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Abstract: The efficient utilization of renewable energy has been a research hotspot in 

recent years, but the characteristics of instability and intermittence limit the large-scale and 

efficient utilization of variable renewable energy such as solar energy and wind energy. 

This paper mainly studies the transformation and application of sustainable renewable 

energy based on the principle of energy storage. Firstly, this paper analyzes the necessity 

and economics of energy storage system in detail, and constructs a large-scale hybrid 

energy storage system composed of gravitational potential energy storage, battery and 

super capacitor. Taking IEEE-39 bus test system as an example, the proposed method is 

simulated by MATLAB simulation software to verify the correctness and efficiency of the 

proposed method. The simulation results show that the method proposed in this paper 

meets the economic rationality, and can realize peak shaving and valley filling. 

1. Introduction 

Renewable energy is abundant in China, and its power generation process does not produce 

emissions of harmful gases such as carbon dioxide, sulfur dioxide and carbon monoxide [1]. 

Compared with traditional fossil energy power generation technology, it has the advantages of 

"inexhaustible", green, clean and sustainable. Among them, wind power generation and 

photovoltaic power generation technologies have gradually matured in recent decades, and have 

developed rapidly in China. However, the primary energy supply of wind and photovoltaic power 

generation technology fluctuates with natural conditions, its controllability is weak, and it is 

difficult to accurately predict, so its grid connected power has volatility and uncertainty. The energy 

storage system has the advantages of bidirectional power regulation, fast response rate, flexible 
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charging and discharging, which can not only assist the active power control of wind power, but 

also improve the frequency characteristics of the system. Therefore, it has a good application 

prospect in improving the frequency stability of power systems with high proportion of renewable 

energy. Compared with other equipment currently used in the power grid, energy storage 

technology can give play to its technical advantages in some application scenarios to meet the new 

needs of the power system under the background of large-scale renewable energy grid connection 

[2]. At the same time, affected by its technical characteristics, cost and other factors, energy storage 

is difficult to fully meet the high-capacity demand of the system at present, but with the rapid 

development of energy storage technology, it has great potential in the future [3]. Therefore, in the 

power system planning, it is necessary to combine the technical advantages of energy storage and 

other equipment, and plan reasonably according to the system requirements. 

With the continuous improvement of renewable energy penetration, the research of integrating 

energy storage into the power system has gradually attracted more and more attention. How to 

optimally allocate the capacity of energy storage is an important problem [4]. At present, in the 

research on energy storage planning for large-scale wind power grid connection, some literatures 

have separately configured or planned energy storage [5]. A small part of these literatures use the 

method based on empirical formula. Some scholars put forward the concept of peak load regulation 

capacity ratio according to the proportion of adjustable capacity in the installed capacity, based on 

which the installed capacity of pumped storage units is determined [6]. Empirical methods usually 

get the corresponding capacity allocation formula based on the understanding of the physical 

meaning of peak shaving. However, these methods usually consider the part of the net load curve 

beyond the installed capacity of the system from the perspective of power, which is difficult to deal 

with complex system operation conditions such as strong fluctuation events of renewable energy [7]. 

Therefore, most of the research on energy storage planning is based on mathematical programming 

method. Other scholars have proposed an optimal planning method of battery energy storage for 

power grid peak shaving to deal with the inverse peak shaving characteristics of large-scale wind 

power output, and believe that the price of battery energy storage has an important impact on its 

revenue and system planning results. 

This paper takes large-scale energy storage technology as a technical option of power system 

planning, and realizes the coordinated planning of power grid and energy storage by combining the 

technical characteristics of various equipment. 

2. Modeling of Renewable Energy Storage System 

2.1. Value Analysis of Energy Storage System 

(1) Necessity 

There have been many studies on the role of energy storage systems in enhancing the capacity of 

renewable energy consumption. There are mainly two aspects: 

On the one hand, energy storage devices (pumped storage, compressed air storage, etc.) can 

realize peak shaving and valley filling of net load. The energy storage system discharges at the peak 

of the net load curve (i.e. the output of the regenerative power supply is small), and plays the role of 

"power supply", which can assist the thermal power unit in peak load regulation, reduce the 

climbing pressure of the thermal power unit, and avoid load shedding during the peak period of net 

load; At the low point of the net load curve (i.e. the output of renewable power supply is large), the 

energy storage system will charge and assume the role of "load". When the thermal power unit 

cannot give way to renewable energy due to the limitation of minimum technical output, it will help 
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to accept excess renewable energy and avoid the phenomenon of wind and light abandonment 

during the low point of net load [8]. 

