine the capacity of the energy storage system, but none of them discussed the selection of time constants. This paper constructs a PV power generation hydrogen production system based on the characteristics of PV power generation to achieve zero carbon, and proposes a storage capacity optimization strategy based on the low-pass filtering principle to achieve the maximum utilization of PV. In this system, PV power generation does not need AC-DC conversion, and hydrogen is produced directly, and the energy storage system is used to smooth the PV output curve and reduce light abandonment. In the time constant selection, the time constants are optimized according to Chinese national standards, and the system capacity is configured under four time constants.
Contribution and innovation points：

1) The mathematical model of the system is analyzed and modeled, and the PV power generation-storage - hydrogen production model is established and its operation mode is discussed.
2) The low-pass filtering principle is analyzed, the time constants are optimized, and the storage capacity algorithm to meet the energy demand of the leveling process is proposed on its basis.
3) The raw irradiance of 8760 h at a site is input into the model to generate 8760 h of PV power data, and the low-pass filtering strategy is used to verify the effectiveness of the energy storage capacity optimization strategy proposed in this paper.
4) Analyzed the relationship between smoothing effect and energy storage capacity.
The rest of this paper is organized as follows. Section 2 analyzes the mathematical models of the PV power generation system, electrolytic water hydrogen production, and hydrogen storage system in the system, and then establishes the simulation model. Section 3 analyzes the low-pass filtering principle, then proposes the storage capacity algorithm to meet the energy demand of the leveling process, and finally optimizes the filtering time constants. Section 4 presents the system overview, then analyzes the effectiveness of PV output fluctuations, and finally analyzes the relationship between the smoothing efficiency and energy storage capacity. In the last section, a summary of the work done in this paper is presented.
MATHEMATICAL MODELS
System composition
The PV power generation and hydrogen production hybrid energy storage system includes PV power generation system, electrolytic water hydrogen production, hydrogen storage tank, energy storage system, and other subsystems. The system structure diagram is shown in Figure 1. The electrical energy output from PV power generation is transmitted to the DC bus, which acts as an energy exchange center to provide electrical energy to the electrolytic water hydrogen production system, the energy storage system performs power leveling, and finally, the electrolytic water hydrogen production system completes the conversion of electrical energy to hydrogen energy. The models in this chapter are modeled and simulated using Matlab/Simulink.
[image: Figure 1]FIGURE 1 | System structure diagram.
PV power generation mathematical model
In order to be able to correctly establish the mathematical model of the PV cell and facilitate the later analysis, it is assumed that the current generated by the photoelectric effect will not change when the irradiance is at a stable value, i.e., it can be equated to an ideal current source with a current value of [image: image]. The equivalent circuit of the photovoltaic module is shown in Figure 2. The mathematical model is derived as follows (Aouali et al., 2014; Dey et al., 2016; Chandel et al., 2019):
[image: Figure 2]FIGURE 2 | PV module equivalent circuit.
According to KCL:
[image: image]
Where, [image: image] is the photo-generated current, [image: image] is the P-N junction current, [image: image] is the current on the parallel resistor [image: image], and the unit is [image: image].
The P-N junction voltage and current satisfy:
[image: image]
Where, [image: image] is the reverse saturation current of the diode, [image: image]; [image: image] is the electron charge, C; [image: image] is the ideality factor of the P-N junction, generally taking 1; [image: image] is the Boltzmann constant, taking 1.38 × 10–23 J K−1; [image: image] is the absolute temperature, K.
According to KVL:
[image: image]
Substituting Eqs. 2, 3 into (1):
[image: image]
Since the value of [image: image] is large, the current flowing through [image: image] is small, and [image: image] is small, and [image: image] can be ignored in the calculation. [image: image], the above formula can be simplified to:
[image: image]
Assume that in the open-circuit state, [image: image] is the open-circuit voltage,V, to meet [image: image] = 0, [image: image] = [image: image] ; at the maximum power point, [image: image] = [image: image] ,[image: image] = [image: image].Then, at the PV cell stabilization at the maximum power point, it is obtained that:
[image: image]
At room temperature it can be considered that [image: image] is much greater than 1, which is obtained from (6):
[image: image]
According to the set open circuit condition, substituting into Eq. 6 can get:
[image: image]
Since [image: image] is much greater than 0, then:
[image: image]
Since in practical use, the environmental factors cannot be determined as a constant value. Changes in the surrounding environment will have a certain impact on the work of PV cells, and to be closer to people’s daily working environment, certain corrections to the environmental factors are needed (Jiang et al., 2010). The correction scheme is as follows:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
where, [image: image] denote the temperature and irradiance under standard conditions, respectively. a, b, c, are correction factors. The specific values of the parameters known in the formula are shown in Table 1.
TABLE 1 | PV module related parameters.
