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Maritime shipping is a key factor that enables the global economy, however the pressure it exerts on the
environment is increasing rapidly. In order to reduce the emissions of harmful greenhouse gasses, the
search is on for alternative fuels for the maritime shipping industry. In this work the usefulness of
hydrogen and hydrogen carriers is being investigated as a fuel for sea going ships. Due to the low
volumetric energy density of hydrogen under standard conditions, the need for efficient storage of this
fuel is high. Key processes in the use of hydrogen are discussed, starting with the production of
hydrogen from fossil and renewable sources. The focus of this review is different storage methods, and
in this work we discuss the storage of hydrogen at high pressure, in liquefied form at cryogenic
temperatures and bound to liquid or solid-state carriers. In this work a theoretical introduction to
different hydrogen storage methods precedes an analysis of the energy-efficiency and practical storage
density of the carriers. In the final section the major challenges and hurdles for the development of
hydrogen storage for the maritime industry are discussed. The most likely challenges will be the
development of a new bunkering infrastructure and suitable monitoring of the safety to ensure safe
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rsc.li/ees operation of these hydrogen carriers on board the ship.

Broader context

The shipping industry is crucial for today’s global economy and is becoming an increasingly more polluting factor in the transport sector. New technologies
must be adopted to reduce the pollution from the maritime industry. Ships for seagoing transport usually have a lifetime of around 20 years, so if a ship adopts
a new technology to reduce its environmental impact, the decision has to be well considered to make sure that it will benefit the environment during the entire
operation lifetime of the ship. This review aims to inform on the different aspects of hydrogen use as a maritime fuel and to give an objective outlook of the
advantages and disadvantages and the major hurdles that come with the storage of hydrogen on board of seagoing ships.

1 Introduction

For millennia, humans have depended on the use of seas and
waterways for the transportation of goods. Up until the late
18th century, the main power for ship propulsion was wind in
the sails. This changed after the development of steamships
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powered by coal, and by half-way through the 20th century,
diesel fueled ships had taken over. This development made
ships go faster, but as trade grew, ships also became larger
and heavier thereby dramatically increasing the cost on the
environment. To date, if it were a country, the shipping
industry would be the 6th largest emitter of CO,, with total
emissions in the range of 900 million tons of CO, per year."?
The European Commission projected an increase in global CO,
emissions from shipping of 80% between 1990 and 2020,* and
it is estimated that without action the global share of ship-
ping’s greenhouse gas (GHG) emissions may reach 17% by
2050.* The International Maritime Organization (IMO) has set
a 50% reduction target for emissions related to maritime
transport by 2050 compared to 2008.> The shipping industry
is also responsible for a large amount of air pollutants:
emissions of NO, and SO, represent roughly 15% and 13% of
the global total, respectively.® A proposed solution to the NO,
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and SO, emission in the shipping industry is the use of
liquefied natural gas (LNG). In theory, this could even lead to
a reduction of CO, emissions by 23% compared to diesel, since
LNG has a higher hydrogen to carbon ratio.” However, methane
slip both on the engine level and in the production chain of the
liquefied natural gas in reality nullifies this effect and no real
greenhouse gas reduction is achieved through the use of LNG.?
The IMO has placed more and more stringent restrictions on
the emissions of NO, and SO, from ships, and emissions
control areas (ECAs) have been designated (such as the North
and Baltic sea) where there are more stringent restrictions on
the emissions of air pollutants. The IMO has also implemented
the energy efficiency design index (EEDI), a design tool aiming
at reducing the emissions of newly built ships. Seagoing ships
have an operating lifetime of over 20 years, and since the EEDI
only applies to newly built ships, the global fleet is not expected
to comply with this index before 2040. This makes the useful-
ness of the EEDI highly contested.® The reductions that can be
reached with the design index are not at all ambitious in order
to reach the emissions to combat climate change.® To reduce
the emissions of the shipping industry, more focus should be
placed on other methods than ship design. Other pathways are
the use of operational measures such as mandatory speed
limits, for example, lower sailing speeds and a better commu-
nication between ship and port. These measures can effectively
reduce the CO, emissions from shipping already by 1-60%
depending on how strict the conditions are set.” Next to ship
design and the operational methods, the most disruptive way to
reduce the CO, emissions from shipping is switching away
from fossil fuels, towards renewable fuels, with lower net CO,-
emissions.

Hydrogen is gaining a lot of attention as a clean fuel, since it
can be generated from renewable energy through electrolysis.
The production of hydrogen through electrolysis is an estab-
lished technology, but not the current industrial standard.'
Current methods for producing hydrogen rely on the use of
fossil fuels as a starting material. It is however possible to use
water and excess renewable (solar or wind) energy for the
production of hydrogen."" The potential for solar energy use
is huge: on the earth’s surface the incident solar energy is
estimated to be 48000 TW. The shipping industry uses less
than 0.5 TW year.'” An additional benefit is that both water and
renewable energy are available globally (although cost of elec-
tricity can vary widely between regions), whereas fossil fuels are
unevenly distributed on the globe. To use hydrogen as an
on-board fuel, a number of demonstration projects have
already been initiated, both using hydrogen fuel cells and by
using hydrogen adopted combustion engines. The most crucial
bottleneck with hydrogen as a fuel is likely not the production
or the end-point use but rather the storage, having even been
called a show stopper in the past.'* By weight, hydrogen is
an excellent energy carrier with a lower heating value (LHV)
roughly 3 times that of diesel, 33 kW h kg™' compared to
11.39 kW h kg~ '. However, hydrogen is such a light gas that
under atmospheric conditions the total energy content is only
3.06 W h L' whereas diesel contains 10.08 kW h L™, roughly a
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difference of factor 3000. To deal with this low volumetric
energy content at atmospheric conditions several technologies
exist to concentrate hydrogen and make storage more efficient.
These include: compression, liquefaction and storage in physical
or chemical carriers."* The storage of hydrogen in physical/
chemical carriers is an innovative way of handling hydrogen
storage. The principle is that hydrogen is not stored as a pure
compound, but bound to a carrier either via adsorption (for
physical storage)®™” or by chemical bounds.'®>” In this review
we will not focus on the use of physical (adsorption) based
hydrogen storage, but we will specifically discuss chemical carrier
molecules for hydrogen. Many carriers for hydrogen have been
proposed and these can be gasses (like nitrogen or CO,),>*?’
liquids (e.g. toluene) or solid materials (e.g metals or borane
compounds). Gaseous hydrogen compressed at 70 MPa, is a
frequently used storage technique in the automotive industry®®
and we will use this as a reference in this work. The hydrogen
forms in liquid form that are considered are: liquid hydrogen,
ammonia, synthetic fuels (from recycled CO,) and liquid organic
hydrogen carriers (LOHC). As solid materials we consider some
examples of metal hydrides (MgH,, NaAlH,, laves-type AB,
hydrides) and the borane compounds NaBH, and NH;BH;.

Hydrogen storage for maritime applications is different and
shows different challenges than hydrogen storage for stationary
or automotive applications. However, the storage of hydrogen
for maritime shipping is more challenging than these other
cases. On the one hand, large quantities of hydrogen are stored
on an isolated ship, whereas in large-scale stationary storage,
there is the possibility of external energy input to either release
the hydrogen from the carrier or keep it under ideal storage
conditions. On the other hand, the storage on a ship is less
restricted by weight and volume requirements compared to the
automotive industries, and more extreme temperatures can
also be used more safely for hydrogen storage on a large ship
than in a much smaller passenger vehicle.

2 Production of hydrogen

Although the hydrogen atom is the most abundant atom in
the universe, molecular hydrogen gas itself is not an earth
abundant resource. Hydrogen gas has to be produced from
other products.” It is not an energy source like fossil fuels, but
it functions more as an energy vector. Hydrogen is mostly
produced as a chemical feedstock with an estimated global
production of 70 million tons of pure hydrogen in 2019.*° There
exist several methods for the production of hydrogen, but not
all production methods for hydrogen can be considered green.
Currently, about 96% of all hydrogen produced, is produced via
reforming processes of fossil fuels, either natural gas, heavy oil
and naphtha or from coal. These processes produce large
quantities of CO,,*" and so alternative methods for hydrogen
production are under investigation. These methods use renewable
feedstocks like water, and biomass. Different hydrogen produc-
tion methods have been reviewed in depth by Nikolaidis and
Poullikkas®> and the section on hydrogen production of this
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review only aims to provide the reader a basic understanding of
hydrogen production, by steam reforming of methane and by
electrolysis. These methods were selected since they are proven
technologies, already performed on a MW scale. An exception to
this is membraneless electrolysis, which is a new technology but is
strongly linked to the maritime industry since it was originally
developed as a ballast water purification system.

2.1 Reforming of methane

Steam reforming of methane is the current state-of-the-art
technology for hydrogen production. Currently, about 48%
of the globally produced hydrogen is produced via steam
reforming. Two process steps are required to convert methane
to hydrogen and CO,. The first step in the process converts the
methane to hydrogen and CO, according to eqn (1).*

CH, + H,0 = CO +3H, AH =206k mol™" (1)

In order to increase the hydrogen yield of the process, the
water—gas-shift reaction occurs in the next step of this chemical
process (eqn (2)).**

CO+H,0 = CO, +H, AH=—-41kJmol™* (2)

From one molecule of methane and 2 molecules of water, a
total of 4 moles of hydrogen can be generated, while seemingly
only emitting one mole of CO,. However, the overall reaction
for hydrogen production is endothermic, and this heat is
supplied by the combustion of fossil fuels, generating an
additional emission of greenhouse gasses. A study showed that
the median CO, emission was 9 kg CO, per kg hydrogen.**
Using the lower heating value of hydrogen, this resulted in a
median emission of hydrogen of 270 g of CO, per kW hy,
energy produced. Diesel fuels are known to emit +3.15 g of CO,
per combusted gram of fuel.*®> Using the same calculations as
for hydrogen, 277 g of CO, is emitted per kW h of diesel used.
The advantage of lowering greenhouse gas emissions by using
hydrogen from steam reforming is thus minimal, if no extra
CO, mitigation measures are taken to reduce the emissions of
the steam reforming plant.*® CO, emissions from steam
reforming are not limited to the emissions from the chemical
process; the heating of the product to high temperatures by
combustion on natural gas, can contribute up to 41% of the
total CO, emissions in the process.>” The electrification of the
reforming reactors is a possible new pathway that is under
research to lower the emissions related to steam reforming.
Instead of combusting natural gas for heat, the heat would be
supplied by electricity; this not only has the potential to reduce
CO, emissions from the combustion, but it would also allow for
higher methane conversion.*®

Next to electrification chemical engineers are working on
the development of dry reforming of methane; this process
combines two greenhouse gasses, CO, and methane, to generate
hydrogen and carbon monoxide. This reaction follows eqn (3) at
temperatures above 750 °C.*®

CH, + CO, = 2CO + 2H, AHjgg =260.5 k] mol™*  (3)
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This process provides a more sustainable alternative to steam
reforming, since it turns a waste gas, carbon dioxide into
syngas (carbon monoxide and hydrogen), which is a useful
gas stream in the chemical industry.® This technology is often
sighted in line with bio gas reforming, to enable a more
sustainable production method of the syngas. Currently, dry
reforming is not only used on large scales, but also this
technology does provide a way of producing H, from natural
gas or biogas.’®™** Since this process still uses fossil fuels it is
less likely to be as disruptive a technology as renewable energy
production and this could ease the pathway to truly renewable
hydrogen.

2.2 Water electrolysis

An alternative method of hydrogen production is the electro-
lysis of water. There exist several different kinds of water
electrolysis reactions, but all start from the same common
concept that when a high enough electrical current is passed
through water, the water will split into hydrogen and oxygen

gas (eqn (4)).
1
H,0 + Current — H, + 502 (4)

The different electrolysis methods that are discussed here
are: alkaline, polymer electrolyte membrane, solid oxide and
membraneless electrolysis. Electrolysis of water can be
combined with renewable energy and is seen as a method to
stabilize the intermittent character of renewable energy, by
converting the excess energy to hydrogen.** The cost for this
renewable hydrogen is still higher than that of steam reforming
of methane, expressed in US$,;¢ the price for hydrogen from
natural gas could be as low as 0.91-1.69 $ kg™, whereas the
prices for renewable hydrogen could be as high as 3.56-
9.08 $ kg~' for wind energy and 3.34-17.30 $ kg~ for solar
energy.** The availability of energy is a critical factor in the
development of water splitting technology; the energy required
to release one mole of hydrogen by water splitting is 7 times
higher than the energy required to release a mole of hydrogen
from methane.*’

2.2.1 Alkaline electrolysis. Alkaline electrolysis is the state-
of-the-art electrolysis technology; it consists of two electrodes
that are separated by a diaphragm®® that permeates ions in
water but not the evolved gasses.””*® A schematic view is seen
in Fig. 1A. When current is applied to the electrodes the
protons in water are reduced to hydrogen gas on the cathode,
and oxygen is evolved from the oxidation of hydroxide ions at
the anode. The reactions that occur at the electrodes are as
given by eqn (5) and (6):*°

Cathode: 4H,0 + 4e~ — 2H, + 40H" (5)
Anode: 40H™ — O, + 2H,O0 + 4e~ (6)

To separate the electrodes a diaphragm is used; traditionally
asbestos was used and this limited the operating temperature
of alkaline electrolysers to 80 °C. Due to the health risks
of asbestos this is now replaced by alternative materials.
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Fig. 1 Schematic side-view of discussed electrolysis technology, based on ref. 58. (A) Conventional alkaline electrolysis, (B) conventional PEM, (C) solid

oxide electrolysis, and (D) membraneless electrolysis.

