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ABSTRACT: Floating offshore wind-based green hydrogen production has emerged as a viable alternative
to conventional electricity generation and transmission. Large scale, long duration offshore hydrogen
storage is a critical component. A subsea isobaric hydrogen storage concept is proposed in this study. A
detailed levelized cost of storage (LCOS) analysis is conducted from the perspective of life cycle
assessment for the first time. The findings yield several new insights and provide recommendations for
optimizing the techno-economic performance of subsea isobaric hydrogen storage technology.
Transportation and installation costs are significant contributors to overall expenses. In the benchmark
scenario with a 200-m water depth and a weekly cycling rate, the calculated LCOS is 0.52 USD/kg Ho,
which is substantially lower than that of conventional pressurized container storage with the value of 1.33
USD/kg Hz. And the LCOS decreases with the increasing water depth. The LCOS is 0.14 USD/kg H2 when
the water depth is 800 m. Sensitivity analysis reveals that the LCOS is primarily influenced by the hydrogen
storage accumulator, while the impact of the wind farm is marginal. The LCOS demonstrates high
sensitivity to water depth of storage, storage volume per hydrogen accumulator, and the lifetime of
hydrogen accumulators. These results provide valuable guidance for the design and deployment of cost-
effective subsea isobaric hydrogen storage systems.

Keywords: Green hydrogen; Offshore renewable energy; Levelized cost of storage; Hydrogen storage;
Subsea; Isobaric; Energy storage; Offshore wind

1. Introduction

Renewable energy has been recognized as a fundamental part of the sustainable and clean energy vision.
Among various renewable solutions, wind energy emerged as one of the most promising and fast-growing
technologies. In recent years, the development of wind energy has been notably transferring from onshore
to offshore and from shallow water to deep water. This transition is driven by several advantages of deep
offshore wind, including greater energy potential, less turbulence, higher capacity factors, and fewer
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conflicts. According to the Global Wind Energy Council, around 80% of global offshore wind resources
are located in deep-water regions. Nevertheless, the inherent fluctuations and intermittency of offshore
wind remain significantly challenging for the economic transmission and effective utilization of offshore
wind electricity, particularly in remote deep-sea areas. These challenges become increasingly pronounced
with higher penetration levels of wind energy in power systems. Large scale, long duration energy storage
is a promising solution for solving this issue, such as pumped hydro energy storage, compressed air energy
storage, battery energy storage, thermal energy storage, gravity energy storage, hydrogen energy storage,
and carbon dioxide energy storage, etc. [1,2]. While onshore energy storage technologies have been
booming in recent years, their offshore counterparts remain relatively underdeveloped. This lag primarily
stems from the high requirements for energy density, reliability, safety, and cost-effectiveness in marine
environments. Currently, several concepts are undergoing mini-scale and small-scale demonstration, such
as underwater compressed air energy storage, subsea pumped hydro energy storage, underwater hydro-
pneumatic energy storage, and floating/subsea battery energy storage. However, to date, no commercially
viable offshore energy storage technology has been established for practical engineering implementation in
offshore wind farms [3,4].

With the rapid growth of the hydrogen economy, offshore wind-based green hydrogen production has
been regarded as an alternative to conventional electricity generation and transmission, particularly in
remote and deep-sea regions [5—7]. Green hydrogen is widely recognized as an important enabler of
decarbonization for hard-to-abate industry sectors [8,9]. Although the levelized cost of green hydrogen is
still much higher than that of grey and blue hydrogen, offshore wind-based green hydrogen could become
a competitive and sustainable energy solution in the near future [10—12]. Several offshore wind-to-hydrogen
projects have been planned and implemented worldwide, as documented in references [4,13]. Compared
with more mature mechanical energy storage and battery energy storage technologies, hydrogen energy
storage offers distinct advantages in terms of energy density and long-duration storage capacity. Despite
the well-documented challenges associated with water electrolysis for green hydrogen production, there are
also non-negligible challenges in large-scale hydrogen storage, especially for offshore storage. A practical
offshore hydrogen storage solution should demonstrate excellent comprehensive performance on safety,
reliability, and cost-efficiency, considering the harsh and complex offshore environment and high capital
expenditures of ocean engineering. Among existing hydrogen storage methods, compressed gaseous
hydrogen storage is the most feasible option for offshore applications. This is due to the high costs and
logistical complexities of liquid hydrogen storage, as well as the current immaturity and high expenses of
solid-state hydrogen storage technologies. Consequently, this study focuses exclusively on compressed
gaseous hydrogen storage as the most practical solution for offshore deployment in the short term.

