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ABSTRACT

Present of wind power is sporadically and cannot be utilized as the only fundamental load of energy sources.
This paper proposes a wind-solar hybrid energy storage system (HESS) to ensure a stable supply grid for a
longer period. A multi-objective genetic algorithm (MOGA) and state of charge (SOC) region division for the
batteries are introduced to solve the objective function and configuration of the system capacity, respectively.
MATLAB/Simulink was used for simulation test. The optimization results show that for a 0.5 MW wind power
and 0.5 MW photovoltaic system, with a combination of a 300 Ah lithium battery, a 200 Ah lead-acid battery,
and a water storage tank, the proposed strategy reduces the system construction cost by approximately 18,000
yuan. Additionally, the cycle count of the electrochemical energy storage system increases from 4515 to 4660, while
the depth of discharge decreases from 55.37% to 53.65%, achieving shallow charging and discharging, thereby
extending battery life and reducing grid voltage fluctuations significantly. The proposed strategy is a guide for
stabilizing the grid connection of wind and solar power generation, capability allocation, and energy management
of energy conservation systems.
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Nomenclature

δ Power fluctuation in time interval t
Pmax (t) & Pmin (t) Maximum output power and minimum power in time interval t
Pave (t) Average power in time interval t
Porigin,n Raw signal power
Pgrid,n Grid-connected power
Phess,n Hybrid energy storage power
Phigh & Plow High-frequency component and crossover component after IMF

reconstruction
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P2f (p) The power value in the p-order component is reconstructed at low frequency
Plim it Fluctuation limit
SOCsecmax & SOCsecmin The upper and lower limits of the normal working area of energy storage
SOCmin stop & SOCmax stop Storage system SOC upper and lower warning limits
SOCmax & SOCmin Upper and lower limits of emergency area for storage
C Combined energy storage cost
CLi

Bat & CLA
Bat & CHeat Lithium ion, lead-acid battery energy storage cost, thermal energy stor-

age cost
Cinv

Bat,Li & Cinv
Bat,LA & Cinv

Heat Lithium battery, lead-acid battery energy storage investment cost, heat stor-
age investment cost

Cinv
BLi1 & Cinv

BLA1 Unit capacity investment cost of lithium battery and lead-acid battery
Cinv

tan k1 Unit capacity investment cost of heat storage tank
Cinv

boiler Electric boiler heater investment cost
Coper

Bat,Li & Coper
Bat,LA & Coper

Heat Lithium battery, lead-acid battery energy storage and hot storage operation
and maintenance cost

Ccomp Comprehensive power compensation cost
Ccomp+n (t) & CCOMP−n (t) Positive undercompensated power and negative undercompensated power at

time n
n1 & n2 & n3 Number of lithium-ion batteries, lead-acid batteries, and heat storage tanks
r1 & r2 & r3 Depreciation rate of lithium ion, lead-acid batteries and heat storage tanks

and electric boiler heaters
Cinv

BLi,rate & Cinv
BLA,rate Lithium battery, lead-acid battery unit capacity rated investment cost

Cinv
tan k Rated investment cost per unit capacity of heat storage tank

CBLi,Nd & CBLA,Nd Preferential cost per unit capacity of lithium-ion and lead-acid batteries
Ctan k,Nd Preferential cost per unit capacity of heat storage tank
c1 & c2 & c3 Cost preference factor
η Power cost factor of electric boiler heater
α & ε & μ The ratio of the operating and maintenance cost of lithium batteries, lead-

acid batteries and heat storage systems to the investment cost
Nc Battery equivalent cycle life
Dod Depth of discharge
β (Dod, i) Equivalent charge-discharge cycle coefficient of a battery
O & M Operation and maintenance

1 Introduction

Renewable energy from wind and photovoltaic power generation are intermittency and unpre-
dictable energy sources, that seriously affect the normal function of the power system [1–3]. The
fluctuations in energy sources bring serious challenges to the power quality and stability of the
grid network [4–7]. Coupling electrical grid systems with different aspects of power production can
increase power production flexibility and plant operation [8–11]. The use of an energy storage system
of charging and discharging can smoothly encounter the output power fluctuations and flexibly
adjust the power imbalance situation, which not only affects the supply, demand, and balance of the
power system but also solves the intermittency and volatility of wind power and photovoltaic power
generation [12,13]. This results in the enhancement of country revenue through constant power supply



EE, 2025, vol.122, no.1 287

in the industry and production sectors [14–17]. Based on this, it is vital to introduce a hybrid wind-
solar energy storage system to reduce the power fluctuation impact on the power grid and to improve
the stability of the power grid.