Alternative materials are also under study to increase the
working temperature of these electrolysers up to 150 °C; at
higher temperatures less energy is required for water electro-
lysis reaction.”®

Traditionally alkaline electrolysers are operated at near
atmospheric pressures (0.1-0.6 MPa); however, systems at
70 MPa also exist, and these systems have the advantage that
less energy is required for post-processing of the hydrogen for
high pressure applications, but at the cost of reduced hydrogen
purity.’" Still there is a high cost related to electrolysis as the
most efficient electrodes are made of platinum,** and purified
water is required in the electrolysis process.>

2.2.2 Polymer electrolyte membrane electrolysis. A second
type of electrolysis is polymer electrolyte membrane (PEM)
electrolysis, Fig. 1B. Here, the aqueous electrolyte is replaced
by a proton conducting polymer membrane, that does not
permeate gasses. The reactions at the electrodes are different
from those in alkaline electrolysers, since only protons and
electrons can be transported between the electrodes. The reactions
at the anode and cathode are given by eqn (7) and (8):*

1
Anode: H,O — 502 +2H" +2e” )

Cathode: 2H" + 2e” — H,

(8)

Water is split into oxygen and protons and the protons then
migrate through the membrane to the cathode where a
reduction reaction to hydrogen gas takes place. The materials
used for the cathode, anode and membrane greatly influence
the efficiency and the associated cost of a PEM electrolyser. As a
cathode material, platinum deposited on carbon is frequently
used; for the anode, iridium or iridium-ruthenium based
catalysts are selected. For the membrane Nafion™ or other

818 | Energy Environ. Sci,, 2021, 14, 815-843

fluorinated polysulfonic acid membranes are the most likely
choice.”® In practice the anode, cathode and membrane are
assembled to make a compact membrane electrode assembly
(MEA). By placing all components close to each other the
distance the electrons and protons have to migrate is lowered
and this improves the overall efficiency of the system. However,
the overall efficiency of PEM electrolysers is still lower than in
alkaline electrolysers, but due to the low permeability of the
membrane for the gasses, PEM have reported hydrogen purities
of 99.999 vol% without post-processing.****

2.2.3 Solid oxide electrolysis. Of all types of electrolysers
discussed in the literature, the system that requires the least
electrical energy requirement is the solid oxide electrolyser.
These systems operate at temperatures above 800 °C and due to
the high thermal energy supplied to the system, less electrical
energy is required. This is especially advantageous to the over-
all electrical efficiency if these high temperatures can - at least
partially — be supplied by high temperature waste heat stream
from e.g. industrial plants or from a geothermal source. Solid
oxide electrolysers have an oxygen-ion conductive membrane
and the electrochemical reactions at the electrodes are then
given in eqn (9) and (10):>*

Cathode: 2H,0 + 4e~ — 2H, + 20*~

©)

Anode: 20°” — O, + 4e” (10)

Just like with other electrolysers the membrane in a solid oxide
electrolyser plays a crucial role. In this type of electrolyser, the
most used membrane is yttria stabilized zirconia, a material
that allows oxygen ions to pass through while remaining stable
and electronically insulating even at higher temperatures.
Solid oxide electrolyzers can be designed without the need for
expensive noble metal electrodes. As the hydrogen electrode,

This journal is © The Royal Society of Chemistry 2021
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the typical electrode material used is nickel cermet (a composite
ceramic and metallic material), these materials show a high
electrical conductivity and a high activity towards the electro-
chemical reactions. For the oxygen anode, most often perovskite
materials are used, commonly LaMnO3.>> A schematic of a solid
oxide electrolyser is shown in Fig. 1. However, solid oxide electro-
lysers are still in an R&D phase and face critical issues concerning
thermal stability. Continued heating and cooling of the system
due to load changes result in microscopic cracks in the
membrane and this is detrimental to the entire system. Since
load changes cause issues with operational stability of the solid
oxide electrolysers, these systems are described by some authors
to be incompatible with grid stabilization of renewable energy,”
since grid stabilization requires the electrolyser system to be
switched on and off ad hoc.

2.2.4 Membraneless electrolysis. Having been originally
designed as a ballast water purification system, membraneless
electrolysis is an innovative new concept for hydrogen production,
that has the potential to significantly reduce the cost of electro-
lysis equipment due to the simple configuration of the device. The
simplest setup of a membraneless electrolyser is based on flow-by
electrodes; in this system the electrolyte flows parallel to the
electrodes and into two different outflow channels at the end of
the device, as can be seen in Fig. 1D. These systems use the Segré-
Silberg effect where the gas bubbles are pinned close to the
electrolyte surface where they are evolved thanks to the fluid
gradient of the electrolyte. This means that by flowing the
electrolyte through the channel and into the separated outlets
the hydrogen and oxygen gas streams are separated from each
other by the flow of the aqueous stream. The reactions at the
separated electrodes are given in eqn (11) and (12):>°

Cathode: 2H,0 + 2e” — 20H™ +H, (11)

Anode: H,O — 2¢™ +2HT + %Oz (12)

This system can, however, not produce hydrogen of the same
purity as e.g. PEM electrolysers but the reported purity for the
hydrogen stream is still as good as 99%.” Since no membranes
are involved in this system there are significant advantages over
other types of electrolysers: the first advantage is the simple
configuration of the device. Due to the simplicity of the
membraneless system, it is also quite resilient to impurities
and a wide range of operating conditions.’® Membraneless
electrolysers are also known to run on tap water and even brine
media.”” Another advantage is that membraneless electrolysers
can work over a broad range of the pH spectrum (0.35-13.7)"°

Table 1 Operational details of discussed electrolysis technologies
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and in a broad spectrum of electrolyte solutions.?”>° All these
advantages have to be weighed against the fact that membrane-
less electrolysers have a lower voltage efficiency compared to
other systems; this is due the larger distance between the
electrodes and thus the higher internal electrical resistance of
the system compared to other electrolyser systems.>® This
means that higher currents have to be used with this system
to generate the same amount of hydrogen compared to other
fuel cell systems. Table 1 summarizes the specifications of the
different types of electrolyzers.

Membraneless electrolysers operating with electrolytes
containing salts are also able to produce acids and bases for
the chemical industry, and these value added chemicals have
the potential to lower the cost of hydrogen production by
membraneless electrolysis.>®

3 Hydrogen storage methods

In this section the main different hydrogen storage technologies
with potential applicability in the maritime industry are
reviewed. Again, this section aims to provide insights into the
basics of each technology, and its benefits and drawbacks. Readers
already familiar with hydrogen storage technologies, can proceed
directly to Section 4 in which these technologies are compared
based on their energy efficiency, followed by Section 5 that
discusses their actual applicability in the maritime industry.

3.1 Compressed hydrogen

The currently most developed and widely used method to store
hydrogen is by compression. Five different types of storage
tanks have been developed and are used to store hydrogen at
increased pressures (from 10-20 to 70 MPa). These tank types
are generally denoted by Roman numerals, I, II, III, IV and V
based on the complexity of the storage tank. Type I pressure
vessels are metallic, type II vessels are made of a combination
of a polymer liner wrapped around a metallic tank, but with the
polymer liner only wrapped around the cylindrical part of
the vessel. Type III tanks build on the type II vessels with the
addition of a metallic liner fully wrapped with the composite
fibre for support. Type IV pressure vessels consist of a poly-
meric liner that is fully wrapped with composite fibres.®"**
They do not require the use of a metal vessel body, and this
benefits their gravimetric efficiency, but decreases the system’s
thermal resistance.®® For the type V tanks a patent has been
submitted in 2014, and these are all composite tanks without
any liner and claim to work at pressures above 700 bar.**

Electricity input Operating temperature

Hydrogen pressure Lifetime of stack Deployment scale

Technology (kW h kg Y (C) (MPa) (h) (kw)
Alkaline 53.4% 80° 0.7 90 000” >100000”
PEM 54.6° 80° 1.5? 50 000° >100000”
SOFC 36.14° > 8007 0.1° 23000 7.5¢
Membraneless 54.34" <50" 0.1 — ~10

@ Ref. 32. " Ref. 49. ¢ Ref. 54. % Ref. 55. ¢ Ref. 60.7 Ref. 55. ¢ Ref. 51. " Ref. 56. ' Ref. 58.
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However, there are only limited applications of these type V
tanks.®®

Most common types of pressure vessels for hydrogen storage
(or gas storage in general) are type I metallic pressure vessels;
they can store gas up to pressures of 20-30 MPa. Type II tanks
are lighter than type I tanks but typically the pressures they can
withstand only go up to 20 MPa. The gravimetric storage
capacity of a type II tank is higher than for type I, 2.1 wt% vs.
1.7 wt%. Type III, IV and V are adapted for higher pressures up
to 70 MPa for type III and IV and even higher for type V. The
type IV storage vessels have reported gravimetric capacities of
5.7 wt% and are used to store hydrogen in fuel cell-powered
cars. This high gravimetric storage capacity in gas cylinders is
reported for the gas tanks of the Toyota Mirai.®® This higher
storage capacity for hydrogen is translated into an almost ten
times increase in cost per kilogram of hydrogen stored
when compared to cheaper low pressure vessels.®” Even at
these high pressures only 0.81 kW h L™" (ref. 67) of hydrogen
energy can be stored; this is a hydrogen density of roughly
26 g L™ *. The energy penalty for the compression of hydrogen to
such a high pressure is about 10% of the energy content of
hydrogen (LHV).®®

3.2 Liquid hydrogen

Next to compressed hydrogen, hydrogen can also be stored by
liquification. When cooled to —253 °C, hydrogen has a density
of 70.8 kg m™>, an increase in density of roughly 775 times
compared to the density of gaseous hydrogen under atmo-
spheric conditions. The energy density of liquid hydrogen is
around 8.5 MJ L™, compared to the value for diesel fuels of
36.3 MJ L™, so more volume is required for liquid hydrogen
even without considering the thickness of the insulation
material for the liquid hydrogen tanks.

The shipping industry is gaining experience with cryogenic
fuels as liquefied natural gas (LNG) has gained attention as a
fuel with a lower carbon content. More specifications on LNG in
the maritime industry can be found in later sections of this
review. The challenges with liquid hydrogen in the shipping
industry are larger than with LNG (the liquid is roughly 90 °C
colder, the density and specific heat capacity are lower,
9.44 J g ' K1).*” But from the processes of developing LNG
as a fuel, a lot has to be learned and adopted for the use of
liquid hydrogen. Handling liquid hydrogen is also developed in
other industries as well, liquid hydrogen is well known from its
use as a fuel in aerospace programs, such as NASA’s Space
Shuttle programs.

The first successful attempt at liquifying hydrogen was in
1898 and carried out by Sir James Dewar.”® Since these first
experiments the production process for liquid hydrogen
has evolved and several cooling pathways have been proven
successful at generating liquid hydrogen. These include the
Linde-Hampson,”* the Claude,” the pre-cooled Claude cycle
and helium refrigerated systems.”® Of these systems, helium
cooled liquid hydrogen production is most efficient, whereas
the pre-cooled Claude system is the system of choice in
industrial plants.”*
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The pre-cooled Claude cycle is based on a multi-step cooling
cycle via heat exchangers with liquid nitrogen followed by an
expansion step in a Joule-Thomson expansion valve to liquify
the hydrogen. There are multiple cooling steps in a hydrogen
liquefaction plant, combined with an ortho-para conversion
step of the hydrogen atom spins. The first set of cooling steps
use liquified nitrogen (—196 °C), to cool the hydrogen, which
has been pressurised. Subsequent cooling steps use already
liquified hydrogen as a coolant. In a final step the cooled
hydrogen is depressurised which leads to the liquefaction.

