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Propositions
accompanying the dissertation

HYDROGEN CARRIERS AS ALTERNATIVE FUELS ON SHIPS
by
Erin Susanna VAN RHEENEN

1. Going back in time in terms of design regarding old load capacities and increased
size of propulsion systems is a necessity for the shipping industry to become sus-
tainable. How far to go back in time depends on the alternative fuel chosen (based
on this dissertation)

2. Alternative fuels such as hydrogen carriers score highly on many values, but fail on
the most important value of all: timeliness (based on this dissertation)

3. In the context of alternative fuels for shipping, safety is a relative value: a fuel that
increases safety for the marine environment will reduce it for the crew (based on
this dissertation)

4. In maritime propulsion, pursuing a single alternative fuel as a universal solution
is counterproductive (based on this dissertation)

5. To enhance safety, investigating and sharing about near misses is more important
for the shipping industry than investigating disasters

6. The Global South is often ignored in the maritime industry; yet a successful and
safe energy transition in the maritime industry requires the interests of both the
Global South and North to be taken into account

7. Interdisciplinary work is said to be in high regard, but in practice not valued at all

8. The Arabian horse, prince of the winds, can blow away all ones sorrows, or fiercely
increase them. There is no in between

9. Inan environment governed by values that differ from your own, you have to either
accept acting against your personality or accept not reaching your goal at all

10. Perfectionism is the main enemy of good enough. To reach a goal, perfectionism
is a nuisance, good enough will do the job.

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotors prof. dr. ir. J.T. Padding and dr. A.A. Kana.
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PREFACE

When I started this project, I knew very little about ships. Of course, I did
know about the Titanic, the unsinkable ship. While trying to learn more about
the shipping industry in general, I, of course, also looked at the Titanic and
was astonished at the pride the designers had when saying the ship was
unsinkable. In Dutch, we have a saying, hoogmoed komt voor de val (Pride goes
before the downfall). However, the disaster of the Titanic was in 1912; we
are now 100 years later, so I was certain we had learnt several lessons from
it. Over time, I realised that this was perhaps too optimistic. It started small,
with sentences like: "These [insert chemical] are considered safe". I often
found sentences like these in papers, as little more than a side note. Safety
is important, so it is mentioned, and then the authors would continue with
their main message. But the sentence triggered me; I wanted to know why
these chemicals were considered safe. And then it dawned on me, what is
safe? How do we define safety in a maritime context?

Slowly but steadily, this question became more pressing. I asked around,
but I never received very clear and concrete answers. So, I decided to look
into it myself. Only then did I start to understand the size of the rabbit hole I
was falling into.

So, over time, a large part of my research shifted towards safety. After all,
when we transport thousands of tonnes of fuel, we must also realise that we
will transport thousands of tonnes of alternative fuel. And it is of the utmost
importance that we do this in a safe (whatever it may mean) and sustainable
way. Future, alternative fuels should not become the bane of our existence.

Somewhere in that rabbit hole I began to see a delicate balance emerging.
These new alternative fuels carry the promise of being both more sustainable
and safer than the systems we rely on today, yet their novelty naturally brings
uncertainties with it. They behave in ways we have not fully charted, and
the challenge lies in acknowledging those uncertainties without letting them
eclipse the potential these fuels hold.

I am very happy that my supervisors understood this as well and encour-
aged me to explore it further. As I dug deeper, I realised that even though
we have come far, there is still much to learn. Enhancing safety comes from
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a large part from learning from mistakes in the past, and only a small part
of totally novel things. But how much have we really learned from our past?
How much have we learned from safety science, a research topic with lessons
we appear to ignore? How much have we learned from aviation, which should
have similar issues, but counters by saying these are no issues at all for them?
How much have we learned from maritime disasters in the past? The Titanic
was supposed to have watertight compartments. The Edmund Fitzgerald,
built in the 1950s and sank 50 years ago in 1975 in a November gale, did not
have watertight compartments in her hold, which may have contributed to
her sinking. Although 50 years may seem like a long time, the memory of the
Edmund Fitzgerald remains very much alive in the Great Lakes region.

Now that we stand on the brink of a new era of alternative fuels, this is
our opportunity to do better. By understanding the past and embracing the
lessons of safety science, we can ensure that the fuels of tomorrow do not
become the hazards of tomorrow. It is my hope that this work contributes,
even in a small way, to that journey. The path to a better world begins with
the choices we make today.



SUMMARY

The shipping industry is responsible for a approximately 2 to 3% of the
global greenhouse gas emissions. The International Maritime Organization
(IMO) has set a goal in 2023 to reduce these emissions. This goal entails
that the sector becomes net-zero by 2050, which should be partly realized by
adding alternative fuels to the energy mix. In general, methanol, ammonia
and hydrogen are considered as promising alternative fuels. However, all
three have challenges, such as toxicity (methanol and ammonia) or explosivity
(hydrogen). Additionally, none of them have volumetric and gravimetric
energy densities that are close to the current standards of heavy fuel oil (HFO)
and marine diesel oil (MDO).

Hydrogen carriers can solve these challenges. Hydrogen carriers are chem-
icals that store and release hydrogen on demand. There is only very little pure
hydrogen gas on board, which reduces safety risks. Additionally, hydrogen
carriers can store a relatively large amount of hydrogen, up to over 20 wt%,
enhancing the volumetric and gravimetric energy density. Finally, the inherent
properties of each hydrogen carrier determine their applicability. Since some
carriers behave similarly to oil, they offer a significant advantage for existing
bunkering and fuel-transport infrastructure.

This thesis looks at hydrogen carriers as alternative fuels on ships. As safety
and size of the overall system are the most important values for successful
integration on a ship, these are the two main themes of this thesis. In this
way, the thesis identifies the optimal combinations of hydrogen carriers and
energy converters for different types of ships, such as container vessels, fishing
vessels or ferries.

The research objective of this thesis is to identify and evaluate optimal
combinations of hydrogen carriers and energy converters for various ship
types, with a focus on technical feasibility and safety considerations.

To reach this goal, a selection and evaluation of hydrogen carriers in general
is made. Many different hydrogen carriers are classified into categories, based
on their chemical and physical characteristics. This way, choices regarding
promising hydrogen carriers can be made for large groups of substances at the
same time, reducing the required time and energy. Of these categories, two
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appear to be promising for the shipping industry, namely liquid organic hy-
drogen carriers (LOHCs) and boron-based carriers. The LOHCs are extremely
similar to current fuels and often safer, despite having a relatively low (6-7
wt%) energy density. The boron-based carriers, sodium borohydride (SB) and
ammonia borane (AB) are powders, making them more difficult to handle,
but they have extremely high energy densities (around 20 wt%).

The next part of this thesis deals with the technical and system-level eval-
uation. The effective energy densities of these carriers are calculated and
enhanced by using heat integration. The size (both in weight and volume) of
these total systems are assessed. This analysis results in the energy density
and power density of these carriers. Finally, these carriers are then technically
evaluated on their use for different ship types, as each ship type has its own
operational needs.

From a safety perspective, the hydrogen carriers are evaluated as well.
Starting with a hazard identification to determine the most pressing issues,
several maritime related advantages and disadvantages are investigated, both
from a theoretical and an experimental perspective. Next, the importance
of safety from a design and operational perspective is discussed. Finally, to
make an overarching assessment of these hydrogen carriers on safety and
sustainability, they are assessed on many values relating to these two value-
sets.

The main technical finding is that hydrogen carriers can reach sufficiently
high energy and power densities for use on ships. The additional equipment
is unlikely to be a large issue, as this equipment does not occupy significant
space. LOHCs can achieve improved energy densities through proper waste
heat integration; however, these remain relatively low; approximately a factor
of five lower than conventional fuels such as MDO. The energy density
of the boron-based carriers, especially ammonia borane (AB), is almost on
par with MDO, with differences of roughly a factor 1.4 by mass and 3 by
volume. However, because the spent carrier must also be stored onboard until
offloading, the overall effective difference (both volume and weight based) is
approximately a factor of two. This results in very good compatibility with
ship’s operational needs. Thus, it is also clear that these fuels can be used
on various different types of ships, ranging from large container vessels to
ferries.

