W CORA =

g/ﬁ%

Title Dynamic assessment of decentralized hydrogen production and
storage on a semi-submersible floating wind turbine platform
Authors Pham, Thanh Dam;Dinh, Van Nguyen;Trinh, Luan Cong;Judge,

Frances;Leahy, Paul

Publication date

2025-08-07

Original Citation

Pham, T. D., Dinh, V. N., Trinh, L. C., Judge, F. and Leahy, P. (2025)
‘Dynamic assessment of decentralized hydrogen production and
storage on a semi-submersible floating wind turbine platform’,
International Journal of Hydrogen Energy, 164, 150832 (14pp).
https://doi.org/10.1016/j.ijhydene.2025.150832

Type of publication

Article (peer-reviewed);journal-article

Link to publisher’s
version

10.1016/j.ijhydene.2025.150832

Rights

© 2025, the Authors. Published by Elsevier Ltd on behalf of
Hydrogen Energy Publications LLC. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/) - https://creativecommons.org/licenses/
by-nc-nd/4.0/

Download date

2026-09-21 23:12:03

[tem downloaded
from

https://hdl.handle.net/10468/17875

University College Cork, Ireland
Colaiste na hOllscoile Corcaigh



https://hdl.handle.net/10468/17875

International Journal of Hydrogen Energy 164 (2025) 150832

Contents lists available at ScienceDirect

International Journal of

International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

ELSEVIER

Check for

Dynamic assessment of decentralized hydrogen production and storage ona &
semi-submersible floating wind turbine platform

Thanh Dam Pham *"®, Van Nguyen Dinh ““®, Luan Cong Trinh “®, Frances Judge " ®,

Paul Leahy *""

@ MaREI Centre, Sustainability Institute, University College Cork, Cork, Ireland

Y School of Engineering and Architecture, College Road, University College Cork, Cork, Ireland
¢ OWC, ABL Group, Ireland

4 OWC, ABL Group, Viet Nam

€ Technological University of the Shannon: Midlands Midwest, Limerick, Ireland

ARTICLE INFO ABSTRACT

Handling Editor: Ramazan Solmaz Many offshore areas with significant wind resources are located far from electricity demand centers and existing
energy transmission networks. Production of hydrogen directly on floating wind turbines is a scalable and
modular approach to harnessing these wind resources. This paper presents a design for a floating 15 MW semi-
submersible offshore turbine integrated with electrolyzers for hydrogen production and storage tanks. The
modified configuration’s hydrodynamic performance is simulated under combined aerodynamic and hydrody-
namic loading conditions. The modifications led to a 4-5 % increase in pitch and roll inertia of the platform. The
maximum acceleration at the nacelle increased by less than 10 %, remaining within acceptable limits, and the
maximum power output changed by less than 2 % across all load cases. Mooring line tensions increased by
approximately 3 %, demonstrating minimal impact on overall stability. The study demonstrates that onboard
hydrogen integration can be achieved without compromising the dynamic response or energy production per-
formance of the floating platform, supporting its viability as a decentralized offshore hydrogen production

Keywords:
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solution.

1. Introduction

The global energy landscape is increasingly shifting toward renew-
able sources in response to mounting concerns about climate change and
the growing need for sustainable energy production [1,2]. Offshore
wind power has gained recognition as a highly promising solution,
capitalizing on the vast wind resources available over the ocean [3]. The
worldwide offshore wind resource in areas of water depths of 50m-200
m within 92.6 km of the shore has been estimated 87 PWh per annum
[4]. However, the deployment of wind turbines in deeper waters in-
troduces substantial challenges [5-7]. To overcome these obstacles,
floating offshore wind turbines (FOWTs) have been developed, offering
greater flexibility in site selection and improved access to wind re-
sources [8,9].

Green hydrogen is produced from time-varying renewable electricity
through electrolysis, transforming it into stable chemical energy [10].
The hydrogen produced can be stored and later used to generate power

in fuel cells or other systems, creating a closed loop between renewable
eletricity and hydrogen, potentially addressing periodic deficits in
electricity production from variable renewable sources. Hydrogen
generated through electrolysis can also be used across various demand
sectors, including power generation, construction, transportation, and
industry.

In addition to the ongoing efforts to reduce the levelized cost of
energy (LCOE) from floating offshore wind energy, a particularly
promising approach to increasing the overall capture of offshore wind
resources lies in the integration of FOWTs with hydrogen production
and storage systems. Such integrated solutions offer an approach to
overcoming the challenges of renewable energy utilization and storage
[11]. Rodriguez Castillo et al. [12] provide a comprehensive review of
offshore structural challenges and highlight the potential of combining
hydrogen technologies with offshore renewable systems to overcome
intermittency and improve system-level resilience. Their work empha-
sizes the need for robust design and operational strategies for platforms
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supporting hydrogen production, compression, and storage in harsh
marine environments. Zhang et al. [13] further stress the advantages of
integrating superconducting wind generators with hydrogen production
systems to maximize conversion efficiency and reduce transmission
losses, supporting fully offshore energy independence. By coupling wind
energy generation directly with hydrogen technologies, this approach
addresses the variability of renewable energy sources while providing a
stable and high-density alternative energy vector.

Ibrahim et al. [14] explores three concepts for integrating floating
offshore wind (FOW) involving hydrogen generation strategies such as
centralized onshore electrolysis, centralized offshore electrolysis, and
decentralized offshore electrolysis systems. In the centralized onshore
electrolysis configuration, electrical power generated by the floating
offshore wind (FOW) farm is transmitted to land via subsea cables and
utilized at an onshore facility for hydrogen production. This arrange-
ment enables the deployment of high-capacity and high-efficiency
electrolyzer systems, free from spatial and structural limitations asso-
ciated with offshore installations. Alternatively, the centralized offshore
electrolysis concept integrates the electrolysis process on a dedicated
offshore platform, with hydrogen subsequently transported to shore
through subsea pipelines or compressed hydrogen storage tanks [15].
While this approach simplifies maintenance by consolidating opera-
tional components, it also introduces a critical vulnerability due to its
dependence on a single centralized unit. The decentralized offshore
electrolysis concept involves hydrogen production directly on floating
turbine platforms, with hydrogen piped to shore. This modular approach
provides redundancy and potential cost savings by reducing the need for
extensive electrical infrastructure.

