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ABSTRACT 
This paper constructs a three-dimensional model of energy storage power station through three-
dimensional visualization technology, and builds a virtual simulation environment of energy storage 
power station by inputting realistic environmental parameters. Four different energy storage 
technology routes, namely lithium-electronic battery energy storage, lead-acid battery energy storage, 
pumping energy storage and air compression energy storage, are selected, and the energy storage 
performance of the four technology routes is explored in depth based on the constructed virtual 
environment. At the same time, the energy storage performance of four different technology routes in 
the virtual environment of the energy storage power station is compared using the energy storage 
capacity and energy storage efficiency as the measurement indexes, and the energy storage technology 
routes suitable for the environment of this paper are highlighted based on the comparison results. In 
the energy storage simulation, the net energy storage capacities of the four technology routes in the 
virtual environment of this paper are 728.99MW, 724.18MW, 461.50MW and 393.45MW, respectively. 
Compared with the other three energy storage technology routes, the lead-acid battery energy storage 
capacity fluctuation is smaller, and the energy storage capacity is higher, with a higher degree of 
adaptability to the virtual simulation environment in this paper. At the same time, the average energy 
storage efficiency of lead-acid battery in four quarters is 99.71%, compared with the next highest 
efficiency of lithium-electronic battery energy storage efficiency increased by 14.29%, which further 
indicates that the lead-acid battery energy storage technology route in this paper builds the best 
performance of the virtual simulation environment of the energy storage power station. 

Keywords: three-dimensional visualization, lead-acid battery energy storage, energy storage capacity, 
energy storage efficiency, energy storage power station 
 

1. Introduction 

In recent years, computer network technology has been developing vigorously, which also promotes 
the development and progress of related industries and technologies, and “virtual reality” technology 
is one of them. Virtual reality technology using computer technology and modern electronic 
technology to generate visual, auditory, tactile integration of the virtual environment, the user using 
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speciϐic equipment can be very natural and the virtual environment to interact, thus producing 
immersive feelings and experiences, is a sense of immersion, interactivity and imagination of human-
computer interaction technology [1-4]. As an important branch of virtual reality technology, three-
dimensional visualization technology breaks through the traditional way of displaying information, 
and intuitively and three-dimensionally presents the complicated data and information obtained from 
the real world to the users in a three-dimensional visualization way [5-7]. Three-dimensional 
visualization technology is not only able to express spatial data and feature information, but also can 
display data information obtained from the real world in an all-round and multi-angle way, which is 
more advantageous from both the spatial dimension and the inter-inch dimension [8-10]. 

At present, there are still some difϐicult to solve problems in the operation and management process 
of energy storage power stations. On the one hand, the planning information management of 
hydropower stations still adopts the form of ϐlat data such as digital maps and text ϐiles, which results 
in the consequences of low management efϐiciency, inconvenient information query, and poor display 
effect [11-12]. Secondly, the dispersed information and lack of corresponding information sharing and 
management platform in each department of the storage power station have led to the low level of 
information management of the hydropower station, low work efϐiciency, and indirectly caused quite 
huge economic losses [13-14]. Therefore, the construction of digital, information-based three-
dimensional visualization system for energy storage power stations, using the three-dimensional 
model of the three-dimensional sense and vivid expressiveness to describe the real world is far more 
intuitive, vivid, reliable and efϐicient than two-dimensional plane information. 

Xia, P. elucidated the pain points of traditional power system operation and maintenance, which 
relies heavily on sensors to measure parameters and relay actions, resulting in the inability to 
intuitively display information about the operating status of the power system, whereas the 3D 
visualization technology can identify and display the 3D model of the physical image of the power 
equipment, assisting the operation and maintenance managers to make decision-making analyses [15]. 
Dongyun, D. et al. utilized industrial internet and digital twin technology to correlate the three-
dimensional model of hydrogen production and storage power station equipment with instance data 
to construct an intelligent operation and maintenance system that can connect the equipment 
operation status and operation environment in real time, which effectively prevents safety hazards 
during the operation of the power station [16]. Li, Y. et al. proposed an interactive online 3D 
visualization framework capable of integrating and visualizing multi-source grid information from the 
power station to the system and reducing the model loading time while improving the model 
rendering accuracy by generating a multi-level-of-detail (LoD) structure of the grid facilities [17]. Gan, 
X. et al. evaluated the application of a 3D visualization system for digital power grid engineering and 
introduced the engineering hierarchical model based on the visualization system as well as the 
technology-related techniques and development environment respectively, and found that the system 
can effectively improve the efϐiciency and intelligence of power grid engineering through example 
investigations [18]. Tang, X. et al. applied the Unity-based 3D visualization technology of grid wiring 
diagrams to the grid dispatch system, which not only improved the efϐiciency of grid wiring diagram 
generation by integrating geographic information, but also fully demonstrated the operational status 
of the grid scene and provided a friendly human-computer interaction experience [19]. Wang, H. et al. 
constructed a 2D drawing recognition program integrating augmented reality and 3D visualization 
technologies to superimpose a 3D model on top of the drawing, which not only reduces the operator's 
work error situation during the nuclear power construction and maintenance process, but also 
provides a new experience and implementation plan for equipment and plant maintenance analysis, 
preview and personnel training [20]. Dai, E. et al. designed a dynamic visualization system for offshore 
wind farms based on a data fusion method to build windmill models and geographic matrix models 
with the help of the Unity3D game engine, and real-time data communication through PhotonServer, 
which ultimately realizes real-time 3D reconstruction of wind farms [21]. Qian, P. et al. to meet the 
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development needs of the electric power industry, proposed a design scheme for a multi-station 
integrated visualization system based on digital twin technology, which utilizes artiϐicial intelligence 
and virtual reality technology to realize the data transmission between physical entities and virtual 
models of multiple substations in order to complete the uniϐied management and monitoring of 
multiple substations [22]. 

This paper focuses on lithium-ion battery energy storage, lead-acid battery energy storage, pumped 
storage and compressed air energy storage as the energy storage power station technology routes 
involved in the comparison, and explores its energy storage performance in the virtual simulation 
environment of the energy storage power station built in this paper. Through the real-life energy 
storage power station data collection and other work, this paper utilizes 3dsMax software for the 
construction of the three-dimensional model of the energy storage power station. Aiming at the 
problem of complex structure and numerous components of the energy storage power station, this 
paper introduces comprehensive modeling methods such as face-sheet modeling and polygonal 
modeling to carry out three-dimensional visualization modeling of the components of the energy 
storage power station with different degrees of complexity. The construction of the virtual scene is 
completed by using various functional components that come with Unity3D, and the collision test 
algorithm suitable for the scene in this paper is selected through the test comparison of the 
hierarchical enclosing box (Rapid) algorithm, the improved Rapid algorithm and the improved Rapid 
algorithm with the omission of preprocessing. Based on the virtual simulation environment of the 
completed energy storage power station, this paper explores the energy storage performance of 
various energy storage technology routes such as lithium-ion battery energy storage one by one, and 
examines the energy storage performance of different technology routes in the virtual environment of 
this paper. In order to highlight the difference between the energy storage performance of different 
technology routes, and explore the technology routes suitable for the virtual environment of this paper. 
In this paper, we compare and analyze the different results of the four energy storage technology 
routes using energy storage capacity and energy storage efϐiciency as the indicators. According to the 
data obtained, the performance of different technology routes and the suitability of the virtual 
simulation environment of the energy storage power plant constructed in this paper are explained. 