Regarding safety, it is important to realise that some specifics remain un-
known today, owning to the novelty and low production amount of these
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fuels; they do not need to be checked thoroughly, as dedicated by ECHA’s
REACH system. This results in a very limited ability to actually assess these
fuels on safety.

Furthermore, specific maritime hazards are missing as well. For example,
spill behaviour of these carriers was unknown. Experiments showed that
LOHCs are hard to detect in (sea)water, and empty LOHCs usually sink,
while full LOHCs float. Clean up is thus extremely difficult. SB and AB would
theoretically react with seawater, albeit in a slower rate than with normal water.
However, experiments showed that AB does not react at all with seawater
(nor fresh water) without catalysts. SB, on the other hand, reacts faster with
seawater. Finally, the spent fuels of SB and AB could theoretically be used as
mitigation against impact, as these powders are fire-reducing.

Finally, comparing all these alternative fuels in terms of safety is nearly
impossible as safety is multi-faceted. Each value varies in importance across
different maritime environments and depending on own personal values, so
the framework provides context-specific assessments rather than universal
rankings. In the end, it appears that many carriers exhibit mixed or uncertain
aspects, with no clear “best” option emerging. However, these findings under-
score the importance of value-based reasoning and stakeholder dialogue.

To assess the perfect hydrogen carrier, all the above-mentioned values are
of importance, from safety for the crew to environmental impact, from energy
and power density to long-term viability, justice and economic impact. Some
of these values are assessed in more detail in this thesis than others, but all of
them influence the choice of hydrogen carrier. However, in the end it may be
that one value trumps them all: timeliness. The shipping industry is much like
a large container vessel: slow-moving, hard to alter but set on a clear course
so the lock-in of alternative fuels may well occur. Once a choice is made, it
is likely to persist. So, for hydrogen carriers to become part of the mix, the
most important thing is that they are on time. Too late could easily become
never, which would be a shame, as these hydrogen carriers have shown to be
extremely promising as alternative fuels to make the shipping sector more
sustainable.






SAMENVATTING

De scheepvaart is verantwoordelijk voor een significant deel van de wereld-
wijde uitstoot van broeikasgassen. In 2023 heeft de International Maritime
Organization (IMO) daarom als doel gesteld om deze uitstoot sterk te ver-
minderen. Gewenst is dat de uitstoot naar net-zero gaat rond het jaar 2050.
Dit moet gedeeltelijk bereikt worden door het gebruik van alternatieve brand-
stoffen, naast conventionele brandstoffen. Ammoniak, methanol en waterstof
worden vaak gezien als mogelijke opties voor alternatieve brandstoffen in de
scheepvaart. Deze drie brandstoffen hebben echter alle drie eigen uitdagingen,
zoals toxiciteit (ammoniak en methanol) of explosiviteit (waterstof). Daarnaast
hebben alle drie deze brandstoffen veel lagere energiedichtheden, zowel in
volume als in gewicht, die niet in de buurt komen van de energiedichtheiden
van de huidige, conventionele brandstoffen zoals mariene diesel (MDO) en
zware stookolie (HFO).

Waterstofdragers zouden deze uitdagingen, zowel veiligheids- als energie-
technisch, op kunnen lossen. Waterstofdragers zijn chemicalién die waterstof
kunnen opslaan en weer kunnen loslaten wanneer dit gewenst is. Er is daarom
maar weinig puur waterstofgas aan boord, en veiligheidsrisico’s worden zo
verminderd. Daarnaast kunnen waterstofdragers vrij grote hoeveelheden wa-
terstof opslaan per gewicht (tot meer dan 20 wt%) en volume; zo wordt de
energiedichtheid van het geheel hoger. Omdat de waterstof is opgesloten in
de waterstofdrager, zijn het de chemische en fysische eigenschappen van de
waterstofdrager die hun toepasbaarheid bepalen. Sommige waterstofdragers,
bijvoorbeeld, lijken veel op olie. Dit betekent dat de huidige opslag en bevoor-
radingsstructuur gebruikt kan worden, wat zeer voordelig is.

Deze thesis kijkt naar waterstofdragers als alternatieve brandstof op schepen.
De twee hoofdonderdelen van deze thesis zijn veiligheid en de grootte en
gewicht van het systeem, aangezien deze bij de belangrijkste waarden horen
om deze dragers succesvol te implementeren op schepen. Op deze manier
kan deze thesis de optimale combinaties van waterstofdragers en energieomz-
ettingssystemen identificeren voor verschillende scheepstypes.

Het onderzoeksdoel van deze thesis is het identificeren en evalueren van
optimale waterstofdrager en energieomzettingssysteem combinaties voor
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verscheidene scheepstypes met een focus op technische haalbaarheid en
veiligheid.

Om dit onderzoeksdoel te bereiken, wordt als eerste een selectie en evalu-
atie van waterstofdragers gemaakt. Een grote hoeveelheid waterstofdragers
wordt opgedeeld in categorieén, gebaseerd op hun chemische en fysische
eigenschappen. Zo kunnen veel verschillende waterstofdragers snel en een-
voudig worden beoordeeld op hun bruikbaarheid. Twee van deze categorieén
lijken zeer veelbelovend te zijn voor de scheepvaart. Dit zijn vloeibare organ-
ische waterstofdragers (LOHCs) en waterstofdragers gebaseerd op boor. De
LOHC:s lijken heel erg op huidige brandstoffen, in de zin dat het ook een soort
olién zijn, echter zijn ze over het algemeen veiliger, maar wel veel minder
energiedicht dan huidige brandstoffen. Zij slaan ongeveer 6 tot 7 wt% aan
waterstof op. De waterstofdragers gebaseerd op boor zijn natriumboorhydride
(S5B) en ammoniak boraat (NH3BH3, AB). Deze twee stoffen zijn poeders,
wat het gebruik bemoeilijkt, maar hebben zeer hoge energiedichtheden (tot
ongeveer 20 wt%), in de buurt van huidige brandstoffen.

Het volgende deel van de thesis evalueert de technische haalbaarheid
op een systeemniveau. De effectieve energiedichtheden, dat wil zeggen de
energie dichtheid van de waterstofdrager wanneer gecombineerd met een
energieomzettingssysteem, worden berekend en geoptimaliseerd door gebruik
te maken van overtollige warmte. De grootte en het gewicht van het totale
systeem kan vervolgens worden berekend. Deze analyse resulteert in de
energiedichtheid en vermogensdichtheid van het totale system. Vervolgens
wordt dit gebruikt om de waterstofdragers te evalueren op hun bruikbaarheid
voor verschillende scheepstypes, aangezien elk scheepstype een eigen set van
eisen heeft.

Het derde deel van de thesis behandelt de veiligheid van waterstofdragers.
Dit deel begint met een identificatie van alle mogelijke gevaren die gepaard
gaan met waterstofdragers. Op deze manier worden de meest belangrijke
problemen in kaart gebracht. Daarna worden verschillende voor- en nadelen
met betrekking tot het gebruik van deze waterstofdragers in een maritieme
context behandeld, vanuit een theoretisch en experimenteel kader. Het belang
van veiligheid voor zowel een ontwerp als operationeel perspectief wordt ook
bekeken. Dit deel van de thesis eindigt met een alomvattende beoordeling van
waterstofdragers voor veiligheid en duurzaamheid en de daar bijbehorende
waarden.
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De technische evaluatie laat zien dat waterstofdragers voldoende energie
en vermogensdichtheid kunnen leveren om gebruikt te worden op schepen.
De uitrusting die extra benodigd is voor het gebruik van waterstofdragers
zal hoogstwaarschijnlijk geen problematisch ruimte (of gewichts)beslag op-
leveren. De energiedichtheid van de LOHCs kan sterk verbeterd worden met
goede warmte integratie, maar blijft lager wanneer vergeleken met de andere
waterstofdragers of MDO (ongeveer een factor 5 lager dan MDO). De ener-
giedichtheden van de andere waterstofdragers, SB en met name AB, komen
dicht in de buurt van MDO. Zij zijn ongeveer 1.4 maal (gewicht) en 3 maal
(volume) minder energiedicht dan MDO. Wanneer echter ook rekening wordt
gehouden met de opslag van de lege waterstofdrager aan boord, verandert
dit in een effectief verschil van ongeveer een factor twee voor zowel massa als
volume ten opzichte van MDO. Deze waterstofdragers kunnen daarom goed
voldoen aan de operationele eisen van schepen. Dit betekent dat zij toepasbaar
kunnen zijn op verschillende scheepstypen, variérend van veerboten tot grote
containerschepen.

