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a b s t r a c t

The coupling of a reversible Solid Oxide Cell (rSOC) with an offshore wind turbine is investigated to
evaluate the mutual benefits in terms of local energy management. This integrated system has been
simulated with a dynamic model under a control algorithm which manages the rSOC operation in
relation to the wind resource, implementing a local hydrogen storage with a double function: (i) assure
power supply to the wind turbine auxiliary systems during power shortages, (ii) valorize the heat
produced to cover the desalinization system needs. With an export-based strategy, which maximize
the rSOC capacity factor, up to 15 tons of hydrogen could be produced for other purposes. The results
show the compatibility between the auxiliary systems supply of a 2.3 MW wind turbine and a 120/21
kWe rSOC system which can cover the auxiliaries demand during wind shortages or maintenance. The
total volume required by such a system occupy less than the 2%, if compared with the turbine tower
volume. Additionally, thermal availability exceeds the desalination needs, representing a promising
solution for small-scale onsite desalination in offshore environments.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Wind Turbine (WT) technology and in particular Offshore
ind Turbine (OWT) technology is today a consolidated re-
ewable energy technology which is rapidly gaining momentum
oing from 1% of global wind installations by capacity in 2009, to
ver 10% in 2019 (GWEC, 2021). This is also due to the optimal
ind resource availability at sea (IEA, 2020), which allows the

nstallation of larger size wind turbines. On average, turbine ca-
acity has increased by 16% every year since 2014 until reaching
rated capacity of 7.8 MW in 2019, 1 MW larger than the value
ecorded in 2018 (Wind europe, 2021).

Nevertheless, their installation and operation provide different
echnical challenges including the maintenance (Ren et al., 2021),
lso considering the fact that they are often installed in remote

∗ Corresponding author.
E-mail address: mario.lamagna@uniroma1.it (M. Lamagna).
ttps://doi.org/10.1016/j.egyr.2022.10.355
352-4847/© 2022 The Authors. Published by Elsevier Ltd. This is an open access a
c-nd/4.0/).
areas located up to 60 km from the nearest shore to exploit the
best wind availability (Barbarelli and Nastasi, 2021). The main
problems can occur when the wind farm, totally or partially, is
not producing energy (Dedecca et al., 2017), this could happen
when the wind speed is above or below the producibility curve
or during disconnection procedures such as switching actions,
protective switching of a circuit breaker in the grid or protective
switching of a circuit breaker because of an internal wind turbine
failure (Bodewes, 2017). In this situation the turbine will be in
standby, but nonetheless the auxiliary systems must be continu-
ously supplied to maintain operative the unstoppable loads such
us the monitoring and communication instrumentations or the
safety devices. Although both the rated power and total energy
demand volume related to the auxiliaries is low with respect
to the OWT power and energy production volume, their supply
during the aforementioned conditions can pose a critical situa-
tion. Usually, an Uninterruptible Power Supply (UPS) is installed

to manage those kinds of problems, typically based on batteries
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Nomenclature

Acronyms

P power (kW)
v wind speed (m/s)

Abbreviations

AEP annual energy production
ALK alkaline
CAPEX capital expenditure
DES direct Electrolysis of Seawater
EMS energy management system
GH2 green hydrogen
CGH2 compressed green hydrogen
KPI key performance indicator
Li-Ion lithium battery
LCOH levelized cost of hydrogen
LCOS levelized cost of storage
MED multistage effect
MSF multistage flash
O&M operation and maintenance
OPEX operational expenditure
OR reverse osmosis
OWT offshore wind turbine
PEM proton Exchange Membrane
PMT periodic payment for an annuity
PV photovoltaic panels
QH2PMax maximum hydrogen production flow
rSOC reversible solid oxide fuel cell
SEC specific energy consumption
SOC state of charge
SOEC solid oxide electrolyzer
SOFC solid oxide fuel cell
UFf fuel utilization factor
UFs steam utilization factor
UPS uninterruptible power system
WRR water recovery rate

Symbols

β pressure ratio

Subscripts and superscript

ci cut-in
co cut-out
np nominal power
wt wind turbine

(Xu et al., 2020) and diesel generators (Shezan, 2021). Despite
being cheap and reliable, diesel generators need maintenance and
refuelling which can become an issue in offshore conditions. Like-
wise, batteries are sensitive to temperature changes (Ma et al.,
2018) with limited energy density (Rezk et al., 2021), thus many
packages could be required, and over time their capacity may
degrade (Chen et al., 2021). From the above considerations it
follows that for a wind turbine to be safely operated when power
outage occurs a reliable UPS, able to deliver power for a long time,
is required (Zhao et al., 2022). Otherwise, a bidirectional grid
connection cable (with all related bidirectional power electronic
14260
conversion systems) is required, to supply the auxiliaries dur-
ing OWT idle conditions, which sensibly increases the electrical
balance of plant costs. It must be considered that these issues,
with the increasing of the sizes and distances from the shore
they can worsen, increasing the significance to find a valuable
UPS solution. Similar constraints are shared with other isolated
realities, such as island (Groppi et al., 2021) or remote areas
(Rezk, 2019) energy systems. Additionally, those situations are
accentuated by variable loads and greater sizes, which make even
more relevant the adoption of energy storages (Manfren et al.,
2021) and short-term forecasting due to the total system inertia
(Heydari et al., 2020).

Similarly to the offshore wind turbines, hydrogen is being
proposed with a lead role in the energy transition (Hydrogen
Council, 2021). When produced by the coupling of renewable
energy sources and water electrolysis (Nastasi, 2019), green hy-
drogen (GH2) can become a valid ally in terms of renewable
energy storage and management (Kakoulaki et al., 2021).

To date, different investigations have been done to under-
stand the possible coupling between renewable and hydrogen
application (Nastasi, 2015) and recently also between OWT and
hydrogen technologies (Wu et al., 2022). In the study presented
by (d’Amore Domenech et al., 2020) the objective was to evaluate
the different electrolysis technologies available on the market (i)
the alkaline electrolysis (ALK) (ii) the Proton Exchange Membrane
(PEM) electrolysis, the (iii) Solid Oxide (SOEC) electrolysis and the
(iv) Direct Electrolysis of Seawater (DES), to be installed coupled
to an offshore wind turbine for GH2 production.

Likewise, in Meier (2014) and Dinh et al. (2020) the GH2 pro-
duction is analysed considering the Norwegian and Irish offshore
framework respectively, considering also different transport op-
tions for the yield of the produced hydrogen by means of ships
or pipeline toward the shore. Similarly, a study was conducted
in Denmark (Hou et al., 2017) to assess the optimum size and
financial support in order to sustain a system composed of an
offshore wind farm, an electrolyzer and a fuel cell to convert the
hydrogen back into electricity. While Baptista et al. (2021) and
Crivellari and Cozzani (2020) the attention was focused mainly
on the different possible pathways for the hydrogen produced
offshore to be transported towards the coast.

