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ABSTRACT: The configuration of a hybrid energy storage system (HESS) plays a pivotal role in mitigating wind
power fluctuations and enabling primary frequency regulation, thereby enhancing the active power support capability
of wind power integration systems. However, most existing studies on HESS capacity configuration overlook the self-
recovery control of the state of charge (SOC), creating challenges in sustaining capacity during long-term operation.
This omission can impair frequency regulation performance, increase capacity requirements, and shorten battery
lifespan. To address these challenges, this study proposes a bi-level planning-operation capacity configuration model
that explicitly incorporates SOC self-recovery control. In the operation layer, a variable-baseline charging/discharging
strategy is developed to restore SOC by balancing positive and negative energy over a 24-h period, with the goal of
maximizing daily operational benefits. In the planning layer, the annualized net life-cycle cost of the HESS is minimized
by configuring storage capacity based on feedback from the operation layer. The two layers operate iteratively to achieve
coordinated optimization of capacity sizing and control strategy. Case study results demonstrate the effectiveness of
the proposed method. Compared with a configuration without considering SOC self-recovery, the proposed approach
reduces the 1-min wind power fluctuation rate to 3.53%, lowers the mean squared frequency error to 0.000084, and
decreases the annualized net life-cycle cost by 545,000 CNY/MWh.

KEYWORDS: Wind power smoothing; primary frequency regulation; hybrid energy storage system; capacity config-
uration; state of charge self-recovery

1 Introduction

The inherent variability and unpredictability of wind power present significant challenges to the safe
and stable operation of power systems. In systems with high wind power penetration, overall system stability
largely depends on the active power regulation capability at the wind power source side [1]. As a flexible
resource, energy storage can mitigate wind power fluctuations and support frequency regulation. Deploying
energy storage on the generation side effectively enhances the active power regulation performance of
wind farms [2]. However, a single type of energy storage may not be sufficient to accommodate the
complex operating conditions on the source side [3]. In contrast, hybrid energy storage systems (HESS),
which combine the advantages of energy-type and power-type storage, can respond to multiple frequency
components in system operations. Consequently, the deployment of HESS has emerged as a crucial strategy

for improving the active power regulation performance of wind farms.

Previous studies have introduced various methods for configuring HESS to enhance the active power
regulation capability of wind farms. In [4], an improved k-means clustering method is used for typical
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scenario extraction, followed by a two-stage frequency decomposition approach to allocate smoothing
power between the battery and supercapacitor within the HESS. An allocation scheme integrating empirical
mode decomposition with grey relational analysis is proposed in [5], enabling a more accurate internal
distribution of wind power smoothing tasks within the HESS. Reference [6] develops a smoothing power
allocation method based on variational mode decomposition (VMD) with a long short-term memory neural
network, and applies a fuzzy controller to adjust the allocation results in response to potential SOC constraint
violations. Across these studies, frequency decomposition methods are used to allocate smoothing power
tasks and configure the HESS to mitigate wind power fluctuations. Despite these advancements, enhancing
active power regulation in wind farms requires not only suppressing fluctuations in grid-connected output
power but also enabling wind farms to participate in primary frequency regulation. This need is heightened
by the reverse peak-shaving characteristics of wind power, which can exacerbate active power imbalances
and intensify frequency fluctuations in the power system, thereby increasing the risk of system instability [7].
Nevertheless, the aforementioned studies focus exclusively on wind power smoothing and do not consider
the role of HESS in supporting primary frequency regulation in wind farms.

Various approaches have been proposed for configuring HESS capacity for wind farms engaged in
primary frequency regulation. The study in [8] employs sequential VMD to allocate the regulation power of
wind farms into high- and low-frequency components, aiming to reduce battery degradation. The impact of
the state of charge (SOC) on the frequency regulation capability of the energy storage system is considered
in [9], and a capacity configuration method based on cross-entropy is proposed. The method in [10] adjusts
the frequency regulation output of the storage system based on SOC to prevent overcharging and over-
discharging. However, this approach restricts the regulation output, leading to suboptimal performance.
Overall, these studies address the HESS capacity configuration problem solely from the frequency regulation
perspective, without considering the simultaneous need for wind power smoothing. This indicates that
certain existing studies take a narrow view of the application scenarios of HESS deployment in wind farms.

The configuration of HESS in wind-storage systems has evolved from addressing isolated scenarios—
either smoothing or frequency regulation—to jointly considering both functions. A dual-layer capacity
configuration model is formulated in [11], where the planning layer uses VMD to assign smoothing tasks
while incorporating life cycle cost, and the operational layer minimises regulation cost by allocating power
between wind turbines and energy storage. Reference [12] develops a capacity configuration model that
simultaneously considers smoothing and frequency regulation, incorporating battery degradation and the
frequency of SOC threshold crossings. Reference [13] adopts an aquila optimizer-variational mode decom-
position to allocate the HESS tasks for smoothing and frequency regulation, and introduces a hierarchical
configuration model to maximize the economic benefits of the wind farm. In [14], a filtering-based method is
applied to suppress wind power fluctuations, while primary frequency regulation is achieved by mimicking
the droop and inertia control characteristics of thermal generators. Notably, none of the above studies
considers the SOC self-recovery of the energy storage system. All the aforementioned references adopt a zero-
baseline operation strategy for the operational power tasks assigned to the battery and the supercapacitor;
that is, for the smoothing and frequency regulation tasks of the wind-storage system, all positive power
is absorbed, and all negative power is compensated. However, this operation strategy ignores the balance
between the absorbed positive power and the compensated negative power, thereby preventing the SOC of
the energy storage system from achieving self-recovery.