Wat veiligheid betreft is het belangrijk om te realiseren dat sommige spe-
cifieke kenmerken helaas onbekend zijn. De waterstofdragers zijn erg nieuw
en worden in kleine oplage geproduceerd. Hierdoor vallen ze onder minder
strenge eisen dan andere stoffen, volgens het REACH systeem van ECHA. Dit
resulteert in minder mogelijkheden om deze brandstoffen correct te evalueren
op veiligheidsgebied.

Daarnaast missen veel specifiek maritieme veiligheidsaspecten. Het gedrag
van deze waterstofdragers bij lekkage is bijvoorbeeld onbekend. Experimenten
lieten zien dat LOHCs lastig te detecteren zijn in (zee)water, daarnaast drijft
de volle LOHC waar de lege LOHC zinkt. Dit vermoeilijkt opruimen van deze
brandstoffen. SB en AB reageren in theorie met zeewater, maar wel langzamer
dan normaal. De praktijk wijst echter uit dat AB niet reageert met zeewater
(of puur water) zonder katalysator. Aan de andere kant reageert SB sneller
met zeewater dan met puur water. Als laatste lijken de lege vormen van SB en
AB in elk geval in theorie gebruikt kunnen worden om impact te verminderen
of te dempen, aangezien deze poeders brandvertragend zijn.

Vergelijken van al deze alternatieve brandstoffen op veiligheidsgebied is
vrijwel onmogelijk, ook omdat veiligheid een veelomvattend begrijp is. Elk
onderdeel van veiligheid heeft een andere invloed op maritieme omgevingen
en is afhankelijk van persoonlijke waarden. Het framework ontwikkeld voor
deze studie geeft daarom context-specifieke evaluaties in plaats van een
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universele rangorde. Uiteindelijk hebben vrijwel alle waterstofdragers gemixte
of onzekere aspecten, waardoor er geen eenduidige beste optie uitkomt.
Deze uitkomst benadrukt het belang van waarde-gebaseerde argumentatie en
stakeholder dialogen.

Om de beste waterstofdrager in het algemeen te vinden, zijn alle waarden
die hierboven genoemd zijn van belang; van de veiligheid van het personeel
tot de impact op het milieu, van energiedichtheid en vermogensdichtheid
tot lange termijn levensvatbaarheid, eerlijkheid en economische impact. Deze
waarden worden allen beoordeeld in deze thesis, op verschillende niveaus van
diepgang. Allemaal beinvloeden ze de keuze van welke waterstofdrager het
beste is. Echter, het kan zijn dat één waarde al deze anderen overschaduwd:
timeliness oftewel op tijd zijn. De scheepvaartindustrie is soms net een groot
containerschip; het beweegt langzaam, verandering van koers is lastig, maar
eenmaal op een duidelijke koers is afwijken daarvan lastig. Daarmee is het
gevaar van lock-in zeer aanwezig; wanneer een keuze wordt gemaakt zal die
misschien niet snel meer veranderen. Dus, als waterstofdragers onderdeel
willen worden van de energiemiyx, is het belangrijkste dat ze op tijd zijn. Te laat
kan algauw veranderen in nooit; iets wat zeer jammer zou zijn gezien deze
waterstofdragers laten zien dat ze zeer veelbelovende alternatieve brandstoffen
zijn, die de scheepvaart industrie vooruit kunnen helpen om duurzamer te
worden.
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INTRODUCTION

“Just because something seems impossible
does not make it untrue”

— Deborah Harkness, A Discovery of
Witches

Pl qJoqoJoJoqoqo4eE

CHAPTER SUMMARY

The maritime industry is responsible for about 3% of global greenhouse
gas emissions. It also releases pollutants such as sulfur and nitrogen oxides,
although recent regulations have already significantly reduced these. The In-
ternational Maritime Organization (IMO) has therefore set a target of net-zero
emissions by 2050. Achieving this goal will require cleaner propulsion options,
with alternative fuels—ranging from lower-carbon LNG to carbon-free options
like ammonia and hydrogen—offering the most promising pathway. However,
these fuels often have lower gravimetric or volumetric energy densities than
conventional fuels. Hydrogen carriers provide a potential solution, as they
can store and release hydrogen on demand while achieving higher overall
energy densities. This research therefore aims to identify and evaluate optimal
combinations of hydrogen carriers and energy converters for various ship
types, focusing on their technical feasibility and safety considerations.

plJoqoJoJo4o4o4eE



2 INTRODUCTION

Evidence of early sea-faring is difficult to assess, yet there is ample evidence
that humans have been sailing for ages, dating back to at least 40,000 BC or
possibly even earlier. For a very long time, the sailing vessel was the main
way of transportation across large bodies of water. The first types of ships
were all handmade for single purposes; mass production only occurred much
more recently. Over time, ships got larger and were able to carry more cargo,
with the Grace Dieu (1420) having a capacity of 1400 tons, but were still being
built using personal experience and estimations - not fully designed [1]. The
latter is required for mass production; without a design, mass production is
not possible. Additionally, all of these ships were either powered by human
strength, wind, or a combination of both.

The start of the Industrial Era changed both; the transition to steam engines
enabled ships that could be mass-produced and operated by those steam
engines. The first steam engine was patented in 1698 by Thomas Savery. The
principle of this engine still was used for pulsometer pumps in at least the
1970s [2]. The first sea-going ship operating with a steam engine was the Elise,
built in 1814 [3], while the first boat propelled by steam-power already sailed
in 1787 [2]. In these times, ships were often still made of wood; only after
1850 ships were generally made of iron. Furthermore, owners and sailors did
not have much faith in the engines, which was often justified. So, most ships,
including the Great Eastern from 1858, were designed as sailing vessel, with
the engine used as backup when the wind was not favourable [2]. In naval
shipbuilding, this period also marked the transition to steam-screw propulsion,
exemplified by the Dutch cruiser Atjeh of 1877 (designed by Tideman), the first
national vessel built with this system [4], [5]. At the same time, ship design
began to adopt a more scientific foundation, supported by systematic model
testing and the growing influence of the work of Froude and Tideman [5]. The
move from sail to steam was thus driven by the need for reliability rather than
speed. Steam engines were updated in later years, allowing steam-powered
ships to become competitive with sail-powered vessels. These new engines
were triple-expanded, using coal as their power source. Steamships were used
for a long time, with many advances on the propulsion system further down
the line, from paddle boards to propellers [6].

Optimisation of this process also happened due to a change of fuel. Oil has
a much higher energy density than coal and is easier to handle. The first step
in converting marine steam boilers from coal-fired to oil-fired was already
underway in the 1860s [7]. In 1898, the first oil-fired marine boilers were
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introduced; however, in those early stages the supply of oil was still an issue
[7]. Only after World War 2 did oil-fired ships (including those using diesel)
become the majority [6].

The next advancement in ship propulsion were two different engines: the
gas turbine and internal combustion engine. The adoption of these engines
followed a similar timeline as fuel oil. Up until World War 2, over 70% of
the ships (by tonnage) consisted of steam-powered ships, even though the
diesel engine was used on ships before World War 1 [6]. The first gas-turbine
propelled ship, Adm. Wm. M. Callaghan was only built in 1967.

This effectively marked the end of the invention of new mechanical engine
types. From that point onward, propulsion developments focused primar-
ily on refining existing combustion systems and, in parallel, on exploring
fundamentally different propulsion concepts; including electric drives and
fuel cells [8]. These technologies introduced an electrochemical rather than a
thermal form of energy conversion, marking the beginning of a new era in
ship propulsion.