Figure 1 summarizes potential solutions of offshore hydrogen storage. Overall, it can be categorized
into floating/onboard storage and subsea storage. Figure 1a shows several concepts of conventional floating
and onboard hydrogen storage. The produced green hydrogen is stored in high-pressure H> tanks mounted
on the decks of wind turbines, platforms, and ships. Floating/onboard H: storage benefits from
technological maturity derived from analogous floating/onboard natural gas storage. Nevertheless, several
critical challenges persist: (1) safety and reliability concerns arising from the explosive nature and high
permeability of hydrogen, (2) material degradation and lifetime issues caused by harsh marine environment
(e.g., storm load, vibrational stresses, saltwater corrosion, and high humidity), and (3) significant platform
space requirements for accommodating hydrogen tank arrays, which substantially increase capital
expenditures. Furthermore, sophisticated management is indispensable in terms of safety and heat,
especially in charging and discharging processes. Overall, the floating/onboard storage is within reach but
tends to be less optimal in following operation and maintenance phases, especially for large-scale long-
duration storage. In contrast, subsea hydrogen storage has emerged as a promising alternative for stationary,
large-scale hydrogen storage. Three different modes of subsea hydrogen storage are schematically
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illustrated in Figure 1b—d. The subsea storage provides inherent advantages: (1) enhanced safety through
physical isolation, (2) elimination of platform space constraints, and (3) simplified thermal management by
taking advantage of the enormous heat sink of seawater. Maintenance accessibility will likely be more
difficult than floating/onboard storage. Therefore, the high reliability is a critical issue for subsea storage.
These three modes of subsea hydrogen storage exhibit fundamental differences. In Figure 1b, compressed
hydrogen is still stored in high-pressure tanks. In Figure 1d, compressed hydrogen is stored in a sub-seabed
geological reservoir. Subsea tank storage is not geologically limited, while subsea geological storage is
completely geologically limited. Although extremely large-scale storage can be achieved in subsea
geological storage, there are still high uncertainties and many challenges [ 14]. In both concepts, the pressure
of hydrogen changes in the charging and discharging processes. Figure 1c shows a concept of subsea
isobaric hydrogen storage, that is, the pressure of hydrogen is constant in the charging and discharging
processes. Therefore, the hydrogen storage accumulators do not need to be high-pressure vessels. The
structure and cost could be significantly simplified and reduced.
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Figure 1. Potential solutions of offshore hydrogen storage: (a) floating/onboard storage; (b) subsea tank storage; (c¢) subsea
isobaric storage; (d) subsea geological storage.

As an emerging technological solution, subsea isobaric hydrogen storage has received limited research
attention to date. A detailed investigation on the origin and development of subsea isobaric hydrogen
storage can be found in reference [4]. Wang et al. developed a concept with a reinforced concrete structure
and conducted a CFD simulation and a modal analysis. It revealed that the risk of vortex-induced vibration
fatigue damage was very low [15]. Hunt et al. briefly investigated the economy and global potential of
isobaric hydrogen storage with gravel and steel pipes in lakes and reservoirs [16]. The results showed that
the levelized cost of hydrogen storage could be 0.17 USD/kg H> at 200 m depth, and the worldwide capacity
potential could reach 15,000 TWh. Wang et al. conducted detailed structural design, analysis, and
optimization of a subsea compressed hydrogen energy storage accumulator [17,18]. It was found that the
structural strength and fatigue life of the designed reinforced concrete accumulator could satisfy the demand
for a 30-year lifetime with a daily cycle. Liang et al. conducted several experiments and simulations on gas-
liquid two-phase flow patterns in a gas transmission pipeline in subsea compressed gas energy storage system
[19,20]. The results provided references for predicting liquid accumulation and avoiding slug flow in subsea
gas transmission pipelines. Although several advantages can be benefit from subsea isobaric hydrogen storage
and the technical feasibility has been theoretically proven, the techno-economic performance has not yet been
investigated in detail. This knowledge gap represents the primary barrier to technological demonstration and
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industrial adoption. Thus, the aim of this study is to perform a detailed techno-economic assessment of subsea
isobaric hydrogen storage from the perspective of life cycle assessment.

The structure of this paper is organized as follow: Section 2 introduces the detailed configuration and
working principle of the proposed subsea isobaric compressed hydrogen storage concept. The detailed life-
cycle techno-economic assessment model is established in Section 3. The results are presented and discussed,
and parameter sensitivity is analyzed in Section 4. Finally, conclusions are highlighted in Section 5.

2. Subsea Isobaric Hydrogen Storage

Figure 2 presents a schematic diagram of a decentralized green hydrogen production system integrated
with floating offshore wind farms and subsea isobaric compressed hydrogen storage. The water electrolysis
system is deployed on the deck of semi-submersible floating wind turbines. The produced green hydrogen
is transmitted to subsea compressed hydrogen storage accumulators via hydrogen risers. A manifold module
connects risers and a hydrogen storage accumulator, and hydrogen flows are controlled and distributed via
this manifold module. A large mass of compressed hydrogen is isobarically stored in hydrogen storage
accumulators. A hydrogen storage accumulator is mainly composed of a gas storage reservoir, a foundation,
a flexible bladder, and a central pipeline module. The gas storage reservoir is made of reinforced concrete,
which could significantly reduce the investment cost. It is worth noting that the reliability and long lifetime
of concrete in ocean engineering have been commercially proven [21,22]. The foundation structure
guarantees the reliable anchoring of the whole accumulator by preventing overturn and local scour. The
suction foundation presented in Figure 2 is designed for a common soft seabed in deep seas [23]. The
suction foundation is generally constructed with steel. For the hard seabed, a gravity foundation is preferred.
It should be noted that the hydrogen storage accumulator is not a pressure vessel. Seawater can enter into
and be extruded from the gas storage reservoir in the charging and discharging processes, thereby keeping
the pressure of the storage hydrogen constant. The pressure of storage hydrogen is equal to the static
pressure of the surrounding seawater. That is, the deeper the accumulator is deployed, the higher the storage
pressure is. A flexible bladder, which is made of flexible composite membrane material, is used for
separating stored hydrogen and seawater. Similar flexible bladders have been widely used in ocean
engineering for underwater lifting and salvage. The membrane can significantly reduce the self-discharge
rate of stored hydrogen because the permeability of the flexible bladder is much lower than that of concrete.
More importantly, the pollution of seawater on hydrogen can be avoided. A central pipeline module is
designed to keep the shape of the flexible bladder controllable in cyclic operations. Besides, the condensed
and accumulated water can be removed via the central pipeline module. Therefore, the isobaric hydrogen
storage accumulator can be operated daily, weekly, and even monthly, thereby achieving flexible-time and
large-scale hydrogen storage. When needed, the stored compressed hydrogen is exported via subsea
pipeline and shuttle tanks. It can serve as the energy storage hub for various offshore applications, such as
offshore oil and gas production [24] and offshore charging stations [25], efc.
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Figure 2. Schematic diagram of a decentralized green hydrogen production system with subsea isobaric hydrogen storage.

