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Abstract: This study focuses on the participation of energy storage in primary frequency
regulation of offshore wind farms. A frequency regulation performance evaluation in-
dicator is designed, and the black-start capability of the wind farm after shutdown is
also considered. By equivalently processing the black-start time, a black-start capability
evaluation indicator is designed. An energy storage strategy is adopted to balance power
charging and discharging during the primary frequency regulation cycle. Considering
the service life of energy storage batteries and the maximum number of charge/discharge
cycles, a multi-objective comprehensive optimization model is proposed, which integrates
frequency regulation performance, annual average investment cost of energy storage, black-
start capability, and wind energy utilization rate. The designed model is solved using a
genetic algorithm. Finally, a case study of an offshore wind farm is given to compare and
analyze the primary frequency regulation with energy storage participation and the joint
frequency regulation of wind and energy storage, which verifies the effectiveness of the
proposed designed model and algorithm.

Keywords: wind power generation; primary frequency regulation; black-start; capacity
optimization

1. Introduction
With the global energy structure transitioning towards low carbonization, offshore

wind power, as an important part of clean energy, continues to rapidly increase in its
installed capacity. However, the large-scale grid integration of offshore wind power poses
new challenges to the power system. On one hand, the fluctuation and intermittency of
wind power generation threaten the grid frequency stability severely, making it urgent
for wind farms to provide primary frequency regulation support and mitigate frequency
fluctuations [1,2]. On the other hand, in the event of extreme weather or fault scenarios,
the power system may face the risk of large-scale blackouts. Offshore wind farms, as
potential emergency power sources, need to possess black-start capabilities to quickly
restore regional power supply [3,4]. As a result, how to further optimize energy storage
configuration while simultaneously balancing the dual functions of frequency regulation
and black-start capability is an issue that requires in-depth research.

Many scholars have conducted research on the optimal configuration of energy stor-
age capacity in wind farms. In terms of primary frequency regulation, Ref. [5] proposes a
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real-time cooperation scheme to exploit their complementary characteristics and an optimal
bidding strategy for them in joint energy and regulation markets, considering battery cycle
life. Ref. [6] study the dynamic configuration strategy for large-scale wind power frequency
regulation reserve capacity, which has significant impacts on grid frequency regulation
capability, wind power generation economy, and grid peak load regulation. Ref. [7] propose
a capacity optimization model for joint shared energy storage of multiple wind farms in
primary frequency modulation based on opportunity constrained planning. It converts the
planning into deterministic planning via an improved P-effective point method, achieving
rapid solution through Cplex and verifying wind–storage frequency modulation feasibility.
On the basis of virtual synchronous control of inertia support and primary frequency
regulation, Ref. [8] establishes an energy storage output model to respond to grid frequency
fluctuations and proposes an energy storage configuration method. Ref. [9] investigate
an optimization strategy for sizing a battery energy storage system to support primary
frequency regulation in photovoltaic power plants. By integrating an optimization model
and a performance assessment algorithm, it incorporates a state-of-charge penalty function
to prevent inappropriate SOC trajectories that could affect PFR performance and evalu-
ates the effectiveness of the BESS design. Ref. [10] indicate that optimizing the allocation
of battery energy storage systems can significantly enhance grid voltage and frequency
stability. The adaptive gray wolf optimization algorithm effectively determines the optimal
capacity and placement of BESS, with simulations verifying its benefits for grid stability
and reliability, providing valuable insights for power system planning. Ref. [11] propose an
optimal management strategy for a photovoltaic–battery system that both generates power
and provides primary frequency regulation. The key contribution is the development of
a two-level control framework, optimizing energy trading and real-time adjustments to
ensure reliable operation. The study demonstrates that the proposed strategy effectively
manages uncertainties in photovoltaic generation and frequency dynamics, ensuring ef-
ficient and stable system performance. Ref. [12] establish a bi-layer model combining
planning and operation layers for wind farms with dual tasks of smoothing wind power
fluctuations and participating in primary frequency regulation, embedding an improved
particle swarm optimization algorithm to achieve optimal energy storage capacity configu-
ration. Ref. [13] construct an optimal allocation model for energy storage system capacity
for primary frequency regulation on the basis of the ant lion algorithm, considering the
frequency regulation dead zone and capacity margin issues to enhance system frequency
regulation capability.

