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Wave and tidal energy are promising renewable resources for offshore electricity generation, with hydrogen
serving as a storable and transportable energy carrier. This study presents an integrated offshore hydrogen
production system combining full-scale hybrid wave-tidal energy converters (HWTEC), hybrid supercapacitor-
battery energy storage system, proton exchange membrane (PEM) electrolyzers, and subsea underground
hydrogen storage (UHS). A system-level co-simulation framework is developed to capture the coupled dynamics
of energy conversion, storage, and hydrogen production under stochastic marine conditions. UHS significantly
reduces platform space requirements for hydrogen storage, enabling higher on-platform hydrogen capacity. A
case study using 2024 UK wave and tidal data evaluates a conceptual platform with six HWTECs and PEM
electrolyzers with combined average output of 64.8 kW. Results indicate a representative hydrogen production
rate of 1.4 kg/h and an estimated annual yield of 12.4 t, with specific energy consumption of 46.8-55.7 kWh/
kgHy and exergy efficiency of 21.4-25.3%. The system demonstrates enhanced power continuity, efficient
conversion of intermittent offshore energy, and feasibility for grid-independent operation. The proposed
framework advances beyond previous device-level studies by integrating multiple subsystems with real marine
inputs, providing a scalable and practical tool for design, optimization, and performance assessment of offshore

hybrid renewable hydrogen platforms.

1. Introduction

The transition toward carbon neutrality necessitates renewable en-
ergy systems that can deliver not only low-carbon energy but also high
stability and operational efficiency. In this context, the integration of
multiple renewable energy resources has attracted growing attention as
an effective means to mitigate intermittency and improve overall system
performance through resource complementarity [1], such as wind-solar,
wave-wind, and thermal-wind combinations.

Within the marine environment, wave and tidal energy are particu-
larly attractive owing to their high energy density, predictability, and
comparatively continuous availability relative to solar and wind re-
sources [2]. A wide range of wave energy converters (WECs) and tidal
energy converters (TECs) have been developed [3,4]. Building upon
these developments, hybrid wave-tidal energy converters (HWTECs)
have been proposed to enhance energy capture and operational
robustness by exploiting the complementary characteristics of wave and
tidal resources. Chen and Wu [2] reviewed HWTEC concepts from the
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perspectives of system design and modeling approaches, categorizing
them into non-coupling and coupling configurations based on the
interaction between wave and tidal modules. Non-coupling systems
typically operate in multiple modes or employ independent modules
[5-7]. In contrast, coupling systems seek functional interaction between
wave and tidal components to improve power smoothing and energy
utilization. Examples include wave—current hybrid systems using me-
chanical motion rectifiers to preferentially harvest higher-speed inputs
[8,9], as well as designs that combine swinging plates with horizontal
cylinders [10] or integrate oscillating surge converters with buoys [11]
to extend stroke length and enhance power output. More advanced
coupling mechanisms, such as motion synthesis and resonance tuning,
have also been explored to improve conversion efficiency and stability
[12,13]. Nevertheless, most existing HWTEC designs still prioritize
dominant inputs, often underutilizing the full complementary potential
of wave and tidal resources. As noted by Chen and Wu [2], although
effective wave-tidal coupling could significantly enhance complemen-
tary power generation, systematic design strategies and performance
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assessments remain limited.

In parallel, energy storage has emerged as a critical challenge for
ocean energy systems. Direct grid connection is frequently impractical
for offshore wave and tidal energy due to power intermittency, voltage
fluctuations, and load regulation issues [14]. Among various storage
options, hydrogen production via water electrolysis has gained
increasing attention as a means of converting marine renewable energy
into a storable and transportable energy carrier. Recent
techno-economic analyses highlight that the levelized cost of hydrogen
(LCOH) is highly sensitive to electrolyzer performance, discount rates,
and, critically, the availability of large-scale hydrogen storage, under-
scoring the importance of coordinated system-level design in offshore
hydrogen projects [15]. Consequently, integrating hydrogen production
with offshore renewable energy systems, particularly wave and tidal
energy, has been widely recognized as a promising pathway to enhance
energy utilization in offshore environments [16]. Such integrated sys-
tems have been proposed for energy self-sufficiency and scheduling on
offshore platforms and islands [17,18]. A comprehensive review by
Taroual et al. [19] indicates that wave and tidal energy remain among
the most cost-competitive marine renewable sources for offshore
hydrogen production, with reported hydrogen production costs of
approximately 2.0-3.0 EUR/kg under favourable conditions. Oni et al.
[20] further suggest that continued advances in offshore renewable
deployment and electrolyzer durability could reduce LCOH to 2.5-3.5
USD/kg by 2035. Similarly, Akdag [21] demonstrated that marine
current-driven PEM electrolysis could achieve long-term cost competi-
tiveness, with projected LCOH reductions from approximately 8.9
USD/kg in 2024 to around 2.34-2.365 USD/kg by 2050.

From an infrastructure perspective, recent studies emphasize a shift
toward modular and decentralized offshore hydrogen platforms. An
increasing number of studies have investigated the integration of ocean
energy with hydrogen production [22,23], as summarized in Table 1.
However, most existing studies treat energy capture, energy storage, and
hydrogen production as loosely coupled or sequential modules, with
limited emphasis on dynamic interactions and coordinated
co-simulation. Moreover, operational constraints of PEM electrolyzers,
such as minimum voltage and power thresholds [24], further complicate
their integration with intermittent marine energy sources. In particular,
systematic investigations that explicitly integrate hybrid wave-tidal
energy with hydrogen production under realistic ocean conditions
remain scarce.

Offshore hydrogen storage is likewise an essential aspect that cannot
be overlooked. Meharban et al. [33] and Pham et al. [34] demonstrate
that repurposed oil and gas structures and floating renewable-based
platforms can provide scalable solutions for exploiting distant offshore
resources while avoiding the need for subsea power transmission. In
parallel, national-scale demonstration projects in Germany, Japan, and

Table 1
Summary of recent studies on ocean energy-hydrogen production system.
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China increasingly couple offshore renewables with PEM electrolyzers
and large-scale hydrogen storage solutions, such as salt caverns and
onboard compressed hydrogen systems, to mitigate intermittency and
enhance supply stability under offshore conditions [15,35]. Collectively,
these studies reveal a clear trend from isolated component-level opti-
mization toward coordinated offshore system integration. However,
systematic investigations of integrated offshore hydrogen platforms that
explicitly couple wave and tidal energy with offshore hydrogen pro-
duction remain largely unexplored, reinforcing the need for modeling
frameworks that jointly consider energy conversion, hydrogen storage,
and marine infrastructure constraints.