Recently, the use of renewable energy has drawn much attention around the world [18–21].
Solar energy technology, as a crucial origin of renewable energy, has long-term merits, improves
sustainability, and encounters pollution [22–25]. Despite, providing flexible power, it faces challenges
due to the occasional energy source [26–29] On the other hand, Concentrated Solar Power (CSP)
has drawn much attention in recent years, due to its flexibility and capability to be incorporated
with other sources of energy like thermal energy [30–33]. Wen et al. [26] aimed at the problems
of large loss and low efficiency of wind power generation system, multi-field coupling method was
adopted to conduct multidimensional analysis of electromagnetic field and temperature field in wind
power generation system, and the system loss region was accurately obtained, and the wind power
generation efficiency was improved by optimizing the composition structure of wind power generation
system. Wen et al. [27] proposed a wind power + energy storage model to explore the influence of
different energy storage modes on various power quality indicators in wind power generation, and
Ansys software was used to simulate and explore the inside of the wind power generation system.
Liu et al. [28] proposed a solar power plant with multiple combinations, including photovoltaic
power station, thermal storage system, Concentrated Solar Power (CSP) and other equipments, and
takes standardized energy cost and power failure probability as evaluation criteria to obtain the best
component coordination and capacity configuration through multi-objective optimization. The results
show that the proposed system can effectively reduce power generation costs and improve power
generation reliability. Kandi et al. [29] proposed a new type of solar power generation and energy
storage power station, which is mainly composed of Thermal Electric Generator (TEG) and Phase
Change Material (PCM), which can effectively improve energy storage efficiency. At present, there are
few studies on PCM integrating TEG, and this field has great research prospects.

Moreover, wind energy commonly contains the most negligible effect on climate change compared
to other sources of energy like fossil fuels [34–37] A wind turbine is used to produce electricity [38]. On
the contrary, it faces challenges such as weather variation and high load requirements in some areas
[39–42]. The main challenge of using wind and solar energy is their constant weather dependence
[43,44] Consequently, a hybrid renewable energy system is necessary to ensure a constant supply of
energy.

Hybrid wind and solar energy can be converged to encounter the fluctuation of high energy
demand through different forms of energy storage, so as to ensure the stability of the power grid.
Moreover, References [45–47] proposed an Intelligent Adaptive Control (IAC) architecture to address
the impact of renewable energy on microgrids due to various meteorological factors. The architecture
was designed by combining Artificial Neural Network-Proportional Integral (ANN-PI) and regulated
voltage by adjusting the inverter secondary network. The experimental findings proved that IAC
architecture could effectively reduce microgrid fluctuations. Likewise, Mahesh et al. [48] proposed
a genetic algorithms approach to optimize hybrid solar photovoltaic-wind-battery systems and found
that genetic algorithms minimized cost while maintaining power stability. Multi-objective genetic
algorithm has a strong global search ability and high processing complexity, which is suitable for
complex constraints and targets in the allocation of scenery capacity. Moreover, the population
nature of genetic algorithm enables it to process multiple solutions in parallel and has high efficiency.
Therefore, this paper chooses to use multi-objective genetic algorithm to solve the objective function.
Based on this, it is vital to enhance the power grid through a hybrid energy system.
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This paper presents a wind-solar hybrid energy storage system combining electricity and heat
through the optimization of efficiency system of electric-thermal combined energy storage. Secondly, it
investigates the primary allocation of wind and solar power through empirical modal decomposition to
obtain the grid-connected power to avoid the phenomenon of insufficient or excessive grid-connected
power suppression through HESS capacity configuration [49,50]. This work will help the global energy
sector to mitigate the effect of intermittent energy challenges and enhance operation strategy through
power volatility, economy, and power quality control.

2 Model of Wind-Photovoltaic and Storage System

In this work, a wind-solar hybrid model was developed to analyze the energy potential of a coupled
energy system. The structure of the wind-solar hybrid energy storage system is shown in Fig. 1. It
mainly consists of a power generation system, a hybrid energy storage system, a load, and a process
switching system utilized for monitoring wind and solar power production systems and different
energy storage scenarios.

