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Abstract: Increased renewable energy production and storage is a key pillar of net-zero emission.
The expected growth in the exploitation of offshore renewable energy sources, e.g., wind, provides
an opportunity for decarbonising offshore assets and mitigating anthropogenic climate change,
which requires developing and using efficient and reliable energy storage solutions offshore. The
present work reviews energy storage systems with a potential for offshore environments and dis-
cusses the opportunities for their deployment. The capabilities of the storage solutions are examined
and mapped based on the available literature. Selected technologies with the largest potential for
offshore deployment are thoroughly analysed. A landscape of technologies for both short- and long-
term storage is presented as an opportunity to repurpose offshore assets that are difficult to decar-
bonise.

Keywords: energy storage; decarbonisation; offshore; batteries; hydrogen; ammonia; CAES;
flywheel; supercapacitor

1. Introduction

Greenhouse gas emission is among the leading causes of anthropogenic climate
change. Offshore oil and gas extraction was responsible for 26.7% of the total Norwegian
greenhouse gas emissions in 2020 [1]; 85% of the emissions was generated by gas turbines
on platforms [2]. The increasing focus on sustainability in recent years promotes the up-
take of renewable energy, such as offshore wind, to limit such emissions. The design and
implementation of innovative energy-efficient technologies exploiting renewable sources
are critical issues towards the transition to a sustainable future.

The benefits of developing offshore energy storage solutions are not limited to the
decarbonisation of the oil and gas industry. The shipping industry presents the oppor-
tunity for energy generation and consumption offshore (e.g., in the form of hydrogen or
ammonia), locally generated by offshore renewable energy sources (RES). The expected
deployment at scale of offshore renewable generation, in addition to the need for security
of supply over the seasons, calls for large-scale, safe storage. Such storage could be pro-
vided by offshore reservoirs underground. The possibility of re-using such assets for en-
ergy storage is valuable and minimally impactful on land use.

Offshore-produced renewable energy provides opportunities to reduce gas con-
sumption in the turbines and emissions from oil platforms by replacing the need to burn
natural gas for electricity generation. Further connection to renewables produced in the
vicinity may reduce the investment costs. Such an approach would leverage existing plans
of, for example, offshore wind farms, and remove expensive transmission links to the
shore. Along with this perspective, several challenges can be identified, ranging from
cheap and durable component manufacturing to advanced control strategies. The over-
view of technology readiness level (TRL), developing trends, power and scaling potential
for various emerging solutions have been discussed in Ref [3].

Energies 2022, 15, 6153. https://doi.org/10.3390/en15176153

www.mdpi.com/journal/energies



Energies 2022, 15, 6153

2 of 34

Solar and wind RES exhibit a random behaviour with multiscale dynamics, ranging
from seconds to yearly patterns. They also include seasonal and non-stationary phenom-
ena. The stability of the current electricity supply, which relies on controlling the gas in-
flux into the turbines to match the electricity demand in the platform, cannot be mimicked
by RES. Given the required balance between power generation and consumption, a large
penetration of RES introduces significant challenges.

Storage systems provide a necessary support service for reliable grid operations
when a significant penetration of RES is achieved [4]. To date, no large-scale alternative
for seasonal storage is available, and power-to-gas conversion seems to be the most prom-
ising technology [5]. This reality creates a need to deploy long- and short-term energy
storage systems (ESS) on site, as illustrated in Figure 1. The inclusion of these novel con-
figurations into existing offshore facilities is not straightforward. Offshore systems are of-
ten isolated from the mainland grid and, hence, are highly sensitive to disturbances that
compromise maintaining the power, voltage and frequency balances.
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Figure 1. Integration of an offshore storage system into an oil and gas platform.

ESS are currently not widely deployed offshore. The state of the art related to offshore
assets shows limited results, since the thematic had not captured enough interest until
recently. Such lack of interest is due mainly to the narrative that the economy makes it
more advantageous to deploy ESS on land. The preferred energy storage option currently
involves large-scale battery parks installed onshore. However, the offshore deployment
of RES and related ESS has received increasing attention driven by the constraints put on
the land by the broad deployment of renewables. Such constraints include (i) the need for
geographical proximity between energy storage and large urban areas often located near
water basins and (ii) the environmental impact of large installations on landscapes.

Offshore energy storage provides the opportunity to ensure a large-scale, secure sup-
ply of energy. A rapid technological advance is needed to enable fossil-fuel-free offshore
operation within the time constraints imposed by the global climate agreements and do-
mestic strategies [6]. Many challenges need to be overcome for a swift uptake of RES off-
shore. The first step, which is analysed in this paper, is to ensure continuous operation of
offshore assets completely emissions free. Although a deep system integration requires a
thorough assessment of each case, some common ground can be established.

This paper aims to cover the literature gaps in the area by proposing a methodology
to assess energy storage technologies viable for offshore applications. The work intends
to be a steppingstone towards deploying large-scale energy storage solutions. The solu-
tions could also be used on land to improve energy availability off-grid and the security
of supply; thus, the work has value in a larger context than offshore. The remainder of the
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manuscript is structured in four sections: Section 2 outlines the methodology used; Section
3 provides a thorough overview of the state of the art; the potential of various energy
solutions based on two scenarios (one including 40% renewable penetration and one more
targeting 100%) is assessed in Section 4; concluding remarks are put forward in Section 5.

2. Methods

The methodology adopted to identify promising energy storage solutions for off-
shore applications is based on identifying energy storage requirements, performance,
technologies and potential use in practical scenarios.

2.1. Offshore Energy Storage Requirements

Offshore energy storage presents several specificities compared to onshore, primarily
referring to the remoteness of the fields and the limiting or non-existing connection to
energy grids. The essential requirements that offshore facilities pose to system architec-
tures were identified here based on a dialogue with relevant stakeholders. More specifi-
cally:

1.  The maximum power required per platform is often in the order of tens of MWs (30—
60 MW) rather than hundreds of MWs of the conventional land-based storage sys-
tems.

2. Space and weight constraints onboard are challenging.

3.  Offshore installations and their load flexibility tend to be use-case specific and some-
times more challenging to predict; hence, it is difficult to identify a one-fits-all ap-
proach. Such demanding predictability is due to the large variety of offshore assets
(e.g., production units typically have a lower degree of flexibility than drilling assets)
and the lower margin for load aggregation.

4.  Offshore assets must include features such as black-start, continuous voltage support
and frequency regulation.

5. Due to the high operational costs, offshore energy storage technologies need to be
sturdier and less maintenance intensive than their onshore counterparts.

6. Seasonal storage is necessary if the renewable energy supply does not match yearly
demand.

2.2. Definition of the Key Performance Indicators (KPI)

Eleven KPIs, of qualitative and quantitative nature, were proposed to reflect the
unique challenges that offshore storage presents. The relevance of the KPIs was ensured
by discussion and prioritisation from industry experts within the Low-Emission Research
Centre [7].

For ease of comparison among the technologies, all KPIs were scaled from 1 to 10,
with 10 corresponding to the best performance. The range is linear for all KPIs, except for
the Capacity, where a logarithmic range is adopted due to the intrinsically large size of
underground stores compared to most other technologies. The KPIs are described in Table
1.

Table 1. Description of the KPIs.

KPI Type Description Scale, 1-10
Mass enerey Amount of energy stored in a kg of stor- 1:<5
density — Quant. . e solution 10: 30,000
(Wh/kg) & ‘ =
Energy Capac- Energy content of a given square metre of 1. <

ity per foot-  Quant. an energy storage solution, including the _
. . . 10: 2195
print (kWh/m?) additional equipment needed to generate,
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store and reconvert the energy in a usable

form.
Discharge du- Time of discharge of a technology at full 1: seconds, 4: minutes
. Quant. )
ration rated capacity. 7: hours, 10: months

The time it takes for a system to provide 1: hours, 5: minutes,
Y P 8: seconds, 10: milli-

seconds

Response time Quant.
P Q energy at its full rated power.

1: <0.1, 10: 210,000

Capacity (MW) Quant. Maximum power output. Log scale

1: <20, 3: 21-30,
Percentage of recovered energy divided 4: 3140, 5: 41-50, 6:
Efficiency (%) Quant. by the energy stored and the energy used 51-60, 7: 61-70, 8:
or lost in the storage process. 71-80, 9: 81-90, 10:
91-100

1: poor, 4: medium,
6: sufficient, 10: no
impact

Measure of the safety of deploying an en-

Safety Qual. ergy storage solution.

Environmental impact related to the pro- 1: high, 4: medium,

Environmental . . . .
mpact Qual. curement, installation, operation and de- 6: sufficient, 10: no
1 C e . .
P commissioning of the solution. impact
1: more than once per
. . ear, 3: yearly,
Maintenance Maintenance needs of a technology over Y yeary
. Qual. | 5: every three years,
requirement its lifetime.

8: every five years,
10: no maintenance

1: full redesign re-
quired, 6: some rede-
sign required, 10: no
or minimal redesign
required

1: TRL 1,10: TRL 9

Feasibility of the technology to be inte-

Integrabilit ual.
& y Q grated in the operational environment.

TRL Qual. The Technology Readiness Level.

2.3. Definition of Energy Storage Technologies

A thorough literature review was performed to identify energy storage solutions that
could, in principle, be used to electrify offshore assets. Screening state-of-the-art energy
storage technologies allows devising promising technological options for further consid-
eration. Each technology was measured against the above KPIs. The results of the tech-
nology performance quantification are provided in the Analysis section.