Despite growing interest, system-level modeling approaches capable
of capturing the coupled dynamics and complexity of such integrated
offshore systems remain insufficiently developed. Conventional
modeling of WECs [36,37] and TECs [38,39] often relies on simplified
representations, such as wave energy flux formulations, linear wave
theory, or parameterized tidal power equations, which facilitate
analytical treatment but inadequately represent real ocean dynamics
[40,41]. PEM electrolyzer models commonly adopt macroscopic energy
balance approaches [27,29], yet transient electrochemical responses
under fluctuating power inputs are rarely addressed [42,43]. Although
hydrodynamic time-domain simulations have been employed in some
integration studies [44], and data-driven approaches have been
explored for wind-hydrogen systems [45], most existing work continues
to rely on generalized device behaviour and statistical representations. A
significant limitation in current research is the lack of integrated
co-simulation frameworks capable of capturing time-varying ocean en-
ergy inputs, battery energy buffer, dynamic response of PEM electro-
lyzers, and the coordinated operation of energy capture devices and
storage systems. Such frameworks are particularly critical for hybrid
wave-tidal systems, where multi-source fluctuations interact across
subsystems, and are essential to accurately represent both individual
device performance and system-level integration dynamics.

In summary, existing studies on offshore renewable hydrogen pro-
duction still exhibit several critical limitations at the system-integration
level. First, wave and tidal energy are typically treated as independent or
weakly coupled resources, which limits the understanding of their co-
ordinated contribution under realistic marine conditions. Second, many
existing modeling approaches rely on idealized sea states or continuous
input formulations, which are insufficient to represent the stochastic and
intermittent nature of real ocean environments. More importantly,
current studies largely focus on individual devices or isolated sub-
systems, and lack an integrated framework that simultaneously captures
energy conversion, energy buffering, electrochemical hydrogen pro-
duction, and storage constraints in a unified manner.

To address these gaps, this paper develops a system-level co-simu-
lation framework for offshore hydrogen production powered by hybrid

Team System Power capacity H, production rate Exergy Energy efficiency
efficiency
Sanchez-Dirzo et al. Blow-Jet WEC + PEM electrolyzer 0.37 W 7.37 x 10"® kg/h / Current efficiency 88.99%~90.58%
[25]
Molina-Salas et al. Offshore OWC + PEM electrolyzer Scale-dependent / 30%~60% /

[26]

Kenez and Dincer Offshore wind farm + PEM electrolyzer 2.0 x 107 W
[27]

Mebhrenjani et al. [28] Multi-source platform (ocean thermal, 1.43 x 10°W
wind, solar)

Bekgi et al. [29] Oscillating wave surge converter + PEM 1.0 x 10°W
electrolyzer

Kurniawan et al. [30] OWC wave energy system 422 x 10°W

(average)
Ozturk & Dincer [31] Integrated solar-wind-wave system 7.5 x 10°W

Gursoy & Dincer [32]  Solar-ocean integrated plant

power)

1.63 x 107 W (net

360 kg/h (liquefied Overall 7.95% Overall 25.64%

Hy)
3.96 kg/h Overall /
16.02%
0.38-0.39 kg/h / 41.5-46.4 kW h/kgH,
0.07 kg/h / WEC 0%~20%, PEM electrolyzer
56%~77%
0.15 kg/h / /
450 kg/h 16.61 % 15.83 %
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wave-tidal energy. Building upon previously validated device-level
modeling approaches, the proposed framework embeds a full-scale
hybrid wave-tidal energy converter as one subsystem within a coupled
system that integrates battery energy storage, PEM electrolysis, and
hydrogen storage. Real stochastic wave and tidal data from UK offshore
waters are directly incorporated, enabling long-term performance
assessment under realistic operating conditions. Furthermore, by
explicitly considering underground hydrogen storage potential, the
proposed framework links marine energy conversion with offshore
infrastructure constraints and platform configuration, allowing the
impact of storage strategy on rated power design and hydrogen pro-
duction capacity to be systematically evaluated. This integrated
approach moves beyond scenario-based assembly of individual models
and provides a holistic basis for the design and assessment of offshore
hybrid renewable hydrogen platforms.

The rest of this paper is organized as follows: Section 2 briefly out-
lines the system architecture. Section 3 covers the HWTEC design and
discretization nonlinear modeling with experimental validation. Section
4 presents the engineering-level PEM electrolyzer modeling. Section 5
details the system integration, performance evaluation and deployment
case. Section 6 concludes the work.

2. System overview

The PEM electrolyzer hydrogen production system proposed for
offshore platform in this study enables the conversion of ocean energy
into electricity, which is then used to produce hydrogen via a PEM
electrolyzer. This approach facilitates the transformation of ocean en-
ergy, typically challenging to store or transmit over long distances, into
hydrogen, a more manageable and transportable energy carrier.

The system comprises two primary components: the HWTEC and the
offshore platform (Fig. 1). The HWTEC consists of waterproof casing,
buoy, turbine, nonlinear motion rectification and coupling device
(NLMRCD), and generator. The offshore platform accommodates the
supercapacitor module and battery, PEM electrolyzer, and hydrogen
storage vessels. The HWTEC is deployed near the offshore platform. The
buoy captures wave energy through vertical oscillation, while the
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turbine, guided by tail fins, aligns with tidal currents to extract tidal
energy. These two energy sources are mechanically coupled via the
NLMRCD, which rectifies and combines their motion into a unidirec-
tional rotation to drive the generator. The generated electricity is
transmitted through a short subsea cable to the offshore platform, where
it is rectified and temporarily stored in the supercapacitor module and
battery. These modules stabilize voltage and buffers power fluctuations,
providing a steady power supply to the PEM electrolyzer. The electro-
lyzers use desalinated seawater as feedstock to produce hydrogen, which
is then preliminarily compressed and stored in onboard hydrogen ves-
sels. The oxygen byproduct can also be utilized to improve the system
overall economic value.

The system design allows flexible scaling of both HWTEC units and
hydrogen storage capacity, depending on the platform scale and func-
tion. Compared to direct electricity transmission, converting energy into
hydrogen avoids long-distance transmission losses and infrastructure
costs, offering a promising and adaptable solution for offshore renew-
able energy utilization.

3. Hybrid wave-tidal energy converter

A stable energy supply is essential for devices such as PEM electro-
lyzers, which are highly sensitive to voltage fluctuations. To meet this
requirement, this study proposes the HWTEC as energy supply unit. It
simultaneously harnesses tidal and wave energy, utilizing their com-
plementary characteristics to reduce the intermittency and fluctuations
of single-source energy.

3.1. NLMRCD design

As the core component of the HWTEC, the NLMRCD is designed to
rectify reciprocating mechanical motions and enhance output speed
(Fig. 2). It performs two key functions, mechanical motion rectification
and motion coupling, through a rack-pinion mechanical motion rectifier
(MMR) (Fig. 2a) and a bevel gearbox (Fig. 2b), respectively.

In the rack-pinion MMR (Fig. 2a), each gear mounted on the input
shaft is fitted with a one-way bearing and referred to as a “one-way gear”

Hydrogen Vessel
4 Hydrogen storage

Offshore Platformi |

PEM Electrolyzer
4 Hydrogen production

P Supercapacitor & Battery
Generator @ Power buffering and storage

# Electricity generation Eﬂ@c’mﬁc@ﬂ En@wgyJ
A

Fig. 1. Offshore platform PEM electrolyzer hydrogen production system powered by the hybrid wave-tidal energy converter.
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Fig. 2. Working principle of non-linear motions rectification and coupling device.

in this study. When the gear rotates in the engagement direction of the
one-way bearing, the bearing locks the gear to the shaft, allowing syn-
chronous rotation. Conversely, in the disengagement direction, the gear
rotates independently of the shaft. Two such one-way gears, oriented
identically, ensure that the input shaft rotates continuously in one di-
rection despite being driven by the reciprocating motion of the rack
assembly. Thus, this mechanism enables the oscillating vertical motion
of the buoy driven by wave action to be rectified into continuous uni-
directional rotation of input shaft #1.