2. Multi-technology route for energy storage power stations 

2.1. Lithium-Electronic Battery Energy Storage 

Lithium-ion batteries are batteries with lithium metal or lithium alloy as the anode material and using 
a non-aqueous electrolyte solution. The negative electrode of lithium batteries usually consists of 
graphite-like materials [23]. The diaphragm is usually a polyethylene ϐilm or polypropylene ϐilm, or a 
composite ϐilm of both, and the electrolyte is mainly lithium hexaϐluorophosphate. The charging and 
discharging process of lithium batteries mainly relies on the movement of lithium ions (Li+) between 
the positive and negative electrodes. When charging, lithium ions are de-embedded from the positive 
electrode, embedded in the negative electrode through the electrolyte, and the negative electrode is in 
a lithium-rich state, forming lithium metal or lithium ion compounds and storing energy. Lithium ions 
move from the negative electrode to the positive electrode and react with metal oxides or other 
compounds on the positive electrode to release energy. The entire process is reversible, so lithium-ion 
batteries can be charged and discharged repeatedly. 

Take lithium cobaltate  2LiCoO , the cathode material and graphite  C , the anode material of 
commonly used lithium-ion batteries, as an example, the reaction equation on the cathode and on the 
anode of lithium-ion batteries is equation (1): 
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When the battery is charging, the voltage applied by the external power source causes a chemical 
reaction to occur inside the battery, migrating lithium ions from the negative pole to the positive pole, 
with the graphite material on the negative pole being inserted by lithium ions, and the lithium 
cobaltate material on the positive pole being dislodged by lithium ions, and releasing electrons at the 
same time, which ultimately ϐills the battery. When the battery is discharged, the positive and negative 
electrode chemical reaction is reversed, electrons ϐlow from the negative electrode to the positive 
electrode, and lithium ions migrate from the positive electrode to the negative electrode, releasing the 
stored energy. The reaction equation of the whole battery can be expressed as equation (2): 
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2.2. Lead-acid battery energy storage 

Lead-acid batteries are commonly known as electric batteries, and their monoblocks are mainly 
composed of positive and negative plates, separators, electrolyte, safety valves, terminals, battery 
casing and other components [24]. Among them, the positive plate is lead oxide and the negative plate 
is spongy lead. Dilute sulfuric acid is used as the electrolyte to transfer electrons between the positive 
and negative plates. Ultraϐine glass ϐiber wool is used as the spacer, and the electrolyte is adsorbed in 
the spacer, and there is no ϐlowing electrolyte inside the battery. At the same time, the porous structure 
of the separator makes the electrolyte ϐlow back and forth between the positive and negative plates, 
and the active substances on the plates can fully react with the electrolyte. The safety valve is made of 
high quality acid-resistant and anti-aging synthetic rubber, when the air pressure inside the battery 
rises, the safety valve opens automatically and discharges the gas, so that the air pressure inside the 
battery is maintained within a certain value. The shell is made of resin ϐiber, which protects the battery 
and provides space for positive and negative plates. Battery terminals are used to connect the battery 
to external circuits. Depending on the type of battery, the terminals can be connecting tabs, connecting 
rods or lead wires. 

Lead-acid batteries store or release energy through a redox reaction between the positive and 
negative plates. Its charging and discharging process is divided into a reversible primary reaction and 
an irreversible secondary reaction: 

Positive electrode: 

 
C harge

Disc 2h4 ge2 2ar 4PbSO 2H O PbO H SO 2H 2e        (3) 

Side effects: 

 Charge
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Negative: 

 
C harge

Disch 44 arge 2PbSO 2H 2 Pb H SOe      (6) 

Side effects: 

 2
arg2 2 Ch eH e H    (7) 

During charging, reactions (3) and (6) proceed in the positive direction, where lead sulfate on the 
positive and negative electrode plates reacts with water to form lead dioxide, lead and dilute sulfuric 
acid. The conversion rate is very high at the beginning, which is due to the drastic increase of sulfuric 
acid formed within the micropores of the polar plates, too late to diffuse outward, when the terminal 
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voltage rises rapidly. In the middle of charging, the sulfuric acid in the polar plate begins to diffuse 
outward, when the rate of increase of sulfuric acid in the micropores of the polar plate and the rate of 
diffusion tends to balance, the charging acceptance rate decreases, and the end voltage rise slows 
down. In the late charging stage, most of the lead sulfate on the polar plate is converted to lead dioxide 
and spongy lead, and if charging is continued, the side reaction occurs, and equations (4), (5) and (7) 
are carried out in the positive direction. Water decomposition produces large amounts of hydrogen 
and oxygen. If charging continues, the active material on the pole plate is all reduced to lead dioxide 
and lead, water decomposition also tends to saturation, the charging acceptance rate further decreases, 
and the end voltage gradually tends to level off. 

At the beginning of the discharge, reaction (3) and (6) reverse, lead dioxide on the positive plate 
reacts with sulfuric acid to produce water, the electrolyte concentration in the microporous pole plate 
drops rapidly, and the terminal voltage drops. In the middle of the discharge, the electrolyte outside 
the pole plate spreads to the pole plate microporous, which slows down the decrease of the electrolyte 
concentration in the microporous, and the drop of the terminal voltage slows down at this time. At the 
end of the discharge, most of the lead dioxide and spongy lead on the positive and negative electrode 
plates become lead sulfate, and the lead sulfate blocked on the electrode plate and in the microporous 
microporous electrolyte is difϐicult to penetrate into the electrolyte outside of the electrode plate due 
to its large volume. Therefore, the electrolyte with lower concentration in the microporous is difϐicult 
to mix with the electrolyte outside the electrode plate, and the terminal voltage drops very quickly. 
The charging and discharging curves of lead-acid batteries are shown in Figure 1. During the charging 
and discharging process of lead-acid batteries, the more active substances are generated or consumed, 
the more power is stored in the lead-acid battery, and the stronger the power storage capacity is, i.e., 
the capacity of lead-acid batteries depends on the amount of active substances on the positive and 
negative electrode plates and the concentration of electrolyte. 