Yet the transition toward more powerful and efficient engines also revealed
an unintended consequence. Marine diesel oil (MDO) and heavy fuel oil
(HFO) appeared to be the perfect fuels, with their high energy density, safe
operation, and ability to fuel powerful engines. They seemed, at least for a
while, to be the final solution to the long-standing issue of ship propulsion
innovations [2]. However, a major issue was discovered: the polluting of the
world - both land and oceans - that is inherent with using these fuels.

1.1 NEED FOR EMISSION REDUCTION

The maritime industry currently generates a negative impact on the overall en-
vironment; it emits 3% of total greenhouse gas emissions, pollutants like sulfur
oxides (SOy) and nitrogen oxides (NOy), as well as regularly spilling fuel or
oil into the environment [9], [10], [11], [12]. The shipping industry is governed
by the International Maritime Organization (IMO), a specialised agency of the
United Nations (UN). As a UN member, the IMO has set a goal of emission
reduction. The target set in July 2023 (at MEPC 80) is to reach a reduction
of 40% of total greenhouse gas (GHG) emissions by 2030, and achieve GHG
emission neutrality by 2050 [13]. To reach these goals, the shipping industry
still has large steps to take. Many options have been researched, including
design changes to reduce fuel consumption, optimisation of onboard energy
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systems, hybridisation of the energy system, and the use of alternative fuels
[14], [15]. Most of these solutions offer emission reduction by making the
ship more efficient. These efficiency gains can significant (for example when
using wind-assistance, an efficiency gain of 40% can be reached), but often
are around 2-10% efficient [14]. The most promising way of achieving net
GHG neutrality is the use of alternative fuels. Consequently, the IMO has set a
target for the use of alternative fuels, aiming to have alternative fuels account
for at least 5% of total energy usage by 2030 [13]. The IMO has not specified
which alternative fuel should be used; however, the ideal alternative fuel
should obviously not exacerbate the current negative impact. Ideally, the new
alternative would be greenhouse gas emissions neutral, not emit pollutants
like SO, or NOy, not negatively impact the environment during spills, and
not be worse than diesel from an overall safety perspective. However, it has
also been noted by DNV in their maritime forecast that there is no single
solution, or "silver bullet," for decarbonization [15]; therefore, a silver bullet
that solves all these current issues is likely impossible to find. As alternative
fuels are likely to impact all of these aforementioned issues, they remain a
promising solution and are thus worth investigating.

1.2 TRADITIONAL ALTERNATIVE FUELS

Currently, many alternative fuels are considered for usage on ships, with
the main options being ammonia, methanol, liquid natural gas (LNG) and
hydrogen [15]. Of these, LNG is currently the most widely applied for ships
(approximately 7.8% of gross tonnage in operation), with several methanol
ships (70) also sailing [15]. The first hydrogen and ammonia-powered ocean-
going ships are in early trials, while these fuels are currently already being
used on smaller ships [15].

However, as mentioned above, no single fuel is likely to become the new
MDO or HFO - all of these fuels have drawbacks hampering their widespread
use. None of them have the same energy density as MDO or HFO; for all of
these fuels a larger quantity is required to comply with the same operational
profile. Additionally, ammonia is a toxic gas, which is unlikely to be allowed
on inland ships due to their proximity to large public agglomerations. Fur-
thermore, safe operation of an ammonia-fueled ship requires several design
changes to prevent the crew from coming into contact with ammonia. The ma-
jor issue with methanol is its carbon content - methanol is only zero-emission
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if it either is biomethanol or carbon capture is involved, either directly at the
ship or during the production of green methanol. Similarly, LNG is not a
zero-emission fuel due to its carbon compound, and it often involves methane
slip, where methane, a greenhouse gas, is emitted. Hydrogen in its pure form
is explosive and has a very low density. To store it as a fuel it either needs to
be compressed up to 700 bar or liquefied (involving temperatures of around
-250 °C) [16].

In addition to alternative fuels, various options for converting chemical
energy into usable energy are being investigated. Energy converters such as
proton exchange membrane fuel cells (PEMFC), solid oxide fuel cells (SOFC)
or internal combustion engines (ICE) can reduce NOx emissions to values
compliant with Stage V or Euroy standards [17]. However, as most alternative
fuels have very different combustion characteristics and a lower energy density,
a more efficient energy converter might be beneficial. Fuel cells are generally
more efficient but face technical challenges [18].

1.3 HYDROGEN CARRIERS AS ALTERNATIVE FUELS

Hydrogen can be stored and transported in various forms, often through
so-called hydrogen carriers. These are chemical substances capable of storing
hydrogen and releasing it on demand. When hydrogen is stored in such
carriers, the chemical and physical properties of the carrier itself become
crucial, since no pure hydrogen is present in the storage system.

From a theoretical standpoint, fuels such as methanol and ammonia can
also be considered hydrogen carriers. In fuel-cell applications, these fuels
are typically first decomposed (or “cracked”) to release hydrogen, which is
then used to generate electricity. Beyond methanol and ammonia, tens of
other hydrogen carriers have been identified, and new candidates continue to
emerge through ongoing research. Each of these carriers possesses distinct
chemical and physical properties, along with specific advantages, disadvant-
ages, and challenges that must be addressed before they can be adopted as
viable marine fuels.

Because the exploration of hydrogen carriers is still a relatively recent field,
and even more so in the maritime sector, many potential carriers remain at
early stages of development, ranging from proof-of-concept experiments to
initial system prototypes. Nevertheless, identifying the fundamental trade-offs
and eventual optimal hydrogen carrier could address several of the challenges
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currently associated with hydrogen-based propulsion and potentially lead to
the development of an ideal, zero-emission, and sustainable shipping fuel.

1.4 CONSEQUENCES AND GAPS WHEN USING HYDRO-
GEN CARRIERS

Using hydrogen carriers means introducing entirely new fuels on board ships.
This transition has significant implications for the technical, economic, and
safety feasibility of maritime operations. However, the economic feasibility is
extremely difficult to assess; it is influenced by numerous uncertainties such
as hydrogen carrier development, infrastructure availability and regulatory
evolution. Therefore, it is excluded from the scope of this research.

Instead, this work focuses on two key aspects: the technical feasibility
and the safety implications of using hydrogen carriers on board ships. Each
hydrogen carrier has distinct properties (such as energy density, storage
temperature and pressure, and chemical reactivity) that lead to different
technical and safety challenges when applied on board. Understanding these
consequential differences is therefore essential for developing feasible ship
designs and safety measures.

However, before these influences can be analysed, it is essential to identify
which hydrogen carriers are suitable for use as alternative fuels on ships. Prior
to this thesis, no comprehensive overview of hydrogen carriers suitable for
use on ships had been published. Existing studies often discuss only a few
hydrogen carriers [19], [20] or compare several hydrogen carriers without con-
sidering the maritime context [21]. Accordingly, this research aims to provide
an overview of various hydrogen carriers and to evaluate their suitability for
use on ships. This overview serves as the foundation for the subsequent ana-
lyses from both technical and safety perspectives, where safety encompasses
both immediate and long-term (sustainability-related) aspects.

1.4.1 TECHNICAL PERSPECTIVE

Assessing hydrogen carriers from a technical perspective enables the evalu-
ation of whether a hydrogen carrier is suitable for different ship types with
different operational profiles. Several publications have compared several
conventional fuels (e.g., liquid hydrogen, methanol, ammonia) with different
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converters (ICE, gas turbine, PEMFC, SOFC). However, these focus mainly
on fuel cells and omit hydrogen carriers or heat integration [18], [22]. Most
existing studies concentrate on a single fuel family, such as liquid organic
hydrogen carriers (LOHCs) [21], [23], [24], [25], [26]. Others provide limited
multi-fuel comparisons [27], [28], [29], or only broad, high-level overviews [19],
[30]. Finally, some single-fuel marine studies incorporate detailed integration,
but without cross-fuel comparisons [31], [32].

This thesis aims to provide an overview of the technical suitability of
different hydrogen carrier and energy converter combinations for different
ship types.

1.4.2 SAFETY AND SUSTAINABILITY PERSPECTIVE

Although the transition towards hydrogen carriers originates from the need
for more sustainable energy sources, other societal values, in particular safety,
also play a crucial role in this process. In fact, sustainability and safety are
closely intertwined: a technology cannot be considered truly sustainable if it
poses unacceptable safety risks to people, assets, or the environment. Safety
represents the short-term, operational dimension of sustainability, ensuring
that the immediate risks associated with hydrogen carriers remain manageable
and acceptable.

