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Abstract. With the increasing integration of renewable energy into the power grid, the variability in its
power generation has a growing impact on the stable energy supply of the system. The utilization of energy
storage systems (ESSs) has been considered as an efficient approach to mitigate this effect. However, due
to the different characteristics of different ESSs, it becomes an urgent issue about how to allocate the ESSs
or combine different types of ESSs to maximize its performance. This study has constructed a new method
to compare the performance of different ESSs, and analyze the strengths and weakness of mainstream ESSs
with the real energy systems in Wuhan. It demonstrated that for short-term storage options such as
superconducting energy storage, lithium-ion battery storage, and supercapacitor storage, larger capacities
(2000kWh) yield better results. Conversely, the optimal allocation of long-term options like lead-acid
batteries, flow batteries, and compressed air energy storage systems, depends on specific characteristics and
wind patterns. Furthermore, this research also reveals that when considering the combination of involving
both long-term (lead-acid battery) and short-term (superconducting battery) storages, it cannot
simultaneously achieve optimal performance in terms of operating cost or carbon emissions reduction. For
hybrid combinations such as supercapacitor-lithium-ion battery (short-term-short-term) or compressed air-
energy-flow battery (long-term-long-term), it is crucial to ensure that the type with superior performance
possesses maximum capacity.

energy systems as a kind of energy equipment that can stabilize
energy output and facilitate energy management and peak

1 Introduction

In recent years, in order to promote the implementation of
the "dual-carbon" policy, various regions in China have
increased the development of new energy sources!!l. As industry
is the largest contributor to carbon emissions in China efforts to
reduce carbon emissions from energy consumption in industry
have become a top priority?*.. Therefore, many provinces and
cities in China have begun to establish integrated energy systems
equipped with high-capacity wind power and photovoltaic
power generation equipment to meet their energy needs while
reducing carbon emissions®l. However, due to the uncertainty of
power generation from wind resources themselves, a high
proportion of wind power generation will cause instability in the
supply and demand of this integrated energy system!® 7. The
thermal power generation[8-11], hydropower generation!!> 3]
and energy storage system'® 1% 14191 are always employed to
compensate the uncertainty in the energy supply-demand
process20-221,

But thermal power generation and hydropower generation
need to change their working conditions frequently to stabilize
energy supply, which will cause the operational safety of the
energy equipment itself as well as the operational economy to
decline. Energy storage devices are widely used in regional

* Corresponding author:wangdc76@163.com

energy regulation. It can achieve the wind and solar power
generation equipment to send out of the electric energy for
storage, and according to the energy demand steadily into the
energy supply network. This effectively solves the impact on
other energy equipment and the power grid caused by the
instability of power production due to the difference in the time
distribution of wind and solar energy’l.

Currently, energy storage systems are generally classified
into two categories: physical storage and chemical storage!?*!.
Physical storage includes pumped hydro storage, compressed air
energy storage, flywheel energy storage, and superconducting
energy storage, among others. Chemical storage encompasses
lead-acid batteries, lithium-ion batteries, flow batteries, sodium-
sulfur batteries, and supercapacitors. Different types of energy
storage technologies possess their own technical advantages and
limitations. Therefore, the capacity allocation and optimal
selection of energy storage systems are crucial for the
optimization of energy systems operation. Many scholars both
domestically and internationally utilize heuristic algorithms?*
231, bio-inspired algorithms?* 2! or other novel algorithms?®! to
conduct research on optimal capacity allocation for energy
storage. Some research findings indicate that technologies such
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as compressed air energy storage, pumped hydro storage, flow
batteries, and compressed air energy storage are more suitable
for long-term storage with periods ranging from weeks to
seasons!?>3!1 while certain energy storage devices such as
lithium-ion batteries and lead-acid batteries are more suitable for
short-term (single-day/several days) peak shaving('® 6 18],
However, there is still insufficient research on the adaptability
of various types of energy storage systems to specific areas and
the impact of different wind and solar power output
characteristics on the optimal capacity allocation of different
types of energy storage.

In summary, this study investigates the capacity adaptation
of energy storage systems under changes in wind and solar
power configurations in a park area, and further conducts
performance comparisons among different types of energy
storage. Based on this, the study comprehensively evaluates the
economics of different energy storage devices by relying on two
indicators: energy cost and carbon emissions of integrated
energy systems. Finally, the study examines the charging and
discharging characteristics of hybrid energy storage devices
formed by combining two different types of energy storage
equipment, as well as their applicability. The research findings
can provide theoretical and data support for the development of
relevant fields such as regional wind and solar power integration,
energy storage facility construction, and energy system planning.