 

Fig. 1. Lead acid battery constant ϐlow charging and discharge voltage change curve 

2.3. Pumped energy storage 

Pumped storage as a physical type of energy storage device [25], mainly relying on the gravitational 
potential energy of water in the upper reservoir for energy storage, the main advantage is low cost, 
good economy, long service life, but its disadvantages are also obvious, low energy density, slow 
charge/discharge response speed, can not respond quickly to the power demand of the system. 
Pumping energy storage consists of reversible turbine, upper reservoir and lower reservoir, the lower 
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reservoir selection is more ϐlexible, can be selected according to the actual geographic situation, so in 
this paper only need to consider the conϐiguration of the capacity of the upper reservoir, the volume 
of water in the upper reservoir changes as shown below: 

 ( ) ( 1) 1 ( ) ( )
24
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In the formula, t  is the time interval of the work of the energy storage power station, which is 
generally taken as 1t h  , ( )UR t  indicates the water level of the reservoir at the moment of t ,   

is the self-discharge rate of the upper reservoir, which takes the value of 0.001, ( )ch
rtP t  and ( )dis

rtP t  

indicate the power of the pumped energy storage in the pumping mode and the power generation 

mode, ( )ch
rtq t  and ( )dis

rtq t  indicate the water ϐlow rate of the pumped energy storage in the pumping 

mode and the power generation mode, p  and t  indicate the working efϐiciency of the reversible 

turbine in the pumping mode and the power generation mode, respectively. generation modes,   is 
the seawater density, which takes the value of 31000kg / m , g  is the gravitational acceleration, which 
takes the value of 29 .81 /m s , and h  represents the height difference between the upper and lower 
reservoirs. 

The equations for the operating efϐiciencies of the reversible turbine in pumping and turbine modes 
are as follows: 

Water pump mode: 
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Turbo mode: 
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where ,0dis
rtq  is the nominal water ϐlow rate of the reversible turbine in turbine power generation mode. 

The reversible turbine has different operating efϐiciencies in the pumping and power generation 
modes, Figure 2 shows the operating efϐiciency curves of the reversible turbine in the pumping and 
turbine modes, and the nominal water ϐlow rate in the pumping and turbine modes is not the same, 
and the nominal water ϐlow rate in the pumping mode is 53% of the nominal water ϐlow rate in the 
turbine mode. 
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Fig. 2. Work efϐiciency curve of the reversible turbine pump/turbine model 

2.4. Compressed air energy storage 

Compressed air energy storage technology is developed based on gas turbine technology [26], Figure 
3 shows the working principle diagram of gas turbine. The air is compressed by the compressor to 
raise the pressure into the combustion chamber, heated by fuel combustion to raise the temperature, 
and then the high-temperature and high-pressure ϐlue gas enters the turbine to do work. About 2/3 of 
the output work of the turbine is consumed by the compressor in this process, so the overall net output 
work of the gas turbine is much smaller than the output work of the turbine. 

Compressors Turbine Electricity

Air

Fuel

Exhaust
Combustion 

chamber  

Fig. 3. Principle of gas turbine working 

The conventional compressed air energy storage system consists of a compressor, storage chamber, 
combustion chamber, turbine, motor/generator, etc., and its system schematic is shown in Figure 4. 
The working principle of compressed air energy storage system is as follows: the motor is driven by 
the electric energy in the low time of electricity consumption, and the motor and compressor are 
connected together through the clutch, so that the surplus electric energy can be converted and stored 
in the compressed air in the air storage chamber. At the peak of electricity consumption, the generator 
is connected to the air turbine, and the high pressure air is heated and warmed up by the combustion 
chamber and then expands and does work in the turbine to drive the generator to generate electricity. 
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Fig. 4. Principle of compressed air storage system 

The energy relationship in the compressed air energy storage process can be simply expressed as: 

 
1store

pV
E





 (13) 

Where, storeE   is the stored energy, p   is the air pressure, V   is the air volume, and    is the 
adiabatic index of the air. 

The main components of a compressed air energy storage system generally include: 
1) Compressor. Compressor in the system is generally multi-stage, add a cooling device between stages, 
that is, multi-stage compression stage cooling. 
2) Air storage room. Large compressed air energy storage system storage room is generally an 
underground cavern, small systems can use a pressure vessel as a storage room. 
3) Combustion chamber. The combustion chamber is used for heating compressed air by fuel 
combustion to improve the inlet parameters of the turbine. 
4) Turbine. Used for external power output, generally for multi-stage expansion and inter-stage 
reheating. 
5) Motor/generator; connected to the compressor and the turbine through the clutch, utilizing the 
input power to compress the air or outputting power to the outside through the connection of the 
turbine. 

3. Three-dimensional modeling of energy storage power stations and the 
construction of virtual scenes 

The construction of the virtual scene is a very important step in the comparison of different technical 
routes of energy storage power plants. It is difϐicult to compare the performance advantages and 
disadvantages of different technical routes of energy storage power plants in the real scene and 
requires a lot of manpower and material resources. However, by constructing an energy storage power 
plant and building a virtual scene, according to the layout and design of the actual power plant, the 
location of various equipment and facilities are accurately arranged in the three-dimensional scene, 
which can efϐiciently and conveniently realize the direct comparison of different technology routes. In 
this section, we will introduce the creation of three-dimensional models of energy storage power plant 
equipment and the construction of virtual scenes. Since the virtual scenes corresponding to different 
functions of the system are generally different, we will mainly study the construction of virtual scenes 
corresponding to the scene roaming function and the construction of collision detection for them. 
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3.1. Creation of 3D models 

3.1.1. 3D Model Creation Process and Modeling Methods Through the collection of information on 
real-life energy storage power stations, mainly focusing on the collection of equipment size, structure, 
and pictures and other information, the use of 3dsMax software in accordance with the general process 
of three-dimensional modeling for the creation of energy storage power station models. The three-
dimensional model creation process is shown in Figure 5. Due to the many types of equipment in the 
energy storage power station, the structure of different equipment varies greatly, using only one 
modeling technology can not meet the needs of three-dimensional modeling. Therefore, this paper 
uses a comprehensive modeling method, i.e., base modeling, faceted modeling, polygonal modeling 
and modiϐier editing model and other methods in conjunction to create a 3D model of the power plant. 
According to the complexity of the model structure, the power plant model is divided into simple 
model creation and complex model creation. 

Data and pictures of equipment parameters

3D model creation

Adding materials and mapping

3D model optimization

Export to .FBX format file

 

Fig. 5. 3D model creation process 

1) Simple model creation For the energy storage power plant underground plant, dam and other 
buildings or control cabinets and other simple power plant equipment model with a certain regular 
shape, in the 3dsMax software mainly use the basic modeling method and the surface modeling 
method for three-dimensional model creation. For example, the surface of the dam is smooth, and face 
sheet modeling is usually used to create larger smooth objects, so use face sheet modeling to create 
the power station dam. 
2) Complex modeling For the power station by many irregular parts of the complex equipment model, 
only the use of basic modeling methods can not complete the creation of the model, then also need to 
use polygonal modeling methods and modiϐiers to create complex equipment models. For example, 
using the polygonal modeling method, the model of the tail pipe in the water pump turbine can be 
created by continuously adjusting the object elements such as vertices, edges and faces on the model 
object. Or use the basic modeling method to create a regular geometry model, and then use the taper 
and stretch modiϐiers to create a model of the stator component in a power generating motor. 