Building on the integration of floating offshore wind turbines with
hydrogen production, a decentralized hydrogen production architecture
provides a promising pathway to address the intermittent nature of wind
energy generation. For the widespread adoption of this integrated sys-
tem, advanced hydrogen storage solutions are essential. Two primary
methods are considered for transmitting hydrogen produced by a
decentralized hydrogen production system. The first method is direct
injection into pipelines for transport to shore, as introduced by the
Dolphyn project [16,17]. The second method compresses hydrogen and
stores it in tanks located on the floating platforms, followed by trans-
portation to shore via hydrogen transport vessels. This option unlocks
locations with strong wind resources but where construction of pipelines
to shore would be impractical or too expensive. An optimal storage ca-
pacity of approximately seven days is recommended to manage supply
effectively [18].

There are four primary floating platform concepts for FOWTs
including spars, barges, semi-submersibles, and tension leg platforms
(TLP). Barges [19,20] and semi-submersible platforms such as Wind-
Float [21], the OO-star model [22], the UMaine VolturnUS-S semi--
submersible model [23], and the GustoMSC Tri-Floater [24] offer
stability through their large mass and large water surface area. Spars
[25,26] achieve stability through a slender cylindrical structure, which
the center of gravity is positioned below the center of buoyancy. This
configuration is typically enhanced using heavy ballast, such as con-
crete, placed at the bottom of the structure to lower the center of mass
and improve righting stability. TLPs [27,28] rely on tensioned mooring
systems for stability, making their design more complex due to the need
for precise mooring. Spars are limited in deck space, making them un-
suitable for accommodating additional equipment, and are particularly
sensitive to added mass due to their small water plane area. TLPs are
sensitive to changes in overall system mass, as such changes can alter the
tension in the mooring system, potentially compromising stability. The
installation of hydrogen production system equipment and storage tanks
on platforms requires ample space for both installation and mainte-
nance, with minimal sensitivity to mass increases, whether from
hydrogen storage or adjustments in ballast mass to maintain the design
draft of an FOWT system. Therefore, barges and semi-submersible
platforms are more suitable for the decentralized hydrogen production
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concept, as they provide the necessary stability and space.

The electrolyzer is the key component in green hydrogen production,
with four main types: Polymer Electrolyte Membrane (PEM), Alkaline
Electrolyzed Cell (AEC), Anion Exchange Membrane (AEM), and Solid
Oxide Electrolysis Cell (SOEC). The PEM electrolyzer provides benefits
such as a small footprint and high output pressure and rapid response to
load changes [29,30]. AEC, a well-established technology, offers high
hydrogen production capacity, low investment costs, and a long oper-
ational lifespan. AEM and SOEC are still in the development phase with
lower technology readiness levels (TRLs).

Hydrogen storage is a critical component in the development of a
sustainable hydrogen economy, especially for offshore applications
where space and weight constraints are significant. Various storage
methods have been explored, each with its advantages and challenges
[31]. Compressed hydrogen storage is widely used due to its simplicity
and high gravimetric density [32]. Liquid hydrogen offers higher energy
density but necessitates cryogenic temperatures, leading to increased
energy consumption for liquefaction and insulation challenges [33].
Metal hydrides provide safe and compact storage options [31,34], but
their heavy weight and slow uptake/release kinetics make them less
suitable for dynamic offshore environments. Liquid organic hydrogen
carriers (LOHCs) present a promising alternative, allowing hydrogen to
be stored and transported under ambient conditions, though the hy-
drogenation and dehydrogenation processes require efficient catalysts
and thermal management [34]. For floating offshore platforms, com-
pressed hydrogen storage is currently the most viable options, balancing
energy density, safety, and operational practicality.

This paper introduces a decentralized concept for integrating
hydrogen production and storage on a 15 MW semi-submersible FOWT
platform. The system employs PEM electrolysis for on-site hydrogen
generation and lightweight composite tanks for high-pressure storage,
eliminating the need for subsea cabling and enabling deployment in
remote offshore locations. The integrated configuration is evaluated
through coupled wind, wave, and hydrodynamic simulations to assess
its impact on platform dynamics, stability, and operational performance.
The key contributions include demonstrating the technical feasibility of
hydrogen integration with floating wind, quantifying its effects on sys-
tem response, and evaluating the performance of onboard storage under
varying load scenarios. The paper is structured as follows: Section 2
describes the hydrogen-integrated platform and mooring system; Sec-
tion 3 outlines the numerical methodology and design load cases; Sec-
tion 4 presents dynamic analysis results; Section 5 discusses the impact
of hydrogen system integration; Section 6 investigates the sensitivity to
hydrogen storage conditions (full vs. empty); and Section 7 concludes
with key findings and future research directions.

2. System description

This section provides a comprehensive description of the decentral-
ized offshore hydrogen production and storage system proposed in this
study. Key technical parameters and component specifications essential
to the current analysis are detailed. The overall configuration and
operational concept of the system are illustrated in Fig. 1. Electricity
generated from the floating offshore wind turbine is utilized by onboard
electrolyzers to produce hydrogen directly at the turbine location.
Subsequently, the generated hydrogen is compressed and stored on-
board in high-pressure composite tanks. To facilitate the hydrogen
transportation process, specialized marine service vessels periodically
collect stored hydrogen from individual floating platforms, delivering it
to onshore receiving terminals for further distribution and utilization.

