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Abstract

To make full use of the electric power system based on energy storage in a wind-solar microgrid, it is necessary to optimize the configuration of energy storage to ensure the stability of a multi-energy system. This paper analyses the structure and function of the microgrid system, establishes the mathematical model, and analyzes the output characteristics. A double-layer optimization model of energy storage system capacity configuration and wind-solar storage micro-grid system operation is established to realize PV, wind power, and load variation configuration and regulate energy storage economic operation. The mathematical model of the improved gray wolf optimization is constructed, and the typical landscape resource data of a residential district. Comparing the difference between energy storage without an installation and energy storage with improved algorithm, it is shown that the energy storage configuration of the improved gray wolf optimization improves the economy, efficient energy use, and revenue of the whole system.
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1 Introduction
Against the background of the Double carbon target, distributed generation is more in line with the current concept of green and environmentally friendly power generation, which can effectively absorb and utilize renewable energy sources, reducing environmental pollution. Because renewable distributed energy sources such as solar and wind power are uncontrollable, which power output characteristics exhibit intermittency and volatility due to uncertain factors like temperature, sunlight, and climate, posing significant challenges to the power system [1, 2]. Micro-grid can effectively reduce the impact of intermittent power supply on the operation and control of the power grid [3], which is a typical power generation and distribution system consisting of various types of distributed energy sources, energy storage systems, PCS conversion systems, loads, and protection systems. Acting as a bridge between distributed power sources and the main grid, which provides a controllable power supply and distribution system for the main grid, minimizing the impact of distributed power source failures on the main grid, improving power quality, and enhancing power reliability [4, 5]. Power systems based on wind-solar microgrids have broad adaptability and flexible construction. However, it is crucial to optimize energy storage configuration and enhance operational stability to enable the practical application of multi-energy complementary systems.
Energy storage technology is divided into mechanical energy storage [6], electromagnetic energy storage [7], and electrochemical energy storage [8]. At present, the optimal landscape storage capacity allocation scheme is obtained by taking the lowest Levelized Cost of Energy (LCOE) as the optimization objective in the landscape storage model [9]. However, it only operates under the island model and does not consider the influence of energy storage capacity configuration on system stability. A capacity optimal allocation method based on continuous motion is proposed, which can effectively utilize distributed electric energy and improve electric energy efficiency [10]. A multi-objective function with annual average comprehensive cost and self-balance function as the main indexes, based on the NSGA-II algorithm, the area average comprehensive cost of different self-equilibrium ratios is calculated. The life cycle cost compound model of energy storage for the economic operation of micro-grid is established, and the integrated configuration method of planning and operation is proposed. These methods take into account the minimum of the average annual cost of energy storage and the maximum of integrated benefits but do not consider the size of energy storage power distribution and economic costs.
The output and load of the system will affect the running state of the system, and the change of the running state will affect the economic benefit, thus presenting uncertainty. It is necessary to enhance the optimal allocation of energy storage and improve the operation stability in order to make the multi-energy complementary system able to be applied in practical engineering. In view of these problems, from the point of view of the actual application demand of landscape storage micro-grid. This paper considers the cooperation of energy storage capacity and the operation of wind-solar storage based on a double-layer optimization model. An Improved Gray Wolf Optimization is used to solve the multi-objective optimization of energy storage capacity and get the optimized configuration operation plan. Therefore, it can improve the utilization ratio of energy, reduce the source load deviation rate and improve the system stability, provide the decision-making basis for the development, application, and popularization of the micro-grid.
2 Principle analysis and methodology
2.1 Structure of energy storage in wind-solar micro-grid
The microgrid can flexibly regulate and control the energy, improve the absorption rate of the new energy, and ensure the safe and stable operation of the power grid. According to Operation Mode, it is divided into independent micro-grid and grid-connected micro-grid. The grid-connected micro-grid is connected to the large grid [11], focusing on the local integration of energy and improving the reliability of the power supply. In this paper, the grid-connected micro-grid is the research object. The micro-grid topology is mainly composed of a power generation system, energy storage system, load, converter, and power grid. The schematic diagram of the microgrid structure is shown in Figure 1.
	[image: thumbnail]	Figure 1 Schematic diagram of micro-grid structure.