2.4. Analysis of Potential Use of Storage Technologies for Various Operation Scenarios

A particular challenge is related to the fact that short-term storage technologies pre-
sent a very high maturity level, while others, especially the ones covering long-term stor-
age, do not. A scaled approach was adopted to avert this challenge, initially favouring
high TRL technologies and further focussing on lower TRL opportunities. The present
work assessed two scenarios, one considering 40% renewable penetration by 2030 and
another targeting 100% by 2050.

The technology evaluation was conducted through a multiple binary decision
method. The method quantifies the overall performance of the storage solutions through
binary parametric evaluation. The approach (detailed in Appendix A) assigns weight fac-
tors to the different KPIs by one-to-one comparison. These individual comparisons yield
a material representation of the performances from which the best performing alternatives
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can be selected based on the highest scores. Such scores will be subjected to the weight
assigned to the KPIs; thus, an agreement on these metrics is essential for any technology
assessment. A summary of the overarching performance of the energy storage solutions
evaluated is presented in Appendix B.

3. Energy Storage Solutions

This section reviews the most promising storage technologies identified in the litera-
ture. The study is meant to provide a basis for understanding the technologies” potential
for offshore use. A summary of the capabilities of all technologies is reported at the end
of this section.

3.1. Batteries

Batteries are the most popular energy storage technology. They are widespread, have
a generally high TRL and have been tested in challenging environments, such as aircrafts,
vessels and a wide variety of mobile and stationary applications. The energy is stored in
a set of multiple cells as electrochemical energy, like illustrated in Figure 2. The cells can
be connected in series, in parallel or both to obtain the desired voltage and capacity. A
battery energy storage system (BESS) comprises the batteries, the control and power con-
ditioning system (C-PCS), protection against fire or others (i.e., HVAC to assure a good
operating environment) and the electronic interfacing between the grid and the battery
[8]. In the literature, there are many types of batteries, differentiated by the materials used
as electrodes and electrolytes, which determine their specific characteristics, i.e.:

3.1.1. Lead—Acid Batteries

The lead—acid (LA) battery consists of two electrodes (porous lead and lead oxide)
submerged in sulfuric acid. Lead—acid batteries are classified as flooded or valve regu-
lated. The flooded LA batteries are less expensive but require more maintenance and ven-
tilation than the valve regulated (VRLA). Despite their poor life cycle and low volumetric
energy density of 50-100 Wh/L [9], compared to the other batteries, they have been suc-
cessfully commercially deployed in several energy storage projects. The main drivers for
their extended use are low costs, mature technology and good round-trip efficiency (~82%
[9]). In recent years, the addition of carbon in lead-acid batteries has been explored, im-
proving the life cycle. Large systems containing carbon-lead acid are now commercially
available. The Ultra batteries, for example, are available at sizes of 0.51 x 0.17 x 0.30 m?
and a weight of 73 kg for 2 kWh, yielding an energy content footprint of 27 Wh/kg and 39
kWh/m?2[10,11]. Multiple battery packs can be installed together to provide the amount of
energy needed for larger energy storage.

The lead—acid batteries contain sulphuric acid and lead, which are hazardous and
restricted materials under the RoHS [12]. The flooded lead-acid batteries need appropri-
ate ventilation to manage the off-gassing (hydrogen, oxygen) or evaporated electrolyte
[13] and periodic water maintenance. If the system is in a remote place (i.e., platforms),
checking the water loss can add to the OPEX. The use of VRLA lead acid batteries allevi-
ates the risk of acid spillage, the release of acid fumes and water replacement [9]. The
operating temperature of the VRLA is around 040 °C, meaning they are suitable to work
in cold environments. In addition to that, other components do not need regular mainte-
nance.

Various lead—acid-based energy storage systems have been installed worldwide with
capacities up to several MWh. A list of the projects, locations and types of batteries is
presented by Rand et al. [14]. One example is the Hampton wind farm, where a 900 kWh
Ultra battery was installed in 2010 and used to reduce power variability in the wind farms.
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3.1.2. Li-Ion Batteries

Li-ion batteries are promising candidates when the response time is essential, espe-
cially in short-time scale applications. They are not suitable in applications where they
may become fully discharged, as they can become unusable. Li-ion batteries have fast
charge and discharge capability, i.e., the time to reach 90% of the rated power is around
200 ms, with a high round-trip efficiency of approximately 95% [9]. The discharge rate,
climate and duty cycle play a significant role in the actual efficiency. Specific energies
(both mass and volumetric) are much better than for lead—acid ones, as is their life cycle
[15]. Li-ion batteries present a high energy density of 200-750 kWh/m3 [9]. For maritime
use, large-scale batteries come in two main formats: steel or aluminium cylindrical or
standard rectangular containers, which include the ventilation, control system and the
battery (see Ref [16]). These commercial batteries have low operation and maintenance
requirements. However, the ventilation system needs to operate continuously; otherwise,
flammable gas concentrations can build up. The footprint of the large-scale batteries is in
the order of standard shipping containers, depending on the energy capacity required.

Charging \ \ Propeller
Plug [slhore] \ \

Ship electric . .
consumers Electric propulsion
motors
B S BN
Port bus AC Ship power distribution system (AC) A[:l Sthd bus
oc DC
——————— |———————|l—————————-l——————1
Battery system #2 | Battery system #1 ‘
S v i e e e e = |T' _________ A
Ventilation, fire protection, air 1 Battery BMS, sensaors, etc.
temperature regulation etc. S I— i |
String [N1) ' String [N2)

—————————— .

I
__________ -

e [T

Battery Space 2

Figure 2. Generic maritime battery system (Reprinted/adapted with permission from [16]. Copy-
right 2022, DNV AS).

Many rules/regulations are relevant for offshore installation, including those from
the Norwegian Maritime Authority, the U.K. Maritime and Coastguard Agency, DNV and
others. For example, the battery systems need to be tested against off-gas risk propagation
and explosion. DNV presents a table with guidelines and regulations for battery installa-
tion offshore [16]. The cost of installing li-ion batteries is higher than other types of batter-
ies (refer to Appendix C for representative cost figures of this and all other technologies).

Lithium cobalt oxide (LCO) has a relatively high energy density, short life cycle and
lower power rate. Cobalt oxide presents safety concerns due to the oxygen released at
high temperatures, producing self-heating, resulting in thermal runaway. Lithium man-
ganese oxide (LiMO) has a low energy density, but larger the safety benefits due to high
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thermal stability. Lithium nickel manganese cobalt oxide (NCM or NMC) is one of the
most recent developments, and it is currently the market leader for large-scale applica-
tions. The relative composition of the three metals plays a role in the battery’s total energy
density and safety. Nickel and cobalt provide high specific energy, and manganese stabi-
lises the system. Lithium iron phosphate (LFO) has a low energy density. This battery type
does not need an oxygen source at the cathode, thus posing a potentially reduced risk of
thermal runaway incidents. Cobalt and Lithium are metals characterised by sustainability
and environmental issues. In addition, they have weak recovery and recycling schemes
[9,16,17] (refer to Appendix C for safety, environmental and integrability notes of batteries
and all other technologies).

3.1.3. Ni-Cd Batteries

Ni-Cd batteries are direct competitors of lead—acid batteries; they are well estab-
lished in the market and have similar technical characteristics. Ni-Cd has superior cycling
abilities (more than 3500 cycles [18]), higher energy density and very low maintenance
requirements.

Other nickel-based batteries are the nickel-metal hydride (NiMH) and nickel-zinc
(Ni—Zn) batteries. NiMH batteries are a feasible alternative to Ni—Cd batteries due to their
improved performance and environmental advantage. Compared to lead-acid and Ni-
Cd batteries, NiMH batteries are environmentally friendly. NiMH batteries lack toxic sub-
stances, such as cadmium, lead or mercury. The energy density of NiMH cells is 25-30%
better than high-performance Ni-Cd cells [19]. Although NiMH batteries have superior
specific energy when compared to lead—acid and Ni—Cd batteries, NiMH batteries suffer
from severe self-discharge, making them inefficient for long-term energy storage. Their
major drawback is their toxicity. Cadmium and Nickel are toxic heavy metals, which can
cause a health risk for humans. Cadmium is a restricted element under the RoHS [12].
Another disadvantage is that they cost over 10 times more than the Lead—Acid batteries
(see Appendix C).

3.1.4. NaS Batteries

NaS batteries are a relatively new technology, with some of the most promising op-
tions for high power energy storage applications. They have high energy density and ef-
ficiency, 140-300 kWh/m? and around 85%, respectively [9]. NaS batteries do not self-dis-
charge, require low maintenance and are 99% recyclable. NaS batteries show an attractive
energy density (four times that of lead—acid batteries [9]), a long cycle capability (2500
cycles upon 90% depth of discharge) and a millisecond response for full charging and
discharging operations [19]. The main concern with this type of battery is the exothermic
reaction, which can reach temperatures of around 350°C. At such temperatures, sulphur
and sodium compounds are highly corrosive; hence, containers and seals must be re-
sistant under these conditions. Research on low-temperature Na-S batteries is underway
to mitigate the safety concerns; however, there is not yet a good candidate [20].