2 Model and methodology

This paper establishes a mathematical model for a
comprehensive energy system at the park level, based on the
actual situation of a certain park in Wuhan City. This model
includes various energy devices such as photovoltaic power
generation, wind power generation, and combined cooling,
heating, and power (CCHP) systems. Performance analysis of
the energy storage systems within the park is conducted using
four indicators: total daily operating cost of the energy system,
daily carbon emissions of the energy system, cost per unit of
energy stored by the energy storage devices, and carbon
emissions per unit of energy stored by the energy storage
devices. The specific mathematical models for the devices and
the definitions of evaluation indicators are as follows:

2.1 Mathematical model

2.1.1 Energy storage system

The energy storage system, serving as the primary focus of
this study, is integrated within a comprehensive energy system
to facilitate the absorption of unstable new energy generation
and stabilize the output power of conventional power generation
equipment!*>33], Based on the different types of energy storage
devices, a general mathematical model for energy storage units
is constructed in this paper, as depicted ** in Equation (1) below:

ESS
S0C,s1 = (1= 8755) x SOC, + egs X 700 X PES — 45 x
ed

(1 — &gss) ()

0 < SOC, < SOCpax
s.t. 0 < P5Y < PEyux

ESS ESS
OSPdt SPd,mawc

wherein: SOC; represents the state of charge of the energy
storage system at time t, kWh; 6555 denotes the self-
discharge rate of the energy storage system, expressed as a
percentage, %; 1., and 1,4 represent the charging efficiency
and discharging efficiency of the energy storage system, %.
PESS and PJ?° denote the charging power supplied to the
energy storage system by the system and the discharging power
provided by the energy storage system to the system,
respectively kW; SOG4 represents the maximum energy
storage capacity of the system, kWh; P&y, and Pjom..
indicate the maximum charging and discharging power of the
energy storage system, kW;eggs is used to constrain the state of
the energy storage system, where 1 represents the charging state
and 0 represents the discharging state.

2.1.2 Combined cooling, heating and power (CCHP)

Combined cooling, heating, and power (CCHP) systems are
among the primary equipment in advanced energy systems
aimed at enhancing energy system efficiency. The gas turbine
serves as the main component, utilizing the high-temperature
exhaust gas discharged from micro gas turbine power
generation to transfer the high-temperature heat into heat
exchangers and bromine-lithium absorption refrigeration
equipment through waste heat boilers. This process enables the
secondary utilization of the high-temperature exhaust gas after
combustion, effectively improving energy utilization efficiency
and achieving multi-level utilization of energy P31, Currently,
the energy utilization efficiency of CCHP systems using natural
gas as fuel can reach up to 80% [*%), In this paper, a conventional
CCHP mathematical model based on heat-to-power ratio is
employed to determine the power generation of the micro gas
turbine based on CCHP cooling and heating power,
subsequently calculating the volume of natural gas consumed
by the CCHP system. The mathematical model®"!is represented
by Equation (2):

CCHP CCHP
PSCHP — pCCHP .y (Ptherm,t i Pcald,t) @)
- t le —\,, . I 1
elet gas, ee Ntherm Ncold ete
CCHP CCHP
S {Penergy,t =< Penergy,max
— CCHP
Nenergy = f(Penergy

energy € {ele, therm, cold, gas}
wherein: P{f,fgzy‘t represents the power generation capacity of

the CCHP system at time t, kW; Psssf denotes the thermal

power of natural gas combustion in the CCHP system at time ¢,
kJ/s; Nenergy represents the ratio of the corresponding energy
power to the thermal power of natural gas combustion, %; f
represents a polynomial relationship of the CCHP's various
energy efficiencies with the energy power of the CCHP system
at that time. The model in this paper includes a CCHP device
with a total power of 2000 kW.
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2.1.3 Gas boiler

The gas boiler primarily serves to supplement the thermal load
within the supply energy area of the entire comprehensive
energy system. The specific mathematical model[38] is
represented by Equation (3):

Ptherm t — UGB Pgacg (3)

S. L. {UGB - f(Ptherm)

0< PP?B =< Ph max
where, ngrm represents the heat supply power of the gas
boiler at time ¢, in kW; n°Z represents the thermal efficiency of
the gas boiler; gas, gcfst represents the heat value of natural

gas supplied to the gas boiler at time ¢, in kJ/s; PG5, max
represents the maximum heat supply power of the gas boiler, in
kW. This model includes a gas boiler with a rated power of 500
kW and an efficiency of 95%.

2.1.4 Utility grid

The grid plays a crucial role as a supplementary component
of the integrated energy system, maintaining the balance
between supply and demand. When the system generates more
electricity than demanded, the surplus energy is sold to the grid,
whereas when the system generates less electricity than
required, it purchases electricity from the grid. In this study, the
purchasing price from the grid is referenced from the electricity
grid prices in Hubei Province, as depicted in Equation (4)

0.2817 CNY/kWh, 23: 00~8: 00
0.5869 CNY/kWh ,8:00~10: 00 16: 00~20: 00 22: 00~23: 00(4)

0.8745 CNY/kWh, 10: 00~16: 00
1.0564 CNY/kWh ,20: 00~22: 00

EP, =

2.1.5 Heat pump

The heat pump, as an efficient energy conversion device, is
widely utilized in integrated energy systems to meet the