In summary, SOC self-recovery is not considered in existing HESS configuration when dealing with
wind power smoothing and primary frequency regulation. This omission may weaken the smoothing and
regulation capabilities of the storage system and reduce overall economic efficiency. To address this, this
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paper proposes a capacity configuration model for HESS that explicitly accounts for SOC self-recovery. The
main contributions of this paper are as follows:

(1) A novel variable-baseline operation strategy for energy storage is proposed, which enables SOC
self-recovery by addressing the imbalance between energy absorption and compensation for both batteries
and supercapacitors.

(2) A comprehensive HESS capacity configuration model is developed that simultaneously considers
wind power smoothing and primary frequency regulation. This model enhances wind power integration and
reduces system frequency deviations, contributing to active power balance.

(3) An economic analysis is conducted that integrates the full life cycle cost and operational benefits of
HESS, veritying the effectiveness and superiority of the proposed configuration method.

2 Operational-Level Model Considering SOC Self-Recovery

This section proposes an operational strategy that enables SOC self-recovery control in HESS under
combined smoothing and frequency regulation scenarios. In a wind-storage integrated generation system,
the HESS—composed of a battery and a supercapacitor with complementary operational characteristics—
can handle power tasks across different frequency bands [15], making it well-suited for complex scenarios.
In this paper, the HESS is centrally configured on the generation side, forming a wind-storage integrated
generation system. As presented in Fig. 1, the control center first determines the operational tasks of the HESS
based on the wind farm grid-connection standards and system frequency regulation demands. Subsequently,
a frequency decomposition method is applied to divide the overall operational task into high-frequency
P, (t) and low-frequency components Py, (t), which are then assigned as reference power signals to the
supercapacitor and the battery, respectively.
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Figure 1: Structure of wind-storage integrated generation system

However, the reference power signals described above may lead to an imbalance between the absorbed
positive energy and the compensated negative energy. This imbalance is further exacerbated by the
charge—discharge efficiencies of batteries and supercapacitors, as well as the conversion efficiency of power
converters [16]. Under the zero-baseline operation strategy, such imbalances prevent the SOC of the energy
storage system from achieving self-recovery control. To illustrate the problem, this paper uses actual
operational data from a 100 MW wind farm in northern China. The dataset covers the period from 01 January
to 31 January 2021, and includes active power data from wind turbines at 1-min intervals and frequency data
at 1-s intervals. Fig. 2 shows the SOC variation of the HESS on a typical day without considering the SOC
self-recovery control.
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Figure 2: SOC of energy storage in the zero-baseline operation mode

As shown in Fig. 2, the discharging demand imposed on the energy storage system significantly exceeds
its energy absorption requirement. This imbalance results in the following issues:

(1) The SOC of both the battery and the supercapacitor at the end of the cycle differs from their
initial SOC, violating the sustainability constraints of energy storage operation. Consequently, the HESS is
incapable of consistently executing the power tasks of smoothing and frequency regulation throughout its
entire life cycle.

(2) The ability of energy storage to continue discharging for upward frequency regulation is limited. The
HESS must prioritize smoothing tasks to ensure reliable wind power integration. Only then can it use the
remaining charge-discharge capacity for frequency regulation. As indicated by Eqs. (1) and (2), a persistently
low SOC reduces the system’s discharging capacity for frequency regulation.

~ min(Ps(t),PmmPst (t))’Pst (1)>0
Pact (t) - { max (Ps (t),_PrathI:tp (t))’PI;P (t) <0 (1)
_ (SocmaxEmte _E(t_l))/AtnCh“ﬂCV’PSt (t) >0
Ps (t) B { (SocminEmte -E (t - 1)) ﬂdisﬂcV/At’ PSt}f(t) <0 (2)
Pstp (t) — Pgrid (t) M (3)

Rifx

where P, (t) is the actual primary frequency modulation output of energy storage at time ¢; P4, represents
the rated power of the battery and the supercapacitor; P; () is the available charging or discharging power of
the energy storage system at time ¢ after completing the smoothing task; SO Cyx and SO Cyyip are the lower
and upper limits of the SOC of the energy storage system, respectively; E,,. denotes the rated capacity of
the battery and supercapacitor; E (¢ — 1) is the energy capacity of the storage device at the time t — 1; 7.4,
and 7,4, are the charging and discharging efficiencies of the energy storage system, respectively; 7., is the
conversion efficiency of the power converter; Py, ;4 (t) represents the grid-connected power of the wind farm
at time t; Py, (t) is the required primary frequency regulation power at time t; fy is the rated frequency of
the power system; f (¢) is the actual frequency at time #; R, is the modulation coefficient.

(3) To maintain sufficient discharge margin, the rated capacities of both the battery and the supercapac-
itor must be increased accordingly.

(4) The battery replacement cost increases. As indicated by Eq. (4), sustained discharging under low
SOC conditions shortens the actual service life of the battery [17].

R.D,E}**
365 n (4)
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where Yy, is the actual service life of the battery; E;*'¢ is the rated capacity of the battery; P{* the discharging
power of the battery; D, is the rated depth of discharge (DOD); R, and R, represent the number of cycles
for rated discharge depth and actual discharge depth, respectively; R;,4 is the life equivalence conversion
coefficient of the battery; a; and «; are fitting coefficients with values of 0.19 and 1.69, respectively; Dy, ()
and SO Cy, (t) are the actual DOD and the SOC of the battery at time , respectively.