Figure 1: Diagram of hybrid energy storage systems for wind power generation

Wind farms and photovoltaic power plants were used to generate power for the grid and energy
storage and consumption depending on the power utility. If the power volatility is large it will affect the
power quality and reliable operation. In utilizing the wind and solar complementary system, the first
part is the power generation system, load system, control system, grid system, and energy storage
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system are all smoothed out. Hybrid energy storage implemented in this work consists of battery
and thermal storage. The complementary power of wind and solar output meets the power merger
and acquisition of grid-connected fluctuations through power decomposition and carries out energy
storage if it does not meet the requirements and further rational distribution of electric heating energy
storage in the process of energy storage and release.

2.1 Fluctuating Characteristics of Wind and Photovoltaic Generation
Considering the actual output energy of the system and the degree of operational fluctuation, the

power fluctuation rate is defined as the evaluation index, indicated in Eq. (1) below:

δ = PMAX(t) − PMIN(t)
Pave(t)

× 100% (1)

where δ is the power fluctuation rate and t is time interval, PMAX (t) represents maximum, PMIN (t)
represent minimum and Pave (t) represents the average power in time interval, respectively.

2.2 Power Allocation Strategy
In power power distribution, the basic idea is to divide the power by high and low frequency. The

normalized power signal is obtained by the ratio of the original power signal to the grid-connected
power, and the normalized power signal is decomposed into several fixed mode functions (IMFs),
which are combined with the fluctuation limit of wind power grid-connected. Each order IMF is
reconstructed into a high-frequency component and a low-frequency component by Eqs. (2) and (3),
and each IMF represents a frequency component in the original signal. The constraint of wind power
fluctuation limit is shown in Eq. (4).

Plow = c2f (i) =
k∑

i=m+1

IMFi + res (2)

Phigh = f2c(i) =
m∑

i=1

IMFi (3)

max Pc2f (p) − min Pc2f (p) ≤ Plim it (4)

where Pc2f (p) is the power value within the pth-order component of the low-frequency reconstruction
in the specified time; Plim it is the fluctuation volume limit. K-means clustering is carried out for the
wind-solar power output, modal decomposition is carried out for grid-connection power, and energy
storage according to grid-connected limits. The specific power allocation process is shown in Fig. 2.

2.3 Electric-Thermal Hybrid Energy Storage Operation Strategy
In the process of an electric-thermal hybrid energy storage operation, the mode in each area is

formulated by delineating different working areas of the energy storage system, as shown in Table 1.
Where SOCsecmax and SOCsecmin represent the upper and lower limits of the normal working area of the
energy storage, and also the opening threshold of the heat storage. Likewise, SOCmax stop and SOCmin stop

represent the upper and lower alarm limits of the SOC power storage, and SOCmax, SOCmin represent
the upper and lower limits of the emergency area of the power storage.
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Figure 2: Flow chart of wind PV power allocation strategy

Table 1: Division of the HESS workspace

SOC range Workspace

SOCmax ≤ SOC < 1 Energy storage overcharge contingency area
SOCmax stop ≤ SOC ≤ SOCmax Electric energy storage overcharge zone
SOCsecmax ≤ SOC ≤ SOCmax stop Energy storage overcharge warning zone
SOCsecmax ≤ SOC < 1 Smin ≤ S < Smax Thermal energy storage thermal operation area
SOCsecmin ≤ SOC ≤ SOCsecmax Normal working area of electrical energy storage
0 < SOC ≤ SOCsecmin Smin < S ≤ Smax Thermal storage heat release operation zone

(Continued)
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Table 1 (continued)

SOC range Workspace

SOCmin stop ≤ SOC ≤ SOCsecmin Electric storage capacity over-discharge warning area
SOCmin < SOC ≤ SOCmin stop Electric storage over-discharge zone
0 < SOC ≤ SOCmin Electrical storage over discharge emergency area

Through the SOC seven-region design, the SOC with electrochemical energy storage provides
enough power and capacity space, better shallow charging and discharging, to avoid excessive use
of electric energy storage, and smooth fluctuations. The energy operation strategy is shown in Table 1.
During charging, when SOCsecmax is reached and the heat storage is within a reasonable range, the heat
storage is turned on. When SOC reaches SOCmax stop, the charging is stopped to avoid current sudden
change and overcharging of the battery. SOCmax stop∼SOCmax is reserved as the overcharge buffer area.
When the heat storage reaches the maximum, the heat storage is closed. On the contrary, the discharge
process is similar. The specific process is shown in Fig. 3 below.