Furthermore, one-way bearings exhibit an overrunning -effect,
allowing the driven shaft to continue rotating by inertia when the
driving speed decreases. This not only reduces input power demand but
also improves transmission efficiency. This design avoids mechanical
jamming, reduces impact and energy losses from frequent directional
switches, and significantly enhances transmission smoothness and effi-
ciency. Due to the nonlinear feature of this transmission process, the
overrunning effect requires special attention in system modeling.

The bevel gearbox (Fig. 2b) merges the unidirectional rotations from
both the turbine and the MMR to generate the final output. The output is
derived from the relative speed between these two inputs, which equals
the sum of their individual speeds. Consequently, compared with de-
vices that rely on a single input, the NLMRCD minimizes output speed
reduction or interruption when one of the input speeds becomes weak or
unstable.

In terms of system reliability, the mechanical complexity is not
substantially higher than other wave and tidal energy converters [2].
Existing studies indicate that gear mechanisms under safe loads can
achieve service lifespans comparable to those of wind turbines, even
when considering the effects of seawater corrosion and extreme weather
[46]. With regard to extreme offshore conditions, the design can
incorporate protective features in deployment to prevent damage in
storms.

3.2. Modeling methods

The modeling of HWTEC mainly includes two parts: the discretiza-
tion modeling method and the pseudo real-time waves (PRTW)
simulation.

Due to the incorporation of the overrunning effect and variable
damping, the acceleration is no longer solely determined by the input
force, it also depends on the current motion state of the driven compo-
nents. This makes traditional continuity equation method for deriving
acceleration functions inapplicable. In the discretization modeling
method, the continuity equation is discretized by dividing velocity into
small time increments (At) Between adjacent velocity points, a local
linear approximation is defined, to determine the corresponding accel-
eration. Hence, the instantaneous motion state can be solved directly.

In addition, to enable automatic determination of the state switching
between the overrunning phase (nonlinear) and the meshing phase
(linear), specific boundary conditions are defined. The reciprocating
motion of the buoy vy, is converted into unidirectional rotation of the
one-way bearings win; by the pinion-rack MMR. During overrunning,
input shaft #1 rotates faster than the one-way gears, introducing an
intermediate velocity variable 'iy;. Key variables include input torque
Min1, damping torque My, and equivalent moments of inertia of driving
components and driven components J; and J3. On tidal side, the tidal
turbine input w2 and the final output angular velocity wqy: drive the
generator. The boundary conditions for identifying the start of the
overrunning effect can be expressed as,

Mmid >0 Mmid =0
Mini — Mmia — Ma1 ~ Mmia — Ma3 Miny —Ma1  —Mas
= — < (@D)]
Jl J3 Jl J3
o = ) w1 = )
and for the end of the overrunning effect is,

Mmid =0 Mmid >0
My — My —Mas Miny — Mpig — Mar~ Miia — Mas

> — = (2

J1 J3 Jl J3

< W) o =)

In Egs. (1) and (2), angular velocity and acceleration are interde-
pendent due to the presence of damping. By discretizing the input ve-
locity, the angular velocities, accelerations and torque at each time step
can be calculated sequentially and used to determine the values at the
next step. Based on these above conditions, the equations of motion for
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HWTEC input shaft #1 in meshing phase can be given as:
My = (Jia1 +J303) + (C101 + C300u) + (Ma1 + Mas) 3

while in overrunning phase, it is presented as,

Min, = Jiay + ciwy + Mgy @
0 = Jzaz + c30our + M3
The equations of motion for HWTEC input shaft #2 is,
Minz = J2as + (C2 + €3)Wour + Maa %)

where, Mj,, represents the input torque of input shaft #2, while ay, ay
and a3 denote the angular accelerations of input shaft #1, input shaft #2
and the output shaft. J; is the equivalent moment of inertia of the tidal-
driving components. ¢; and c; are the viscous damping coefficients for
the wave-driving components and tidal-driving components, respec-
tively, whereas c3 represents the electrical damping coefficient of the
generator. Additionally, Mys is damping torque acting on input shaft #2.
The input torque Mj,; on shaft #1 can be converted into the input force
F;, from wave buoy, as follows,

Min1 = Fin'Tog (6)

where r,g is the radius of the one-way gear. The electrical damping
torque M, of the generator constitutes a significant portion in the
damping torque Mys.

kik
M. = 3000 = teTwout
@)
U= kewout .&
Rex Rin

where k¢ and k. are the torque coefficient and the back electromotive
voltage coefficient of the generator. U is the output voltage. Ri, and Rex
are the internal resistance and the external resistance in the circuit.

Preliminary simulations of the HWTEC, based on the above dis-
cretization modeling method and boundary conditions, reveal the ef-
fects of overrunning and wave-tidal coupling (Fig. 3). During the
overrunning phase, the required wave input force drops sharply
(Fig. 3a), while the minimum output voltage increases (Fig. 3c). The
coupling mechanism slightly enhances tidal input torque (Fig. 3b),
indicating improvement in energy extraction and rise in the voltage
minimum (Fig. 3c). These combined effects help mitigate voltage in-
terruptions, which is essential for stable offshore hydrogen production.
Though a small time-step misalignment error of At is introduced, it
simplifies the solution process and enables automated simulation.
Validation against experimental results shows that with At = 0.001 s,
the relative error remains within 0.5% [47].

The PRTW is introduced to address the lack of seconds-level wave
data in open seas, and to provide discrete, random wave data input for
validating the discretization modeling method. It is developed based on
Random Wave Theory and the trochoid equation, to overcome the
limitations of conventional sinusoidal wave assumptions and enhance
wave modeling realism. Experimental observations indicate that
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accurately represent real ocean conditions under wind influence [48]. In
order to enhance simulation accuracy while ensuring computational
efficiency, wave discretization is employed as a simpler and more direct
alternative to Fourier transform or spectral methods, facilitating inte-
gration with the discretization HWTEC model. The Gerstner wave model
describes water particle motion, capturing depth-dependent attenuation
effects [48]. Wave-breaking conditions follow the theory of Stokes,
where waves break when the wave steepness H/A exceeds 1/7, and
unbroken waves exhibit a crest angle exceeding 120°. Ocean conditions
are typically characterized by the significant wave height Hj /3 and the
average zero-crossing period T,. In the Random Wave Theory [48],
Rayleigh distribution effectively represents wave height distribution,
while Gaussian distribution generates random wave heights in ocean
simulations.