2.1. Floating offshore wind turbine
The wind turbine considered in this study is the IEA-15-240-RWT, a

15 MW reference wind turbine developed by the International Energy
Agency (IEA) [35] to support research on modern floating offshore wind
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Fig. 1. Schematic of the decentralized offshore hydrogen production and storage concept.

systems. This open-source model features a three-bladed, upwind rotor
configuration and employs variable-speed and collective pitch control
strategies to optimize power generation and efficiency. The detailed
specifications are provided in Table 1.

A semi-submersible floating platform was selected for integrating the
wind turbine and hydrogen production and storage systems. The plat-
form is based on the UMaine VolturnUS-S Reference Platform [23]. As
shown in Fig. 2, the VolturnUS-S platform is engineered to achieve
optimal stability and durability in harsh offshore environments.

Table 2 presents a comparison between the original platform and the
modified floating platform (FWHS), which consists of an FOWT inte-
grated with hydrogen production and storage systems. To maintain a
constant total platform mass, the additional weight from the extended
deck, hydrogen storage tanks, hydrogen production plant, and associ-

Wind and Waves—

: . . . YiSway (+
ated subsystems is compensated by reducing the fluid ballast weight i ‘ - _
accordingly. The center of gravity (COG) of the FWHS is higher than the - RY/Pitch )
original model and the mass of steel in the platform increases by 8 % due T~
to the extended deck and its support structure. — '
/‘l
/ _+—RZIYaw (+)
Table 1 ~ Z/Heave (+)
Specifications of the 15-MW reference offshore wind turbine [35]. g
™
Wind turbine properties Unit Value b
Rated power MW 15 .
Rotor _ 3 blades, up wind Fig. 2. The UMaine VolturnUS-S reference platform supporting the IEA-15-240

Wind turbine control - Collective pitch, reference wind turbine system [23].

Variable speed
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XiSurge (+)
RX/ROIl (+) g

Rotor diameter m 240 .

Hub height m 150 2.2. Hydrogen production and storage systems

Cut-in/rated/cut-out wind speed m/s 3/10.6/25

Rotor speed at rated power rpm 7.56 Fig. 3 shows a schematic diagram of the hydrogen production and
Rotor nacelle assembly mass ton 991 storage system on the floating offshore wind turbine, while details the
Tower mass ton 1263

subsystems of the electrolyzer plant on the extended deck. The storage
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Table 2
Modified FWHS semi-submersible floating platform specifications and differ-
ence from the unmodified VolturnUS-S

Platform properties Unit VolturnUS- FWHS Difference
S
Vertical COG from still water m —14.94 —14.01 —6 %
level

Hull volume displacement m® 20,206 20,206 0%

Platform mass ton 17,754 17,754 0%

Inertia about COG - Ixx kgm?  1.25 x 10'®  1.31 x 4%
1010

Inertia about COG - Iyy kgm? 125 x 10'°  1.31 x 5%
1010

Inertia about COG - Izz kgm? 237 x 10'®  2.37 x 0%
1010

Platform steel mass ton 3914 4240 8%

Fix ballast mass ton 2540 2540 0%

Fluid ballast mass ton 10,509 9990 —5%

tanks are installed within the side columns of the floating platform as
shown in Fig. 4.

The wind turbine harnesses wind energy to generate electricity,
which undergoes voltage adjustment through a transformer. This
transformer is required to deliver the correct voltage for the electrolysis
process. Following this, a rectifier is employed to convert the AC
(alternating current) electricity into a stable, consistent DC (direct cur-
rent) output, a necessary step since the electrolyzer is a DC device.

The desalination plant plays a vital role in the electrolysis process by
converting seawater into fresh water, a necessary requirement in
offshore environments. The fresh water produced is stored in a water
tank, which is responsible for providing a constant and stable supply of
water to the electrolyzer. The tank capacity is specified in order to
ensure an adequate water supply for the hydrogen system to operate at
full capacity for up to 4 h.

The electrolyzer, powered by rectified DC electricity, separates water
into hydrogen and oxygen. In this concept only the hydrogen is collected
for use, while the oxygen byproduct is safely released into the atmo-
sphere. This study is based on a PEM electrolyzer Silyzer 300 (Siemens,
Germany) [36], which is particularly suited for offshore environmental
conditions due to its compact design and ability to operate under vari-
able power inputs. The choice of PEM technology in this study reflects
recent advances in its technical maturity and suitability for the
demanding conditions of offshore hydrogen production from a

H2 Storage

H2 Compressor

Tanks Buffer Tank

Transformer Rectifier
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time-varying power source [37].

The hydrogen gas produced by the electrolyzer usually contains
moisture that must be removed for further processing. Drying units are
employed to eliminate this moisture, thus purifying the hydrogen to a
level suitable for storage. The purified hydrogen is then held in a buffer
tank which regulates the flow of hydrogen into the compressor. The
hydrogen is then compressed to approximately 70 MPa. Hydrogen
compression technologies are broadly classified into mechanical and
non-mechanical types. Mechanical compressors include reciprocating,
diaphragm, linear, and liquid compressors, while non-mechanical
compressors include cryogenic, metal hydride, electrochemical, and
adsorption compressors [38]. In this study, we reference the MAX
Compression System 2.0 (Maximator, Germany), which is a two-stage
reciprocating compressor driven by hydraulics [39].

Hydrogen storage tanks are categorized into five types based on their
material composition [40]. Type I tanks are entirely metal, typically
steel or aluminum, and are primarily used in stationary applications due
to their high mass. Type II tanks are similar but include a composite
wrap around the metal liner, enabling higher pressure storage. Type III
tanks feature a metallic liner encased in a composite material, striking a
balance between strength and weight, making them ideal for vehicular
applications. Type IV tanks, which use a polymeric liner with a

HyFloat1 deck and
hydrogen subsystem
modules

Hydrogen
Lstorage tanks

a.i l Fluid ballast

Fluid ballast
Fixed ballast

Fig. 4. View of modified VolturnUS-S platform showing the extended deck for
hydrogen production and embedded storage.