2.1 Variable Baseline Operation Strategy of Energy Storage

To address the above issue, this paper proposes a variable-baseline operational strategy, as illustrated in
the flowchart in Fig. 3. By directly adjusting the operational compensation baseline, this method increases
additional positive absorption and reduces negative compensation achieved by purchasing power from the
grid. The principle of the strategy is that the battery and the supercapacitor should first meet wind power
smoothing requirements, then use any remaining capacity for frequency regulation.

anning
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Figure 3: Hybrid energy storage operation-planning two-layer capacity allocation model
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Thus, the formulation steps of the variable-baseline operational strategy for the HESS are as follows:

Step 1: The original wind power is decomposed using the improved complete ensemble empirical mode
decomposition with adaptive noise (ICEEMDAN), yielding a set of intrinsic mode functions (IMFs) and a
residual component. As shown in Eq. (7), the decomposed IMFs are reconstructed into low-frequency and
high-frequency components. The low-frequency power signal that meets the grid-connection standards is
taken as the grid-injected wind power Py, ;4 (), while the high-frequency signal is regarded as the smoothing
power demand Pygss () of the HESS.

p-m+1
Pugss (1) = fac(p-mer) = X Ivr,i
, (7)
Pyria (t) = Cat(my = X Impi + Tes
i=p—m+2

where Pygss (t) and Pg,iq (t) denote the smoothing power demand of the HESS and the actual grid-
connected power at time ¢, respectively, MW; fi¢(p—m-1) is the (p — m + 1)-th high-frequency reconstructed
component; ¢y¢(,, is the m-th low-frequency reconstructed component; Iy, ; is the i-th intrinsic mode
function obtained from the ICEEMDAN decomposition; . is the residual component.

Step 2: Use the Black-winged kite algorithm (BKA)-VMD to allocate the total smoothing power between
the battery and supercapacitor. The BKA optimizes the number of VMD decomposition layers K and the
penalty coefficient . Based on the optimization results, decompose the total smoothing power Pygss ()
into a low-frequency component P, () and a high-frequency component P;, (t).

Step 3: Determine the smoothing baseline by resolving the imbalance between stored charge and
discharge quantities.

Step 4: Based on Eq. (3), the primary frequency regulation power demand of the HESS Py, (t) is
calculated. The BKA-VMD method is then employed to allocate the frequency regulation power demand
between the battery and the supercapacitor. The allocation results are compared with the remaining
charge/discharge power capacity of the storage devices to obtain the actual power of the energy storage system
participating in primary frequency regulation.

Step 5: Calculate the frequency regulation baseline according to the imbalance between positive and
negative energy outputs.

Step 6: By superimposing the smoothing baseline and the frequency regulation baseline, the actual out-
put P, () of the battery and the supercapacitor, when simultaneously performing wind power smoothing
and primary frequency regulation, can be expressed as:

Pess(t):Pp(t)+Pact(t)_szl_Pj22 (8)
where P, (t) is the smoothing power of the energy storage system; Pj;; and P}, are the smoothing baseline

and the frequency regulation baseline, respectively.

The adjusted operational power will maintain a balance between the charging and discharging energy,
meeting the capacity sustainability constraint:

[TPneg(t)dt

T
challcv Pos tdt—o—:() (9)
Hehall 5/ pos (1) HaisTler
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where Py, (t) and Py, (t) are the charging power and the discharging power of the energy storage system
at time t, respectively, after correction.

Based on the energy storage operation strategy detailed above, this paper develops a bi-level planning-
operation model for hybrid energy storage systems, as shown in Fig. 3. The model consists of two layers.
The planning layer determines the rated energy and power capacities of the battery and supercapacitor to
minimize the annualized net life-cycle cost of the HESS. The operation layer optimizes the charge-discharge
strategies for the battery and supercapacitor to maximize daily operational benefit. The planning objective
function is defined as the difference between the annualized life-cycle cost of the HESS and the sum of
accumulated daily operational benefits. The charge-discharge strategy in the operation layer is based on the

capacity configuration results from the planning layer.

2.2 Objective Functions

The objective function of the operation layer is to maximize the daily operational efficiency, which can
be expressed as:

max E; = Rhess - Ilack (10)

where E; is net income from the HESS on day i; Ry, is the economic benefit brought by the configuration
of the HESS; I« is the penalty cost for unfulfilled operational tasks of the HESS.

(1) The economic benefit Ry, of configuring the HESS can be calculated as follows:
Rpess = Rstp + Rextra + Rearbon — Cbuy (11)

where R;;, is the benefit of HESS participation in primary frequency regulation; R.x,, is the benefit from
reducing wind curtailment; R 4rp,, is the carbon emission benefit; Cy,,, is the electricity purchase cost of the
HESS.

T
Rstp = Tstp Z (Eba + Esc) (12)
t=1

where 7y, is the unit gain coeflicient of HESS participating in primary frequency regulation; Ey,, and Ei.
are the amount of electricity of battery and supercapacitor participating in primary frequency regulation,
respectively.

Rextm = asellEextm (13)

where ag,; is the unit feed-in tariff of the wind farm; E,,, is the amount of abandoned electricity reduced
by the configuration of HESS.

The carbon benefits of HESS on the wind power side include: the positive carbon benefit R,_,,s from
reducing wind curtailment and participating in primary frequency regulation, thereby reducing carbon
emissions from conventional power plants, and the negative carbon impact R._,., from investment in the
construction, operation, and maintenance of the HESS [18]. The carbon emission benefits of HESS can be
expressed as:

Rearpon = Rc—pos - Rc—neg (14)
T
Rc—pos =Te—sell YhessEeXtra + Z kCOZ kstp (Eba + Esc) (15)

t=1
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Rc—neg =1.03 x rc—sellkinv (EZZte + E:?[e) (16)

where r._¢.;; is the unit price of carbon trading; ypess is the carbon emission allowance per unit of
electricity; kco, is the marginal emission factor of electricity; kg is the conversion factor from frequency
regulation power to thermal unit output; k;,, is the carbon emission factor generated by the investment and
construction of the HESS.