3.2. Supercapacitors (SCESS)

Like batteries, supercapacitors are based on electrochemical cells containing two con-
ductor electrodes, an electrolyte and a porous membrane, whereby the ions pass. SCEES
store energy by attracting solvated ions to a conducting surface using electric fields. Su-
percapacitors have a high energy storage capacity, helping bridge the disparity in the per-
formance between fuel cells and batteries. SCEES technologies are used for systems where
a fast response is needed due to their ability to discharge the stored energy within milli-
seconds. SCESS have higher power capability than most batteries (up to a tenfold) and
can operate in a wide range of temperatures. The energy density of supercapacitors can
reach up to 1 kWh/kg [21]. However, even though the reported coulombic efficiencies
reach up to 99%, they could lose, due to leakage, 10-20% of their stored energy over a 24
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h period [15]. There are readily available supercapacitors for short charge and short dis-
charge time; however, for long discharge times, the technology is at a lower level —TRL 3
[22].

The size of the supercapacitors is dependent on the ratio between the required energy
and the energy density. To have an idea of the scale, Maxwell Technologies, a global mar-
ket leader of supercapacitors, has standardised the diameter of the cell to 60 mm with the
height adjusted to achieve the desired capacitance. The maximum module capacities are
5.8-500 farads and cell capacities of up to 3400 farads [23]. Relevant for industrial use, the
largest supercapacitor built worldwide is ten times the capacity of the Maxwell cells re-
ferred to above, with a capacity of 30,000 farads [24].

3.3. Flywheels Energy Storage (FEES)

A flywheel is an electromechanical system that stores kinetic energy in a revolving
shaft. A mass rotates on two magnetic bearings that decrease friction at high speed, cou-
pled with an electric machine. The entire structure is placed in a vacuum to reduce wind
shear. Details of its design are thoroughly provided in the literature [8,15,25-28]. FESS has
high efficiency (up to 95% at rated power), yet relatively high standing losses. The self-
discharge rates for complete flywheel systems are about 20% of the stored capacity per
day [15], hence restricting it to short-term storage, load-levelling and load-shifting appli-
cations. FEES also has high power and relatively high energy density (up to 400 Wh/kg),
yielding a space/energy density ratio of 0.2 m*kWh [15,29]. Available off-the-shelf FEES
systems have energy capacities of up to 20 MW. The largest one can deliver 10 s of ride-
through at a 1.65 MW load and proportionately a longer ride-through at lesser loads [8]
[15].

Flywheels have been used in numerous applications, including powering tur-
bomachinery and mechanical batteries in diverse sectors [30]. They have been used in
mine locomotives where explosion risk is present. The primary risks associated with en-
ergy storage in flywheel systems arise from a rotor failure leading to explosions and/or
disintegration. Risks can be reduced by operating the flywheel at several times below its
failure speed, but this operational strategy would substantially reduce its energy density.

3.4. Hydro-Pneumatic Energy Storage (HPES)

The solution is primarily intended for short- to medium-term energy storage. The
technology is based on a hydro-pneumatic liquid piston concept, whereby electricity is
stored by using it to pump seawater into a closed chamber and compress a fixed volume
of pre-charged air. The energy can then be recovered by allowing the compressed air to
push the water back out through a hydraulic turbine generator.

This technology is in a prototype phase, TRL 4-6. A full scale could be composed of
four floating cylinders of 6 m diameter each. The full scale will be able to store energy up
to 5 MWh with a round-trip efficiency of around 75% [31]. The technology uses pressur-
ised seawater and compressed air, and none of the sub-components or materials are con-
sidered hazardous or flammable [10]. The HPES is a floating structure that can stand alone
beside the platform or be coupled with wind turbines, as shown in Figure 3.
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Figure 3. Operating principle of a wind-turbine-integrated hydro-pneumatic energy storage con-
cept. (Modified from Sant et al. [32]).

3.5. Hydrogen

Hydrogen can be obtained in various ways; in offshore platforms, the two obvious
means are gas reforming (blue hydrogen) and water electrolysis. The latter is of particular
interest for decarbonisation schemes if fed from RES. Hydrogen storage can occur in mul-
tiple fashions, i.e., hydrogen pressurisation, hydrogen adsorption in metal hydrides and
the liquefaction of hydrogen (the latter two being in a stage of development) [19].

Pressurised hydrogen with an energy density of approximately 767 kWh/m? [33] can
be stored as gas in metal tanks (or other composite materials, such as carbon fibre or pol-
ymer) at pressures up to 700 bar (see Table 2) or in metal hydrides. Storing hydrogen in
metal hydrides is suitable for storage periods longer than 3 h. In contrast, metal tanks may
be better suited for large volume applications for storage of more than 30 h, including
hydrogen in a liquid phase at 2224 kWh/m?3[34].

Gaseous hydrogen is about 8 times less dense than methane, and in a liquid state, it
is 6 times less dense than liquid methane and 55 times less dense than gasoline. Thus,
weight shall not be a restriction for use on platform systems; yet, the storage space re-
quirements can be prohibitive. The project Deep Purple [35] has evaluated the possibility
of moving hydrogen production to wind farms and storing hydrogen in metal tanks on
the seabed. Another argument for hydrogen storage outside the platform premises con-
cerns safety, especially when handling liquid hydrogen. Liquid hydrogen requires com-
plex, thermally insulated containers and special handling common to all cryogenic sub-
stances. Further, air-contaminated hydrogen (from the environment or traces from man-
ufacturing processes) forms an unstable, highly explosive mixture.

Alternatively, large storage capacities to overcome seasonal variations when pro-
duced from renewables can be obtained in underground structures, e.g., salt caverns. The
option of storing hydrogen in depleted gas fields could be highly attractive for the oil and
gas industry. Such appeal owes to the proximity to reservoirs (and proven tightness of
such reservoirs to hydrocarbon gases over geological time periods) and the already exist-
ing equipped installation for injection and withdrawal of gas and processing. The TRL of
underground hydrogen storage in depleted reservoirs is expected to reach TRL 5 by the
end of the HyStories project [36].

The storage of liquid and compressed hydrogen in tanks showed efficiencies of up to
80% [37] and 60% [37], respectively. Underground storage efficiency is estimated between
28 and 78% [38]. Additionally, losses due to production, compression/liquefaction, storage
and expansion should be considered. Storage in metal hydrides and depleted under-
ground reservoirs must also account for retrieval efficiency. In metal hydrides, the ad-
sorption of hydrogen molecules is typically associated with large binding energies, which
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requires elevated pressures. Thus, reverting the adsorption process to release the stored
hydrogen molecules entitles pressure release and application of heat—two requirements
that are not particularly desirable. Disadsorption of hydrogen from some metal hydrides
can occur near ambient temperatures at the expense of very low gravimetric hydrogen
storage capacities and release percentage of 80% to 60% [39,40].

The costs of the hydrogen storage systems reported in the literature vary signifi-
cantly. A techno-economic or cost-benefit analysis of electricity storage systems requires
consistent, updated cost data and a holistic cost analysis framework. For the sake of cohe-
siveness, costs independent of the storage technology are taken from the life cycle assess-
ment (LCA) in Ref [25]. These elements comprise the power conversion system (PCS), in-
cluding the balance of plant (BOP —engineering, system integration, protective devices,
construction management, monitoring and control systems, shipment and installation),
and the operation and maintenance costs, as detailed in Table A8. The costs of liquid hy-
drogen systems comprise the liquefaction process and cryogenic storage in addition to
production. Recompression energy is not considered because it is assumed that hydrogen
will be used under ambient conditions. Specific liquefaction costs are estimated at EUR
1.72/kg LH: for a post-demonstration installation, as per the Idealhy project results [41].
The storage of liquified hydrogen in integrated refrigeration and storage (IRaS) tanks,
which allows control of the fluid inside the tank and reduces losses, is estimated at USD
149/kg [42]. The alloy material is the main cost of Hz gas storage in metal hydrides. The
expenses of low-temperature hydrates are reported to represent between 50% and 93% of
a storage system comprising a heat transfer system and pressure vessel with total costs of
USD 32.4/kWh and USD 200/kWh [43]. The cost of storing compressed hydrogen in tanks
is estimated at USD 13.1/kWh, based on the costs summarised in Ref [44] gathered from
several recent reports. The economics of other components (such as the converter, electro-
lyser and reconversion equipment) reported in Ref [44] agree with the baseline costs from
the LCA in Ref [25], thus ensuring the overall system costs are consistent.

Alternative storage solutions for gaseous hydrogen in offshore locations comprise
underground storage in reservoirs, pipelines and other offshore structures, e.g., wind tow-
ers and platform jackets. The cost of storage heavily depends on the use of the available
infrastructure. Generally, it is estimated that the cost of aboveground storage would be
around EUR 128-132/kWh, while storage in underground caverns ranges from EUR 0.2
to 11/kWh [45]. The preparation and processing needs vary among the underground so-
lutions, with corresponding effects on the associated costs. In this sense, storage in de-
pleted reservoirs does not require cavern mining; hence, decreased costs of approximately
24% are expected [46]. Hydrogen storage in wind towers at 11 bar is estimated to cost USD
120/kg (USD 3.6/kWh) [46]. It is noteworthy that the cost of hydrogen storage may de-
crease in the years to come, particularly in large storage applications.