Drier
H2 Hot Water
< H2 Separator

Desalination

PEM Electrolyser Plant

Hot Water

02 Separator

Fig. 3. Hydrogen production and storage system scheme on a floating offshore wind turbine platform.
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composite wrap, further reduce weight while maintaining high-pressure
storage capabilities. Type V tanks are fully composite, without any
metallic or polymer liner, designed for high-pressure applications but
still in development and not yet widely adopted due to their high costs.
In this study, Type IV tanks were chosen to store hydrogen compressed
at 70 MPa, with the tanks distributed across the three side columns of
the platform.

Efficient offloading of stored hydrogen is vital for the continuous
operation of the floating offshore hydrogen production system. This
process uses a flexible pipe connection to transfer compressed hydrogen
from the platform storage tanks to a transport vessel that periodically
docks alongside the platform. The offloading system is not the focus of
this study, however it should be noted that it would be specified to
handle dynamic offshore conditions, ensuring a secure and steady flow
of hydrogen while accommodating the movements of both the platform
and vessel. This transmission method reduces the need for extensive
offshore infrastructure and supports continuous energy production by
aligning offloading frequency with storage capacity and production
rates.

Storing hydrogen at 70 MPa onboard floating platforms introduces
safety challenges, including risks of leakage, explosion, and structural
damage from dynamic marine conditions. To mitigate these risks, sys-
tems should incorporate pressure relief valves, gas detectors, and follow
offshore standards like ISO 11119 and ISO 11439 [40,41]. Key concerns
include fatigue loading, corrosion, and safe offloading operations. While
this study focuses on technical feasibility, future work should include
detailed failure mode analysis and safety planning to ensure reliable
offshore deployment.

Table 3 provides an overview of the primary components involved in
a hydrogen production and storage system, detailing their quantities,
specifications, total mass, and the vertical center of gravity (COG,). The
data illustrates the distribution of mass and vertical positioning of each
component, and a summary specification of the main equipment
required. In order to size the storage tanks, assumptions for some key
operational metrics of a wind turbine-powered hydrogen production
and storage system are proposed in Table 4. With a capacity factor (CF)

Table 3
Specification of hydrogen subsystem modules
Equipment Quantity  Spec Total COG,
Mass (m)
(ton)
Transformer 1 set 15 MVA 27 14.80
Rectifier 1 set 12 MVA 21 14.80
Electrolyzer 1 Siemens Sylizer 300 (4 70 15.95
arrays),
Total power demand 11.7
MW, dry gas quality
99.9999 %
Start-up time <1 min
Dryer 2 3.5 MPa input, 3.5 MPa 8 16.15
output
Buffer tank 1 3.5 MPa 10 15.80
Compressor 3 MAX compression system 46 15.85
250 kw
Mass flow 92 kg/h @3.5
MPa inlet working pressure
90 MPa
Water tank 1 15m? 15 15.93
Fresh water 3 Wartsila freshwater 2 15.80
generator generator model SSD2-4,
30-35 m®/day
Frame, pipe & 1 100 15.85
outfitting
Control room 1 10 15.80
Deck 1 700 m* 330 14.10
Storage tanks 27 Carbon fiber and 675 —9.20

polyethylene liner, tank
volume 27,254 m®
Subtotal system 1314 2.51
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of 0.6, the wind turbine would generate 216 MWh of electricity on a
typical day, supporting the production of approximately 3200 kg of
hydrogen daily. The system compressor would handle a mass flow rate
of 276 kg of hydrogen per hour, facilitating the storage of hydrogen in
high-pressure tanks with a total capacity of 28,700 kg at 70 MPa. At full
production capacity, it would take about 9 days to completely fill the
storage tank.

2.3. Station-keeping system

The floating platform is secured using a three-line catenary mooring
system, designed to ensure stability under offshore environmental con-
ditions. The mooring lines, composed of R3 studless chain, are evenly
distributed at 120-degree intervals around the platform. Each mooring
line has a nominal diameter of 185 mm and an unstretched length of 850
m, with fairleads positioned 14 m below the still water level. Additional
specifications are detailed in Table S1.

3. Methodology

The floating wind turbine model used in this study is based on the
publicly available VolturnUS-S semi-submersible platform coupled with
the IEA 15 MW reference turbine, developed and verification by the
National Renewable Energy Laboratory (NREL) [42]. This high-fidelity
model serves as a standardized benchmark for floating offshore wind
system research and has undergone extensive verification through nu-
merical and experimental studies as documented in the NREL definition
report [23]. In this work, the hydrogen-integrated FWHS system is
constructed by modifying this baseline configuration to include onboard
hydrogen production and storage systems. All simulations are performed
using OpenFAST, and the impact of the integration is assessed by
directly comparing the dynamic responses of the FWHS model with the
original VolturnUS-S model. To ensure consistency and generality, the
effects are quantified in a non-dimensional form, enabling a clear
evaluation of changes in system behavior attributable solely to the
hydrogen system integration.

A FOWT system is subjected to environmental forces from wind,
waves, and ocean currents, which vary based on the deployment loca-
tion. The primary loads acting on the system are governed by aero-
dynamic, hydrodynamic, and mooring restoring forces. The fully
coupled dynamic response of the FOWT in the time domain is governed
by the following Equation (1).

My;(6) = ) _Fi(t) €3]

where Mj; represents the mass and mass inertia matrix of the floating
wind turbine, the total external force matrix > F;(t) is composed of
multiple contributing forces including hydrodynamic forces FZ (1),
aerodynamic loads Fl-W (), viscous drag forces FiV (t) described by Mor-
ison’s equation, and mooring system restoring forces FM (t). The sum-
mation of these forces is given by Equation 2.