2.2 Optimization model of energy storage in wind-solar micro-grid
2.2.1 Photovoltaic system model
The photovoltaic power generation system is composed of series and parallel solar cells, the actual output power of the PV system is also changing with the different operating characteristics of the PV module under different environmental factors [12]. The photovoltaic output power (PPV) is given by equation (1):[image: thumbnail](1)where GPV represents the number of PV modules, PSTC represents the rated power of photovoltaic power generation, QC represents the actual light intensity, QSTC represents the standard light intensity, and μ represents the Power temperature coefficient.
2.2.2 Wind power generation model
According to the principle of Betz, The whole operation process of wind power generation is related to wind speed, The mathematical expression for a wind turbine (Pwt) is represented by the following equation (2):[image: thumbnail](2)where ρ represents the air density, R represents the blade radius, v represents the wind speed, Cp represents the coefficient of wind energy utilization.
Wind Turbine (WT) between output power and wind speed is defined as follows:[image: thumbnail](3)where Pe represents the rated power of wind turbine, vci represents the cut into wind speed, ve represents the actual wind speed, vco represents the cut-off wind speed.
The output power of wind speed has three stages, the relationship between wind speed and power is illustrated in Figure 2.
	[image: thumbnail]	Figure 2 Wind speed-power characteristic curve.




2.2.3 Energy storage system model
Energy storage technology can adjust peak and fill valleys, improve power quality, and effectively reduce network loss. In many kinds of energy storage, battery energy storage has the advantages of low cost, fast response speed, and many applicable scenarios. The energy storage battery used in this paper is a lithium iron phosphate battery, which is widely used in the field of energy storage because of its high cycle life, good charge and discharge performance [13]. The equivalent circuit model is shown in Figure 3.
	[image: thumbnail]	Figure 3 Equivalent circuit model of lithium battery.




The expression for the circuit relationship is:[image: thumbnail](4)where U0 represents the open-circuit voltage, U1 is the terminal voltage of capacitor C1, U3 and I3 represents the battery voltage and discharge current.
2.3 Capacity optimization configuration model of energy storage in wind-solar micro-grid
There are two problems to be considered in the configuration of energy storage systems, one is how to optimize the configuration of energy storage capacity, and the other is how to operate the microgrid economically after configuration. Therefore, a double-layer optimization model is proposed. The upper layer is under the micro-grid system of wind and solar energy storage, with the lowest total cost of energy storage configuration as the target. In order to maximize the operation benefit of the wind-solar storage system, the real-time output optimization model of each generation unit in the wind-solar storage system is established in the lower layer.
The double-layer optimization model is composed of the objective functions and constraints of the upper and lower levels [14]. The upper-level model has the right to make decisions in advance and feed those decisions back to the lower-level optimization model. The lower-level model utilizes the optimized results from the upper level as initial conditions. Combining the objective function and constraints, it adjusts and solves for the lower-level optimization results. These optimized results are then passed back to the upper level, ultimately leading to the determination of the optimal solution. The framework of the double-layer optimization model is shown in Figure 4.
	[image: thumbnail]	Figure 4 The framework of two-level optimization model.




The objective functions and constraints of the upper and lower models are shown in the formula (5):[image: thumbnail](5)where x and y represents the upper and lower decision variables, F(x, y) and f(x, y) represents the upper and lower objective functions, G(x, y) and g(x, y) represents the Upper and lower constraints.
2.3.1 Upper optimization model
The upper layer aims at the lowest total cost (Call) of energy storage configuration, including purchase cost, Operation Cost and battery replacement cost. The objective function (f1) is given by equation (6):[image: thumbnail](6)
Call is governed by the following equation (7):[image: thumbnail](7)where C1 represents the cost of purchase, C2 represents the cost of operation and maintenance, C3 represents the cost of battery replacement.
(1) Energy storage battery charge and discharge power constraints
The charging power of the energy storage battery at t-time (Pc(t)) and the discharging power of the energy storage battery at t-time (Pf(t)) are represented by the following equation (8):[image: thumbnail](8)where Pc-min (t) and Pc-max (t) represents the minimum and maximum charge power. Where Pf-min (t) and Pf-max (t) represents the minimum and maximum discharge power.
(2) Energy storage rated power (Pe) and capacity (Ee) constraints[image: thumbnail](9)where PM and EM represents the maximum power of energy storage and the maximum capacity of energy storage.
2.3.2 Lower-level optimization model
The lower level is to maximize the economic benefits of the operation of the energy storage system (f2). The decision variable is the output characteristic of each generation unit, f2 is given by equation (10):[image: thumbnail](10)where C4 represents the revenue from purchasing and selling electricity on the grid, C5 represents the revenue from energy storage charge and discharge, C6 represents the revenue from photovoltaic and wind power generation.
(1) Revenue from purchasing and selling electricity on the grid
The electric charge obtained by the system in selling to the user at different times, C4 is represented by the following equation (11):[image: thumbnail](11)

