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A B S T R A C T

Offshore wind energy is growing continuously and already represents 12.7% of the total wind energy installed
in Europe. However, due to the variable and intermittent characteristics of this source and the corresponding
power production, transmission system operators are requiring new short-term services for the wind farms
to improve the power system operation and security of supply. For this purpose, the incorporation of energy
storage systems to provide those services with no or minimum disturbance to the wind farm is a promising
alternative. Taking into account the rapid progress of the energy storage sector, this review assesses the
technical feasibility of a variety of storage technologies for the provision of several services at distinct locations
of a point-to-point high-voltage direct-current connected offshore wind farm. In pursuit of this goal, a novel
multidimensional systematic assessment is presented. The results provide a comprehensive representation of
the present state of the art and indicate potential research avenues for the enhancement of the technical
viability of the technology.
1. Introduction

With the growing concern about climate change and the consequent
electrification of various sectors, renewable energy sources are becom-
ing increasingly important in the electricity market, and are now the
only alternative to fossil fuels that do not produce emissions or involve
radioactive waste.

According to the International Energy Agency, wind energy is the
energy source with the fifth highest production in the world, with
2030.02 TWh in 2022, and has followed a constant growth trend in
Europe since 1990 [1]. Part of this growth is due to the development of
offshore wind farms (OWF) from 2011, producing more than 134.3 TWh
in 2021. From 2015 to 2023, installed offshore wind capacity nearly
doubled in the countries that belong to the European Network of
Transmission System Operators for Electricity [2], reaching an offshore
to onshore wind capacity ratio of 15.22% in 2023, as shown in Fig. 1.

Nevertheless, this increase in wind energy challenges the stability
and reliability of the power system [3]. When wind energy was first
introduced, the requirements from grid operators were more relaxed
than for other distributed generators. Additionally, wind turbines were
initially equipped with induction machines that were not able to control
the reactive power consumption.
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Later, power-electronics based technologies such as doubly-fed in-
duction generators or full power electronics interfaced generators al-
lowed grid voltage regulation. However, their inherent characteristics
decouple the electrical and mechanical systems [4], decreasing the
global inertia of the grid, and thereby increasing the rate of change
of frequency in case of power imbalances, which could even result in
network collapse [5].

As the volume of installed wind power increased, transmission
system operators began to implement stricter requirements to limit
the disturbances to the grid operation from this technology, such
as fault ride-through requirements [6]. Consequently, operators are
increasingly asking for more short-term ancillary services [6].

Additionally, the intermittency of wind still presents a large chal-
lenge, making the operation of the power system a far more complex
task and increasing the vulnerability of the grid [7]. Furthermore, due
to the currently prevalent grid-following strategy of wind turbines,
black-start capabilities and operation in weak grids are limited [3].

Several solutions in the literature include short-term wind forecast
improvements, turbine deceleration and de-loading methods, and the
implementation of energy storage systems (ESS) [8]. However, the
possibility of employing the latter is progressively increasing, and even
though the economic barriers to these technologies generally still need
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Abbreviations

AC Alternate current
BESS Battery energy storage system
BSR Black start restoration
CAES Compressed air energy storage
DC Direct current
ESS Energy storage system
FBES Flow battery energy storage
FES Flywheel energy storage
FPC Frequency primary control
FSC Frequency secondary control
HES Hydrogen energy storage
HVDC High-voltage direct current
IFS Inertial frequency support
LVRT Low-voltage ride-through
MMC Modular multilevel converter
OfAC Offshore AC grid location
OfCO Offshore converter location
OfDC Offshore HVDC link location
OfWT Offshore wind turbine location
OnAC Onshore AC grid location
OnCO Onshore converter location
OnDC Onshore HVDC link location
OWF Offshore wind farm
PFS Power fluctuation suppression
PHS Pumped hydro storage
POD Power oscillation damping
PS/TS Peak shaving/time shifting
SCES Supercapacitor energy storage
SMES Superconducting magnetic energy storage
TC Transmission curtailment
VS Voltage support

o be overcome, the technical viability is moving closer to reality.
evertheless, some key questions still need to be fully answered, such
s where can ESS be integrated in an OWF? Which services can they
rovide? Which options are the most viable today and which can be
romising lines of research for the future?

As a contribution to answering these questions, this work briefly
ntroduces the possible ESS technologies and the services that they can
rovide, and then compares their effectiveness while considering dif-
erent deployment locations within a point-to-point high-voltage direct
urrent (HVDC) connected OWF. A novel multidimensional systematic
ethodology is proposed to explore the technical feasibility of the
rovision of distinct services through diverse ESS at various locations
ithin the HVDC-OWF using a comprehensive review of the existing

iterature.
The proposed method consists of three phases. First, a systematic

ssessment of the literature is performed, culminating in three color-
oded tables providing a clear portrayal of the state of the art. These
indings not only provide information about what is or is not feasible,
ut also identify the insufficiently researched areas. The second phase
onsists of a quantitative compilation of previous results as a 3D array,
hich takes into consideration the interdependencies between dimen-

ions. The versatility of each ESS, service and location is represented
y a final score based on the obtained multidimensional array.

Finally, a sensitivity analysis is performed showing the improve-
ents if any insufficiently researched area is investigated, highlighting

he research avenues with the greatest potential to contribute to the
echnical viability of each field.
2

Fig. 1. Installed offshore and onshore wind capacity in EU and offshore/onshore
capacity ratio.

The adaptability of the proposed method allows for its application to
more complex configurations, such as multiterminal or meshed HVDC
grids. With constantly evolving technology, this approach serves as a
clear roadmap for the assessment and understanding of the technology
interdependencies. Thus, the proposed methodology goes beyond the
immediate scope of this review. It becomes a useful tool for researchers
and engineers to explore the emerging technologies with accuracy and
foresight.

The study is structured as follows. Sections 2 and 3 briefly de-
scribe the different services and ESS that will be subsequently assessed.
Section 4 explains the topology of the OWF to analyze, along with
the locations where any ESS can be placed. The methodology for the
analysis is presented in Section 5. Then, the color-coded tables, the
results from the 3D array, and the sensitivity analysis are discussed in
Section 6, concluding the review with a summary of the main outcomes
in Section 7.

2. Services to be provided

This section details the services that can be provided in a point-
to-point HVDC-connected OWF. Apart from the already existing grid
services defined by national grid codes, several additional services have
been defined in this assessment. While some services aim to counteract
the natural drawbacks of wind energy technologies, such as minimizing
the power output intermittency, others are direct current (DC) services
inspired by existing alternate current (AC) grid services. Table 1 lists
the analyzed services, which have been categorized into three groups:
(i) services provided to the AC network, (ii) services that are not
directly linked with the nature of the system, and (iii) services provided
to the DC side.

Table 1
Services to be provided by the offshore wind farm.

Services according to where they are provided

AC side

IFS Inertial frequency support
FPC Frequency primary control
FSC Frequency secondary control
POD Power oscillation damping
AC-VS AC voltage support
AC-LVRT AC low-voltage ride-through
AC-BSR AC black start restoration

Both sides
PFS Power fluctuation suppression
PS/TS Peak shaving/Time shifting
TC Transmission curtailment

DC side
DC-VS DC voltage support
DC-LVRT DC low-voltage ride-through
DC-BSR DC black start restoration
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2.1. AC services

These are services that are specifically related to the operation of an
AC grid, which are generally defined in national grid codes. Although
these services definitions and requirements are not consistent between
grid codes, this section gathers the services that might be required
by/for an OWF and summarizes their main purpose and key features.

2.1.1. Inertial frequency support
Inertia limits the rate of change of frequency due to power imbal-

ances and is important for limiting the frequency change until control
action can be taken. Inertia is the fastest acting frequency response,
acting immediately until the other control responses can initiate. In-
ertial frequency support (IFS) is typically provided intrinsically by
synchronous generators with large rotating mass, although this service
can be provided synthetically with fast-acting control. The frequency
nadir (the minimum point of the frequency transitory response) is
usually reached within a few seconds, so any IFS must be provided
within hundreds of milliseconds and provided for at least several
seconds [9,10].

2.1.2. Frequency primary control
Maintaining the frequency within a certain range is paramount

to the functioning of a power system. When a frequency deviation
occurs, due to a mismatch in load and generation or a fault, control
actions must be taken to maintain the frequency within acceptable
ranges. These are typically classified into different services depending
on the response time and duration of activation, although there is
no universal agreement on the specifics of each. In this work, the
first control response is classified as frequency primary control (FPC),
also known as frequency containment reserve. This service is typically
activated within several seconds and fully activated within 30 s and the
service is provided for a duration of approximately 15 min [11,12]. In
this service, the generation set-points are unchanged, but the control
will change the generator production proportionally to the frequency
deviation, reaching a new frequency steady-state equilibrium point
preferably close to the nominal frequency of the grid [13]. See [14]
for more information about this service.