[image: Table 1]Based on the modified parameters, the PV model is constructed as shown in Figure 3. The parameters to be input are irradiance and temperature. The U-P characteristic curves and U-I characteristic curves at different temperatures are shown in Figure 4. From Figure 4A, it can be seen that there is a maximum value of voltage and the current growth in the PV output characteristic curves at different temperatures.
[image: Figure 3]FIGURE 3 | PV power generation system model.
[image: Figure 4]FIGURE 4 | (A) U-P characteristic curve at 25°C and 45°C and (B) U-I characteristic curve at 25°C and 45°C.
Mathematical model of hydrogen production from electrolytic water
The hydrogen production model of water electrolysis is regarded as a DC load. The higher the input current, the higher the hydrogen production rate (Mahrous et al., 2011). The U-I characteristic equation of the electrolytic cell is (Koundi and El Fadil, 2019):
[image: image]
where, [image: image] is the reversible voltage under standard conditions, [image: image] is the electrolyzer current, [image: image] is the electrolyzer temperature, [image: image]、[image: image] are the resistances, [image: image]、[image: image]、[image: image]、[image: image] are the overvoltage parameters, and[image: image] denotes the empirical temperature parameter.
Among them, the electrolyzer hydrogen generation rate is:
[image: image]
Where, [image: image] is the current efficiency, [image: image] is the number of electrolytic cells in series, and [image: image] is the Faraday constant. The empirical formula for [image: image] can be expressed as:
[image: image]
The simulation model shown in Figure 5 is established according to the U-I characteristic equation of the electrolyzer described in Eq. 16. The hydrogen production rate model of its sub-module is established according to Eqs 17, 18, as shown in Figure 6. The parameters required in the modeling process are shown in Table 2. According to the built model of hydrogen production from water electrolysis, the U-I characteristic curve of the electrolytic cell at different temperatures is measured by simulation as shown in Figure 7. It can be seen from the figure that as the electrolysis temperature increases, the electrolysis voltage decreases.
[image: Figure 5]FIGURE 5 | Electrolytic water to hydrogen model.
[image: Figure 6]FIGURE 6 | Hydrogen production rate model.
TABLE 2 | Parameters related to hydrogen production from electrolytic water.
[image: Table 2][image: Figure 7]FIGURE 7 | U-I characteristic curve of electrolytic cell at different temperatures.
Mathematical model of hydrogen storage
The hydrogen storage model is an ideal pressure model. The hydrogen produced by the electrolyzer is fed into the hydrogen storage tank by the compressor doing work.
[image: image]
Where, [image: image] is the specific heat capacity of hydrogen, [image: image] is the gas temperature at the inlet, [image: image] is the compression efficiency, which is taken as 0.85, [image: image] and [image: image] are the pressures at the inlet and outlet, which are taken as 0.5 and 3, respectively. [image: image] is the specific heat ratio in the standard case, and [image: image] is the outlet flow rate.
A model of the hydrogen storage tank as shown in Figure 8 is built according to the mathematical model described in Eq. 19.
[image: Figure 8]FIGURE 8 | Hydrogen storage tank model.
System modeling
The model of each component of the above system is encapsulated, and the overall model of the system after encapsulation is shown in Figure 9, with the main structure of the PV power module, PEM electrolytic water module, and hydrogen storage tank module.
[image: Figure 9]FIGURE 9 | System overall structure model.
METHODS TO SMOOTH OUT FLUCTUATIONS IN PV OUTPUT
Lowpass filtering principle
In the low pass filter circuit, the low-frequency signal is easier to pass than the high-frequency signal. Using this principle to remove the high-frequency signal in PV power generation can reduce the power variation rate of PV power generation, remove part of the burr on the power output curve, and smooth out the output power.
Mathematical model of low pass filter (Wang et al., 2018):
[image: image]
where, [image: image] is the time constant, [image: image] is the input quantity, [image: image] is the output quantity.
In smoothing the PV power output fluctuation, [image: image] is equivalent to the PV power output [image: image] and [image: image] is the PV grid-connected power [image: image] after smoothing. Discretizing Eq. 20, let the PV power smoothing period be [image: image]. At the moment [image: image] (k = 1, 2, …, n).
[image: image]
Solve for [image: image]:
[image: image]
The power absorbed by the energy storage system is:
[image: image]
From Eqs 22, 23, we can find out the grid-connected PV power [image: image] after smoothing when the time constant [image: image], [image: image] at [image: image], and [image: image] at [image: image] are known. The relationship between the time constant [image: image] and the smoothing effect and the energy storage capacity can be described as follows: the larger [image: image] is, the closer the grid-connected PV power at [image: image] and [image: image], the smoother the power curve is. The smoother, at this time, the larger the required energy storage capacity.