Cbuy and Csell are governed by the following integral equation (12):[image: thumbnail](12)where hbuy and hsell are the unit price of purchasing electricity from the grid and selling electricity respectively, Pbuy(t) and Psell(t) represents the amount of electricity purchased and sold from the grid.
(2) Energy storage charge and discharge income
The charging and discharging income of the energy storage system refers to the price income of the system at peak and valley can be formulated as follows:[image: thumbnail](13)Where Cc and Cf are charge cost and discharge income respectively, N represents the number of energy storage systems, T represents the energy storage scheduling cycle.
(3) Revenue from photovoltaic and wind power generation
C6 associated with government subsidies for electricity generation, the expression is defined as follows:[image: thumbnail](14)where k1 and k2 are the subsidy prices of photovoltaic and wind turbines respectively.
(4) Power balance constraint[image: thumbnail](15)

Installed capacity and power constraints:[image: thumbnail](16)

Tie-line power transmission capacity constraints:[image: thumbnail](17)

Here, Ppv(t) and Pwt(t) describes the the power output of PV and wind power respectively, Pcv(t), Pgrid(t), Pload(t) represents power in different places, Spv and Sw-max represents the maximum value of the resource capacity constraint.
2.4 Improved gray wolf optimization model
The Grey Wolf Optimizer (GWO) is a swarm intelligence optimization algorithm inspired by the cooperative hunting behavior of the gray wolves in nature [15]. In the gray wolf population, there is a strict hierarchical system. During cooperative hunting, different ranks of wolves have distinct roles, each wolf completes its assigned task until the prey is captured. This hierarchical structure enables the algorithm to perform both local optimization and global search, making it simple and easy to implement. The distribution of the gray wolf population system is shown in Figure 5.
	[image: thumbnail]	Figure 5 Distribution of gray wolf population system.




The α wolf is the first level, which is the leader of the population, and has the strongest coordination management and leadership ability, the wolf’s overall action is ordered by the wolf, as the optimal solution in the optimization algorithm. The β wolf is the second layer of rank, obeying α wolf, playing the role of assisting α wolf, being the liaison between α wolf and lower rank, it belongs to the suboptimal solution in the optimization algorithm. The δ wolf is the third level, are subordinate to both the α wolf and the β wolf. Their responsibility is to relay information between the α wolf and β wolf, ensuring the safety of the pack and caring for young wolves. The ω wolf is the lowest level of the hierarchy, obligated to obey all other ranks. Their primary role is to execute the hunting tasks for capturing prey.
The key problem of optimal allocation of energy storage capacity is to optimize the output power and load power distribution of photovoltaic and wind power generation systems. In the GWO algorithm, the ω wolf is guided by the α wolf, the β wolf, and the δ wolf, and approaches the target gradually until the final capture target [16]. According to the natural theory of gray wolf population, there is a class relationship among α wolf, β wolf and δ wolf, and there must be a strong or weak guiding ability among them. If the gap of guiding ability is not specified, the update times of GWO algorithm will increase, and it will fall into the local optimal solution. Therefore, based on the original GWO algorithm, an Improved Gray Wolf Optimization (IGWO) algorithm is proposed to allocate of fitness values to the three wolves.
The IGWO algorithm is a swarm intelligence optimization algorithm [17], the dynamic mechanism based on weighted allocation determines the hierarchical positions of the α wolf, β wolf and δ wolf. The higher the weight coefficient of a wolf, the higher its rank, indicating a greater leadership role, stronger guidance over other wolves, and accelerated pursuit of the target, ultimately leading to the discovery of better solutions. The IGWO algorithm can speed up the search iteration rate, improve the search accuracy, and effectively avoid the algorithm falling into the global extremum.
2.4.1 Dynamic weight proportional mechanism
α wolf, β wolf and δ wolf according to their own and prey position issue movement instructions, the movement direction and step size of ω wolf can be expressed as follows:[image: thumbnail](18)
[image: thumbnail](19)
[image: thumbnail](20)
[image: thumbnail](21)where Xα, Xβ, Xδ represents the position of α wolf, β wolf and δ wolf, Dα, Dβ, Dδ represents the position ω wolf to α wolf, β wolf and δ wolf, A1, A2, A3 represents the random numbers.
The dynamic weighting mechanism are:[image: thumbnail](22)
[image: thumbnail](23)
[image: thumbnail](24)where ω1, ω2, ω3 represents the proportion of learning weights for α wolf, β wolf and δ wolf, So the updated location of ω wolf is given by equation (25):[image: thumbnail](25)