Often the nitrogen used for liquefaction is vented to the
atmosphere as is the case with the well described Ingolstadt
Liquide Hydrogen plant from Linde in Germany. A total flow of
1750 kg h™' of liquid nitrogen is required to operate the
liquefaction plant. At an estimated value of 0.4 kW h kg *
required for liquid nitrogen production, the total production of
is estimated at 0.9 kW h L' or 12.85 kW h kg~" for liquid
hydrogen production.”® A quick calculation shows that approxi-
mately 30% of the energy required for the liquefaction of
hydrogen, is used to produce liquid nitrogen. Because of the
high energy consumption of the liquid nitrogen in the process
a European Research Project called IDEALHY focussed on
reducing the total energy cost for the liquid hydrogen production.
Liquefaction of hydrogen consumes high amounts of energy;
values in the range of 12.5-15 kW h kgy ' (37-45% of the LHV
of hydrogen) are common for industrial plants.”” IDEALHY
achieved a theoretical energy consumption below 6.5 kW h kg ™"
of liquid hydrogen, by using mixed liquid helium/neon
refrigerants instead of nitrogen and using a closed loop for
the coolant rather than an open one.”®

After the cooling process, the hydrogen must be stored at
temperatures below its boiling point at —253 °C. This is
equivalent to storing ice-cream in an oven. To deal with this
issue, tanks made of super isolating materials are used and the
design of the tank is spherical since this lowers the surface
to volume ratio of the tank. Even so, NASA’s largest liquid
hydrogen tank with a capacity of 3800 m® (25 m diameter) is
still reported to lose over 600 m® per year due to evaporation
losses out of the tank.”” Engineers at NASA have been working
on a cooling system for a smaller liquid hydrogen tank (125 m?)
that was fitted with a liquid helium heat exchanger. They
showed that to achieve zero-boil off losses in the liquid
hydrogen tank, the heat exchanger had to be switched on and
off at time intervals of roughly equal length.”®

The automotive industry has also experimented with liquid
hydrogen; two types of hydrogen powered cars with liquid
hydrogen storage have made it to the market, one being the
GM HydroGen3 which is equipped with a 4.6 kg cryogenic
hydrogen tank,”® and the other being the BMW hydrogen 7,
which has a dual fuel (gasoline-hydrogen) engine and is
equipped with a 170 L hydrogen tank which is reported to store
around 8 kg of liquid hydrogen.®® Liquid hydrogen did not
prove to be the best storage method in the automotive industry,
one reason being the large energy requirements for liquefaction,
the other being the boil-off. Even with super insulated tanks, the
hydrogen could not be stored for over 5 days and liquid hydrogen
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is not considered the best method for automotive hydrogen
storage.”®®"%? For hydrogen powered ships, the boil-off is less of
a concern than it is for stationary applications. Much like
LNG carriers, hydrogen powered ships that would use cryogenic
hydrogen for propulsion, could also be designed to sail on the
boil-off gas.®

As of now, no large-scale shipping of liquid hydrogen exists
in the maritime industry: liquid hydrogen is not a common
commodity that is being shipped globally. There have been
previous attempts at studying the transfer of renewable energy
across the oceans in the form of liquid hydrogen but they never
saw realisation.®* Recently, a first pilot liquid hydrogen tanker
ship has been launched by Kawasaki Heavy Industries.®®

3.3 Ammonia, N, based storage

Ammonia is globally one of the most industrially produced
chemicals, with yearly production of over 150 million tons and
an even further increased production is expected in the coming
years. Ammonia is a crucial chemical in fertiliser production
and results from combining hydrogen with nitrogen from air in
an industrial process called the Haber-Bosch process. This is
one of the oldest processes in the chemical industry and the
first large scale plant for this process was constructed in
Oppau, Germany in 1913 and was able to produce 30 tons of
ammonia per day.*® The Haber-Bosch reaction is a catalytic
exothermic chemical reaction that takes place at increased
temperatures (300-500 °C) and pressure (15-20 MPa) and
proceeds through the following global reaction equation:®”

N, + 3H, == 2NH;, AH=-91.8 Kk mol ' (13)

From the above reaction it is clear that the source of hydrogen
is of little concern for the Haber-Bosch reaction itself.
Economic factors however play a vital role and therefore,
almost all of today’s hydrogen that is produced for ammonia
comes from steam reforming of methane, with its associated
greenhouse gas emissions, even though ammonia itself is a
carbon free chemical. An optimized, modern ammonia plant
with hydrogen from methane emits 1.5-1.6 ton CO,.q per ton
ammonia.®® In terms of energy this equals a CO, emission of
290 g kW h™'. Formerly industrial ammonia plants existed
that used hydrogen from electrolysis coupled with ammonia
production, before the low price of natural gas made them
uncompetitive with SMR coupled ammonia plants.?® So, while
technically feasible, renewable ammonia is not produced in
today’s large-scale ammonia plants.

Ammonia can serve both as a hydrogen carrier molecule,
and as a fuel in itself. Ammonia has been used in Belgian
busses during WW II, due to fuel shortages. However, ammonia
has severe drawbacks when used in combustion engines; it has
a narrow flammability range (15-28 vol%), a high auto-ignition
temperature (651 °C) and a low laminar flame velocity
(0.015 m s ').°° These factors complicate engine operations
with ammonia. Ammonia is a known poison for low tempera-
ture fuel cells and seriously deteriorates the lifetime of these
systems. The reverse reaction of eqn (13) to release the hydrogen
out of ammonia could be used to generate hydrogen, in this way
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nitrogen gas from the air is used as a hydrogen carrier. However,
this reaction is highly endothermic and it requires high tempera-
tures (>450 °C)°’ ™ and extensive purification of the hydrogen
gas to remove all ammonia. High temperature fuel cells, or
dedicated ammonia fuel cells could also be used to have ammo-
nia as a fuel.

3.4 CO, based hydrogen storage (methanol, S-LNG,
FTS-diesel, formic acid)

Today’s shipping industry infrastructure is completely based on
liquid carbon-based fuels, mostly diesels (heavy fuel oil, HFO
and marine gas oil, MGO) and to a minor (but growing) extent
on Liquefied Natural Gas (LNG). The problem with these fuels
is that (i) they are a major source of greenhouse gas emissions
and (ii) being not renewable, they only represent a transition
solution. A possible pathway is to consider making synthetic
carbon fuels with CO, as a feedstock. This is not at all a trivial
challenge; due to the higher relative amount of oxygen in CO,
compared to the hydrocarbon fuel, the mass of CO, increases
up to three times. Based on mass an infrastructure for CO,
capture must be roughly threefold greater than the current fuel
processing infrastructure. In this work four synthetic fuels are
considered, because of their current use in the maritime
industry, synthetic diesel, synthetic (liquefied) natural gas
(S-LNG) and methanol and formic acid (FA) because of the
promise it shows as a hydrogen storage medium. The reaction
pathways to these fuels are considered: Fischer-Tropsch
synthesis for synthetic diesel fuels, the Sabatier reaction for
synthetic natural gas and CO, hydrogenation to methanol or to
formic acid.

3.4.1 Synthetic diesel production. As early as 1926, Franz
Fischer and Hans Tropsch reported their first results on the
production of liquid fuels from a gaseous mixture of hydrogen
and CO. This synthesis pathway, called the Fischer-Tropsch
Synthesis (FTS), can produce a wide range of hydrocarbons. The
product of FTS is an Anderson-Flory-Schulz distribution of
hydrocarbon molecules ranging from methane to waxes, with a
carbon skeleton of over 40 carbon atoms.’* These molecules
can be allylic, olefinic or aromatic in nature. As side reactions
the formation of alcohols or solid carbon and CO, (Boudouard
reaction) can take place.”” The distribution of the products
depends on the process conditions and catalysts used. Typical
conditions for the FTS for optimal diesel fuel production, are
pressures in the range of 2.5-3 MPa and temperatures of
225 °C. For fuel production, alkanes ranging from eight to
around 20 carbon atoms are the preferred product to produce
diesel-like fuels.”®

FTS has always been a very promising technology to upgrade
carbon sources to liquid carbon fuels. This synthesis method is
gaining attention as a possible tool to reduce global CO,
emissions, since the FTS route can be modified to use CO,
instead of CO, using an adequate catalyst. Traditional
FTS-catalysts are based on cobalt, a metal that is known
for its high activity and good distribution of end products.
However, cobalt has only a low activity towards the Reverse
Water Gas Shift Reaction (RWGS). This reaction converts CO, to
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CO and is proposed to be the first step in CO, based FTS. Cobalt
is thus a good catalyst for the second reaction, but not much for
the first reaction step in the CO, FTS process. To promote this
first reaction, catalysts based on iron are often used. The
proposed reaction steps for CO, based hydrogenation in FTS
are then:*”*®

CO, + H, = CO + H,0, AH=40.6 kI mol™" (14)

(2n + 1)H, + nCO — C,Hy,ip + nH,0, AH = —152 k] mol !

(15)

As can be seen from the reaction equations, only one in three
produced hydrogen molecules is actually stored in the new
liquid fuel. Since hydrogen production is an important energy
cost in the overall process (for alkaline electrolysis 55 kW h per
kilogram of hydrogen is required), the loss of this valuable
resource comes with a great cost to the efficiency of the
production of synthetic liquid hydrocarbon fuels and should
be avoided. Since the FTS can only produce mixtures of
hydrocarbons, the efficiency of this process is only 50% towards
the production of diesel-like chemicals.”® This further increases
the losses of the produced hydrogen.

3.4.2 Synthetic SNG production. The reaction to produce
methane, the main component of natural gas out of CO, has
been described over a century ago. Paul Sabatier was the first to
describe the synthesis of methane from hydrogen and CO, at
high temperatures in the presence of metallic nickel. This
reaction is described as follows:

CO, + 4H, — CH, + 2H,0, AH = —165kj mol™' (16)

In current day industry, this reaction is very important for the
purification of hydrogen rich gas streams that are contami-
nated with CO or CO,, which can poison catalysts in e.g
ammonia production.’® Typical process conditions for this
process are temperatures of around 400 °C and pressures up to
10 MPa. This reaction is highly exothermic and thus generates a
lot of waste heat, with the associated challenges in reactor
design for efficient heat removal.

The real potential of using the Sabatier reaction for energy
storage and global carbon recycling were only being considered
more recently in the concept of power-to-gas or power-to-
methane processes, and the increasing interest in this topic
can be found in multiple reviews.'®"™'% The overall process
design for CO, methanation has also been well studied, with
many different reactor designs described.'® Different metals
have also been tested for the catalytic conversion of CO, to
methane. Nickel is the preferred metal, due to the low cost and
near 100% selectivity to methane.'®”~*°

Power-to-methane processes have already resulted in several
pilot plants to demonstrate the technology. One such plant
is the Power-To-Gas plant in Werlte, Germany. This plant
combines an alkaline electrolyser with CO, capture from a
nearby bio-gas production site. The plant can be started
up within five minutes, demonstrating the potential of this
technology for electrical grid stabilization. This power to
methane plant had a total energy capacity of 6 MW. The total
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methanation reactor unit itself has an efficiency of 78%,
resulting in an extra energy cost for hydrogen storage of about
9 kW h per kilogram of hydrogen stored.'°® From the global
reaction it shows that although the reaction is highly selective
towards methane, water is formed as a by-product and half of
all produced hydrogen is lost.

3.4.3 Green methanol production. The production of
methanol from CO, represents another frequently discussed
pathway for sustainable fuel production. Nobel Prize laureate
George Olah wrote an influential article on the usefulness and
possibilities of a methanol economy,'** and this has earned
him the honour of having Iceland’s first CO, to methanol plant
named after him. This plant is currently able to produce around
300 tons of methanol per day using renewable energy and
recycled carbon dioxide. The process conditions in this process
must be tuned so that the dominant reaction would be eqn (17)
and not the reverse water gas shift reaction, eqn (14). Typical
process conditions for this reaction are temperatures of 230°C
and pressures up to 5 MPa. Within the reactor at these condi-
tions an equilibrium yield is reached around 30%, and the
reaction gasses have to be recycled to reach higher overall plant
yields.""!

CO, + 3H, —» CH;0H + H,0, AH=50Kk] mol™' (17)
Like the process to make synthetic hydrocarbon fuels, the FTS
and Sabatier reaction, the synthesis of methanol can be carried
out with relatively cheap transition metal catalysts. In the case
for methanol, a catalyst using Cu/ZnO/Al,O; is often used.'?
Compared to the other CO, based hydrogen storage molecules,
the loss in hydrogen is lower but still amounts to 1 in 3
hydrogen molecules converted to water.

3.4.4 Formic acid for hydrogen storage. Similar to the
production of methanol, formic acid can also be produced
from the hydrogenation of CO,. However, unlike the previously
mentioned fuel production processes with CO, feedstock, the
reaction to FA does not have water as a waste product resulting
in a theoretically 100% atom efficient process."*?