Many studies have evaluated and compared alternative fuels in the maritime
sector [33], [34], [35], [36], [371, [38], [39], [40], [41], [42], [43]. One category of
these studies employs Multi-Criteria Decision Making (MCDM) or methods
closely related to it. These studies utilise rankings to assess a multitude of
criteria for each of the fuels [34], [35], [36], [37], [38], [39]. Applying relative
weight factors enables them to compare the fuels based on these multiple
criteria [34]. This approach provides a practical way to quantitatively compare
fuels. It is usually applied to relatively mature alternative fuels [36], [37],
[38], [39], likely due to the information requirements for the entire process.
Other ways of studying alternative fuels in the maritime sector include studies
looking at life cycle analyses [40], economics [41], [42], or the required changes
to legal frameworks [43].

These research approaches, while providing valuable quantitative compar-
isons, reveal fundamental limitations for the maritime fuel transition. Firstly,
there are practical limitations, such as the choice of the criteria and their cor-
responding weight factors [35]. Regarding criteria, safety and or sustainability
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are not always taken into account [44], not specifically mentioned [34], or only
superficially considered (using parameters such as flammability, ignition tem-
peratures or ecotoxicity) [45]. In addition, current assessment frameworks tend
to be rigid and evaluative rather than exploratory, and may not fully capture
the complex value considerations that are relevant in maritime contexts.

In response to these limitations, this thesis aims to explore how the intro-
duction of hydrogen carriers affects both safety and, by extension, long-term
sustainability in maritime operations. The study seeks to compare different
hydrogen carriers from a safety perspective, emphasizing their practical im-
plications for onboard systems and human operations. By treating safety as
a cornerstone of sustainability, this work highlights that achieving truly sus-
tainable ship propulsion systems requires not only low emissions but also the
reliable, safe, and acceptable handling of new fuels throughout their lifecycle.

1.5 RESEARCH OBJECTIVES

This thesis addresses the challenge of using hydrogen carriers as alternative
fuels for ships. The effective integration of these carriers could lead to a fuel
that is zero-emission, safe for both the marine environment and those on
board, and characterised by high volumetric and gravimetric energy density
as well as high power density. The overall research objective of this thesis is:

To identify and evaluate optimal combinations of hydrogen carriers and
energy converters for various ship types, with a focus on technical
feasibility and safety considerations.

To achieve this aim, the research has been divided into four specific sub-
objectives. Each objective is associated with a concrete contribution that
supports the overall objective of the thesis.

The first objective is to assess a large set of hydrogen carriers in terms of their
suitability for use on board ships. This includes characterising their chemical
and physical properties and determining which types may be feasible in a
maritime context. The scientific contribution is the development of a categorization
of hydrogen carriers and an overview of how general categories of hydrogen carriers
may be suitable for ships as well as a detailed list of suitable hydrogen carriers, safety,
and operational feasibility. This approach results in an overview of general
hydrogen carrier applicability to ships and a selection of the most promising
categories.
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The second objective is to evaluate the technical feasibility of integrating hy-
drogen carriers with different energy converters. This involves examining both
the power and energy density that can be achieved when these systems are
fully integrated on board ships. The corresponding scientific contribution is a
detailed comparison of hydrogen carriers, energy converters, and conventional altern-
ative fuels under realistic integration conditions. This analysis reveals how fuel
properties, conversion efficiencies, and system layouts interact to determine
the energy density and thus compliance with the operational profile.

The third objective is to assess the safety and sustainability of hydrogen carriers
used on ships. This part of the research develops an approach to compare novel
fuels even when limited information is available. The scientific contribution
is an approach of evaluating the safety and sustainability of novel alternative fuels
to compare them without having large amounts of information, additional relevant
fuel-specific maritime information, and an emphasis on the importance of opera-
tion over design. This approach enables early-stage assessment on safety and
sustainability of emerging hydrogen carriers under real-world uncertainty.

Finally, the fourth objective is to identify the most suitable hydrogen carrier and
energy-converter combinations for different ship types. The scientific contribution
is a conceptual and philosophical analysis of hydrogen-based propulsion for shipping,
integrating the technical, energy, safety, and sustainability analyses presented in this
thesis. By combining technical performance with broader contextual factors
(such as safety and environmental ethics), this part of the research reframes
optimisation as a multidimensional decision process, reflecting the diversity
of operational contexts in the maritime sector.

Together, these four objectives establish a structured pathway from identi-
tying potential hydrogen carriers to technical and safety assessments, cul-
minating in a holistic evaluation of their applicability across various ship

types.

1.6 OUTLINE

This thesis is organized into four main parts, each corresponding to one of
the objectives described above and shown schematically in Figure 1.1. The
structure reflects the logical progression of the research, beginning with the
selection of suitable hydrogen carriers and concluding with the evaluation of
their overall suitability for different ship types. Part 1 introduces hydrogen
carriers and focuses on their selection for maritime applications. It consists of
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chapter 2. This chapter characterises the chemical and physical properties of a
large set of carriers, providing an overview of which type of carrier can be
considered most promising for use on ships. Furthermore, a set of initially
promising hydrogen carriers is also briefly evaluated here.

Part 2 deals with the technical integration of hydrogen carriers with energy
converters. The focus of chapter 3 is to integrate the hydrogen carriers and
optimally utilise the available heat and mass flows to enhance the overall
energy density of the system. By using several types of waste heat recovery,
as well as water recovery, the system’s efficiency is enhanced, and an optimal
combination of hydrogen carriers and energy converters is made. This heat
integration requires several heat exchangers, whereas the removal of hydrogen
from the hydrogen carrier (dehydrogenation) necessitates a chemical reactor;
all these components impact the power density. Chapter 4 evaluates the size of
these components for a certain power output; this forms the basis of estimating
the power density. Finally, chapter 5 combines the energy and power density
of several combinations, compares them using Ragone plots and evaluates
their suitability for different operational requirements.

Part 3 explores the safety and sustainability implications of using hydrogen
carriers on ships. This part begins with a discussion of general safety hazards
and an assessment of their suitability, highlighting the knowledge gaps in
Chapter 6. The specific safety hazards of which information is missing, as
well as specific maritime safety hazards, are explored from an experimental
and theoretical perspective in chapter 7. Chapter 8 discusses the importance
of safety during the design phase and where the maritime industry can learn
from other sectors to enhance the overall safety. Finally, chapter g evaluates
hydrogen carriers from a safety and sustainability perspective, providing a
framework for comparison when limited data are available.

Part 4 discusses, from a philosophical and integrative perspective, the most
suitable hydrogen carrier—converter combinations for various types of ships
in chapter 10.
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PART 1: OVERVIEW AND SELECTION OF HYDROGEN
CARRIERS

“The highway is alive tonight
Where it’s headed, everybody knows
I'm sitting down here in the campfire light
Waiting on the ghost of Tom Joad”

— Bruce Springsteen, The Ghost of Tom Joad

o qoJoJoJoqo4éE

PART SUMMARY

This part characterises the chemical and physical properties of a large set of
carriers, providing an overview of which type of carrier can be considered
most promising for use on ships. Furthermore, a set of initially promising
hydrogen carriers is briefly evaluated in this section.

o qoJoJoqoqo4éE
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SELECTION OF HYDROGEN CARRIERS

“There’s nothing like looking, if you want to
find something. You certainly usually find
something, if you look, but it is not always the
something you were after”

— J.R.R. Tolkien, The Hobbit, or There and
Back Again

plJeqeJoJoJo4o4E

CHAPTER SUMMARY

Hydrogen storage faces challenges, including low volumetric density, fire and
explosion risks and transport challenges. In this chapter, over fifteen hydrogen
carriers are evaluated based on their maritime performance characteristics
to determine their suitability for shipboard use. Evaluation criteria included
energy density, locally zero-emission, circularity of process, safety, dehyd-
rogenation, logistic availability and handling. Borohydrides, liquid organic
hydrogen carriers (LOHCs), and ammonia borane (AB) are found to be the
most promising hydrogen carriers to use on ships with PEMFCs. Given vary-
ing operational demands, this research proposes a framework to assess the
suitability of hydrogen carriers for use in different ship categories. Evaluating
the three types of hydrogen carriers, using the proposed framework and
considering current practices, shows that these are viable options for almost
all ship types.