The algorithm flow is depicted in Figure 6.
	[image: thumbnail]	Figure 6 Algorithm flow chart.




Select three functions of the test are shown in Table 1, using MATLAB R2019b software, the IGWO and GWO algorithms are simulated and verified.
Table 1 
Functions of test.


The population size N of IGWO and GWO is set to 100, the maximum number of iterations is 1000, and the maximum convergence factor a is 2. The optimal values, mean values, and standard deviations of different test functions are obtained and analyzed. The test results are shown in Table 2.
Table 2 
Test results.


Comparing the results of the three test functions, compared with the GWO algorithm, the IGWO algorithm has a better ability to seek the optimal solution. In the tests of functions f1, f2, and f3, the optimal values, mean values, and standard deviations obtained by the IGWO algorithm are the minimum values and the closest to the theoretical values.
The convergence comparison diagram of the function shown in Figure 7. Compared with GWO algorithm, IGWO algorithm has the fastest convergence speed in the test functions of f1, f2, and f3.
	[image: thumbnail]	Figure 7 (a) Test the convergence of function f1. (b) Test the convergence of function f2. (c) Test the convergence of function f3.




2.4.2 Solve the model
The improved gray wolf algorithm is used to solve the double-layer optimization model. First, through the upper model to do the scheme, the scheme will be passed to the lower model. According to the scheme, combining the objective function and the constraint condition, the lower model feeds back the optimal scheme to the upper model, and then calculates the objective function of the upper model. Finally, the global optimal solution of the double-layer optimization model is obtained.
The solution flow is shown in Figure 8.
	[image: thumbnail]	Figure 8 Solution flow.




The detailed process is as follows:
	
Input the basic data of the wind-solar storage system, such as photovoltaic system output, wind power system, output and load demand power;



	
The parameters of the improved gray wolf algorithm are set, the population size n of the gray wolf in the upper model is initialized. The maximum number of iterations and optimization variables are set, and the dimension t of each gray wolf is set to 24 h running period. In other words, gray wolf individuals are randomly generated to meet the constraints of the upper-level optimization model, where each individual represents a configuration scheme of energy storage system.



	
In the previous step, the capacity of the upper layer energy storage battery is transferred to the lower layer model. The power configuration at each time of energy storage is taken as the gray wolf individual, and the solution model is calculated. If there is a solution, the optimal operation scheme satisfying the lower-level constraints is obtained and fed back to the upper-level model, no solution to return to the previous step.



	
The optimal operation scheme of the lower-level system is transferred to the upper-level configuration model. The upper-level objective function and the optimal configuration scheme of the energy storage system are updated.



	
If the convergence condition is satisfied, then the optimal solution α wolf is output, and the process of solving the model is finished. Otherwise the population is renewed, the location and parameters of ω wolf are updated according to the location of α wolf, the β wolf and the δ wolf.