Although there are some studies which cover the coupling
of SOEC systems with MW-scale wind turbines (Shepherd et al.,
2021; Xueqing et al., 2021), the main novelty of this work consists
in assessing the use of a reversible Solid Oxide Cell (rSOC) system
for direct use of the produced hydrogen locally at turbine level
to produce electricity to supply the auxiliaries when needed. A
rSOC was selected for this study to avoid installing two different
components, i.e. the fuel cell and the electrolyzer (Zahedi et al.,
2021; Hou et al., 2017).

Although less mature than alkaline and PEM fuel
cell/electrolysis technology, rSOC can already offer higher effi-
ciency and exploitable heat (Timothy et al., 2021).

As matter of fact, considering the rSOC high operating temper-
ature (Rispoli et al., 2020), it is possible to valorize the
available high-grade heat for seawater desalination. All the above-
mentioned studies did not address the water treatment topic,
which is required to produce hydrogen in the electrolysis sys-
tem (Farhat et al., 2021), underlining another difference from
this work to the previous ones. The water treatment coupled
with the rSOC heat production has already started to draw the
attention of many works, as reported in (Beyrami et al., 2019).
More specifically, in (Ullvius and Rokni, 2019) the coupling of
an rSOC with solar thermal systems and a desalination unit is
examined, while in (Chitgar and Moghimi, 2020) the thermal
renewable contribution is substituted by a gas turbine exhaust

gases. With an alternative approach in (Campione et al., 2020),
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Fig. 1. Schematic representation of (a) SOFC system; (b) SOEC system; (c) rSOC system.
he rSOC operation in a microgrid, coupled with PV panels, and
irectly supplied with seawater, is simulated. Nevertheless, the
esalination process was not considered locally at offshore level
n none of the analysed works.

Differently in this paper, an integrated system assessment
ade of an OWT, rSOC, hydrogen storage, and a desalination unit
ill be developed. The integrated system has been simulated with
dynamic model under a rule-based control algorithm which
anages the rSOC operation in relation to the wind resource
ith a double function: (i) assure power supply to the wind
urbine auxiliary systems during power shortages, (ii) valorize the
eat produced to cover the desalinization system needs. Finally,
nsights from an economic point of view are given.

.1. Brief technology overview — reversible Solid Oxide Cell (rSOC)

The rSOC is an electrochemical conversion system based on
he Solid Oxide Cell technology which can be operated reversibly
oth in fuel cell (SOFC) and electrolyser (SOEC) mode. Its elec-
rodes can be effectively operated in both operating modes,
hanks to the compatibility of electrocatalysts for both electro-
hemical conversion direction (Wang et al., 2017). In addition, the
igh operating temperatures (around 800 ◦C) favours the reaction
inetics – leading to low overpotential losses – and ensures that
ll reactants are always in gaseous phase, especially water which
s produced/consumed in the form of steam (Yue et al., 2021).

Thus, by implementing a suitable balance of plant the sys-
em can be unitized in a single poly-generation system which
an act as a flexible energy storage system switching between
OEC mode, hence generating hydrogen while consuming steam
nd electricity, and SOFC mode, hence generating electricity and
team while consuming hydrogen. In both operating modes, a
igh-grade heat recovery is possible thanks to the high oper-
ting temperatures of the process (Wang et al., 2020). While
he SOFC mode is always exothermal, the SOEC mode can be
ither endothermal, thermoneutral or exothermal according to
he operating voltage point. However, SOEC mode is typically
aintained in thermoneutral regime or in slightly exothermal

egime to obtain heat also in this mode, avoiding further compli-
ations of the overall system thermal management (Pourrahmani
t al., 2021). Also oxygen is a produced/consumed gas (Fan et al.,
021) that can be exploited if needed. In Fig. 1 the different rSOC
peration modes system are illustrated.
The rSOC – seen as an integrated storage system – is one

f the most promising solutions among the reversible hydrogen
echnologies in terms of (i) durability, (ii) capital cost and, (iii)
oundtrip conversion efficiency and (iv) power density (Peterson,
020; Venkataraman et al., 2019). The rSOC technology is also
ppreciated for its scalability, offering a wide capacity range from
ew kW to MW-scales (Wang et al., 2019). This is possible thanks
o the modularity of its electrochemical technology, representing
highly versatile option to cover different types of applications.
As previously discussed, a rSOC system could find several
ynergies with the analysed case. Its power-intensity and high

14261
Fig. 2. Lillgrund OW farm (image from Jesson et al. (2008)).

electrical efficiency are well matched with the growing electricity
demand for OWT auxiliary systems, given the increasing trend
of the nominal power recorded. In addition, the high-grade heat
related to the process temperatures (Mogensen et al., 2019) can
be used to cover the energy consumption of the desalination unit,
realizing a completely self-sufficient energy storage system. Also,
compact and unitized solutions are essential in confined spaces
such as an OWT, in order to allow a simple integration without
substantial layout changes or additional offshore platforms.

2. Material and methods

The methodology used is this work aims to verify the coupling
of the proposed system architecture. Additionally, working in a
confined space it is important to estimate the possible required
footprint/volumes to host the various components (e.g. rSOC, the
hydrogen storage and the water desalination system) at the single
turbine level.

The input anemometric data, as well as the calibration data
of some component models (OWT, rSOC) presented during this
work are based on real data.

Additionally, information regarding the different systems costs
are given to evaluate the economic feasibility of such strategy.

2.1. The offshore wind farm

In this study, the case study of an existing offshore wind farm
installed in Sweden is analysed, more precisely the wind farm is
located in Lillgrund, in the Baltic Sea, 6 km from Malmö coastline,
and it is represented in Fig. 2 (Majidi Nezhad et al., 2021).
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Table 1
Siemens SWT-2.3-93 specifics.
Generator Asynchronous; 690 [V]

Nominal power 2,300 [kW]

Rotor diameter 93 [m]

Swept Area 6,800 [m2]

Hub height 65 [m]

SCADA system Web WPS

Auxiliaries 0.7% Nominal power (ca. 16.1 kW)

Cut-in wind 4 [m/s]
Nominal power 13–14 [m/s]
Cut-out wind speed 25 [m/s]

The farm is composed by 48 Siemens SWT-2.3–93 offshore
ind turbines (Göçmen and Giebel, 2016), whose specifications
re reported in Table 1 and the power curve is reported in
igure33, this latter extrapolated from the manufacturer speci-
ications (Siemens, 2009).

The OWTs foundations are gravity based (Jesson et al., 2008),
n the process was fundamental considering water depth, wave
onditions and wind resource (Wu et al., 2019) to arrive to an
ptimal solution.
From the SCADA databases, it was possible to obtain yearly

nemometric data for a period of approximately one year, starting
rom the 1st of July 2018 until 14th of June 2019, with a time
esolution of 10 min.

In Table 1, the average auxiliary system consumption is re-
orted, which is mainly due to navigation lights, sensor monitor-
ng, communication systems, ventilation and heating appliances
nd safety systems (Merkay, 2018).
The electrical power Pwt produced by one turbine can be

educed by applying the interpolated wind turbine power curve,
eported in Fig. 1, as a piecewise expression as a function of
ind speed (v) (Feroldi et al., 2013) – Eq. (1) – considering as
reakpoints the characteristic wind speeds reported in Table 1.
ince the wind speed readings are done at hub height, shear
actor correction is not required for altitude.