Figure 3: Flow chart of energy management strategy for electric and thermal energy storage
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3 Hybrid Energy Storage Capacity Optimization Model
3.1 Objective Function

For several combined objective optimization allocation problem for a wind-source hybrid energy
storage system, the lowest comprehensive cost and the longest cycle life are set as the optimization
objectives function under the premises to ensure a stable and reliable operation system. For hybrid
energy storage capacity, with the lowest comprehensive cost and the longest cycle life as optimization
objectives, the multi-objective genetic algorithm is used to optimize the electric heating energy storage
configuration. The objective function is expressed as indicated in Eq. (5), as previously explained by

min C = CLi
Bat + CLA

Bat + CHeat + Ccomp (5)

where C is the comprehensive energy storage cost, CLi
Bat is the lithium-ion battery energy storage cost,

CLA
Bat is the lead-acid battery energy storage cost, CHeat is the thermal energy storage investment operating

cost, and Ccomp base power compensation cost, where CLi
Bat, and CHeat are expressed as Eq. (6).⎧⎪⎪⎨

⎪⎪⎩

CLi
Bat = C inv

Bat,Li + Coper
Bat,Li

CLA
Bat = C inv

Bat,LA + Coper
Bat,LA

CHeat = C inv
Heat + Coper

Heat

(6)

where Cinv
Bat,Li and Cinv

Bat,LA are the investment costs of lithium and lead-acid battery storage, Coper
Bat,Li and

Coper
Bat,LA are the operation and maintenance costs of lithium and lead-acid battery storage, Cinv

Heat and
Coper

Heat are the investment costs and operation and maintenance costs of thermal storage respectively
Eqs. (7) and (8).

(1) Investment costs

The investment cost expression is as follows:⎧⎪⎪⎨
⎪⎪⎩

C inv
Bat,Li = n1C inv

BLi1 (1 − r1)

C inv
Bat,LA = n2C inv

BLA1 (1 − r2)

C inv
Heat = (

n3 × C inv
tank1 + C inv

boiler

)
(1 − r3)

(7)

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

C inv
BLi1 = C inv

BLi,rate − (
cBLi,Nd × n1

) + c1

C inv
BLA1 = C inv

BLA,rate − (
cBLA,Nd × n2

) + c2

C inv
tank1 = C inv

tank,rate − (
ctank,Nd × n3

) + c3

C inv
boiler = C inv

boiler1 × η

(8)

The investment cost is calculated by the product of the unit capacity investment cost, capacity,
and depreciation rate, where the unit capacity investment cost takes into account the actual market
preference and adjusts the unit capacity investment cost. Where Cinv

BLi1 and Cinv
BLA1 are the unit capacity

investment costs of lithium-ion and lead-acid batteries respectively, n1 and n2 denote the number of
lithium-ion batteries and lead-acid batteries, respectively, and Cinv

tan k1 is the unit capacity investment cost
of the heat storage tank, Cinv

boiler is the investment cost of the electric boiler heater, and n3 is the number of
heat storage tanks. r1, r2 and r3 are the depreciation rates for lithium-ion, lead-acid batteries, thermal
storage tanks, and electric boiler heaters, respectively. Cinv

Bli,rate, Cinv
BLA,rate and Cinv

tan k,rate are the nominal
investment costs per unit capacity of lithium-ion batteries, lead-acid batteries, and thermal storage
tanks, respectively. cBli,Nd, cBLA,Nd and ctan k,Nd are the preferential costs per unit capacity of lithium-ion,
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lead-acid batteries, and heat storage tanks, respectively. c1, c2 and c3 are the cost preference factors. η

is the power cost factor of the electric boiler heater.

(2) Operation and maintenance costs

Operation and maintenance can be simplified by estimating it as a percentage of the investment
cost expressed in Eq. (9).⎧⎪⎪⎨
⎪⎪⎩

Coper
Bat,Li = αC inv

Bat,Li

Coper
Bat,LA = εC inv

Bat,LA

Coper
Heat = μC inv

Heat

(9)

where α, ε and μ are the coefficients of the ratio of the operation and maintenance cost of the
electrochemical energy storage system and heat storage system to the investment cost, which are
positively correlated with the investment.

(3) Compensation costs for wind energy output fluctuations

When the power of wind fluctuates greatly, the high-frequency fluctuation component of wind
power output that exceeds the upper limit of the power of the energy storage system needs is
supplemented by dispatching other resources, which increases the compensation cost, as measured
in Eq. (10).