The footprint densities of the different hydrogen solutions have the hydrogen pro-
duction process in common. Figure 4 shows a proposed configuration, where the hydro-
gen storage may or may not be on the platform, depending on each solution. The footprint
of the electrolyser and rectifier was computed based on state-of-the-art technology. The
largest installed proton exchange membrane (PEM) electrolyser accounts for 30.57 m? for
a 5 MW unit [47]. Regarding the water supply, it is estimated that 9 kg H2O are needed to
produce 1 kg H2 [48]. Further, reverse osmosis systems have a recovery rate of 50% to 70%;
hence, the pumping system shall be sized to supply about double the amount of water
needed for the electrolysis process. Considering a 1000 gpm pump of 60 inch x 87 inch
(3.37 m?) [49], the footprint density associated with water pumping is approximately 251
MWHh/m?2. For a reverse osmosis system of about the same dimensions as the pump (2 units
of 30 inch x 45 inch each -3.48 m? [50]), the footprint density is estimated at 1.6 MWh/m?2.

For hydrogen compression, the dimensions of a non-lubricated piston compressor
for hydrogen service were considered [51], yielding a footprint density of 81.4 MWh/m?2.
Further electrification via a hydrogen gas turbine, as used in the Enel’s hydrogen demon-
stration at Fusina [52], yields a footprint density of 0.36 MW/m2.
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As per the footprint of the different hydrogen storage solutions, for the sake of con-
sistency, a Length/Diameter ratio of 5 was considered [53], assuming compressed gas
stored at 300 barg and 20 °C yields a footprint density of 8.5 MWh/m?. The storage of
hydrogen in metal hydrides occupies up to 18 times smaller volumes than the equivalent
gas storage in vessel tanks (at 40 barg and 20 °C) [54], yielding a footprint density of 1.6
MWh/m?. For liquid hydrogen at 2 barg and -250 °C, the same container dimensions yield
a footprint density of 27.5 MWh/m2 However, adding a liquefaction plant to the platform
premises increases the technology footprint.
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v oo ’>O
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Figure 4. Schematic of offshore hydrogen production from wind.

3.6. Ammonia

Ammonia has been identified as a sustainable fuel for mobile and remote applica-
tions because it is easier to transport and store than hydrogen (see Table 2). Ammonia can
be obtained by a catalytic reaction from hydrogen and nitrogen. Figure 5 illustrates the
value chain of ammonia production from hydrogen. The reaction is typically carried out
over an iron catalyst at temperatures around 400-600 °C and pressure ranging from 200
to 400 barg.

The nitrogen is extracted from the air, and the hydrogen is obtained by electrolysis,
as discussed above. Ammonia is produced by the Haber-Bosch (HB) synthesis. Another
approach developed by Haldor Topsge is a combination of the solid oxide electrolysis cell
(SOEC) and the HB process. In this approach, the SOEC separates the hydrogen from wa-
ter and nitrogen from the air/steam mixture, so an air separation unit is not required [55].
Ammonia has an energy density of 6 kWh/kg (comparable to natural gas), and it can be
easily rendered liquid by compression to 8 barg at atmospheric temperature. Ammonia
produced from renewable sources can be synthesised with an entirely carbon-free process
[56]. However, ammonia indirectly impacts ozone due to NOx production when com-
busted.
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Table 2. Typical storage conditions of ammonia and hydrogen.

Carrier Temperature Pressure
Hvdrogen Gas: ambient temperature Gas: 350700 barg
yarog Liquid: -252 °C Liquid: ambient pressure
Refrigerated: —33 °C to -50°C Refrigerated: ambient
Ammonia [57] Semi-refrigerated: =10 °C Semi-refrigerated: 4-8 barg
Pressurised: <45 °C Pressurised: 17-18 barg

PSA Nitrogen Unit

Syngas Electricity to
N,(G)  Compressor platform

|

|
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| B
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Figure 5. Ammonia value chain, including the main components in its production.

The highest efficiency of green ammonia production is around 74%, which includes
all the processes involved in converting electricity to ammonia with optimal integration
of steam cycles [58]. Further, ammonia conversion yields a thermal efficiency of 30-40%
[59]. Regarding the regulations and environmental risk, ammonia is a toxic chemical with
severe consequences on health. The release of ammonia into the sea impacts the environ-
ment because it is also harmful to aquatic life. The combustion of ammonia may generate
NOx and N20, powerful greenhouse gases. According to Ref [60], effective safety regula-
tions for using ammonia as fuel on board ships are currently not in place, which is prob-
ably the case for offshore platforms.

According to DNV-GL Maritime [55], the capital cost for ammonia production is
around USD 2200 to 3500 per tonne annual production capacity, depending on the scale
of the equipment. The major contributors are ammonia synthesis and the electrolyser
(~50%). The capital cost for a refrigerated storage facility (-33 °C and 1 barg) is around
USD 700 per tonne of ammonia [55].

The energy content footprint of ammonia has been calculated similarly to the hydro-
gen case. The footprint density from electrolysers, rectifiers, compressor, reverse osmosis,
water pump and turbine were taken from the hydrogen subsection. For the ammonia, the
costs of PSA unit, ammonia convertor and storage unit were added to the components
previously mentioned. For the PSA unit, a space of 2.25 m? is needed for a unit of 5 Nm?/h,
yielding a footprint density of 314 MW/m?. For the ammonia convertor, we consider that
the footprint density is similar to both the electrolyser and rectifier together. The storage
cylinder vessel occupies 0.05 m? for storing 50 L of ammonia at 8 barg and 20 °C [61],
yielding a footprint density of 3.5 MW/m?2.
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3.7. Compressed Air Energy Storage (CAES)

In CAES systems, the air is compressed and stored, typically underground, using off-
peak electricity [62]. When energy is needed, the compressed air is retrieved, heated and
expanded through a turbine, converting most of the potential energy of the compressed
air into rotational kinetic energy (see Figure 6). CAES can also be used in combination
with conventional gas turbines by utilising the compressed air directly in the combustor
of the gas turbine, increasing the turbine’s energy output.

CAES has an energy density of 3-140 kWh/kg [63,64] and a surface footprint compa-
rable with a gas-fired power station of equivalent size, granting a space/energy density
ratio of 0.01 m*kWh. However, the most significant space demand is associated with the
(underground) storage, which is equivalent to approximately 1 km? per plant [65]. The
technology provides quick ramp rates and start-up ranging between 9 min emergency
start to 12 min in normal operation; yet, it is relatively slow in discharging the stored
power capacity (hours-to-day range) [66].

The round-trip efficiency of CAES can be increased from 25 to 45% [8] for the con-
ventional configuration to 70% [64,65] via adiabatic compression, designated A-CAES. A-
CAES requires additional heat exchangers and a thermal fluid to store the compression
heat. Suppose on platforms, not all turbines can be substituted. In that case, the space
required (especially by the additional equipment—heat exchangers, compressors, tur-
bine) could be a limiting factor, given the strict constraints on offshore applications [67].

The published storage costs depend on the site, scale of the plant and storage type.
Underground air storage for sizes with 8 h discharge time has been estimated at EUR 97—
120/kWh [25]. The average cost of the PCS is in the range of EUR 845/kW, while the storage
costs vary between EUR 40/kWh for aboveground and EUR 110/kWh for underground
storage, on average [25]. In addition to the CAPEX of such CAES systems, one must con-
sider the fixed operation and maintenance costs of EUR 3.9/kW-yr [25].

Despite the few large-capacity CAES plants in the world (above 100 MW), with high
reliability to mitigate wind variability for wind levelling and energy management pur-
poses, CAES has had limited market penetration. As reported by the 2002 EPRI study [68],
one probable reason is the need for underground geological storage, which is likely per-
ceived as a risk by utilities. However, this should not be an issue to the oil and gas sector,
with vast experience storing hydrocarbon-based fuels in underground reservoirs. On the
other hand, A-CAES systems are in the demonstration process and are not yet commer-
cially available. Conventional CAES systems store the compressed air in underground salt
domes and open caverns. For offshore applications, compressed air storage in porous me-
dia (PM-CAES) could present higher potential due to the abundance of sites [68].

air

Compressors
Y Q =

Waste heat

Generator

Storage
Figure 6. Compressed air energy storage.

The technical characteristics of each energy storage technology are depicted below in
separate tables. Table 3 summarises the capabilities for the quantitative KPIs, namely ef-
ficiency, response time, discharge time, capacity, mass energy density and energy content
per footprint. Table 4 condenses those of a more qualitative nature. The data are based on
the review of the references in the respective tables, the computations detailed above and
the details in Appendix C.
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Table 3. Technical characteristics of energy storage technologies based on public literature.

. Rou.n(-i-Trip Response  Discharge Capacity Mass Er}ergy Energy Con.tent
Technologies Efficiency Time Time (MW) Density per Footprint References
(%) (Wh/kg) (kWh/m?)

Lead-acid 80-82 msec—sec sec—hours 0-40 30-50 23 [8,9,19,64,69]
Li-ion 92-96 msec—sec min-hours 0-100 100-250 194 [9,19,69]
Ni-Cd 60-85 msec—sec sec—hours 0-40 40-75 17 [8,19,69,70]

NaS 75-90 msec sec—hours 0.05-34 150-240 140 [8,9,19,69,70]

Ammonia >22 min hours 0.1-1000 5000 50 [58,59,71]
CAES 45 min hours 0.003-300 3.2-140 100 [8,63,64,72]
HPES 96 min hours 2 50 25 [31,73]
SCESS >80 msec—sec sec—min 2 1100 [15,74]

FEES 78-95 msec—min sec—min 0.1-20 5-400 5 [8,63]
H> MH 15-25 min-hours hours 0.3-50 300-964 91 [8,40,75-77]
Ho gas 25-40 min-hours hours 30 33,000 95 [37,75-78]
Hz Liq 12-25 min-hours hours 30 31,300 48 [76-78]
H> Underground 25-40 min-hours months 10 000 33,300 96 [38,76-78]

Table 4. Qualitative performance of energy storage technologies based on the literature in Table A8.