IE. ESS —
Poioe + (1 - egss) + Pliey =
IES CCHP
s.t. Ptherm,t therm,t +

CCHP

demand for heating and cooling in various sectors. It utilizes
electricity to transfer heat energy from a low-temperature heat
source to a high-temperature heat sink. Particularly in industries
with high demand for low-temperature heat, such as livestock
farming and agriculture, heat pumps have significant potential
for carbon emissions reduction.
The model of the heat pump system used in this study is
represented by Equation (6)[39]

PHP = gyp - COP{" - Pl + (1 — eyp) - COPS™ - PHL (5)

s.t. 0< PP <(1—¢)-PHP ¢ P’“’
where, PHP represents the heating/cooling power of the heat
pump at the given time, in kW; eyp represents the state of the
heat pump, where 1 indicates heating mode and 0O indicates
cooling mode. COP stands for the coefficient of performance
of the heat pump, representing its efficiency in heating or
cooling. PHP represents the electrical power consumption of the
heat pump, in kW.
The model considered in this paper involves two heat pump

units, each with a power of 2800 kW and a coefficient of
performance (COP) of 2.1 for heating and 1.8 for cooling.

2.2 Constraints

The overall energy demand of the park includes three types:
electricity, heat, and cooling. Based on the principle of energy
conservation, this paper proposes the overall energy constraint
equation for the park, as shown in Equation (8):

where, Pgﬁgmw represents the energy demand of the park at
time ¢t energy € {ele,therm,cold, gas} , kW, Ptg”d
represents the electrical energy exchanged between the
integrated energy system and the grid at time ¢, with buying
electricity denoted as "+" and selling electricity denoted as "-",

measured in kW.

+ PESS - £pss + Pope + Prpe + BT

PHP X eyp + Ptherm,t (8)

IES CCHP HP GB
Peoiae = Peotae + P77 X (1 — eyp) + Peolar

3 Objective and evaluation metrics

3.1 Total energy cost and carbon emissions

The overall energy system cost, as a crucial metric for
evaluating energy storage systems, primarily encompasses the
electricity and natural gas consumption costs of the system. The
specific calculation is outlined as follows in Equation (9):

T Peclgltlp Pt(l;lgrm t 1 grid ,__grid
Total Cost=}};_4 (— + —) X =XPgas P Xy
Nele NGB H
9)

where, Total Cost represents the total cost required for the
operation of the integrated energy system, in CNY ; u
represents the heat value of natural gas, in KJ/Nm3; pg.q
represents the purchase cost of gas for the energy system, at

Identify applicable funding agency here. If none, delete this text box.

3.094 CNY/Nm? ; p? i represents the selling price of
electricity from the grid at time #, in CNY/kWh.

Additionally, carbon emissions, as a critical assessment
factor in the current energy system, are also considered in this
research. The total carbon emissions of the integrated energy
system mainly consist of carbon emissions from burning natural
gas and carbon dioxide emissions generated by purchasing
electricity from the grid, calculated as shown in equation (10).

CCHP
CarEmi=Y", [(Pl—‘+ P‘he”‘") XXyt Pg”dx(gnd] (10)
TNel NGB
where, Car.Emi. represents the total carbon emissions

during the operation, kg; {445 represents carbons emission per
unit volume of natural gas burned, kg/Nm®; {4 represents

emission per unit kWh of electricity produced by the grid,
kg/kWh.
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3.2 Energy cost and carbon emission intensity

Furthermore, this study also considers the unit energy cost
and carbon emission intensity of the comprehensive energy
system under different energy storage technology usage. The
specific computational formula is given by Equation (11):

Total Cost
TP PEE, (0
where, CPE represents the cost required for the comprehensive
energy system to output 1 kWh of electricity, CNY/kWh.

The carbon emission intensity is the amount of carbon
dioxide emitted per kWh of electricity produced and used by
the comprehensive energy system, calculated by the formula as

follows:

CPE =

Car.EMi.
HP | pIES (12)
Z?:1 Pele +Pele,t

CEPE represents the amount of carbon dioxide emitted per
kWh of electricity output by the comprehensive energy system,
kg/kWh.

CEPE =

3.3 Multi-objectives particle swarming algorithm

Through the construction of a comprehensive energy
system model and objective functions, this study proposes to
use a multi-objective particle swarm optimization algorithm to
compare and analyze the impact of different energy storage
systems on the economic viability and carbon emissions of the
energy system. Particle swarm optimization (PSO) is a bio-
inspired heuristic algorithm based on the collective behavior of
birds, and it is widely used as a population-based optimization
algorithm, particularly in energy system scheduling and
optimization'> . The specific computational process is
illustrated in Figure 1.

.

Compare the
fitness of the new
and old particles.

InltlallzaFlon Generate a new
generation particle swarm
from the particles
l with higher fitness.
Objective

computation

Select the best
particle from the
particle swarm.