2.1.3. Frequency secondary control
Since frequency disturbances can last longer than the required

time for FPC, and additional frequency events may occur, additional
frequency response is needed. After the initial primary response, fre-
quency secondary control (FSC) takes over frequency control. This
service is also referred to as frequency restoration reserve, and can be
automatic or manual. This service begins within several minutes, with
full activation up to a maximum of the FPC duration [11]. Although the
specifications vary for different regions, provision of FSC usually lasts
for a duration of approximately 15 min [15,16]. Therefore, the amount
of energy required by this service may not be fully compensated by
some ESS with low energy densities.

2.1.4. Power oscillation damping
Low-frequency oscillations can occur following a disturbance, for

several reasons. These oscillations usually occur in the region from
0.1–2 Hz [13], and, if not damped, can cause power system failure
and blackout. These oscillations are typically solved using flexible AC
transmission system devices and automatic voltage regulators with
power system stabilizers. The latter may use active power, reactive
power or a combination of both to address the oscillations; active power
being the one that contributes most to damping according to [17].
There are three main ways in which power oscillation damping (POD)
can be addressed in a topology such as the one examined in this
work: reactive power modulation at the grid-connected inverter; active
power modulation at the wind farm; and a combination of both [18].
The ESS may serve as an additional, rapid source of active power for
damping, playing an important role in the dissipation of low-frequency
3

oscillations.
2.1.5. AC voltage support
This service, also known as reactive power control, is intended to

maintain the AC voltage amplitude within a certain range. In contrast
to frequency, voltage is a local variable and can be varied at each
node in the power system. The optimal voltage level at each node is
usually determined by a power flow analysis. As the name reactive
power control suggests, AC voltage support (AC-VS) is performed by
the injection/absorption of reactive power. The various methods of
implementing this service have been extensively discussed in [13]. It
is important to note that this service does not require an active power
reserve.

2.1.6. AC low-voltage ride-through/fault support
Low-voltage ride-through (LVRT) is one of the services increasingly

required for new wind farms connected to the grid. This service refers to
the ability of a wind farm to remain connected during low voltage in the
AC grid, due to a fault [19]. The disconnection of a wind farm during
a fault, causing a voltage dip, can exacerbate the situation and create a
larger voltage drop, potentially causing frequency degradation and full
system failure. However, wind farms connected to power electronics
are able to provide reactive power to bolster the voltage during faults.
Such voltage support does not require active power (other than to
account for losses in the power electronics), and so the main role of
energy storage in relation to this service is to prevent shut-down or
disconnection of the wind farm.

2.1.7. AC black start restoration
Black start restoration (BSR) is the process of restoring a power

system after complete or partial shutdown. A generation node partici-
pating in a black start must be capable of generating power without
help from a grid, and support re-energization of the power system.
This involves regulation of the frequency and voltage of the system.
The power required for black start restoration varies according to the
system, but can be up to tens of megawatts and may be required to be
active for hours, with a response time of minutes as a maximum [20].

2.2. AC and DC services

This section discusses services that are not specific to AC or DC
grids, but are still relevant and necessary for the proper operation of
the entire system. These services differ from the rest by regulating the
supplied power or energy, instead of other physical magnitudes such
as frequency or voltage, which are normally related to the network to
which they belong.

2.2.1. Power fluctuation suppression
Wind farms that use control schemes to maximize energy production

will generate power outputs that are heavily dependent on the wind
speed, which in itself varies greatly. This can create rapid power
fluctuations, reflected in oscillations of frequency and voltage, which
negatively affect system stability. Such fluctuations are in the order of
a minute [21]. Therefore, any ESS that can provide power fluctuation
suppression (PFS) requires rapid activation, but is not required to act
for a particularly long time.

2.2.2. Peak shaving/time shifting
Peak shaving/time shifting (PS/TS) refers to optimizing load con-

sumption and power generation to be matched more closely on a
day-to-day timescale. Due to its variable nature, peak wind power does
not always match the peak load. Allowing for storage of wind power
for use during peak load time is known as peak-shaving [22]. Time
shifting is very similar in that it involves storing the energy during
peak wind power for use during peak demand [23]. There is naturally
a unique role for energy storage in this service, although it requires
energy storage with a sufficient capability to provide energy for up to

several hours.
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2.2.3. Transmission curtailment
Generated power above and beyond the rated capacity of transmis-

sion lines cannot always be transmitted to loads [23]. Transmission
infrastructure is expensive and takes a long time to upgrade, thereby
requiring times of generation curtailment during high wind. This cur-
tailed power is essentially lost if not stored, providing another unique
opportunity for energy storage. There are no specific requirements for
time or energy stored for transmission curtailment (TC).

2.3. DC services

This section describes the services relevant to this analysis that are
directly related to the DC links. For an OWF as described later in
Section 4, both the DC-link in the wind turbine and the HVDC line are
considered.

2.3.1. DC voltage support
The active power flow in an HVDC system can be controlled by

controlling the DC voltage, similar to using the frequency for an AC
system [13]. To maintain scheduled power flows and prevent damage
to equipment, the DC voltage must be kept within a certain range.
Therefore, DC voltage support (DC-VS) can be classified as a DC service.
Some authors recommend that DC voltage control can be separated into
discrete time-based activation stages, such as with primary, secondary,
and tertiary reserves for AC frequency [24]. Therefore, the duration of
such DC voltage control can vary from milliseconds to minutes, and
the power in consideration can also vary drastically. However, the DC
voltage responds very rapidly to changes in active power, and so a
system capable of controlling the DC voltage should be able to respond
in the order of tens of milliseconds [13].

2.3.2. DC low-voltage ride-through/fault support
Unlike the AC counterpart, faults on the DC side cannot be mitigated

by providing reactive power. In the context of a point-to-point OWF,
little to no power can be transmitted to the onshore grid in the event of
a DC fault. Therefore, for the purposes of this analysis, DC fault support
is generally defined as the ability to prevent shutdown or curtailment
of the wind farm during a DC fault. Due to the rapid response of DC
voltage to changes in active power, the response time needed is also in
the tens of milliseconds range.

2.3.3. DC black start restoration
After a system blackout, the DC-link in a point-to-point OWF needs

to be re-energized before transmission of power can resume. This
energizing can originate from the attached AC grid, or internally from
an energy source within the point-to-point system. If the OWF can be re-
energized before the AC grid in the event of a total blackout, the OWF
can provide blackstart support to the AC grid. The energy required for
energization mainly comes from the capacitances in the system, and is
likely to be performed within several seconds [25]. These capacitances
are mainly in the converters and the capacitance of the HVDC cables,
which will greatly depend on the power rating of the system and the
line lengths.

3. Energy storage systems

In this section, energy storage systems are discussed. ESS can be
classified in several ways. The most common classification from the
literature is based on the mode of energy storage, which is shown in
Fig. 2. Another mode of classification by the European Network of
Transmission System Operators for Electricity is based on technical re-
quirements, where ESS are categorized as two groups, i.e., synchronous
and non-synchronous electrical energy storage modules [26]. In the
synchronous electricity storage module, the transfer of electrical energy
4

is through one or more synchronous machines that are connected to the
Fig. 2. Energy storage systems classification based on the form of energy storage.
Technologies considered in this analysis highlighted in green; otherwise colored in
yellow.

system; while in the non-synchronous classification, the interconnec-
tion is through an asynchronous machine or power electronics, which
does not naturally contribute to the global inertia of the network.
Furthermore, the focus of this multidimensional assessment will be on
the most developed and relevant storage technologies for OWF, which,
for the sake of clarity, are highlighted in green in Fig. 2.

A brief summary of the ESS selected for this assessment is given
below, highlighting the information relevant to the assessment. For
more detailed information about each type, see review articles such
as [22,27–30].

3.1. Pumped hydro storage

Conventional pumped hydro storage (PHS) is a popular, mature
storage technology in wind power management [31]. It is the main
energy storage technology, with 164.7GW installed capacity around the
world in 2021 [32]. Pumping water from a lower reservoir to a higher
reservoir stores energy, while discharging involves using the stored
water from the upper reservoir as a traditional hydroelectric plant. PHS
has a power rating of 10-1000MW and energy capacity rating of 500-
8000MWh [21]. The cycle efficiency of PHS is estimated to be in the
range of 70-85% and the lifetime exceeds 40 years. PHS systems are
limited by the availability of suitable sites, high capital investment and
long construction time. Although alternative concepts such as [33,34]
exist, the consideration of all possibilities is impractical for a rigorous
assessment. Thus, only the classical concept of this storage is evaluated.

3.2. Compressed air energy storage

Compressed air energy storage (CAES) is also a mature technology
with several working examples in operation [35]. In CAES, the energy
is stored as compressed air in pressurized storage space. This might
be in underground structures such as caverns, abandoned mines, or
emptied oil reservoirs, as well as human-made pressure vessels. CAES
has a high power and energy capacity rating (ranging from 580MWh
to 2860MWh) [21], and offers energy efficiency of around 71% [36].
Nonetheless, when directly compared with gas, heat and electricity,
CAES has a lower power density, and has specific site requirements.
Furthermore, its discharge time is comparatively longer, with a shorter

cycling time [37].
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3.3. Flywheel energy storage

Flywheel energy storage (FES) is an electromechanical technology
that stores energy as kinetic energy. To charge the flywheel, the elec-
trical machine is operated as a motor, accelerating the flywheel to
very high speeds, while discharging involves operation as a generator,
causing the flywheel to decelerate. To store energy, the flywheel is kept
rotating at a constant speed [38].