Technologies Safety Environmental Impact Maintenance Integrability TRL
Lead-acid ‘ O ‘ ‘
Li-ion [ ] () [ ] [ ] [ ]
Ni-Cd [ ] ) [ ] [ ] [ ]
NaS [ ) [ ) [ ) [ ) [ )
Ammonia O O ‘ O O
CAES [ J [ J L)) L)) [ J
HPES ([ ) [ ) [ ) [ J O
SCESS [ ) (@) [ ) ) (@)
FEES ([ ] [ ) () [ ) [ )
H: MH ) [ ) [ ) ) [ )
H2 gas O ‘ ‘ O ‘
H: Liq () [ ) () (@) [ )
H: Underground ‘ ‘ ‘ O O

[ ] High performance
Medium performance

Low performance

4. Analysis

Two scenarios were evaluated to shed light on the benefits of the different solutions
to store energy in offshore facilities. Scenario A accounts for offshore assets powered with
renewables to cover 40% of the energy load, considering an average energy requirement
of offshore platforms of at least 30 MW. Scenario B considers a 100% renewable energy
supply. This two-step approach enables identifying the most promising technological de-
velopments, both for the short and long term. Specifically, the short-term Scenario A limits
the possibility of introducing disruptive innovations, favouring solutions that are easy to
deploy and integrate within a short time frame. In contrast, a longer time perspective (Sce-
nario B) introduces the opportunity of deploying technologies that are not yet commer-
cially available but present potential long-term benefits. To compare the technology for
both scenarios, the KPI values of the technologies were standardised. For that, the KPI
scales in Table 1 and the current state of the art of technologies in Tables 3 and 4 were
combined. The technical performance of the various storage solutions was scored for
every KPI. The results are shown in Table 5. Further discussion on the scenarios follows
below.
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Table 5. Technology performance.

Batteries Hydrogen Storage
KPI  Lead- Li- Ni- NH; CAES HPES SCESS FEES
e T T Nas MH Gas Liq Undergr
acid ion Cd
Massenergy 4 11 1 11 25 1 1 13 11 13 10 10 10
density
Energy con-
B tentperfoot- 2 10 17 75 32 56 21 3 11 52 54 32 54
print
Discharge 4 5 4 4 10 10 6 5 5 7 7 7 10
duration
p ResPomse 040 10 10 5 5 5 10 10 5 4 4 3
time
E Capacity 6 6 6 6 8 47 3 4 5 6 5 5 10
F Effiiency 9 10 9 9 3 7 10 8 10 3 4 3 4
G Safety 8 8 8 7 4 8 9 8 9 6 5 4 7
g Bovironmen- 9 4 100 10 3 0 10 10 9 8
tal impact
I Maintenance 10 10 10 8 8 5 8 10 5 8 7 5 10
] Integrability 9 9 9 8 5 6 7 6 7 5 4 2 6
K  TRL 9 9 8 8 6 9 4 3 9 7 9 8 3

4.1. Scenario A (40% Powered by Renewable Energy)

The analyses of the storage solutions for both scenarios were performed via the mul-
tiple binary decision (MBD) method, detailed in Appendix A. The KPIs were contrasted
with each other on a one-to-one basis. Such method yields a KPI ranking (see Figure 7),
which allows further assessment of the technologies with greater promise to fulfil the tar-
get objective based on the premises of the scenario under study.

TRL

Integrability

Maintenance

Environmental impact
Safety

Efficiency

Capacity

Response time

Discharge duration

Energy content per footprint

Mass energy density

Figure 7. KPIs" comparative ranking for Scenario A.

10

The overarching premises considered for the KPIs comparison for the present sce-

nario comprise:

1.  Energy content per footprint and maintenance are highly relevant, as they reflect the
use of the technologies in challenging environments, such as offshore facilities.

2. Discharge duration and response time are less relevant for Scenario A, where only
40% penetration is foreseen. Hence, gas turbines will support the energy system if

high discharge time and low response time are needed.

3. Given the partial penetration rate, limited to 40%, the capacity is seemingly less rele-
vant than other performance indicators.
4. Technology readiness and integrability are essential for the viability of Scenario A,
which lacks the time for significant technology advancements and scale optimisation.
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5. Safety and environmental impact were highly valued, in agreement with the interest
of the consulted stakeholders as per industrial workshops undertaken in the context
of the OFFLEX project [79].

Subsequently, all technologies were contrasted with each other based on the technol-
ogy performances per Table 5, using the MBD method in Appendix A. Figure 8 summa-
rises the technologies’ overall performance.
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Figure 8. Performance of storage solutions per KPIs—Scenario A-2030. A-K are the KPIs. (A) Mass
energy density, (B) Energy content per footprint, (C) Discharge duration, (D) Response time, (E)
Capacity, (F) Efficiency, (G) Safety, (H) Environmental impact, (I) Maintenance, (J) Integrability and
(K) TRL.

It is evident that CAES, Flywheel and Lead-acid and Li-ion batteries show the most
significant promise to meet the challenges of the scenario under evaluation. Of these, Li-
on batteries have the additional advantages of providing low maintenance, high integra-
bility and high energy density per footprint (see Figure 9), relevant for offshore platforms
where space is a constraint. Large-scale batteries in containers can be installed on offshore
platforms without additional modifications. Due to the flexibility of Li-ion batteries, they
can also be deployed together with wind farms. Yet, the environmental impact is a draw-
back to consider, and a low availability of Lithium and Cobalt is expected in the future.
Flywheels are environmentally more attractive. Yet, the batteries outperform the fly-
wheels in maintenance, integrability and footprint. CAES is an immediate solution for
seasonal storage, with capacities large enough to provide the entire load requirements of
an offshore platform. The technology is well established and based on conventional gas
turbine technology, heat exchangers and well underground storage/retrieval, largely cus-
tomary in the oil and gas industry. However, the installation of CAES systems requires
some re-design.
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Figure 9. Spider chart of the most promising technologies for Scenario A-2030 and how they perform
in each KPI The data are available in Table 2.

Regardless of the chosen solution, storage systems must be integrated in the safety
systems of the platform (e.g., deluge, emergency pathways). Additionally, thorough risk
assessments shall be undertaken prior to technology selection for individual deployment
cases. The environmental impact, safety concerns and maintenance requirements pre-
sented in Table 4 allow an initial high-level risk assessment. Table 6 summarises the prin-
cipal risks and mitigation measures for the above-highlighted technologies. The probabil-
ity (P) of unwanted incidents and consequences (C) to health, the environment and/or
costs if the risks materialise, are provided. P and C are estimated on a scale, where 1 is the
lowest level and 3 is the highest.

Table 6. High-level risk assessment for implementation of technologies in Scenario A.

Technology Risk P C ESS Available Risk Mitigation Measures
Multiple safeguards and additional on-site mitigat-
ing factors have allowed events like this to be in the
low-risk zone (likelihood between once in 100,000
years to once in 1,000,000 years) [80].
Use maintenance-free sealed battery with no remov-
Lead- able caps and leak-proof containers. Keep batteries
acid in a cool, well-ventilated area away from ignition
sources.

Battery failures leading
to gas release, fireand 1 3 Li-ion
explosion

Exposure to hazardous
material leading to 1
poisoning and death

Several projects are looking for recycling paths for

some batteries. Yet, the use of hazardous materials
and the diversity in the chemistry of these batteries
pose a challenge.

Li-ion
Low recycling 3 1 Lead-

Safety regulations make this a rare occurrence at the
i FEES . . .
Enclosure failure 12 CAES cost of higher weight and additional safety features,
such as pressure relief valves.

Sealed, frictionless bearings with no lubrication and
2 1 All little maintenance are preferred for flywheel sys-
tems offshore.

Poor performance in
offshore environment
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Air storage in depleted reservoirs has not been tried
offshore. In the short-term, air storage in tanks
would be more suitable for offshore locations. Such
approach avoids environmental concerns regarding
excavation and the structural stability of the mem-
brane.

Thermal management systems are required to avoid
poor performance at low or high temperatures of
Lead-acid batteries.

4.2. Scenario B (100% Powered by Renewable Energy)

When targeting 100% renewable penetration, the energy system in the platform
needs to be supported by a hybrid energy storage solution to give complete operability of
the installation, i.e., constant and reliable power supply. Hence, technologies for large-
scale and seasonal storage, essential to achieving total decarbonisation of the offshore en-
ergy sector, will be needed. Technologies must also be able to cover the peak demands. In
this section, we benchmark the energy storage solutions. The method uses the KPI to as-
sess the technologies focusing on sustainable solutions.

Similar to the above, the relative relevance of each KPI was assessed by the MBD
method. The KPIs were contrasted, yielding the rank in Figure 10. For the present sce-
nario, the following considerations were taken:

1. Safety and environmental impact are very relevant to focusing on sustainable tech-
nologies.

2. The discharge duration is of great relevance, as it reflects the feasibility of long-term
storage (seasonal).

3. Without the use of turbines, the response time becomes highly relevant in the present
scenario.

4. Capacity is of the utmost importance in Scenario B, as the totality of the energy needs
is to be covered by the energy stored.

5. Technology readiness and integrability are less relevant than in Scenario A. The time
gap between both scenarios is assumed to provide sufficient room for technology
advancements and scale optimisation.