Power losses due to wind direction variation and turbulence
ffects are neglected in a preliminary stage, air conditions are
onsidered at 15 ◦C; 1 bar; 1.225 kg/m3.
Nonetheless, a primary level control is done on the start-up

nd cut-off turbine periods, while a second level is performed
etween 12 and 25 m/s, in the nominal power region. Eq. (1)
ummarize the formulas used at the wind speed variations, in
rder to control the OWT producibility (Ali Sha et al., 2021) (see
ig. 3).
 g
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Table 2
Substation electrical systems.

Electrical system

Main transformer 138/33 kV, 120 MVA
Local transformer 33/0.4 kV, 150 kVA
Feeder switchgear 33 kV
Local switchgear 0.4 kV
Diesel backup 110 kVA

Control systems
Monitoring

Mechanical vibration and collision

Pwt (v) = · · · =

⎧⎪⎨⎪⎩
0; v < vci
a3v3

+ a2v2
+ a1v + a0; vci < v < vnp

Pwt,np; vnp < v < vco
0; v > vco

(1)

where vci and vco are the cut-in and cut-out wind speed respec-
tively, while vnp is nominal power wind speed and Pwt,np is the
related wind turbine nominal power.

The Annual Energy Production (AEP) of the OWT is calculated
as the integral sum over the simulation period of the power
in each timestep (obtained from the power curve interpolation)
multiplied by the timestep duration.

Considering the internal grid, it is made by 5 feeders of 33
kV, for a total extension of 22 km, all connected to the same
substation which is 9 km (7 offshore and 2 onshore) away from
the delivery point. The substation components are described by
(Jesson et al., 2008) and summarized in Table 2.

In case of emergency, considering an average diesel backup
generator power factor of 0.8 and considering that the OWT
auxiliaries nominal power demand is approximately 16 kW, the
available diesel genset could be sufficient to supply the auxiliaries
of 5 OWTs

2.2. The rSOC module

A rSOC module is modelled based on literature (Hauch et al.,
2021; Nechache and Hody, 2019), considering the experimental
efficiency for a rSOC stack (25 cells × 100 cm 2 unit cell ac-
tive surface) at T = 700 ◦C. Stack tests are reported for both
SOFC operation (pure H2) and SOEC operation (90/10% H2O/H2,
o maintain a reducing atmosphere at the fuel electrode). SOFC
peration is analysed between 0.1–0.3 A/cm2 with a Fuel Utiliza-
ion Factor (UFf) between 50%–67% while SOEC operation data is
iven for current densities between 0.25–0.5 A/cm2 and Steam
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Fig. 4. (a) rSOC stack experimental data; (b) rSOC module characteristic curve extrapolation (41 kWe SOEC; 7 kWe SOFC).
tilization Factors (UFs) between 52%–58%. Although higher cur-
ent density and reactant Utilization Factors could technically be
btained (especially in SOEC mode), the available experimental
ata was limited to such values due to limitations of the used
est bench (Reichholf et al., 2020). The performances can be
onsidered representative of a generalized rSOC stack, presenting
omparable SOEC/SOFC capacity ratios (PSOEC,nom/PSOFC,nom = 5.8)
and conversion efficiencies (around 70% in SOEC mode and 60% in
SOFC mode) with respect to other systems described in literature
(Buffo et al., 2020). The stack performances (in terms of power
and hydrogen production/consumption) are reported in Fig. 4a.

Subsequently, the stack data is extended to the module level,
considering an assembly of 4 stacks connected in series. As a
first approximation, the module performance curves are obtained
from a linear interpolation of the stack data (Fig. 4b) in both
operating modes, up to the nominal design conditions of 40 kWe
SOEC/7 kWe SOFC. The hydrogen consumption in SOFC mode is
related to the hydrogen flow rate provided as an input to the
rSOC module, thus implicitly considering the once-through UFf
and off-gas recirculation are phenomena occurring internally the
rSOC module itself. The power modulation capacity in SOEC mode
is considered possible between the range 9–41 kWe, producing
between 2–8 Nm3/h of H2. In SOFC mode, load modulation is
possible between 2–7 kWe, consuming between 1–4 Nm3/h of H2.

In both operating modes a thermal power of 4 kWth at 90 ◦C
can be recovered from the rSOC system at nominal conditions
(Lamagna et al., 2021). The heat output at partial loads (both SOEC
and SOFC mode) can be considered directly proportional with the
load factor.

The rSOC footprint can vary between models, but it can be
considered in a range varying from 0.1 m3/kW to 0.3 m3/kW,
according to lab-scale (Peters et al., 2021) or commercial (Solid
Power, 2021) modules, respectively. Its specific capital expendi-
ture (CAPEX) for the entire system, as inferable from Peterson
(2020), is estimated in 1800 =C/kW considering the FC power,
with an annual operation and maintenance annual expenditure
(O&M) equals to 4%CAPEX/year. The reported cost is expected to
be reached in 2030 since nowadays no commercial large-scale
rSOC is available on the market (except for prototype systems).
An estimation of the current cost for a prototypal system could be
around 2300 =C/kWFC. Given uncertainties around the long-term
prevision on the technology development, this latter value is used
for the economic evaluation as a conservative approach.

2.3. The desalination unit

Desalination technologies can be generally divided in two
main process groups: thermal and membrane. In first category

are allocated the Multi-Stage Flash (MFS) (Yanan et al., 2021), and
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the Multi Effect Distillation (MED) (Signorato et al., 2020), while
the second is dominated by the Reverse Osmosis (RO) processes
(Shengnan et al., 2022). The main technical characteristics of the
desalination technologies are summarized in Table 3.

Even though RO due to its high electric efficiency is the most
used solution, the distillation methods can produce higher purity
water and do not need of extensive pre-treatment unit (Ghaffour
et al., 2013). Thermal processes can be performed at ambient
pressure and a temperature between 70 ◦C to 120 ◦C, obtained
by process heat or ohmic heating (Elsaid et al., 2020), or at
lower temperatures at partial vacuum pressures (Assiry et al.,
2010). Nonetheless, the RO has the highest Water Recovery Rate
(WRR) (2) (Kim and Hong, 2018), followed by the MSF (Altaee
and Zaragoza, 2014) and MED (Altaee et al., 2014) which have
comparable values.

WRR = Permeate water Flow rate/Feed water flow rate [%] (2)

Among the thermal processes, MED has its strengths in the low
electrical energy consumption, low operation cost and high ther-
mal efficiency (Wang et al., 2011). Moreover, MED has a greater
flexibility at partial load than the MSF (García-Rodríguez, 2003)
and it can be used at smaller scale (Liponi et al., 2020). Although
thermal driven desalination systems are typically deployed at
large-scale with a centralized approach, few studies in literature
have demonstrated (also experimentally) small-scale thermal de-
salination systems coupled to u-CHP units of comparable scale
(150 L/day with a 5 kWth heat input at 50 ◦C) (Cioccolanti et al.,
2016).