3 Results and discussion
3.1 Study subjects and data
Taking a residential district as the research object [18], where the annual average wind speed is about 4 m/s, the average annual light intensity is about 0.14 kw/m2, the average daily load power is about 1300 kW.
Distributed power equipment includes photovoltaic system, wind turbine, battery system. PV, wind turbine cost parameters was tabulated as Table 3.
Table 3 
PV, wind turbine cost parameters.


The battery cost parameters are shown in Table 4.
Table 4 
Battery cost parameters.


The range of SOC of lithium battery is [0.2, 1], the specific parameters of the algorithm are: population size N = 20, maximum iteration number tmax = 100, amax = 100, T is 24 h running cycle, and the simulation environment is MATLAB2019b.
According to the current electricity price policy, peak and valley electricity prices are applied in the residential quarter. 07:00–12:00 and 18:00–22:00 are peak prices, 00:00–07:00 and 22:00–00:00 are valley price, as shown in Table 5.
Table 5 
Peak and valley electricity prices.


3.2 Analysis of raw data
3.2.1 Grid configuration
The maximum daily load of the residential district is 450 kW, and the minimum daily load is 70 kW. The installed capacity of the PV system is 550 kW, and the installed capacity of the wind power system is 500 kW [19]. Solar and wind output data on a typical day are shown below.
As shown in Figure 9, photovoltaic power output is mainly concentrated between 8:00 AM and 5:00 PM. Photovoltaic power output is nearly zero from 6:00 PM to 7:00 AM the next day. From 8:00 AM, the power output trend gradually climbs, reaching its peak between 12:00 PM and 1:00 PM, and then gradually declines.The trend of photovoltaic output characteristics is symmetrical, the output characteristics are relatively stable. The output of wind power fluctuates greatly and is unstable, the overall trend is characterized by large output at night and small output during the day, and the overall trend between the photovoltaic and wind power is complementary.
	[image: thumbnail]	Figure 9 Photovoltaic and wind power output curve.




3.2.2 Typical daily operation
The maximum transmission power between the power grid and residential district is set to 500 kW. The distribution of energy and electricity purchase and sale is shown in Figure 10.
	[image: thumbnail]	Figure 10 Distribution of energy and electricity.




When the power grid is not equipped with energy storage, the statistics of the data indicators are shown in Table 6.
Table 6 
Data indicators of no energy storage configuration.


When the residential district is not equipped with energy storage, the user can only meet the electricity demand through photovoltaic, wind power or purchase electricity from the grid. At 0–7o’ clock, when the photovoltaic output is zero, the wind power generate electricity to temporarily maintain the load demand. Because the combined solar and wind power still cannot meet the load demand, and can only buy electricity from the grid to maintain the stability of the entire residential district of the operation, at this time the price of electricity for the valley price. At 7–10 o’clock, the load demand is still too large, and photovoltaic, wind power are too small, can only spend a higher cost to buy electricity from the grid, increase the peak power grid pressure. At 10–15 o’clock, the load demand is reduced, the power generated by photovoltaic and wind power exceeds the load demand and can sell excess electricity to the grid. At 15–21 o’clock, the demand for load increases gradually, and photovoltaic, wind power output gradually weakened the need to buy electricity at peak prices. At 21–24 o’clock, load demand drops sharply, and wind turbines generate more electricity, which sell to the grid for a small profit.
3.2.3 Deficiencies and problems
When the residential district is not equipped with energy storage, lack economy and flexibility, the main deficiencies and problems are as follows:
(1) Insufficient power self-balance
In the absence of a micro-grid system with energy storage, users can only meet their electricity needs through photovoltaic and wind power generation or by purchasing electricity from the grid. The power exchange is shown in Figure 11.
	[image: thumbnail]	Figure 11 Power exchange.