Ccomp =
N∑

t=1

ccomp

(
Pcomp+,n (t) − Pcomp−,n (t)

)
(10)

where ccomp is the base power compensation cost coefficient, Pcomp+,n (t) and Pcomp−,n (t) are the positive
under-compensated power and negative under-compensated power at moment n, respectively.

(4) Cycle life model

The life cycle for a device of energy storage mainly consider the effect of battery discharge depth
(Dod) on battery life. The relationship between the depth of discharge and cycle life of Li-ion batteries
according to [48] is shown in Table 2.

Table 2: Relationship between lithium battery discharge and cycle life

Depth of discharge/% Cycle life/times Depth ofdischarge/% Cycle life/times

10 25,000 60 4167
20 12,500 70 3571
30 8333 80 3125
40 6250 90 2778
50 5000 100 2500

The relationship between depth of discharge and cycle life was fitted using the multiplicative power
function approximation Eq. (11).

Nc = 249992/Dod (11)
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where Nc is the equivalent cycle life of the battery; Dod is the depth of discharge. The equivalent
charge/discharge cycle factor of the battery is defined as

β (Dod,i) = Nc (Dod, 1) /Nc (Dod,i) (12)

where Dod, i is the depth of the battery when the number of discharges is I , Nc (DOd, i) is the cycle
of life when the depth of discharge is Dod, i where the value β is usually set as the cycle life when the
depth of discharge is 100%. It is usually set as the cycle life at 100% discharge depth, and β range of
0–1. Battery discharge depth and cycle life are shown in Fig. 4.

20 40 60 80 100
0

5000

10000

15000

20000

25000
C

yc
le

 li
fe

/ti
m

es

Depth of discharge/%

Figure 4: Diagram of the relationship between battery discharge depth and cycle life

3.2 Model Constraints
The charge and discharge power constraints for energy storage devices in this work are stipulated

below, where the energy storage device charging and discharging power constraint can be expressed as
in Eq. (13).

Px = Pgrid + PWT + PPV − Pload (13)

where at Px > 0 denotes charging of the energy storage system and denotes Px < 0 discharging of the
energy storage system. The constraints are shown in Eq. (14) below:{

0 < Pch
x ≤ Pmax

Pmin ≤ Pdisch
x

(14)

Electrothermal hybrid energy storage system, both electrochemical and thermal energy storage
systems should be charged and discharged within the appropriate range of SOC constraints as in
Eq. (15).⎧⎪⎨
⎪⎩

SBLi,minstop ≤ SBLi (t) ≤ SBLi,maxstop

SBLA,minstop ≤ SBLA (t) ≤ SBLA,maxstop

SHeat,minstop ≤ SHeat (t) ≤ SHeat,maxstop

(15)

where in the formula above, SBLi,max stop and SBLi,min stop are the upper and lower limits of SOC for lithium
batteries, SBLA,max stop and SBLA,min stop are the upper and lower limits of SOC for lead-acid batteries,
and SHeat,max, and SHeat,min are the upper and lower limits of SOC for heat storage tanks. The specific
optimization flow chart is shown in Fig. 5.
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Figure 5: Flow chart of wind-wind capacity configuration optimization algorithm

4 Simulation Analysis
4.1 Analysis of System Operation

Based on MATLAB/Simulink and Real Time Labratory (RT-LAB) semi-physical simulation
platform, a wind-source hybrid energy storage system was constructed. Both the wind speed and solar
irradiance models are fitted with real-world wind speed and solar irradiance data and are used as inputs
to the wind turbine model and the PV model. The rated capacity of the electrochemical energy storage
system in the system depends on the installed capacity configuration of the wind power generation
system, and the electrochemical energy storage model did not consider the effects of temperature and
cycle life. The electric boiler in the thermal storage system model adopts a multi-stage heating mode,
and the water supply tank is regarded as an infinite water source. The basic parameters of the system
are shown in Table 3.
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Table 3: Basic parameters

Parameters Value Parameters Value

Wind speed (m/s) 5–12 Solar irradiance (W/m2) 500–1150
Wind turbine rated power (MW) 0.5 Rated water supply flow rate of water

storage tank (kg/s)
5

PV rated power (MW) 0.5 Total rated power of electric boiler (kW) 500
Rated grid voltage (KV) 400 Rated power of electrical load (kW) 300
Initial SOC for electrochemical
energy storage (%)

60 Thermal load rated power (kW) 300

The results of wind and PV power volatility curves are shown in Fig. 6. It can be seen that from
a time perspective, the two changes are complementary, thus, the PV power fluctuations with time at
the point of wind power volatility are smaller, likewise the wind power fluctuations in the node of the
PV fluctuation are also smaller. Moreover, the volatility of wind power and PV after complementary
is demonstrated in Fig. 7.