The electricity purchase cost of the HESS from the main grid arises from implementing the variable-
baseline operational strategy and can be calculated as follows:

T
Cbuy = Z ~Chuy (szl + szz) At (17)
t=1

where ¢y, is the coefficient of the cost of purchasing electricity.

(2) The penalty cost for unfulfilled operational tasks of the HESS consists of two components: wind
curtailment penalty and power deficit penalty. The wind curtailment penalty refers to the economic loss
caused by the inability of the storage system to absorb excess energy when the SOC has reached its upper
limit. The power deficit penalty reflects the loss incurred when the storage system, having discharged down
to its minimum SOC, fails to compensate for the remaining negative power demand.

T

lack = Z(iquqf + ipqupqe + ifqufqe) (18)
=1

where igf, ipqe ifqe denote the penalty coefficients for wind curtailment, smoothing power deficit, and

frequency regulation power deficit, respectively; Eyfs Epge> Efqe represent the wind curtailment energy,

smoothing deficit energy, and frequency regulation deficit energy, respectively.

2.3 Constraints

(1) Capacity sustainability constraint: Within each operational day, the SOC of the energy storage system
should achieve self-recovery, ensuring that the final SOC matches the initial SOC. This condition is essential
for enabling the HESS to sustainably participate in wind power smoothing and frequency regulation over its
entire life cycle.

SOCr=S80Cy (19)

where SOCy, (t) and SOC;. (t) are the SOC of the battery and supercapacitor at the time t; SOC,

SOCR™, SOCM™*, SOC™M™ are the upper and lower limit values of the SOC of the battery and supercapaci-

sc 2

tor, respectively.
(2) The SOC limitation constraint is

SOCMIM < SOC,, (t) < SOC™max (20)

sC

{ SOCIMIM < SOCy, (t) < SOCH™

where SOCy, (t) and SOCy. (t) are the SOC of the battery and supercapacitor at the time t; SOC*,
SOCR®, SOCR™*, SOC™M™ are the upper and lower limit values of the SOC of the battery and supercapaci-

sc

tor, respectively.
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(3) The charge/discharge power constraint is

Py, (£) < min [pmax SOC™Ep!® — Epa (1~ 1)]
a - b)
. Atfpalcy
SOCminEmte _ Eba (Z’)
P ()2 max [_P';l‘ax’ T Mballcv
21
. max SOC;rclaXEZZte - Eq (t - 1) (21)
P, (t) < min | P22, =
SOCminErate _E ¢
. (t) = ma I:_Psngax’ - bAat — ( ) nscrlcv:l

where P2** and P;7** are the power ratings of the battery and supercapacitor, respectively; 7y, and 7 are
the charge-discharge efficiency of the battery and supercapacitor, respectively.

(4) The fluctuation constraint for grid-connected wind power is defined as:

{ Al < )‘one

A10 < Aten (22)

where A, and are 1y the 1-min and 10-min fluctuations of the actual grid-connected power, respectively;
Aone and Aen are the 1-min and 10-min maximum fluctuations in compliance with the grid-connected wind
power standard, respectively.

In this paper, the fluctuation rate A of the actual grid-connected power is defined as the ratio of the
maximum power difference within a specified time interval to the rated installed capacity of the wind
farm [19].

A=] m P,.;(t)— max P,.iz(t)]|/Puyin 23
te[t,tefit] g”d() te[t,t+At] g”d( )]/ d 23)

where At is the time interval, which can be set to 1 or 10 min, yielding A; and A, respectively; Pying represents
the rated installed capacity of the wind farm.

3 Planning-Level Model for Optimal Economic Performance of HESS
3.1 Objective Functions

The objective function, representing the goal of optimizing the economic performance of the HESS
through capacity planning decisions, can be expressed as:

1 365
min (F) = ?Chess - ZEi (24)

i=1

where F is the annualized net life-cycle cost of the HESS; Cj,.; is the life cycle cost of the HESS; T is the life
span of the HESS, which is taken as 15 years in this paper.

The life cycle cost of the HESS Cj,, is calculated as follows:

Chess = Ciny + Coper + Crep = Cres (25)
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where C;,, is the initial investment cost of the energy storage equipment; C,,., is the operation and
maintenance (O&M) cost of the energy storage equipment; C,., is the replacement cost of the energy storage
equipment; C,.; is the salvage value of the energy storage equipment.

Cinv = ApbaPZZte + /\ebaEZZte + /\pscpsrcate + )‘escE:fte (26)

where A, and Ap. are the unit power investment costs of the battery and the supercapacitor, respectively;
Aeba and A are the unit energy capacity configuration costs of the battery and the supercapacitor,
respectively; P/%" and P/¢* are the rated power of the battery and the supercapacitor, respectively; E}%' and
E?'¢ are the rated capacity of the battery and the supercapacitor, respectively.

The O&M cost is calculated as:
Coper = a (AppaPha’ + AepaEpa®) + b ()LPSCPS’C“” + /lmEsrfte) (27)
where a and b are the proportional coefficients of the O&M cost relative to the investment cost for the battery

and the supercapacitor, respectively.