In addition to their unique properties such as excellent cycle sta-
bility, high efficiency and high power density [39], FES is applied
in power quality management including providing ride-through capa-
bilities [40], improving damping and suppressing rapid wind fluctu-
ations [41]. However, flywheels have low energy density, a shorter
operational time and high self-discharge losses [42].

3.4. Supercapacitor energy storage

Supercapacitor energy storage (SCES) systems are also known as
ultracapacitors or double-layer capacitors [21]. Unlike traditional ca-
pacitors, supercapacitors have an electrolytic fluid between two elec-
trodes instead of a solid dielectric with high capacitance and power
density, making its design compact. They are highly efficient up to
90%, require virtually no maintenance and offer many pros such as
fast charging, near infinite cycle stability and high power density [23].
When integrated with wind turbines, supercapacitors are typically used
to help batteries optimize rapid changes providing smoothing effects
during fast fluctuations. However, compared to other energy storage
technologies, supercapacitors have a lower energy density and faster
self-discharge [21].

3.5. Superconducting magnetic energy storage

Superconducting magnetic energy storage (SMES) has three main
components: the superconducting coil unit, the power supply, and
refrigeration and vacuum units. The energy is stored by the magnetic
field that is created by the DC current flowing through the supercon-
ducting coil. This coil is cryogenically cooled to a temperature below
its critical superconducting temperature, making it almost lossless, as it
offers little resistance to the current flow [27]. SMES offers a relatively
fast response time (milliseconds), high power density, and high cycle
efficiency [23,27]. SMES has been implemented together with wind
turbines to improve power quality and increase dynamic stability.
However, superconducting materials are very sensitive to temperature
changes, affecting the reliability of the system [43]. It is noteworthy
that SMES has not been deployed or commercialized on a large scale
so far.

3.6. Hydrogen energy storage

The use of hydrogen as energy storage is suitable due to its high
energy capacity. There is also great potential for integrating it with
offshore wind farms, especially if the hydrogen is produced offshore.
Traditionally, hydrogen has been produced from fossil fuels (grey hy-
drogen) or natural gas with carbon capture and storage, referred to as
blue hydrogen. However, carbon dioxide emissions from grey hydrogen
and the cost of carbon capture and storage have promoted the produc-
tion of hydrogen through electrolysis, commonly referred to as green
hydrogen production. Hydrogen can be converted to electricity using
fuel cells. Fuel cells have good dynamic behavior, with rapid start-up
even at partial load [21], although faster stack degradation is expected
when handling rapid fluctuations [44].

Using hydrogen energy storage (HES), energy can be stored for a
longer period with no self-discharge. In addition, it offers a useful life
cycle of about 15 years with a cycle life of 20 000 charges and discharge
ycles at 100% depth of discharge. However, hydrogen-based energy
torage has overall low energy efficiency, at about 42%, due to the low
fficiency of the fuel cells (60%) and electrolyzers (70%) [29].
5

3.7. Battery energy storage system/secondary batteries

A battery energy storage system (BESS) is a form of electrochemical
energy storage that is widely used and readily available. With the
increase in renewable energy production, especially wind and solar
energy, integrating battery energy storage is expected to be the most
cost-effective option for adding more renewable energy generation to
the mix. In the context of the integration of renewable energies, BESS is
useful in handling the short-term intermittency and variability effects
on the grid that are characteristic of renewable energy sources [8,45].
Furthermore, there is an economic incentive to use batteries through
the provision of certain ‘‘stacked’’ or combined services to the grid [45,
46]. However, generally, BESS have limited life spans, depending on
how much they discharge and the number of cycles [43].

Generally, batteries can be classified as primary and secondary
batteries, where secondary batteries are also known as rechargeable
batteries. These are considered to have very fast response times (in mil-
liseconds) and can track load changes to improve system stability [23].
BESS is often the technology of choice for energy storage applications
at the present time. See [45] for an overview of different battery types.

3.8. Flow battery energy storage

Flow battery energy storage (FBES) is another type of secondary
battery. Conventional batteries store energy as the electrode material,
whilst in flow batteries, the energy is stored as an electrolyte [47]. More
information about FBES types can be found in [48].

Unlike BESS, by increasing the electrolyte’s volume in FBES, they
can store large quantities of energy regardless of the size of the cell.
Furthermore, redox flow batteries have been highlighted in the litera-
ture as providing high efficiency and low cost per unit of energy and
cycle, prolonged working lifetimes, peak-hour load leveling and stabil-
ity enhancement of the grid, when they are connected to renewable
energy sources [49].

4. OWF topology

In addition to service and storage type, storage location is a relevant
aspect to consider in the subsequent analyses. However, the actual
challenges of storage siting are not technical issues, but the fact that
there is no standard OWF, and therefore not all projects incorporate all
the proposed locations. For this work, a point-to-point HVDC-connected
wind farm with an AC collection grid is selected as the reference topol-
ogy, which is presently the most used configuration for far OWF and
the precursor of future multiterminal and meshed offshore HVDC grids.
Both converters in the offshore and onshore substations are assumed
to be modular multilevel converter (MMC). Type IV wind turbines are
assumed, which have an available DC-link between generator side and
grid side converters. Note that this review considers the DC-link of the
back-to-back converter of the wind turbine as a possible location for
services provision, and DC services are thus not confined solely to the
HVDC transmission line, but also to this link.

The chosen ESS locations are summarized graphically in Fig. 3.
The OfWT location is relevant for technologies that can be connected
to the wind turbine. OfAC and OnAC indicate storage connected to
the AC grid, with the former located on the offshore substation and
the latter located onshore. Locations OfCO and OnCO refer to energy
storage embedded in the MMC, and OfDC and OnDC pertain to storage
tapped to the HVDC terminals. In all locations, the prefix ‘‘Of’’ refers
to locations offshore, while the prefix ‘‘On’’ refers to locations onshore.
Energy storage placement at an offshore location involves an intrinsic
handicap in terms of cost and space, which has been considered in the
explanation of color-coded tables development. However, its proximity
to the OWF brings advantages regarding the provision of certain ser-
vices and could bring further benefits in the event of future connections
to meshed and multi-terminal networks, such as the proposed North Sea
super grid [50].
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Fig. 3. Single-line diagram of a HVDC-connected OWF depicting possible locations of an ESS.
5. Methodology

The multidimensional assessment begins with the completion of
three tables comparing (i) services that can be provided depending on
the ESS location, (ii) where each ESS can be situated, and (iii) which
services can be provided by each ESS. These tables are qualitatively
filled according to the following criteria.

• If the case is technically feasible or there is already research
concerning the case, it is filled as green. Note that economic
feasibility is not specifically assessed.

• If the case has relatively few examples in the literature or is not in-
vestigated, but is theoretically possible and would be worthwhile
to develop or study, it is colored yellow.

• If the case technically makes no sense or is not possible due to
the characteristics of the ESS, service or location, it is red.

• Additionally, if the case does not provide the specific service
under evaluation, but it supports the system during that contin-
gency, it is classified as blue. If the ESS is not connected to the
grid where the contingency occurs, it is also classified as blue.
Note that a combination of blue and yellow may occur.

As the reader of this manuscript might notice, expressions such as
‘‘relatively’’ or ‘‘make sense’’ leave room for subjectivity. Additionally,
although some technologies are widely investigated in other areas, their
use in the offshore environment and in special grids such as offshore
collection systems have not been analyzed in the literature. In contrast,
atypical ESS concepts are described in Section 6 during the assessment.
To prevent possible discrepancies between conventional and exotic
concepts of the same ESS, only the former are considered in this study.

For the sake of clearness and rigor, the most controversial cases
are discussed in Section 6. Moreover, some inconsistencies have been
found between authors, which will also be discussed and are classified
in yellow. A particular point has been considered for locations OfDC
and OnDC. Presently, DC-DC converters to step-up voltage are not
mature technologies (see [51] for further information). Following the
criteria, these locations should be generally evaluated with a maximum
color of yellow. Nevertheless, as this would affect both Tables 3 and 4,
and in order not to consider this limitation twice in the quantitative
evaluations, it has only been taken into account for Table 4, so the
reader is encouraged to take this point into account when looking at
Table 3.

Aiming to collect extra information, a 3D array has been built
from previous tables. To do so, numeric values have been given to
the different colors, aiming to accurately translate the information.
Green, yellow and red colors are translated into the values 1, 0.5 and 0
respectively. Blue color instead is set as green multiplied by a factor of
75%, so that the combination between blue and yellow has 75% of the
value of yellow. Table 2 provides a brief summary of the conversion
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performed.
Table 2
Conversion from colors to values for the multidimensional
assessment.