In terms of black-start capability, Ref. [14] studies the black-start technology of wind–
energy storage integrated systems, formulates black-start schemes, and verifies their effec-
tiveness. Ref. [15] propose a capacity configuration method for energy storage considering
energy storage operation strategies to solve the problem of wind power fluctuation during
the black-start process of wind farms. Ref. [16] specifically address the requirements of
WECSs and propose a decentralized control system for the black-start of WECSs operat-
ing in parallel. Ref. [17] propose an optimal configuration method for energy storage in
wind farms for black-start capability based on an asymmetric Copula function, enabling
wind farms to have black-start power capabilities. Ref. [18] design a black-start scheme
for photovoltaic–energy storage systems using a hierarchical optimization strategy, from
data analysis to coordinated optimization and dispatch control, effectively enhancing the
recovery capability of regional power grids. Ref. [19] propose a capacity configuration plan-
ning method based on positive-sum game theory for solar–wind–battery hybrid systems
participating in black-start, achieving good results in balancing black-start capacity needs
and economic benefits. Ref. [20] propose a capacity configuration method for wind farms by
determining the energy storage demand for starting a single wind turbine and establishing
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a hierarchical planning model, realizing black-start of wind farms with a smaller capacity of
energy storage. The research results show that configuring small-capacity energy storage on
the wind turbine side can realize the black-start of wind–energy storage systems, providing
a feasible solution for wind farms as the black-start power sources.

Although the existing studies have made some progress in primary frequency regula-
tion and black-start capability of wind–storage systems (as shown in Table 1), most of the
literature focuses solely on optimizing a single function, lacking an in-depth exploration
of the coordination mechanism between primary frequency regulation and black-start
capability. Refs. [5–10] enhance frequency stability through real-time coordinated control
and dynamic reserve allocation strategies but fail to establish an evaluation framework for
black-start capability. Refs. [14–17] explore the feasibility of energy storage participation
in black-start but overlook the quantitative analysis of frequency regulation performance.
This fragmented research approach results in energy storage configuration schemes that fail
to meet multi-scenario demands, leading to an imbalance between functionality and cost.
Moreover, these existing black-start optimization models often simplify energy storage as
a continuous power supply unit, lacking a systematic evaluation of key indicators such
as startup time and reliability, and failing to consider coordinated startup strategies with
wind turbines.

Table 1. Comparison of research on energy storage optimization configuration in the literature.

Literature
Consider Primary

Frequency
Regulation

Consider Black-Start
Capability

Optimization
Method/Strategy Evaluation Indicators

[5] Yes No Real-time Coordinated
Control Strategy

Frequency Stability,
Battery Life

[6] Yes No Standby Power Dynamic
Allocation Strategy

Frequency Stability,
Economic Cost

[7] Yes No Chance-constrained
Programming

Minimum
Frequency Deviation

[8] Yes No Virtual Inertia Support Frequency
Stability Improvement

[9] Yes No Optimization Considering
SOC Constraints

Frequency
Response Performance

[10] Yes No Gray Wolf
Optimization Algorithm

Grid Voltage and
Frequency Stability

[14] No Yes Empirical Analysis of
Black-Start Feasibility Black-Start Success Rate

[17] No Yes
Stochastic Optimization of

Energy Storage for
Black-Start

Black-Start Reliability

This Study Yes Yes Multi-objective Genetic
Algorithm Optimization

Frequency Deviation, Cost,
Black-Start Capability,

Wind Energy
Utilization Rate

To address the aforementioned disadvantages, this study follows a research frame-
work of functional coordination–model construction–case validation. Section 2 analyzes the
technical requirements of primary frequency regulation and black-start and proposes eval-
uation metrics for frequency regulation effectiveness and black-start capability. Section 3,
considering the multi-objective coupling characteristics, establishes a quadrilateral com-
prehensive evaluation model and employs an adaptive genetic algorithm to optimize
energy storage capacity allocation through charge/discharge strategies. Section 4 verifies
the feasibility of the proposed optimization strategy through a comparative analysis of
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three case studies. Finally, Section 5 summarizes the research conclusions and provides
engineering insights.

2. Analysis of Primary Frequency Regulation and Black-Start
Requirements and Design of Evaluation Indicators

The primary frequency regulation of a generating unit acts during the initial stage of a
frequency event in the power system (such as sudden load changes or generator tripping).
It is crucial for suppressing system frequency deviation and ensuring the stability and
quality of the power system frequency. Therefore, this paper mainly focuses on the energy
storage capacity configuration that enables wind farms to possess primary frequency
regulation capabilities.