CO, + H, - HCOOH, AH=—-32.2kJmol™" (18)

FA is a widely produced chemical with global production
capacities close to 1000 metric ton annually (2016)."** On a
mass basis FA stores 4.3% of hydrogen; due to the high density
of 1.22 kg m~? the volumetric density totals 53 g L', The main
production method for FA, however, is not eqn (18) but a
process developed by BASF, but uses methanol as a starting
product.'™ In recent years, the production of formic acid by
hydrogenation of CO, is gaining more attention in academic
research, Enthaler et al. reviewed different catalysts, homo-
geneous, heterogeneous and enzymatic catalysts for the
production and dehydrogenation of FA.*** Sordakis et al., later
wrote an analysis of the use of homogeneous catalysts for a
sustainable method of hydrogen storage in formic acid.
Most research in this field makes use of alkaline additives to
the reaction system, which, when present in the formic acid
end-product, lowers the hydrogen storage capacity of the FA
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and will require downstream purification of the hydrogen gas
stream after dehydrogenation.'®

Unlike the other CO, based fuels, FA cannot be used as is
in engine systems. Some researchers have focused on the use of
Direct Formic Acid Fuel Cells""” but most common is the
dehydrogenation of FA to hydrogen and CO,. This reaction
however is not trivial, and catalysts have to be tuned to
selectively perform the dehydrogenation over the dehydration
reaction."*®

HCOOH — H, + CO,, AH=312kJmol™" (19)

HCOOH — H,0 + CO, AH=28.7 k] mol™" (20)

Like the production of FA from CO, the decomposition of FA
has gained a lot of attention in recent years and there have been
reports on the scale-up of the power systems fuelled by FA.
Impressive work has been delivered by students of TU
Eindhoven by building a 25 kW range extender for a hydrogen
powered bus. Critical here was the selection of the catalyst,
where long-term stability proved crucial over catalyst-efficiency.
By scaling-up the technology they also discovered that CO
concentration of the decomposition product increased, so an
additional gas purification system was required. Additional
problems with formic acid that came from the scale up were
FA purity. The presence of solvents that remained in the reactor
diluted the catalyst and in the long term caused the
FA-decomposition reactor to overflow.**

3.4.5 CO, capture and storage. An important note on the
use of CO,-based fuels, is the availability of CO,. Although,
emissions of CO, are increasing globally, it is always a waste
product and there is no large availability of CO, at an industrial
level that is required, certainly not at the scale for the current
maritime fuel infrastructure.'*® Due to the addition of oxygen
upon combustion the mass of CO, is roughly three times higher
than the mass of the original fuel. Thus, the required CO,-
recycling infrastructure would have to be three times as large
on a mass basis compared to the current fuel infrastructure.
There exist three strategies of CO, recycling: (i) CO, could be
stored on board, but this requires purification systems of the
exhaust gas to an unseen level*° (ii) atmospheric capture of the
emitted CO,, which would mean that the system is entirely
carbon neutral. However, atmospheric carbon capture is not
expected to be developed at a large enough scale to effectively
reduce CO,-emissions as required by IMO standards. Based on
energy efficiency direct air capture for fuel production is also
not considered an efficient process.'?! (iii) CO,-Recycling from
industrial sources, large scale industrial facilities could be
retrofitted with CO, capture technology which could then be
recycled for new purposes. The usefulness of recycling of CO,-
capture for the production of fuels, is however contested to
have a long-lasting impact on the environment.'**

3.5 Aromatic liquid organic hydrogen carriers

A final method that will be discussed, showing great promise
for the maritime industry is the use of the so-called Liquid
Organic Hydrogen Carriers (LOHCs). Originally, LOHCs were a
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class of liquid molecules, consisting of homocyclic or hetero-
cyclic aromatic rings. These compounds have a moderate
hydrogen storage density between 5 and 7.2 wt%, translating
to the storage of between 50 and 60 g of hydrogen per litre.
LOHCs can now more broadly be defined as “Liquids or low-
melting solids that can be reversibly hydrogenated and dehydro-
genated at elevated temperatures in the presence of a catalyst.”"’
To avoid confusion, in this text we use the term aromatic
LOHC:s to refer to the class of molecules that store hydrogen
in aromatic C-C double bonds. The volumetric storage density
of aromatic LOHCs is only slightly lower than the density of
liquid hydrogen (70 g L"), but with the considerable advantage
that the hydrogen is stored at room temperature.

Even though different aromatic LOHCs have been proposed
in the literature, the overall process and process conditions are
similar. Hydrogen storage in aromatic LOHCs is based on the
reversible hydrogenation and dehydrogenation of carbon-
carbon double bonds. Aromatic LOHCs are thus also hydro-
carbon molecules, just like diesel, LNG and methanol, but
since they are not combusted, they do not emit any CO, as
long as the stability of the carrier can be guaranteed.

The cycle of hydrogen storage proceeds through two reaction
steps, the exothermic hydrogenation reaction, and the endothermic
dehydrogenation to release hydrogen (Fig. 2)."**

In both catalytic steps of the cycle, suitable heat manage-
ment is crucial for both the extent to which hydrogen can be
stored, and for the commercial deployment of this technology.
For example, in the charging process of dibenzyltoluene (DBT),
one of the most studied LOHCs, 65 kJ molHZ’1 of heat is
produced and must be removed to avoid thermodynamic
equilibrium. The reverse is true for the dehydrogenation
process; this process step requires around 27% of the energy
of hydrogen (LHV) at medium temperature (200-300 °C)
to release hydrogen from the carrier molecule. Key for the
deployment of this safe and ambient conditions storage tech-
nology is the development of aromatic LOHCs with lower
energy requirements. However, herein lies a great engineering
challenge also; since only heat and no electricity has to be
supplied to the system, there is the possibility of using waste

Hydrogenation

+nH, AH = ~(55 - 65) kj mol”",,,
’ 1-5 MPa, 80 - 200 °C l
R? R®
(B (5
P
X X
T 0.1-0.5 MPa, 80 - 320 °C
-nH, AH =55 - 65 kj mol ",

Dehydrogenation

Fig. 2 General cycle of aromatic LOHCs.
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Name MCH TOL H,,-NEC NEC H,4-DBT DBT

Structure

Properties 3H, ( 6H N( 9H, O

2 _

JO=C0 Shd®

Density (kg m™3) 770 867 937 1158 909 1041

Gravimetric hydrogen capacity (wt%) 7.2 5.7 6.2

Volumetric hydrogen capacity (g L) 55.44 53.4 56.358

(De)hydrogenation enthalpy (kJ moly, ™)  68.3 50.6 62

Melting point (°C) —127 -95 84 69 °C —58 -39

Boiling point (°C) 101 111 281 378 °C 371 390

Flash point (°C) —4 4 186 212

heat streams to reduce the required energy and make the
overall process a lot more efficient. Recent work has shown
that combining high temperature SOFC with aromatic LOHC
technology for hydrogen release leads to efficiencies of the overall
system that are comparable to gaseous hydrogen storage.'**

The properties for the three most discussed aromatic LOHC
molecules are listed in Table 2. The physical, safety and
practical aspects of using toluene, NEC and DBT as a hydrogen
carrier have been reviewed by Preuster et al. and benchmarked
by reaction enthalpy, boiling point, flash point, melting point,
toxicity and gravimetric hydrogen content."*® For the shipping
industry we limit the discussion of different aromatic LOHCs to
the following three (dehydrogenated carrier names): toluene,
N-ethyl carbazole (NEC), and dibenzyltoluene (DBT).

3.5.1 Toluene. Toluene (C,Hg) is one of the simplest mole-
cules that is considered a viable option for aromatic LOHC
technology (benzene (C¢Hg) has an even simpler structure than
toluene, but due to the high carcinogenicity of this molecule
it is not often considered a reliable option). When fully hydro-
genated, toluene stores three moles of hydrogen, resulting in
the storage of 7.2 wt% of hydrogen. Of all LOHC molecules
considered in this review, toluene has the highest gravimetric
capacity for hydrogen storage. However, since it is a small
homocyclic molecule, it has a very high aromaticity, and this
increases the energy needed for the hydrogenation and dehy-
drogenation processes. The temperature range of toluene and
methyl-cyclohexane shows that both molecules are liquid at
room temperature, but under the dehydrogenation reaction
conditions (>250 °C), all reactants are in the gas phase, so
additional processing of the gas flow is required, with an
additional energy cost and processing difficulty.

Yearly a few million tons of toluene are produced by several
production pathways. By far the most widely used process is the
catalytic reforming of naphtha (low boiling point crude oil fraction)
streams, 87% of all globally produced toluene is produced this way.
Other methods of production are toluene separation from pyrolysis
of gasoline during the cracking process to produce ethylene and
propylene; this accounts for 9% toluene production. 2% of toluene
produced is from by-products of styrene production and the
remaining 1-2% is produced from coal tars.'?® Current cost
estimates to produce toluene are around $$700-800 USD ton .

In order to have a functioning hydrogen storage system, two
catalytic processes have to be reviewed, the hydrogenation and
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dehydrogenation step. The hydrogenation process of toluene
is well studied in diesel fuel processing: the total aromatic
fraction is decreased in hydrotreatment processing. A high
aromatic fraction in diesel lowers the fuel quality and causes
more air pollutants upon combustion."?® In the early 1990s
limits on the fraction of aromatic compounds in fuels have
been set and this sparked research for the hydrotreatment of
fuels. The major difference between hydrotreatment of diesel
fuels and hydrogenation of toluene is the purity of the aromatic
stream. In hydrotreatment the reaction mixture is a blend of
both alkylic and aromatic hydrocarbons with a significant
concentration of nitrogen and sulphur, whereas the aromatic
LOHC in theory consists of a pure compound at the start of the
reaction. This translates into a difference in the operating
parameters for the catalysts: catalysts for hydrotreatment are
required to be highly stable to sulphur poisoning and are less
optimized to work in the specific reaction conditions for
aromatic hydrogenation. Hydrotreatment catalysts based on
group VIII metals did show great promise for more specific
hydrogenation of aromatic compounds, however, the tolerance
of these catalysts to the sulphur containing diesel streams
proved too low to be commercially viable."”” The group VIII
metals have shown great promise in the field of toluene
hydrogenation, and also for the reverse process of the
dehydrogenation to release the hydrogen from the carrier."®
For fuel applications, especially in the maritime sector, efficient
release of hydrogen from the carrier is required so a lot of
research is being put into the development of new catalysts for
this reaction.'**3*

Toluene and methylcyclohexane however, have quite a low
flashpoint, and this implies fire hazards when using this
molecule in bulk as a hydrogen carrier medium. Furthermore,
even though it is still present in present day fuels, the aromatic
contents have been restricted in fuels due to the proven
carcinogenic nature of small aromatic molecules. The Japanese
company Chiyoda corporation has envisioned the first use of
this chemical carrier as a hydrogen storage medium for large
scale transport by ship between Japan and Brunei; this is one of
the first large-scale maritime transport projects of hydrogen in
an aromatic LOHC.

3.5.2 N-Ethyl carbazole (NEC). NEC was the first molecule
that drew large attention to heterocyclic aromatic compounds
for hydrogen storage. The nitrogen atom in the cycle reduces
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the amount of hydrogen that can be stored but has the
advantage that the enthalpy for dehydrogenation is lower
compared to non-substituted aromatic cycles, resulting in a
lower dehydrogenation temperature. From Table 2, it can be
seen that the melting point of dehydrogenated NEC is higher
than ambient temperatures and therefore it is a solid under
normal conditions. Having a solid fuel on board of a ship is not
very favourable, since the maritime industry is based on liquid
fuels and this cancels one of the biggest advantages of LOHCs
(it being a stable liquid that is easy to pump even at room
temperature) compared to other hydrogen carriers. Solutions
have been offered to deal with the high melting point of NEC,
e.g. stopping the dehydrogenation at 90% has shown that the
final products result in a liquid end product.** In this way
however, the total storage efficiency of NEC diminishes by 10%
as well. The thermal stability of NEC is another issue that has to
be dealt with; at temperatures above 270 °C the bond between
nitrogen and the ethyl chain breaks."*® This has a twofold
negative consequence: (i) the melting point of unsubstituted
carbazole is much higher, around 274 °C and (ii) the free
electron pair on the nitrogen atom is exposed, and this free
electron pair has a high affinity for the noble metal catalyst,
therefore causing deactivation. Another disadvantage of NEC is
the low availability of the molecule; the annual production of
this chemical is lower than 10 000 tons, and all of it is obtained
from coal tar by distillation."®

3.5.3 Dibenzyltoluene (DBT). In 2014 Briickner et al
published for the first time the use of dibenzyltoluene as a
hydrogen carrier molecule."® This molecule combines a large
availability, being liquid in a broad temperature window and a
low toxicity. The gravimetric capacity for hydrogen storage is
slightly less compared to methylcyclohexane, but due to the
higher density of H18-DBT the volumetric storage capacities
are similar. DBT is made by aromatic substitution of two
molecules of toluene on a central toluene molecule. Since it
is a form of processed toluene, naturally the cost of toluene will
be lower than that of DBT. Current estimates are that DBT is
sold for a price of $$3000 per ton. DBT is produced at a capacity
of several thousand tons per year, and it is mainly used as a
heat transfer oil, known as Marlotherm®™ SH.

Merging three toluene molecules into one new DBT mole-
cule comes with advantages over base toluene. Firstly, the
boiling point of the DBT becomes higher than the reaction
temperature for dehydrogenation (Table 2). This means that
within the dehydrogenation reactor only hydrogen is generated
in the gas phase and this eliminates the need for further
downstream separation of the hydrogen from the LOHC.
Although, gaseous by-products from the decomposition of the
carrier molecule can be present as well. The flashpoints of DBT
and H18-DBT are also higher than that of toluene and methyl-
cyclohexane, making these molecules less likely to be a fire
hazard. DBT has a further advantage when looking at the
toxicity profile, and is considered less toxic than NEC and
toluene."** Spills of DBT out of a ship in the ocean should still
be avoided as the chemical is still a category 4 (lowest) danger
for chronic aquatic toxicity in the MSDS."*> Due to its listed
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advantages, DBT will be used as the reference aromatic LOHC
substance and compared with other hydrogen carriers for their
use for maritime applications in the remaining text.