3. Techno-Economic Model

In this study, only the subsea hydrogen storage system is focused, while wind turbine, hydrogen
production, and hydrogen delivery are not considered. The life cycle of the subsea hydrogen storage system
is briefly introduced, and a detailed techno-economic model is established.

3.1. Life Cycle of the Subsea Hydrogen Storage System

Figure 3 shows the life cycle activities and corresponding cost items of the subsea isobaric hydrogen
storage system. Overall, the life cycle of a subsea isobaric hydrogen storage system can be divided into five
phases: planning permission, procurement and construction, transportation and installation, operation and
maintenance, and decommissioning. It should be noted that these activities should be synchronized with
floating offshore wind farms, thereby improving the economic performance throughout the life cycle.
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Figure 3. Life cycle activities and cost items of subsea isobaric hydrogen storage.

3.1.1. Planning Permission

Receiving planning permission is the first step of the development of a floating offshore wind farm.
As an integrated part of a floating offshore wind farm, the subsea hydrogen storage system can share the
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data and outcomes of development and project management processes, including environmental impact
assessments, resource and metocean assessments, geological and hydrographical surveys, and engineering
and consultancy, etc.

Subsea hydrogen storage involves greater seabed area utilization, thereby involving a greater seabed
footprint. Therefore, more sophisticated environmental surveys should be conducted, especially the benthic
species and habitat surveys. This also means additional moderate costs are necessary. Similarly, additional
geotechnical surveys are needed to specify the detailed soil and rock strata boundaries and properties at the
site where subsea hydrogen storage accumulators are to be accommodated. Generally, drilling boreholes is
necessary to collect soil and rock samples at each site, which adds to the costs. Besides, additional costs
should be taken in terms of engineering design and project management of subsea hydrogen storage systems.
The data of sea floor bathymetry, water depth, soil stratigraphy, and sedimentation environment, etc., from
geophysical surveys and hydrographic surveys can be shared with the wind farm development teams, and
additional costs can be avoided.

3.1.2. Procurement and Construction

As illustrated in Figure 2, the subsea isobaric hydrogen storage system is mainly composed of a
hydrogen storage accumulator, a hydrogen riser, and various accessories. The riser system and many
accessories (buoyancy modules, dynamic bend stiffener, touchdown and abrasion protection, connectors,
etc.) are commercially available and can be purchased directly from specialized offshore equipment
manufacturers. The large-scale hydrogen storage accumulator with a storage volume of 10* m® shall be
constructed in the port prior to deployment.

Material selection for constructing a hydrogen storage accumulator can be either steel, concrete, or a
hybrid of the two. Generally, concrete is much cheaper than steel. The price of concrete tends to be more
stable than that of steel. And marine concrete is likely to be less vulnerable to corrosion. Although the
subsea isobaric hydrogen storage accumulator is not a pressure vessel, it must withstand large tensile
stresses due to the buoyancy force of compressed hydrogen in water. Concrete possesses much lower tensile
strength than steel. Therefore, the hydrogen storage reservoir is constructed with reinforced concrete. The
gravitational fundamental structure can be constructed with concrete, and the suction fundamental structure
can be constructed with steel. In this study, only the suction fundamental structure is investigated because
it tends to be more expensive, and the suitable soft seabed conditions are more common in deep seas.

A flexible bladder, which is made of flexible composite membrane material, is also a critical
component of isobaric hydrogen storage accumulators. Similar materials and designs can be referred to as
lift bags, widely used in ocean engineering, marine salvage, and rescue [26-28]. It is manufactured in a
factory and assembled at the construction port. It is designed to be easily replaced with ROVs (Remotely
Operated Vehicles) if damaged.

3.1.3. Transportation and Installation

Once ready, the hydrogen storage accumulators will be towed-out to the wind farm site and installed
subsea. The tow-out strategy depends on many factors, such as the scale of the hydrogen storage
accumulator, heavy lifting capacity, water depth in port, and weather windows, efc. The tow-out processes
are similar for floating offshore wind turbines; however, the weight and draft of hydrogen storage
accumulators tend to be larger than those of floating offshore wind turbines.

In this study, the transportation and installation processes of subsea hydrogen storage accumulators are
designed as follows. After the construction is complete, the subsea hydrogen storage accumulator is floated
in the construction dock. And then the accumulator is towed out to the installation site by tugs, including a
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primary tug and two support tugs. With the help of heavy lifting vessel, the accumulator is deployed onto the
seabed. After that, the riser system will be installed and connect the accumulators and floating wind turbines.

3.1.4. Operations and Maintenance

Operations encompass the management of the subsea hydrogen storage system, including control,
operations, monitoring, and administration. It should be integrated into the operations and maintenance of
floating offshore wind farms, thereby reducing the costs.