An analysis based on wave data at the selected site indicates that the
daily average wave energy density over 2024 spans a wide range from
0.74 to 526.20 kW/m (Fig. 4a). By binning the daily wave energy den-
sity using a step size of 5 kW/m, the distribution of occurrence days is
obtained (Fig. 4b). The results show that the most frequent energy
density range in 2024 is 10~15 kW/m, occurring on 41 days, while
energy densities between 5 and 20 kW/m account for a total of 111 days.
Based on this distribution, May 17, with a daily-averaged wave energy
density of 12.46 kW/m, which is close to the central value of the most
frequently occurring range, is selected as a representative operating
condition for device sizing and performance assessment. On this day,
data from the National Data Buoy Center (Station 62050-E1, 50.0°N,
4.4°W) shows that the significant wave height ranged in 1.0-1.6 m, with
a dominant wave period of 2~6 s. The scale parameter of the Rayleigh
Distribution for significant wave height is set to 1.6 m. The PRTW
generated from these parameters represents the instantaneous wave
profile. By dividing this profile by the wave phase speed, the time-
varying wave height at a fixed point can be obtained (Fig. 4c).
Assuming the instantaneous position of the buoy approximates the local
wave height, its velocity variation over time can be easily derived
(Fig. 4d).

3.3. Simulation and experiments validation

A dual-input test bench (Fig. 5a) is established to validate the
modeling and simulation. Two servo motors are employed to simulate
the reciprocating motion of waves and the rotation of the tidal turbine,
and a permanent magnet synchronous generator (PMSG). The parame-
ters are listed in Table 2. Multiple repeated tests are conducted under
various input conditions. These conditions include wave heights ranging
from 40 to 160 mm, wave frequencies between 0.2 and 1.0 Hz, and tidal
turbine speeds from 60 to 180 rpm [49].

As a representative case, the experimental results corresponding to
tidal turbine speed of 60 rpm, wave frequency of 0.6 Hz, wave height of
100 mm, and external load of 498.7 Q are presented in Fig. 4b-d and
summarized in Table 3. Simulation results indicate that the overrunning
phase accounts for 37.7% of the entire cycle. It is found that the simu-
lation can accurately predict the dynamic behavior of the HWTEC,

trochoidal waveforms incorporating longitudinal motion more particularly the nonlinear response due to the overrunning effect.
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Fig. 5. Simulation and test validation. (a) Test bench setup. (b)~(d) Comparison of simulation results and experiment results.

Despite mechanical tolerances and system noise, the experimental data
exhibit good agreement with simulation predictions, validating the
validity and reliability of the modeling approach. It is also observed that
the damping coupling introduces energy losses, causing a slightly lower
overall efficiency of the HWTEC compared to single source wave or tidal
energy converters. Nonetheless, the hybrid configuration enhances the
energy capture capability through wave-tidal synergy. Notably, the
concept of hybrid wave-tidal energy in increasing the minimum output
voltage is preliminarily validated, underscoring its potential in offshore
hydrogen production.

The prototype tests confirm the feasibility and accuracy of the dis-
cretization modeling. To further verify its applicability and generaliza-
tion, simulations for energy converters of different scales in real ocean
need to be conducted, where the lack of time series data with seconds
resolution of waves in open sea needs to be addressed. Hence, PRTW is
introduced to represent realistic sea states instead of the ideal sinusoidal
input used in experiments, thereby enhancing the practical relevance of
the simulation results [47]. The generated PRTW sequences are con-
structed under the assumption of a narrow-band, linear random sea
state, which has been widely adopted as a first-order representation in
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Table 2
Experiment setup parameters.
Generator type PMSG Gear ratio of tidal turbine  1:2
- gearbox
Generator rated power 400 W Gear ratio of wave racks - 1:1
input shaft
Generator rated 48V Servo motor rated power 3 kW
voltage
Generator rated speed 200 rpm Servo motor rated torque 9.8 Nm
AC/DC converter Bridge Servo motor torque 1.2Nm/
rectifier constant A
Moment of inertia J; 2.43 x 1072 Servo motor rotor inertia 7.72 kg
(mesh) kg m? cm?
Moment of inertia J; 2.28 x 1073 External resistor load 500 Q
(overrun) kg m?
Moment of inertia J, 1.02 x 1074 Stroke of NMLRCD +100
kg m? prototype mm
Moment of inertia J3 2.81 x 107* External load resistance 498.7 Q
kg m?
Table 3
Results summary and comparison of simulation and experiment.
Result parameters Simulation results Experiment results
Average wave energy input power (W) 8.9 9.2
Average tidal energy input power (W) 3.5 3.5
Average output power (W) 6.1 6.4
Efficiency 49.3% 50.4%
Minimum output voltage (V) 32.5 28.4
Maximum output voltage (V) 79.2 82.0
Ratio of min-max voltage 41.0% 34.7%

spectral-based wave modeling and ocean engineering applications. The
simulation of PRTWs in this work is conducted to generate a segment
containing 50 wave crests as wave energy input, with the time step of
0.001 s and wave speed of 6.0 m/s. The statistical distributions of wave
height and period are generated using the Rayleigh and Gaussian dis-
tributions, following the methodology described in Ref. [47]. A sinu-
soidal speed within 1 + 0.1 r/s is generated as tidal turbine input. The
load resistance is 1.0 kQ. The simulated input force, input torque, and
output voltage are shown in Fig. 6. The average input power and output
power are 402.8 W and 81.5 W, respectively, with the output voltage
ranging from 230.2 V to 394.9 V. Compared to the minimum voltage of
117.7 V without overrunning, the introduction of the overrunning effect
raised the minimum output voltage by 95.6% (Fig. 6b). This improve-
ment is undoubtedly encouraging for powering PEM electrolyzers.

To match the capacity and structural strength of the prototype, the
dimensions of the buoy and turbine are estimated. For a pontoon-type
float, the static displacement should be at least 0.12 m® to generate
sufficient driving force. To ensure response speed and robustness, the
maximum draft depth should exceed 2 m. A conservative estimate gives
a height of about 3 m and a cross-sectional diameter of 0.5 m. Assuming
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a tidal flow velocity of 1 m/s, a turbine radius of 0.2 m can meet the
torque requirement of 5 N m. Thus, the energy density is 415.3 W/m?,
which is considerable at this scale, and larger prototypes will be
necessary for practical applications.

4. PEM electrolyzer
4.1. PEM electrolyzer stack

The PEM electrolyzer stack adopted in this study prioritizes efficient
catalysis, uniform current distribution, low impedance, and adaptability
to the intermittent nature of wave and tidal energy, in order to ensure
compatibility with varying energy availability in different offshore re-
gions (Fig. 7).

Each unit cell consists of a proton exchange membrane (PEM),
catalyst layer (CL), gas diffusion layer (GDL), and bipolar plate (BPP).
The PEM is made of commercially mature Nafion series materials, of-
fering high proton conductivity, low gas permeability, and excellent
chemical stability. IrO5 and RuOs are typically used as the anode cata-
lyst, while Pt/C is employed as the cathode catalyst to enhance hydrogen
evolution reaction (HER) performance. The bipolar plates are con-
structed from titanium-based coated materials or carbon-based mate-
rials to minimize corrosion and improve electrical conductivity. The
parallel flow field is adopted for the bipolar plate channels design to
optimize water management and enhance overall cell performance.
Given the power fluctuations associated with the wave or tidal energy,
an external water-cooling system is implemented in the PEM electro-
lyzer to maintain an optimal operating temperature within 60~80 °C.
Additionally, a recirculating water system is utilized to sustain the
membrane hydration, preventing the performance degradation caused
by its dehydration.