Energy storage capacity algorithm
Before the PV power smoothing control, the frequency of the high-frequency component of the total PV power to be filtered, i.e., the cut-off frequency [image: image] , is determined according to the desired smoothing effect, and the time constant τ is calculated according to [image: image], and k different values of [image: image] can be derived according to Eq. 23.
At the end of k control cycles, the energy absorbed by the energy storage system is:
[image: image]
where, [image: image] is the initial energy of the energy storage system, which is set to 0.
The capacity [image: image] of the energy storage system is:
[image: image]
A clearer representation is shown in Figure 10.
[image: Figure 10]FIGURE 10 | Schematic diagram of energy storage capacity calculation.
Time constant optimization
Chinese National Standard GB/T 19964-2012 ″Technical Provisions for Photovoltaic Power Plant Access to Electric Power System” gives the active power change rate of photovoltaic power plant not more than 10% of the installed capacity per minute. This is used as the target for filtering time constant optimization.
Define the rate of change of grid-connected power as [image: image] :
[image: image]
Where, [image: image] is the PV power after smoothing, [image: image] is the installed PV power capacity, and [image: image] is the control period. The specific calculation process is shown in Figure 11. The calculation results show that when the time constant τ is greater than 750 s, the active power change rate of the PV plant is satisfied at no more than 10% of the installed capacity per minute.
[image: Figure 11]FIGURE 11 | Flow chart of time constant optimization calculation.
CASE ANALYSIS
System overview
The basic data of a PV plant used in the simulation example are shown in Table 3.
TABLE 3 | Basic data of a PV plant.
[image: Table 3]The irradiance data of a certain place in a certain year are shown in Figure 12. It can be seen from the figure that the irradiation intensity is relatively high in summer and autumn, and the maximum irradiation intensity is 1108 W m−2 at 5,318 h. The figure shows the random, intermittent, and fluctuating characteristics of PV power generation, which must be smoothed to meet the demand of the power system, otherwise the phenomenon of light abandonment will occur, leading to energy waste.
[image: Figure 12]FIGURE 12 | Irradiance of a site in a year.
A case simulation is conducted with 1 year of actual irradiation intensity data from a PV plant at a certain location to verify the effectiveness of the low-pass filtering strategy and to analyze the relationship between energy storage capacity and smoothing effect. The optimized code and images in this chapter are performed on Python.
Effectiveness analysis of smoothing PV output fluctuation
Define the 1-h maximum power change rate as γ:
[image: image]
where [image: image] is the 1h maximum power variation of PV power before smoothing, [image: image] is the 1 h maximum power variation after smoothing, the larger the value of [image: image] indicates that the smaller the 1 h maximum power variation after smoothing, the better the smoothing effect.
According to the simulation model constructed in Chapter 2, the 8760 h irradiance is used as the system input, and the photovoltaic power output curve before and after smoothing is shown in Figure 13, in which the two horizontal pictures are a group (e.g., Figures 13A,B), the picture on the left represents the overall effect map (e.g., Figure 13A), and the picture on the right represents the partially enlarged map (e.g., Figure 13B) in the period time of 3,800 h-4200 h. The four groups of pictures respectively represent the photovoltaic power output curves before and after the smoothing when the cut-off frequency [image: image] = 1/80 min, 1/3, 1/6, and 1/12 h.
[image: Figure 13]FIGURE 13 | (A) shows the PV power output curve before and after smoothing at fc = 1/80 min, and (B) shows the partial enlargement. (C) shows the PV power output curve before and after smoothing at fc = 1/3 h, and (D) shows the partial enlargement. (E) shows the PV power output curve before and after smoothing at fc = 1/6 h, and (F) shows the partial enlargement. (G) shows the PV power output curve before and after smoothing at fc = 1/12 h, and (H) shows the partial enlargement.
When [image: image] = 1/80 min, τ = 764.3 s, it can be seen from Figures 13A,B that the fluctuation of photovoltaic power generation before and after smoothing is significantly reduced. The maximum variation of photovoltaic power output power 1 h before smoothing is 4.31 MW, after smoothing, the maximum variation of photovoltaic power output power in 1 h is 0.29 MW, and the maximum power change rate of PV power output in 1 h is 93.18%.
In the four sets of test data, in Figures 13A,C,E,G, it can be clearly seen that the smoothed photovoltaic power generation power has obvious smoothing effect compared with the original data, and the corresponding local enlarged image (Figures 13B,D,F,H) can show this result more clearly.
From the analysis of the above simulation results, it can be seen that the proposed low-pass filtering-based PV power fluctuation smoothing control strategy can effectively smooth the PV power fluctuation according to the pre-set smoothing target, to achieve the desired smoothing effect.