Figure 6: Graph of power fluctuations in wind and photovoltaic power generation
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Figure 7: Wind, PV, and total power volatility graphs

It is indicated that the power fluctuation in the wind and photovoltaic hybrid power generation
begins at 0.047 and 0.31 s, respectively. This produces the weak wave peak within the fluctuation rate
of 0.59, The fluctuation of PV at 0.27 s is 0.09. The variation characteristics of wind energy and PV
are not completely lifetime capable of achieving the volatility of the mutual offset.

4.2 Power Distribution
Before power allocation, to avoid the effect of extreme data, the data were clustered. The K-means

algorithm was used to cluster the 5 s scenery data to obtain four scenery power-out scenarios. The time
and probability corresponding to each scenario are listed below in Table 4. The median cumulative
fluctuation is used as an indicator for each scenario, and the selected clustering scenarios are shown
in Table 4.

Table 4: Duration and probability of different scenarios

Scenario Data value Duration (s) Probability

1 47,352 2.38 29.55%
2 29,429 1.48 47.54%
3 5684 0.29 5.71%
4 17,136 0.86 17.20%

The results of wind energy clustering are indicated in Figs. 8 and 9, where the cluster findings of
four scenarios were 514.58, 347.10, −10.78, and 210.28 at each point, respectively.

Moreover, the grid-connection fluctuation volume limit was determined to obtain the grid-
connection component and the hybrid energy storage power component. It was discovered that the
lower the fluctuation limit occurred, the smoother the direct grid connection of the component.
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Likewise, the higher the fluctuation of the energy storage, the better the grid performance. For the
case where there is too small, a limit value leads to frequent charging as well as discharging of the
power storage system, which increases the loss. Fig. 10 indicates the direct grid-connected component
at a fluctuation limit of 30, 20, and 10. It is observed that when the fluctuation occurs, it is reduced
to 10 and the waveform is being distorted. Likewise, Fig. 11 indicates the multiple fluctuation volume
constraints, where the low-frequency reconfiguration component is greater than the grid-connected
fluctuation limit, specifically at 20 indicating the fluctuation in grid-connection.

Figure 8: Clustering effect diagram for different scenarios
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Figure 9: Curves of power output clustering results

Figure 10: Grid-connected component diagrams for multiple fluctuation-limited quantities

Figure 11: Graph of storage smoothing components under multiple fluctuation volume constraints
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The maximum fluctuation of the low-frequency reconfiguration component c2f (4) is close to and
not greater than the grid-connected fluctuation limit of 20, as shown in Fig. 12, with the DC grid-
connected component of c2f (4) and the hybrid energy storage smoothing component of c2f (5).

Figure 12: Curves of low-frequency reconstructed component orders

4.3 Configuration Results Analysis
Using the multi-objective optimization genetic algorithm, the hybrid energy storage potential is

optimized by the number of lithium batteries, lead-acid batteries, heat storage tanks, storage cost,
and the number of electrochemical energy storage cycles as the objective function. The optimized
capacity configuration results are shown in Tables 5–7. The comprehensive total cost decreased by
18,006.87 yuan at the total consolidated cost of 24.5%. Lithium battery capacity decreased from
the original 400 to 300 Ah, lead-acid battery capacity from the original 300 to 200 Ah. Lithium
battery and lead-acid battery capacity decline directly affect the system construction costs, operation,
and maintenance costs, while improving the economy of the system. Before optimization, the energy
storage cost accounted was 16.7% of the total system cost, and after optimization, it dropped to
12.5%, and the optimization degree was 4.2%. The economic feasibility of the energy storage system
configuration was improved through algorithm optimization. The number of electrochemical energy
storage in a cycle increased from 4515 to 4660, and the depth of discharge decreased from 55.37% to
53.65%. The main reason for the reduction of all costs is the cost of the battery is higher than the
heat storage, and the strategy is utilized to effectively dispatch the heat storage and reduce the cost.
Moreover, the depth of discharge was reduced to obtain shallow charging and shallow discharging to
improve the battery life.