oot
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2.1 INTRODUCTION

As the shipping sector is not on track to reach its sustainability goals, there
is a need for research on alternative power sources [46]. Batteries are not a
viable solution for the shipping industry, due to their low gravimetric and
volumetric energy density; for example, a container ship would need to use
about 45% of the weight and 16% of the volume of the cargo hold by the
batteries for the ship to be able to comply with its original operational profile
[20]. This means that other alternatives have to be found. These alternative
future fuels should meet specific requirements and criteria.:

Safe (from a toxicity and fire hazard perspective)

* Zero emission (GHG and hazardous pollutants)

High volumetric and gravimetric energy density

Good logistic availability and easy handling
* Regenerative or circular produced - not one time use only

The United States (U.S.) Department of Energy (DoE) has set a goal for energy
density, and even though this goal is set mainly for lightweight vehicles, it
is used more generally to discuss the viability of hydrogen storage methods
[16, 47, 48]. The goal is to reach an energy density of gM]/kg and 8.4MJ/L for
the entire system [16, 49]. As gravimetric energy density is often expressed in
weight percentage or wt%, the minimum weight percentage of hydrogen in
a molecule should be 7.5 wt%. The gravimetric energy is then calculated by
multiplying the weight percentage with the lower heating value of hydrogen
(120M] /kg). This is still excluding the rest of the system, meaning that 7.5wt%
is a lower limit that should always be reached, as the rest of the system will
only decrease the energy density.

The content of this chapter is based on the following article:

E. S. van Rheenen, ]. T. Padding, J. C. Slootweg, and K. Visser, “Hydrogen carriers for zero-
emission ship propulsion using PEM fuel cells: an evaluation,” J. Marine Engineering and
Technology, vol. 23, no. 3, pp. 166—183, 2023. d0i:10.1080/20464177.2023.2282691

The journal paper in turn is based on the following conference article:

E.S. van Rheenen, ].T. Padding, J.C. Slootweg, and K. Visser, “A review of the potential of
hydrogen carriers for zero emission, low signature ship propulsion systems,” Institute of
Marine Engineering, Science and Technology (IMarEST), presented at the International Naval
Engineering Conference (INEC), 2022. doi:10.24868 /10649
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Currently, the shipping sector looks mainly at alternatives like hydrogen,
ammonia and methanol, as well as batteries [46]. Of these alternatives (exclud-
ing batteries), hydrogen itself is the only one that is completely zero-emission
when used in combination with fuel cells [18]. Also, when using a PEMFC,
less noise and vibrations are produced compared to an internal combustion
engine [18, 50]. Additional advantages are high electrical efficiency (40-60%),
silence, operation at low temperatures (338 to 358 K) and modularity, causing
gradual degradation [18, 20].

Therefore, this chapter focuses on the application of hydrogen combined
with PEMEFCs for ship applications. As storing pure hydrogen, even if pres-
surized or liquified, may not reach the volumetric energy density targets,
this research will also consider other options, called hydrogen carriers [16].
Hydrogen carriers store hydrogen in their structure, for example by chemical
bonding or physical adsorption [51]. To comply with the zero-emission target,
it is important that hydrogen can be extracted without emitting harmful
substances and that the original hydrogen carrier can be reused.

These hydrogen carriers have been researched before, however never spe-
cifically for use on ships, despite the additional characteristics that ships add,
such as volume limitations and the need for autonomy. Current research
either focuses on detailed descriptions of hydrogen carriers but with a differ-
ent goal, such as storage with undefined purpose [21, 25, 47, 52, 53, 54] or
storage for mobility [16, 48, 55]. With regards to the shipping sector, either
more conventional alternative fuels—such as pure hydrogen, ammonia, or
methanol—together with one or two types of hydrogen carriers are researched
[19, 20, 56], or studies focus solely on one single type of hydrogen carrier [31,
57, 581.

This chapter aims to contribute to current research by first classifying
the different hydrogen carriers based on their engineering characteristics.
Then, the hydrogen carriers are evaluated on their viability in the shipping
sector. For some viable hydrogen carriers, the effective energy density will be
discussed and compared to the current fuels used. Additionally, a framework
is developed to evaluate the application of hydrogen carriers for different ship
types and ship operations, and discuss the challenges that still remain. This
framework is then used to assess the suitability of certain promising hydrogen
carriers for different ship types. Finally, in appendix B, several state-of-the-art
industrial and scientific examples are discussed. Overall, this chapter aims
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to provide an overview of the hydrogen carriers that merit investment as
alternative fuels to reduce greenhouse gas emissions in the shipping industry.

2.2 CLASSIFICATION OF HYDROGEN CARRIERS

The storage of hydrogen in general can be split into different methods. The
exact definition of the storage methods is under debate [48, 49, 53, 54, 55,
59]. Often hydrogen storage is defined as storing hydrogen as a chemical
hydride or using physical sorption (material-based storage) [48, 54], however,
what is meant precisely by these terms can be different per author [48, 49,
53, 54, 55, 59]. Additionally, some authors define metal hydrides as hydrogen
connected to metals, in all sorts of forms [48], whereas other authors see
it as hydrogen-bonded into metals, making it behave similarly to physical
sorption storage [54]. In this review, metal hydrides will be defined as part
of material-based solid hydrogen carriers. The term chemical hydrides, even
though extensively used, will be avoided due to its ambiguity [51, 54, 59, 60,
61].

These types of discussions are the reason that in this review, a classification
based on figure 2.1 is proposed. Hydrogen storage is defined as either material
or physical-based, with physical-based being the storage of pure hydrogen.
Material-based storage is split up into liquid and solid material-based storage.
This is more of an engineering approach, as liquid and solid storage methods
require different handling. Such an engineering approach is required to ad-
dress existing challenges. Metal hydrides can now be a part of solid storage,
together with complex hydrides and physical adsorption methods. Next to
handling, the material classification also provides groups of storage with sim-
ilar dehydrogenation processes and gravimetric energy density storage. From
an engineering point of view, these materials can be treated in similar ways
for both storage, hydrogenation and dehydrogenation. The overall properties
of these groups are discussed in the following subsections.

2.2.1 LIQUID CARRIERS

Liquid hydrogen carriers are carriers that are usually stored as liquid. Both
the hydrogenated and dehydrogenated version of the hydrogen carrier has to
be liquid to be considered in this category. They do not necessarily have to be
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Figure 2.1: Proposed classification of hydrogen carriers for engineering purposes,
including examples

a liquid at ambient conditions, as some gases such as ammonia require only
slight modifications from ambient conditions to become liquid, which is why
they are usually stored as a liquid. The main advantages of liquids are the
use of current infrastructure and material handling, especially if the liquid
carriers have similar toxicity to diesel. Generally speaking, storage is easier
because liquids do not require set shapes.

Silane based

Silanes are inorganic compounds formed from silicon and hydrogen. It
is possible to produce hydrogen from organosilanes, hydroxysilanes and
(poly)silanes [62, 63, 64]. Dehydrogenation is usually through hydrolysis and
is exothermic, but still requires a catalyst [62]. Organosilanes generally have a
low boiling point and are gas state at atmospheric conditions, making them
generally less safe [65]. The vapour pressure decreases with increased chain
lengths [62], so larger molecules are more likely to be liquid. More complex
organosilanes, such as polymethylhydrosiloxane (PMHS) have higher boil-
ing points but also lower hydrogen weight percentages, of only 3.7 to 4.6
wt% [64, 65], whilst silane gas (SiH4) can carry up to 12.5 wt% of hydrogen.