4.2. Voltage modeling

The electrochemical reactions occurring at the interfaces between
the bipolar plate and the anode and cathode electrodes in each PEM unit
cell are the oxygen evolution reaction (OER) and the hydrogen evolution
reaction (HER), respectively.

Anode : H,O - 0.50, + 2H" + 2¢~ (8)

Cathode : 2H" +2e~—H, (C)]

The operating voltage V of a single PEM unit cell is primarily influ-
enced by various overpotentials.

V=Vocv + Vact + Vdiff + Vohm 10)

where Vv is the open circuit voltage, V, is the activation voltage, Vgt
is the diffusion overpotential caused by the mass transport, and Vohp, is
the ohmic overpotential caused by the resistances.
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Fig. 6. Performance simulation with discrete pseudo real-time wave data.



P. Chen et al.

C&moda

N

oxygea ol

‘Hydfogen

-

water

nx cells Y
(a)
<
Unit Cell

@ o P | el ngyeeet
- ® ' |
' S )
o ®
+ © o T ‘el

+5 [
ET T o %Wx "
+ | ,

(b)

Fig. 7. PEM electrolyzer stack and unit cell.

The open-circuit voltage Vi, defines the theoretical minimum
voltage required to drive the electrochemical reactions in PEM electro-
lyzer cells under ideal and no-current conditions, neglecting other
overpotentials.

_AG RT (aaza?)f)

VOCV7Z7F+27F (11)

anH,0

where AG is the Gibbs free energy change in the reaction. R is the gas
constant, which is 8.314 J/(molK). T is the electrolyzer operating
temperature, usually in the range of 333.16-353.16 K. z is the mole
number of electrons transferred in the electrolysis, which is 2 in this
study. F is the Faraday constant, which is 96485.3 C/mol. The activity of
species i, denoted as a;, is defined as @; = P;/P for an ideal gas, where P;
represents the partial pressure of species i and P, corresponds to the
standard atmospheric pressure. For liquid water, the activity ap,o is 1.0.
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The partial pressure of hydrogen and oxygen in this study are set as
3-35 MPa and 101 kPa, respectively.

The overall activation overpotential V, is the sum of the activation
overpotentials at the anode and cathode.

Vact = Vact,a+vact,c 12)

The OER at the anode is a four-electron process with relatively slow
kinetics, typically resulting in a higher activation overpotential Vet a. In
contrast, the HER at the cathode proceeds with faster kinetics and a
lower activation overpotential Vyct, ¢, although it remains non-negligible.
The activation overpotentials at the anode and cathode can be expressed
using the Tafel equations as follows:

RTa . -1 ] RTa ]
Vet o = h = I
N <2j0,a @F "\ Zjo

13)

14

where T, and T, present the anode and cathode operating temperature
respectively, which are regarded equal and equal to the operating
temperature T. a, and a. are the charge transfer coefficients of the anode
and cathode, which are 2.0 and 0.5 respectively in this study. The cur-
rent density j is usually in the range of 0.1-3.0 A/cm?. The jo,aandjocare
the exchange current density on the anode and cathode, which vary
greatly in different studies, ranging from 1.65 x 1078-2.00 x 1076 A/
cm? and 1.00 x 107°-1.00 x 107! A/cmz, respectively [43]. In this
study, values for a moderate operating condition are taken as 1.65 x
108 A/em? and 9.0 x 1072 A/em?, respectively.

The diffusion overpotential Vyif is caused by the mass transport,
which can be expressed by an equation derived from the Nernst
equation.

RTa Co s RTa CH S
Vs = 2 I 202 In (2 15
it = p n(Coz,b) + oF D<CH2'b) (15)

where Co, s and Cy, s are the oxygen and hydrogen concentrations on
electrode surface, respectively, Co,, and Cy, }, are the bulk concentra-
tions of oxygen and hydrogen. The ratios for oxygen and hydrogen are
usually ranged in 2.0-5.0 and 1.0-2.0, respectively, determined by the
reaction rate. If the gas is not discharged smoothly and accumulates, the
ratio will be higher.

The ohmic overpotential Vonny is caused by the resistances.

Vohm = Vohm,a+vohm,c + Vohm,m :jA'(Ra + Rc + Rm) (16)

where Vohm,a, Vohm,c and Vohm m are the voltages of anode, cathode and
membrane respectively, determined by their resistance R,, R. and Ry,. A
is the reaction area. The resistance values are selected according to
literature [42,43]. Specifically, the membrane conductivity (unit: S/cm)
is generally determined by the following empirical equation:
om =(0.0051391 — 0.00326)exp {1268 (L - l)} a7
303 T

where, 1 represents the membrane humidification degree, which ranges
14-25; a value of 20 is adopted in this study. At the current density of 1.0
A/cm?, temperature of 353.16 K, and a membrane thickness of 178 pm,
the membrane conductivity is 0.18 S/cm, corresponding to an ohmic
overpotential of 0.099 V. Since the ohmic overpotential loss caused by
the membrane resistance dominates the total ohmic overpotential, ac-
counting for approximately 63.6% [43], the variation of total ohmic
overpotential Vohy with temperature can thus be obtained.

The simulated operating voltage V required for a single PEM unit cell
under various current density conditions is presented in Fig. 8. As the
temperature increases, the overall cell voltage decreases, primarily due
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Fig. 8. Impact of key factors on the voltage behaviour in a PEM Electrolyzer
unit cell.

to the reduction of the reversible voltage. Conversely, an increase in
current density raises the required voltage. The rise in hydrogen partial
pressure increases gas removal resistance, thereby requiring a higher
voltage to sustain the electrolysis reaction. The cell voltage is relatively
insensitive to variations in operating temperature and hydrogen partial
pressure. Hence, the system integration can primarily focus on hydrogen
storage efficiency. The cell voltage is more sensitive to changes in cur-
rent density, necessitating a balance between electrolysis efficiency and
thermal management. Considering the power fluctuation features of
wave and tidal energy, a commonly used current density of 1.0 A/cm?
under partial load operations is selected in this study to ensure hydrogen
production efficiency, safety margins and system robustness. Under
these conditions, the required voltage for a single cell is approximately
2.0 V. Given the wide variation in reported values of electrode exchange
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current density in the literature, a sensitivity analysis was conducted to
examine its influence under the considered operating conditions. The
results indicate that, at a nominal current density of 1.0 A/cm?, varia-
tions in electrode exchange current density lead to a single-cell voltage
range of 1.9-2.3 V, which is consistent with the results of 1.8-2.3 V
reported in Ref. [43]. Such voltage variations induce only minor de-
viations in current density, which remain well within the stable oper-
ating window of the PEM electrolyser. Therefore, the power
configuration designed based on a nominal cell voltage of 2.0 V provides
sufficient operational margin to accommodate the entire voltage range
without compromising stable operation.