On the other hand, power energy storage devices (all kinds of batteries, super capacitors, etc.) 

can increase system backup to cope with the intermittent renewable energy. In order to cope with 

the uncertainty of renewable energy, the system needs to reserve a certain amount of up and down 

reserves. When the proportion of renewable energy becomes higher and higher, the capacity 

proportion of thermal power units decreases, and the ability to provide auxiliary services decreases. 

At the same time, the uncertainty of system power generation increases with the increase of the 

proportion of renewable energy. Due to the short-term increase of charge and discharge power of 

power type energy storage, the reserve release capacity is strong, Therefore, the energy storage 

system can assist the thermal power unit to provide backup to reduce the risk of wind, light and load 

loss caused by insufficient reserve capacity or insufficient reserve release speed [9]. 

When the renewable energy access ratio is low, the power structure is "active power supply + 

passive power supply" mode. After the active power supply is reduced, the system regulation ability 

decreases, and the system uncertainty increases with the increase of the proportion of passive power 

supply. Therefore, after the high proportion of res is connected to the grid, the flexible resources 

represented by energy storage become an indispensable part of the power structure, and the power 

structure becomes the mode of "active power supply + passive power supply + flexible resources" 

[10]. 

(2) Economy 

The construction cost per unit capacity of different types of energy storage varies greatly. 

Research shows that the investment cost of battery energy storage of the same scale, including the 

cost of equipment and the cost of construction land, is 5-8 times higher than that of pumped storage 

power stations. However, with the continuous development of technology, the cost of battery 

energy storage continues to decline, which is expected to be applied in large-scale power systems 

[11-12]. 

The energy storage device is put into the power system, so that the power system can obtain a 

certain operating income. And the income is reflected differently in different time scales: 

If only the intra day dispatching operation is studied, the energy storage system can reduce the 

regulation burden of thermal power units and reduce the coal consumption of thermal power units 

through charging and discharging; If the unit combination before the day is studied, the energy 

storage system "cuts the peak and fills the valley" for the net load, reduces the startup and shutdown 

times of thermal power units, at the same time, undertakes part of the standby, and increases the 

utilization hours of thermal power units; If we study the energy storage configuration in the 

long-term planning, we can reduce the investment of thermal power units and accept more 

renewable energy power generation with limited thermal power units. Therefore, the value of 

energy storage system participating in the long-term planning is more obvious [13]. 

2.2. Modeling of Energy Storage System 

(1) Gravitational potential energy storage model 

In order to achieve flexible and efficient renewable energy consumption, a large-scale physical 

energy storage technology with low cost coefficient is proposed in this paper. The operating 

condition of gravitational potential energy storage is relatively simple, with strong robustness and 

energy storage and release capacity [14]. Taking advantage of the environmental advantages of 

Northwest China, its construction cost is low, and its dependence on and impact on the environment 
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is weak, which can effectively improve the economy and technology of the energy storage system. 

The structure diagram of gravitational potential energy storage system is shown in Figure 1 [15]. On 

the mountain with a slope of, the motor interacts with the weight through ropes, and the weight m 

moves up and down to store and release energy. Build a track on the mountain to reduce friction and 

reduce the energy loss of the energy storage system. 

 

Figure 1. Structure diagram of gravitational potential energy storage system 

During energy storage, the motor M pulls the weight upward to convert the electric energy into 

the gravitational potential energy of the weight and store it. At this time, the stress analysis of stones 

includes: 

 

maFmgF upfup  sin          (1) 

 

Power of motor: 

 

upupup vFP             (2) 

 

At this time, the energy conversion efficiency between the gravitational potential energy and the 

work done by the motor is: 
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When the acceleration 

Among them, FUP is the traction force of the upward movement of the weight; FF is the friction 

force on the weight; VuP is the lifting speed of the weight; Pg0 is the reference power signal of the 

gravitational potential energy storage system; 1 is the motor power loss factor; U is the friction 
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coefficient. 

During energy release, the weight m moves downward to pull the generator g to generate power, 

and at the same time, the motor M is used to brake the weight to drop at a uniform speed, 

converting the gravitational potential energy into electric energy. This process is divided into the 

following two stages: 

Preparation stage: the weight will not be pulled by the generator and will move downward in 

acceleration. 

Energy release stage: when the descending speed reaches V1, the weight will change and 

accelerate to drive the generator to generate electricity. The weight is balanced by the traction force 

of the motor. 