Once the values for each color are defined, the 3D array is built
via the geometrical mean. For instance, to assess the ability to provide
FPC though FBES in location OfWT, the result is 3

√

0.75 ⋅ 0.5 ⋅ 1 = 0.721,
where the 0.75, 0.5 and 1 represent the blue, yellow and green colors at
Tables 3–5 respectively. A geometrical mean differs from the typical
arithmetical mean in that if one element is zero (red), the average
will also be zero. Additionally, it penalizes those cases with low values
more, even if the arithmetical average is the same.

Thanks to the 3D array, cross information between tables can be
used to obtain further results. For example, questions such as ‘‘Where
can each energy storage technology be implemented to provide os-
cillation damping?’’ or ‘‘Which locations are suitable to provide the
highest number of services?’’. As the number of results that can be
concluded is greater than what can be contained in a single manuscript,
each storage, service and location versatility scoring is provided in
Section 6.4.

6. Multidimensional assessment

A multidimensional evaluation is quantitatively performed via three
tables comparing the research state and the technical feasibility of: (i)
the services described in Section 2 at the specified locations in Section 4
(Table 3); (ii) the ESS introduced in Section 3 at each location (Table 4);
and (iii) the services that can be provided by each ESS (Table 5).
Each table is individually developed through Sections 6.1–6.3. Then, a
three-dimensional quantitative assessment is performed in Section 6.4
along with a sensitivity analysis in Section 6.5 to interrelate previous
assessments and to provide information about possible future trends.

6.1. Services provided at different locations

Table 3 contains information on which services can be provided
depending on the location where the ESS is installed. In some cases,
even though the storage technology does not directly provide a specific
service, it can contribute positively to the system during the contin-
gency, and therefore a blue color is defined. The services are grouped
according to whether they are provided in the AC or DC grid. A third
group is also used for those services that do not depend on the grid to
which they are connected.

Power fluctuation suppression is the only green service for all
locations. This is due to the fact that the ESS only has to provide
the required power, independent of its location. In the case of PS/TS



Renewable and Sustainable Energy Reviews 200 (2024) 114573A. Rabanal et al.
Table 3
Evaluation of the services provided by an OWF compared to the possible locations of the ESS.
and transmission curtailment, the cells are generally categorized as
yellow for offshore locations and green for onshore. This is due to
the difficulty in placing the required amount of energy capacity in an
offshore substation. Hydrogen and compressed air storage are the main
technologies able to provide these services offshore, even though the
latter includes geographical constraints, as the required caverns might
not be available. Regarding both locations with embedded storage,
there is no information in the literature about the connection of such
amounts of energy capacity embedded to an MMC converter. This fact,
along with the difficulty of placing the storage offshore, makes the
embedded storage in the offshore converter practically infeasible for
these services.

Regarding frequency regulation services, all offshore locations and
the onshore storage connected to the HVDC link are set as blue, as
the service is originally provided by the converter onshore and the
ESS at these locations only provide the required energy. This is also
true for power oscillation damping, for which the storage can deliver
the amount of active energy that the onshore converter requires for
damping (if damping is performed through active power). In the single
case of frequency secondary control, a combination of yellow and
blue is used due to the challenge of placing enough energy storage
offshore. Further research on enhanced secondary batteries [52,53]
could be interesting to eliminate this constraint. With respect to ESS
embedded in the onshore converter and connected to the AC network,
both frequency support services and power oscillation damping have
been set as green, thanks to a larger available space to locate the storage
and the fact that they directly supply these services.

Continuing with the last three AC services, voltage support is set as
infeasible, except for locations where the ESS is connected to an AC
system. As commented in Section 2.1.5, due to the general inductive
behavior of the AC networks, the voltage level is controlled through
the injection or absorption of reactive power. This is supplied by the
converters connected in the grid, so the ESS has practically no influence
over this power. Nevertheless, the addition of converter interfaced
energy storage, or the connection of a synchronous generator in the AC
system, adds a new source of reactive power to the system, although
some storage components (e.g. batteries or flywheels) do not contribute
actively to its provision/absorption. Finally, since the collection grid
voltage is normally controlled by the powerful converter in the offshore
7

substation [17], the actual effect of the extra converter on this grid
voltage is difficult to assess and, to the best of the authors’ knowledge,
has not been widely researched.

In the case of the AC-LVRT service, the blue color has been used
in locations where the storage task is to absorb the trapped energy
during the transient when a fault occurs in the onshore grid [54–
56]. These ESS could reduce or even replace the DC chopper used to
keep the voltage under the secure upper limit. Instead of dissipating
the surplus energy, as in [57], the energy is stored and used later.
Energy storage connected directly to the onshore grid can support the
voltage by injecting reactive current. On the other hand, the evaluation
of the ESS placed in the offshore collection grid is challenging. One
can argue that, similar to the rest of the technologies, the storage
can absorb the generated active power during the fault period in the
onshore grid. However, if the fault occurs in the collection grid, the
energy storage converter can theoretically contribute with reactive
power. This is subject to research with the wind turbine acting as a
reactive power source [58], but the limited investigation of this service
through collection grid connected energy storage justifies a yellow
categorization.

For AC black start restoration, the connection of an ESS in the
offshore collection grid is set as green, as it should be able to replace the
generator normally used for the restoration [59–61]. Note that storage
connected through a converter needs to be controlled by a grid-forming
strategy. Locations with an available DC-link are in blue as, although
they cannot interact directly with the AC grid, they can provide energy
and stabilize the DC voltage, allowing for better grid-forming control
of the AC interface converters. Again, these converters’ strategy must
be grid-forming [3,5,60]. In the case of ESS embedded into the substa-
tion converters, information in the literature is practically nonexistent.
Theoretically, however, the storage should be able to help energize and
stabilize the MMC sub-modules, allowing or improving the black-start
performance of the converter.

Regarding DC services, as voltage in DC systems can be used as
a power imbalance indicator (such as the role of frequency in AC
grids) [17], DC voltage regulation can be compared with power fluc-
tuation suppression. The main difference is found when the storage is
connected to an AC system. The rapid dynamics of DC-links make DC

voltage support infeasible if the storage is not directly connected to
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the link. Note that in the offshore wind turbine, the DC-link subject to
control is in the back-to-back converter.

In the case of DC-LVRT, locations with embedded ESS in the con-
verter are set as yellow because they are dependent on the MMC
topology. If this converter is based on full-bridge cells, it has DC
fault clearance capability [62], sometimes using part of the internal
energy on the MMC’s capacitors [63]. If fault clearance is achieved,
the converter is even able to continue operating as a static synchronous
compensator for the AC grid [64]. If the energy storage is embedded in
the converter, this could support the stored energy in the sub-modules
during the fault, and inject/absorb active power to/from the AC grid
afterwards. If the collection grid can remain in operation thanks to
the full-bridge topology of the MMC, and if the wind generators are
controlled by a grid-forming strategy, the ESS in these locations could
absorb part of the power generated by the turbines during the transient,
improving the system performance during the contingency. Similar
behavior is expected in the wind turbine, where the energy storage
can absorb part of the surplus energy [55]. To conclude this service,
a fault in the offshore HVDC line would rapidly bring the voltage
to zero, prohibiting the injection of power from the ESS. The only
exception could be the use of SMES as a current-limiting coil during
contingency [65–67].

Regarding DC black start restoration, an ESS connected to a DC-link
can be used in the voltage regulation during energization. On the other
hand, the support of energy storage connected to the offshore collec-
tion grid could help the restoration of surrounding DC-links, although
further research is needed. Finally, embedded storage in substation
converters has the same role as in the AC grid restoration service, while
the onshore AC system power quality could be improved during HVDC
energization by a storage directly connected to the network.

6.2. ESS at different locations

Table 4 assesses the technical feasibility of placing each ESS at
each location in the OWF. Starting with pumped hydro storage and
CAES, both give nearly the same results. This can be attributed to the
inherent nature of both technologies, which are typically characterized
as synchronous ESS, with substantial energy capacities. The primary
drawbacks associated with these systems include their geographical
dependency and space constraints. As explained in Section 3.2, CAES
may also be deployed using pressurized tanks [68] or underwater
compressible containers [69]. Although their energy capacity is lower,
this reduces the geographical constraints. The reader should take into
account that in this study, only the standard concepts of both of these
technologies are considered. In the case of pumped hydro storage,
projects such as [33] using undersea water reservoirs, or energy islands
as in [34], have been excluded from the scope.

Exotic wind turbine technologies with internal CAES such as in [70–
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72] are not considered either. Therefore, none of these technologies
can be connected to the wind turbines or to the HVDC converters.
Regarding the collection grid, CAES could be implemented using either
already existing undersea caverns or pressurized tanks, but due to
the high geographical dependency on the former, and the smaller
body of research of the latter, it is considered yellow. Additionally,
according to [73], offshore CAES in offshore wind farms is not techno-
economically feasible at the present time and more research is needed.
Finally, storage connected to the HVDC link have the same drawback
as the previous locations, but with the extra need of interfacing the ESS
via power electronics.

The rest of the technologies in the fourth and fifth columns of
Table 4 have been set as yellow, except for superconducting magnetic
storage, which can be used in the DC-link both to store energy and to
act as a current ramp-rate limiter during contingencies, and without
the need of a complex power electronic interface (see [65–67,74] for
more details).