An imbalance in the active power of the power system will cause changes in system
frequency. When the frequency deviation exceeds the deadband of frequency regulation
∆ fdb, the governor of the generating unit is activated to adjust the active power output
of conventional generating units, thereby reducing the system frequency deviation. This
process is called primary frequency regulation, PFR [20], as shown in Figure 1. The primary
frequency regulation characteristic of a generating unit is reflected in the droop coefficient:

R = −∆ f / fN
∆P/P

(1)
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In the formula, fN represents the rated frequency of the power system; P represents the
power generation of the generator set; ∆ f represents the frequency deviation; ∆P represents
the change in active power. The droop coefficient R generally ranges from 0.04 to 0.06.

Affected by wind speed, the power generation of wind turbines has a large range of
variation. Moreover, when wind power generation is at its peak, its impact on the power
system frequency is more pronounced. Therefore, determining the primary frequency
regulation reserve capacity of a wind farm based on its instantaneous power is more in line
with engineering practice.

According to Equation (1), in order for the wind farm to possess primary frequency
regulation capabilities similar to those of traditional generator sets, the primary frequency
regulation power and capacity it needs to provide are as follows:

Pp(t) = P(t)
∆ f / fN

R
(2)
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Ep(t) = Pp(t)T (3)

In the formula, Pp(t) and Ep(t) represent the power and capacity required for the wind
farm to participate in primary frequency regulation at time t, respectively. T is the sampling
time interval. p(t) is the power generation of the wind farm at time t.

The energy storage system (ESS) is characterized by its fast response time, flexible
and diverse capacity configuration, and strong environmental adaptability. The role of
configuring an ESS is twofold: on one hand, it helps to smooth the power fluctuations
of a normally operating wind farm; on the other hand, it enables the wind farm to have
self-starting capabilities.

Before evaluating the black-start support capability of energy storage for a wind
farm, it is necessary to determine the black-start power demand of the wind turbines.
Taking a 1.5 MW wind turbine as an example, the external power required for its startup is
approximately 18 kVA, which is about 1.2% of the wind turbine’s rated power. Therefore,
ignoring the losses in the collector system, the startup power required by the wind farm is
approximately 1.2% of the total installed capacity of the wind farm.

Regarding the startup sequence of wind turbines, the required startup power is the
highest when all wind turbines in the wind farm are started simultaneously. In this
case, the self-starting time of the wind farm is the shortest, but a large energy storage
capacity is needed. To address this, it is possible to consider using energy storage to
prioritize the startup of some wind turbines first. The already started turbines, together
with energy storage, can then form the black-start power source for the next round of wind
turbine startups.

2.1. Design of Frequency Regulation Effectiveness Indicators

Regarding the primary frequency regulation performance of the wind–storage system,
it is necessary to define corresponding indicators for measurement. Assuming that the
wind farm does not have the capability for primary frequency regulation, the indicator
reflecting the system frequency fluctuation is as follows:

J1 =

√
1
n

n

∑
i=1

∆ f 2
i (4)

After the wind farm reserves frequency regulation standby capacity or adds energy
storage units to participate in frequency regulation, the indicator reflecting the system
frequency fluctuation is as follows:

J2 =

√
1
n

n

∑
k=1

∆ f 2
k (5)

Indicators are proposed to reflect the effectiveness of primary frequency regulation:

J = J2/J1 (6)

In the formula, the smaller the value of J, the better the frequency adjustment effect.

2.2. Design of Black-Start Capability Indicators

Black-start refers to the ability of an electric power system to restore power after a
complete blackout without relying on external grid support, using internal self-starting
power sources. Since wind turbines do not have self-starting capabilities, energy storage is
required. Firstly, the energy storage system supplies power for the initial round of wind
turbine startups. Once the first round of turbines is successfully started, the combined
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output of the wind farm and energy storage system is used to determine which turbines can
be started next, and these are started in parallel. This parallel startup process is repeated
until all turbines are operational. In theory, parallel startup can reduce the total startup
time. Taking a wind farm with S turbines as an example, the evaluation indicators for
black-start capability are as follows:

(1) Relying solely on energy storage to start S1 units (first round of startup): for the first
round of turbine startup, the energy storage system provides the startup power of
1.2% ∗ PW for the first turbine and sustains it for a duration of T1.