3.6 Solid state hydrogen storage

Currently, there have been several methods researched that
store hydrogen in solid materials. These materials can be
metallic structures that work like hydrogen sponges,"**™*® or
they can be powders that release hydrogen upon contact with
water or increased temperatures.”*°'*> There has been a lot of
research put into different solid materials for hydrogen storage,
and it is not in the scope of this review to comment on all these
methods, but we will select those that show promise for
hydrogen storage in a maritime environment.

3.6.1 Metal hydrides. In chemistry, most metals have a
certain affinity to react with hydrogen, to form metal hydrides.
Due to the often-large difference in atomic mass between the
metal and the hydrogen atoms however, these complexes often
have very low gravimetric storage capacities. The most sensible
thing to do in this regard, is to use the lightest metals as storage
materials, but these hydrides are often most stable and thus
require the most stringent conditions to release the hydrogen
again. The lightest metal, lithium, can form the LiH that
contains 12.5 wt% of hydrogen, however the dehydrogenation
temperature of pure LiH is 944 °C."* In the selection of metal
hydrides there is a trade-off between dehydrogenation tempera-
ture and mass fraction of hydrogen to be stored. An example
that showcases this trade-off is MgH,. This monometallic
hydride is made from a metal with a medium atomic weight,
magnesium (MW 24.3) and has an increased, but moderate
dehydrogenation temperature. MgH, stores 7.7 wt% of
hydrogen and roughly 110 gy, L' and releases it at a tempera-
ture of 300 °C."**'*> Mg does have the advantage of being the
fifth most abundant metal in the Earth’s crust, which lowers
the price for Mg based storage. One of the largest disadvantages
of MgH, is the slow kinetics of the hydrogenation reaction: the
formation of the hydride is a surface reaction, so a MgH, layer
is formed first on the Mg metal fraction in the storage vessel.
This layer, however, is a significant barrier for further diffusion
of hydrogen into the metal, and further hydrogenation
slows. An offered solution is to then use smaller particles of
magnesium so hydrogen does not have to penetrate so deep in
the metal, but research has shown that the cyclability of these
small particles is low due to agglomeration.

In current research there is a lot of focus on the use of the
so-called intermetallic compounds that are described by the
general formula AB,H,, with A being either a rare earth or alkali
(earth) metal and B a transition metal. An example of a metal
hydride that has been used in a shipping application is the use
of a TiMn,-like compound. This is a so called laves phase
alloy."*® A publication by Bevan in 2010 described a canal boat
operational in the UK, that was able to store 4 kg of H,; the
exact composition of the storage material was described as
Tig.03Z10.05(MNg 73v0.20F€0.04)2- The practical hydrogen storage
capacity of this material was determined to be around 1.4 wt%.
Hydrogen could be pressurized in this material at 3 MPa and
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released by lowering the pressure and adding cooling water at
9 °C. High cost of this system was however also mentioned as a
downside of this promising storage system.'” This type of
storage system, of a metal hydride sealed in a pressure vessel
is also known as a hybrid hydrogen storage vessel.'*®

Another type of metal hydride that is under research is the
class alanates; these are complex hydrides with the [AlH,]”
anion, of which NaAlH, is an interesting compound since it
contains aluminium and sodium the no. 1 and no. 4 most
abundant metals in the Earth’s Crust respectively. The complex
metal hydrides do not release all the hydrogen in one step, but
it occurs in a cascade reaction when exposed to elevated
temperatures.

3NaAlH, — NaAlH, + 2Al + H, (21)

2NazAlHg — 6NaH + 2Al + 3H, (22)

The reaction no. 21 takes place in a temperature range between
185 and 230 °C, reaction 22 at 260 °C. As can be seen from the
reaction equation, one hydrogen atom per alanate stays bound
to sodium, forming NaH; this compound does not decompose
at temperatures below 425 °C. For practical applications,
NaAlH, thus only has 5.6 wt% of the theoretical 7.4 wt%
available for storage. NaAlH, can store around 75 gy, L' of
which roughly 63 g L™" are accessible.’*® NaAlH, on its own is
deemed an irreversible hydrogen storage carrier, however the
addition of other metals as a catalyst (titanium) has shown that
the alanate species does regain its hydrogen storage capacity
from direct hydrogenation at increased pressure.

3.6.2 Boron-based hydrogen storage. A second class of
solid hydrogen storage materials is those based on boron. This
element is the 5th lightest in the period system and classified
as a metalloid, meaning that it has both metallic and non-
metallic properties. In the literature the two most prevalent
forms of boron-based hydrogen storage materials are NaBH,
and NH;BH;. Both these materials have very high hydrogen
capacities > 10 wt%,; this is due to the lightness of boron while
still being able to store many hydrogen atoms.

NaBH,, with a hydrogen capacity of 10.8 wt% and roughly
125 gy, L™, has a high decomposition temperature (530 °C)**°
but it has the advantage that it decomposes in water releasing
hydrogen according to the reaction:™"

NaBH, + H,0 — 4H, + NaBO, (23)

As can be seen from the reaction in eqn (23), there are four
moles of hydrogen released while only two moles of hydrogen
are stored in the boron storage material, the additional two
moles of hydrogen originate from the water in the hydrolysis
reaction. With proper water purification this could be highly
beneficial on a ship, as without the weight of water the
hydrogen storage capacity of NaBH, would total 21 wt%. This
water however is not added in stoichiometric quantities, but it
must be added in excess, due to the low solubility of NaBH, and
the even lower solubility of NaBO, (0.282 kg L™"). Furthermore,
the formation of NaBO, increases the pH of the reaction
medium, which inhibits the further hydrolysis of the NaBH,.
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To deal with this self-inhibition of the reaction, catalysts have
been developed, usually based on cobalt.">>™** On the side of
hydrogen release NaBH, has many advantages for hydrogen
release, but the reverse reaction is very difficult to perform
efficiently. The boron-oxygen bonds are very stable, and thus
difficult to rehydrogenate directly. A method that is used to
rehydrogenate the boron-oxygen bonds is to mix it with MgH,
in a ball mill; this however shifts the problem of rehydrogenat-
ing the boron to the hydrogenation of magnesium.

The other boron compound that is often seen as a promising
hydrogen storage material is NH;BH;. This compound has the
highest gravimetric capacity of hydrogen stored, 19.4 wt% and
volumetrically close to 180 gy L~ '.'*° This is the highest
storage capacity of all non-CO,-based hydrogen storage media.
To release the hydrogen out of the NH;BH; there exist two
different strategies. One could opt to release the hydrogen by
supplying heat. Like the alanates this is a step wise process and
the moles of hydrogen released depend on the temperature.

NH3BH3 i HZ + NHzBHZ (24)

NH,BH, — H, + NHBH (25)

The reaction in eqn (24) takes place starting at 100 °C when the
NH;BH; starts to liquefy, and the reaction in eqn (25) requires
temperatures of 155 °C and higher. Releasing the hydrogen
from the final mole of hydrogen which would form boron-
nitride requires temperatures above 500 °C.'*’

Like the NaBO,, described above the dehydrogenation of
NH;BH; can also be achieved by a hydrolysis reaction in an acid
solution at room temperature. The proposed reaction equation
for this process is:'>®

NH;BH; + H' + 3H,0 — 3H, + B(OH); + NH," (26)

From the reaction equation it can be seen that all hydrogen
atoms stored within the NH;BH; compound can be released.
Next to acids, the dehydrogenation can also be achieved by
metal catalysts.'>®

It is important to note that the final products of the
dehydrogenation reactions, both B(OH); and NHBH (which is
a polycyclic mixture of its oligomers), are very stable products.
The main limitation that is sighted for the use of NH;BH; as an
energy storage medium is the recycling of the product. The
boron-oxygen bonds of the hydrolysis reaction are limited by
the same regeneration reaction as for NaBH,, described above.
The stability of the boron-nitrogen bonds that result from
thermolysis of NH;BH; are also not suitable for direct hydro-
genation strategies and several strategies for the hydrogenation
of these bonds have been described, but only at very low TRL
levels.">” >

4 Energy comparison for hydrogen
storage methods

In the next section the different hydrogen carriers are
compared based on the production and storage energy required
for the entire process. The conversion efficiency of the fuel to
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useful work is neglected; we only look at the energy required to
supply either an FC or an engine with the equivalent energy of
1 kg of hydrogen.

4.1 Energy requirements for storage

First the base case energy requirements for different energy
carriers is discussed with the following assumptions:

e Hydrogen is produced via alkaline electrolysis with an
efficiency of 55 kW h per kg hydrogen. This assumption was
made to showcase the energy requirements for hydrogen produced
with the current most industrially relevant zero-CO, emission
pathway.

e Storage losses e.g. evaporation of cryogenic liquids are
neglected since ships can sail on these boil-off gasses.

e CO, sources are fossil fuel power plants, where carbon
dioxide is captured with efficiencies according to Lucquiaud
et al."® This method was chosen since it is most likely to be the
first method to produce relevant quantities of CO,.

e Hydrogen release processes do not use any external heat
sources and require energy stored in the hydrogen carrier itself,
i.e. the worst-case scenario for these fuels. This extra energy is
calculated as additionally produced and stored hydrogen.

e For simplicity, the only side products that are assumed are
in the FTS, here a 50 wt% conversion efficiency of diesel fuels
from CO, in the FTS-production process, is assumed. FTS-
diesel is assumed to consist only of C;,H,e, the weight averaged
most common molecule in diesel."®"

e Chemical processing energy of the metal-based hydrogen
carriers is the only required energy to pressurize hydrogen
according to Andersson and Grénkvist (2019)."%*

e Boron based materials have been neglected since no
relevant energy efficiency of the overall storage cycle could
be found.

The results of the calculations with these assumptions are
seen in Fig. 3. First and foremost, the production of hydrogen
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via electrolysis is the most energy intensive process in every
storage method. This means that any loss of hydrogen in the
overall production process is detrimental to the overall energy
efficiency of the storage process. This is the reason why the
energy requirements for FTS diesel are so high: firstly, due to
the reverse water gas shift reaction already one mole of hydrogen
is lost per mole of CO, captured. Secondly in the reaction for
long alkane chain diesel, roughly half of the hydrogen is lost to
the formation of water in the reaction. Thirdly, since the FTS
always generates a distribution of hydrocarbons and never pure
long chain hydrocarbons, there is loss inside product formation
as well in this case. Here we assumed 50% efficiency of the FTS
towards carbon molecules found in diesel.

The overall energy storage cycle for S-LNG, methanol and
DBT is roughly half that of the storage requirements for FTS.
The similarities in energy requirements for methanol and
S-LNG are noteworthy; from the analysis it is shown that even
with the much higher loss in hydrogen in the Sabatier process
compared to methanol synthesis, the total energy efficiency
overall is still very similar. This is because the stored energy per
kilogram of S-LNG is much higher than that of methanol,
compensating to a large extent for the hydrogen losses in the
storage processes. For hydrogen storage in DBT the overall
efficiency is of the same order as that of S-LNG and methanol.
This result is obtained by assuming that all the energy needed
to release the hydrogen is stored in the DBT itself, i.e. without
any external waste heat recovery. From Fig. 3 it can also be
derived that if the energy for the dehydrogenation is provided
by another heat source, the overall efficiency of this storage
process would greatly increase to the point where it rivals
compressed hydrogen storage. This has been proven experimen-
tally by linking a high temperature fuel cell with hydrogen
storage in DBT."** The same can be said for FA, although heat
integration with FA should be achieved easier than with DBT,
since the decomposition of FA is possible at lower temperatures.
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Fig. 3 Energy comparison for the storage requirements for the selected hydrogen storage carriers. The total sum of the values of these carriers is the
total energy required (in kW h) to produce and store 1 kg of hydrogen (=33 kW h, LHV) with all the assumed product and energy losses.
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With suitable heat integration the energy efficiency of FA would
be the lowest of the CO,-based storage methods. Without it the
energy efficiency is drastically lower. Also, important to note in
FA production is the higher energy need of CO,-capture in the
overall process, since only one hydrogen molecule is stored in
FA, compared to 2 molecules in methanol or S-LNG.

In the metal hydrides there is a large difference in the overall
energy efficiency of the storage process and it follows the trend
of the ease of dehydrogenation. Of the three discussed exam-
ples, MgH, has the highest temperature requirement for the
dehydrogenation (>300 °C) and requires the highest energy
overall. The intermetallic hydrides release the temperature at
much lower energies and even show the second lowest dehy-
drogenation energy overall. The value reported here is also the
average of reported dehydrogenation energy for intermetallic
hydrides, so energy efficiency for this storage material could be
even higher.'®” It has to be noted that for the three cases the only
energy required for the storage process was the compression of
the gas to suitable pressure; no cooling or other processing was
included.