Given that the supercapacitor, as a power-type storage device, has a long cycle life, its replacement cost
can be neglected over the 15-year life span of the HESS. However, the actual service life of the battery is closely
related to factors such as the number of charge/discharge cycles and the depth of discharge (DOD) [20].
Therefore, the replacement cost of the battery must be considered, which can be calculated as follows:

N )
Crep _ (/lpbapgzte n AebaElr;Zte) Z (1 + r)—[(JT)/(NH)] (28)
j=1

where y is the discount rate, which is taken as 5% in this paper [21]; N is the number of battery replacements
within the whole life cycle of the HESS.

The salvage value of the energy storage system can be calculated as follows:

Cres = ﬁres (Cinv + Crep) (29)

where S, is the salvage value rate.

3.2 Constraints

Considering the installed capacity of the wind farm and the configuration cost of the energy storage
equipment, the rated capacity of the energy storage equipment is subject to an upper limit. The construction
constraint of energy storage equipment is:

0<R, <RY (30)

where RY represents the maximum capacity of equipment m.

This paper employs the adaptive genetic algorithm (AGA) to solve the optimization problem of the bi-
level model. The core principle of AGA lies in dynamically adjusting its operational parameters based on the
fitness of individuals, thereby achieving a balance between global and local search capabilities.

4 Case Study

This study uses actual power data from a 100 MW wind farm in China, together with system frequency
data. The dataset covers the period from 01 January to 31 January 2021, comprising 1-min sampled wind
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farm power data and 1-s sampled frequency data. Typical daily power and frequency profiles are extracted
using the k-means clustering method. The typical-day wind power data are decomposed using ICEEMDAN,
and the resulting intrinsic mode functions (IMF) are reconstructed into low-frequency and high-frequency
components. The low-frequency component, meeting the grid-connection standard, is regarded as the grid-
injected wind power, while the high-frequency component represents the smoothing power demand of the
HESS. Simultaneously, the frequency regulation power demand of the HESS is calculated using Eq. (3).

As shown in Fig. 4, the orange curve represents the smoothing power demand of the HESS, while the
blue curve denotes its primary frequency regulation power demand. The time resolutions of the smoothing
and frequency regulation power demands are consistent with the sampling intervals of the original dataset,
namely 1 min and 1 s, respectively. In this study, the BKA-VMD is applied to decompose the two power
demand curves in Fig. 4, with the resulting high-frequency and low-frequency components serving as the
reference power tasks for the supercapacitor and the battery, respectively. However, these reference power
tasks exhibit an imbalance between positive and negative energy flows, preventing the SOC of the battery
and supercapacitor from achieving self-recovery, as shown in Fig. 2. To address this issue, the two power
demand curves are used as inputs to the operation-layer model, where an operational baseline is introduced
as an optimization variable to adjust the reference power tasks, thereby enabling SOC self-recovery of the
energy storage system.

30r
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— Wind Power Smoothing Demand

M

T

201

M! il
| i I

l

4:00 8:00 12:00 16:00 20:00 24:00
Time

P/MW

=201

-30
0

Figure 4: HESS smoothing and frequency regulation power tasks

The parameters of the energy storage system used in this study are listed in Table 1 [22,23]. To verify the
effectiveness of the proposed method, the following comparative scenarios are designed:

Table 1: Energy storage system parameters

Parameter Value
SOC limits of the battery 0.15~0.85
Unit capacity cost of the battery (CNY/kWh) 640
Unit power cost of the battery (CNY/kW) 2700
Rated lifetime of the battery (years) 5
Charge/Discharge efficiency of the battery 0.9
SOC limits of the supercapacitor 0.1~0.9

(Continued)
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Table 1 (continued)
Parameter Value
Unit capacity cost of the supercapacitor 2700
(CNY/kWh)
Unit power cost of the supercapacitor (CNY/kW) 1500
Rated lifetime of the supercapacitor (years) 15

Charge/Discharge efficiency of the supercapacitor 0.95
Conversion efficiency of the power converter 0.95

Scenario 1: SOC self-recovery is not considered; the HESS participates only in wind power smoothing.

Scenario 2: SOC self-recovery is not considered; the HESS participates in both wind power smoothing
and frequency regulation.

Scenario 3: SOC self-recovery is considered; the HESS participates only in wind power smoothing.

Scenario 4: SOC self-recovery is considered; the HESS participates in both wind power smoothing and
frequency regulation.

4.1 Analysis of HESS Operating States under Different Scenarios

Since the operational states of the energy storage in Scenario 1 and Scenario 2 are nearly the same when
the self-recovery of SOC is not considered, and those in Scenario 3 and Scenario 4 are also similar, this paper
compares the SOC of the battery and the supercapacitor under Scenario 2 and Scenario 4, as shown in Figs. 5
and 6. Under the dual-operation scenario involving both wind power smoothing and frequency regulation,
as shown in Figs. 5 and 6, the proposed strategy ensures SOC self-recovery by maintaining energy balance,
thereby enabling stable and sustainable control of the energy storage system.

0
0.6
505
| 0.4f
0.2 350 700 1050 1400 930 350 700 1050 1400
Time(min) Time(min)
(a) Scenario 2 (b) Scenario 4

Figure 5: SOC of the supercapacitor under different scenarios
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Figure 6: SOC of the battery under different scenarios

In Scenario 2, as shown in Figs. 5a and 6a, adopting a zero-baseline compensation strategy leads to
an imbalance between positive energy absorption and negative energy compensation. As a result, both
the supercapacitor and the battery fail to satisfy the capacity sustainability constraint. Considering the
inefficiencies in charging/discharging and power conversion, the system tends to discharge more energy than
it charges during long-term operation. This reduction limits the downward compensation capability of the
HESS for the following operational day. Moreover, operating the battery at low SOC increases energy losses,
shortens its lifespan, and raises replacement costs. To prevent SOC from falling below its lower bound, the
system would require a higher rated capacity, further undermining economic efficiency.