(2) Stage 2 starts with the S2 platform (the remaining energy storage and the wind
turbines from the first round jointly serve as the black-start power source).

(3) Final round start with platform Sn (the round number for the final round could be 2, 3,
4, 5, . . .): The actual start time for the final round is still T1, but if S1 + S2 + . . .+ Sn > S,
this indicates that the number of turbines that can be started in the final round has
exceeded the required number. The equivalent start time for the final round, Tn, is
as follows:

Tn = T1 ∗ (S − S1 − S2 − . . . − Sn−1)/Sn (7)

The black-tart time is equivalently calculated as follows:

T = T1 ∗ Sn−1 + Tn (8)

Taking the duration of a five-round start as the benchmark (since five rounds can
already ensure the startup of all wind turbines in the wind farm), the longest black-start
time is as follows:

Te = 5 ∗ T1 (9)

The evaluation indicator for black-start capability is defined as follows:

Tq = T/Te (10)

In the formula, Tq is between 0 and 1. The smaller the value, the shorter the equivalent
black-start time, which means the stronger the black-start capability.

3. Multi-Objective Optimization Model for Energy Storage Capacity
The capacity of energy storage and the proportion of wind power reserve are one of

the key issues for the economic feasibility of primary frequency regulation and black-start
capability in a wind farm. This paper proposes an optimization method for energy storage
capacity based on a polygon-based comprehensive evaluation. During the optimization
process, to ensure the economic viability of energy storage configuration and reduce the
construction cost of energy storage, an operation mode considering the coordinated support
of wind turbines and energy storage for primary frequency regulation is designed. Finally,
the optimal configuration capacity of energy storage and the proportion of wind power
reserve are determined through a trade-off among multiple optimization indicators.

3.1. Multiple Energy Storage Power Distribution Control Layer
3.1.1. Optimization Configuration Model

The annual equivalent investment value of the energy storage device mainly includes
the initial fixed capital for configuring the energy storage system and the daily maintenance
costs. The total investment is converted into an annual investment cost for optimization.
The mathematical model is as follows:

Fdes = (kpPd + kEEd)·CRF + Fwh (11)
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CRF = 1.05(Y−1) (12)

In the formula, kp and kE are the unit power cost and unit energy cost of the energy
storage device, respectively. Pd and Ed are the power and capacity configured for the energy
storage device. CRF is the capital recovery factor of the energy storage device. Y is the
system operating period (in years). Fwh is the maintenance cost for the normal operation of
the energy storage device.

3.1.2. Wind Energy Utilization Rate

The wind energy utilization rate is one of the important indicators for evaluating
the rationality of the wind power reserve proportion. The wind energy utilization rate is
defined as follows:

WUR =

k
∑

t=1
PA(t)

k
∑

t=1
PT(t)

(13)

In the formula, PA(t) and PT(t) are the actual output power and theoretical output
power of the wind farm at time t, respectively. k is the number of wind speed sampling
data points.

3.1.3. Objective Function

The specific implementation process of establishing the quadrilateral comprehensive
evaluation model is as follows:

(1) Extend four axes from the origin of the coordinate system in different directions, such
that these four axes divide a circle centered at the origin into four equal parts, with
each axis separated by an angle of 90◦.

(2) Normalize the evaluation indicators for frequency regulation effectiveness, annual
average investment cost of energy storage, black-start capability, and wind energy
utilization rate.

(3) Mark the normalized values of the four evaluation indicators on the respective axes
and connect the points in sequence to form a quadrilateral. The area of this quadrilat-
eral is then calculated.

Taking the maximization of the area of the quadrilateral comprehensive evaluation
model as the objective, and subject to the operational constraints, the objective function is
established as follows:

max
{

Atri =
1
2
· [FMVnorm · ASCnorm + ASCnorm · Tnorm + Tnorm · WURnorm + WURnorm · FMVnorm]

}
(14)

Among them, Atri is the area of the quadrilateral comprehensive evaluation model;
FMVnorm is the normalized frequency modulation effect indicator of the system; ASVnorm is
the normalized annual evaluation investment cost of energy storage; Tnorm is the normalized
black-start capability indicator of the system; WURnorm is the normalized wind energy
utilization rate of the system.