> Fi(t)=F(t) + F'(t) + FY (1) + F' (1) 2
Table 4
Hydrogen production and storage calculation
Average wind turbine power generation per day (capacity 216 MWh/
factor CF = 0.6) day
Average H, production per day 3200 kgHy/
day
Compressor mass flow 276 kgHz/h
Hydrogen storage tank capacity @70 MPa 28,700 kg H,

Time to fill hydrogen storage tank 9.0 day
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3.1. Aerodynamic forces

The aerodynamic forces acting on the turbine rotor blades are eval-
uated using the blade element momentum (BEM) theory [41]. This
method discretizes each blade into multiple segments, allowing for the
calculation of aerodynamic forces on each element, which are then in-
tegrated to determine the total forces and moments acting on the rotor.

The incremental thrust (dT) and torque (dQ) generated by each blade
element are computed using Equations (3) and (4).

International Journal of Hydrogen Energy 164 (2025) 150832

Fl{{ydrosmtic =p gVO 6i3 _ Cglydrostutic .X.:, ( t) ( 6)

The term CiY92% contains the linear hydrostatic restoring co-
efficients as shown in Equation (7) with A,, as the water plan area, and
Zg and Zg are vertical positions of center of buoyancy and gravity. The
term pgVod;s is valid in the vertical direction only. It represents the
buoyancy force acting on a floating structure and is based on the density
of water p, gravitational acceleration g, and displaced volume of the
floating platform Vo when it is undisplaced.

Y 0 0 0 07
0 0 0 0 0 0
00 P&AW rg // ydA, —Pg / xdA, 0
Aw Aw
" =10 0 pg // ydA, g // y2dA, + pgVo(Zs — Zc) 0 0 @)
Aw Aw
0 0 —pg /diW 0 pg//yszw +pgVo(Zs —Zg) O
Aw Aw
L0 0 0 0 0 0]
pRadiation 5.counts for radiation damping and added mass. The radi-
d 1, . dar ation forces, arising from wave interactions with the floating platform,
TZEP aVra(Cr €05 ¢+ Cp sin ) 3 include both added mass effects and wave radiation damping. These
forces are proportional to the platform acceleration and velocity, and
dQ:ipaVrze (Cy sin ¢ — Cp cos ¢)c dr 4) their contribution can be formulated by Equation (8).

where Cp, and Cp represent the lift and drag coefficients, respectively.
The relative flow velocity acting on the blade section is denoted by Vi,
with ¢ representing the local flow angle. Additionally, ¢ corresponds to
the chord length of the blade section and p, indicates the density of air.

The aerodynamic forces acting on an airfoil depend on the velocity
components and angles at each blade segment. These forces contribute
to the overall thrust and torque exerted on the rotor, which are critical in
defining the aerodynamic performance of the turbine. To enhance ac-
curacy, the aerodynamic calculations also incorporate hub losses, tip
losses, and skewed wake effects.

3.2. Hydrodynamic loads

The hydrodynamic behavior of a floating platform is influenced by
multiple forces, including hydrostatic restoring forces, added mass ef-
fects, radiation damping, wave excitation forces, and viscous drag. The
interaction between these forces determines the platform response to
ocean conditions such as waves, currents, and buoyancy forces.

The hydrostatic restoring force arises from buoyancy and acts to
return the platform to its equilibrium position when displaced. Wave
radiation effects contribute to both added mass and damping forces,
which influence the platform dynamic response. The first-order wave
excitation force, generated by incident waves, affects platform motion.
the second-order wave excitation forces result from nonlinear wave in-
teractions, which can introduce low-frequency motions, particularly in
deep water environments.

The total hydrodynamic force exerted on a FOWT can be represented
by Equation (5).

Fflydro _ F[Hydrosmtic + Flgadiaa’on + Fl_l"lave(l) + FiWave(Z) + FiDrag (5)
Where:
Flydrostatic rapnresents the hydrostatic forces. The hydrostatic forces

can be expressed as in Equation (6).

t o0
FRadiaton _ _ A_5.(£) — / % / Bj(w)cos(wt)dw | % (t — 7)dz )
0 0

where Ajj(c0) is the added mass at infinite frequency and the wave ra-
diation damping is denoted by Bj;(®).

The first-order wave excitation force F}*2"*() is caused by the inci-
dent wave field and can be expressed by Equation (9). The function
W(w) is the Fourier transform of a white Gaussian noise (WGN) time-
series process characterized by a zero mean and unit variance,
Sg’Side(a)) is the two-sided wave spectrum, Xj(®,p) is a complex-value
array representing the wave excitation force acting on the platform
which depends on wave frequency o and wave heading angle f.

F™ (1) :2% / W(w) /2182 ()X, (w, )€™ dow 9

FVave® corresponds to second order wave forces. Since the mooring

system follows a catenary configuration, the platform exhibits signifi-
cant low-frequency motions. As a result, slow-drift effects become more
dominant in the system’s dynamic response. Given this characteristic,
only difference-frequency Quadratic Transfer Functions (QTFs) are
considered, as they primarily influence the low-frequency motion
components, while sum-frequency effects, which are typically associ-
ated with higher-frequency responses, are less relevant in this context.
Therefore, F}N"“’e(z) can be presented as in Equation (10) with the force
coefficient Xpk corresponding to amplitude of incident waves A, and Ag
at frequencies oy, and wg.

N N

F™® —Re ( Z ZAmA;kaef(‘”m‘”k)t> (10)
m=1 k=1

FP™8 denotes nonlinear viscous drag forces. The viscous drag forces

are described by Morison’s equation, which is dependent on the square

of the relative velocity between the water particles and the floating

structure as shown in Equation (11), where Cp is the drag coefficient, A
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is the projected area of the structure in the flow direction, v;(t) is the
velocity of water particle.