TRL
Integrability
Maintenance

Environmental impact

Safety

Efficiency

Capacity

Response time

Discharge duration

Energy content per footprint

Mass energy density

0 2 4 6 8 10

Figure 10. KPIs’ comparative ranking for scenario B.

Figure 11 shows the different storage solutions in a scenario in which the KPIs have
different weights. The results therein do not intend to be a forecast, as they are drawn
from the current technological development state of each storage solution. They represent
an overview that carries significant uncertainties.
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Nevertheless, by comparing Figure 11 with the results from Scenario A, it is noticea-
ble that energy carriers such as Hydrogen and Ammonia show enhanced features. This
responds to TRL and integrability evolving over time. The large capacity and discharge
duration of ammonia and hydrogen (underground) solutions are promising for seasonal
storage (see Figure 12). Nominally, both technologies require large footprints due to the
components needed for production, pressurisation or liquefaction, storage and electricity
conversion. However, alternative configurations can be adopted as in Ref [35], where the
production takes place within the wind turbines’ structure, and storage tanks are installed
on the seabed. Such approaches reduce the space needed on the platform. According to
our analysis, underground hydrogen storage presents higher capacity integrability com-
pared to the other hydrogen options and ammonia.

mK
m)
ml
mH
mG
mE
D
mC
mB
mA
& L L Q\b @"

>
’b('\ R & o & * & QQA \20/% Q\
\(Q/ vf(\ <<\

10

o

oo

~

D

w

n
e

EN

w

N

[N

e&&

QO’

Figure 11. Performance of storage solutions per KPIs—Scenario B-2050. A-K are the KPIs. (A) Mass
energy density, (B) Energy content per footprint, (C) Discharge duration, (D) Response time, (E)
Capacity, (F) Efficiency, (G) Safety, (H) Environmental impact, (I) Maintenance, (J) Integrability and
(K) TRL.

The integrability of ammonia storage systems is also expected to improve in the me-
dium term. Extensive work is being carried out, and ammonia has been designated as a
marine fuel for the future [81]. For offshore assets, ammonia can be particularly attractive,
since it can be exported or imported easily if needed. Additionally, because the storage
requirements are similar to propane (vapour pressure pvap.20c = 8 barg [57]), transport ships
designed for propane can be used for ammonia. The toxicity and environmental concerns
remain significant for ammonia, subject to ongoing research [82].
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Figure 12. Spider chart of energy carriers, hydrogen and ammonia, and how they perform in each
KPI. The data are available in Table 2.

Figure 13 illustrates the performance of a hybrid battery—hydrogen ESS. Theoreti-
cally, such a system could build on the potentiality of the individual technologies to cir-
cumvent the demand for energy storage solutions offshore. Such a system would, in prin-
ciple, rely on batteries for short-term, rapid load supply and on hydrogen for seasonal
variations. This exercise illustrates the need to use complementary technologies to satisfy
the energy demand, ensure reliable energy supply and grant feasible implementation.
However, a thorough evaluation of short- and long-term variations in electric power and
heat load of characteristic platforms is required at an individual platform level. Such eval-
uation shall take into consideration the availability of renewables and risk factors.

Mass energy density

100 Energy content per
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Integrability Discharge duration

0.0
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Figure 13. Spider chart of a hybrid battery—hydrogen system performance for each KPIL. The data
are available in Table 2.
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5. Conclusions

The technical capabilities, of eleven energy storage solutions, including four types of
batteries and four types of hydrogen storage technologies, were screened and assessed.
The focus was on offshore use, based on eleven key performance indicators, namely, mass
energy density, energy content per footprint, discharge duration, response time, storage
capacity, efficiency, safety, environmental impact, maintenance requirement, ease of inte-
grability and TRL.

The analysis of the storage solutions for offshore platforms shows that Li-ion batter-
ies and CAES hold the most promise to meet partial energy demands in the near future.
The readiness level and integrability of both technologies are instrumental for RES de-
ployment offshore in the short term. For more distant future use, the similarity among
numerous technologies precludes any value judgment. However, a hybrid storage system
could prove helpful to overcome the current low maturity level of technologies with a
potential to meet the entirety of the load requirements of offshore platform, given seasonal
fluctuations.

This study mainly addressed technologies that could have a valid application poten-
tial based on the challenges of offshore environments and specificity of the operations
therein. The application of the various screened solutions requires more work and dedi-
cated platform-specific assessment, as none have been extensively tested offshore. Thor-
ough CAPEX, OPEX, risk assessments and life cycle assessments also require further at-
tention. Variations among the proposed technologies can significantly influence their ap-

plicability.
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Appendix A. Multiple Binary Decision Method

The analysis of the storage solutions for the short- and long-term scenarios was per-
formed via the multiple binary decision (MBD) method, detailed in Ref [83].

The MBD method was employed to assess what KPIs were more relevant for each
scenario. One-on-one KPIs comparisons yield weighting factors to further assess, among
different storage solutions, the technologies with greater promise according to the scores
obtained. The procedure is detailed below:

1. Each KPIlis compared to one another based on the specificity of the scenario, that is,
(A) 40% renewable energy by 2030 and (B) 100% renewable by 2050. As a result, two
matrices, and hence, KPIs’ ranks, will be obtained, one for each scenario.

2. For every row pertinent to a KPI, the said KPI is contrasted with every other KPI. If
the KPI under evaluation is more relevant, the interjecting matrix element is assigned
the value of “1”. Otherwise, if such KPI is less relevant, the matrix element is ren-
dered “0”. The KPIs comparison yields a binary triangular matrix, where the upper
triangle is opposite to the lower one.
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3. If two KPlIs are equally relevant, the interjecting matrix elements on both pertinent
rows are assigned a value of “1”. In such a case, the resulting upper and lower trian-
gles will not be exact opposites.

4.  Following the above steps, each parameter is compared to the remaining parameters.
The KPI matrices obtained for every scenario are shown in Tables Al and A2.

Table A1. KPI comparison matrix (Scenario A).

KPIs A B C
0

Mass energy density
Energy per footprint
Discharge duration
Response time
Capacity
Efficiency
Safety
Environmental impact
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Table A2. KPI comparison matrix (Scenario B).

KPIs A B C
0

Mass energy density
Energy per footprint
Discharge duration
Response time
Capacity
Efficiency
Safety
Environmental impact
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5. Once the one-to-one comparison is completed, and the indicative “ones” and “zeros”
are obtained, the parameter weighting factors (Wp, ;) are computed by applying the
following equation:

Wip i
STkpr
where SWyp, ; represents the parameter i weight from the sum of all elements in their

respective row. STyp; is the total sum of the parameters scores. The weighting distribu-
tion for Tables A1 and A2 follows in Tables A3 and A4, respectively.

WKPI_i = X 100 (Al)

Table A3. KPI comparison matrix with weights (Scenario A).

A B C D E F G H I J K SWgpri Wkpri
A o 1 1 1 0 O O O 0 O 3.0 5.4%
B 1 11 1 0 0 O 0 0 O 4.0 7.1%
cC 0 ©0 1 1 0 O 1 O O O 3.0 5.4%
D 0 0 O 11 0 0 0 0 O 2.0 3.6%
E 0 0 0 O o 0 o 0 0 o0 0.0 0.0%
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F 1 1 1 0 1 0 0 0 0 5.0 8.9%
G 1 1 1 1 1 1 1 1 1 10.0 17.9%
H 1 1 0 1 1 1 0 0 0 6.0 10.7%
r 171 1 1 1 1 0 O 0 0 6.0 10.7%
J 1 1 1 1 1 1 0 1 0 8.0 14.3%
K 1 1 1 1 1 1 0 1 1 9.0 16.1%
STkpr 56
Table A4. KPI comparison matrix with weights (Scenario B).
A B C D E F G H I J K SWepri Wgkpri
A o o 0o 0 o 0 0 0 1 1 2 3.5%
B 1 o 0o o o 0 o0 1 1 1 4 7.0%
c 1 1 o 0 1 0 0 1 1 1 6 10.5%
D 1 1 1 10 0 0 1 1 1 7 12.3%
E 1 1 1 1 1 0 0 1 1 1 8 14.0%
F 1 1 0 1 0 o 1 1 1 1 7 12.3%
G 1 1 1 1 1 1 1 1 1 1 10 17.5%
H 1 1 1 1 1 0 0 1 1 1 8 14.0%
r 1. 0 0 0 0 1 0 O 1 1 4 7.0%
J o 0 O O O O O 0 O 1 1 1.8%
K o o o0 o o0 0 o0 o0 0 o 0 0.0%
STyps 57
6. Once the parameters’ weighting factors are obtained, the storage solutions are eval-
uated. All alternatives are contrasted with each other in reference to an alternately
defined KPI The technology with the best performance (according to the evaluation
in Table 2) obtains a “1”, otherwise a “0”. If both technologies score the same, they
are both assigned a “1” (indicated in yellow cells below).
7. Similar to the parameter weighting factors, the technology weighting factors per KPI

(Wr ;) are computed by applying the following equation:

Wr; =

SWry ;
%100
STy

(A2)

where SWr ; represents the technology i weight from the sum of all elements in their
respective row. STy is the total sum of the scores of the solutions.

8.

The result is one matrix per every KPI, with the corresponding weights. Table A5

illustrates the procedure for parameter A: mass energy density.

Table A5. Technology comparison matrix for parameter A—mass energy density with weights.