5. System integration and case study

With considering the site selection and local energy availability, the
integration of hybrid wave-tidal energy conversion systems with PEM
electrolyzer stacks prioritizes dynamic power matching and system
compatibility.

5.1. Site selection

By overlaying the wave energy distribution (Fig. 9a) and tidal energy
distribution (Fig. 9b) around the UK, the potential deployment areas for
HWTECs can be identified.

The wave and tidal resource datasets were obtained from the UK
Renewable Energy Atlas [50] and processed into raster layers for spatial
analysis in ArcGIS. These were combined to produce the integrated
hybrid wave-tidal energy potential map (Fig. 9c). Offshore wind farm
locations, depleted gas fields, and offshore pipeline routes were sourced
from the North Sea Transition Authority Data Centre [51] and spatially
overlaid on the combined energy map to highlight potential subsea
storage opportunities (Fig. 9¢). Building on this, a specific deployment
area was identified (Fig. 9d) by considering both the energy resource
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Fig. 9. Wave energy and tidal energy distribution and potential underground hydrogen storage sites around the UK.
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distribution and infrastructure availability.

Moreover, the West English Channel was also selected as one case
study area for offshore hydrogen production, due to its considerable
levels of wave and tidal energy and the availability of extensive marine
observation data. Its proximity to Atlantic shipping lanes also facilitates
hydrogen transport, making high-pressure hydrogen vessels a feasible
option for storage and delivery.

In addition to widely adopted pressure hydrogen vessels, under-
ground hydrogen storage (UHS) represents a promising alternative,
particularly for large-scale and long-duration storage. UHS stores
hydrogen in subsurface geological formations, enabling injection during
surplus production and withdrawal during demand peak. This approach
provides inter-seasonal energy balancing and improves grid flexibility
[52]. Additionally, the storage costs constitute a significant portion of
the LCOH, while UHS is crucial for increasing production and reducing
storage costs. Compared to the cost of approximately $700-850/kgH; in
stationary storage vessels [53], the average cost of UHS is no more than
$1.5/kgH, [54]. The UHS assessment also provides a fundamental basis
that allows realistic evaluation of deployment sites, accounting for
multiple hydrogen storage methods and avoiding misjudgement of in-
dustry feasibility. Among various geological options, depleted gas fields
are considered highly suitable due to their proven capacity to safely
retain pressurized gas over geological timescales. Hence, the connection
between underground hydrogen storage (UHS) and offshore hydrogen
production platform is an essential practical basis of the case study.
Specifically, the large storage potential offered by UHS allows for the
reduction or even omission of onboard hydrogen vessels when planning
platform deployments, allowing more hydrogen production systems
deployed. This directly decides the design of rated power, platform
configuration and site selection in this paper.

A recent national assessment using Geographic Information System
(GIS) screened 71 depleted gas fields in the UK based on reservoir
quality, injectivity and deliverability, storage capacity, cushion gas re-
quirements, and infrastructure accessibility [55]. Among the evaluated
sites, the waters around the Shetland and Orkney Islands were identified
as the most suitable region for integrated offshore hydrogen production
and storage (Fig. 9c and d). The Edradour gas field located here, offers a
promising combination of geological and infrastructural advantages. It
features high-quality reservoir rock with average porosity of 17.5% and
permeability of 340 mD, enabling excellent injectivity and deliver-
ability, up to 2 x 10® sm3/d. This supports an estimated working gas
capacity of around 10 billion sm>, equivalent to approximately 27 TWh
of energy storage. Furthermore, the low cushion gas ratio (approxi-
mately 1:1) here significantly reduces initial gas injection requirements
and associated costs. Its existing connection to the Sullom Voe gas ter-
minal and offshore pipeline network further enhances its suitability by
minimizing infrastructure development.

These two selected deployment regions can consider the assessment
of both production potential and storage feasibility, laying the ground-
work for future integrated offshore hydrogen systems.

In 2024 (Table 4), the monthly average significant wave height at the
selected site ranges from 1.0 to 2.1 m, and the dominant wave period
varies between 7.5 and 12.7 s [56]. The annual mean tidal stream speed
exceeds 1.0 m/s [57]. To match current small-scale offshore platforms
with the wave-facing width of approximately 20~50 m, the diameter of
individual WEC buoys is preferably no greater than 6 m. Compatible
tidal turbines typically have an equivalent blade length of no more than
3 m. The power that each such HWTEC can output ranges from 6.9 to
25.1 kW (Table 4). Wave and tidal energy resources exhibit seasonal
variability, with significantly higher power availability during spring
and winter compared to summer and autumn.

However, due to the occasional occurrence of extreme sea conditions
in spring and winter, wave and tidal energy in a portion of high-energy
scenarios cannot be captured for safety reasons. Consequently, the
useable energy exceeding the rated capacity of the electrolyzers is not as
abundant as the data might suggest. Hence, the installed capacity of the
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electrolyzer system can be appropriately reduced to ensure efficiency
and save budget.

5.2. Power matching

To ensure consistent power matching across different scales, the full-
scale HWTEC is designed to simulate real marine deployment. It is
important to notice that, the scaling between application-scale device
and laboratory-scale prototype is functional, rather than proportional.
Dimensions of the full-scale system are determined based on the strength
and power demands (Fig. 10 and Table 4) of key components such as
shafts, gears, bearings, and generators, rather than proportional scaling.
Such functional sizing and verification methods are widely used in wave
or tidal energy conversion studies [7,22], regarded sufficient at this
stage to ensure consistent power matching across different scales. More
detailed scale considerations and standardization will be addressed in
future development stages. According to the scale of offshore platforms
and HWTEC dimensions mentioned above, this study proposes deploy-
ing a 2 x 3 array of full-scale HWTECs aligned with the wave propa-
gation direction, with each buoy diameter of 6 m and turbine blades
equivalent length of 3 m. To minimize hydrodynamic interference, the
devices are spaced >60 m apart in tidal streamwise direction and >20 m
apart laterally. Under the daily ocean conditions simulated in Section
3.3, a time-domain simulation lasting 420 s (Fig. 10) is conducted to
assess the input conditions and output performance of each full-scale
HWTEC.

The peak input forces and input torque from waves and tides reach
146.5 kN and 2.16 kN m, respectively, with average input powers
contributing 26.1 kW and 10.2 kW (Fig. 10b). The peak output voltage
reached 375.2 V (Fig. 10c), and the average output power is 10.8 kW.
The total average power generated by 6 sets of full-scale HWTECs rea-
ches 64.8 kW, with rated power of 108.0 kW.