Maintenance of the subsea hydrogen storage system can be divided into scheduled preventive
maintenance and unscheduled maintenance. The scheduled maintenance mainly includes inspection and
cleanliness of accumulators and risers. This is completed with ROVs annually. The integrality of
accumulators and risers, the burial depth and corrosion of suction foundations, and the state of the sacrificial
anodes in the galvanic anode cathodic protection systems are generally inspected. In terms of the subsea
hydrogen storage system, the flexible bladders inside the accumulators may be the weak links. Therefore,
the unscheduled maintenance is supposed to focus on the replacement of the flexible bladders. A
conservative reference value of five years is assumed in this study. That is, the flexible bladder will be
replaced every five years with the help of ROVs.

3.1.5. Decommissioning

Removal and recycling of the risers, subsea manifold, flexible bladders, central pipeline modules, and
accessories are necessary at the end of the useful lifetime of subsea hydrogen storage systems. While the
reinforced concrete hydrogen storage accumulators could be left stay in the sites, because a new ecological
balance could be rebuilt during the lifetime of service. This new ecological balance means that the functions
of biodiversity and productivity normally function instead of returning to the exact original pre-operated
conditions [29-33]. The rebalanced ecosystem will be destroyed, and it will cost more time to reach another
new ecological balance if the hydrogen storage accumulators are removed in decommissioning.
Nevertheless, more efforts and measures should be taken to design for eco-friendliness in the first place.

Besides, the lifetime of the reinforced concrete hydrogen storage accumulators shall be longer than the
designed lifetime of floating offshore wind turbines, therefore, these hydrogen storage accumulators could
continue to serve the updated floating offshore wind farms.

3.2. Modeling of Levelized Cost of Storage

The levelized cost of hydrogen storage is defined as

LCOS = CAPEX + OPEX + DEEX
" Total mass of stored H, in life cycle M

where CAPEX is the total capital expenditure of all activities in the phases of planning permission,
procurement, and construction, and transportation and installation, OPEX is the operational expenditure of
all activities in the phase of operations and maintenance, and DEEX is the decommissioning expenditure,
as shown in Equations (2)—(4). It should be noted that the levelized cost of hydrogen storage differs from
the levelized cost of hydrogen. The revenue from hydrogen sales is not taken into consideration and only
the expenditure about the hydrogen storage system in the life time is considered when calculating the
levelized cost of hydrogen storage [34—36]. It is worth noting that, in this study, all costs are confirmed and
balanced according to References [37—41] and business inquiries. Cost information varies significantly
across countries and markets; therefore, compromise values are adopted in this study.

CAPEX = Cpp + CPC + CTI (2)
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OPEX = Cop 3)

DEEX = Cpg (4)

where C means the cost, subscripts PP, PC, TI, OP and DE represent planning permission, procurement and
construction, transportation and installation, operations and maintenance, and decommissioning, respectively.

Hydrogen storage demands are mainly decided by the features of floating offshore wind farms. In this
study, the basic parameters of floating offshore wind farm and subsea isobaric hydrogen storage are shown
in Table 1. It should be noted that the values of different parameters vary for different offshore wind farms.
Capacity factor can be regarded as the ratio between the actual output capacity over some time to its
maximum capacity under optimum conditions. The capacity factor for offshore wind farms in deep sea is
generally much higher than nearshore and onshore counterparts. According to statistics, the capacity factor
in offshore wind farms generally ranges from 35% to 65% [42—44].

Table 1. Basic parameters of floating offshore wind farm and subsea isobaric hydrogen storage.

Parameters Symbol Benchmark Value Unit
Power capacity of wind farm Pwr 1000 MW
Distance to shore D 100 km
Water depth H 400 m
Water temperature near the seabed T 5 °C
Capacity factor k 0.5 /
Storage volume of hydrogen accumulator Vace 10,000 m’
Specific energy consumption of hydrogen production €H2 5 kWh/m*
Lifetime of hydrogen accumulator Nace_lt 30 year
Cycling rate of hydrogen accumulator Nace—cr 52 per annum

3.2.1. Required Number of Hydrogen Storage Accumulator

In this study, hydrogen is regarded as an ideal gas. The density of stored hydrogen in the accumulators
can be calculated by

_ Po + pwatergH
P2 =" ®)
where p is the density, pj is the atmospheric pressure, g is the gravitational acceleration, and Ry is the gas
constant of hydrogen.
The total mass (unit: tons) of annual hydrogen production can be determined by

24 X 365 X kPyr
12.2 X ey,

My =

(6)

where the number of 12.2 means the volume of 1 kg H> is 12.2 m? at a temperature of 25 °C and a standard
atmospheric pressure.
The total number of hydrogen storage accumulators can be determined with

1000 X My,
[—— T ()

Nacc—crPH2 Vacc

where the mathematical operator “[ ] means round up to an integer.
The total mass (unit: kg) of stored Hz in life cycle can be calculated with

My, = 1000 X my,Naceit (®)
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3.2.2. Cost of Planning Permission
The total capital expenditure of all activities in the phase of planning permission is determined by
Cpp = Cgs + Cgs + Cgp + Cpm ©)

where subscripts ES, GS, ED, and PM represent environmental survey, geotechnical survey, engineering
design, and project management, respectively.

Thanks to the shared data from planning permission of floating offshore wind farms, the corresponding
costs of subsea hydrogen storage can be significantly reduced, especially the costs for environmental survey,
engineering design, and project management. The benchmark values are shown in Table 2.