As can be seen from Figure 11, the power exchange between the power grid and the main power grid is very large, up to 250%. The power balance of the power grid mainly depends on the main power grid, and cannot reach the current micro-grid power self-balance of 80% of the requirements.
(2) The micro-grid has poor regulation ability
First of all, photovoltaic and wind power output are influenced by the uncontrollability of solar and wind energy, and the regulation of the power grid is limited. Secondly, when the peak period of power consumption, the shortage of photovoltaic and wind power resources, coupled with the lack of energy storage system. In order to meet consumer demand, one can only buy electricity from the grid, and increase the peak power grid pressure.
(3) The cost of buying electricity is high
During the two peak periods of power consumption, 831.28 kWh and 926.45 kWh were purchased from the power grid respectively, indicating that in the case of distributed generation, the demand for electricity is high and the dependence on the power grid is large, and the total amount of electricity purchased during the whole day is 2045.12 kWh, the total cost of purchasing electricity is 1011.35 yuan.
(4) The energy returns is Low
Only in the 10–14o’clock, the most adequate energy reserves. In order to meet their own load under the premise of the remaining electricity sold to the grid at a lower price, according to Table 6, the daily revenue of 543.76 yuan.
3.2.4 Simulation analysis of improved algorithm
An improved gray wolf optimization is used to optimize the allocation of energy storage capacity, and the optimal solution of energy storage capacity allocation is obtained. The distribution of energy and electricity sales using the improved algorithm is shown in the diagram.
After the energy storage is configured by the improved gray wolf optimization, the data indexes are shown in the Table 7.
Table 7 
Various data indicators.


As shown in Figure 12 and Table 7, an improved gray wolf algorithm is used to configure the energy storage capacity. At 9–14 o’clock, the load demand is reduced, photovoltaic, wind power output more, and energy storage systems can be pre-charged to sell surplus power to the grid, increasing revenue. At the same time at 22–24o’clock, more abundant resources, but also to the grid selling electricity, two time periods have increased the day’s revenue from electricity sales. In terms of the amount of electricity purchased, the total cost of purchasing electricity for one day is 476.22 yuan, which is 535.13 yuan less than the system without energy storage configuration.
	[image: thumbnail]	Figure 12 Distribution of energy and electricity.




Energy storage charge and discharge power and state of charge are shown in Figure 13.
	[image: thumbnail]	Figure 13 Charge and discharge power and state of charge.




As shown in Figure 13, the energy storage system still discharges when the load demand is high and recharges during the day when the scenery resources are sufficient. But at 21–24o’clock, with low load requirements and low energy storage and charging power, the wind resource can meet some of the storage and charging needs, while selling a small amount of electricity to the grid, adding additional revenue.
The analysis of the example is divided into two different scenarios, one is no energy storage device, and the other is an energy storage device based on an improved gray wolf algorithm. The comparison and analysis of the two optimal configuration schemes of energy storage capacity are shown in Table 8.
Table 8 
The comparison and analysis of the two optimal configuration schemes of energy storage capacity.


When there is no energy storage configuration, the total amount of electricity purchased during the day was 2045.12 kWh, with a total cost of 1011.35 yuan. The total amount of electricity sold was 1445.27 kWh, with a revenue of 543.76 yuan and the cost of purchasing and selling electricity is −467.59 yuan. However, there are some problems such as poor self-balance of power, poor regulation ability of micro-grid, low energy income, and high cost of power purchase. Under this configuration mode, the whole micro-grid system has poor economy and flexibility and depends heavily on the power grid. Using the improved gray wolf algorithm to configure the energy storage capacity, the total amount of electricity purchased during the day was 918.23 kWh, with a total cost of 476.22 yuan. The total amount of electricity sold was 417.45 kWh, with a revenue of 164.38 yuan and the cost of purchasing and selling electricity is −253.07 yuan. Compared with no energy storage configuration, the total cost of purchasing and selling electricity is reduced, and in an optimal output state, the economic benefit of the whole system is improved.
4 Conclusion
With the increase of grid-connected capacity of new energy sources such as wind power and solar power, considering the stability and security of micro-grid operation, In this paper, the optimal allocation of energy storage capacity of wind-solar micro-grid is studied, the mathematical models of photovoltaic power generation, wind power generation and energy storage system is established, the output characteristics of each module is analyzed.
A double-layer optimization model of energy storage system capacity allocation and operating output of wind-solar storage system is established. An optimal configuration method based on an improved gray wolf algorithm is proposed. Finally, an example of a residential district is analyzed, an improved algorithm is used to optimize the allocation of energy storage capacity, and the optimal solution of energy storage capacity is obtained. At the same time, the sales revenue of the energy storage system has been improved, which verifies that the scheme of energy storage system configuration capacity proposed in this paper is reasonable and effective. Contributes to the economic and stable operation of residential micro-grid, can improve the efficient energy use rate, accelerate the convergence rate, increase the benefit of electricity sales, and efficiently seek the optimal solution of energy storage capacity allocation.
In this paper, the simulation data is selected for the study of a typical residential district. In future research, we can further consider different scenarios of micro-grid system energy storage optimization configuration, such as office buildings, parks, and so on. In addition, we can further study the influence of micro-grid system with hydrogen energy as storage and hot and cold power as load on the optimal capacity allocation.
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      Functions of test.