3.1.2. 3D Model Post-Processing: 
1) Material and texture processing of the 3D model In order to make the 3D model easy to distinguish 
or make it closer to the real energy storage power plant equipment model, you can add material or 
texture processing to the model in 3dsMax software. Different models in the power station have 
different material characteristics, for example, the walls of the plant are made of cement and the ball 



4006 ZHAO ET AL. 

 

valves are made of metal, etc. The material editor is used to realize the addition of the model material 
and set the material parameters to obtain better material effects, which is closer to the actual model 
state in real life. 
2) Three-dimensional model optimization In this paper, many equipments and buildings in the energy 
storage power station are modeled in 3D, and a large number of power station models are used to 
build the system scene, which will make the system ϐile larger, and when the user enters the system, 
there may be problems such as unsmooth operation and slow loading of the scene, which will lead to 
a poor user experience. Therefore, in order to improve the system operation effect, it is necessary to 
optimize the 3D model created, mainly using the following methods: (1) Try to use the basic modeling 
method to create the model, with the same material or do not need to interact with the parts of the 
model using the functions of collapsing and attaching to integrate into a whole, without affecting the 
viewing effect of the premise of the model of intersecting surfaces, overlapping surfaces, and invisible 
surface Delete all of them. (2) Use more texture maps to show the appearance of the model, and reduce 
the pixels of the texture images on the premise of not affecting the viewing effect of the model. 

3.1.3. Example of a three-dimensional model. The energy storage power station has a complex 
structure with many components, which basically uses most of the modeling methods in the 
comprehensive modeling method mentioned above. Figure 6 shows an example of three-dimensional 
modeling of some components, from which it can be seen that the three-dimensional model 
construction method proposed in this paper can effectively generate component models with a high 
degree of proximity to the real thing, which is signiϐicantly conducive to the construction of the virtual 
scene of the entire energy storage power station, and effectively improves the accuracy and 
authenticity of the results of the comparison of the performance of the different technology routes. 

 

Fig. 6. Partial modeling component display 

3.2. Construction of the virtual scene 

3.2.1. Creation of virtual scenes: 
1) Virtual Terrain Construction Find the Assets folder under the Project panel, select it and right-click 
on it, and choose Environment in Import Package option to import the environment resource package 
that comes with Unity3D into the Assets resource folder for scene construction. Click the GameObject 
option in the menu bar and select Terrain to complete the initial terrain creation. In the rightmost 
Inspector view, you can see the basic attributes of the terrain object and all the components mounted 
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on it, including the Transform component, Terrain component and Terrain Collision component. 
There are 5 option tools in the Terrain component, which can be used to quickly create terrain, draw 

terrain undulations and landform textures. In the drawing of landform texture can be used to collect 
the power station exterior pictures, the use of Photoshop software to modify it to produce terrain 
mapping, so that the landform is more realistic and natural, the virtual terrain construction of the 
energy storage plant is shown in Figure 7. In addition, the virtual terrain also contains pumped storage 
power station reservoir model, the reservoir model is the most important is the design of the water 
surface effect. The most important thing in the reservoir model is the design of the water surface effect. 
Take the upper reservoir model as an example, create a plane, add a mesh renderer component to the 
plane, select the Shader Graphs_welat material under the material of the Mesh Renderer component, 
and set the parameters to complete the design of the water surface effect of the upper reservoir, and 
then move the plane of the water surface effect to the upper reservoir area, so that the construction of 
the upper reservoir model can be completed. 

 

Fig. 7. Terrain model 

2) Virtual Lighting Construction Lighting is a very important part of the virtual scene construction 
process, which determines the color and overall atmosphere of the virtual scene. Reasonable use of 
lighting can make the virtual scene have a very natural visual effect and improve the immersion of the 
system. 

Unity3D engine provides four types of light sources for developers to use: parallel light, point light, 
spot light, and area light. Each type of light source consists of three basic attributes, namely intensity, 
color, and direction. The intensity and color can be set in the Inspector window, while the direction is 
determined by the type of light source. 

The use of light sources in Unity3D needs to be conϐigured in accordance with the actual needs of 
the system development. Considering the actual situation of the real-life energy storage power station, 
parallel light and point light sources are mainly used in the construction of its scene. Among them, the 
external environment of the storage power plant scene only uses parallel light to build, while the 
construction of the scene inside the plant uses both parallel light and point light source. 
3) Sky box construction When building the external environment scene of the storage plant, in order 
to make the sky of the virtual scene have the same effect as the sky of the real environment, the sky 
box is usually used in Unity3D to set the atmosphere of the overall scene environment. If the skybox is 
used properly, the texture mapping edges of the terrain model may be completely integrated with the 
skybox, so that no matter from which angle the user observes the system scene, he or she will see a 



4008 ZHAO ET AL. 

 

perfect picture. 
The skybox is essentially a material, so you can create your own skybox if you have speciϐic needs 

for it. To create a new skybox material, click on Assets in the menu bar, ϐind Materia in the options that 
pop up and click on it to get a material sphere, set the properties of the sphere to Skybox, change the 
properties in the Shader to Skybox/6 Sided, and select the images for all six sides. 

After completing the creation of the Skybox, apply the Skybox to the scene. In the menu bar, click 
Window→ Rendering→ Lighting Settings, and then click Scene option in the pop-up window to 
assign the created Skybox material to Skybox Material property. 

3.2.2. Collision testing of virtual scenes. Unity3D provides three kinds of collision test algorithms, 
namely, Rapid algorithm, Improved Rapid algorithm, and Improved Rapid algorithm with omitted 
preprocessing, in order to meet the needs of different virtual scenes. In order to select the collision 
test algorithms suitable for the construction of the virtual scene of the energy storage plant in this 
paper, this section applies the three algorithms to the preliminary construction of the virtual 
environment of the energy storage plant, and selects the optimal collision test algorithm through the 
comparison of the results. 

The three algorithms are applied to the virtual scene of the energy storage power station, and the 
collision process of the spatial object model of the energy storage power station is shown in Figure 8. 
In the ϐigure, the object models in the energy storage plant space are represented by circles and 
squares, respectively, and the total number of detected triangular moldings representing collisions 
ranges from 1376 to 9748. 

 

Fig. 8. Circular and square simulation the process of collision 

1) When testing the algorithms in the virtual environment, the Skybox Rapid collision test was used to 
do the preprocessing, and the test was performed using the Separation Axis Theorem as the base 
premise. The collision detection time results of the three algorithms are shown in Table 1, where A, B, 
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and C denote the Rapid algorithm, the Improved Rapid algorithm, and the Improved Rapid algorithm 
that omits the preprocessing, respectively, and the three algorithms in the following sections are 
denoted in the same way. From the table, it can be seen that when the number of triangular mold pieces 
reaches 9500, the improved Rapid algorithm with omitted preprocessing reduces the collision 
detection time by 55.09% and 41.54%, respectively, compared with the other two algorithms, which 
indicates that the improved Rapid algorithm with omitted preprocessing has a signiϐicant increase in 
the collision detection efϐiciency. 