Ammonia and liquid hydrogen also have similar energy
efficiencies when comparing the storage requirements, which
are about 10% lower than those of the other high-density liquid
storage methods, S-LNG, methanol and DBT. Of these two,
ammonia production has the lowest energy requirements, and
since this process is fully developed already at an industrial
scale, the production of green ammonia can serve as a good
benchmark figure for the comparison of other hydrogen
storage methods. In the energy analysis of Fig. 3 an energy
cost of 13.75 kW h per kilogram of hydrogen is assumed for the
liquefaction. This is an average value for the liquefaction energy
of hydrogen in today’s industry.”* However, there is a lot of
work going on to lower this energy need below 7 kW h kg™ " of
hydrogen, as demonstrated by the European Union’s IDEALHY
project.*®® The findings for this project proved, however, that in
order to reduce this process to 6 kW h kg~* the coolant had to
change from liquid nitrogen, a widely available resource, to a
mixture of liquid helium and neon,’® which are considered
rare.'® Liquid helium was required because of its boiling
point, which is much lower than that of liquid nitrogen
(—269 °C vs. —196 °C).

Compressed hydrogen storage even at 700 bars currently
remains the most energy effective way to store hydrogen. But
handling gasses comes with its own pitfalls that are especially
relevant in the maritime industry as will be discussed in Section 5.

4.2 Space and weight requirement for fuel storage

While the energy balances provide a good overview of the total
system efficiency for the use of hydrogen fuel, this is not the
only thing that will determine whether a certain energy storage
system will break through in the industry. A very important
aspect is the hydrogen-based fuel’s energy density, as this will
determine storage space, weight requirements and fuelling
(or bunkering) time.

In Fig. 4 different energy densities are shown both out and
in dedicated fuel tanks required for proper storage. From this
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figure it becomes evident that hydrocarbon fuels are still
superior to non-hydrocarbon fuels in terms of energy storage
densities, even with the weight and volume restrictions of the
tanks. Calculating the energy densities of the selected hydrogen
storage methods within the tank has interesting implications.
Firstly, the use of dedicated LNG tanks shifts the volumetric
storage capacity of LNG down to be on par with that of
methanol and ammonia. However, per kilogram, LNG remains
superior over the latter two storage methods. A large shift in
system efficiency by adding the weight of the tank is seen for
compressed and liquid hydrogen. This extra weight is necessary
to keep the fuel under the right conditions for processes,
i.e. 70 MPa or —253 °C respectively. For the storage system at
70 MPa, it has to be highlighted that this is the most advanced
compressed hydrogen system available, and that this system
comes at a high cost of 600-800 $$ per kilogram hydrogen
stored.®”'® Based on energy density, DBT as a hydrogen
storage system is still almost twice as efficient per litre of fuel
stored when compared to the most advanced compressed
hydrogen systems. The energy density is also close to that of
liquid hydrogen, but with the added benefit of having stable
storage at ambient temperatures. In order to properly function,
DBT would require an extra buffer tank on the ship, since the
loaded and unloaded forms of the LOHC cannot be stored in
the same tank. This buffer tank would be empty when the ship
sets sail and is filled with unloaded LOHC during the voyage;
with this buffer system there is no need for mixing the charged
and uncharged DBT. In the calculation for Fig. 4, an 11th empty
tank is included for 10 filled tanks (see Fig. 5). This figure
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stored in suitable tanks.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ee01545h

Open Access Article. Published on 07 January 2021. Downloaded on 4/4/2026 10:45:37 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

s
AN

Ship sailing on LOHC, filling
up the buffer tank and
emptying a tank with

Ll N)

Ship when fully bunkered
with LOHC, keeping one
empty buffer tank

loaded LOHC

Tank filled with
Empty tank
hydrogenated LOHC

Fig. 5 Use of a buffer tank for LOHC fuel systems on board of a ship.

represents a schematic division to clarify the strategy for DBT
storage on a ship; in a real case, the tanks will have to be
designed and distributed to avoid any effects from sloshing.
Of all the hydrogen carriers discussed in this analysis formic
acid shows the lowest gravimetric and volumetric storage
density of all. However, within tanks formic acid is on par with
DBT for volumetric hydrogen storage capacity, showing a
greater storage capacity per litre than compressed hydrogen.
This shows the importance of the weight of the tank rather than
the energy storage capacity of a pure compound. Fig. 4 also
shows a comparison between the solid-state hydrogen carriers
and the liquid phase carriers. Based on the intrinsic weight and
volume storage efficiency all outperform DBT and formic acid,
but the additional weight required for storage systems of the
solid-state carriers in a working system lower the storage
efficiency of the carriers. However, these systems are often
developed on a smaller scale and further research is needed
for the development of larger solid-state hydrogen carriers for a
better comparison.'®>'®” The NaAlH, and AB, intermetallic
hydride are contained here in vessels designed to withstand
the pressure required for hydrogenation, the hybrid hydrogen
storage vessels. For NaBH, the practical hydrogen capacity is
limited by the spent fuel rather than by the fresh fuel. This is
caused by the fact that the spent fuel is an aqueous solution so
the weight and volume of the water must be added, since ships
will have to keep the spent fuel on board. To reduce the weight
and volume as much as possible, it was assumed that a volume
exchange tank is used, as described by Kim.'®® No reliable
sources were found on the practical storage density of MgH,
and NH;BH; and these had to be omitted in this analysis.
Unfortunately, no matter which hydrogen storage method is
selected, the energy densities both by weight and by volume of
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diesel fuels (renewable or not) cannot be reached with other
alternative fuels. This means that switching the fuel type will
always increase required weight and volume on board of a ship.
Luckily, there are two factors in maritime shipping that
counteract this negative effect of increased storage volume.
Firstly, ships usually have more fuel on board than is required
for the chartered voyage. This means that if the bunker
frequency of a ship is increased, the decreased energy content
stored within the tank is less of an issue. Secondly, for large
seagoing vessels in the range of 100000 tons deadweight, the
fuel tank only takes up about 1-2% of the total ship weight.
So even if an increased fuel capacity is needed when sailing on
hydrogen for longer voyages, the total extra weight that the fuel
tank will take up should not be too extensive.

5 Challenges for hydrogen storage in
the maritime industry

5.1 Current state of hydrogen technologies in the maritime
industry

Compressed hydrogen is currently being used to showcase the
potential of hydrogen in the maritime shipping industry. The
Belgian ship owner company CMB has developed the Hydroville,
the first ever seaworthy passenger vessel that sails on dual-fuel
hydrogen combustion engines.'®® The ship owner more recently
started a joined venture called BeHydro with an engine manu-
facturing company, ABC engines."”® This demonstrates more than
anything the interest of ship owners in H,-fuelled engines, as well
as their potential. Ships using fuel cells and hydrogen have also
been demonstrated but to a smaller extent, examples are the Hydra-
ship and the Duffy-Herreshoff water taxi and the Yacht Xv 1.
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On the Scottish Orkney Islands an innovation project called HySeas
111 is using hydrogen fuel cell powered ships as ferries.'”> A research
project at the TU Berlin, investigated the use of hydrogen in a power
system for a towboat, called the RiverCell-Elektra. Near Hamburg
another ship, the ZemShip Alsterwasser, a small passenger vessel,
was also used to showcase the potential of hydrogen as a shipping
fuel. Other examples of passenger vessels that were fuelled by
hydrogen in recent years include the Nemo H, in Amsterdam, the
Hornblower Hybrid and the Hydrogenesis in Bristol, the MF
Vldgen'” and the SF-Breeze, a hydrogen powered high speed ferry
operating near San Francisco."”*'”>

5.2 On-board end use

Hydrogen is often linked to fuel cells in a power system, but
hydrogen can also be combusted in a diesel or a gas engine.
In these combustion engines, hydrogen can be the sole fuel in
these engines (mono fuel), or it can be used in a dual fuel
system.’® Some storage methods also require dedicated
reactors to release the hydrogen prior to use in the engine or
fuel cell. This is discussed in Section 5.4. It is important to note
that the end-product of the hydrogen is always water, regardless
of whether it is combusted or used in a fuel cell. From an
emission point of view, the largest difference between fuel cells
and combustion engines is the emission of NO,."”” Another
difference is that fuel cells have a higher energy efficiency than
combustion engines, but they have a much higher cost and
usually a lower lifetime."””®'”® In the current day maritime
industry, the fuel cell is a novelty used mostly in passenger
vehicles while combustion engines have been used for decades
in the shipping industry.

5.2.1 Fuel cells. Hydrogen is the fuel that is mostly asso-
ciated with fuel cells (FCs). The exact workings of fuel cell
systems are outside the scope of this review, but in general fuel
cells operate in a reverse direction as an electrolyzer system.
This means that the fuel is split into different components at
the electrodes of the fuel cell and electricity is generated.'®® The
use of fuel cells for main ship propulsion thus also requires the
electrification of a ship whereas now mechanical power deliv-
ered by an engine makes the rotor move. Several types of fuel
cells exist: the proton exchange membrane fuel cell (PEMFC),
the molten carbonate fuel cell and the solid oxide fuel cell.
Of these systems the PEMFC system is one of the most used
fuel cells, but it is limited by the need for very pure hydrogen
and can be poisoned by ppm levels of CO or ammonia.'®"'*?
This requires extensive purification of the hydrogen from
storage methods like ammonia, methanol, formic acid, ammonia
borane and DBT. At higher temperatures the fuel cell becomes more
resistant to poisoning and this is why systems like the molten
carbonate FC and the solid oxide FC are under research.'®* There
has also been progress made to make the PEMFC more
resistant to higher temperatures by making use of more resis-
tant membranes."® The molten carbonate and solid oxide fuel
cell operate at such high temperatures that hydrocarbons and
ammonia are decomposed within the fuel cell and these
chemicals can be used directly in these types of fuel cells.'®
Due to the high temperatures in the fuel cells, the formation of
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186 For ammonia, formic acid and

NO, can still be an issue.
methanol fuel cells are being researched that only operate with
these specific fuels.8”7*8°

5.2.2 Combustion engines. Next to fuel cells, hydrogen can
also be combusted in engines. The main problem with hydro-
gen is the high auto-ignition temperature which complicates
timed and efficient combustion in an engine cylinder com-
pared to hydrocarbon fuels."””'®" Hydrogen in a mono-fuel
operation is possible is spark-ignition engines; it can be used in
compression engines only in dual-fuel mode with a hydro-
carbon pilot fuel.'’® Of the hydrogen storage methods
discussed in this work, the FTS-fuels, S-LNG and methanol
can be used directly in combustion engines (as is done on
ship’s today). Ammonia can only operate in a dual-fuel model
with a pilot fuel in engine systems. This is due to the high auto-
ignition temperature and narrow flammability range. Work
done at the university of Pisa has shown that ammonia can
be partially split into nitrogen and hydrogen by an integrated
reactor and this hydrogen can then serve as a pilot fuel for
ammonia combustion.’®!*> Formic acid is often seen in the
exhaust gas of methanol engines but is too oxidized to function
as an effective fuel in combustion engines. Recent work by
Sarathy et al. showed one of the first studies on the burning
charateristics of formic acid in air and mixed with hydrogen
and CO,. They showed that for effective combustion of formic
acid, hydrogen in pure form had to be present in the combus-
tion mixture."®® For LOHCs, combustion engines provide the
advantage of higher tolerance to fuel impurities but the
reduced power efficiency compared to fuel cells means that
more hydrogen has to be released from the carrier, which will
have to be weighed against the energy needed for purification.
In Table 3 the properties of the discussed fuels can be found
and compared to one another. Table 4 gives an overview of
which types of storage methods are compatible with which
power systems and if there is a conversion step required.

5.3 Bunkering ease and on-board use

An important factor in selecting the shipping fuel of the future
is the ease at which it can be brought on board and handled on
the ship. In the next section we evaluate the selected storage
forms based on their bunkering ease and on-board use. In the
shipping industry, certain ships can be fully fuelled or
bunkered with several thousand cubic meters of heavy diesel
fuel in a matter of a few hours. Typically, this is carried out by
having a so-called bunkering ship navigate itself right next to
the ship, so the loading of the fuel can be done while cargo is
being loaded or offloaded from the ship to the shore. For
compressed and liquid hydrogen there are already several
projects underway that investigate the possibilities of hydrogen
bunker facilities."”