3.1.4. Constraints

Based on the actual operating characteristics of energy storage batteries and wind
farms, the following constraints need to be satisfied:

0 ≤ PW(t) ≤ PWN

SOClow ≤ SOC(t) ≤ SOChigh

−ηcPd ≤ Pe(t) ≤ η f Pd

(15)
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In the formula, SOClow and AOChigh are the lower and upper limits of the state of
charge (SOC) of the energy storage device. ηc and η f are the charging and discharging
efficiencies of the energy storage device.

In addition, during the long-term operation of energy storage batteries, their replace-
ment frequency should take into account both the service life of the batteries and the
maximum number of charge/discharge cycles. Within a certain operating period, if either
of these conditions are met, the energy storage is considered to be scrapped.

3.2. Energy Storage Charging and Discharging Strategy

Energy storage batteries regulate system frequency by absorbing or releasing active
power. However, when the remaining capacity or energy of the energy storage is insuffi-
cient, there are two options for its charging and discharging power modes:

(1) Maximum Power Charging/Discharging Mode
Taking discharging as an example, under this mode, the maximum discharging power
of the energy storage configuration is used as a constraint. The battery discharges at
the maximum power until all available energy is depleted.

(2) Balanced Power Charging/Discharging Mode
Taking discharging as an example, under this mode, the discharging power of the
energy storage is lower than the configured power. Within a complete frequency
regulation cycle, the available energy of the energy storage battery is evenly de-
pleted. The discharging power is the ratio of the available energy to the frequency
regulation cycle.

Given the same initial conditions, the frequency regulation outcomes after energy stor-
age participates in frequency regulation using the two different charging and discharging
modes are shown in Figure 2.
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Considering the dispersion of frequency deviation values after frequency regu-
lation using the variance formula, the average frequency deviation values are both
−0.04 Hz when energy storage participates in frequency regulation in the maximum power
charge/discharge mode and the balanced power charge/discharge mode. However, the fre-
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quency deviation values show better aggregation in the balanced power charge/discharge
mode. Therefore, this paper selects the balanced power charge/discharge mode of energy
storage to design the charge/discharge strategy. The charge/discharge strategies for energy
storage participating in primary frequency regulation and the black-start of the wind farm
are as follows:

Charge and Discharge Strategy for Energy Storage Participating in Primary Frequency
Regulation of a Wind Farm

1⃝ When the system frequency deviation ∆ fi exceeds the upper limit of the frequency
regulation dead band ∆ fdb: if QSOC,min < QSOC < QSOC,max, the energy storage
battery charges; if QSOC = QSOC,max, the energy storage remains inactive.

2⃝ When the system frequency deviation ∆ fi exceeds the lower limit of the frequency
regulation dead band ∆ fdb: if QSOC,min < QSOC < QSOC,max, the energy storage
battery charges; if QSOC = QSOC,max, the energy storage remains inactive.

3⃝ When the system frequency deviation ∆ fi is within the frequency regulation dead
band ∆ fdb, that is, ∆ fdb_d < ∆ fdb < ∆ fdb_u, the energy storage does not need to take
any action.

(1) Charge and Discharge Strategy for Energy Storage Participating in the Black-start of a
Wind Farm

1⃝ Determine the maximum number of wind turbines that the energy storage can start in
the first round. If (QSOC −QSOC,min)/(Pb ∗ T1) = a > 1, the energy storage discharges
to start a wind turbine. If (QSOC − QSOC,min)/(Pb ∗ T1) < 1, the energy storage takes
no action, and the first-round startup fails.

2⃝ If the first round cannot complete the startup of all wind turbines, a subsequent startup
process is required. If (P/Pb) = b and (QSOC − QSOC,min)/(Pb ∗ T1) + P/Pb = c > b, the
energy storage discharges to start c wind turbines. If (QSOC − QSOC,min)/(Pb ∗ T1) < 1,
the already-started turbines continue to start additional turbines and charge the energy
storage simultaneously.

3.3. The Process of Energy Storage Capacity Configuration

This paper employs the Adaptive Genetic Algorithm (AGA) as the solution tool for
the optimization configuration problem. Compared with other fundamental algorithms,
the genetic algorithm exhibits global optimization capability, effectively circumventing
entrapment in local optima while maintaining robust convergence properties.