Table 1. Comparison of detection time between three algorithms 

Triangle modulus 

number 
A/ms B/ms C/ms 

1500 8.49 7.32 4.18 

3500 12.87 10.98 6.42 

5000 17.96 15.63 8.48 

7500 22.74 21.81 11.47 

9500 28.39 27.54 12.75 

2) If the improved Rapid algorithm is tested by adding preprocessing ϐirst between the skybox rapid 
test phase, by testing with the same set of triangular molded piece data, the ϐinal results of the 
detection time comparison are obtained as shown in Table 2, where B* denotes the improved Rapid 
algorithm after adding preprocessing module. The experimental results show that the improved Rapid 
algorithm with preprocessing signiϐicantly increases the collision detection time compared to the 
original Rapid algorithm and the improved Rapid algorithm with the omission of preprocessing in the 
case of an increasing number of triangular mold pieces. This is mainly due to the fact that after adding 
the preprocessing module, the algorithm needs to preprocess the triangular mold piece data before 
collision detection, thus leading to a signiϐicant increase in the time consumed by the entire collision 
detection process. 

Table 2. Comparison of detection time between three algorithms 

Triangle modulus 

number 
A/ms B*/ms C/ms 

1500 8.49 14.83 4.18 

3500 12.87 16.94 6.42 

5000 17.96 22.36 8.48 

7500 22.74 27.58 11.47 

9500 28.39 34.92 12.75 
3) Because the collision detection in this section is aimed at the virtual environment of the energy 
storage power station, which has a large number of components and a complex structure, when the 
number of triangular moldings increases signiϐicantly, the collision test detection time of the three 
algorithms is compared, and the results are shown in Table 3. The experimental results show that, with 
the signiϐicant increase in the number of triangular mold pieces, the Rapid algorithm and the improved 
Rapid algorithm required for the detection time are more obvious rise, omit the preprocessing of the 
improved Rapid algorithm collision detection time with a rise, but the rise compared to the other two 
algorithms is lower. 

Table 3. Comparison of detection time between three algorithms 

Triangle modulus 
number 

A/ms B/ms C/ms 

20000 71.29 69.84 35.66 
30000 83.96 81.93 39.74 
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40000 101.48 100.75 42.13 
50000 123.54 119.66 45.92 
60000 158.79 153.24 48.21 
70000 198.77 196.53 52.64 
80000 236.41 234.32 55.87 
90000 285.36 281.64 61.25 

100000 320.68 319.74 66.93 

In summary, based on the collision test results of the three algorithms in the virtual environment of 
the energy storage power plant, this paper ϐinally chooses the improved hierarchical enclosing box 
(Rapid) collision test algorithm that omits preprocessing to conduct the collision test of the virtual 
scene of the energy storage power plant. After the complete collision test, this paper ϐinally realizes 
the construction of three-dimensional model and virtual scene of the energy storage power station, 
which lays a solid foundation for comparing different energy storage technology routes of the energy 
storage power station. 

4. Comparison of multiple technology routes based on virtual simulation 
environments 

In the second part of this paper, the technology path of energy storage in energy storage power station 
is brieϐly introduced, and in the third part of the paper, the construction of three-dimensional model 
and virtual scene of energy storage power station is completed by using three-dimensional 
visualization technology. The fourth part of this section will focus on comparing the performance of 
the four technology paths of lithium-electron battery storage, lead-acid battery storage, pumped 
storage and compression storage in the virtual environment of an energy storage power plant. The 
ϐirst part of this section will test and analyze the energy storage performance of the four technologies 
in a virtual energy storage power plant. The second part focuses on comparing the energy storage 
capacity and efϐiciency of the four energy storage technologies, so as to analyze and compare the 
comprehensive performance of different technology routes. 

4.1. Comparison of energy storage performance 

4.1.1. Energy storage performance of lithium-electronic batteries. In order to better study the 
energy storage performance of Li-electronic batteries, CV tests were performed and the results are 
shown in Fig. 9. The potential window ranges from 0.0 to 2.0 V, and the scanning rate is 0.2 mV/s. The 
wider reduction peak located near 0.99 V during the ϐirst scan corresponds to the formation of SEI 
ϐilm, and will disappear in subsequent cycles indicating the formation of a stable SEI ϐilm. The 
reduction peak near 0.5 V in the Li-e cell is mainly attributed to the formation of LixiSi alloy. The 
oxidation peak near 0.3 V during anodic scanning represents the de-embedding process of lithium in 
graphite. The oxidation peak located near 0.55 V is attributed to the dealloying process of LixSi. 
Meanwhile, the CV curves of the Li-electrocells show an increase in peak intensity with the increase in 
scanning period, indicating the gradual activation process of the electrode materials. 
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Fig. 9. The cyclic voltammetry of lithium electronic batteries 

Fig. 10 shows the charging and discharging curves of the lithium e-cells cycled for 1, 3, and 8 times 
at a current density of 0.4 A/g. The entire right-branch portion of the curve indicates charging and the 
left-branch portion indicates discharging. During the ϐirst discharge, a long discharge plateau occurs 
when the voltage of the Li-electronic cell drops near 0 V, corresponding to the formation of a LixSi alloy 
with Li and Si. During charging, the long plateau located around 0.4 V corresponds to the process of 
Li+ de-embedding from within the LixSi alloy. From the ϐigure, it can be seen that the ϐirst charging and 
discharging speciϐic capacities of the Li-electronic battery are 1030mAg·g-1 and 1157mAg·g-1, 
respectively, and the ϐirst Coulombic efϐiciency is 89.02%, with obvious overlapping of the charging 
and discharging curves, which signiϐicantly highlights the excellent energy storage performance of the 
Li-electronic battery. 

 

Fig. 10. Charging and discharge curve of lithium electronic battery 

Figure 11 shows the AC impedance proϐile of the electrode material of the lithium-electronic battery 
before cycling, after cycling 50 and 100 laps, with the frequency range of 0~500kHZ and the amplitude 
of ±10mV.The AC impedance proϐile consists of a semicircle in the high-frequency region and a slash 
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in the low-frequency region.The diameter of the semicircle in the high-frequency region represents 
the charge-transfer resistance, and a larger semicircle diameter indicates a larger charge-transfer 
resistance. The slope of the slash line in the low-frequency region represents the ion-port triple 
resistance, and the larger the slope is, the larger the Warburg resistance is. From the ϐigure, it can be 
found that: with the increase in the number of cycles, the diameter of the semicircle in the high-
frequency region gradually decreases, indicating that the charge transfer resistance Rct of the lithium-
electronic battery continues to decrease, indicating that the charge transfer speed is increasing, at the 
same time, the slope of the sloping line in the low-frequency region is also increasing, indicating that 
the ionic diffusion resistance of the lithium-electronic battery W continues to decrease, and the speed 
of ionic diffusion continues to increase, which reϐlects that the lithium-electronic battery has good 
energy storage performance. 