Reported offshore platform applications indicate that the typical
average power demand for daily operations generally ranges 20-50 kW,
such as the multi-purpose platforms in Ref. [58]. Compared to the
electricity cost required for PEM electrolyzer operation, the cost of
producing water of necessary quality for the electrolyzer is significantly
lower, resulting in a minimal impact on the overall hydrogen production
cost, accounting for less than 2% [59,60]. The power consumption of
pumps and compressors covers 1%~4% [60]. Considering the PEM
electrolyzer capacity factor of 70~90% for optimal economics [61] and
power margin about 20%, the rated power of the PEM electrolyzers is set
approximately 78.0 kW (capacity factor of 72.2%) to balance the effi-
ciency and cost. This capacity is well matched to the local wave and tidal
energy potential, supporting operation near full load for most of the time
while maintaining safety margin.

With a current density of 1.0 A/cm? and a single cell voltage of 2.0 V,

Table 4
Input parameters and output power of HWTEC based on 2024 data.
Month ~ Wave energy input Tidal Total
energy
input
Significant Wave Dominant Wave Stream Average output
Height (m) Period (s) speed (m/s)  power (kW)
Jan. 1.9 12.4 1.0 20.7
Feb. 2.1 12.7 1.0 25.1
Mar 1.8 11.6 1.0 18.4
Apr. 1.6 9.1 1.0 11.9
May. 1.0 9.0 1.0 6.9
Jun. 1.2 7.5 1.0 7.4
Jul. 1.1 8.0 1.0 6.9
Aug. 1.5 9.5 1.0 11.3
Sep. 1.2 8.5 1.0 8.3
Oct. 1.5 11.4 1.0 12.7
Nov. 1.2 10.5 1.0 9.5
Dec. 2.1 10.7 1.0 21.1
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Fig. 10. Simulation of single full-scale HWTEC in pseudo real-time wave conditions.

the total active membrane area required is 39,000 cm? Using
commercially available PEM units with an individual active area of 250
em?, a total of 156 cells is required. To alleviate thermal management
pressure, the system is divided into three PEM stacks, each comprising
52 cells. The volume of each PEM stack can be kept below 200 L.

The supercapacitor module is allowed to charge to the rated voltage
within a few minutes during system startup. Once fully charged, it is
connected to the PEM electrolyzer, serving as temporary energy storage
and voltage buffer. Its charge/discharge and energy storage capacity are
as follows:

1 2 2

B =5C(Vig— Vi) as)
where Ej is the energy stored or released, C is the capacitance, V;gnh and
Viow are the initial and final voltages during charging or discharging,
respectively. This study proposes to use 6 supercapacitor modules, each
with rated voltage of 104 V to buffer voltage fluctuations for the PEM
electrolyzer, maintaining voltage above 80% of the rated value for at
least 20 s and above 5% for up to 5 min, thus reducing shutdown and
restart events. Based on Eq. (18), each supercapacitor module requires
the capacitance of 600.6 F and energy capacity of 0.9 kW h. At an
average input power of 10.8 kW, it can be charged to the rated voltage
within around 5 min, and reach the minimum startup voltage (5% of
rated) of the PEM electrolyzer within a few seconds. Referencing
commercially available supercapacitor cells, each complete super-
capacitor module, including cooling, is estimated to remain under 300 L
in volume, making integration technically feasible. Considering that
peak power in high-energy seasons may exceed the average by several
times, dynamic allocation of HWTEC units is recommended to balance
input and prevent overload. Under extreme conditions, active discon-
nection strategies may be employed to protect system components.

In terms of compatibility, most generators used in renewable energy
systems are alternating current (AC) generators, as they help reduce
maintenance costs and improve efficiency. However, both PEM elec-
trolyzers and the supercapacitors introduced for temporary energy
storage and voltage buffering require direct current (DC) power.
Therefore, rectifiers are essential to convert the AC output into DC
power. Additionally, the installed capacity of the HWTEC, the storage
capacity of the supercapacitor, and the rated power of the PEM elec-
trolyzer must be coordinated according to the offshore platform sce-
nario, to ensure the energy capture and conversion efficiency of ocean
energies.
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5.3. System co-simulation

Based on the dynamic model of the HWTEC, the electrochemical
model of the PEM electrolyzer, and their power matching, a co-
simulation framework is established in Matlab and Simulink to pro-
vide the common simulation environment, unified data format, and
seamless interoperability. In this framework, the HWTEC output calcu-
lated by the sub-module in Ref. [47] can input the ESS, and then power
the PEM electrolyzer. The battery-electrolyzer coordination strategy
controls the energy distribution based on the battery parameters
(Table 5) and output power of HWTEC. Specifically, electrolyzers start
when HWTEC output power buffered by the supercapacitor exceeds 10%
of rated power; extra power above rated power of electrolyzers charges
the battery up to its maximum depth. The battery discharges to support
the electrolyzer when HWTEC power drops below rated and
state-of-charge exceeds 40%, while charging and discharging are limited
by predefined depth thresholds to avoid frequent cycling. The above
process enables direct data transmission and co-simulation of the inte-
grated system to determine the hydrogen production rate. The hydrogen
production rate is,

. IMy,
my, = .

> = o Mt 19

where, my, is the mass of hydrogen generated per unit time, I is the
instantaneous current, My, is the molar mass of hydrogen, 7 is the
Faradaic efficiency, which is 96% in this study [62].

The voltage and hydrogen production rate of the PEM electrolyzer
are simulated as Fig. 11. To ensure a stable voltage supply, HWTECs are
connected to the system initially to charge the supercapacitor modules,
while the PEM electrolyzers remain offline (Fig. 11a). The super-
capacitors reach the rated voltage within 300 s (Fig. 11b), after which
the PEM electrolyzer is connected, causing a slight voltage drop. During
the stable operating period from 300 s to 600 s, the HWTECs maintain
the electrolyzers voltage close to the nominal level, enabling efficient
operation in the optimal range. The hydrogen production rate ranges
from 1226.6 to 1417.3 g/h, yielding total output of 544.4 g over 10 min
(Fig. 11c). To simulate simultaneous wave and tidal pauses, HWTECs are
disconnected at 600 s. The supercapacitors sustain the electrolyzer
voltage above 80% of the nominal value for 86 s (Fig. 11b), exceeding a
typical wave period. This indicates that the integrated system can
maintain a hydrogen production rate above 1081.7 g/h under typical
short-term fluctuations in wave and tidal energy.
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Table 5
Parameters of the battery in co-simulation.
Rated voltage 320V Useable capacity 20kWh
(300~350V)
Round-trip 95% Max charge power 8 kW (0.4 C)
efficiency
Depth of discharge 90% Max discharge 10 kW (0.5
power Q)

Additionally, to absorb excess power under high-energy conditions, a
lithium battery with useable capacity of >20 kW h (nominal capacity of
24 kW h) and backup hydrogen storage vessels are recommended for
each HWTEC, forming a hybrid energy storage system. In this configu-
ration, the supercapacitor manages transient power fluctuations, while
the lithium battery provides average power compensation. Simulation
results show that when the output power of each HWTEC fluctuates
around 20 kW, the lithium battery can be fully charged in at least 3 h
while simultaneously supporting PEM electrolyzers. Under low-energy
conditions of approximately 3 kW, it can sustain the continuous PEM
electrolyzer operation, with full-load for about 2 h or with 60% rated
power for about 4 h. This setup improves energy utilization, supports
auxiliary demands such as hydrogen processing and compression, and
helps offset production shortfalls during low-energy periods.