Select the optimal
particle from the
initial particle

swarm
Iteration<
limit?
Update the
—» particle velocity
and position.

!

Calculate the
fitness of the new
particle swarm.

I ,

end

Output the global
best particle.

Fig. 1. Flowchart of particle swarm optimization algorithm

e Step l: Initialize the system by generating N particles,
where each particle's position represents the power
generation (or consumption) / heat output of each
energy device in the distributed energy system at each
time step.

e Step 2: Based on the operational status of each device
within the particles, calculate the energy system's
operating cost, carbon emissions, energy output, and the
absolute difference between energy production and load
demand. Develop an objective function to quantify the
fitness of each particle.

e Step 3: Compare the fitness of different particles and
select the particle with the highest fitness. Adjust the
positions of other particles and recalculate their fitness
accordingly.

e  Step 4: Iterate through the process until the particle with
the optimal fitness is found, representing the energy
output of all devices under the most optimal conditions.

4 Results

4.1 Cost analysis

This study initially examines the optimal capacity
configuration issue for the currently matured lithium iron
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phosphate batteries as energy storage devices in the energy Fig. 2. Changes in carbon emissions and costs per unit of different energy
system. The results, as depicted in Figure 2, indicate that as the storage capacities

capacity of lithium iron phosphate batteries increases from 0
kWh to 10,000 kWh, the unit energy cost of the entire
integrated energy system first rises and then declines:

1. Within the range of 0 to 1500 kWh, the low capacity of
lithium iron phosphate batteries leads to insufficient benefits to
offset the investment costs incurred during construction,

=" Unitcarbon 4 untcost | 02765 resulting in an increase in the unit energy output cost of the
£ . A oo " ose energy system.
=3 2A A - = 2. Within the range of 1500 to 8000 kWh, as the capacity of
co®1 1 - g lithium iron phosphate batteries increases, the benefits obtained
% [ 0-275 % by the energy system from the price difference between peak
E 0% . . L 0.2745 5 and off-peak electricity prices exceed the increase in investment
g N [ 02740 % costs or the increase in energy costs due to self-consumption of
g o224 1 . A =) energy. The inflection point occurs at around 3000 kWh.
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(a)Lithium-ion Battery (LiFePO4) (b)Trivalent Lithium-ion Battery (c)Sodium-Sulfur Battery (d)All-Vanadium Flow Battery

Fig. 3. Energy costs for different storage capacities

3. Within the range of 8000 to 10,000 kWh, as the capacity daily output of the integrated energy system cannot meet the
of lithium iron phosphate batteries increases, the investment storage needs of the energy storage due to the surplus capacity
costs on the batteries rise continuously. However, the additional
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of the energy storage, resulting in an increase in the unit output
energy cost of the integrated energy system.

Further comparison of the performance of different types of
energy storage batteries, including ternary lithium-ion batteries,
sodium-sulfur batteries, and an all-vanadium redox flow battery,
in the energy system reveals significant differences in their
performance, as illustrated in Figure 3:

1. As the capacity of lithium iron phosphate batteries
increases, the overall carbon emissions per unit of energy
gradually rise (Figure 3a). The main reasons for this are twofold:
firstly, energy storage devices consume additional electricity
during their charge and discharge cycles, and self-discharge of
energy stored in the energy storage device leads to energy
consumption, resulting in an increase in carbon emissions per
unit of energy load; secondly, carbon emissions occur during the
construction of the energy storage system, and the amount of
emissions increases with the system's capacity. To reduce the
increase in carbon emissions caused by this, it is feasible to
increase the number of charge and discharge cycles and the
amount of charge and discharge energy throughout the lifecycle
of the energy storage system.

2. As shown in Figure 3(b), the economic viability of
ternary lithium-ion battery energy storage varies significantly
with capacity. For lithium-ion battery energy storage, the
benefits obtained from carbon emissions increase relatively
slowly with increasing storage capacity. From 500 kW onwards,
the benefits from capacity tariffs increase rapidly, with capacity
tariffs contributing to about one-third of the total benefits at a
capacity of 10,000 kW. However, the benefits from electricity
charges and gas charges decrease continuously.

3. For sodium-sulfur batteries (Figure 3c), the total cost
variation follows a similar trend to lithium-ion batteries, but
sodium-sulfur batteries are more sensitive to capacity costs.
When the installed capacity of sodium-sulfur batteries reaches
10,000 kW, capacity costs account for nearly half of the total
costs, exceeding those of lithium-ion battery energy storage.

4. Regarding all-vanadium redox flow battery energy
storage (Figure 3d), its economic viability changes in a manner
similar to sodium-sulfur batteries. From the perspective of total
contract and cost structure, further improvement in economic
viability is needed compared to lithium-ion battery energy
storage.