The energy storage capacity configuration process is shown in Figure 3. First, an initial
population is generated and encoded. Secondly, based on the energy storage participation
in wind farm primary frequency regulation and black-start charging and discharging
strategies designed in the previous text, the corresponding FMV, ASC, T and WUR values
for each individual in the population are calculated. After standardizing the optimization
objectives, the polygon area Atri value is calculated, which represents the fitness value of the
population individual. If Atri is greater than the average value, the range is set to increase
the crossover/mutation probability to improve the convergence rate of the optimization
process; conversely, the crossover/mutation probability is decreased to protect excellent
individuals from entering the next generation. Finally, the termination condition of the
adaptive genetic algorithm is determined, and the output result is used as the optimal
configuration plan.
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Figure 3. Multi-objective optimization process for energy storage capacity configuration.

4. Case Study Analysis
4.1. Parameter Setting

This paper takes a certain offshore wind farm as an example, with an operation cycle
of 20 years, during which the total installed capacity of the wind farm is 504 MW, the wind
speed at which the wind turbine cuts in is 3 m/s, the rated wind speed is 15 m/s, and the
cut-out wind speed is 25 m/s. The system frequency sampling time interval is 30 s. Other
parameters are shown in Table 2.

Table 2. Wind–storage system optimization parameters.

Parameters Number

Energy Storage Unit Capacity Cost kE/(CNY/kWh) 2530
Energy Storage Unit Power Cost kP/(CNY/kW) 1600

Unit Capacity Maintenance Cost kv/(CNY/kWh) 10
Unit power operation and maintenance cost kK/(CNY/kW) 30

BESS Service Life/(Years) 8
Maximum Cycle Count of BESS/(Cycles) 6000

SOC Upper Limit SOChigh 0.9
SOC Upper Limit SOClow 0.1

Frequency Regulation Dead Zone ∆ fdb ±0.033

4.2. Optimization Configuration for Different Case Studies

This paper compares and analyzes three case studies under different conditions:
Case Study 1: Optimization configuration considering both primary frequency regula-

tion and black-start (wind–storage joint frequency regulation).
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Case Study 2: Optimization configuration considering only primary frequency regula-
tion (wind–storage joint frequency regulation).

Case Study 3: Optimization configuration considering both primary frequency regula-
tion and black-start (storage-only frequency regulation).

The configuration results of energy storage, wind power reserve conditions, and
evaluation metrics under different case studies are shown in Table 3. The system frequency
fluctuations before and after frequency regulation are illustrated in Figure 4.

Table 3. Results of energy storage participation in wind farm frequency regulation.

Parameter Case 1 Case 2 Case 3

Energy Storage Capacity (MWh) 3.19 2.97 17.66
Energy Storage Power (MW) 4.32 4.16 21.84

Wind Power Backup Ratio 3.52% 5.04% 0
Frequency Regulation Performance Indicator 0.112 0.108 0.112

ASC (CNY Ten Thousand) 882.4 643.4 3627
Equivalent Black-Start Time (min) 27.3 34.7 6.4

Wind Energy Utilization Rate 0.967 0.945 1
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Figure 4. Comparison of system frequency fluctuations before and after frequency regulation with
energy storage participation. (a) Comparison of system frequency fluctuations before and after
frequency regulation in Case Study 1. (b) Comparison of system frequency fluctuations before and
after frequency regulation in Case Study 2. (c) Comparison of system frequency fluctuations before
and after frequency regulation in Case Study 3.
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From Table 3, it can be seen that under the optimized configuration conditions for
primary frequency regulation and black-start (wind–storage joint frequency regulation) in
Case 3, the optimal configurations for energy storage capacity and power are 3.19 MWh
and 4.32 MW, respectively. Compared with the optimized configuration case that only
considers primary frequency regulation (wind–storage joint frequency regulation), due to
the consideration of the role of energy storage in black-starting the wind farm, the energy
storage configuration capacity and power have increased by 0.22 MWh and 0.16 MW,
respectively. However, the wind power reserve ratio has decreased from 5.04% to 3.52%,
resulting in a relatively higher wind energy utilization rate. In the optimized configuration
case that considers both primary frequency and black-start (energy storage alone for
frequency regulation), due to the lack of wind power frequency regulation reserve, primary
frequency regulation is entirely borne by energy storage; hence, the configuration capacity
and power of energy storage are relatively large, at 17.66 MWh and 21.84 MW, respectively.
There is a significant improvement in the capability to support black-start, but the annual
cost of energy storage is excessively high. Overall, Case 1 has achieved a certain balance
among various optimization indicators.