Compared with Scenario 2, as shown in Figs. 5b and 6b, Scenario 4 applies the proposed variable-
baseline strategy to modify the smoothing and frequency regulation power signals, thereby achieving a
balance between charging and discharging. This ensures that the SOC remains consistent from the beginning
to the end of the operational day, enhancing the operational reliability of the HESS. Meanwhile, the SOC
is maintained within the range [0.4, 0.6]. Operating within this range helps maintain adequate charge-
discharge margins for the energy storage system, enabling effective responses to wind power fluctuations
and frequency deviations. In addition, this operating state prevents the battery from entering deep discharge
zones, thereby mitigating its degradation [24].

4.2 Analysis of Wind Power Smoothing and Primary Frequency Regulation Performance
4.2.1 Analysis of Wind Power Smoothing Performance of HESS

Table 2 presents the fluctuation rate and wind power utilization performance after smoothing. As shown
in the table, compared with scenarios without energy storage, configuring HESS significantly reduces wind
power curtailment. It ensures that the 1- and 10-min fluctuation rates of the smoothed wind power remain
below the grid-connection limits of 10.0% and 33.3%, respectively. Moreover, compared with Scenarios 1and
2, Scenarios 3 and 4 implement the proposed variable-baseline strategy. This strategy effectively reduces wind
power curtailment and power deficits caused by the storage system reaching its SOC limits and thus being
unable to further absorb or supply power as required.
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Table 2: Comparison of wind power levelling effect and consumption indicators of different scenarios

Different scenarios

Indicators
Without Scenario Scenario Scenario Scenario
HESS 1 2 3 4
Annual wind power curtailment/MWh 18,802.76 202.82  207.60 14.31 0.30
Annual smoothing power deficit of the HESS/MWh  19,446.94 37522  385.78 0.00 0.00
I-min power fluctuation rate 1,/% 43.65 6.94 7.28 3.12 3.52
10-min power fluctuation rate 1,9/% 63.00 25.35 24.45 19.86 20.02

4.2.2 Analysis of Primary Frequency Regulation Performance of HESS

Fig. 7 illustrates the primary frequency regulation performance of the HESS under Scenarios 2 and 4.
As shown in Fig. 7, the upward frequency regulation capability of the HESS in Scenario 4 is markedly better
than that in Scenario 2.
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Figure 7: System frequency deviation curve under different scenarios

In this paper, the primary frequency regulation performance of the HESS under different scenarios is
quantitatively evaluated using the mean square error (MSE) between the real-time system frequency and
the rated system frequency. A smaller MSE indicates a smaller frequency deviation, which reflects better
frequency regulation performance of the HESS.

fuase = %Z;(f ) (31)

where 7 is the total number of sampling points; f; is the frequency at the i-th sampling point.

Table 3 presents the performance and economic benefits of primary frequency regulation by the HESS
under different scenarios. As shown in the table, the MSE of the raw frequency data is 0.0034, while Scenario
2 and Scenario 4 yield MSE values of 0.0025 and 0.000084, respectively. Scenario 4 demonstrates significantly
enhanced frequency regulation performance compared to Scenario 2, attributable to the variable-baseline
strategy. This strategy ensures sufficient active power reserves for both upward and downward regulation.
In contrast, Scenario 2 (see Figs. 5a and 6a) results in the system operating primarily in a discharging
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state, diminishing its ability to respond to upward frequency regulation. Consequently, frequency regulation
effectiveness and corresponding economic benefits are substantially lower than in Scenario 4.

Table 3: Comparison of the results of hybrid energy storage primary frequency modulation under different scenarios

Different scenarios

Indicators
Without HESS Scenario2 Scenario 4
MSE of frequency 0.0034 0.0025 0.000084
Annual frequency regulation power deficit/ MWh 1205.24 955.15 60.05
Annual net revenue from frequency regulation/CNY x 10* - 212.97 954.38

4.3 HESS Capacity Configuration Results Analysis
4.3.1 Validation of the Bi-Level Capacity Configuration Model

Table 4 presents the capacity configuration results of the HESS under different scenarios. As shown
in Table 4, Scenarios 3 and 4, which incorporate SOC self-recovery, exhibit better economic performance
compared to Scenarios 1 and 2, which do not.

Table 4: Comparison of hybrid energy storage capacity allocation results under different scenarios

Different scenarios

Configuration result
Scenariol Scenario2 Scenario3 Scenario 4

Rated capacity of the supercapacitor/MWh 9.58 10.03 2.34 4.49
Rated capacity of the supercapacitor/ MW 25.47 35.52 18.24 20.12
Operating baseline of the supercapacitor/ MW 0.00 0.00 -0.11 -0.15
Rated capacity of the battery/MWh 24.97 24.55 17.60 19.68
Rated power of the battery/ MW 10.09 11.04 20.50 20.53
Operating baseline of the battery/ MW 0.00 0.00 -0.35 -0.34
Operating lifetime of the battery/year 3.72 3.67 3.85 4.34
Compensation margin of the supercapacitor 0.8089 0.7088 0.7112 0.9548
The compensation margin of the battery 0.6304 0.6478 0.9937 0.9945
Annualized net life-cycle cost of the HESS/CNY x 10*  2336.14 2207.44 641.42 225.61

The underlying reasons for the improved economic performance in Scenarios 3 and 4 are as follows:
First, in Scenarios 1 and 2, the battery remains discharging with SOC below 0.5 for a significant portion
of the time—33.31% and 49.72%, respectively—whereas this proportion drops to only 15.63% and 14.31%
in Scenarios 3 and 4. Prolonged operation under deep discharge conditions shortens battery lifespan
and increases replacement costs. Second, the negative compensation energy greatly exceeds the positive
absorption energy. To prevent the SOC from falling below its lower bound, Scenarios 1 and 2 require larger
storage capacities. In addition, as evidenced by Tables 2 and 3, neglecting SOC self-recovery limits the energy
throughput capability of the HESS, reduces its economic benefits Ry, and increases the penalty cost for
unfulfilled operational tasks I;,.