To assess the thermal integration of the high-grade heat avail-
able from the rSOC with the desalination processes, the anal-
ysis is focused on the thermal-driven technologies. In partic-
ular, the MED process is chosen due to previously mentioned
considerations.

Single effect MED has a footprint evaluable in 0.004 m3/(L/day)
considering the purified water (Cioccolanti et al., 2015).

Despite thermal desalination processes achieve high quality
permeate water, in the order of 100–1000 ppm salinity; electrical
conductivity 10–100 µS/cm (Guler et al., 2010), it may not be
of sufficient purity to be sent directly to the electrolysis stack,
which typically operate on demineralized-grade water or steam,
with a conductivity <1 µS/m. Although the higher temperature
and ceramic materials in the SOEC lead to a lesser susceptibility
to water quality, with some studies even reporting stable perfor-
mances with direct seawater feed to the SOEC stack (Baldinelli
et al., 2020), the conservative assumption of a purification step
is considered, with an in-built demineralization system included
in the SOEC balance of plant. The demineralization system is
typically based on electricity-driven membrane technology (RO)

with a WRR of around 50%.
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Table 3
Desalination technologies comparison summary.
Process Thermal energy

[kWh/m3]
Electrical energy
[kWh/m3]

Total energy
[kWh/m3]

WRR
[%]

CAPEX
[$/m3d]

MSF 7.5–12 2.5–4 10–16 33 1200–2500
MED 4–7 1.5–2 5.5–9 32 900–2000
RO 0 3–4 3–4 50 900–2500
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Therefore, the total water mass balance should consider the
arious steps of pre-treatment (desalination + demineralization)
o determine the total input seawater and total energy consump-
ion in the integrated system. In the analysed case (MED + RO),
he global WRR (as ratio between demineralized water fed to
he SOEC stack and input seawater) is equal to 16%. Instead, the
lectricity demand of the demineralization system is not seen as
n additional energy consumption (included in SOEC balance of
lant consumption). For the economical evaluation, the cost of
500 $/m3 day is assumed for the water treatment system and
% CAPEX/year is considered for the annual O&M

.4. Compressor and storage

The rSOC module is complemented by a compressed gaseous
ydrogen (CGH2) storage system which processes the produced
ydrogen in SOEC mode. The storage system is composed of (i)
hydrogen compressor (typically reciprocal) and (ii) a pressure-
ontrolled compressed hydrogen storage tank. Since both systems
resent high levels of technology maturity, the design parameters
flow rate, pressure, and storage capacity) can be easily tailored
or the case-specific application, in relation to the SOEC hydrogen
roduction capacity.
The hydrogen compressor specific energy consumption

kWh/Nm3) is calculated as a function of the pressure ratio β
ssuming an isentropic transformation, with 65% and 93% of
sentropic and electric efficiency respectively, considering ther-
odynamic properties at the average gas temperature via the

hermodynamic library CoolProp (Gallardo et al., 2020). The com-
ressor size is determined by multiplying the Specific Energy
onsumption (SEC) by the maximum hydrogen production flow
QH2PMax) in SOEC mode, obtaining the nominal power of the
ompressor (3).

comp = SEC ∗ QH2,PMax [kW] (3)

he compressor cost is assumed according to Reußet al. (2017)
ith an overall specific CAPEX and annual OPEX of 3900 $/kW
nd 4% CAPEX/year, respectively.
The hydrogen storage is modelled under the assumption of

deal gas conditions (which is acceptable for gas pressures below
000 bar), therefore the tank pressure is directly linked to the
ass balance in the storage volume (Monforti Ferrario et al.,
020). The State of Charge (SOC) of the storage tank is given by
he ratio of the operating pressure (bar) respect to the nominal
ressure (bar). The sizing of the storage section is performed by
nalysing the temporal interval between non-producibility events
nd the time distribution of the non-producibility events. As a
recautionary assumption the storage tank is sized to guarantee
he stand-alone operation of the rSOC storage system (i.e. zero
xternal energy required from feeder) considering the storage
ank is initially full (SOC = 100%). The hydrogen tank CAPEX is
aken as 338 $/kgH2 (Ikäheimo et al., 2018) and 4% CAPEX/year to
auge the annual O&M.

.5. Integrated system modelling

The integrated system can be schematized as shown in Fig. 5.
he main system objective is to minimize or eliminate the back-
eed from the underwater cable during the OWT downtime.
 b
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The integrated system modelling is carried out in
ATLAB/Simulink environment (Fig. 6a), where each component

s represented as a black-box input/output model which are
ubsequently integrated in a system level block diagram. Each
odel component elaborates the input vectors (energy or mass)
ccording to the conversion characteristics described in the pre-
ious sections. The mass/energy balance equations are solved
etermining the operating conditions of the integrated system at
ach timestep (10-minute interval).
The programmable components (rSOC) are operated according

o a control system which provides the selected operation mode
ignal (SOFC/SOEC) mode according to a rule-based logic. The
efinition of the rule-based control logic is defined by global
ser-defined strategies (e.g. guarantee of supply of auxiliary de-
and, minimization of external energy supply, maximization of
ydrogen production, etc.)
A rule-based control logic (Fig. 6b) is implemented in the

nergy Management System (EMS) block via case structured pro-
ramming, driven by Pwt and controlled by the SOC of the hydro-
en storage tank. A minimum SOC equal to 10% is implemented
or safety reasons and to avoid complete emptying of the tank
Cau et al., 2014). Two different global strategies over the rSOC
ave been implemented: one dedicated only to the auxiliary de-
and coverage; another with the possibility to continuously pro-
uce hydrogen from the OWT electricity for exportation purposes.
n both strategies the system is operated to completely avoid
xternal energy from the backfeeder. The two control strategies
re reported in detail as follows.

.5.1. Scenario 1 — Auxiliary demand coverage strategy
Scenario 1 is based on the concept that the rSOC is only

edicated to the OWT auxiliary systems, it will operate the rSOC
ystem only to the extent strictly required by the demand, pri-
ritizing the replenishing of the storage tank and avoiding un-
ecessary usage. Consequently, the utilization factor of all storage
omponents is reduced, following the rSOC requirements.
In the case that Pwt is null – i.e. OWT is not producing elec-

ricity for wind speed beyond the operating ranges or for main-
enance – if the SOC of the tank is greater than 10%, the auxiliary
ystem demand is covered by the rSOC in SOFC mode (therefore
onsuming H2 thus emptying the tank), otherwise (if the SOC
s in a critical low level) the auxiliary demand is covered by
he feeder. In case of positive Pwt – OWT running – electricity
s converted to hydrogen in SOEC mode to replenish the tank
ntil a SOC value of 90% is reached. Above this value the rSOC
s disconnected and no storage service is provided to the wind
urbine, which fully evacuates the produced power through the
nderwater cable towards the mainland electrical substation.
The SOEC operational profile determines the water demand,

hich subsequently defines the MED operational profile. The
lectricity required by the desalination system is sourced from
he OWT.