Smoothing effect and energy storage system capacity analysis
The variation of PV power generation before and after smoothing is shown in Figure 14, where two pictures in the horizontal direction are a group (e.g., Figures 14A,B), the picture on the left side indicates the overall effect picture (e.g., Figure 14A), and the picture on the right side indicates the local enlarged picture in the time period of 3,800 h-4200 h (e.g., Figure 14B). The four sets of pictures indicate the amount of PV power change before and after smoothing at cutoff frequency [image: image] = 1/80 min, 1/3, 1/6, and 1/12 h, respectively.
[image: Figure 14]FIGURE 14 | (A) shows the change in power generated by PV at fc = 1/80 min, (B) shows the partial enlargement. (C) shows the change in power generated by PV at fc = 1/3 h, (D) shows the partial enlargement. (E) shows the change in power generated by PV at fc = 1/6 h, (F) shows the partial enlargement. (G) shows the change in power generated by PV at fc = 1/12 h, (H) shows the partial enlargement.
From Figures 14A,C,E,G, it can be seen that the variation of photovoltaic power generation after different cut-off frequencies is also different, and the basic rule is that with the decrease of cut-off frequency, the change of photovoltaic power generation power reduce.
When the cut-off frequency [image: image] = 1/80min, 1/3 h, 1/6 h, 1/12 h, the smoothed calculation results are shown in Table 4.
TABLE 4 | Calculated results after smoothing.
[image: Table 4]It can be seen from Table 4 that as the cut-off frequency decreases, i.e., the time constant increases, the 1 h maximum power variation of PV power after smoothing gradually decreases, and the 1 h maximum power variation rate percentage increases continuously, while the required energy storage capacity also becomes larger and larger.
In this case, when [image: image] = 1/80 min, the 1 h maximum power change rate of photovoltaic power is 93.18% (Figure 14A), and the required energy storage capacity is 6.84 MWh; when [image: image] = 1/12 h, the 1 h maximum power change rate of photovoltaic power is 99.07% (Figure 14G), which is 5.89% higher than when [image: image] = 1/80 min, and the required energy storage capacity is 7.11 MW.
The maximum power variation of photovoltaic power generation in 1 h before smoothing is 4.31 MW. After the 4 sets of cut-off frequencies are smoothed, the maximum power variation of 1 h is reduced to 0.294, 0.146, 0.078 and 0.04 MW respectively. The corresponding energy storage capacities are 6.84 MWh, 6.98 MWh, 7.07 MWh and 7.11 MWh respectively (Table 4). It can be seen that with the increase of the value of the time constant, the smaller the rate of change of the power injected into the power system by photovoltaic power generation, the smoother the power output curve, and the better the effect of the energy storage system in smoothing the fluctuation of PV power, but the larger the energy storage capacity that needs to be installed, the higher the cost of energy storage. Therefore, the configuration of a reasonable energy storage system should comprehensively consider two factors, the stabilization effect and the cost.
CONCLUSION
In this paper, we propose a photovoltaic power generation-energy storage—hydrogen production system, model and simulate the system, propose an optimal allocation strategy for energy storage capacity based on the low-pass filtering principle, and finally use the one-year light intensity data of a certain place for arithmetic simulation. Some key conclusions can be summarized as follows.
1) The capacity configuration of the energy storage system in the system is analyzed, the low-pass filtering principle is used to smooth the PV power output curve, the energy storage capacity algorithm to meet the energy demand of the smoothing process is proposed, and finally the energy storage capacity and the smoothing effect at different time constants are analyzed.
2) The low pass filtering principle is used to smooth the output curve of photovoltaic power generation, and the difference between the maximum and minimum energy shortages before and after smoothing is used as the capacity of the energy storage system. The time constant is optimized and selected, the selection standard is that the rate of change of the active power of the photovoltaic power station does not exceed 10% of the installed capacity per minute, the calculation results show that when the time constant is greater than 750 s, this standard is satisfied. Define the maximum power change rate γ in 1 h, the larger the γ value, the better the smoothing effect.
3) According to the analysis results of the example, as the cutoff frequency decreases, the time constant increases gradually, the energy storage capacity and the corresponding γ value also increase, and the smoothing effect is more obvious. For example, when the cutoff frequency is 1/80 min, the corresponding time constant is 764.3 s, the energy storage capacity is 6.84 MWh, and the γ value is 93.18%; when the cutoff frequency is 1/12 h, the corresponding time constant is 6,875.5 s, and the energy storage capacity is 6,875.5 s, the capacity is 7.11 MWh, and the γ value is 99.07%.
4) This paper mainly provides an energy storage capacity allocation method, but does not make an accurate calculation of the energy storage system capacity. In the next step, according to this method, the system economy, the loss of power supply probability (LPSP) will be comprehensively considered to accurately calculate the capacity of the energy storage system.
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