4.4 Analysis of the Effect of Strategy Optimization
(1) Trend analysis of electrochemical energy storage SOC

Using time charging and discharging cycle data analysis, lithium batteries had a faster decrease in
power than lead-acid batteries. Likewise, the rate of charging and discharging was found to be small
as shown in Fig. 13.
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Table 5: Capacity configuration optimization results

Lithium battery
capacity

Lead-acid battery
capacity

Thermal storage
tank capacity

Pre-optimization 400 300 100
Post-optimization 300 200 80
Optimal value 100 100 20
Optimization degree 25% 30% 20%

Table 6: Energy storage cost optimization results

Lithium
battery
investment
cost

Lithium
battery
O&M costs

Lead battery
investment
cost

Lead battery
O&M costs

Heat storage
investment
costs

Heat
storage
O&M
costs

Pre-optimization 7608 5072 3291 5059 32,900 18,800
Post-
optimization

6066 3033 1971 4204 27,216 12,441.6

Optimal value 1542 2039 1320 855 5684 6358.4
Optimization
degree

20.3% 40.2% 40.1% 16.9% 17.3% 33.8%

Table 7: Overall optimization result

Total consolidated cost Cycle life/number of cycles

Pre-optimization 684.865 55,407.994
Post-optimization 476.394 73,414.865
Optimal value 208.471 18,006.871
Optimization degree 30.4% 24.5%

Moreover, the chemical characteristics of lead-acid batteries are more easily affected by tempera-
ture, charging, and discharging rate during the charging and discharging process, resulting in relatively
fast SOC changes. The SOC change rate of Li-ion batteries is lower than that of lead-acid batteries, and
Li-ion batteries are more stable and have greater energy density during the charging and discharging
process. After optimization, the discharge depth of both batteries is reduced, which helps to extend
the service life of the battery and reduce the damage to the battery structure caused by deep discharge.
The results show that the proposed strategy achieves shallow charging and shallow discharge, which
provides a research direction for considering the service life of electrochemical energy storage.

(2) Analysis of the impact of different strategies on voltage fluctuations

Rapid changes in loads in the system faults, and shock at the load end can lead to voltage
fluctuations. The larger the value of �U, the higher the RMS value of the 10 cycles of the voltage.
The operating process is analyzed with 4–4.2 s at 10 cycles.
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Result in Fig. 14 indicate that voltage variation changes periodically, and the peak voltage
fluctuation of the proposed strategy was observed to decrease from 2.92 to 2.86. compared to
Harmonics as one of the important factors for voltage fluctuation, and it was noted that improving
the harmonic distortion rate improved the voltage fluctuation challenges with respect to time. To
reduce the voltage fluctuation better peak and valley regulation was conducted, to balance supply
and demand. The results show that the optimization strategy has a good effect on improving power
quality such as harmonics and voltage fluctuations.

Figure 13: Curves of the trend of SOC for electrochemical energy storage

Figure 14: Curves comparing the effect of voltage fluctuation
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5 Conclusion

This paper proposes a new operation strategy for wind and solar hybrid energy storage systems.
The strategy is optimized by power allocation and a multi-objective genetic algorithm, and the
conclusions are drawn following:

(1) It was observed that the proposed strategy performed power decomposition and determined
the minimum fluctuation volume limit for initial allocation. The optimized objectives function
of dynamic cost with the lowest integrated cost and longer life cycle was depicted and verified
to be effective in enhancing wind power fluctuation, economy, and battery cycle life. The power
decomposition obtained by the proposed strategy can be widely used in frequency division energy
storage technology, which provides a reference for smoothing the fluctuation of wind and wind output
while improving the economy.

(2) The results show that the proposed electro-thermal hybrid energy management strategy based
on the SOC reduces the depth of discharge and increases the cycle life by 145 times. Likewise, it reduces
battery overuse, maintains sufficient capacity to smooth fluctuations, reduces cost, and improves
battery cycle life. This management strategy provides a new way to solve the problem of over-charge
and over-discharge extremes by providing a feasible stabilizing power system volatility.

(3) In general, the proposed strategy adds an electro-thermal HESS complementary mechanism,
which improves thermal energy utilization and reduces the cost of hybrid energy storage, while
the complementary mechanism improves the service period of the electrochemical energy system.
However, the role of the battery for high-frequency compensation is not enough, and the system
combined with power storage such as supercapacitors needs further research to better utilize the
advantages of HESS.
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