.5.2. Scenario 2 — Hydrogen export strategy
Scenario 2 is an extension of Scenario 1, with the addition

f the possibility to continue producing hydrogen in SOEC mode
eyond the 90% tank SOC threshold, which could subsequently

e sold and exported elsewhere. In this way, the implementation
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Fig. 5. Scheme of the integrated OWT + rSOC system.
Fig. 6. (a) Scheme of integrated system model in Simulink environment; (b) flowsheet of the implemented rule-based control logic.
2

e
d

P

f a rSOC coupled to the OWT is seen as not only a UPS for the
uxiliary systems, but also as a hydrogen generator when it is
ot required to cover the auxiliary demand. Scenario 2 aims to
aximize the overall utilization factor of the rSOC (especially for
hat regards SOEC mode), drastically increasing the hydrogen
roduction amount. The hydrogen export stream is preliminarily
onsidered to be evacuated continuously, since the hydrogen
ransport is out of the scope of this research. Assumed

The logical structure is the same as Scenario 1, with the
ddition of SOEC operation when SOC has reached 90%. The feeder
se is allowed to cover the auxiliary demand only in critical
onditions, i.e. the tank SOC below 10%.
Since the desalination profile follows the SOEC profile, also the

ater demand and subsequent water treatment demand will be
rastically increased, with respect to Scenario 1. As for Scenario
, the electricity required by the desalination system is sourced
rom the OWT.

Then, to transport the produced hydrogen towards the main-
and, a system of subsea pipelines is assumed. Indeed, to con-
truct such an infrastructure for only one OWT will be too expen-
ive, hence the production of the entire farm will be considered.
o assess the pipelines length, the pipelines are assumed to be in-
talled parallelly to the electric cables, for a total length of 31 km
nd with a CAPEX of 400 $/m at 150 bar (Crivellari and Cozzani,
14265
Table 4
PMT formula components and assumptions.
Component Scenario 1 Scenario 2

r, Annual interest rate 5.12%
n, Years of payments 20
p, Loan (total CAPEX + OPEX) [$] 101,662 18,408,570
PMT [$/year] 8,240 1,492,218

2020). Since the transmission pressure is lower than compression
and storage working pressure, no additional work is required to
send the gas stream to the receiving point. Additionally, an annual
O&M of 4%capex is assumed for operation and maintenance.

.6. Economic analysis

A project financing economic model is used to address the
xpenses, evaluating the periodic payment for an annuity (PMT)
escribed in Eq. (4), with the assumption resumed in Table 4.

MT = P ∗
r

1 −

(
1

(1+r)n

) [$] (4)

It is worth noting that the main difference between the two
scenarios is due to the pipeline installation, moreover, scenario 1
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an be seen as the economic assessment of the storage system at
ingle OWT level, while scenario 2 considers the same system but
t wind farm level, plus the distribution system to the mainland.
Considering the hydrogen production in the two scenarios,

s possible to estimate the Levelized Cost of Hydrogen (LCOH)
ividing the PMT for the total annual hydrogen production, as
eported in formula (5):

COH = PMT/H2prod,SOEC [$/kgH2] (5)

The LCOH is key to understand if the hydrogen produced in
loco is cost competitive with other external solutions.

Similarly, the Levelized Cost of Storage (LCOS) can be obtained
considering the energy supplied to the auxiliaries, as reported in
Eq. (6):

LCOS = PMT/Eprod,SOFC [$/MWh] (6)

The LOCS will simplify the comparison process with other
storage systems such as the diesel back-up generator or Li-Ion
batteries, mostly used in those cases, to understand how this
solution can be competitive.

2.7. Key Performance Indicators (KPI)

The system is simulated under both control strategies and the
results are assessed from an integrated analysis standpoint via
several Key Performance Indicators (KPI) such as: energy produc-
tion of the OWT (GWh), total energy to the auxiliary systems
(MWh), SOFC energy production (MWhe), percentage repartition
(%) of energy supply to the auxiliaries between the SOFC and the
feeder, SOEC energy consumption (MWhe), SOEC total produced
hydrogen quantity (kg) and percentage repartition (%) between
local storage and export, utilization factor of the rSOC in SOFC
and SOEC mode (%), MED electrical/thermal energy consumptions
(MWhe; MWhth), average hydrogen storage tank pressure (bar)
and average hydrogen storage tank SOC (%). From the econom-
ical point of view, LCOH and LCOS will be evaluated as KPIs to
compare the proposed system with the other solutions available
on the market.

3. Results

In this section the simulation results and obtained KPI values
will be presented. The results are collected and divided in two
sections, one referred to the OWT production, what can be con-
sidered the ex-ante scenario, and a second referred to the new
proposed system, where the comparison of the two considered
scenarios according to the rSOC control strategy are reported.

3.1. Wind farm production and auxiliary systems’ energy demand
assessment: ex-ante scenario

The analysis of the performance of the OWT in the ex-ante
scenario (no storage) allows to provide a benchmark for the
system KPIs and is key to understand the stochastic electricity
production from the wind resource. In particular, turbines B8 and
D8 are analysed, for which a full anemometric dataset is available
for the whole analysed period without gaps in the data.

The wind data profile (Fig. 7a) shows as most frequent wind
speed the range between vci and vnp. The average wind speed
is in the range of 7–8 m/s while the range vnp and vnp is less
requent. Wind speeds above vnp are very rare and occur only
n few occasions throughout the year. Fig. 7b shows the wind
irection distribution, in relation to its speed intensity. However,
s a first approximation it is considered that the OWT yaw and
itch modulation systems can fully exploit the available wind
esource in every direction. As shown in Fig. 7c, the wind speed
14266
distribution determines that the OWT mostly operates in the
wind curve cubic region and, to some extent, at nominal power
(2.3 MW). The AEP is around 8.3–8.5 GWh (Fig. 7d), resulting in a
capacity factor close to 42% which is a typical value for offshore
wind in favourable locations such as the Nordic Sea (IEA, 2019a;
Jacobsson and Karltorp, 2013).

The auxiliary demand profile directly follows the producibility
data of the OWT (Fig. 7e), appearing in the instances where Pwt
is equal to zero when the wind speeds are below cut-in or above
cut-out. The annual energy consumption related to the auxiliaries
which is not supplied by the turbine, and therefore must be
supplied entirely by the feeder in the ex-ante scenario, is equal
to 20.55 MWh (Fig. 7f). This amount represents only 0.2% of the
OWT AEP, showing a wide difference between both the nominal
power of the OWT and the auxiliary systems and the annual
energy demand.

3.2. Integrated system results

For the new proposed scenarios, the study is focused on the
coupling to a single turbine. The simulations are carried out in
Simulink environment with fixed 10-minute timestep intervals
(based on the available anemometric data resolution), resulting in
52,560 timesteps for a yearly simulation and they will be carried
out the two control strategies.

Since the compressor is strictly connected with the rSOC op-
eration, the compressor sizing and operation can be derived from
said operational profile. Given the integrated system mass/energy
balance, it will be possible to appropriately design the com-
pression and storage. This information will be collected in the
final section to provide a complete overview of the design and
operation of the whole integrated system.