4.2 Analysis of Cost for Energy Storage Systems of
Different Types with the Same Capacity

Building upon the economic and carbon emission analysis
of single energy storage systems within the integrated energy
system, this study undertakes a comparative analysis of the
economic viability and suitability of multiple types of energy
storage devices. The chosen energy storage system
characteristics are outlined in Table 1 to facilitate this
comparative analysis.

Table.1 Cost of electricity and conversion efficiency of different
energy storage types

Energy Storage
Type

Energy Storage

1 0,
Cost [CNY/(kW-h)]  Cihciency/%

Lithium-ion Battery

(LiFePO4) 0309 03
TrlYalent Lithium- 0.6~1.0 90~95
ion Battery
All-Vanadium Flow 0.7~1.0 65~80
Battery
Zinc-Bromine Flow 0.8~1.2 65~80
Battery
Sodium-Sulfur
Battery 0.9~1.2 >90

The comparative analysis results, as illustrated in Figure 4,
reveal that among the five different types of energy storage
devices, the two types of flow batteries and sodium-sulfur
batteries exhibit higher levels of both cost per kilowatt-hour
(kWh) and carbon emissions per kWh compared to the two
lithium-ion batteries (lithium iron phosphate and trivalent
lithium-ion). Specifically, the zinc-bromine flow battery
demonstrates the highest carbon emissions per kWh (0.2348
kg/kWh) and the highest cost per kWh (0.3095 CNY/kWh). On
the other hand, the lithium iron phosphate battery exhibits the
lowest cost per kWh, at 0.2793 CNY/kWh, while the trivalent
lithium-ion battery shows the lowest carbon emissions per kWh,
at 0.2326 kg/kWh.
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T T T
ery -ion
Lithium-ion BatEY o ont Lithium Al-vanadiu™ ‘
(LiFePO4) Flow Battery Battery

pattery Flow Battery

Energy storage Type

In the context of these five energy storage device scenarios,
the integrated energy system utilizing lithium-ion batteries
generally presents lower overall unit energy costs and carbon
emissions per unit energy. Conversely, systems employing flow
batteries tend to exhibit higher unit energy costs and carbon
emissions per unit energy. This discrepancy is primarily
attributed to two factors: firstly, the overall cost per kWh of
flow batteries is higher, leading to an increase in unit energy
load; secondly, flow batteries have lower charge-discharge
efficiency, resulting in higher energy consumption during the
storage and discharge processes and consequently higher
carbon emissions.

4.3 Analysis of Best Capacity Configuration for
Different Energy Storage

The continuous advancement of wind-solar power
generation has increased the demand for energy storage
construction. Therefore, this section investigates the impact of



MATEC Web of Conferences 399, 00019 (2024)
AEEGE 2024

https://doi.org/10.1051/matecconf/202439900019

changes in wind-solar power capacity configuration and
generation characteristics on energy storage system capacity
configuration. Subsequently, it conducts an analysis of the
optimal capacity configuration for various types of energy
storage under wind-solar power generation characteristics.

& Photovoltaic —® — Wind power

104 o ] ]
°
[ ] °

0.8 * d

e | ]

[ m ® o bd
4 °

0.6 " ° Y o 4

Normalization
o
N
1
L |
L 2

o
)
1
| ]
®

OO0 memEmEmm EEEEm

0 4 8 12 16 20 24

Superconducting

Energy Storage
Lead-Acid Battery e
Lithium-lon Battery *
Supercapacitor *
Flow Battery
Compressed Air
Energy Storage
0 500 1000 1500 2000

Best Energy Storage Capacity (kWh)

(a)without photovoltaic power

Fig. 4. Power distribution characteristic of typical solar and wind energy in
Wuhan

Based on the typical wind-solar power characteristic curve
in Wuhan city (Figure 5), this study establishes twenty
scenarios where the total daily wind and solar power generation
ranges from 10% to 100% of the daily energy demand of the
park. These scenarios are utilized to investigate the optimal
configuration of different types of energy storage under varying
generation conditions.

Table. 2 Scenario Setting for Proportions of Photovoltaic and Wind
Power Generation

Photovoltaic Wind power
Scenario Proportion Scenario Proportion
1 10% 11 10%

2 20% 12 20%
10 100% 20 100%
Superconducting
Energy Storage
Lead-Acid Battery
Lithium-lon Battery %
Supercapacitor *
Flow Battery
Compressed Air
Energy Storage
0 500 1000 1500 2000

Best Energy Storage Capacity (kWh)

(b)without wind power

Fig. 5. Optimal capacity of different hybrid energy storage with different renewable energy generation characteristics