      
        


	Functions of test
	Dimensionality
	Range of values
	Optimal value
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	f2 = max xi{|xi|, 1 ≤ i ≤ n}
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      Table 2 

      Test results.

      
        


	Function
	Algorithm
	Optimal value
	Mean value
	Standard deviation





	f1
	IGWO
	0
	0
	0



	GWO
	1.63e–85
	4.32e–85
	8.36e–85



	f2
	IGWO
	4.92e–324
	2.7e–85
	9.9e–85



	GWO
	3.93e–22
	8.99e–22
	9.9e–22



	f3
	IGWO
	2.789e–05
	1.789e–05
	0.789e–05



	GWO
	7.003e–04
	2.93e–05
	1.17e–05





      

    

  
    
      Figure 7 

      
        [image: thumbnail]
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      PV, wind turbine cost parameters.

      
        


	Equipment
	Cost of investment
	Cost of maintenance
	Cost of replacement
	Subsidy electricity price
	Capacity
	Life span





	Photovoltaic
	4500 RMB/kW
	20/kW/YEAR
	2100/kW
	0.2 RMB/kWh
	550 kW
	20 years





      

    

  
    
      Table 4 

      Battery cost parameters.

      
        


	Technical indicators
	Cost of capacity 
	Cost of power
	Cost of auxiliary equipment
	Cost of fixed operating and maintenance
	Cost of charge and discharge





	Cost value
	1800 RMB/kWh
	0.8 RMB/kW
	550/kWh
	17 RMB/kW/year
	0.15 RMB/kWh
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      Peak and valley electricity prices.

      
        


	Time period type
	Electricity purchase price
	Electricity price
	Time scope





	Rush time
	0.36/RMB/kWh
	0.39/RMB/kWh
	07:00–12:00



	
	
	
	18:00–22:00



	Down time
	0.56/RMB/kWh
	0.39/RMB/kWh
	00:00–07:00



	
	
	
	22:00–00:00
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        Photovoltaic and wind power output curve.
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      Data indicators of no energy storage configuration.

      
        


	Self-balance rate (%)
	Load rate of power shortage (%)
	Energy Utilization (%)
	Electricity purchase (kWh)
	Cost of Electricity purchase (RMB)
	Electricity sales (kWh)
	Income of Electricity sales (/RMB)





	90.45
	29.78
	75.34
	2045.12
	1011.35
	1445.27
	543.76
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      Various data indicators.

      
        


	Self-balance rate (%)
	Load rate of power shortage (%)
	Energy Utilization (%)
	Electricity purchase (kWh)
	Cost of Electricity purchase (RMB)
	Electricity sales (kWh)
	Income of Electricity sales (/RMB)





	87.89
	14.35
	95.68
	918.23
	476.22
	417.45
	164.38
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        Distribution of energy and electricity.
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        Charge and discharge power and state of charge.

      

    

  
    
      Table 8 

      The comparison and analysis of the two optimal configuration schemes of energy storage capacity.

      
        


	Scene
	Self-balance rate (%)
	Load rate of power shortage (%)
	Energy utilization (%)
	Electricity purchase (kWh)
	Cost of electricity purchase (RMB)
	Electricity sales (kWh)
	Income of electricity sales (/RMB)





	No energy storage configuration
	90.45
	29.78
	75.34
	2045.12
	1011.35
	1445.27
	543.76



	IGWO for energy storage configuration
	87.89
	14.35
	95.68
	918.23
	476.22
	417.45
	164.38
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