 

Fig. 11. The AC impedance of the lithium electronic battery 

4.1.2. Lead-acid battery energy storage performance. In order to analyze the energy storage 
performance of the lead-acid battery, the lead-acid battery was subjected to cyclic voltammetry test. 
Figure 12 shows the cyclic voltammetry curve of the lead-acid battery under 1, 50 and 100 cycles. 
From the ϐigure, it can be seen that the lead-acid battery does not have an oxidation peak in the ϐirst 
cycle, but only a reduction peak, because the surface of the lead-acid battery is covered with all PbO2 
and no PbSO4. The peak current of the redox peak increases gradually as the cycle progresses. At the 
same time, with the increase of the number of cycles, the peak current and peak area of the redox 
reaction gradually increase, which is due to the fact that with the progress of the reaction in the system, 
the grains on the surface of the lead-acid battery gradually reϐine and become porous, based on the 
proton-electron mechanism of the lead-acid battery discharge, this multi-empty ϐine grain structure is 
conducive to the contact between H+ and HSO4- in the electrolyte and the active substance, and is also 
conducive to the transport of electrons, which jointly promotes the surface reaction of the lead-acid 
battery, thus leading to an increase in energy density. 
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Fig. 12. Lead-acid battery cycle voltammetry curve 

Figure 13 shows the charging and discharging curves of the lead-acid battery under 1, 10, 20 and 30 
cycles. The upper branch of the whole curve makes the charging part, and during the charging process, 
the voltage gradually rises to 2.9 V. The lower branch of the charging and discharging curve is the 
discharging part, and as the discharging process proceeds, the discharging voltage gradually decreases, 
and the discharging capacity gradually increases until the discharging voltage reaches 1.5 V, and the 
discharging ends. The charging and discharging curves show that the discharging capacity of the lead-
acid battery is 2574 mAh, 3337 mAh, 4238 mAh and 2304 mAh under four different cycle times, 
respectively.Meanwhile, it can also be seen from the ϐigure that the lead-acid battery has a stronger 
discharging capacity and more stable energy storage performance. This is because CS can increase the 
active sites of the electrodes, increase the reaction activity of the electrodes, and also increase the 
binding force of the electrodes, which leads to the discharge performance of the lead-acid battery. 

 

Fig. 13. The charging and discharge curve of lead-acid battery 

Figure 14 shows the AC impedance spectra (Nyquist) plots of the lead-acid battery over 1, 10, 20, 
and 30 cycles and the equivalent circuit diagrams obtained by ϐitting with the system characteristics 
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using ZSimDemo software. The equivalent circuit description code ( ( ))s ctR Q RW   was used for the 
ϐitting analysis and the ϐitting parameters are shown in Table 4. The Nyquist plots at different cycle 
times consist of semicircles in the high frequency region and straight lines in the low frequency region, 
indicating the existence of electrochemical polarization and concentration polarization in the 
electrode processes of the lead-acid batteries under the four cycles. In addition, the phenomenon of 
impedance semicircle rotation appears in the Nyquist plot making the center of the semicircle fall 
below the X-axis, indicating the presence of dispersion effect. In the equivalent circuit, sR   is the 
solution resistance and the normal phase element Q   represents the non-ideal capacitor, the 
occurrence of dispersion effect is due to the roughness of the surface of the lead-acid battery which 
causes the variation of the double capacitance layer and inhomogeneity of the power plant. ctR  is the 
charge transfer resistance for the reaction process in the lead-acid battery, corresponding to the 
diameter of the semicircle in the Nyquist diagram. W   represents the concentration polarization 
resistance, which is the Warburg impedance due to the migration of H+ and HSO4- during the liquid 
phase mass transfer, and corresponds to the straight line portion of the Nyquist diagram. Comparison 
of the charge transfer resistance shows that as the number of cycles increases the ctR   value is 
decreasing and the charge transfer process is more easily carried out, thus the energy storage 
performance of the lead-acid battery is rising. 

 

Fig. 14. AC impedance and equivalent circuit of lead-acid battery 

Table 4. Equivalent circuit component parameters of lead-acid batteries 

Cycle number Rs/Ω·cm2 Q/Ω-1·cm2 N Rct/Ω·cm2 W/Ω·cm2 

1st 0.6432 1.528×10-4 0.9135 336.42 2.386×10-3 

10th 0.5976 6.207×10-4 0.9648 298.35 1.257×10-3 

20th 0.6135 3.894×10-4 0.8917 178.64 3.306×10-3 

30th 0.6178 1.583×10-4 0.9024 57.19 9.683×10-3 

4.1.3. Pumped energy storage performance. When the rotational speed of the turbine rises from 
5000r/min to 8000r/min, the charging energy is measured on the grid side, DC side and motor side, 
respectively; when the rotational speed of the turbine falls from 8000r/min to 5000r/min, the 
discharging energy is measured on the grid side, DC side and motor side, respectively; the operating 
power of the pumped storage device is 480kW, and the operating power of a single pumped storage 
device is 160kW. After several measurements, the cycle efϐiciency of the pumped storage device is 
calculated for the grid side, DC side and motor side respectively. The calculation process is shown in 
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Tables 5-7, where cE  indicates the grid-side charging energy, dE  indicates the grid-side discharging 

energy, cE indicates the DC-side charging energy, dE  indicates the DC-side discharging energy, cE 
indicates the motor-side charging energy, and dE indicates the motor-side discharging energy. From 

the table, it can be seen that the grid-side cycling efϐiciency of the pumped storage device is 
86.34%G  , the DC-side cycling efϐiciency is 89.22%D  , and the electrode-side cycling efϐiciency 

is 91.06%M  . Thus, there is a charging/discharging efϐiciency loss of 1 ( / ) 3.23%G D    for the 

grid-side converter, and a charging/discharging efϐiciency loss of 1 ( / ) 2.02%D M     for the 

motor-side converter. 

Table 5. Circulation efϐiciency of grid side pumping energy storage device 

Cycle 

number 
Test content/(r·min-1) 

Lateral 

energy/(W·h) 

/ ( )cE W h
 

/ ( )dE W h
 

/ %G  

1 
Charging:5000→8000 -23768.64 

-22204.99 19171.18 86.34 

Discharge:8000→5000 19092.57 

2 
Charging:5000→8000 -21584.71 

Discharge:8000→5000 19163.24 

3 
Charging:5000→8000 -21382.93 

Discharge:8000→5000 19164.49 

4 
Charging:5000→8000 -22306.83 

Discharge:8000→5000 19197.66 

5 
Charging:5000→8000 -21981.84 

Discharge:8000→5000 19237.96 

Table 6. Circulation efϐiciency of DC side pumping energy storage device 

Cycle 

number 
Test content/(r·min-1) 

DC side 

energy/(W·h) 