5.3.1 Compressed hydrogen. With compressed hydrogen
the difficulties in storage are two-fold. On the one hand, the
storage in gas cylinders results in rather low weight and volume
densities of the overall system. So, this will require large parts
of the ship’s deck and its hold to be used for the storage of the
cylinders. Another issue is the slow fuelling/bunkering time
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Table 3 Properties of selected fuels
Density Lower heating Auto-ignition Flammability Lam. flame
Fuel (kg m™?) value (M]J kg™ ") temperature (°C) in air (vol%) velocity (m s ")
Diesel 837¢ 43.25 316 1-6 0.867°
LNG 443.5° 50 540 5.3-15 0.38¢
Hydrogen 0.082° 120 571 4.7-75 3.51
Methanol 790/ 20.09 465 6.7-36 0.54¢
Ammonia 0.730° 18.8 651 15-28 0.015
Formic acid 1220" 5.54" 520 18-15'
“ Ref. 194. ” Ref. 195. © Ref. 194. ¢ Ref. 196. ° Ref. 90./ Ref. 197. ¢ Ref. 198. " Ref. 114. ’ Ref. 199.
Table 4 Compatibility of hydrogen storage methods with power systems
Fuel High temp. FC LT PEMFC Specific low temp. FC Compression engine SI engine
Diesel Conversion step No No Mono-fuel No
LNG Direct use No No Dual-fuel Mono-fuel
Hydrogen Direct use Yes — Dual fuel Mono-fuel
Methanol Direct use Conversion + purification Yes Dual fuel Mono-fuel
Formic acid Yes Conversion + purification Yes No No
Ammonia Yes Conversion + purification Yes No Dual fuel
LOHC Conversion Conversion + purification No Conversion dual fuel Conversion mono fuel

that is inherent to transporting a low-density gas. For the
automotive industry, a specific fuelling protocol has been
developed for fuelling hydrogen gas at 70 MPa, the SAE J2601
Protocol. This ensures safe operation of hydrogen fuelling for
cars; the hydrogen is cooled down to —40 °C at first so no heat
management in the car is needed and the fuelling speed is
limited in the range of ~1 kg of hydrogen per minute.?° This
protocol is well suited for operations in the automotive industry
were 1 kg of hydrogen corresponds to a driving range of around
100 km.®" With the type IV polymer tanks, the temperature of
the gas should not exceed 70 °C for safety reasons and therefore
slow and chilled bunkering of the gas is required.*®* For the
Oakney Island ferries, a compressed hydrogen bunkering
system has been described and assessed for safety. However,
in this project it was opted to go for hydrogen storage at 35 MPa
rather than 700 MPa. The total bunkering facility was sized at
2 MW or 800 kg, daily.”** A large seagoing ship would require
a few 100 tons of hydrogen for relevant operation and the
fuelling at this rate would take several weeks or a very high
number of nozzles. Attaching and releasing this large number
of nozzles to a ship would be a very challenging and time-
consuming operation on its own.

Another concept of bunkering could be to make use of
hydrogen tanks mounted in a standard 20- or 40-foot container,
which can then be loaded on a ship. This is referred to as
cassette-type fuel systems.'”>2°® This might be an option for
smaller ships like ferries, but for large ships the time it would
need to load and unload all these containers would drastically
elongate the port calls.

5.3.2 Liquid hydrogen. To date, the largest operations that
have used liquid hydrogen as a fuel are in the field of aerospace
programmes like that of the space shuttles. A lot of research on
the use and storage of liquid hydrogen found today is still
based on the aerospace industry.”®?°*>°” The largest problem
with liquid hydrogen fuelling processes is the low temperature
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at which the fuelling process has to take place and the sub-
sequent evaporation of liquid hydrogen. Specific insulation
materials are required for the tank materials to keep the heat
flux into the tank as low as possible.>® NASA has reported that
for the space shuttle launch, 45% of purchased liquid hydrogen
was lost in the process chain, before even reaching the fuel tank
of the space shuttle. 12.6% of this was lost due to transport
from the liquid hydrogen carrying trucks towards the large
storage tank, and 20.6% of the liquid hydrogen was lost from
the onsite storage tank to the space shuttle fuel tank.>*® Since
the liquefaction process for hydrogen is an energy intensive
processes the loss of liquid hydrogen must be reduced as much
as possible to keep the overall energy efficiency of the process
as high as possible.

Before ports can supply ships with enough liquid hydrogen,
an entirely new fuel infrastructure will have to be built, without
a lot of experience from handling liquid hydrogen. Currently,
it is not even transported as a commodity on the ocean,
although Kawasaki is looking to change this with their current
HySTRA project.®® The development of a liquid hydrogen port is
still a significant challenge before liquid hydrogen can be used
globally as a fuel.

Although on board and in port, lessons can be learned from
the use of LNG as a fuel. The development of LNG fuelled ships
can serve as a baseline for the use of hydrogen ships.'”
Although the challenges with hydrogen ships will be even
greater since the liquid is about 90 °C colder and the energy
density a factor of 2 lower, so colder and more liquid will have
to be stored compared to LNG. The fuel of a ship is usually
divided into multiple smaller tanks, but for each of these tanks,
the hydrogen will evaporate, creating partially filled hydrogen
tanks. In each of these tanks, sloshing of the liquid hydrogen is
possible, with stability issues of the ship as a consequence.”*°

5.3.3 Ammonia. Compared to liquid hydrogen, ammonia
has a few significant advantages for its use as a shipping fuel.
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For one, the energy density of liquid ammonia is higher than
that of liquid hydrogen, under less stringent conditions. Moreover,
the production and transport of ammonia has been developing for
over a century now and the shipping of this compound is well
developed. Safety protocols have also been written to lower the risks
of accidents related to this still toxic chemical.

5.3.4 Synthetic diesels. Since the synthetic diesel fuels
obtained by FTS are in a large part a cleaner alternative to
currently used diesel fuels, the challenge with these fuels is
thus not so much in getting them on board of the ship but
mostly on the production side.

5.3.5 Synthetic LNG. LNG has been promoted as a lower
carbon alternative fuel for the shipping industry for many years
now and several ships have been developed that sail on LNG.
Chemically and physically there is no difference between S-LNG
and LNG, so the developments that have been made for LNG
ships are preserved for S-LNG ships. A ship sailing on LNG is
not the current standard, but progress has been made in this
field in the last few decades. Shipping of LNG as a commodity is
well established as the first tests with LNG shipping date back
already to 1959,>!" and LNG is currently shipped in vessels with
a carrying capacity of more than 100 000 m>.”"* For the past
40 years, LNG carriers have been equipped with engines that
allow them to sail on boil-off gasses in a dual-fuel operation
with diesel fuels. The first ship built to sail on LNG as a main
propulsion fuel was launched in 2000 and by 2017 over 117 LNG
powered vessels were in operation.® This still only accounts for
roughly 2% of total bunkers in the shipping industry.**?

For on-board use of LNG, either fossil or synthetic, there is
still the issue of methane slip from the engine. Methane has a
greenhouse gas warming potential that has 25 times the
100-year global warming potential of CO,,>'* so emissions of
methane to the atmosphere are detrimental to the overall
environmental benefit of using LNG. Methane-slip in LNG
powered engines arises from the unburned fuel in the engine
or from venting the engine pipes after shutting down the
engine.”"

5.3.6 Methanol. Like ammonia, methanol is one of the
most produced and shipped chemicals in the world. In 2015
more than 70 million tons of methanol were produced globally.
As such, there is already a widely developed infrastructure
available to handle and ship methanol which makes it fit for
its further development as a fuel. Since methanol is liquid at
ambient temperatures there are little changes required to the
existing bunkering infrastructure.

Historically, methanol has already been used as a fuel
additive to enhance engine performance. But more and more
testing is being carried out on using pure methanol as a fuel.
Typically, methanol is seen as a fuel that matches well with SI
engines, due to the high auto-ignition temperature and the
high heat of vaporisation. As discussed above, SI engines are
not widely used for systems larger than cars. As such, develop-
ment on this side is needed. Compression ignition engines that
use methanol are being developed, but they require more
changes to use methanol as efficiently as a fuel, and currently,
CI engines only run on methanol diesel-dual fuel operation.
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The most famous case of methanol in the shipping industry is
the Stena Germanica, a 1500 passenger ferry ship that has an
especially adopted four stroke medium speed engine that uses
methanol together with MGO as a pilot fuel.*”

Storing methanol on board also offers an interesting advan-
tage over other fuel types; due to its low toxicity to marine life
(see Section 5.5) methanol could be stored inside the double
hulls of ships. Since methanol poses no danger to marine life
there is no environmental risk if methanol spills into the ocean
and therefore it should be possible to store it in the available
space of the hulls. Methanol, however, is considered a low
flashpoint fuel according to the IMO so they will have to agree
with future regulations in the International Code for Ships
using gases and other low flashpoint fuels, the IGF code.

5.3.7 Formic acid. Formic acid has not been tested as a
hydrogen storage carrier on board of ships, but has made
headway as a potential fuel for busses, notably in the project
at the TU Delft. In their project they stated that pure formic acid
was corrosive so minor changes to fuel infrastructure were
needed compared to current-day diesel infrastructure.'*® For
the maritime industry to sail on formic acid, there will have to
be a new bunkering infrastructure built that can withstand the
corrosive nature of formic acid, but no big changes in day-to-day
operations are expected.

5.3.8 Dibenzyltoluene. The liquid properties of DBT are
very similar to those of diesel fuels; this is again beneficial for
the development of a bunkering infrastructure since most of it
can be kept in place. The downside of using DBT is that it is not
a fuel on its own but merely a carrier. This implies that the
empty carrier will have to be offloaded and stored on the ship
next to the empty carrier. Currently, the emptying of ship fuel
tanks to facilities on shore is not a standard practice and so
new protocols will have to be developed for this process.

The charged and uncharged DBT are miscible with each
other, but for greater reactor efficiency the fraction of
uncharged DBT with the DBT mixture has to be reduced. It is
thus ill-advised to store the liquids in the same tanks at the
same time. Physically there is only a small difference between
the charged and the uncharged carrier (the former having the
lowest density), and the same type of storage tanks can be used.
A possible concept to store the DBT on board is having multiple
fuel tanks on board, but with one spare tank that is not filled in
port and that can serve as a buffer tank (see Fig. 5). When a
system with n tanks is assumed, 1 is kept empty but will be
filled with unloaded DBT after it passes from the reactor and
must be kept on the ship. While the nth fuel tank is being filled
the (n — 1)th is being emptied and this will serve as the new
storage vessel when the (n — 2)th tank is being emptied etc.
A system like this will require an intricate system of piping and
pumping, like cleaning-in-place systems used in the pharma-
ceutical and food industries. A more significant challenge with
the use of LOHCs will also be the development of a reactor type
that can withstand the conditions at sea (see Section 5.4).

5.3.9 Solid-state hydrogen storage. Before the invention of
diesel-powered ships, coal was the fuel of choice in shipping,
so although there is a precedent of solid-state energy carriers in
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the maritime industry, the handling of solid-state hydrogen
carriers is significantly different from coal. In essence, there are
two methods to fuel a ship using solid state hydrogen carriers.
Charged carriers can be either brought on board pumped as a
solution or as powders (but sealed away from air and moisture) or
it could be possible to bring the hydrogen on board in pure form
and to let it react with the hydrogen carrier in the storage tank.

The first method to bring the hydrogenated carriers on
board, also requires an offloading of the spent fuel, like it is
required for DBT. This method is required for all the storage
media that cannot be hydrogenated directly but require addi-
tional chemical processes for the hydrogenation. This is the
case for the boron-based storage methods and likely also for
MgH,. This chemical is reported to be very slow to hydrogenate
(even slower than pressurized gas phase bunkering). In the
literature hydrogenation of magnesium is often carried out via
a ball-milling process under an inert atmosphere which is not
likely to be an onboard process. The rehydrogenation of boron-
based storage requires such extensive chemical processing that
it is more likely to take place in dedicated processing plants
than be an onboard process. One such fuel, NaBH,, is under
investigation by the University of Delft. Simulations of this
material as a hydrogen storage material on a passenger ship in
the port of Amsterdam have been performed. For NaBH, on
ships two strategies exist, the fuel is either brought on-board in
powder form, which complicates the handling of the fuel, but
has the advantage that this makes the fuel more dense and
more stable (if sealed away from air) than the alternative of
bringing an aqueous solution of NaBH, on board. Bringing a
solution on board lowers the fuel density but eases the hand-
ling, however this process required strong bases to keep the
NaBH, from decomposing spontaneously in the fuel storage
tank.>'® One of the major challenges with the use of NaBH, is
dealing with the spent fuel, NaBO,; this waste product is a
hydrated salt that is not only prone to form crystals that can
clog?’ the reactor system but also takes up more space than
the fresh fuel, further lowering the overall volume efficiency of
the boron based storage.”'® A method to deal with this volume
increase upon dehydrogenation is using a single tank with a
moveable barrier; this would require only one tank for fuel
storage. This type of volume exchange fuel tank has been
described by Kim."®®

The other method of bunkering with solid-state hydrogen
carriers is by hydrogenation of the carrier on board the ship.
Direct hydrogenation of intermetallic compounds is possible
and has been used on the Ross Barlow canal boat. On this ship
it took 2.5 hours to fuel it with 4 kg of hydrogen. This process is
inherently slow due to the exothermicity of an adsorption
reaction. An adsorption, by nature, releases heat and when
the metal becomes too hot, the adsorption slows, and the
dehydrogenation starts. The need for proper cooling and slow
hydrogenation is thus inherent in this bunkering method. The
Alanates have also been shown to be hydrogenated directly, but
only with the addition of other metals as a catalyst.”*’

Overall, the adoption of solid-state hydrogen storage is likely
to be a major engineering hurdle; the bunkering times are

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

either limited by low adsorption speeds or by the transfer rate
of the solid hydrogen state carriers to and from the ship. Unlike
like liquids, powders cannot be pumped as easily; furthermore,
most of the hydrogen storage powders are not stable when
exposed to oxygen or moisture and thus should be transferred
under an inert atmosphere. Due to the wide variety of hydrogen
storage materials for solid state hydrogen there are a lot of
options on how to handle, store and transport each of the fuel
types on board. Likely, this disruptive character of the bunkering
and storage process is one of the major hurdles to be overcome
should solid state hydrogen storage become a storage method for
the maritime industry.