The ESS can be connected to the collection grid as usual in the
continental grid, so they are considered green, although the offshore
space constraints must always be taken into account. In case of em-
bedded storage, the only technologies found in the literature to be
integrated into the MMC are secondary batteries, supercapacitors, or
a combination of both [75–78].

Regarding the location of ESS in the wind turbine, hydrogen and
flow battery based storage have been set as yellow. Concerning the
former, projects such as ERM Dolphyn [79] are investigating the place-
ment of this ESS over the floating platform of the wind turbine. How-
ever, this kind of project is still under development. More information
about hybridization projects for hydrogen and wind energy can be
found in [80]. Flow batteries are also a theoretically feasible technol-
ogy, although the research of this technology in wind turbine appli-
cations is not particularly developed [55,81]. Otherwise, the interest
in BESS and supercapacitors is increasing every year, regardless the
location.

In the case of flywheel and superconducting magnetic energy stor-
age, this has been set as red due to the low amount of investigation
in the literature. With regard to the former, having additional rotating
masses in a wind turbine seems disadvantageous compared with the
other alternatives. It must be remarked that, apart from the classical
concept of flywheels within the scope of this analysis, some authors
are developing the idea of moving masses inside the turbine blades
to modify the total inertia of the rotor, proportionally increasing the
maximum amount of stored energy at the same angular speed of
the blades [82,83]. Although some authors have already published
some articles about the use of superconducting storage inside a wind
turbine [74,84], the implementation of this technology in the short-
or medium-term seems infeasible due to some of its current charac-
teristics, such as operation at cryogenic temperatures, or the need for
protection of wind turbine components from the strong magnetic fields
of this storage [85].
Table 4
Evaluation of the possibility of placing each ESS at each location in an OWF.
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6.3. Services provided by different ESS

Table 5 aims to assess which services can be provided by each
ESS. For the sake of clearness, the storage technologies are grouped
into three categories: Long-term energy capacity (PHS, CAES and HES),
medium-term energy capacity (BESS and FBES) and short-term energy
capacity storage (SCES, SMES and FES).

6.3.1. Long-term energy capacity storage
With regard to the DC-side services, long-term storage technologies

have been set as red. The typical concepts of compressed air and
pumped hydro storage are connected to the AC-side and their response
times are too slow to provide these services [27]. There is a lack of
information about hydrogen storage regarding the control of the DC-
link through this technology, which is normally connected to an AC
system via a voltage source converter responsible for stabilizing the DC
voltage [86,87].

It must be remarked that the response time of hydrogen storage
is faster than the previous technologies, mainly, thanks to proton
exchange membrane technology in the electrolyzers. According to [87],
a power ramp-up of 145MW in 250ms can be achieved, demonstrat-
ng that this technology has potential to provide both inertial and
requency primary control. Note that inertial support has a service
rovision time scale of 200ms, according to [10]. However, hydrogen
torage still has issues associated with such a rapid response, such as
aster stack degradation or the higher power fluctuations [44]. On the
ther side, alkaline electrolyte, which is a more established technology,
ay be suitable for frequency secondary control applications and long-

erm stability. More information about the differences between proton
xchange membrane and alkaline electrolytes can be found in [88].

Compressed air and pumped hydro storage for frequency regu-
ation are both generally suitable technologies. Since they are both
ynchronous ESS, they naturally provide inertia to the systems [89]. In
ddition, their power set-point can be adjusted for frequency secondary
ontrol. Nevertheless, traditional hydro storage governor response is
sually not fast enough for primary control. More recent evolutions of
his technology use back-to-back converters to connect the generator
ith the grid, allowing faster power control and providing both inertial
nd primary support [90]. However, issues with water pressure in the
tation pipes have been reported in [91], due to the fast required ramp-
p power. The response time of the governor of CAES, however, is fast
9

nough to provide frequency primary control [92–95]. o
Continuing with power fluctuation suppression and oscillation
amping, contrary to CAES and hydrogen, pumped hydro storage has
een set as yellow due to the faster response and power control capacity
f this technology interfaced by power electronics [90]. On the other
and, the operation of CAES makes it unsuitable for continuous power
egulation in small time scales (seconds). According to [96], this tech-
ology modulates the power output by means of opening and closing
n air valve, which produces an undesired oscillatory power output for
hese services. In fact, the authors recommend the use of additional
nergy storage like supercapacitors for performance enhancement.
evertheless, the reader should know that fluctuation suppression at

arger time scales (hours) is feasible, as shown in [97,98]. Regarding
ydrogen storage, both power fluctuation suppression and oscillation
amping are colored in red, due to the low amount of information in
he literature and the high stack degradation at rapid power set-point
ariations.

Compressed air and pumped hydro storage are suitable for the pro-
ision of the last three services on the AC side, as they are synchronous
SS that can use typical reactive power control, and have a high energy
apacity for system restoration purposes. Hydrogen energy storage is
ikewise, able to regulate the reactive power set-point, thanks to the in-
erface converter. However, its application in black-start restoration has
ot been sufficiently investigated and it is categorized as a promising
echnology in [27].

.3.2. Medium-term energy capacity storage
The ESS discussed in this section (BESS and FBES) stand out due to

heir balanced characteristics in terms of energy and power capacity,
hich make them suitable for a wide range of applications. Note that,

ince both storage systems are similarly interfaced with the system, the
iscussion of the feasibility of one technology normally also applies to
he other.

With respect to the DC services, the rapid response time for these
torage technologies makes them suitable. According to [28], both
echnologies have the potential to respond in the order of milliseconds.
his is why some authors have used flow batteries for DC voltage
tabilization in [99] and for surplus energy absorption during grid fault
ransients in [100]. The connection of BESS through a DC-DC dual
ctive bridge converter is investigated for medium voltage DC grids
n [101]. The authors state that ESS with this converter can withstand
DC fault in the grid, controlling the current and continuing operation

nce the fault is cleared. In addition, they affirm that the technology
Table 5
Evaluation of the provided services by each ESS in an OWF.
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could be expanded to HVDC applications. Regarding black-start restora-
tion capability, both technologies should be able to energize both an AC
and a DC system [22].

Moving to the second block of services, both secondary and flow
battery energy storage have the potential to improve the integration of
new renewable energy sources by smoothing possible power fluctua-
tions [100,102]. However, degradation issues with BESS may be one of
the biggest challenges of this technology. An already-built demonstra-
tion project proves the technical feasibility for PS/TS and transmission
curtailment, e.g. Moss Landing Energy Storage Facility in California
(USA) with 1600MWh energy capacity and 400MW of installed power
capacity, with a planned expansion of 1400MWh and 350MW [103].
Similarly, a vanadium redox flow storage of 400MWh and 100MW has
already been connected to a Dalian grid in China [104]. Due to this
high level of energy capacity, both technologies are also suitable for
frequency secondary control.

Continuing with frequency control services, the BESS ‘‘AES Kilroot
Power Station’’ (5MWh/10MWh) in Ireland has demonstrated a re-
sponse to an event within 40ms, and it should have the ability to
ramp to full power in 100ms [105,106]. Similarly, [107] states that the
inertia emulated with flow batteries show advanced behavior compared
to other technologies in terms of over-shoots, under-shoots and settling
time.

Regarding AC power system stabilization, flow batteries, as well
as BESS, are able to damp sub-synchronous oscillations in the power
grid. For example, power oscillation damping of a wind-diesel station
due to the wind farm disconnection is researched in [108] using flow
batteries, with satisfactory results. AC voltage control can be provided
by these technologies if they are connected to the grid through a voltage
source converter. This operation can be seen in [109] for flow batteries.
Additionally, reactive power control of this type of converter allows
them to provide voltage support during LVRT contingencies (consid-
ering the limits of the converter). The operation during either AC or
DC faults has also been tested for BESS embedded in an MMC [110];
however, as previously commented in this review, the converter must
contain a minimum amount of sub-modules to be able to counteract the
fault current. Additionally, BESS connected to a DC microgrid has also
been researched in [111], improving the quality of the DC-side voltage
during an AC fault.

6.3.3. Short-term energy capacity storage
The last three technologies (SCES, SMES and FES) are highly recom-

mended for applications that require high power densities and rapid
responses; although they lack high energy capacity compared to pre-
vious storage. This prevents them from providing services such as
AC grid restoration, secondary control, transmission curtailment or
PS/TS [22,112].

Conversely, these storage are suitable for DC voltage support, as
they can rapidly provide the extra energy required by the system to
stabilize the voltage [40,113,114]. This service is normally researched
in the literature as a consequence of an AC fault that destabilizes the DC
grid. However, since there is no formal specification of DC-LVRT [115],
there is a lack of research of this service with supercapacitor and
flywheel energy storage. On the other hand, due to the ongoing investi-
gation of the current-limiting capabilities of SMES [67], this technology
has been set as green. With respect to DC-link restoration, the response
time of these short-term storage could be beneficial for the regulation
of the DC voltage during energization. However, due to the insufficient
investigation of this service and their limited energy capacity, they have
been classified as yellow.