A comprehensive geological survey is essential for the subsequent design and installation of subsea
structures. Generally, subsea-bottom profiling, drilling, and geotechnical testing should be conducted. Herein,
subsea bottom profiling is the first step in designing offshore wind farms. The data could also be shared when
planning subsea hydrogen storage systems. For each hydrogen storage accumulator, additional drilling and
testing should be conducted and paid for. The additional cost (unit: 10* $) of geological survey is estimated by

CGS=N<5+1X[%—1D (10)

where N is the total number of subsea hydrogen storage accumulator, and H is the water depth of storage
with unit m.

Table 2. Benchmark values of various cost items involved in subsea isobaric hydrogen storage.

Phases Cost Items Symbol Unit Price Quantity
Environmental survey Cks 1.5 x 10°[§] 1
. (5 + [H/100 — 1])
hnical C N
Planning permission Geotechnical survey 6s x 10*[$]
Engineering design Cep 8 x 10°[$] 1
Project management Cpm 8 x 103 [$] 1
Foundation structure Cgs 1500 [$/ton] 0.2V, N [ton]
Hydrogen reservoir: marine
concrete Cymc 200 [$/ton] 0.7V4ecN /2.4 [ton]
Hydrogen reservoir: rebar  Cgp 850 [$/ton] 0.05V, N [ton]
. 2000N [m?] (about 2000 m? for an
. 2
Accessory: flexible bladder  Cgg 100 [$/m?] accumulator of 10,000 m?)
Procuremer%t and Accessory: central pipeline Cep 5% 104 [$] N
construction module
Accessory: hydrogen
pipeline Cup 250 [$] 100N [m]
Subsea manifold Cyr 1.5 x 10°[$] [N/4]
Flexible riser Crr 4.5 x 10° [$/km] 2HN /1000 [km]
Labor Cip 2 x10° [$] N
Construction port rent Cpr 2 x 10°[$] 10N [Days]
Construction port operation  Cpg 3 x 10° [$/Day] 3N [Days]
D
Transportation and Crane vessel Cev 4 % 10° [$/Day] 3N [i + 2] [Days]
installation )
Towing vessel Cry 1 x 10° [$/Day] 3N [Days]
Installation Cs 4 x10° [$] N
Overati d Daily operation Cho 2 x 10* [$/Year] N [Years]
Irr)lzriitle(r;niz Scheduled maintenance Csm 5 x 10*[$] N|nace_1t/s — 11
Unscheduled maintenance  Cyy 5 x10° [$] Nlngee/u — 1]

Decommissioning Decommissioning Cpg 2 % 10° [$/Day] 2N [Days]
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3.2.3. Cost of Procurement and Construction

The total capital expenditure of all activities in the phase of procurement and construction is determined
by Equation (11). The detailed meaning of each cost item can be found in Table 2.

Cpc = Cps + Cyuc + Crg + Cpg + Cep + Cup + Cur + Crr + Cig + Cpr (1

The following assumptions are made when determining the quantity of required materials. The mass
of the foundation structure is assumed to be about 20% of the maximum buoyancy force of stored
compressed gas. The mass of marine concrete is estimated to be about 70% of the maximum buoyancy
force of stored compressed gas. The mass of rebar used for reinforced concrete is about 5% of the maximum
buoyancy force of stored compressed gas. It is assumed that four accumulators share a subsea manifold.
The length of the flexible riser for each hydrogen accumulator is assumed to be two times of water depth.
It is estimated that 10 days would be required to construct and assemble a hydrogen accumulator.

3.2.4. Cost of Transportation and Installation

The total capital expenditure of all activities in the phase of transportation and installation is determined
by Equation (12). The detailed meaning of each cost items can be found in Table 2.

Cri = Cpo + Cey + Cry + Cis (12)

The following assumptions are made in the transportation and installation processes. The hydrogen
accumulator is being towed out to the wind farm using 3 towing vessels and deployed onto the seabed with
the help of a crane vessel. For each accumulator, it is assumed that one day is required for preparation
before towing out, one day is required for preparation before installation, and one day is required for
installation. By taking 1/3 of the inappropriate weather windows into consideration, 3 days of rental of a
crane vessel are necessary for each hydrogen accumulator. The total rental duration of towing vessels shall
be 3N[D/v/24 + 2], where N is the total number of subsea hydrogen storage accumulators, D is the
distance to shore, and v is the towing speed. In this study, the towing speed is assumed to be 4 kn, which
is about 7.408 km/h. It should be noted that the day rates for different vessels are rather volatile and affected
by various factors in different markets and times.

3.2.5. Cost of Operations and Maintenance
The total capital expenditure of all activities in the phase of operations and maintenance is determined by
Com = Cpo + Csm + Cym (13)

where subscripts DO, SM, and UM represent daily operation, scheduled maintenance, and unscheduled
maintenance, respectively. Overall, the operations and maintenance of the subsea hydrogen storage system
should be coordinated with those of floating offshore wind farms, thereby significantly reducing the costs
of subsea hydrogen storage system operations and maintenance. Daily operation costs much less than
maintenance. The maintenance can be divided into scheduled maintenance and unscheduled maintenance.
The scheduled maintenance of subsea hydrogen storage system is preferred to be carried out during the
periods of scheduled maintenance of wind turbines. The total times of scheduled maintenance of the subsea
hydrogen storage system can be determined with N|n,.._j;/S — 1], where s is the frequency of scheduled
maintenance and is assumed to be once each year in this study, and symbol | | represents round down to
an integer. The unscheduled maintenance is conducted to repair unscheduled faults. The flexible bladders
inside accumulators are the most expensive and vulnerable in the subsea hydrogen storage system. Thus,
in this study, it is assumed that the flexible bladders are replaced every five years. The total times of
unscheduled maintenance of flexible bladders can be determined with N|n,.._;/u — 1|, where u is the
frequency of unscheduled maintenance and is assumed to be once each 5 years in this study.
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3.2.6. Cost of Decommissioning