Technology I I I 1Iv. Vv VI VII VII IX X XI XII XIII SWr; Wr,
Lead-acid I 0 1 0 0 1 1 0 0 0 0 0 0 3 3.30%
Li-ion 1I 1 1 1 0 1 1 0 1 0 0 0 0 6 6.59%
Ni-Cd 111 1 0 0 0 1 1 0 0 0 o0 0 0 3 3.30%
NaS v 1 1 1 0 1 1 0 1 0 0 0 0 6 6.59%
Ammonia \Y 1 1 1 1 1 1 1 1 1 0 0 0 9 9.89%
CAES VI 1 0 1 0 0 1 0 0 0 o0 0 0 3 3.30%
HPES VII 1 0 1 0 0 1 0 0 0 0 0 0 3 3.30%
SCESS VIII 1 1 1 1 0 1 1 1 1 0 0 0 8 8.79%
FESS IX 1 1 1 1 0 1 1 0 0 0 0 0 6 6.59%
H> MH X 1 1 1 1 0 1 1 1 1 0 0 0 8 8.79%
H: gas XI 1 1 1 1 1 1 1 1 1 1 1 1 12 13.19%
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H: Liq xt 1 1 1 1 1 1 1 1 1 1 1 1 12 13.19%
H:Underg. Xm 1 1 1 1 1 1 1 1 1 1 1 1 12 13.19%
ST, 91

9.  The scores obtained for all KPIs (illustrated in Table A5) are then weighted by the
specific weight per parameter within the parameters comparison matrix (refer to Ta-
bles A3 and A4). To exemplify this, take the technology I—Lead-acid battery—
weight for parameter A (3.3%), parameter A weights for scenario A 5.4% according
to Table A3; thereafter, the solution I score within the general matrix of Scenario A is
computed as follows:

% = 0.18 points (A3)

The scores obtained from Equation (A3) are later tabulated and added together to
obtain the general score for every technology (See Tables A6 and A7). The graphical rep-
resentations of these general matrices are in Figures 8 and 11.

Table A6. General matrix of technology comparison for Scenario A.

Weight L::Si' ILoln 12: NaS NHs CAES HPES SCESS FESS H:MH GH;S L}f; Unlg;g.
Mass energy density A 5.4 0.2 0.4 0.2 0.4 0.5 0.2 0.2 0.5 0.4 0.5 07 07 0.7
Energy per footprint B 7.1 0.2 1.1 0.1 1.0 0.5 0.9 0.3 0.4 0.0 0.6 0.8 0.6 0.8
Discharge duration C 5.4 0.2 0.0 0.2 0.2 0.7 0.7 0.4 0.3 0.3 0.5 05 05 0.7
Response time D 3.6 0.4 0.4 0.4 0.4 0.2 0.2 0.2 0.4 0.4 0.2 01 0.1 0.0
Capacity E 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Efficiency F 8.9 0.9 1.2 0.9 0.9 0.2 0.5 1.2 0.6 1.2 0.2 04 0.2 0.4
Safety G 17.9 2.0 2.0 2.0 0.6 0.2 2.0 2.4 2.0 2.4 0.6 06 04 1.0
Environmental impact H 10.7 0.5 0.5 0.5 0.8 0.5 14 14 0.0 14 14 14 0.8 0.6
Maintenance I 10.7 1.3 1.3 1.3 0.8 0.8 0.2 0.8 1.3 0.2 0.8 03 0.2 1.3
Integrability J 14.3 2.0 2.0 2.0 15 0.5 1.0 1.3 1.0 1.3 0.5 02 0.0 1.0
TRL K 16.1 2.1 2.1 1.2 1.2 0.5 2.1 0.3 0.2 2.1 0.7 21 1.2 0.2
Score 100 10 11 9 8 5 9 8 7 10 6 7 5 7

Table A7. General matrix of technology comparison for Scenario B.

. Lead- Li- Ni- H: H: H: H:

Weight Acid Ton Cd NaS NHs CAES HPES SCESS FESS MH Gas Liq Unders,
Mass energy density A 3.5 0.1 02 01 0.2 0.3 0.1 0.1 0.3 02 03 05 05 0.5
Energy per footprint B 7.0 0.2 1.0 01 1.0 0.5 0.9 0.3 0.3 00 06 08 06 0.8
Discharge duration C 10.5 0.4 0.0 0.4 0.4 14 14 0.7 0.6 0.6 1.1 1.1 11 14
Response time D 12.3 15 15 1.5 15 0.7 0.7 0.7 1.5 1.5 07 02 02 0.1
Capacity E 14.0 15 15 1.5 15 1.7 0.3 0.0 0.2 0.8 1.5 08 0.8 1.9
Efficiency F 12.3 1.3 1.7 1.3 1.3 0.3 0.7 1.7 0.8 1.7 03 06 03 0.6
Safety G 17.5 1.9 1.9 1.9 0.6 0.2 1.9 2.3 1.9 2.3 06 06 04 1.0
Environmental impact H 14.0 0.6 0.6 0.6 1.0 0.6 1.8 1.8 0.0 1.8 1.8 18 1.0 0.7
Maintenance I 7.0 0.9 0.9 0.9 0.5 0.5 0.1 0.5 0.9 0.1 05 02 0.1 0.9
Integrability ] 1.8 0.2 0.2 0.2 0.2 0.1 0.1 0.2 0.1 0.2 01 00 0.0 0.1
TRL K 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 0.0 0.0

Score 100 9 10 8 8 6 8 8 7 9 7 6 5 8
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Appendix B. Overall Performance of Storage Solutions
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Figure A1. Spider charts of Energy Storage Systems for each KPL

Appendix C. Complementary Information of the Energy Storage Technologies
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Table A8. Information on safety, environmental impact, integrability and costs of energy storage technologies.

Technologies (1) Safety Indicators, (2) Environmental Impact, (3) Maintenance Requirement Integrability Costs Ref.
(1) The main concern with CAES is related to compressed air storage in vessels, i.e.,
catastrophic rupture of container. Yet, the safety regulations make this a rare occur-
rence at the cost of higher weight and additional safety features, such as pressure re-
fief Valve.s ) . . . . Integrability of CAES should not be an issue in offshore plat- Power conversion system: EUR
(2) The highest negative environmental impact of CAES is related to underground . . . 696-928/kW
. . . . forms. The technology is based on conventional gas turbine

CAES storage in caverns, i.e., excavation process, materials and components used for con- technology, heat exchangers and underground storage/re Storage component: EUR 97— [25,66,84]

struction and the structural stability for the membrane. If tanks were to be used for Y/ & & & 120/kWh

L. X .. K . trieval, largely customary in the oil and gas industry.
storage, the main impact would derive from abiotic depletion from raw materials ey y & y

used in the manufacturing of the vessels.
(3) The maintenance requirements are the same as a simple cycle combustion engine
(~USD 0.30/MWh generated).

O&M: EUR 3.9/kWh-yr [25]

H: stored in metal
hydride

(1) Metal hydrides provide good safety features when compared to other hydrogen
storage solutions, as they do not explode and may be rendered self-extinguishing.

However, an important safety concern is the release temperatures of some metal hy- Power conversion system: Electrol-

drides, which can reach high temperatures (>500 °C), which can be prohibitive in the ysis and small to medium turbine

vicinity of certain processes and or hazardous areas. All of the key components for hydrogen production are read- (including balance of plant):

(2) It is seen as lacking negative environmental impact; however, the availability of  ily available to the industry. Electrolysers are becoming more EUR 1359-2673/KW

the raw material for large-scale application involving lanthanum poses an environ-  efficient as the technology further matures. Storage in hydrides: [25,39,43,85-
mental factor for consideration. The location of the storage solution withing the platform shallLow thermal hydrides: USD 14—  88]

(3) Metal hydrides can operate for decades without major losses. Commercially avail- be carefully considered due to the high temperatures 200/kWh

able systems claim 99% capacity after 3500 cycles. Yet, the charging and discharging achieved during retrieval. High-thermal hydrides: USD 10-

of metal hydrides causes stress in the material, yielding tiny defects that eventually 20/kWh.

degrade the material’s ability to store hydrogen. However, dedicated research is un- O&M: EUR 25-45/kW-yr

derway to improve the long-term efficiency, including particle size, controlled use of
material defects, moisture and oxygen monitoring, thermal control, etc.

H2 compressed in
tank

(1) Hydrogen has a low molecular size. In the event of a vessel failure, hydrogen will

leak through the cracks, triggering an increase in the temperature due to the negative

value of the Joule-Thompson coefficient. Once leaked, hydrogen forms an explosive

mixture, given its wide range of flammable concentrations in the air and lower igni- Reuse of platforms previously used for the oil and gas indus- For costs of power conversion sys-
tion energy than, e.g., natural gas. Special flame detectors are required. try to accommodate the green hydrogen production is seen as tem and operation and mainte-

(2) The environmental impact of hydrogen is related to possible leakage. Hydrogen a potential solution for decreased investment costs of energy nance, see metal hydrides above.  [44,89-91]
can be considered as an indirect greenhouse gas with the potential to increase global production from wind turbines, especially as the electrolysers Storage in tanks: USD 438/Kg [45]:
warming. This is because hydrogen reacts in the atmosphere with tropospheric OH  technology advances and costs decrease. ~USD 13.1/kWh

radicals, disrupting the distribution of methane and ozone. However, the potential ef-

fects on climate from hydrogen-based energy systems would be over 10 times lower

than those from fossil-fuel-based energy systems.
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(3) Storage vessels should be subjected to non-destructive examination at planned in-
tervals and be recertified periodically with regard to their safety and reliability. Cyclic
service is of particular concern due to the potential failure due to fatigue and hydro-
gen embrittlement. Pressure vessels must follow standards, as well as the manufac-
turer’s and best practice recommendations and consider the particularities of the loca-
tion.