Under three case conditions, the optimization configuration results correspond to
the polygon evaluation indicator diagram, as shown in Figure 5. The area Atri values
corresponding to the polygons in the diagram are shown in Table 4.
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Table 4. Polygon areas for three different case studies.

Quadrilateral Characteristics Case 1 Case 2 Case 3

Atri 1.106 0.993 1.062

From Table 4, it can be seen that the wind–storage joint optimization configuration,
which takes into account both primary frequency regulation and black-start support capa-
bilities, has the highest fitness value, reflecting the superiority of this case.

4.3. Sensitivity Analysis

In the optimization model for wind farm energy storage configuration, the perfor-
mance degradation rate of storage batteries, frequency fluctuations, and wind speed varia-
tions are key factors affecting the system’s economic efficiency and reliability.

(1) Impact of Storage Degradation

The capacity and charge/discharge efficiency of energy storage batteries degrade over
time, typically modeled using an exponential decay formula:

E(t) = E0·e−
t
τ (16)

η(t) = η0·e−βt (17)



Designs 2025, 9, 48 13 of 16

In the equation, E0 and η0 represent the initial configuration capacity and the
charge/discharge efficiency of the energy storage system, respectively. τ is the time
constant, which indicates the time required for the energy storage to degrade to its initial
value by a factor of 1/e, and β is the decay constant.

When the time constant τ is set to 50 and the decay constant β is 0.025, the degradation
of the energy storage battery’s capacity and charge/discharge efficiency with respect to
the years of usage is shown in Figure 6. Using Example 1 as a case, the impact of different
degradation rates on the optimal storage configuration results is shown in Table 5.
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Figure 6. Degradation of energy storage over years of use.

Table 5. Configuration results considering different degradation rates of energy storage batteries.

Time Constant
τ

Decay Constant
β

Energy Storage
Capacity (MWh)

Energy Storage
Power (MW)

0 0 3.19 4.32
80 0.02 3.26 4.39
50 0.025 3.34 4.45

From Table 5, it can be observed that when considering the degradation of the energy
storage battery performance with usage time, the optimal storage configuration capacity
and power increase accordingly to maintain the same primary frequency regulation effect
as the original configuration. Additionally, the higher the degradation rate of the energy
storage battery, the higher the required optimal storage configuration capacity and power.

(2) Impact of Larger Frequency Fluctuations

To investigate the applicability of the proposed storage optimization method under
severe frequency fluctuations in the grid, optimization simulations were performed using
frequency fluctuation data with a larger variation based on Case 1. The system frequency
reached a maximum of 50.213 Hz and a minimum of 49.798 Hz within the sampling
period. The storage optimization results were as follows: storage capacity of 7.06 MWh,
storage power of 5.84 MW, and a wind power reserve ratio of 3.77%. The fluctuation in the
frequency before and after regulation is shown in Figure 7.
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frequency deviations.

5. Conclusions
This paper addresses the optimal configuration of energy storage capacity in offshore

wind farms by proposing a multi-objective optimization strategy that comprehensively
considers primary frequency regulation capability and black-start support capability. By
constructing a comprehensive evaluation model that integrates frequency regulation per-
formance, economic efficiency, black-start capability, and the wind energy utilization rate,
and solving it using a genetic algorithm, the following conclusions are drawn:

(1) The global advantage of wind–energy storage collaborative frequency regulation is
significant. By coordinating the energy storage system with the wind power reserve
capacity, the combined wind–energy storage frequency regulation can ensure fre-
quency stability while significantly reducing the cost of energy storage configuration
and improving wind energy utilization.

(2) Frequency regulation performance and black-start indicators can enhance system
reliability. The black-start indicator ensures rapid system recovery in the event of a
fault, while the frequency regulation performance indicator strengthens the system’s
ability to regulate frequency fluctuations. The combination of these two indicators
provides an effective basis for energy storage configuration.

(3) The multi-objective optimization model has practical significance. Although the
introduction of the black-start evaluation indicator slightly increases the energy
storage capacity, it enhances the system’s recovery capability. The multi-objective
optimization model based on a quadrilateral comprehensive evaluation effectively
balances the various objectives and provides a reliable scientific basis for energy
storage configuration.

Based on the research in this paper, future work can explore the interaction mecha-
nisms between centralized and distributed energy storage in frequency regulation and
black-start, quantifying the impact of different configuration modes on frequency regula-
tion and black-start capabilities, in order to select the appropriate configuration mode for
different scenarios.
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