3.2.1. Design parameters definition: rSOC and MED
Considering the auxiliary power demand of 16.1 kWe (0.7% of

the 2.3 MWe OWT), three rSOC modules are required to cover
he demand power in SOFC mode, resulting in a SOFC power of
1 kWe in SOFC mode operating at around 75% of load modula-

tion.
Considering the UFf and recirculation which occurs internally

to the rSOC system itself, the estimated hydrogen consumption is
around 8.8 Nm3/h, which is obtained from the stack-to-module
data extrapolation (described in Section 2.2). The same rSOC
system can be operated in SOEC mode with a maximum input
power of 122.4 kWe, producing up to 26.6 Nm3/h of hydrogen. In
oth operating modes, the thermal power related to the excess
eat is between 9–12 kWth.
The maximum SOEC demineralized water requirement is equal

to around 23.8 L/h, related to the rated hydrogen production
capacity in SOEC mode (26.6 Nm3/h at nominal power), lead-
ing to a maximum seawater requirement of around 150 L/h
(0.15 m3/h) according to the global WRR (considering both de-
salination and demineralization units). Assuming continuous op-
eration as worst-case assumption, the aggregate daily water
treatment of the MED system is equal to 3.5 m3/day. Considering
its rated capacity, the input thermal and electrical and power
demand to the MED system are equal to 0.6–1.1 kWth and 0.2–
0.3 kWe respectively. In Table 5 the main design parameters of
the rSOC and MED systems are reported.

The total encumbrance, considering the footprints presented
in Section 2, for the systemmade of the rSOC and the MED system
is slightly below 20 m3.

3.2.2. Operational parameters: rSOC and MED
The dynamic operation results of the rSOC + MED integrated

system for the analysed period (1 year) under the two control
strategies are presented and discussed, considering the nominal
design parameters reported in Table 5.
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Table 5
rSOC and MED nominal design parameters.
Design parameter Unit Value

rSOC system
Number of modules [#] 3
Geometrical volume [m3] 5.5
rSOC thermal output (SOFC/SOEC) [kWth] 12
rSOC global WRR [%] 16%
rSOC (SOEC) system
SOEC nominal power [kWe] 123
SOEC nominal hydrogen production capacity [Nm3/h–kg/h] 26.6–2.39
SOEC average conversion efficiency [%] 71%
SOEC demineralization WRR [%] 50%
rSOC (SOFC) system
SOFC nominal power [kWe] 21
SOFC nominal hydrogen consumption capacity [Nm3/h–kg/h] 11.5–1.03
SOFC average conversion efficiency [%] 60%

Desalination (MED) system
MED nominal seawater treatment capacity [L/h–m3/day] 150–3.5
MED WRR [%] 32%
MED nominal power demand [kWe–kWth] 0.3–1.05
Geometrical volume [m3] 14

3.2.2.1. Operational results: Scenario 1. In Fig. 8 the operational
esults and aggregate energy balances of the integrated system
nder the auxiliary demand coverage control strategy (Scenario
) are reported. The rSOC system is operated in SOFC mode for
,283.8 h to supply the auxiliary systems’ demand (equal to the
WT downtime periods reported in Section 3.1) and in SOEC
ode for 424.5 h to replenish the storage tank according to
 i
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the control strategy. The rSOC profile follows an on–off trend,
switching between SOFC and SOEC mode, given the structure of
the control logic and the relative sizing of the components.

The whole energy demand of the auxiliary systems (20.55
MWh) is covered in SOFC mode (SOFC utilization factor 11.7%).
A total energy 52.59 MWh is consumed in SOEC mode (SOEC
utilization factor 5.14%) which is deduced from the OWT energy
production which is reduced by 0.5% from 8.55 GWh to 8.51 GWh,
producing 1029 kg which is entirely sent to the storage unit for
local demand management. The desalination energy consump-
tions are very low, 0.13 MWhe and 0.45 MWhth, given the limited
amount of water required in SOEC mode (10.51 m3 demineralized
ater input to the SOEC unit; 64.43 m3 input seawater to the
ED unit). As previously discussed, the electrical/thermal energy
onsumptions of the MED system are almost negligible in relation
o the global energy balance.

.2.2.2. Operational results: Scenario 2. The operational results
nd aggregate energy balances under Scenario 2 control strategy
hown in Fig. 9 clearly show a dramatic increase in the SOEC
tilization (7078 h) in nominal conditions for hydrogen produc-
ion. In fact, the SOEC utilization factor is increase to 84.73%,
onsuming 867.1 MWh which causes a large increase in hydrogen
roduction (16,960 kg), of which only around 6% is sent to the
torage (1029 kg, similarly to Scenario 1), while the remaining
4% (15,931 kg) is sent to export. The increased SOEC energy
onsumption is at expense of the OWT energy production, which
s reduced more significantly than in Scenario 1 (9.82% reduc-
ion, down to 7.71 GWh). Considering that the SOFC operation

s unchanged (1282.8 h; SOFC utilization factor 11.7%), the total
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Fig. 8. Simulation results for Scenario 1 — (a) rSOC dynamic response; (b) aggregated mass/energy balances.
Fig. 9. Simulation results for Scenario 2 — (a) rSOC dynamic response; (b) aggregated mass/energy balances.
rSOC utilization factor is increased (96.44% respect to 16.72% in
Scenario 1) due to the increase of utilization in SOEC mode. Even
though the total water is increased (169.92 m3 demineralized
water input to the SOEC unit; 1062 m3 input seawater to the MED
unit) as a consequence of the increased hydrogen production,
the aggregate MED energy consumption remains quite low (2.13
MWhe and 7.44 MWhth) respect to the overall energy balance
of the integrated system. Furthermore, the rSOC thermal output
(96.75 MWhth) is still widely compatible with the MED thermal
energy demand, also due to the increased rSOC utilization which
leads to more excess heat production.

3.2.2.3. Operational results: scenario comparison. In Fig. 10 the
normalized results in terms of KPIs (OWT energy production,
desalination total energy consumption, produced H2, and rSOC
utilization factor) are provided to illustrate the operation results
14268
according to the control logic. Scenario 1 presents low normal-
ized values of H2 production, rSOC utilization and consequently,
desalination energy demand.

3.2.3. Design & operational parameters: compression and storage
Although the compressor energy demand is included in the

SOEC energy consumption (reported in Fig. 4) its calculation is
necessary to correctly size the compressor component. Although
the electricity consumption of the compressor is a function of the
hydrogen tank pressure (variable outlet pressure) a worst-case
scenario (1–180 bar) has been considered, leading to a specific
electrical energy consumption of 2.75 kWhe/kg. Considering that
the maximum hydrogen production capacity of the SOEC system
is around 2.5 kg/h, the compressor nominal power is equal to
approximately 7 kWe. Commercially available compressors are
sold with determined characteristic in terms of charging rate,
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Fig. 10. Normalized aggregate KPIs from the integrated system simulations.

pressure, and dimensions. Nevertheless, thanks to the fixed stor-
age pressure it is possible to individuate a product reference for
this case study, which occupies approximately 0.5 m3 as tested
n Bauer kompressoren (2021).