Based on the aforementioned twenty scenarios, simulations
were conducted to analyze and determine the optimal storage
capacity configuration ranges for the five types of energy
storage. Long-term and short-term energy storage exhibit
distinct distribution characteristics. Short-term storage devices
such as superconducting energy storage, lithium-ion battery
storage, and supercapacitor storage demonstrate optimal ranges
at maximum capacity values (2000 kWh) for different capacity
configurations of renewable energy sources, primarily due to
their rapid peak shaving and frequency regulation capabilities.
Conversely, long-term storage devices such as lead-acid
batteries, flow batteries, and compressed air energy storage
present optimal ranges for different capacity configurations of
renewable energy sources, with some disparity in optimal
ranges for different characteristics. Under the wind power

characteristics in Wuhan, the optimal range for lead-acid
batteries is [1400 kWh, 2000 kWh], for flow batteries it is [100
kWh, 1200 kWh], and for compressed air energy storage it is
[100 kWh, 1800 kWh]. Conversely, under the characteristics of
solar power generation in Wuhan, the optimal range for lead-
acid batteries is [100 kWh, 2000 kWh], for flow batteries it is
[100 kWh, 1600 kWh], and for compressed air energy storage
itis [100 kWh, 1600 kWh].

In summary, under equivalent wind and solar load
conditions, the operational costs of integrated energy systems
vary, with discrepancies increasing as the proportion of solar
and wind power increases. When generating the same amount
of electricity, the operational costs of photovoltaic (PV)
systems are lower than those of wind power systems. This
difference stems from the superior spatiotemporal
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characteristics of PV generation, which exhibit a higher degree
of alignment with user demand patterns, thus reducing the need
for energy transfer over space and time and subsequently
lowering operational costs. In this section, simulations were
conducted for five additional energy storage types, delineating
their optimal storage capacity ranges. Short-term energy
storage devices such as superconducting energy storage,
lithium-ion battery storage, and supercapacitor storage exhibit
optimal ranges at maximum capacity values, primarily due to
their rapid peak shaving and frequency regulation capabilities.
Conversely, long-term energy storage devices such as lead-acid
batteries, flow batteries, and compressed air energy storage
present optimal ranges for different capacity configurations of
renewable energy sources, varying due to their distinct
characteristics. Under the wind and solar conditions in Wuhan,
optimal ranges for various long-term energy storage types
exhibit some disparity. Given the inherent differences among
energy storage technologies, this paper further investigates the
optimal configuration of hybrid energy storage systems within
the energy system.

Specify the policy environment parameters of the energy
system, equipment parameters, and establish the
corresponding mathematical model.

Hybrid energy storage system operation optimization
model

Future Load Forecast for the Park

l

Long-term future load requirements

l

Short-term energy equipment optimization scheduling
model

l

Obtain multiple future days of equipment operation data

c
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Adjustment of hybrid energy storage capacity allocation

Evaluate the benefits and costs of the park with this
hybrid energy storage equipment configuration

Determining the optimal hybrid energy storage
configuration

Fig. 6. Flowchart of optimal ratio analysis method for hybrid energy storage
equipment

photovoltaic unit capacity, etc.), various internal characteristic
parameters of required energy storage devices, and other
parameters of energy production and conversion devices. For
regional load, historical load data can be used for already
commissioned energy systems; for early-stage energy
equipment capacity optimization, reasonable assessments of
energy loads can be made based on industry peers' energy loads
and requirements for energy equipment.

5 CASE STUDY

Due to the significant differences in the short-term and

long-term energy storage capabilities of different types of
energy storage systems, mixed energy storage has become one
of the solutions to address the incomplete capabilities of single
energy storage systems!'”, Therefore, building upon the
optimization of single energy storage capacity configuration,
this paper further proposes an analysis method for the optimal
ratio of mixed energy storage device capacities, analyzing the
best capacity ratio for two different types of energy storage
systems in the energy system. The specific steps are as follows,
as shown in Figure 7:
Clarify the policy parameters, equipment parameters, and
regional load-related information of the energy system
environment. Regarding policy parameters, it is necessary to
specify the energy prices in various markets such as electricity
trading, carbon trading, and natural gas trading in the energy
market. Regarding equipment parameters, it is essential to
specify various parameters of renewable energy equipment
within the energy system (such as wind turbine capacity,

Establish an operation optimization scheduling model for
the mixed energy storage system. By referring to existing
energy systems or future planned energy systems, establish a
matching mathematical model for the energy system. Utilize
appropriate intelligent optimization algorithms, input the
required parameters, and set the benefit functions related to
factors such as energy system operation and maintenance costs,
construction costs, carbon emissions, and energy supply-
demand balance stability to optimize the internal devices of the
energy system within the feasible domain. Eventually, obtain
the optimal benefits of the energy system over a certain period.

By comparing the optimal benefits of the energy system
under different mixed energy storage capacity configurations,
analyze and determine the optimal mixed energy storage
capacity and its internal capacity configuration.

Based on the above ideas, this section divides the energy
storage system into three groups according to the energy
storage characteristics and using the current conventional
mixed energy storage grouping method (Table 3). For each of
the three different combinations, while ensuring the total
capacity of mixed energy storage remains consistent, the study
varies the capacity ratios between different types of energy
storage devices within the mixed energy storage, aiming to
investigate the characteristics between different types of energy
storage combinations and the capacity configuration
characteristics of different types of energy storage within the
same combination.