The considerations described for compressed hydrogen systems are applicable to liq-
uid systems. In addition:
(1) Extremely low temperatures of liquid hydrogen yield air condensation on exposed

surfaces, such as vessels and piping. Nitrogen, which has a lower boiling point than For costs of power conversion sys-
oxygen, will evaporate first, leaving oxygen-enriched condensation on the surface. All tem, see metal hydrides above.
Liquefaction costs (including opera-

areas of potential condensation should be free of hydrocarbons (oils, grease, etc), and X X o X X
. . . . e The use of liquefaction plants within operating oil and gas
the insulation material shall be non-combustible to prevent possible ignition. Further,

tion and maintenance based on the

Hz liquefied in tank material integrity for low temperature operation should be thoroughly considered; platforms poses integrability 1ssues t.h'at must be thoroughly IDEALHY project): [4142,91-94]
ry P P sy addressed, such as the space availability and safety concerns Pro)
the vessel and the connecting piping must have sufficient flexibility to prevent fatigue ! P v Y Y " USD 58/kWh
failures caused by thermal contraction. Storage: USD 149/kg ~ USD
or environmental impact, see notes on Hz tanks above. . .
2)F i limp H> tanks ab 4.8/kWh

(3) Even if hydrogen is not being drawn from the tank, the evaporation of liquid Hz

will take place at a rate of up to 1% per day. Hence, periodical pressure relief shall be

accounted for as a normal part of operation.

(1,2) The main safety and environmental issues of underground storage of hydrogen

are related to the unlikely events of unhindered escape of the stored gas in case of a

blow-out and leakage through faults or other leakage paths. The former could be pre- . . . .

vented by an automatically closing subsurface safety valve (S55V); the latter has a Storing hydrogen in depleted gas fields would leverage For costs of power conversion sys-
H: storage under- lower incidence in depleted gas and oil fields, where the tightness is initially known promising features, such as pr.ox1m.1ty o reservolrs, provern tem and operation anf.;l mainte-
ground and thoroughly tested. However, knowledge gaps exist regarding the geochemical tightness to gases over geological time periods and the al- ~ nance, see metal hydrides above.  [45,95]

mineralogical and microbiological reactions, as well as geomechanical effects in geo- ready existing facilities for injection and withdrawal of hy-  Storage in underground caverns:

! f h ir. EUR 0.2-11. h

logical stores in the presence of hydrogen. drogen from the reservoir URO 6AW

(3) During the operation of depleted oil fields, residual oil may periodically be pro-

duced and increase the operation and maintenance efforts of the storage.

(1) Poor performance at low or high temperatures, so they need a thermal manage-

ment system. They also need appropriate ventilation to manage the off-gassing (hy- . . .

drogen) or evaporated electrolyte Batteries for offshore applications are usually offered in con-
Lead-acid -Fl ) i . i i - ,12,13,16,

ead-acid -Flooded (2) They contain sulphuric acid, and they depend on hazardous and restricted materi- tam§r modules. Such mo.dules 1nc1'ude the I'Jatt'erles, du.al con USD 150-500/kWh [9 3,16,96

LA als. Lead is a restricted element under the ROHS nection shore, AC/DC drives, cooling, ventilation and fire ]-

(3) Ample manufacturing and operational experience. It needs periodic water replace- PI‘OtECtIOI’l. The container Fan be 1r.15talled on the platform, or

ment it can be coupled to the wind turbines.

- For installing the batteries offshore, th 1 guide-

(1) Non-flooded electrolyte design, which allows for operation in areas without the Or mstating (e batieries O ESIOTe, Tete are several guice”

need for special ventilation. They are more sensitive to higher temperature environ lines and regulations from the Norwegian maritime authority
Lead-acid -VRLA pecial v ey v & P v and DNV. USD 106-473/kWh [9,16]

ment than flooded lead-acid systems.
(2) Similar to flooded LA.
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(3) Very low maintenance and no water addition required [9].

Ni-Cd

(1,2) Cd is very toxic and is a restricted element under the RoHS.

(3) They survive at high-temperature environments. This battery is used for O&G in-
stallations. Easy installation and low maintenance. Resistance to mechanical and elec-
trical abuses.

NaS

(1) Since the batteries operate at high temperatures (300-350 °C), they require a ther-
mal enclosure. These batteries are recommended for use in stationary systems, since
in the event of a crash, the ceramic electrolyte can be mechanically damaged, and un-
controllable reactions between the molten sodium and molten sulphur can occur. Spe-
cial containment is required to manage high-temperature sodium and sulphide com-
pounds, which are highly corrosive.

(2) They use non-toxic materials and have a recyclability rate of 99%.

(3) Low O&M requirement.

Li-ion batteries

(1) Safety concerns over thermal runaway incidents for LCO. LFP and NMC reduce
the risk of thermal runaways.

(2) Currently, the recycling schemes and recovery rate are low. Several projects are
looking for recycling paths for these batteries, but the diversity in the chemistry of
these batteries poses a challenge. The availability of Lithium and cobalt is a concern,
in case of aggressive demand scenarios.

(3) Low O&M requirement.

[8,12,16,70,97

USD 250-1000/kWh ]

USD 263-735/kWh [9,16,70]

USD 200-1260/kWh [9,16,17]

FESS— flywheels

(1) Flywheels operate at high circumferential speeds, sometimes even up to

800 m/s. The main safety hazard is related to rotor failure with catastrophic effects.

Up to a certain energy content, flywheels can be contained and mounted safely, even

in the event of a severe rotor burst. Three design options to decrease the consequences

and likelihood of failure are: safe housing to avoid penetration, breach or gas re- Integrability shall not be a showstopper. Flywheels have been
lease/intake, bunker the system to avoid penetration or bunker destruction in the ra- used in numerous applications, including powering of tur-
dial direction and axial direction, safety margin in rotor design. bomachinery and mechanical batteries in diverse sectors.

(2) Low environmental impact, as no greenhouse emission or toxic material is pro-  Further, the presence of flywheels can enhance the batteries’
duced during operation. storage time and, hence, increase their utilisation time [29].
(3) Most flywheel systems use sealed, frictionless bearings and may require no lubri-

cation and little maintenance; yet, replacement is often required, every 5 to 8 years. If

the flywheel is coupled to a generator, it will require regular maintenance (coolant

and oil changes, filters and batteries).

Power conversion system: (includ-
ing balance of plant)

EUR 284-356/KW

Operation and maintenance (varia-
ble/fixed):

EUR 4.8-5.6/kW-yr/ EUR 1.1-
2.9/kWh

Storage: EUR 1030-18159/kWh

[26]

[25,27,30,98,9
9

SCESS —Superca-
pacitor

Integrability shall not be an issue. Supercapacitors have been
used in numerous applications.

The supercapacitor space requires a thorough case-by-case as-
sessment and compliance with relevant guidelines. In cases
where the supercapacitor system is integrated into the plat-
form power/energy management system, with other subsys-
tems and components, the integration tests of the whole sys-
tem are to be carried out.

(1) A short circuit of a fully charged supercapacitor will cause a quick release of the
stored energy, which can cause electrical arcing, with consequences to the integrity of
the device. However, the generated heat is too low as to pose a real risk of explosion
(unlike batteries).

(2) Although supercapacitors are not polluting to the environment, their configura-
tion (and new configurations of Lithium-ion batteries) may include carbon nanotubes,
which are known toxic compounds for humans and other living beings. However,

EUR 6800-20,000/kWh [100-104]
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large-scale environmental impact on a system level over the entire life cycle requires Supercapacitor spaces are not to contain any heat sources or
further investigation. high fire risk objects, nor equipment supporting essential ser-
(3) Supercapacitors can be charged and discharged millions of times and have a virtu- vices.

ally unlimited life cycle. Further, supercapacitors are considered a maintenance-free

technology.

Ammonia fuel

(1) Poison gas and corrosive problems during loading. Although if leakage occurs, the
ammonia smell can be detected at small concentrations.

(2) Toxic gas for humans and for aquatic life. NOx (GHG) emission from ammonia
combustion.

Power conversion system: Electrol-

ysis and fuel cell (including balance

of plant) [25,55,56,61,1
EUR 1630-3884/kW 05]
Operation and maintenance:

EUR 24-39/kW-yr [26]

Ammonia is a potential marine fuel. There are several pro-

jects assessing the use of ammonia as fuel for ships or for pro-
ducing it in an artificial island. Therefore, ammonia produced
in an oil and gas platform can be very well integrated in a fu-
(3) Ammonia has a 30 times lower cost per unit of stored energy compared to hydro- gasp very &

. .. . . ture marine fuel system.
gen. Ammonia fuel blends for gas turbine power generation is an immature field. Y

Hydro-Pneumatic
Energy Storage
(HPES)

(1,2) The technology uses pressurised seawater and compressed air. None of the sub- The HPES system can stand alone on the sea beside the plat-
components or materials are considered hazardous or flammable. form, or it can be coupled with the wind turbines. The de- CAPEX: EUR 1800-3000/kWh [31,32,73]
(3) There is no information on the maintenance requirement. ployment depth of the full scale is 100-250 m.
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