With respect to the hydrogen storage tank, it must be sized
n close relation to the operation phase, in order to complete
tand-alone operation and avoid all external energy input from
he feeder (SOC > 10% for the whole simulation period). In
ig. 11, a statistical analysis of the non-producibility duration and
ntervals is reported. The maximum non-producibility duration
164 timesteps; 1640 min) represents the minimum requirement
or the storage sizing. Also other aspects must be considered such
s the time interval between non-producibility events, restric-
ions in SOC operating ranges stated at 10% as minimum and
0% as maximum, and the possibility that the actual SOC value
uring a non-producibility event might be lower due to prior
on-producibility events. Taken all aspects into consideration, the
torage was sized by iterative simulation. The minimum storage
apacity value to obtain the goal is equal to 37 kg of hydrogen (1.2
Whch in the form of hydrogen – LHV equal to 33.3 kWhch/kg –

.e. 740 MWhe of useful energy considering an average SOFC 60%
onversion efficiency). Assumed a nominal pressure of 180 bar,
his is translated into a storage tank with a geometrical volume
f 2.3 m3.
Since the control strategy prioritizes the tank refilling via SOEC

operation, the storage pressure and SOC is generally maintained
close to the upper limit. The yearly average pressure and SOC
equal to 163.1 bar and 90.63%, respectively in both scenarios,
except few local minimums which represent the limiting factor
for the design of the storage unit as can be seen in Fig. 11. The
storage sizing process is worst-case scenario driven, since low
SOC conditions occur only few times during the simulation pe-
riod. Nevertheless, it is preferable to oversize the hydrogen tank
storage capacity to avoid external back-feed energy supply from
the feeder. Tables 7 and 8 report the main design and operation
parameters regarding the compression and storage systems.

Given all the incumbrance assessed, a minimum volume of
22.3 m3 would be occupied by the components only, most of
which is composed of the MED system. Additionally, in the case
of hydrogen export, more room will be needed according to the
transporting solution and the distance from the shore which

determine the storage size and discharge frequency.

14269
3.2.4. Economic evaluation
Finally, after the sizing of each component it is possible to

evaluate the total CAPEX and the annual O&M costs, these latter
are ported in Table 9.

To the O&M must be added the cost of the electricity used
to produce hydrogen to obtain the total Operational Expenditure
(OPEX). Considering the values of SOEC electricity consumption
reported in Table 5, and the average wholesale electricity price
in Sweden in 2021 of 50 $/MWh (Statista, 2022) and considering
only the 35% addressable to the energy component (Vattenfall,
2022) which is considered as a lost revenue from the wind farm
perspective, an electricity cost of 917 $ and 14,567 $ must be
considered respectively for scenario 1 and 2.

Using formula (4) we finally obtain a total LOCH for the sce-
nario 1 of 8.01 $/kgH2 and 1.95 $/kgH2 for the scenario 2.

Since the distribution pipeline cost is not part of the economic
analysis for the LCOS, the analysis is only performed at single
turbine level excluding the cost of the pipeline and considering
the energy supplied in SOFC mode to the auxiliaries (Table 6)
which resulted in a LCOS equal to 401 $/MWh using formula (5).

4. Discussion

With respect to the analysed wind profile, Paux is mostly
elated to low-wind conditions, rather than high wind conditions.
lthough the total auxiliary energy is very small respect to the
EP, the timing is indisputably relevant. In fact, external auxiliary
upply during OWT down-time is required for a total of 1283 h in
he analysed period (i.e. 15.34% of the total hours). Since Paux is
everal orders of magnitude lower than Pwt , the auxiliary demand
resents itself as an on–off profile at its nominal load (16.1 kW)
hen Pwt is null.
From the ex-ante scenario, the work continued with the two

control strategies, firstly analysing in both case the possible
match between the thermal demand associated to the desali-
nation and the thermal production from the rSOC and then the
coupling with the storage and compressor systems.

Since the excess heat power from the rSOC system (9 kWth in
esign operating conditions) is above the thermal power demand
f the MED (0.85 kWth average) it can be stated that the rSOC
an be coupled from a thermal point of view with the MED
esalination unit.
Additionally, if the MSF process were to be considered in-

tead of MED, the desalination thermal power demand would be
lightly higher (between 1.1–1.8 kWth) but still compatible with
he rSOC excess heat power. In both cases, the desalination unit
ated thermal and electric powers are quite low relatively to the
ther components, thus they can be neglected in the dynamic
imulation since their impacts on the overall power balance is
inimal.
Concerning the comparison between the scenarios, it is worth

oting how the OWT energy production is barely decreased com-
ared to the ex-ante scenario. On the other hand, Scenario 2 max-
mizes the rSOC utilization factor (mainly in SOEC mode) which
onsequently also maximizes the MED total energy demand (al-
hough still quite small relatively to the integrated system energy
alance), which causes a more consistent reduction of the OWT
nergy production which is consumed in the electrolysis process.
he introduced dedicated storage is also associated with the
ompression system. Considering that the first cause associated
o the OWT standby can be inferred to the low wind speeds, the
torage was sized accordingly. In addition, to be conservative, also
ther factors such as the events frequency and duration were
nalysed to arrive at the result, obtained by means of iterative
imulations.
Given the entire system architecture, the total impact on the

nergy production is modest, representing less than the 10%
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Fig. 11. Non-producibility statistical analysis (duration and interval) and subsequent storage sizing.
Table 6
Comparison of simulation results: KPIs summary.
Operational parameter Unit Ex-ante Scenario 1 Scenario 2

No storage; Back-feed
for auxiliary

rSOC storage; Aux.
demand strategy

rSOC storage;
Export strategy

Mass/Energy balance
OWT energy production [GWhe] 8.55 8.51 7.71
Auxiliary energy consumption [MWhe] 20.55 20.55 20.55
SOFC energy production [MWhe] – 20.55 20.55
SOFC operation hours [h] – 1,283.8 1,282.8
SOFC utilization factor [%] – 11.70% 11.70%
Auxiliary energy from SOFC [%] – 100% 100%
Auxiliary energy from feeder [%] 100% 0% 0%
SOEC energy consumption [MWhe] – 52.59 867.1
SOEC operation hours [h] – 424.5 7078
SOEC utilization factor [%] – 5.02% 84.73%
Total produced H2 [kg] – 1,029 16,960
H2 to storage [kg] – 1,029 1,029
H2 to export [kg] – 0 15,931
H2 to storage [%] – 100% 6%
H2 to export [%] – 0% 94%
SOEC water consumption [m3] – 10.51 169.92
MED seawater processed [m3] – 64.43 1062

MED energy consumption [MWhe] – 0.129 2.13
[MWhth] – 0.451 7.44

rSOC thermal energy production [MWhth] – 16.9 96.75
rSOC + MED thermal
compatibility

– Yes Yes
Table 7
Compressor and storage nominal design parameters.
Design parameter Unit Value