/ ( )cE W h 
 

/ ( )dE W h 
 

/ %D  

1 
Charging:5000→8000 -9748.23 

-9673.11 8630.33 89.22 

Discharge:8000→5000 8356.94 

2 
Charging:5000→8000 -9628.59 

Discharge:8000→5000 8352.71 

3 
Charging:5000→8000 -9639.53 

Discharge:8000→5000 8496.58 

4 
Charging:5000→8000 -9660.86 

Discharge:8000→5000 8397.21 

5 
Charging:5000→8000 -9688.33 

Discharge:8000→5000 9548.19 

Table 7. Circulation efϐiciency of motor side pumping energy storage device 

Cycle 

number 
Test content/(r·min-1) 

DC side 

energy/(W·h) 
/ ( )cE W h 

 
/ ( )dE W h 

 
/%M  

1 
Charging:5000→8000 -9326.48 

-9454.21 8909.10 91.06 

Discharge:8000→5000 8573.29 

2 
Charging:5000→8000 -9546.13 

Discharge:8000→5000 8579.58 

3 Charging:5000→8000 -9438.91 
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Discharge:8000→5000 8672.11 

4 
Charging:5000→8000 -9517.38 

Discharge:8000→5000 8576.93 

5 
Charging:5000→8000 -9442.17 

Discharge:8000→5000 8643.57 

When the rotational speed of the turbine rises from 5000r/min to 8000r/min, the actual power 
on the grid side, DC side and motor side are measured respectively, and when the rotational speed of 
the turbine falls from 8000r/min to 5000r/min, the actual power on the grid side, DC side and motor 
side are measured respectively, and the test power of pumping and storage device is set to be 480kW, 
and the single pumping and storage device's The test power of single pumped energy storage device 
is 160kW. After several measurements, the conversion efϐiciencies of the grid-side converter and the 
machine-side converter are calculated separately, and the results are shown in Tables 8-Table 9, where 

c   indicates the grid-side converter charging efϐiciency and d   indicates the grid-side converter 
discharging efϐiciency. c is the motor-side charging efϐiciency, and d is the motor-side converter 
discharge efϐiciency. From the table, it can be seen that the loss of the converter on the grid side is 
about 3.24%, and the loss of the converter on the motor side is about 2.22%, which is basically the 
same as the result through energy measurement. 

Table 8. Conversion efϐiciency of converter on grid side 

Cycle 

number 
Test content/(r·min-1) 

Grid side 

power/W 
DC side power/W 

Conversion 

efficiency/% 

1 
Charging:5000→8000 -384753 -374283 97.28 

Discharge:8000→5000 362897 375426 96.66 

2 
Charging:5000→8000 -385946 -378594 98.10 

Discharge:8000→5000 365871 375326 97.48 

3 
Charging:5000→8000 -374983 -371971 99.20 

Discharge:8000→5000 369572 370897 99.64 

4 
Charging:5000→8000 -378326 -376321 99.47 

Discharge:8000→5000 365468 370138 98.74 

5 
Charging:5000→8000 -380241 -374893 98.59 

Discharge:8000→5000 367348 372386 98.65 

/ %c  98.53 

/ %d  98.23 
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Table 9. Conversion efϐiciency of converter on motor side 

Cycle 

number 
Test content/(r·min-1) DC side power /W 

Motor side 

power/W 

Conversion 

efficiency/% 

1 
Charging:5000→8000 -183326 -182347 99.47 

Discharge:8000→5000 197328 198673 99.32 

2 
Charging:5000→8000 -182478 -178348 97.74 

Discharge:8000→5000 196571 197386 99.59 

3 
Charging:5000→8000 -189746 -189523 99.88 

Discharge:8000→5000 197324 198369 99.47 

4 
Charging:5000→8000 -185743 -183284 98.68 

Discharge:8000→5000 191378 195329 97.98 

5 
Charging:5000→8000 -188432 -187327 99.42 

Discharge:8000→5000 191654 196872 97.35 

/ %c  99.04 

/ %d  98.74 

4.1.4. Compressed air energy storage performance. The parameters of the compressed air energy 
storage device are input into the virtual environment of the energy storage power plant, and the 
average of the results of the three sets of experimental tests is used as a benchmark to explore the 
energy storage performance of the compressed air device. 

Table 10 shows the simulation results and relative errors of the compression stage. Comparing the 
simulation results with the actual results, it can be seen that the error in the compression stage is 
between 0.62% and 4.73%, and the simulation results are in good agreement with the actual results. 
The storage pressure of the simulation results is 9.76MPa, which is 1.25% lower than the actual value, 
the storage time is 3.83h, which is 4.73% lower than the actual value, and the compression power 
consumption is 221.76kWh, which is 0.62% lower than the actual value. This is because the pressure 
in the storage tank gradually rises during the compression process, and the compressor discharge 
pressure gradually rises with the rise of the pressure in the storage tube, and the power is smaller than 
the rated power due to the fact that the third and fourth stage compressor compression process 
pressure is lower than the rated pressure for a long period of time during the actual operation. 

Table 10. Simulation and relative error of compression phase 

Parameter Unit Analog value Actual value Relative error/% 

Energy storage pressure MPa 9.46 9.58 1.25 

Energy storage time h 3.83 4.02 4.73 

Compressive energy 

consumption 
kWh 221.76 223.15 0.62 

Table 11 shows the simulation results and relative errors for the expansion generation stage. 
Comparing the simulation results with the actual results, the errors are between 1.02% and 3.85%, 
and the simulation results are in good agreement with the actual results. In the simulation, the inlet 
air temperature of the primary turbine is 132.78°C, which is 2.16% higher than the actual value, and 
the outlet air temperature is 61.46°C, which is 2.10% lower than the actual value. The inlet 
temperature of the secondary turbine is 126.49°C, which is 1.02% higher than the actual value, and 
the outlet air temperature is 38.71°C, which is 2.32% lower than the actual value. The simulated values 
of temperature difference between the inlet and outlet of the primary turbine and the temperature 
difference between the inlet and outlet of the secondary turbine are larger than the actual values, 
which are analyzed as the reason that the thermal efϐiciency of the turbine decreases in actual 
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operation, the power generating power per unit mass of air decreases, and the enthalpy difference 
between the inlet and outlet air decreases. The simulated value of turbine power generation is 
115.83kW, which is 1.53% higher than the actual value, and the power generation time is 0.27h, which 
is 3.85% higher than the actual value. This is due to the fact that the actual location is located in a high 
altitude area, the actual energy storage of the turbine air consumption increases, the turbine output of 
the same power needs to consume more air mass, in the case of the total storage energy remains 
unchanged, the actual system of the power generation power and power generation time to be reduced. 