The height of the weight in the gravitational potential energy storage system reflects the 

real-time energy storage and release capacity of the system. 

(2) Battery energy storage model 

The third-order dynamic model describing the characteristics of lead-acid batteries is equivalent 

to a single port network with parallel main reaction branches and parasitic branches [16]. The model 

accurately simulates the dynamic characteristics of the battery, and is convenient for the analysis of 

battery states such as voltage, current, state of charge, depth of charge and discharge, and electrolyte 

temperature. 

The simulation model of battery equivalent circuit is used to analyze the charging and 

discharging characteristics. Take the battery charging and discharging current as the input and 

observe the change trend of its terminal voltage [17]. 

(3) Supercapacitor energy storage model 

Supercapacitor is actually a complex resistance capacitance network that integrates multiple RC 

series branches with characteristic time constants. The mathematical models of supercapacitors 

mainly include classical equivalent model, grid connected second-order model and dynamic model. 

The influencing factors of storage capacity mainly include voltage level, placement time, charge 

state and discharge current [18]. 

The classical equivalent model of super capacitor mainly includes a series resistor and an RC 

network composed of parallel resistor and parallel capacitor. This model is relatively simple and 

widely used, and can accurately analyze the charge and discharge characteristics of super capacitor. 

In the process of charging and discharging, the equivalent series impedance res will cause energy 

loss, reduce the effective energy storage rate of the super capacitor, and cause its heating. 

3. Simulation Experiment 

In this paper, IEEE 39 node test system is used for simulation analysis, and on this basis, light 

and hydropower are connected at node 32 and wind power is connected at node 34. The typical 

daily output curves of photovoltaic, hydropower and wind power are shown in Figure 2. The time of 

use tariff is shown in Table 1. The investment cycle of energy storage is 20 years. 

According to the characteristics of load curve, the TOU price is shown in Table 1. The 

investment cycle of energy storage is 20 years. 

 



Academic Journal of Energy 

40 
 

 

Figure 2. Typical daily characteristic curve of photovoltaic, hydropower and wind power 

Table 1. Time-of-use electricity price 

Number Load period Time/h 

Electricity price 

(10000 yuan 

/mw.h) 

1 Trough 0-6 0.052 

2 Flat 13-7,23-0 0.117 

3 Peak 7-12,18-22 0.153 

 

4. Simulation Experiment Results 

The simulation results show that when the energy storage system is connected to node 21 and 

node 39, the energy storage capacity is 200mw H, the power grid loss and operation cost of the 

whole system are minimal. Within 20 years of energy storage investment cycle, the energy storage 

system can make a profit of 164.275 million yuan and the network loss cost is 6921.68 million yuan 

through peak load discharge and low load charging. The network loss cost caused by not connecting 

the power grid to the energy storage system is 7024.61 million yuan, indicating that connecting the 

energy storage system to the power grid can reduce the network loss to a certain extent, and the 

total profit that the energy storage system can bring is 1094.14 million yuan within the investment 

cycle of 20 years. 

Taking the 39 node results as an example, the comparison between the load curve before adding 

energy storage system and the load curve after adding energy storage is shown in Table 2 and figure 
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3. 

Table 2. Original load and load statistics after energy storage 

 1 6 12 18 22 

Original 39 

node load 
1072 1106 1304 1412 1276 

39 node 

equivalent 

load 

1072 1113 1397 1387 1243 

 

 

Figure 3. Comparison diagram of 39 node original load curve and load curve after energy storage 

It can be seen that the system has a certain peak shaving and valley filling effect on the load after 

it is added to the energy storage power station, but the effect is not obvious. 

5. Conclusion 

Firstly, this paper carefully studies the current research status of energy storage and the 
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reliability and economic planning of energy storage connected to the power grid, analyzes the 

various needs of the power grid for energy storage, and summarizes various economic models and 

methods of energy storage connected to the power grid. In this paper, a hybrid energy storage 

system composed of gravitational potential energy storage, storage battery and super capacitor is 

constructed according to the electricity demand of users and renewable energy power generation. 

IEEE-39 bus test system and MATLAB simulation software are used to verify the proposed method. 

Due to the limitation of my ability and research time, some problems need further in-depth study: 

This paper only studies the two scenarios of energy storage to smooth the output fluctuation of 

renewable energy and load peak shaving and valley filling, but in practice, there are many other 

application scenarios of energy storage, which is worthy of further study. 
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