20 SELECTION OF HYDROGEN CARRIERS

Unfortunately, silane gas is also highly flammable [62]. Other examples are
polyhydrosiloxane (PHS) and pentasilane (SisH;2), which are both very prom-
ising alternatives for hydrogen storage [62]. PHS has a volumetric energy
density of 10 MJ/L and pentasilane of 20 MJ/L, whereas PMHS, the more
complicated molecule, only has a volumetric energy density of 2MJ/L [62].
The hydrogen weight percentage of pentasilane is 7.9 wt%, whereas that of
PHS is less than 4 wt% [62]. Even though silanes are generally easy to handle
and not toxic [66], public research on the use of polysilanes and organosilanes
is limited [62, 63]. However, there is currently a company, called Hysilabs,
investigating and patenting the use of silanes, mainly organosilanes, as a hy-
drogen carrier. The use of silanes in this practical application will be discussed
in appendix B.

Non-cyclic organic (CO-based) carriers

Hydrogen can be stored chemically in non-cyclic organic molecules such
as methanol (often abbreviated as MeOH) or formic acid [19, 47, 67]. Such
compounds can potentially be produced from CO,. Rather than using a
chemical dehydrogenation step, most of them can be used directly in engine
systems [19]. However, if they are used in PEMFCs, they have to be split.
They can be used directly in other fuel cell systems, but at present these
have low performance and low TRL [18]. CO, and hydrogen are products of
the splitting and separation of these two gasses is required because CO; is
poisonous for (especially low temperature) fuel cells [18]. As 9o% of hydrogen
(in 2016) was made using steam reforming, the separation process is highly
researched [68]. Generally, pressure swing adsorption or cryogenic distillation
are used, which require high amounts of energy and are expensive [68, 69].
Selective membranes to separate CO; and hydrogen are currently under
research, as these are less costly and energy-intensive [68, 69]. On the other
hand, an advantage of the CO,-based hydrogen carriers is that they have been
researched extensively, especially methanol [47]. However, as they emit CO,
upon chemical dehydrogenation or combustion, they are only carbon neutral
if green hydrogen and atmospheric CO; are used for their production [67].
Thus, only the complete cycle is potentially carbon neutral, while there are
still local emissions. These local emissions can only be avoided by onboard
CO; capture, which is not expected to be developed at the required scale [19].
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Additionally, CO, capture and storage onboard ships would be challenging,
although research projects have started to look at how this could be done [19].

Cyclic organic

Cyclic organic carriers are usually aromatic molecules that store hydrogen in
their double bonds [19]. Unlike non-cyclic organic hydrogen carriers, cyclic
organic not only dehydrogenate but can also hydrogenate, i.e. take up hydro-
gen, making them completely circular [19, 25]. The cyclic organic hydrogen
carriers are often referred to as LOHCs (liquid organic hydrogen carriers) [19,
25, 47], a term also used in this thesis. Most of these LOHCs are cycloalkanes
[70]. LOHCs can usually store about 5 to 8 wt% of hydrogen [70] and are
generally safe and easy to handle, due to their oil-like physical properties [25,
70, 71]. However, the release of hydrogen is through an endothermic reaction,
requiring high temperatures of over 420 K [25, 70]. There is an abundance
of LOHCs, although mainly toluene (TOL) and its pair methylcyclohexane,
N-ethylcarbazole (NEC) and its pair dodecahydro-N-ethylcarbazole and diben-
zyltoluene (DBT) and its pair H18-DBT are considered [19, 25, 70]. Of these,
toluene is often left out due to its carcinogenicity, low flashpoint (277 K) and
low boiling point (384 K), even though it is the simplest molecule considered
[19]. The other two are researched and reviewed a lot [19, 25]. Additionally,
the company Hydrogenious is currently focussing on benzyltoluene (BT) and
its counter pair perhydrobenzyltoluene, instead of DBT [72]. For all LOHCs,
a major challenge is to find a catalyst that reduces the temperature for both
dehydrogenation and hydrogenation, while still having high conversion rates

(25, 47, 73, 74, 75].

N-based (Amines)

Amines are saturated nitrogen hydrides [76]. Of these, ammonia is the most
well-known. It is also the only amine that is in gas form at ambient conditions,
as amines with higher molecular weights are in the liquid form [77]. Amines
generally have a high energy density because of the relatively low weight of
the nitrogen atom compared to metals [77]. However, as amines are generally
explosive and often toxic, they pose safety concerns [77, 78, 79]. Because of
the decreasing energy density for larger molecules, the lack of safety and the
elaborate research into ammonia as a hydrogen carrier, only ammonia will be
discussed further here.
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2.2.2 SOLID CARRIERS

There are a large variety of solids that can store hydrogen. Despite the large
variety, it is always considered good practice to keep solid hydrogen storage
away from water [19]. Compared to current fuels, which are liquids, new or
different infrastructures may be required to refuel ships when solid hydrogen
carriers are used.

Physical adsorption

Physical adsorption is defined as storing hydrogen without the splitting of the
H-H bond [51]. There are many different mechanisms that can store hydrogen
this way, but usually, the hydrogen is stored inside the molecule itself [80].
Generally speaking, physical adsorption processes are hard to scale up and
require either high pressures or extreme temperatures to get sufficiently
(> 5 wt%) high energy density [16, 48]. Reversibility is a general issue [16,
80]. Substances that can physically adsorb hydrogen well generally have high
porosity and large specific surface area [16, 80]. Despite the drawbacks, several
physical adsorption substances will be discussed in further detail, as there is
a large variety of them and they are well-researched and cannot be left out of
an overview of hydrogen carriers.

Metal hydrides

There are two types of metal hydrides, intermetallic and ionic metal hydrides.
Of the metal hydrides, ionic metal hydrides exhibit an average gravimetric
energy density (up to 8 wt% or 9.6 MJ/kg), and a high volumetric energy
density. Intermetallic metal hydrides, on the other hand, have a poor gravimet-
ric energy density, with a maximum of 2wt% or 2.4 MJ/kg [55, 81]. Desorption
of hydrogen occurs at extreme temperatures [16, 55] and the reversibility of
the process is under debate and thus requires more attention [48, 55]. Because
metal hydrides have been used on ships before [55, 82], they have a high
technology readiness level and will thus be discussed in further detail.

Boron-based complex hydrides

Boranes and borohydrides are molecules that have either a BHz or BH; moiety
[83]. The most common borohydrides are sodium and lithium borohydride,
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although potassium borohydride is also well researched [48, 84]. Boranes and
borohydrides are promising storage materials due to their high hydrogen
content, of up to 18 wt% [85]. They are usually safe to store as well [86]. The
regeneration of boron-based complex hydrides is currently a major challenge,
as the B-O bonds formed during dehydrogenation are hard to split [73].
Borohydrides and boranes release hydrogen in multiple ways, but the two
main reaction paths are thermolysis and hydrolysis. Hydrogen release through
thermolysis is done by heating the borohydride or borane. However, the
temperatures required to release the hydrogen are extremely high: 953 K for
lithium borohydride and 807 K for sodium borohydride [16, 48, 87]. As this is
not a practical way of releasing hydrogen, this will not be discussed further
in this review.

More promising is the release of hydrogen through hydrolysis. Both boranes
and borohydrides react with water, producing hydrogen and borate [85],
which has a great advantage in shipping, as the ship actually sails in the
reactant needed for hydrogen production. The reaction is exothermic and
can happen spontaneously, although for high conversion rates catalysts or
acids are necessary [53, 85]. The reaction rate depends on the temperature
and the catalyst used [19, 53, 84]. Because of the nature of the reaction, both
the hydrogen stored in the borane/borohydride as well as the hydrogen
originating from the water is released. This results in an effective hydrogen
storage capacity of up to 36 wt% based on the weight of the borohydride,
excluding the weight of water [84].

Alanates

Even though alanates have the possibility to store up to 10.6 wt% of hydrogen,
most of them are not able to store more than 5 wt%, which means they do
not have very high capacities [16, 88, 89]. The thermal release of hydrogen
from alanates is endothermic and usually happens in multiple steps, with the
tirst step requiring temperatures of 383 to 573K [16, 90]. The last desorption
step takes place at higher temperatures, which depends on the alanate and
may be too high for practical applications [91]. Doping can reduce this high
dehydrogenation temperature, but always comes at a cost of less hydrogen
storage [88, 90, 92]. Doping also appears to be required for dehydrogenation
[90, 91, 92, 93], except for KAIH4, which is reversible at relatively low temper-
atures and pressures, but there is only little research about this alanate [91].
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Additionally, alanates usually react violently with water and are classified as
dangerous [94], even though they are said to be stable [53].