Compared with Scenario 3, Scenario 4 requires a higher rated power and energy capacity for the
HESS, as it handles both smoothing and frequency regulation, leading to an increase in configuration costs.
However, the substantial revenue from frequency regulation offsets this cost, leading to a 64.83% reduction in
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the annualized net life-cycle cost of the HESS. This shows that combined smoothing and frequency regulation
offer greater economic benefits than single-function use.

To evaluate the ability of the battery and the supercapacitor to participate in active power regulation
under different scenarios, this paper introduces a “charge-discharge saturation capability function” to
characterize the relationship between the SOC and the charge-discharge margin of the energy storage
system [25].

B

p(SOC)
— i=1
== 32
p " (32)
(1 _ SOC()) eI(*SOC+0.3)
1+ (1= S0Cy) [el(-50¢+0.3) 1]
(1 _ SOC()) eI(SOC—0.7)
1+ (1-50C,) [e/(50¢-0.7) _1]

,0<80C<0.5

p (SOC) = (33)

,05<S0OC«1

where p is the average charge-discharge margin of the energy storage system over the operational day;
p (SOC) is the charge-discharge margin corresponding to a given SOC; n is the number of sampling points
within the operational day, I is the control coefficient, with a value of 30 [25].

As shown in Table 4, the proposed variable-baseline control strategy enables the HESS to achieve higher
compensation margins even with smaller configured capacities. By maintaining a balance between positive
and negative energy flows, the SOC of the storage devices remains within a reasonable operating range.
This enhances the HESS’s flexibility and regulation capability under the dual requirements of wind power
smoothing and primary frequency regulation.

4.3.2 Validation of the Economic Advantage of HESS

To verify the advantages of HESS over single-type storage under the same scenario, different energy
storage configurations are designed based on Scenario 4. The corresponding capacity configuration results
are presented in Table 5.

Table 5: Comparison of capacity allocation results for different energy storage system compositions

Different types of energy storage

Configuration result
Supercapacitor Battery HESS

Rated capacity of the supercapacitor/MWh 16.17 - 4.49
Rated power of the supercapacitor/ MW 41.81 - 20.12
Operating baseline of the supercapacitor/ MW -0.29 - -0.15
Rated capacity of the battery/ MWh - 17.60 19.68

Rated power of the battery/ MW - 3410  20.53
Operating baseline of the battery/ MW - -0.53 -0.34

Operating lifetime of the battery/year - 2.09 4.34
Annualized net life-cycle cost of the HESS/CNY x 10* 2593.53 4680.22 225.61

As shown in Table 5, under the dual requirements of wind power smoothing and frequency regulation,
the annualized net life-cycle cost of single-type energy storage systems is markedly higher than that of the



Energy Eng. 2025;122(10) 4115

hybrid configuration. Among them, the battery-only configuration exhibits the poorest economic perfor-
mance. This is primarily because, in the absence of a supercapacitor to handle high-frequency components
of the power tasks, the battery incurs greater operational losses and requires replacement seven times over a
15-year life cycle—compared with only three replacements in the HESS.

4.4 Sensitivity Analysis
4.4.1 Unit Capacity Cost of Energy Storage

The unit capacity cost of energy storage directly influences the calculation of the annualized life-
cycle cost of the HESS. Currently, the unit capacity costs of batteries and supercapacitors remain relatively
high, especially for supercapacitors, which is one of the main reasons why the total revenue of the HESS
is less than its total cost. With advancements in energy storage technologies, the unit costs of batteries
and supercapacitors are expected to decline gradually. Fig. 8 shows the rated capacities of the battery and
supercapacitor, the annualized life-cycle cost, and the annualized net benefit under different unit capacity
costs. As shown in Fig. 8, a reduction in unit capacity cost leads to a decrease in the annualized life-cycle
cost of the HESS. When the unit capacity cost is reduced by 15%, the revenue of the HESS exceeds its
cost. Moreover, as depicted in Fig. 8, the rated capacity of the supercapacitor increases gradually as the unit
capacity cost decreases, while the change in the rated capacity of the battery is relatively minor. This is because
the unit capacity cost of supercapacitors is significantly higher than that of batteries, making the capacity
configuration of supercapacitors more sensitive to changes in unit capacity cost.
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Figure 8: Capacity configuration results for different unit capacity costs

4.4.2 Primary Frequency Regulation Revenue Coefficient

The revenue coeflicient of primary frequency regulation is closely related to the economic benefits
of the HESS. By gradually increasing the revenue coefficient for HESS participation in primary frequency
regulation by 5% to 30%, the corresponding capacity configuration results and economic indicators of the
HESS under different incentive levels are shown in Fig. 9. As illustrated in Fig. 9, an increase in the revenue
coeflicient progressively enhances the economic performance of the HESS. When the coefficient increases
by 25%, the revenue of the HESS surpasses its cost. In contrast, the rated capacities of the battery and
supercapacitor exhibit limited sensitivity to changes in the primary frequency regulation revenue coefficient.
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Figure 9: Capacity configuration results with different primary frequency regulation gain factors

5 Conclusion

To address the dual requirements of wind power smoothing and primary frequency regulation, and to
achieve SOC self-recovery control for both the battery and supercapacitor, this paper proposes a bi-level
planning-operation capacity configuration model that considers the balance between positive and negative
energy dispatches in storage operation. The case study results demonstrate the following:

(1) The HESS capacity configuration result obtained from the proposed optimization model effectively
smooths wind power output fluctuations and reduces system frequency deviations, thereby improving the
wind farm’s active power support capability for the power system.