The decommissioning of subsea hydrogen storage system is much easier than that of floating offshore
wind turbines. The flexible risers, subsea manifold, flexible bladders, central pipeline modules, and
accessories will be removed and recycled, while the reinforced concrete hydrogen storage accumulators
could be left stay at the sites. It is assumed that two days are cost for decommissioning one set of subsea
hydrogen storage systems.

4. Results and Discussion

In this section, the levelized cost of hydrogen storage in a subsea isobaric hydrogen storage system is
calculated and compared with that of other hydrogen storage methods in the literature. Besides, parameter
sensitivity analysis is conducted to discuss how the levelized cost of storage of hydrogen is affected by
various parameters.

4.1. Levelized Cost of Hydrogen Storage

With the established techno-economic model and benchmark parameters as shown in Tables 1 and 2,
it is revealed that 71,803 tons of green hydrogen can be produced, and 40 subsea isobaric hydrogen
accumulators are necessary for hydrogen storage following Equations (5)—(8). The life cycle cost of each
set subsea hydrogen storage accumulator is about $15 million. Figure 4 shows the costs distribution of
subsea isobaric hydrogen storage when integrated with floating offshore wind farms from a life cycle
perspective. Figures 5—7 show the detailed costs distribution in different phases. It is evident that cost in
procurement and construction phase takes the largest proportion. According to Figure 5, the cost of
foundation structure takes the largest proportion with a value of 34.07% mainly because of the high cost of
steel. A foundation structure made of reinforced concrete and steel-concrete composite structure could be
a more economical option [22,45,46]. The cost in transportation and installation phase accounts for 23%
due to the high cost of ocean engineering, which is generally neglected in offshore energy storage studies
[16,47,48]. From Figure 6, the cost of crane vessel used for lifting in the installation process takes the
largest proportion with a share of 35.29% because of the high daily rate of heavy-duty crane vessels. This
part can be significantly optimized by using light duty crane vessel, or even eliminating the crane vessel.
The cost in the operations and maintenance phase accounts for 26.81% of the whole life cycle costs. From
Figure 7, unscheduled maintenance of flexible bladders accounts for about 63% of the cost in the operations
and maintenance phase, which is overestimated in our conservative evaluation.

2.70% e 1.06%

Planning permission

Procurement and construction

26.81%
46.47% Transportation and installation

Operations and maintenance
22.96%

B Decommissioning

Figure 4. Costs distribution of subsea isobaric hydrogen storage in life cycle.
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® Hydrogen reservoir

= Accessory
2.27%

4.09%
0.43%

® Subsea manifold
H Flexible riser

H Labor

11.45% = Construction port rent

Figure 5. Costs distribution in procurement and construction phase.

11.76% . -
= Construction port operation

® Crane vessel
= Towing vessel

Installation

Figure 6. Costs distribution in transportation and installation phase.

0.50%

u Daily operation

m Scheduled maintenance

® Unscheduled maintenance

Figure 7. Costs distribution in operations and maintenance phase.

Figure 8 shows the levelized cost of hydrogen storage in various water depths. It is evident that the
levelized cost of hydrogen storage decrease with increasing water depth. It is because the pressure and
energy density of compressed hydrogen increase with increasing water depth of storage. The deeper, the
more hydrogen can be stored in an accumulator. The levelized cost of hydrogen storage is about 0.27 $/kg

H> when the water depth of storage is 400 m.
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Figure 8. LCOS of hydrogen in various water depths.

Table 3 shows the levelized cost of hydrogen storage in different storage options. By comparing Figure
8 with Table 3, it can be concluded that the LCOS (0.52 $/kg H2) in subsea isobaric hydrogen storage is
much lower than that (1.33 $/kg H>2) in the most commonly used pressurized containers. This conclusion
remains valid even when the water depth of storage in subsea isobaric hydrogen storage system is 100 m
with corresponding LCOS of 0.98 $/kg Ha. It should be noted that the LCOS of hydrogen in pressurized
containers is evaluated with onshore commercial high-pressure containers. The practical LCOS of hydrogen
in pressurized containers shall be much higher for offshore applications by considering the harsh marine
environment of storms, vibration, and corrosion, etc. Therefore, we believe subsea isobaric hydrogen
storage is economically attractive. When the water depth of storage is larger than 500 m, the LCOS in
subsea isobaric hydrogen storage could even be lower than that in salt caverns. Besides, by optimizing the
structure, installation, and unscheduled maintenance of subsea isobaric hydrogen storage accumulator, the
LCOS in subsea isobaric hydrogen storage can be further reduced. If the usage of steel of foundation
structure is reduced by 2/3, the crane vessel is eliminated, and the flexible bladder is replaced each ten years,
the LCOS will be reduced from 0.52 $/kg Hz to 0.36 $/kg H2 when the water depth is 200 m, and the cycling
rate is one week.