Table 11. Simulation results and relative error of the expansion generation stage 

Parameter Unit Analog value Actual value Relative error/% 

Primary turbine intel air 

temperature 
℃ 132.78 129.97 2.16 

Primary turbine outlet air 

temperature 
℃ 61.46 62.78 2.10 

Secondary turbine intel air 

temperature 
℃ 126.49 125.21 1.02 

Secondary turbine outlet air 

temperature 
℃ 38.71 39.63 2.32 

Turbine power generation kW 115.83 114.09 1.53 

Power generation time h 0.27 0.26 3.85 

Table 12 shows the simulation results and relative errors of the energy storage stage. Comparing 
the simulation simulation results of the photovoltaic heat collection/storage stage and the actual 
results, the relative error is between 1.44% and 1.72%, and the simulation results are in good 
agreement with the actual results. In the energy storage stage, the simulated value of the ϐinal 
temperature of the generator is 183.58°C, which is 1.72% higher than the actual value, and the reason 
for this is that the heat loss from the cold to the hot state of the compressed air energy storage device 
is unavoidable and the proportion of the heat loss is large, and at the same time, it takes a period of 
time from the preheating of the heat exchanger to the normal operation, which leads to the poorer 
performance of the heat exchanger. The simulated value of the ϐinal motor temperature is 59.36°C, 
which is 1.44% lower than the actual value. 

Table 12. Simulation results and relative error of energy storage phase 

Parameter Unit Analog value Actual value Relative error/% 

Generator final temperature ℃ 183.58 180.47 1.72 

Motor final temperature ℃ 59.36 60.23 1.44 

In summary, the errors of the simulated values of the compressed air energy storage device in each 
operation stage are within 5%, so it can be concluded that the compressed air energy storage has a 
good energy storage performance. 

4.2. Comparison of energy storage indicators 

4.2.1. Comparison of energy storage capacity. In the previous section, the energy storage 
performance of different energy storage power plant technology routes, such as lithium-electron 
battery energy storage, was elaborated in detail. In this section, we will focus on measuring the energy 
storage performance of different technology routes through the two measures of energy storage 
capacity and energy storage efϐiciency, so as to ϐind the energy storage technology routes suitable for 
the virtual environment of the energy storage power plant constructed in this paper. 

Figure 15 shows the comparison of the energy storage capacity of four different technology routes 
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in 2023, and (a)-(d) denote the lithium-ion battery energy storage, lead-acid battery energy storage, 
pumped water energy storage and compressed air energy storage, respectively. As can be seen from 
the ϐigure, the net energy storage capacity of the four technology routes is 728.99 MW, 724.18 MW, 
461.50 MW, and 393.45 MW, respectively. Although the net energy storage capacity of lithium-ion 
battery energy storage is more than that of lead-acid battery energy storage, it can be clearly seen from 
the ϐigure that the ϐluctuation of lithium-ion battery energy storage capacity is more than that of lead-
acid battery energy storage in different months, which indicates that the lithium-ion battery energy 
storage performance is not as stable as lead-acid battery. While pumped water energy storage and 
compressed air energy storage are more stable in energy storage performance, their net energy 
storage capacity decreases signiϐicantly compared with lead-acid batteries. Therefore, in the virtual 
environment of the energy storage power station constructed in this paper, the lead-acid battery has 
stable energy storage performance and large energy storage capacity, so it is more suitable for the 
virtual environment of this paper. 

 

(a) Lithium ion battery energy storage  (b) Lead-acid battery energy storage 

 

(c) Pumped energy storage  (d) Compressed air energy storage 

Fig. 15. Comparison of storage capacity between different technical routes 

4.2.2. Comparison of energy storage efϐiciency. The energy storage efϐiciency can be used to measure 
the energy storage losses of different technology routes in an energy storage power plant, and is 
valuable for measuring the performance of different technology routes. Energy storage efϐiciency is 
usually expressed as a percentage of the ratio of discharge to charge. Table 13 shows the comparison 
of energy storage efϐiciency of four different technology routes in four quarters in 2023, R1-R4 in the 
table represent four technology routes of lithium-ion battery storage, lead-acid battery storage, 
pumped storage and air compression storage, respectively, and the data in the table shows that the 
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average values of energy storage efϐiciency of the four different routes in four quarters are 85.42%, 
99.71%, 64.41%, and 69.87%, respectively. Compared with the two chemical energy storage methods 
of lithium-ion battery and lead-acid battery, the two physical energy storage methods of pumped water 
energy storage and compressed air energy storage have lower energy storage efϐiciency and higher 
loss in the energy storage process. In the two chemical energy storage methods, the four quarterly 
energy storage efϐiciency of lead-acid ion battery is 99.52%, 99.60%, 99.75% and 99.96% respectively, 
which are all above 99%, and the average value of its energy storage efϐiciency is increased by 14.29% 
compared with that of lithium-ion battery. It shows that the use of lead-acid battery energy storage 
process, energy loss is small, energy storage performance is high, and at the same time reconϐirms that 
the lead-acid battery energy storage is the most suitable for the virtual environment of the energy 
storage power station built in this paper. 

Table 13. The efϐiciency contrast of different technical routes 

Routes Quarter 
Charging 

capacity/kWh 

Discharge 

quantity/kWh 
Efficiency/% Mean/% 

R1 

1 -193687 164483 84.92 

85.42 
2 -183724 150348 81.83 

3 -196478 176239 89.7 

4 -195214 166382 85.23 

R2 

1 -193687 192748 99.52 

99.71 
2 -183724 182998 99.6 

3 -196478 195986 99.75 

4 -195214 195138 99.96 

R3 

1 -193687 128673 66.43 

64.41 
2 -183724 114928 62.55 

3 -196478 127154 64.72 

4 -195214 124837 63.95 

R4 

1 -193687 138452 71.48 

69.87 
2 -183724 124673 67.86 

3 -196478 137983 70.23 

4 -195214 136471 69.91 

5. Conclusion 

In this paper, the 3D model and virtual simulation environment of the energy storage power station 
are constructed by 3dsMax and with Unity3D software, and the performance of different energy 
storage technology routes, such as lithium-electronic battery storage, lead-acid battery storage, 
pumped water storage and compressed air storage, is compared and analyzed in the virtual 
environment. 

The net energy storage capacity of the four energy storage routes in 2023 is 728.99 MW, 724.18 MW, 
461.50 MW, and 393.45 MW, respectively. lithium-electronic battery has the highest net energy storage 
capacity, but the ϐluctuation of the energy storage capacity value in each month is drastic, while 
pumped water storage and compressed air storage have less ϐluctuation of the energy storage capacity 
value in different months, but their losses in the process of energy storage are larger, resulting in a 
lower ϐinal net energy storage capacity. In contrast, the net energy storage capacity of the lead-acid 
battery is 4.81 MW less than that of the lithium-ion battery, but the ϐluctuation of the energy storage 
capacity of the lead-acid battery is signiϐicantly less than that of the lithium-ion battery. It shows its 
stable energy storage performance and good energy storage performance in the virtual environment 
of this paper. Meanwhile, the energy storage efϐiciencies of lead-acid batteries in the four quarters are 



COMPARISON OF MULTI-TECHNOLOGY ROUTES AND CONSTRUCTION 4021 

 

99.52%, 99.60%, 99.75%, and 99.96%, respectively, with average energy storage efϐiciencies of 
14.29%, 35.30%, and 29.84% higher than those of the other three energy storage technology routes. 
This further illustrates the superior performance of lead-acid batteries in the virtual simulation 
environment of the energy storage power plant in this paper. 
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