Power fluctuation suppression for short-term intermittence and in-
ertial frequency support are relatively well-researched topics in terms
of these types of ESS [39,41,65,116]. On account of the similar char-
acteristics of power oscillation damping and fluctuation suppression,
these are also colored as green [117–119].
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Some discrepancies can be found regarding frequency primary con-
trol. On the one hand, some authors state these technologies cannot
provide this service [29,112]. Their main issue is the lack of stored
energy to retain the power provision until the secondary control is
activated. In the specific case of flywheel storage, it can be classified as
a potential technology according to [22], probably due to the greater
energy capacity of this technology compared with supercapacitors and
SMES. On the other hand, some papers advocate the suitability of
these technologies for primary control [30]; but in the majority of
cases, these technologies are hybridized with another storage (nor-
mally BESS) to fulfill the energy requirements [39,120]. Moreover,
supercapacitors in the DC-link of the wind turbine may be used for
fluctuation suppression, to allow for rapid power output ramp-up of
the generator [116].

Finally, the three technologies are able to control AC voltage and
support AC faults, normally thanks to the use of power electronics
to connect them to the grid, which have full control of reactive cur-
rent [41,121,122] for absorbing the trapped energy upstream in the
system [40,123]. As previously commented, SMES is also able to limit
the fault current, as researched in [124,125].

6.4. Three-dimensional assessment

A drawback of the tables previously commented on is the ability
to represent only two dimensions (services-locations, ESS-locations and
services-ESS). For the sake of completeness, a 3D matrix has been
built using the geometric mean (see Section 5). For example, this gives
the ability to determine the ‘‘versatility’’ of each service, location and
ESS. This research refers to versatility as the percentage of cases for
which one dimension can be provided, placed or used, considering the
remaining dimensions, so that a service that can be provided by all ESS
at any location would have a versatility of 100%. The same example
can be extrapolated to ESS and locations.

Fig. 4. Versatility of services.

Fig. 5. Versatility of locations.
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Fig. 6. Versatility of energy storage systems.

Fig. 4 depicts the technical versatility of each evaluated service. As
can be noted from the greener color, fluctuation suppression, inertial
support and AC-LVRT support are the services that can be provided
more frequently, followed by oscillations damping and frequency reg-
ulation services. Readers interested in these services thus have several
appropriate options. The reasons for these results are listed below.

• Power fluctuation suppression: Although this service can gener-
ally be provided only by medium- or short-term energy storage,
it can be provided from every location in the OWF. Additionally,
these types of energy storage are more likely to be connected at
different places.

• Inertial frequency support: Since rapid response technologies can
be controlled to emulate inertia, and slower ESS are usually syn-
chronous storage, inertia can be provided by almost every storage
device. Additionally, since DC-link-connected storage can provide
power to help with the inertia (colored as blue in Table 3), the
final score of this service increases to 49.16%.

• Low-voltage ride-through at AC grid: By defining this service as
the possibility to remain connected and inject reactive power to
the system, or as the absorption of trapped energy in the system
during the contingency, the number of cases to which it applies
is relatively high.

By analyzing the versatility of each location in the OWF in Fig. 5,
it is clearly seen that AC-connected alternatives have been investigated
intensively. In contrast, embedded energy storage in the converter has
the lowest scope, since the only technologies that can be connected are
secondary batteries and supercapacitors.
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Finally, Fig. 6 shows that BESS is the most flexible energy storage.
This technology clearly stands out from the others, as it can be placed at
nearly every location and provides all of the evaluated services. In addi-
tion, lithium ion batteries are one of the most researched technologies
at the present date. On the other hand, pumped hydro storage yields
the lowest score since, although it is the most mature technology on
the list, its implementation on an OWF is not straightforward.

6.5. Sensitivity analysis and outlook

After the systematic evaluation in Sections 6.1–6.3, and the quanti-
tative 3D assessment, giving a final versatility score, this section aims to
perform a sensitivity analysis showing how much the final score varies
if any ‘‘insufficiently explored’’ case (yellow color) in the systematic
analysis becomes green. Thus, while previous results reveal the current
state of the literature, this section seeks to quantitatively indicate the
research directions with the greatest potential.

The followed methodology is based on (i) changing a single ‘‘insuffi-
ciently explored’’ case to ‘‘adequately researched’’, (ii) computing a new
3D analysis, and (iii) calculating the versatility percentage variations.
This sequence is repeated for each yellow case for Tables 4 and 5,
summarizing the results in Fig. 7(a) and Fig. 7(b), respectively.

Both Figs. 7(a) and 7(b) comprise a main graph and two comple-
mentary bar plots. The 𝑦-axis of the central graph names all yellow
cases in the systematic analysis tables, in the form of ‘‘ESS/Location’’
for Fig. 7(a), and ‘‘ESS/Service’’ for Fig. 7(b), while the 𝑥-axis contains
the remaining dimension (services and locations, respectively). As an
example, if the yellow color of hydrogen storage in the wind turbine
of Table 4 is researched and considered mature (first line of Fig. 7(a)
called HES/OfWT), it can be seen that the versatility of the services
that increases the most is PS/TS, transmission curtailment, inertial
frequency support and primary control, where the latter stands out
from the rest, with an increase of more than 0.3% according to the
color bar on the right. Additionally, the bar plot at the top represents
the average variation for each service, so it can be seen that the
final scoring of services DC-LVRT and AC-LVRT has low sensitivity on
average concerning changes in the systematic analysis. On the other
hand, the lateral bar plot represents how much the average versatility
increases on the basis of a single research status update.

Analyzing the results in Fig. 7(a), it can be seen that secondary
and flow batteries have a high average sensitivity, independently of
their locations. Their balanced energy and power densities make them
suitable for any service, which is reflected in higher sensitivity. On
the other hand, inertial support is the service that benefits the most
from the research of any case, since medium- and short-term ESS
Fig. 7. Versatility increases due to an status update in: (a) Table 4 and (b) Table 5.
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with high power density and rapid response times are more likely
to be placed offshore due to their characteristics. Other interesting
possibilities would be the use of flow batteries connected to the DC-
link of the offshore wind farm, which would be highly beneficial for the
DC voltage stability and restoration; or the use of CAES in the offshore
collection grid, which could replace the generally used diesel generator
in the black start restoration. This can also be seen in Fig. 7(b), where
the research of AC grid restoration through hydrogen storage would be
positive for both offshore and onshore AC systems.

Checking locations’ sensitivity, it can be noted that the research of
the provision of primary control via supercapacitors storage would be
beneficial at any location. However, due to its low energy density, its
use would be more likely in future low-inertia networks, where the
rest of the generation responds more quickly to disturbances. Besides,
research on using this technology for DC voltage restoration would
be beneficial for every location in the OWF. Furthermore, frequency
primary control provision through hydrogen energy storage, whose
potential has already been analyzed [126,127], would also increase the
average versatility of several locations.

7. Conclusion

Aiming to offer a comprehensive representation of the existing
literature, a multidimensional systematic analysis is presented to ex-
plore the technical feasibility of delivering diverse services utilizing
distinct energy storage technologies situated at various locations within
an HVDC-connected offshore wind farm. The analysis comprises three
distinct phases. Firstly, three color-coded tables are filled comparing (i)
services with locations, (ii) storage with locations and (iii) services with
storage. This result clearly shows the already existing knowledge and
the possible new research directions in terms of the technical viability
of the technology. Nevertheless, these first outcomes are restricted to
the two dimensions represented by a table.

The second stage aims to merge the previous results into a 3D array
to consider the interdependencies between all dimensions, resulting in
a quantitative score indicating which storage, location or service has
the greatest potential and versatility. The analysis concludes with a
sensitivity analysis based on the previous outcomes, which shows the
potential improvement in each service and location if an understudied
field is further researched. This study not only provides an overview of
the current state of the literature but also highlights research avenues
that could potentially make substantial contributions to the technical
viability of the technology.

Nevertheless, there are some scope limitations to consider. First,
the analysis is restricted to a technical evaluation, disregarding the
current economic constraints of each technology. The authors recognize
this handicap of offshore ESS in the present scenario, which narrows
their suitability and limits market adoption. However, further research
typically reduces costs, and the need for storage offshore, despite higher
costs, may increase with the emerging plans for multi-terminal and
meshed offshore HVDC grids.

Summarizing the most relevant results, it can be seen that the
most balanced ESS in terms of energy and power capacity have the
greatest potential. Even though these technologies do not offer the
fastest response, and they are not able to store huge amounts of energy,
they can provide all analyzed services. However, it must be considered
that the deployment of these ESS offshore is a challenge that must be
further researched. Techno-economically feasible secondary and flow
battery technologies are required to enable future offshore wind farms
with integrated energy storage.