5.4 Reactor development

For those hydrogen storage media that require a chemical
conversion step the development of a reactor system that can
work on-board is crucial. Today, chemical reactors are mostly
designed to operate in stationary applications and thus do not
have to deal with the motions of a ship at sea, which is expected
to be a significant challenge in the development of new reactor
systems.

Several reactor types have been discussed in the literature to
be used for several dehydrogenation reactions. The two most
used types of reactors, the tubular reactor and the continuously
stirred reactor have been discussed for dehydrogenation of
several hydrogen carriers. Modisha et al. reviewed the reactors
used for dehydrogenation of aromatic LOHCs.**°

The CSTR reactor is a closed reactor vessel that mixes the
reaction mixture while it flows through the reactor. Of the
hydrogen carriers discussed here NaBH,, DBT and FA have
been envisioned in a CSTR-like reactor.'*®?'%2*1:222 Ap issue
with this reactor type is the constant accumulation of
impurities, which has been reported as an issue in the scaled
up version of the FA dehydrogenation reactor.'*®

The tubular reactor (a reactor in cylindrical shape usually
filled with catalyst particles) has been used for the dehydro-
genation of both ammonia and DBT. An issue in this reactor is
usually the formation of hotspots where the dehydrogenation is
more difficult to control. Due to the closed packing of the
reactor the removal of hydrogen is often also an issue.
Dehydrogenation processes are equilibrium limited and hydro-
gen should thus be removed as fast as possible to keep the
reaction going. Tubular reactors are also not very efficient on a
size basis; since most of the dehydrogenation takes place at
the start of the reactor, a substantial part of the reactor
has dehydrogenated carrier flowing over it, which does not
contribute to the reaction.

To deal with the hydrogen removal from DBT, Hydrogenous
Technologies has patented a tubular reactor that is placed
horizontally and only partially filled with catalyst particles.
DBT flows over these particles from one side to the other. This
leaves empty space where the hydrogen can move to and be
removed more easily than from a completely filled reactor
bed.?**?** This reactor however is not suited for use on board
as the movement of the ship would heavily interfere with the
flow character of the reactor. Another type of reactor that is
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under research for fast removal of hydrogen is membrane
reactors. In this reactor type, the reactor walls are catalyst
coated membranes which are only permeable for hydrogen.
This fast removal of hydrogen has been shown to cause an
equilibrium shift in dehydrogenation of methyl cyclohexane by
70% even at reduced temperatures.>”> Membrane reactors have
been under research for decades, mostly in steam reforming of
methane to produce hydrogen, but the limiting factor in the
development is the membrane material. The hydrogen selective
membranes are made from palladium, which renders them very
costly. Next to this high cost the stability of these membranes is
often low, which further hampers the development of membrane
reactors.”*®

To function on board a reactor will have to be developed
adopted to be independent of the movement of the ship, or be
capable of operating with alternating flow movements due to
ship movement, while still being able to remove the released
hydrogen efficiently to force the reaction towards dehydrogenation.
In this field reactors that operate using vortex fields might be of
use. At high enough inlet velocities, in the flow field in these
reactors the centrifugal forces become high enough that gravity
becomes negatable. Furthermore, the high centrifugal forces cause
separation of the fluids with different densities while at the same
time there will be a low-pressure zone where the hydrogen can be
removed.””” Currently these reactors have not been tested for any
dehydrogenation reaction discussed above but conceptually they
could provide a promising pathway for onboard dehydrogenation
of hydrogen carriers.

5.5 Hazards of on-board use

First, it must be addressed that, generally, hydrogen has a bad
name when it comes to safety. The fear for this molecule can be
attributed to the Hindenburg incident in 1937; the destruction
of this airship struck the public with a fear of the use of
hydrogen. It is also recommended to inform the public more
on the use of hydrogen as an alternative to fossil fuels.'”
Hydrogen is a fuel, so it has to be combustible; the ignition
energy required, 0.017 m]J, is low, which combined with a wide
limit of flammability (4-75 vol% in air), results in an easily
ignitable fuel. Hydrogen is the smallest molecule and it can
easily leak through joints and cracks in any piping or storage
system. This high diffusivity is also one of its major advantages.
Hydrogen is such a light gas that it easily disperses if it is
released in open air.>*® Detectors for hydrogen also exist that
can detect hydrogen at levels 100-fold lower than the explosion
limit.”*® Furthermore, hydrogen is an odourless, invisible gas,
that is not toxic but does cause asphyxiation by replacing the
oxygen in the air at high concentrations.

When in a compressed state, the hydrogen release must be
controlled, so as to not cause any risks of explosions. Storage in
the tank itself is safe; the designed tanks are able to withstand
bullet impacts.>*°

When storing hydrogen as a cryogenic liquid, so either as
liquid hydrogen at —253 °C or as S-LNG at —162 °C, suitable
materials have to be used that can withstand the cold tempera-
tures so that they do not become brittle. If the cryogenic liquid
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spills, this can cause damage to the hull of the ship. Larger
spills of liquid hydrogen or LNG on the ground cause a fast
cooling of the ground surface, due to evaporation of the
liquid in the ambient. Spills on board ships can be especially
dangerous as this can cause cold fracture of the steel out of
which the ship is constructed, and this can lead to hull
damage.>®" After spills of cryogenic liquids, vapour clouds form
that are still at very low temperatures. These vapour clouds can
pose serious dangers to people working on board of the ship,
due to the low temperatures. Clouds of spilled cryogenic liquids
contain a lot of water vapour, making them heavier than air,
this means that they do not disperse like gaseous fuels do. This
later effect thus increases the dangers for asphyxiation and
explosions.

Due to high similarities between currently used fuels and
the Fischer-Tropsch diesels, no real additional risks are
expected with the CO, recycled diesels. Although considered a
greener fuel when made by recycling CO,, FTS diesels are
chemically the same carbon chain molecules that are used
as fuel today. They contain less sulphuric compounds than
standard crude oil diesels, but oil spills of FTS diesels will still
have a huge impact on the environment. This is in contrast with
methanol; methanol is highly soluble in water and very fast to
bio-degrade. Methanol spills, from ships, therefore, do not have
such a great environmental impact as compared to spills of
diesel fuels. However, compared to diesel, the flashpoint of
methanol is lower, 11 °C vs. 52-96 °C, as is the boiling point
65 °C vs. 150-350 °C. This means that methanol poses a higher
fire risk than diesel. Methanol is also toxic upon ingestion and
inhalation; the lethal dose for ingestion is by median 56.2 g per
person and for inhalation a concentration of 4000-13 000 ppm
(parts per million) is considered deadly.>*> Methanol evaporates
roughly five times as fast as water, so additional monitoring of
methanol content in confined spaces of a ship’s engine rooms
and near the fuel tanks will also be necessary to assure crew
safety. Even at low concentrations long term exposure to methanol
can lead to health complications.?**?**

Formic acid is one of the top produced chemicals and thus
handling and transport of this liquid is well known. Tanks and
pumps to transport this hydrogen carrier are thus available at a
large scale and can be adopted for a shipping fuel. However,
formic acid is still a corrosive chemical that causes severe burns
to the skin and eyes. Its vapour pressure at 20 °C is roughly
twice that of water, so although less likely to evaporate than
methanol, it should still be monitored in closed spaces on the
ship to ensure that the air is not polluted with formic acid on
the ship."**

Based on several factors, ammonia seems to be a viable
candidate for a new fuel. It has a zero-carbon content, it has a
decent energy density under moderate conditions, it is widely
produced around the globe and an infrastructure is already in
place to produce and transport the fuel on a megaton scale. The
major downside of this fuel is its toxicity; the lethal dose after
10 min of exposure is estimated already at 2700 ppm,
with severe irritation already at 220 ppm. The lethal dose of
ammonia after 8 hours of exposure can be as low as 390 ppm.***
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Ammonia, like hydrogen is an invisible gas under ambient
conditions, but ammonia has a very strong odour, already at
50 ppm the human olfactory sense is able to detect ammonia in
the air. The toxicity comes from ammonia’s high affinity for
water; when in contact with moist surfaces ammonia forms the
ammonium ion (NH,"), which is highly alkaline and causes
burns on animal tissue, especially in the respiratory system and
the eyes.”*®* Ammonia exposed in large quantities will form
clouds that are heavier and moved by air currents. The
potential deadly area of the ammonia cloud can extend up to
a few hundred meters, causing fatalities even when far removed
from the point of exposure.>*®

DBT does have a very beneficial safety record. It has a high
flash point and auto-ignition temperature and boiling temperature;
this means that there are only very low fire or explosion risks with
this carrier. DBT and the hydrogenated H18-DBT are physio-
chemically similar to diesel fuels, but they are expected to be less
toxic and less persistent in the environment than diesel. However,
DBT is not a single component mixture, but contains several
regioisomers, which makes a correct assessment of the toxicology
more difficult. According to a set of rules of thumb, published by
Boethling et al.,”* DBT shows no features that hinder its bio-
degradability: it does not have a high degree of halogenation, it
contains only 3 aromatic rings, and there is no excessive branching
of the molecule. This does not mean that this molecule is
inherently bio-degradable or environmentally friendly, but neither
are diesel fuels that are used today. Hydrogen storage in DBT does
offer the potential to use a zero-carbon fuel, with safety risks
similar to fossil fuels that do emit CO,.

Of the solid-state hydrogen storage methods there is a
distinction in the stability of the carriers. Best practice is to
store the hydrogen carriers away from air and moisture.>*® For
NaBH,, NaAlH, and MgH, the material safety Data Sheet shows
that these products have to be stored away from moisture.
If not, the hydrogen is released from the carrier and this could
become hazardous if it occurs during bunkering or while
sailing. NH;BH; is more stable than the other powder storage
carriers and exposure to moisture is less of an issue. For the
intermetallic hydrides the system is envisioned as hybrid
hydrogen storage vessels, closed containers filled with the alloy,
and then charged as with compressed hydrogen. The exposure
to air and moisture is thus more easily avoided than during
transfer of the powder samples.

6 Conclusions

In this work several different aspects of hydrogen as an alter-
native fuel for shipping are discussed. Firstly, we highlight that
new production methods for hydrogen should be used to gain
an environmental benefit over the use of diesel fuel, and we
highlighted specifically the use of electrolysis for hydrogen
production since this offers the potential of a zero-carbon fuel
in the entire lifecycle. The major challenge with hydrogen
however is likely to be the storage. Therefore, several methods
of hydrogen storage have been assessed on their usefulness as a
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storage technique for hydrogen applications in the maritime
industry. These storage methods are compressed hydrogen,
liquid hydrogen, ammonia, Fischer-Tropsch diesels, synthetic
natural gas, methanol, formic acid, aromatic liquid organic
hydrogen carriers and several solid-state hydrogen carriers:
MgH,, NaAlH,, AB,-laves phase alloys, NaBH, and NH;BHj,.
From this assessment it can be concluded that there is no
magic bullet solution; not one storage method combines a high
energy density, a low energy input, has all resources readily
available, is non-toxic and both easy to handle and store. Ship
owners, ports and regulatory institutions like the IMO, will have
to make strategic choices on the methods of hydrogen storage
for shipping. In this work we also provided an overview of the
energy requirements of the different hydrogen storage methods
over the lifetime of the storage method, using simple assumptions.
This analysis showed that compressed hydrogen required the least
amount of energy; the most energy consuming hydrogen storage
method is FTS-diesel fuel which would require almost threefold
the energy needed for compressed hydrogen. On the level of energy
density however, FTS-fuel outperforms the other hydrogen carriers.
The analysis of energy density also showed that while in theory the
solid-state hydrogen storage carriers show decent hydrogen storage
capacities, there is a need for an efficient and lightweight system to
store the carriers. The analysis on energy efficiency also showed
that for chemical hydrogen storage the overall efficiency of the
process can be greatly improved if heat from an external source
can be used. At the end of this work we highlight the most
important challenges with the use of hydrogen and the different
hydrogen storage methods for maritime use. Important to note
is that except for FTS-fuels, LNG and methanol, there currently
is no bunkering infrastructure available for large ships. The
development of new bunkering infrastructure is likely to be one
of the major challenges for hydrogen use in maritime shipping.
Other challenges we see, are proper reactor development for
the chemical hydrogen carriers (NaBH,, DBT, FA, ammonia).
Not all the fuel types discussed are without danger, therefore
we briefly highlighted crucial safety factors of all the different
hydrogen storage carriers. With this review we hope to aid in
making these strategic choices by providing a clear overview
of commonly sighted hydrogen storage methods and the
advantages and disadvantages of these storage methods for
the maritime industry.
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