FP = — %CD/)A (wi(t) — %(b)) |vi(t) — x(t)] @an

3.3. Mooring dynamic loads

The mooring system exerts both static and restoring forces, which are
typically represented using a linear model, making it suitable for fre-
quency domain analysis. Mooring line tension can be determined using
either a quasi-static method or a dynamic approach. To accurately
capture the mooring system’s effects in the time domain, the dynamic
mooring line force must be incorporated into the analysis. Hall proposed
a lumped mass model to simulate the dynamic behavior of mooring lines
attached to floating offshore structures [42]. The nonlinear dynamic
equation governing the motion of a mooring line segment is given by
Equation (12).

My X(t) + Cpx(t) — Fg — Fg — Fp = f 12)
Where M, is the mooring mass matrix, which remains constant over
time, and C,, is the mooring stiffness matrix, which varies based on the
mooring line displacement. The terms Fp, Fg, and Fp are the buoyancy
force, gravity force, and drag force, respectively.

3.4. Numerical simulation tool

In this study, the FWHS is analyzed using a fully integrated simula-
tion frame work within OpenFAST. Developed by the National Renew-
able Energy Laboratory (NREL) since 2005 under Jonkman and Buhl Jr.
[43], OpenFAST is an open-source tool designed for the comprehensive
modeling of floating and fixed-bottom wind turbine systems. It enables
fully coupled time-domain simulations, incorporating aerodynamics,
structural elasticity, control systems, hydrodynamics, and mooring dy-
namics, as illustrated in Fig. 5.

The AeroDyn module calculates aerodynamic forces on wind tur-
bines, using local blade motions and velocities at each time step to
compute forces and moments, also calculates generator torque, rotor
thrust, and power coefficient. This module is integrated with TurbSim
[44] to create turbulent wind fields for dynamic simulations.

The ServoDyn module manages control systems and actuators,

Environmental Applied
Conditions Loads
Inflow Wind AeroDyn

Aero-Dynamics

Wind

HydroDyn

Wave

Hydro-Dynamics

Dynamic
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simulating the dynamic response of control mechanisms such as blade
pitch and generator torque controllers. This module ensures the inter-
action between the control systems and the mechanical components of
wind turbine is accurately modeled.

The ElastoDyn module handles the structural elasticity of the wind
turbine, modeling the dynamic response of the flexible components,
including the blades, tower, and drivetrain. It uses inputs from other
modules to simulate the structural behavior under various loads and
conditions.

The HydroDyn module computes hydrodynamic loads considering
first and second order wave forces, and viscous drag forces. Using
platform-specific data such as member size and drag coefficients,
HydroDyn evaluates hydrodynamic and hydrostatic forces, and the re-
sults are sent to OpenFAST for motion equation solving.

The MoorDyn module calculates dynamic mooring forces, requiring
input parameters related to mooring line configuration and stiffness. It
processes platform position and velocity data, solves the dynamic
behavior of mooring lines, and provides the resulting mooring forces to
OpenFAST, ensuring a fully coupled analysis of floating wind turbine
systems.

3.5. Design load cases

To evaluate the impact of hydrogen production and storage systems
on platform dynamics, six representative design load cases (DLCs) based
on the VolturnUS-S platform [23] are simulated in OpenFAST. Results
for the FWHS system are compared with the original model. Table 5 lists
the DLCs, including operational conditions (DLC1.1, 1.3, 1.4, 1.6) and
extreme environmental conditions with parked wind turbine cases
(DLC6.1, 6.3) DLC1.1 uses the Normal Turbulence Model (NTM) to
assess stability and power output under typical sea states. DLC1.3 uses
the same sea conditions but replaces NTM with the Extreme Turbulence
Model (ETM) to evaluate responses to wind variability. DLC1.4 simu-
lates an Extreme Coherent Gust with Direction Change (ECD) to study
dynamic loads from abrupt wind shifts. DLC1.6 also uses NTM but under
harsher sea states to test performance under elevated loads.

DLC6.1 applies 50-year wind and wave conditions with an 8° yaw
misalignment to assess structural response in extreme scenarios. DLC6.3
uses a milder 1-year sea state with 20° yaw to test structural integrity
under high wind loading.

Wind Turbine

Control System & Actuators

Drivetrain
Dynamic

Rotor
N Generation

Nacelle Dynamics

ServoDyn
Platform Dynamics ElastoDyn
Mooring Dynamics MoorDyn

Fig. 5. Numerical simulation structure of OpenFAST.
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Table 5
Design load cases [23].

Design Wind Wind Wave Setting Wind turbine
load cases  model speed at ﬁ status
hub P
(m/s) (m) (s)

1.1/1.3 NTM/ 4 1.1 8.52 Operational
ETM 6 1.18 8.31
8 1.32 801
10 1.54 7.65
12 1.84 7.44
14 2.1 7.46
16 2.6 764
18 3.06 8.05
20 362 8.52
22 4.03  8.99
24 4.52 945
1.4 ECD + 8 1,32 801 +/— Dir.
R-2.0 Change
ECD + 10 1.54 7.65 +/- Dir.
R Change
ECD + 12 1.84 7.44 +/— Dir.
R+2.0 Change
1.6 NTM 4 6.3 11.5
6 8 12.7
8 8 12.7
10 8.1 12.8
12 8.5 13.1
14 8.5 13.1
16 9.8 14.1
18 9.8 14.1
20 9.8 14.1
22 9.8 14.1
24 9.8 14.1
6.1 EWM 47.5 10.7 14.2 Yaw+8° Parked, blade
50 yr 90°
6.3 EWM 1 38 6.98 11.7  Yaw+20°

yr

Hs: Significant wave height; Tp: Peak period of wave.
NTM/ETM: normal/extreme turbulence model.

EWMS50: extreme wind speed model in 50 years return period.
ECD: Extreme Coherent gust with Direction change.