The natural intermittency of wind energy is a challenge that must be
overcome to allow a greater introduction of this resource into the en-
ergy mix. The evaluation has shown that power fluctuation suppression
is one of the most flexible services, which can be supplied by several
ESS in different time-scales. In addition, it has no limitations regarding
the location of the storage.
12
The assessment has also revealed the wider research of storage
systems in onshore AC systems. This research allows for easier im-
plementation of an ESS at the AC offshore collection system than
in other DC connections at an offshore wind farm. However, some
other options can be also interesting. For instance, although energy
storage embedded in the power converter (locations OfCO and OnCO in
Fig. 3) has a low score, it can utilize BESS to provide power fluctuation
suppression, which in addition to the modularity and reliability of the
ESS at this location, makes this alternative an attractive option to be
investigated.

Finally, the hybridization of different energy technologies, even
though it is beyond the scope of this paper, might be crucial in
overcoming the disadvantages of each individual energy storage. A
symbiotic relationship between the technologies with faster responses
and those with greater energy capacity could be very beneficial to
provide a wider range of services and enhance their performance. In
addition, the presented methodology could be extendable in future
work to consider techno-economical limitations and/or analyze future
multi-terminal and meshed offshore networks.
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[75] Eroǧlu F, Kurtoǧlu M, Vural AM. Bidirectional DC–DC converter based
multilevel battery storage systems for electric vehicle and large-scale grid
applications: A critical review considering different topologies, state-of-charge
balancing and future trends. IET Renew Power Gener 2021;15(5):915–38.

[76] Judge PD, Green TC. Modular multilevel converter with partially rated in-
tegrated energy storage suitable for frequency support and ancillary service
provision. IEEE Trans Power Deliv 2019;34(1):208–19.

[77] Errigo F, Morel F, Mathieu De Vienne C, Chedot L, Sari A, Venet P. A
submodule with integrated supercapacitors for HVDC-MMC providing fast
frequency response. IEEE Trans Power Deliv 2022;37(3):1423–32.

[78] Zhang L, Tang Y, Yang S, Gao F. Decoupled power control for a modular-
multilevel-converter-based hybrid AC–DC grid integrated with hybrid energy
storage. IEEE Trans Ind Electron 2019;66(4):2926–34.

[79] ERM. Opportunity for the world’s first combined floating wind and
green hydrogen project off the east coast of Scotland. 2021, URL
https://www.erm.com/news/opportunity-for-the-worlds-first-combined-
floating-wind-and-green-hydrogen-project-off-the-east-coast-of-scotland/,

[80] Ibrahim OS, Singlitico A, Proskovics R, McDonagh S, Desmond C, Murphy JD.
Dedicated large-scale floating offshore wind to hydrogen: Assessing design
variables in proposed typologies. Renew Sustain Energy Rev 2022;160:112310.

[81] Li W, Joos G, Belanger J. Real-time simulation of a wind turbine generator
coupled with a battery supercapacitor energy storage system. IEEE Trans Ind
Electron 2010;57(4):1137–45.

[82] Jauch C. A flywheel in a wind turbine rotor for inertia control. Wind Energy
2015;18(9):1645–56.

[83] Hippel S, Jauch C. Load analysis of hydraulic-pneumatic flywheel configurations
integrated in a wind turbine rotor. Wind Energy 2019;22(9):1190–202.

[84] Qais MH, Hasanien HM, Alghuwainem S, Elgendy MA. Output power smoothing
of grid-tied PMSG-based variable speed wind turbine using optimal controlled
SMES. In: 2019 54th international universities power engineering conference.
IEEE; 2019, p. 1–6.

[85] Antony AP, Shaw DT. Empowering the electric grid: Can SMES coupled to wind
turbines improve grid stability? Renew Energy 2016;89:224–30.

[86] Gerdun P, Ahmed N, Vernekar V, Topfer M, Weber H. Dynamic operation of a
storage power plant (SPP) with voltage angle control as ancillary service. In:
2019 international conference on smart energy systems and technologies. IEEE;
2019, p. 1–6.

[87] Dozein MG, De Corato AM, Mancarella P. Virtual inertia response and frequency
control ancillary services from hydrogen electrolyzers. IEEE Trans Power Syst
2022;1–12.

[88] Rashid M, Mesfer MKA, Naseem H, Danish M. Hydrogen production by water
electrolysis: A review of alkaline water electrolysis, PEM water electrolysis
and high temperature water electrolysis. Int J Eng Adv Technol (IJEAT)
2015;4(3):14.

[89] International Energy Agency. Hydropower special market report: Analysis and
forecast to 2030. OECD; 2021.

[90] Reigstad TI, Uhlen K. Variable speed hydropower for provision of fast frequency
reserves in the nordic grid. IEEE Trans Power Syst 2021;36(6):5476–85.

[91] Quevedo AM, de León RC, Domínguez EJM, Arozarena PS, Moreno JG, Quin-
tero AC, et al. Gorona del viento wind-hydro power plant. In: 3rd International
hybrid power systems workshop. 2018.

[92] Sedighizadeh M, Esmaili M, Mousavi-Taghiabadi SM. Optimal joint energy
and reserve scheduling considering frequency dynamics, compressed air energy
storage, and wind turbines in an electrical power system. J Energy Storage
2019;23:220–33.

[93] Li P, Yang C, Sun L, Xiang J, Wen X, Zhong J, et al. Dynamic charac-
teristics and operation strategy of the discharge process in compressed air
energy storage systems for applications in power systems. Int J Energy Res
2020;44(8):6363–82.

[94] Xian-kui W, Shi-hai Z, Peng W, Mi W. Study on primary frequency modulation
parameter setting of compressed air energy storage. In: 2018 2nd international
conference on green energy and applications. IEEE; 2018, p. 143–6.

[95] Xian-kui W, Xiang L, Jingliang Z, Tongtian D. Research on the performance
of primary frequency modulation of compressed air energy storage. In: 2020
5th international conference on power and renewable energy. IEEE; 2020, p.
441–5.

[96] Martinez M, Molina MG, Mercado PE. Dynamic performance of compressed
air energy storage (CAES) plant for applications in power systems. In:
2010 IEEE/PES transmission and distribution conference and exposition: Latin
14

America (t&d-la). IEEE; 2010, p. 496–503.
[97] Jin H, Liu P, Li Z. Dynamic modeling and design of a hybrid compressed air
energy storage and wind turbine system for wind power fluctuation reduction.
Comput Chem Eng 2019;122:59–65.

[98] Zhao P, Wang P, Xu W, Zhang S, Wang J, Dai Y. The survey of the
combined heat and compressed air energy storage (CH-CAES) system with dual
power levels turbomachinery configuration for wind power peak shaving based
spectral analysis. Energy 2021;215:119167.

[99] Mi Z, Han X, Ren C, Qin W, Wang P. Design of secondary voltage regulation
system of DC microgrid based on vanadium redox battery storages. In: 2016
IEEE 11th conference on industrial electronics and applications. IEEE; 2016, p.
394–8.

[100] Wang W, Ge B, Bi D, Qin M, Liu W. Energy storage based LVRT and stabilizing
power control for direct-drive wind power system. In: 2010 international
conference on power system technology. IEEE; 2010, p. 1–6.

[101] Shi Y, Li H. A novel modular dual-active-bridge (MDAB) dc-dc converter with
dc fault ride-through capability for battery energy storage systems. In: 2016
IEEE energy conversion congress and exposition. IEEE; 2016, p. 1–6.

[102] Chen T, Jin Y, Lv H, Yang A, Liu M, Chen B, et al. Applications of
lithium-ion batteries in grid-scale energy storage systems. Trans Tianjin Univ
2020;26(3):208–17.

[103] Vistra Corp. Vistra announces expansion of world’s largest battery energy
storage facility. 2022, URL https://investor.vistracorp.com/2022-01-24-Vistra-
Announces-Expansion-of-Worlds-Largest-Battery-Energy-Storage-Facility,

[104] CNESA: China Energy Storage Alliance. After 6 years, the 100mw/400MWh
redox flow battery storage project in dalian is connected to the grid. 2022,

[105] Brogan PV, Best R, Morrow DJ, Alikhanzadeh A, Kubik M. Per unit displacement
of synchronous inertia with BESS synthetic inertia devices. In: 2018 IEEE power
& energy society general meeting. IEEE; 2018, p. 1–5.

[106] Brogan PV, Best RJ, Morrow DJ, McKinley K, Kubik ML. Effect of BESS response
on frequency and RoCoF during underfrequency transients. IEEE Trans Power
Syst 2019;34(1):575–83.

[107] Bhagat SK, Saikia LC, Babu NR. Effect of partial loading on a three-area hydro-
thermal system integrated with realistic dish-stirling solar thermal system,
accurate model of high-voltage direct link considering virtual inertia and energy
storage systems. Int Trans Electr Energy Syst 2021;31(12).

[108] Lone SA, Mufti M-u-D. Integrating a redox flow battery system with a wind-
diesel power system. In: 2006 international conference on power electronic,
drives and energy systems. IEEE; 2006, p. 1–6.

[109] Wang Y, Tan KT, Peng XY, So PL. Coordinated control of distributed energy-
storage systems for voltage regulation in distribution networks. IEEE Trans
Power Deliv 2016;31(3):1132–41.

[110] Chen Q, Li R, Cai X. Analysis and fault control of hybrid modular multilevel
converter with integrated battery energy storage system. IEEE J Emerg Sel Top
Power Electron 2017;5(1):64–78.