As shown in Table 3, compared with techno-economic analysis of underwater isobaric hydrogen
storage conducted by Hunt et al. [16], the LCOS in this study is much higher than Hunt et al.’s results.
There are mainly two reasons. First, the design of the isobaric hydrogen storage accumulator differs
between the two studies. Second, the techno-economic model is more detailed, and more practical factors
are considered in this study.

Table 3. Levelized cost of hydrogen storage in different storage options [16,49].

Gaseous State Liquid State
) Depleted Pressurized Subsea isobaric storage Liquid ) Liquid Organic
Storage options  Salt cavern Rock cavern . Ammonia )
gas field container accumulator hydrogen Hydrogen Carrier
. 0.3 x 10°~1 4~200 tons per

Capacity of  0.3~10 x 10° tons 0.3~2.5 x 10° tons 5~1.1 x 10° kg 0.2~200 tons  1~10 x 10° tons 0.18~4.5 x 10° tons

x 10* tons i accumulator
storage per cavern per cavern per container - per tank per tank per tank

per field This study [16]

Cycling rate Weekly~monthly Seasonal Weekly~monthly Daily Weekly Daily Weekly Seasonal Daily~weekly Weekly~monthly Weekly~monthly

Benchmark

LCOS ($/kg 0.23 1.90 0.71 0.19 133 0.076 0.52 0.17 4.57 2.83 4.50

Hy)
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Possible future

LCOS ($/kg 0.11 1.07 0.23 0.17 1.19 0.053 0.36 N/A 0.95 0.87 1.86
)

Geographical

o Limited Limited Limited Not limited Limited Not limited Not limited Not limited
availability

Note: (1) Levelized cost of storage is evaluated at the highest reasonable cycling rate if not specified. (2) For subsea isobaric
hydrogen storage, the water depth of storage is 200 m.

4.2. Sensitivity Analysis

In this sub-section, the effects of various factors on the LCOS of subsea isobaric hydrogen storage are
investigated and discussed.

4.2.1. Distance to Shore

In Table 1, the benchmark value of distance to shore is 100 km. Figure 9 shows the LCOS of hydrogen
at different distances from shore in the range of from 50 km to 500 km. It presents an obvious step form.
The reason is that the distance to shore only affects the cost of transporting and installing the subsea isobaric
hydrogen storage system. The crane and towing vessels are paid daily rather than hourly. Longer distance
to shore means more days are necessary for offshore towing. Nevertheless, the increment of LCOS is very
small with a value of 0.011 $/kg Ho.

0.288
0.286
0.284
0.282

0.28
0.278

LCOS ($ /kg H,)

0.276

0.274

0 100 200 300 400 500

Distance to shore (km)

Figure 9. LCOS of hydrogen at different distance to shore.

4.2.2. Capacity Factor of Wind Farm

The benchmark value of capacity factor of wind farm is 0.5 in Table 1. Figure 10 shows the LCOS of
hydrogen with different capacity factor of the wind farm in the range of from 0.3 to 0.7. It is clear that the
LCOS decreases with increasing capacity factor. However, the increment is quite small with a value of
0.001 $/kg Ho.
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Figure 10. LCOS of hydrogen with different capacity factor of wind farm.

4.2.3. Specific Energy Consumption of Hydrogen Production

In Table 1, the benchmark value of specific energy consumption of hydrogen production is 5 kWh/m?.
Figure 11 demonstrates the LCOS of hydrogen across a range of specific energy consumption of hydrogen
production (3.5 to 6 kWh/m?). The LCOS fluctuates irregularly with changing specific energy consumption,
and the fluctuation range is very small, ranging from 0.006 $/kg H>. Figure 12 shows the corresponding
parametric variations in hydrogen storage accumulator requirements. As expected, the annual hydrogen
production capacity shows an inverse relationship with specific energy consumption, leading to a
proportional decrease in the required number of hydrogen storage accumulators. Notably, the observed
trends in LCOS and annual storage capacity per accumulator demonstrate an inverse correlation, indicating
that higher per-unit storage volumes correspond to reduced levelized costs.

0.278

0277
0276
0275
0274
0273
0272 ﬁ
0.271
0.27 : : : : : :
3 35 4 45 5 55 6 6.5

Specific energy consumption of hydrogen production (kWh/m?)

LCOS ($ /kg H,)

Figure 11. LCOS of hydrogen with different specific energy consumption of hydrogen production.
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Figure 12. Parameter change of hydrogen storage accumulator with different specific energy consumption of hydrogen production.

4.2.4. Power Capacity of Wind Farm

Figures 13 and 14 show the LCOS of hydrogen and various parameters when the power capacity of
wind farm varies between 500 MW and 3500 MW. It is understandable that the annual hydrogen production
capacity increases and more hydrogen storage accumulators are necessary when the power capacity of the
wind farm increases. The LCOS fluctuates with the changing power capacity of the wind farm. There are
two evident step changes when the power capacity of the wind farm reaches 1500 MW and 3100 MW,
which is caused by the reduced increment of accumulators from 4 to 3. Besides, the trends of LCOS and
the annual hydrogen storage capacity of each accumulator are opposite. This is consistent with that in
Figures 11 and 12. However, the LCOS is not solely decided by the annual hydrogen storage capacity of
each accumulator because the LCOS gradually decreases with the constant annual hydrogen storage
capacity of each accumulator when the power capacity of the wind farm is lower than 1500 MW.