3.6. Modelling assumptions

To simplify the numerical modeling of the FWHS system while
maintaining consistency with the verified baseline platform, the
following assumptions are applied:

The environmental conditions are adopted from the original
VolturnUS-S design and are representative of offshore sites along the
U.S. East Coast.

The original structural geometry of the semi-submersible platform is
retained. To maintain the same draft and preserve the platform’s
hydrodynamic characteristics, only the ballast water mass is
adjusted.

The mooring system layout and parameters are kept unchanged.
The structural flexibility of the hydrogen storage tanks is not
modeled; they are assumed to be fixed rigid bodies.

The effect of hydrogen mass variation during storage tank loading
and unloading is neglected, as the total hydrogen mass constitutes a
negligible fraction of the overall platform mass.
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4. Dynamic analysis of system responses, wind turbine
performance, and load assessment under various environmental
conditions

Fig. 6 presents the dominant motions (surge, heave, and pitch) of the
modified platform at the global origin, located at the center of the
platform and the still water level, under critical load cases. In
DLC1.6_12mps, the wind turbine operates near rated speed, experi-
encing maximum thrust. In DLC1.6_24mps the wind turbine operates
near cut-out wind speed. In DLC6.1_8 47.4mps, the wind turbine is
parked, with an 8-degree yaw relative to the wind direction. Three DLCs
incorporate extreme irregular waves. Notably, surge and pitch motions
are most significant under maximum wind turbine thrust
(DLC1.6_12mps), reaching 22.5 m and 5.8°, respectively.

When evaluating the stability of hydrogen production systems and
storage tanks, it is crucial to assess the acceleration at the specific lo-
cations of these devices on the platform. Figs. 7 and 8 present the ac-
celeration data for the nacelle, hydrogen electrolyzer, and hydrogen
storage tanks located at the downwind side column. These Figures
display the acceleration parameters in both time series and power
spectrum density formats. Fig. 7 illustrates acceleration under load case
DLC1.6, characterized by an average wind speed of 24 m/s, a significant
wave height (Hs) of 9.8 m and a peak period (Tp) of 14.1 s. Fig. 8 shows
acceleration under load case DLC6.1, with an average wind speed of
47.5 m/s, a significant wave height of 10.7 m, and a peak period of 14.2
s.

Table S2 presents the maximum, minimum, and standard deviation
of acceleration for the nacelle, hydrogen storage tanks, and electrolyzer
in three directions (x, y, and z) under three DLCs. The nacelle experi-
ences the highest accelerations in the x and y directions, particularly in
x, due to its height (150 m above SWL) and sensitivity to pitch and roll
motion. These accelerations increase under stronger winds and more
extreme DLCs. The hydrogen storage tanks and electrolyzer have lower
accelerations compared to the nacelle in the x and y-directions. The z-
direction acceleration is similar for tanks and electrolyzer but higher
than for the nacelle due to their off-center placement on the platform.
The DLC 6.1 with 8° yaw angle results in the highest accelerations for all
components, indicating that misaligned wind conditions induce higher
accelerations than aligned ones. Examination of the standard deviation
values reveals that the tank and electrolyzer accelerations are less sen-
sitive to fluctuating wind and wave loads than the nacelle.

5. Impact of hydrogen production and storage systems on the
FOWT

To evaluate the impact of the hydrogen production system and
storage tanks on the FOWT system, simulations were conducted for both
the FWHS and the original FOWT. An earlier study calculated the nat-
ural frequencies of six degrees of freedom of the platform [45], revealing
that the integration of the hydrogen production system and storage
tanks resulted in minimal changes to the platform’s natural frequencies.
To further assess the impact, the maximum values for each DLC were
extracted from the time series outputs and compared. The ratios of these
maximum values between the two models provide insights into the in-
fluence of the hydrogen production and storage system on the overall
response of the FOWT.

Figs. 9 and 10 show the ratios of maximum values between FWHS
and the original model across various DLCs. The integration of a FWHS
system into the FOWT design introduces certain modifications to the
platform’s structural and dynamic behavior compared to the original
model. Notably, the FWHS model experiences elevated loads,
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Fig. 6. Responses of the modified platform under critical load scenarios: surge, heave, and pitch in the time domain (left column) and frequency domain

(right column).

particularly in terms of the tower base bending moment. This load in-
crease is most pronounced under extreme wind and wave scenarios. The
primary factor contributing to these heightened loads is the elevated
COG in the FWHS model due to the added mass of the hydrogen pro-
duction components at the extended deck and hydrogen storage tanks
while reducing ballast mass at the bottom of the platform. The higher
COG reduces the overall restoring moment of the system, making it more
susceptible to pitch motions. Consequently, the platform experiences

larger pitch angles, leading to increased accelerations and bending
moments at the tower base.

The FWHS model exhibits slight changes in nacelle accelerations.
Nacelle x-direction (Ax) acceleration increases by approximately 2 % in
DLC1.1, DLC1.3, and DLC1.6, while the change is smaller in other DLCs.
Nacelle y-direction (Ay) acceleration increases notably in DLC1.4,
DLC1.6, and DLC6.1, reaching approximately 10 % in DLC1.4 due to
wind direction changes or extreme wind conditions.
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Fig. 7. Acceleration in x, y, and z directions of the nacelle, hydrogen tanks, and PEM module at 24 m/s wind speeds with irregular waves (Hs = 9.8 m, Tp = 14.1 s) in
DLC1.6 conditions; time domain on the left column and frequency domain on the right column.

The power generation performance of the FWHS model remains
largely unaffected, with less than a 2 % difference compared to the
original design across all DLCs. This result is crucial in demonstrating
that the integration of hydrogen production and storage does not
compromise wind energy harvesting efficiency. Despite the increased
loads, this observation confirms the viability and effectiveness of the
FWHS concept. It also highlights the importance of addressing the
structural challenges introduced by the additional system components

10

while ensuring that the target power output is maintained.