5.4. Configuration and deployment

It should be emphasized that the configuration of the small-scale
offshore platform presented here is intended as a representative case.
In practical deployment, multiple such platforms would be installed as a
cluster, enabling the overall production capacity to be increased as
required. This clustered approach allows the scaling of hydrogen output
without increasing individual platform complexity, while fully exploit-
ing the storage potential of the selected subsurface sites.

According to the power demand mentioned previously, a partial load
of 40 kW can be assumed as a representative scenario. Approximately
173.0 kg of hydrogen is required to sustain 72 h of energy supply,
considering the efficiency of 50% based on the lower heating value
(LHV) of hydrogen.

In summary, the deployment configuration of the integrated hybrid
wave-tidal energy powered PEM electrolyzer system for small-scale
offshore platforms can be summarized as Fig. 12. Regarding space re-
quirements, the fresh water storage needed to support one week of
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continuous operation of the 40 kW PEM electrolyzer is estimated at 2.3
m®, accounting for engineering factors such as circulation losses and
safety margins. The volumes required for the PEM electrolyzer stack and
battery system are approximately 200 L and 300 L, respectively.
Considering additional auxiliary equipment and assuming a platform
occupancy factor of 50%, the total effective space required for the
complete system can be maintained below 8.4 m>. For comparison, if the
hydrogen produced were to be stored entirely onboard using 35 MPa
high-pressure storage vessels with quarterly offloading and a storage
efficiency of 70%, the required space would increase dramatically by
146.4 m> per season. This represents an 18.4-fold increase compared to
the use of UHS. Such a large space requirement would significantly
encroach on available platform deck area, resulting in a substantial
reduction in hydrogen production capacity for a given platform foot-
print and a marked increase in the LCOH. This highlights the key
advantage of UHS in offshore hydrogen production, enabling compact
platform layouts while maintaining high production capacity.

The spatial layout of the offshore platform and HWTECs is illustrated
in Fig. 13a. For above integrated system, the monthly hydrogen pro-
duction rate in 2024, calculated by using the wave and tidal parameters
in Table 4 together with the output performance of the integrated sys-
tem, is illustrated in Fig. 13b, with an estimated annual yield of 12.4 t.
Under non-extreme sea conditions, the system with rated hydrogen
production of 2.0 kg/h can operate at over 70% capacity mostly during
spring and winter, while simultaneously supplying surplus electricity for
additional onboard demands such as heating. In this scenario, the
hydrogen production energy consumption (LHV) ranges from 46.8 to
55.7 kW h/kgHs. In summer, although resource availability decreases,
the system can still meet typical power demand of approximately 40 kW
on platform. Even in July, the lowest production month, the system can
startup when the input power reaches the minimum operation power
(~5% of rated power) produce 608.0 kg of hydrogen, sufficient to power
the platform for approximately 10.5 days. Even under extremely low-
energy conditions, where the input power falls below 5% of the PEM
electrolyzers rated capacity, the temporary energy storage system
composed of the battery and supercapacitor can still store and accu-
mulate the captured energy. Once the discharge conditions are met, it
continues to supply power to the PEM electrolyzer, thereby enabling full
utilization of all the available energy during low-energy periods.
Considering the HWTEC efficiency of 29.8% and the average efficiency
of PEM electrolyzers of 69.4%, the overall efficiency of the integrated
system is estimated to be 18.5%~21.6%. Compared with similar hybrid
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Fig. 11. Simulation of supercapacitor voltage and hydrogen production.
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Fig. 12. Integration configurations of the hybrid wave-tidal energy powered PEM electrolyzer system.

systems reported in previous studies, which achieved efficiencies of
15.4% [15,30]0.83% [32], and 25.64% [27], the proposed hybrid
wave-tidal energy hydrogen production system demonstrates a
competitive overall efficiency. These results demonstrate that, with
proper energy management strategies, it is feasible to maintain a
net-positive hydrogen reserve on such small-scale offshore platforms
under comparable resource conditions.

For offshore platforms deployed around the Shetland Islands, higher
available wave and tidal energy allows for greater deployment capacity
and scale of HWTECs. When integrated with the nearby offshore wind
farms, hydrogen production can be further enhanced significantly,
enabling the use of existing pipeline infrastructure to inject hydrogen
into surrounding underground storage formations.

6. Conclusion

This study develops an integrated offshore hydrogen production
system coupling a hybrid wave-tidal energy converter (HWTEC) with a
proton exchange membrane (PEM) electrolyzer, establishing a co-
simulation framework for end-to-end analysis from ocean energy in-
puts to hydrogen output. The main contributions and findings are
summarized as follows:

(a) System-level integration and modeling

A full-scale HWTEC was designed and included as a sub-module,
which enables direct use of real stochastic wave and tidal data and
provides discretized nonlinear power inputs for subsequent sub-
modules.

A unified co-simulation framework couples HWTEC, battery storage,
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PEM electrolyzer, and hydrogen storage, allowing coordinated evalua-
tion of energy conversion, buffering, and hydrogen production under
realistic offshore conditions.

(b) Simulation validation and performance assessment

Based on measured wave and tidal data from the English Channel, a
conceptual offshore platform with six HWTEC units achieved average
output of 64.8 kW and an estimated annual hydrogen yield of 12.4 t,
with specific energy consumption of 46.8-55.7 kWh/kgH, and exergy
efficiency of 21.4-25.3%.

(c) Enhanced operational continuity and storage utilization

Coupling wave and tidal energy with battery buffering mitigates
intermittency, providing a controllable power input to the electrolyzer.
This enables the conversion of intermittent offshore renewable elec-
tricity into storable and transportable hydrogen.

The framework incorporates subsea underground hydrogen storage
(UHS), which reduces the required platform storage volume by a factor
of 18.4 compared to conventional high-pressure vessels, thereby
enabling higher hydrogen production capacity, and also facilitating
cost-effective hydrogen distribution for large-scale deployment.

In summary, this study presents a system-level framework inte-
grating hybrid wave-tidal energy, battery energy storage, PEM elec-
trolysis, and subsea underground hydrogen storage, directly
incorporating real offshore conditions. The framework enables coordi-
nated assessment of energy conversion, storage efficiency, and hydrogen
production under stochastic marine environments, providing a scalable
and practical tool for the design and optimization of offshore hybrid



P. Chen et al.

A

Energy 347 (2026) 140308

Rated hydrogen production rate (kg/h)
| Actual hydrogen production rate (kg/h)

%\ | Production rate beyond system capacity (kg/h)

Fig. 13. Spatial layout of the offshore platform and HWTECs, with simulated monthly hydrogen production rate based on 2024 data.

renewable hydrogen platforms. Despite its advances, limitations remain,
including seasonal variability of wave and tidal resources, the simplified
dynamic representation of the PEM electrolyzer, and the absence of
detailed techno-economic evaluation. Future work will extend the
framework to incorporate comprehensive economic analysis and refined
underground hydrogen storage assessments to evaluate commercial
viability for large-scale deployment.
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