Compressor
Compressor specific energy consumption (1–180 bar) [kWhe/kg] 2.75
Compressor nominal power [kWe] ≈ 7
Compressor geometrical volume [m3] 0.5
Storage (compressed hydrogen storage tank)
Maximum non-producibility event duration [h] (27.3)
Maximum interval between non-producibility events [h] (230.1)
Storage tank nominal pressure [bar] 180
Storage tank nominal hydrogen capacity [kg] 37
Storage tank Nominal energy capacity (full load) [kWhth–kWhe] [1,233–740]
Storage tank geometrical volume [m3] 2.3
of the total production in the most demanding case (scenario
2). In terms of encumbrance, the system will require at least
22.3 m3, where the MED components represents the 63% of the
total. Considering the volume of 1508 m3 for a 2MW OWT tower
Nabiyan et al., 2021), this is translated in less than 2%.
14270
From an economic point of view, the installation of such a sys-
tem, in a single isolated OWT, as scenario 1 shows, is similar to a
Li-Ion battery CAPEX. In fact, the total CAPEX of 97 k$ obtained in
scenario 1, is comparable with Li-Ion battery pack with a specific
cost 237 $/kWh which would costs approximately 101k$ (Mauler
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Table 8
Storage nominal operational parameters.
Operational parameter Unit Ex-ante Scenario 1 Scenario 2

No storage; Back-feed
for auxiliary

rSOC storage; Aux.
demand strategy

rSOC storage;
Export strategy

Storage balance: 37 kgH2 @ 180 bar
Storage tank average pressure (bar) – 163.1
Storage tank average SOC (%) – 90.63%
Table 9
System component CAPEX and OPEX.
Component CAPEX [$] O&M [$]

rSOC 48,300 1932
Desalination 8,750 350
Compressor 27,300 1,092
Tank 12,520 500
Pipeline systema 12,350,400 494,016

aOnly for the export strategy, considered at wind farm
level, all other costs are assessed at single wind turbine
level.

et al., 2021) to meet an equivalent energy storage requirement
of 435 kWh. Nonetheless, the battery pack could suffer the air
salinity in the maritime environment, plus its discharge-recharge
efficiency should considered according to the model dynamic.
Considering the diesel genset, to obtain a similar performance,
a 16 kW diesel generator is needed, and with a cost of 306$/kW
plus a storage of 180 litres to cover the longest supply interrup-
tion period (27.3 h), a final CAPEX lower than 10k$ is obtained,
representing a conspicuous cost reduction if compared with the
previous options (Suman et al., 2021).

Considering now the LCOS result for the rSOC of 401 $/MWh, it
s comparable with a Li-Ion battery value, which varies between
63–471 $/MWh (Lazard, 2018) and with a diesel generator for
hich it varies between 225–404 $/MWh (Lazard, 2014). For this

atter, many other considerations must be done which can impact
trongly the KPI, such as the emissions and diesel costs, and the
ifficulties to refill the storage in adverse operability conditions.
rom a resiliency point of view, if an extreme event occur (thus a
onger energy demand period for the auxiliary systems) the rSOC
ystem would be able to supply the demand in SOFC mode for
round 46.8 h considering a full hydrogen tank (37 kg, according
o the selected design which is not based on extreme events) and
he hydrogen consumption of the SOFC in the demand conditions
16 kW, consuming around 0.79 kg/h with a efficiency of around
1%). Moreover, the rSOC system is also able to locally produce
dditional hydrogen in SOEC mode to possibly increase even
urther the autonomy in extreme conditions beyond 46.8 h.

Considering the LCOH, the result of 8.1 $/kgH2 in scenario 1,
an be considered acceptable compared with the actual prices
stimated in 6 $/kgH2 (IRENA, 2021), nonetheless the SOEC mode
s dedicated only to cover the minimal demand to supply the
uxiliary during the longest interruption period recorded.
While, due to the higher SOEC utilization factor and annual

ydrogen production volume in the second scenario, it is ob-
erved a result of 1.95 $/kgH2. The value is in line with the
price expectations for large quantities of GH2 in the region, fore-
asted between 1 $/kgH2 and 3 $/kgH2 (IEA, 2019b) in order to
e economically comparable with diesel and natural gas. On the
ther hand, the configuration requires substantial infrastructure
nvestment for the hydrogen pipeline network (more than 12
$), which could be a challenge in terms of project financing
nd deployment. However, such system architecture will guar-
ntee a stronger system resiliency during extreme conditions
environmental conditions or maintenance/failure periods), from
eing able to supply 5 OWTs with the centralized diesel backup
14271
generator to being able to supply the whole wind farm with
a decentralized energy storage approach and the possibility to
exchange hydrogen within the internal distribution network to
cover the neighbouring demand. Furthermore, since the LCOH
is aligned the forecasted price in the areas, this means that not
only it could be possible to provide a better backup supply by
implementing the rSOC system, but also the hydrogen production
could generate a new source of income for the wind farm power
plant operator.

5. Conclusions

This work presented a new concept of hydrogen coupled with
offshore wind turbines, also analysing the water desalination.
It was investigated the possibility to use the rSOC technology
as an onsite storage system to cover the auxiliaries demand
during power shortage. Other than proposing a concept system
architecture, its operation viability was simulated via a dynamic
model of the integrated system. To do so, each component has
been assessed and characterized. Additionally, considering the
constraint represented by the space availability in the offshore
context, it was analysed the system volumetric footprint.

Different control strategies have been implemented to assess
the rSOC system, the first solely dedicated to the auxiliaries, while
the second focused on maximizing the rSOC capacity factor and
the subsequent hydrogen production. The results have shown the
compatibility of the supply of the auxiliary systems of a 2.3 MW
wind turbine with a 120/21 kWe rSOC system in electrolysis/fuel
cell mode respectively, with a minimal impact on the annual
energy production of the wind turbine. Moreover, considering the
rSOC modularity, this process could be easily scalable for larger
turbines. Moving to larger size could be fruitful from an economic
point of view in terms of economy of scale.

With an export-based strategy, up to 15 tons of hydrogen
could be produced exceeding the auxiliary demand. In this case,
which represent the most demanding between the two strategies,
only a 9.82% reduction in the wind turbine annual energy produc-
tion is recorded. Economically this is translated in a LCOS of 401
$/MWh, comparable with competitive storage technologies, and
in a LCOH of 1.95 $/kgH2 which is in aligned with target hydrogen
prices in the region.

The thermal availability from the rSOC will largely cover to the
desalination thermal needs, representing a promising solution for
small-scale onsite desalination systems in offshore environments.
This latter consideration can also path the way to a freshwater ex-
port stream too, which combined with the hydrogen production
can represent a solution to be reckoned with especially in arid
zones.

Finally, a total encumbrance in the order to 22.3 m3 has been
evaluated for the whole system, which represent less than 2% of
the turbine tower volume, as mere figure of merit.

In conclusion, the system thermal match between its compo-
nents, the moderate energy volume demanded, and the reliability
assured during ordinary and extraordinary OWT functioning was
simulated and discussed. Additionally, the hydrogen produced by
the local rSOC systems, could be a valuable and viable solution to
provide storage services in offshore wind turbines or wind farms
as well as a commodity to be exported and sold at a competitive

price.
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