The state of charge (SOC) distribution of two types of
energy storage devices within the mixed energy storage under
a capacity ratio of 7:3 is illustrated in Figure 8. For example, in
the case of supercapacitors 700 kW and lithium-ion batteries
300 kW, and lead-acid batteries 700 kW and superconducting
energy storage 300 kW, most energy storage devices are in a
charging state during the first half of the day (00:00 to 12:00),
while most are in a discharging state during the second half of
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the day (12:00 to 24:00). Long-term energy storage devices
such as lead-acid batteries can continuously generate full-load

Table. 3 Characteristic parameters of hybrids energy storage systems

Group 1 Group 2 Group 3
(Long-Long) (Short-Short) (Long-short)
C;)i;neprf:rsgid Flow Supercapacitor Lithium-lon =~ Lead-Acid Superconducting
storage Battery Battery Battery Energy Storage
Discharge rate 0.5 1 0.95 0.85 0.7 0.95
Efficiency 0.45 0.7 0.9 0.95 0.9 0.8
Volumetric Power 0.4 1 20000 5000 0.0002 2600
Density
Volumetric 4 20 20 300 0.001 6
Energy Density
Discharging 5 20 | | 35 1
Hours
Self-Discharge 0.1 0 0.3 0.01 0.01 0.12
Rate
Cost per kWh 0.21 0.52 0.73 0.48 0.4 0.7
Carbon Emissions
per kWh 30 28 38 78 30 20
Flow Battery 700kW - Compressed Air Energy Storage 300kW
1 i :
000 Flow Compressed
Battery Air Energy
Storage
500
0 =
-500
-1000
Supercapacitor 700kW - Lithium-lon Battery 300kW
1000 Supercapa Lithium-lon
citor Battery
500
2
=
g 0
g
-500
-1000
Lead-Acid Battery 700kW - Superconducting Energy Storage 300kW
1000 Lead-Acid Superconducting
Battery Energy Storage
500
0
-500
-1000
0/24 12 0/24 12 0/24 12 0/24 12 0/24 12 0/24 12 0/24 12 0/24 12 0/24 12 0/24 12 0/24 12 0/24 12 0/24
time/h

Fig. 7. Charge and discharge power of hybrid energy storage battery at each time node
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Fig. 8. Relationship between the cost and carbon emissions of the park with different energy storage allocations

power for several hours during the second half of the day,
whereas short-term energy storage devices such as
superconducting energy storage and supercapacitor energy

supplying energy during periods of high demand in the first half
of the day.

Building upon the aforementioned research, the study
further explores the impact of changing the energy storage
capacity ratio within mixed energy storage on the operating
costs and carbon emissions of the three combinations (Fig. 9).
The results are as follows:

Among the three different combination types, compressed
air energy storage - flow battery (long-term energy storage -
long-term energy storage) has the lowest operating costs and
energy carbon emissions when the capacity ratio is 1:9.
However, as the capacity of compressed air energy storage in
the mixed energy storage increases, the costs and carbon
emissions of the energy system increase significantly. As the
capacity ratio increases to 9:1, the energy system's carbon
emissions gradually increase to 262.2 tons, a 16.1% increase
compared to 225.8 tons when the ratio is 1:9. Similarly, the
operating costs increase from 337,000 yuan to 392,000 yuan, a
16.3% increase. The main reason for the cost and carbon
emission increases is that the energy conversion efficiency of
current compressed air energy storage technology (45%) is
much lower than that of other types of energy storage, resulting
in significant energy loss after charging and discharging.
Although the cost per kWh of compressed air energy storage is
the lowest, its additional costs and carbon emissions are higher
due to its low energy efficiency and high self-discharge rate.
This combination is suitable for areas with high requirements
for energy supply stability, but the current compressed air
energy storage technology is still challenging to commercialize.

The combination of supercapacitor batteries - lithium-ion
batteries (short-term energy storage - short-term energy storage)
shows fluctuations in the overall carbon emissions of the energy
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storage can only generate full-load power for a single hour
during high-demand periods in the second half of the day.
However, due to their high efficiency, they effectively support

system as the proportion of supercapacitors in the mixed energy
storage increases. When the capacity ratio changes from 1:9 to
7:3, the overall carbon emissions of the energy system remain
within 229.0 tons + 2.6 tons. However, as the proportion of
supercapacitors in the mixed energy storage continues to
increase, the overall carbon emissions will increase sharply.
When the proportion of supercapacitors reaches 90%, the
carbon emissions of the energy system reach 238.2 tons, a 4%
increase compared to 229.1 tons when the proportion is 70%.
The main reason for this increase is that although
supercapacitors have slightly lower efficiency compared to
lithium-ion batteries, the carbon emissions per kWh of lithium-
ion batteries are higher than those of supercapacitor energy
storage, resulting in initial fluctuations. However, as the
proportion of supercapacitors increases, the increase in carbon
emissions caused by efficiency becomes dominant, leading to
an overall increase in operating carbon emissions. In terms of
costs, due to the higher cost per kWh of supercapacitors, the
operating costs of the park continue to rise as the proportion of
supercapacitors increases, but the increase is relatively small,
from 342,000 yuan when the ratio is 1:9 to 369,000 yuan when
the ratio is 9:1, an increase of 7.9%.