——LCOS —e—Total number of hydrogen storage accumulator

0.277 160 =
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g
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Figure 13. LCOS of hydrogen with different power capacity of wind farm.
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Figure 14. Parameter change of hydrogen storage accumulator with different power capacity of wind farm.

4.2.5. Storage Volume of Single Hydrogen Accumulator

In Table 1, the benchmark value of the storage volume of each hydrogen accumulator is 10,000 m?.
Figure 15 shows the LCOS of hydrogen with different storage volumes of each hydrogen accumulator. It
is understandable that less hydrogen storage accumulators are required when the storage volume of each
hydrogen accumulator is larger. The LCOS of hydrogen decreases with the increasing storage volume of
each hydrogen accumulator.
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Figure 15. LCOS of hydrogen with different storage volume of each hydrogen accumulator.

4.2.6. Lifetime of Hydrogen Accumulator

In Table 1, the benchmark lifetime of the hydrogen accumulator is 30 years. Figure 16 shows the LCOS
of hydrogen with different lifetime of the hydrogen accumulator. It is clear that the LCOS of hydrogen
decreases as the lifetime of the hydrogen accumulator increases, because more hydrogen can be stored
when the lifetime is longer.

N
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<
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9

i
w

0.25
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Figure 16. LCOS of hydrogen with different lifetime of the hydrogen accumulator.
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4.2.7. Water Temperature Near the Seabed

Figure 17 shows the LCOS of hydrogen with different water temperatures near the seabed. A noticeable
increase occurs when the temperature increases from 9 °C to 10 °C. This is because the density of
compressed hydrogen decreases with the increasing temperature and one more hydrogen storage
accumulator is required when the temperature exceeds the threshold of 9 °C.

—=—LCOS —o&—Total number of hydrogen storage accumulator

gen storage

)

g oam
0.276
0275 | ‘
0274 i i i . 39

acce!

Total number of

Water temperature near the seabed (°C)

Figure 17. LCOS of hydrogen with different water temperature near the seabed.

4.2.8. Sensitivity of LCOS to Different Parameters
For simplicity, the sensitivity index is defined by the variation range of LCOS, that is
Se = LCOSyay — LCOSin (14)

where LCOS,,,x 1s the maximum value of LCOS for a specific parameter, and LCOS,,;, is the minimum
value of LCOS for a specific parameter.

Figure 18 shows the sensitivity of LCOS to different parameters. It is evident that the LCOS is highly
sensitive to the storage water depth, the storage volume of each hydrogen accumulator, and the lifetime
each of the hydrogen accumulator. These three parameters are the characteristics of a hydrogen storage
accumulator. While the LCOS is much less sensitive to distance to shore, water temperature near the seabed,
power capacity of wind farm, specific energy consumption of hydrogen production, and capacity factor of
wind farm. These five parameters are the characteristics of a wind farm. This differential sensitivity
indicates that while hydrogen accumulator properties predominantly determine LCOS, wind farm
characteristics exert only a marginal influence on overall storage economics.
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Figure 18. Sensitivity of LCOS to different parameters.
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5. Conclusions

The development of offshore wind energy is shifting from near-shallow seas to remote deep seas,
thereby challenging the effective and economical transmission and utilization of offshore wind electricity.
In this context, green hydrogen production from floating offshore wind has been regarded as a promising
alternative to conventional HVDC (High Voltage Direct Current) electricity transmission. Hereinto, large-
scale long-duration hydrogen storage is a critical link in the floating offshore wind-based green hydrogen
production system. In this study, several gaseous hydrogen storage solutions are summarized and compared
briefly, and a novel subsea isobaric hydrogen storage concept is proposed. As an emerging offshore
hydrogen storage solution, there remains a research gap in the techno-economic assessment of subsea
isobaric hydrogen storage. This issue is solved via this study. The main contribution and findings are
summarized as follows.

(1) A detailed LCOS analysis is conducted on subsea isobaric hydrogen storage from the perspective of the
life cycle. The life cycle of the subsea isobaric hydrogen storage system is divided into five phases:
planning permission, procurement and construction, transportation and installation, operation and
maintenance, and decommissioning. All life-cycle activities and corresponding cost items are considered.

(2) LCOS of hydrogen in subsea isobaric hydrogen storage system is very attractive compared to
conventional solutions. In the benchmark scenario with a weekly cycling rate, the calculated LCOS is
0.27 $/kg H2 and 0.52 $/kg H2 when the water depth of storage is 400 m and 200 m, respectively, which
is substantially lower than that of conventional pressurized container storage with the value of 1.33
$/kg H2. When the water depth of storage is larger than 500 m, the LCOS in subsea isobaric hydrogen
storage could even be lower than that in salt caverns.

(3) There are still large spaces for LCOS optimization. About 1/3 of the costs could be reduced by
optimizing the high-cost foundation structure, offshore deployment, and flexible bladder. More
specifically, when the flexible bladders could be replaced every 10 years, the steel usage for the suction
foundation is less by one third, and the utilization of the heavy-duty crane vessel could be avoided.
Notably, the transportation and installation costs, often overlooked in existing literature, are found to
be significant contributors to overall expenses.

(4) Sensitivity analysis reveals that the LCOS is primarily determined by the water depth of storage, storage
volume of each hydrogen accumulator, and lifetime of the hydrogen accumulator. While the impact of
the wind farm on LCOS is marginal. The LCOS decreases with the increasing water depth of storage,
larger storage volume of each hydrogen accumulator, and longer lifetime of hydrogen accumulator.
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