[111] Howlader A, Matayoshi H, Sepasi S, Senjyu T. Design and line fault protection
scheme of a DC microgrid based on battery energy storage system. Energies
2018;11(7):1823.

[112] Rohit AK, Rangnekar S. An overview of energy storage and its importance in
Indian renewable energy sector: Part II – energy storage applications, benefits
and market potential. J Energy Storage 2017;13:447–56.

[113] Li T, Chen Y, Gou HY, Chen XY, Tang MG, Lei Y. A DC voltage swell
compensator based on SMES emulator and lead-acid battery. IEEE Trans Appl
Supercond 2019;29(2):1–4.

[114] Gowaid IA, Elserougi AA, Abdel-Khalik AS, Massoud AM, Ahmed S. A series
flywheel architecture for power levelling and mitigation of DC voltage transients
in multi-terminal HVDC grids. IET Gener, Transm Distrib 2014;8(12):1951–9.

[115] Liu Q, Cai B, Yan S, Sun C. LVRT control strategy based on supercapacitor for
offshore DFIG wind farm with HVDC-grid. In: 2020 4th international conference
on HVDC. IEEE; 2020, p. 223–9.

[116] Qu L, Qiao W. Constant power control of DFIG wind turbines with
supercapacitor energy storage. IEEE Trans Ind Appl 2011;47(1):359–67.

[117] Mufti Mud, Lone SA, Iqbal SJ, Ahmad M, Ismail M. Super-capacitor based
energy storage system for improved load frequency control. Electr Power Syst
Res 2009;226–33.

[118] Khanna R, Singh G, Nagsarkar TK. Power system stability enhancement with
SMES. In: 2012 international conference on power, signals, controls and
computation. Thrissur, Kerala, India: IEEE; 2012, p. 1–6.

[119] Zhong Y, Zhang J, Li G, Chen Z. Research on restraining low frequency oscil-
lation with flywheel energy storage system. In: 2006 international conference
on power system technology. Chongqing: IEEE; 2006, p. 1–4.

[120] Yang H. A review of supercapacitor-based energy storage systems for microgrid
applications. In: 2018 IEEE power & energy society general meeting. Portland,
OR: IEEE; 2018, p. 1–5.

[121] Srithorn P, Sumner M, Yao L, Parashar R. A STATCOM with supercapacitors
for enhanced power system stability. In: 4th IET international conference on
power electronics, machines and drives. IEE; 2008, p. 96–100.

[122] Abbey C, Joos G. Supercapacitor energy storage for wind energy applications.

IEEE Trans Ind Appl 2007;43(3):769–76.

http://refhub.elsevier.com/S1364-0321(24)00299-5/sb72
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb72
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb72
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb72
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb72
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb73
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb73
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb73
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb74
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb74
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb74
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb74
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb74
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb75
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb75
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb75
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb75
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb75
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb75
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb75
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb76
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb76
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb76
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb76
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb76
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb77
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb77
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb77
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb77
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb77
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb78
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb78
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb78
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb78
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb78
https://www.erm.com/news/opportunity-for-the-worlds-first-combined-floating-wind-and-green-hydrogen-project-off-the-east-coast-of-scotland/
https://www.erm.com/news/opportunity-for-the-worlds-first-combined-floating-wind-and-green-hydrogen-project-off-the-east-coast-of-scotland/
https://www.erm.com/news/opportunity-for-the-worlds-first-combined-floating-wind-and-green-hydrogen-project-off-the-east-coast-of-scotland/
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb80
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb80
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb80
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb80
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb80
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb81
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb81
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb81
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb81
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb81
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb82
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb82
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb82
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb83
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb83
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb83
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb84
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb84
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb84
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb84
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb84
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb84
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb84
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb85
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb85
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb85
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb86
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb86
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb86
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb86
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb86
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb86
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb86
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb87
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb87
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb87
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb87
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb87
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb88
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb88
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb88
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb88
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb88
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb88
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb88
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb89
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb89
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb89
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb90
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb90
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb90
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb91
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb91
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb91
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb91
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb91
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb92
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb92
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb92
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb92
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb92
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb92
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb92
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb93
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb93
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb93
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb93
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb93
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb93
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb93
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb94
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb94
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb94
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb94
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb94
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb95
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb95
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb95
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb95
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb95
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb95
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb95
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb96
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb96
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb96
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb96
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb96
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb96
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb96
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb97
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb97
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb97
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb97
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb97
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb98
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb98
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb98
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb98
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb98
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb98
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb98
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb99
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb99
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb99
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb99
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb99
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb99
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb99
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb100
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb100
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb100
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb100
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb100
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb101
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb101
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb101
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb101
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb101
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb102
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb102
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb102
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb102
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb102
https://investor.vistracorp.com/2022-01-24-Vistra-Announces-Expansion-of-Worlds-Largest-Battery-Energy-Storage-Facility
https://investor.vistracorp.com/2022-01-24-Vistra-Announces-Expansion-of-Worlds-Largest-Battery-Energy-Storage-Facility
https://investor.vistracorp.com/2022-01-24-Vistra-Announces-Expansion-of-Worlds-Largest-Battery-Energy-Storage-Facility
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb104
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb104
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb104
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb105
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb105
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb105
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb105
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb105
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb106
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb106
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb106
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb106
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb106
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb107
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb107
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb107
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb107
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb107
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb107
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb107
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb108
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb108
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb108
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb108
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb108
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb109
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb109
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb109
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb109
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb109
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb110
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb110
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb110
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb110
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb110
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb111
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb111
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb111
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb111
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb111
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb112
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb112
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb112
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb112
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb112
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb113
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb113
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb113
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb113
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb113
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb114
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb114
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb114
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb114
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb114
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb115
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb115
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb115
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb115
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb115
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb116
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb116
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb116
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb117
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb117
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb117
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb117
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb117
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb118
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb118
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb118
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb118
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb118
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb119
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb119
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb119
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb119
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb119
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb120
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb120
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb120
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb120
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb120
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb121
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb121
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb121
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb121
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb121
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb122
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb122
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb122


Renewable and Sustainable Energy Reviews 200 (2024) 114573A. Rabanal et al.
[123] Daoud MI, Massoud A, Ahmed S, Abdel-Khalik AS, Elserougi A. Ride-through
capability enhancement of VSC-HVDC based wind farms using low speed
flywheel energy storage system. In: 2014 IEEE applied power electronics
conference and exposition. IEEE; 2014, p. 2706–12.

[124] Chen L, Qiao X, Zhao Z, Wang X, Chen H, Li Y, et al. Coordination of mode
switching control and SMES unit for low-voltage ride-through fulfillment of
power electronic transformer. Energy Sci Eng 2022;10(3):993–1008.
15
[125] Huang C, Xiao XY, Zheng Z, Wang Y. Cooperative control of SFCL and SMES
for protecting PMSG-based WTGs under grid faults. IEEE Trans Appl Supercond
2019;29(2):1–6.

[126] Zheng Y, Huang C, You S, Zong Y. Economic evaluation of a power-to-hydrogen
system providing frequency regulation reserves: A case study of Denmark. Int
J Hydrog Energy 2023;(67):26046–57.

[127] Ribeiro FJ, Lopes JAP, Fernandes FS, Soares FJ, Madureira AG. The role of
hydrogen electrolysers in the frequency containment reserve: A case study in
the Iberian peninsula up to 2040. In: 2022 international conference on smart
energy systems and technologies. IEEE; 2022, p. 1–6.

http://refhub.elsevier.com/S1364-0321(24)00299-5/sb123
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb123
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb123
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb123
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb123
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb123
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb123
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb124
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb124
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb124
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb124
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb124
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb125
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb125
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb125
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb125
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb125
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb126
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb126
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb126
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb126
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb126
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb127
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb127
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb127
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb127
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb127
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb127
http://refhub.elsevier.com/S1364-0321(24)00299-5/sb127

	Energy storage systems for services provision in offshore wind farms
	Introduction
	Services to be provided
	AC services
	Inertial frequency support
	Frequency primary control
	Frequency secondary control
	Power oscillation damping
	AC voltage support
	AC low-voltage ride-through/fault support
	AC black start restoration

	AC and DC services
	Power fluctuation suppression
	Peak shaving/Time shifting
	Transmission curtailment

	DC services
	DC voltage support
	DC low-voltage ride-through/fault support
	DC black start restoration


	Energy storage systems
	Pumped hydro storage
	Compressed air energy storage
	Flywheel energy storage
	Supercapacitor energy storage
	Superconducting magnetic energy storage
	Hydrogen energy storage
	Battery energy storage system/secondary batteries
	Flow battery energy storage

	OWF topology
	Methodology
	Multidimensional assessment
	Services provided at different locations
	ESS at different locations
	Services provided by different ess
	Long-term energy capacity storage
	Medium-term energy capacity storage
	Short-term energy capacity storage

	Three-dimensional assessment
	Sensitivity analysis and outlook

	Conclusion
	Declaration of competing interest
	Data availability
	Acknowledgment
	References