Beyond the increased pitch motion and associated loads, the FWHS
model exhibits similar dynamic behavior to the original model in terms
of other motions, such as surge, heave. This similarity suggests the
FWHS system does not substantially alter the overall dynamic response
of the platform.

The mooring system of the FWHS model experiences slightly higher
fairlead and anchor line tensions compared to the original model. The
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Fig. 8. Acceleration in the x, y, and z directions of the nacelle, hydrogen tanks, and PEM module at 47.5 m/s wind speed with irregular waves (Hs = 10.7 m, Tp =
14.2 s) and 8° nacelle yaw in DLC6.1 conditions; time domain on the left column and frequency domain on the right column.

mooring line tensions at the upwind mooring line increased slightly by
approximately 3 %. This minor increase in loads, can be attributed to the
pitch motion and altered dynamic response of the FWHS system. How-
ever, the observed differences are relatively small, indicating that the
overall impact of the FWHS system on the mooring system performance
is not significant. Nevertheless, it is crucial to consider these minor load
increments during the design optimization process to ensure the long-
term reliability and integrity of the mooring system.

Eliminating subsea power cables reduces both capital costs and
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installation time, offering clear advantages for offshore deployment.
However, for large-scale wind farms, coordinating hydrogen offloading
across multiple platforms poses logistical challenges. A dedicated fleet of
transport vessels, equipped for rough sea conditions, is needed to
operate within narrow weather windows. While detailed economic
analysis is beyond this study, the concept presents a promising balance
between simplified infrastructure and operational feasibility.

While this study assumes rigid, fixed hydrogen tanks for simplicity,
practical deployments may involve structural flexibility under dynamic
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Fig. 11. Comparison between empty (E) and full (F) hydrogen storage tanks at different wind speeds, stepped from turbine cut-in to cut-out wind speed.

offshore conditions. Repetitive platform motions, thermal effects from
compression, and periodic changes in tank mass during loading and
unloading introduce cyclic stresses on the tank and its supports. These
effects, not captured in the current model, may affect long-term fatigue
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performance. Future work should include detailed finite element
modeling coupled with platform dynamics to assess structural reliability
and design safety margins for fixable structures of hydrogen storage
tanks.
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6. Storage system effects

The tanks are loaded with 28,700 kg of hydrogen, representing 0.16
% of the total mass of the platform. To assess the impact of hydrogen
loading and unloading, simulations of the floating system are conducted
at different wind speeds, stepped up from cut-in to cut-out wind speed in
order to monitor operational parameters. Fig. 11 displays a dynamic and
performance comparison of the floating wind turbine system with the
hydrogen storage either empty (E) or full (F). The analysis highlights
differences in the platform pitch and heave motions, as well as variations
in power generation over time across different wind speeds. A notable
difference in the heave motion, approximately 0.063 m, is observed
between the full and empty storage states due to the additional draft
caused by the increased mass over the platform water plane area of
446.7 m>. Despite these variations, the platform pitch and generated
power follow similar trends in both storage conditions, rising with
increasing wind speeds, indicating that hydrogen loading and unloading
do not significantly alter the turbine system performance and opera-
tional efficiency.

7. Conclusion

This study presents a novel concept of integrating hydrogen pro-
duction and storage systems into a 15 MW semi-submersible floating
offshore wind turbine (FOWT). The proposed decentralized system of-
fers a scalable and modular approach for maximizing offshore wind
energy utilization. The following conclusions are drawn from the system
design and dynamic performance evaluation:

- The integration of hydrogen production and storage systems resulted
in a 4-5 % increase in pitch and roll inertia and a 6 % rise in the
center of gravity of the platform, leading to moderate changes in
platform dynamics. The maximum nacelle accelerations increased by
less than 2 % in the x-direction and less than 10 % in the y-direction.
The tower base bending moment experienced a slight increase,
particularly under extreme wind and wave conditions, while blade
root moment and tower top moment showed a slight reduction. The
mooring line tensions at the upwind mooring line increased by
approximately 3 %, though the surge and heave motions remained
unchanged, indicating that the hydrogen system integration did not
significantly alter the global platform response.

The power output of the modified platform differed by less than 2 %
from the original design across all load cases, demonstrating that the
integration of hydrogen production and storage systems has minimal
effect on wind energy harvesting. This result validates the effec-
tiveness of the design in maintaining high operational efficiency
while accommodating additional systems for hydrogen production
and storage.

Dynamic simulations with hydrogen storage tanks either full (28,700
kg at 70 MPa) or empty revealed negligible impacts on the opera-
tional parameters of the system. The difference in heave motion
between these states was approximately 0.063 m, while pitch and
power generation performance followed similar trends. The results
demonstrate the platform’s ability to maintain stable performance
across different storage conditions and operational scenarios.

The proposed decentralized hydrogen production and storage
concept simplifies offshore wind farm deployment by removing the
need for subsea cabling. This enables installation in remote areas
without pipeline access and reduces infrastructure complexity. While
the system demonstrates stable dynamic performance under various
load conditions, future work should address operational logistics
such as hydrogen offloading, risk assessment for high-pressure stor-
age, and long-term economic feasibility.

The results confirm that integrating hydrogen production and high-
pressure storage systems into a semi-submersible floating wind turbine
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can be achieved with minimal impact on platform dynamics and power
performance. By eliminating the need for subsea cabling and main-
taining stable operation under varying storage conditions, the proposed
FWHS concept offers a technically feasible approach for decentralized
offshore hydrogen production. Future research should focus on opti-
mizing offloading logistics, enhancing safety for high-pressure storage,
and conducting long-term dynamic analyses of flexible storage tank
structures. In addition, economic evaluations considering various tank
sizes, storage durations, and vessel unloading frequencies are essential
to determine the optimal trade-off between system stability, logistical
constraints, and overall project cost-effectiveness.
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