The combination of lead-acid batteries - superconducting
energy storage (long-term energy storage - short-term energy
storage) has a minor effect on the carbon emissions of the park
when the proportion changes, with only a slight increase from
235.5 tons with lead-acid batteries accounting for 10% to 240.4
tons with lead-acid batteries accounting for 90%, an increase of
only 2.1%. This is mainly because lead-acid batteries have a
shallow discharge depth, and some energy remains within the
energy storage device. Moreover, it has a certain downward
trend in terms of costs, decreasing from 365,000 yuan with
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lead-acid batteries accounting for 10% to 356,000 yuan with
lead-acid batteries accounting for 90%, a decrease of 2.4%.
This decrease is mainly due to the increase in short-term energy
storage in the mixed energy storage, which helps the energy
system obtain energy arbitrage under time-of-use electricity
pricing, thereby reducing the operating costs of the energy
system. Additionally, the cost reduction is also due to the
relatively low cost of lead-acid batteries and their high
efficiency, resulting in fewer additional costs. As the proportion
of lead-acid batteries increases, the overall costs tend to
decrease. This combination balances temporary load peak
shaving and load shifting requirements of short-term energy
storage types while ensuring the stability of energy supply in
the park, enabling the park to have certain capabilities to
respond to emergencies

In summary, through comparative studies, the mixed energy
storage of lead-acid batteries - superconducting batteries (long-
term energy storage - short-term energy storage) exhibits
opposite trends in operating costs and carbon emissions under
different capacity ratios, requiring a trade-off between costs and
carbon emissions for the optimal capacity ratio. Conversely, the
combinations of supercapacitors - lithium-ion batteries (short-
term energy storage - short-term energy storage) and
compressed air energy storage - flow batteries (long-term
energy storage - long-term energy storage) should ensure that
the most excellent performing energy storage type dominates in
the optimal capacity ratio.

6 Conclusions

This study is based on a comprehensive energy system
model that encompasses photovoltaic power generation, wind
power generation, and CCHP equipment. It investigates the
impact of a single energy storage technology on the cost and
carbon emissions of this energy system under different
scenarios. Building upon this analysis, the study examines the
performance, cost, and carbon emission differences of the
comprehensive energy system under the mixed application of
energy storage, considering the characteristics of different
energy storage technologies. The following conclusions are
drawn:

1. For this comprehensive system, the appropriate
application of energy storage devices can effectively improve
the economic feasibility of the energy system. For instance,
when using an 8000kWh lithium iron phosphate energy storage
battery, the cost per unit of electricity decreases from 0.2747
yuan/kWh (without energy storage) to 0.2729 yuan/kWh.

2. However, this economic improvement is influenced by
the instability of wind and solar power generation. According
to various capacity configurations designed in this study, the
optimal range for short-term energy storage devices such as
superconducting energy storage, lithium-ion battery storage,
and supercapacitor storage is the maximum value (2000 kWh).
Long-term energy storage devices like lead-acid batteries, flow
batteries, and compressed air energy storage have an optimal
range for different capacity configurations, and this range
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varies due to the different characteristics of energy storage and
wind/solar characteristics.

3. Further analysis of three different mixed energy storage
applications in the comprehensive energy system reveals
significant cost differentiation advantages under different
energy storage requirements: In the case of compressed air
combined with flow battery energy storage, the operating cost
is lowest when the proportion of compressed air energy storage
is less than 40%. However, as the energy storage capacity
increases, the cost of compressed air and flow battery mixed
energy storage rises rapidly, surpassing the other two mixed
energy storage options. In the 400 kW to 500 kW energy
storage demand range, supercapacitor combined with lithium-
ion mixed energy storage has the lowest cost advantage. After
exceeding 500 kW of energy storage demand, lead-acid
combined with superconducting mixed energy storage exhibits
the optimal cost advantage. Additionally, different mixed
energy storage scenarios have varying impacts on the carbon
emissions of the comprehensive energy system. Overall,
compressed air combined with flow battery energy storage has
the highest carbon emissions impact as its capacity increases,
with a 16.1% increase compared to supercapacitor combined
with lithium-ion and lead-acid combined with superconducting
energy storage, which increased by 4.7% and 2.1%,
respectively, as the capacity ratio changed from 1:9 to 9:1.

In conclusion, given the rapid development of energy
storage technology and applications, it is necessary to conduct
targeted analyses based on the characteristics of different
renewable energy generation and energy system load
characteristics when selecting energy storage technology and
capacity. This approach is crucial for meeting the requirements
of the energy system while minimizing the cost and maximizing
the utilization of energy storage systems.
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