(2) By applying the proposed variable-baseline control strategy, SOC self-recovery for energy storage
is achieved, thereby enhancing the compensation capability of the HESS when facing the dual demands of
wind power smoothing and frequency regulation.

(3) Regarding the economic configuration of HESS under the dual requirements, the proposed method
reduces the total capacity demand and extend battery lifespan, thereby lowering the life cycle cost. Mean-
while, it improves the fulfillment rate of smoothing and frequency regulation tasks, increases the economic
benefits of deploying HESS, and reduces the penalty costs from operational power deficits, thereby achieving
an economically efficient capacity configuration.
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Glossary

a The proportional coefficients of the operation and maintenance cost relative to the investment cost for
the battery

Agell The unit feed-in tariff of the wind farm

b The proportional coefficients of the operation and maintenance cost relative to the investment cost for
the supercapacitor

BKA Black-winged kite algorithm

Ciny The initial investment cost of energy storage equipment

Coper The operation and maintenance cost of the energy storage system

Crep The replacement cost of the energy storage system

Cres The salvage value of the energy storage system

Chess The life cycle cost of the hybrid energy storage system

Chuy The electricity purchase cost of the hybrid energy storage system

Chuy The coefficient of the cost of purchasing electricity

DOD Depth of discharge

Dy, (1) The actual depth of discharge of the battery at time ¢

D, Rated depth of discharge

E ate The rated capacity of the battery or supercapacitor (MWh)

E(t-1) Energy capacity of the storage device at time ¢ — 1 (MWh)

Ejate Rated capacity of the battery

Erate Rated capacity of the supercapacitor

Eba The amount of electricity of the battery participating in primary frequency regulation

Eq The amount of electricity of the supercapacitor participating in primary frequency regulation

Eextra The amount of abandoned electricity reduced by the configuration of the hybrid energy storage system.

Egf The wind curtailment energy

Epge The smoothing deficit energy

Efge The frequency regulation energy deficit

N Rated frequency of the power system (Hz)

f(t) Actual frequency at time ¢ (Hz)

F Annualized net life-cycle cost of the hybrid energy storage system

SfumsE The mean square error of the power system’s frequency

HESS Hybrid energy storage system

iqf The penalty coefficients for wind curtailment

ipqe The penalty coefficients for the smoothing power deficit

ifge The penalty coeflicients for frequency regulation power deficit

Tjack The penalty cost for unfulfilled operational tasks

K The number of variational mode decomposition layers

kco, The marginal emission factor of electricity

kstp The conversion factor from frequency regulation power to thermal unit output

kiny The carbon emission factor generated by the investment and construction of the hybrid energy
storage system

MSE Mean square error

N The number of battery replacements within the whole life cycle of the hybrid energy storage system

pjare Rated power of the battery

prate Rated power of the supercapacitor

Py (t) The actual primary frequency modulation output of energy storage at time t (MW)

Prate The rated power of the battery and the supercapacitor (MW)
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The available charging or discharging power of the energy storage system at time ¢ after completing the
smoothing task (MW)

Grid-connected power of the wind farm at time t (MW)

The required primary frequency regulation power at time t (MW)

The positive absorption power of the energy storage system at time t (MW)

The negative compensation power of the energy storage system at time ¢t (MW)

The smoothing power task of the hybrid energy storage system at time ¢

The smoothing power task of the battery at time ¢

The smoothing power task of the supercapacitor at time ¢

Discharging power of the battery (MW)

Modulation coefficient

The number of cycles under the rated depth of discharge

The number of cycles under the actual depth of discharge

Life equivalence conversion coeflicient of the battery

The unit gain coeflicient of the hybrid energy storage system participating in primary frequency regula-
tion

The benefit of the hybrid energy storage system’s participation in primary frequency regulation
The benefit of reduced wind abandonment

The carbon emission benefit

The positive carbon benefit from reducing wind abandonment and participating in primary fre-
quency regulation

The negative carbon benefit from investment in the construction, operation and maintenance of the
hybrid energy storage system

The unit price of carbon trading

State of charge

The lower limit of the state of charge of the energy storage system

The upper limit of the state of charge of the energy storage system

The actual state of charge of the battery at time ¢

The state of charge of the supercapacitor at the time ¢

The SOC after the end of the operation cycle

The initial SOC of the energy storage

The whole life cycle of the hybrid energy storage system

Varijational mode decomposition

Actual service life of the battery (year)

Variational mode decomposition penalty coefficient

Fitting coefficient

The salvage value rate

The discount rate

The carbon emission allowance per unit of electricity

The charging efficiency of the energy storage system

The charging efficiency of the energy storage system

The conversion efficiency of the energy storage converter

The unit power investment costs of the battery

The unit power investment costs of the supercapacitor

The unit energy capacity configuration costs of the battery

The unit energy capacity configuration costs of the supercapacitor

The 1-min fluctuation of the actual grid-connected power

The 10-min fluctuation of the actual grid-connected power

The 1-min maximum fluctuation in compliance with the grid-connected wind power standard
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Aten The 10-min maximum fluctuation in compliance with the grid-connected wind power standard

P The average compensation margin of the energy storage system over the operational day

p (SOC) The compensation margin corresponding to a given state of charge
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