2.3 DETAILED DESCRIPTIONS OF SPECIFIC HYDROGEN
CARRIERS

In this section, certain hydrogen carriers that are generally considered to be
relevant are discussed. The hydrogen carriers will be reviewed on the demands
that are placed by the shipping industry and will include safety, emissions,
volumetric and gravimetric energy density, ease and speed of generation of
hydrogen from the carrier, and recyclability of the carrier (circularity). The
U.S. DoE has defined a goal for both the gravimetric and volumetric energy
density of the entire hydrogen carrier system, including the tank and other
subsystems. This goal is set at a minimum of 7.5wt% of hydrogen per kg of
the carrier (9M]/kg) and 2.3kWh/L for light-duty vehicles [49]. This goal will
be taken as a guideline in this chapter.

2.3.1 LIQUID HYDROGEN CARRIERS

Dibenzyltoluene and benzyltoluene

Dibenzyltoluene (DBT) is a promising LOHC, with a real-life storage capacity
of about 6 wt% (theoretically 6.2 wt%) [19, 25]. It is cheap, stable during
dehydrogenation and has a very high TRL (Technology Readiness Level) [25].
Additionally, it is not very toxic and widely available [19, 25]. DBT has a
dehydrogenation temperature of 583 K when using Pd/C catalyst [25]. This
can be reduced to 543 K, but then only 58% of the hydrogen is released [75].
It is thought that platinum could be a better catalyst for DBT [73, 74, 75]. The
high dehydrogenation temperature is a point of concern for DBT. Another
disadvantage of DBT is its high viscosity [95, 96]. As a result, BT is currently
considered to be a good alternative for DBT. BT has very similar properties, but
a much lower viscosity and a higher level of dehydrogenation under similar
circumstances [95, 96]. However, BT has disadvantages as well, of which the
low boiling point of only 538K (at ambient pressure) is the most problematic
[96]. This low boiling point means that during the dehydrogenation gas by-
products are formed, which is undesirable [96]. Thus, DBT with its high
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energy density, good availability and easy handling is often regarded as one
of the most promising LOHCs [25].

N-ethylcarbazole

N-ethyl carbazole (NEC) is also thought to be one of the most promising
LOHC:s [73]. NEC has a dehydrogenation temperature of 453-523 K and stores
about 5.8 wt% of hydrogen in theory, 5.2 wt% in practice [25]. Complete de-
hydrogenation can be achieved already from 453 K [25]. The dehydrogenation
temperature of NEC can be reduced to 423 K when using iridium complexes
as catalysts, but this does not result in complete dehydrogenation [73]. It
has a TRL of only 3 on a scale of 1-9 and is not widely available [19, 25].
Additionally, the hydrogenated form is solid at room temperature, requiring
either innovative handling solutions or continuous heating for the substance
to remain liquid. Both options will result in additional cost and likely less
efficient operations [19].

Methanol

Methanol is a low-toxic alcohol, which is liquid at ambient conditions and
stores 12.6 wt% of hydrogen [19]. Due to its inertness, it can be stored in the
double hull of a ship [19]. Another main advantage of methanol is that it
is commercially available, making it cost-attractive [47]. However, methanol
will pose safety challenges, as it has a low flashpoint and is dangerous to
inhale or digest, resulting in the requirement of safety measures [19]. Just
like formic acid, methanol releases CO, when dehydrogenated. Methanol can
be used directly in combustion engines and direct methanol fuel cells but
needs to be reformed and purified when used in combination with a PEMFC
[18, 19]. Additionally, similar to formic acid, the emission of CO, means that
having a ship that does not emit any CO, can only be achieved by using
carbon capturing onboard, reducing the overall energy density of the system.
If only circular production is desired, carbon capturing on land is sufficient
[19]. Thus, even though methanol is a very interesting hydrogen carrier, it
will not be reviewed further, as the main goal here is to have a fuel onboard
which does not produce emissions.
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Formic Acid

Formic acid (HCOOH) is a semi-non-toxic acid, which is liquid at ambient
conditions [47]. It is highly corrosive [19]. It stores hydrogen at about 4.4
wt% [19, 47]. Formic acid is made from the hydrogenation of CO,, which is
theoretically 100% effective [19, 47]. It decomposes at about 373 K. At decom-
position, it either forms CO, and H, or CO and H,O [47]. The latter process
is not desirable. As mentioned before, having a zero-emission ship running
on formic acid is extremely difficult, which, combined with its relatively low
gravimetric energy densit, means that formic acid will not be considered
further in this review chapter.

2.3.2 PHYSICAL ADSORPTION

There exists a multitude of substances that are capable of physically adsorbing
hydrogen, and a focus will lie on four specific types due to their unique and
compelling characteristics. Metal-Organic Frameworks (MOFs), with their
broad range of structural diversity, are suitable for a wide range of applications.
Metal-decorated structures show great promise due to their high hydrogen
uptake capacity. Nanostructures were previously considered interesting but
have become a controversy in hydrogen storage research [97]. Finally, ice is
also of interest because of the sustainable way of storing hydrogen in water.

Metal-organic frameworks

Metal-organic frameworks, also known as MOFs, are crystalline structures that
are able to adsorb hydrogen in their voids [98]. MOFs pose a very promising
way of storing hydrogen [51]. MOFs have a large structural diversity and thus,
dependent on the application, different MOFs can be used [80]. MOFs are
usually highly porous (to store the hydrogen inside their voids) and have
a high specific surface area [16, 80]. The conditions at which MOFs store
hydrogen ranges from cryogenic temperatures to room temperatures and
ambient pressures [80]. A great advantage of MOFs is their fast release and
adsorption of hydrogen, which is usually in the scale of seconds [16, 80].
The storage of hydrogen inside MOFs is reversible, however, after multiple
cycles, the amount of hydrogen that can be stored inside the MOF can drop
substantially [16, 80]. For MOFs to become a suitable option for hydrogen
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storage, considerable research is still needed, as current solutions are not
practical and difficult to scale up [16, 80].

Additionally, a lot of light elements such as Li, Na and Mg cannot be used
for MOFs as they are susceptible to hydrolysis, resulting in violent reactions
with water [19, 48, 53]. The amount of hydrogen that can be stored in MOFs
is also generally an issue. MOFs at room temperature are only able to store
about 1wt% of hydrogen if they are at 20 bar [16, 80]. In order for MOFs to
store higher quantities of hydrogen, they have to be at very low temperatures
and high pressures [16, 80]. The hydrogen uptake of MOFs is proportional to
the pressure [98]. The relationship between temperature and storage capacity
is different, as physisorption decreases at higher temperatures [98]. At room
temperature, using iron MOFs 6 wt% at 101 bar was reported [48], whereas
at 77K and 7o bar, for example, NU-100 can store up to 16 wt% of hydrogen
(which reaches the U.S. DoE target of 7.5 wt%) [99]. Keeping the MOFs at such
low temperatures and high pressures is very costly and energy-consuming,
even though MOFs generally have extremely low thermal conductivity [16].

Metal decorated structures

Structures such as silicon clusters or honeycomb borophene are capable of
storing hydrogen as well, in a very similar way to MOFs [100, 101]. The work-
ing principle is very similar to that of MOFs, as metal decorated structures
also adsorb molecular hydrogen physically [100, 101]. When alkali metals
are added to these structures they can store up to 18 wt% of hydrogen at
100 K and 6000 kPa for a silicon lithium structure [101]. When borophene
oxide is bonded with the metal lithium, a gravimetric density of 8.3 wt% can
be reached at 100 K [100]. However, at room temperature and low pressure
(300 kPa) the hydrogen storage is greatly reduced, to a maximum of 5.5 wt%
[101]. A similar phenomenon applies to the borophene honeycomb structure,
although the difference there is smaller, as at room temperature and relatively
low pressures (about 3000 kPa) still 5.2 wt% of hydrogen can be stored [100].
The volumetric energy density is not mentioned in the papers by [100] and
[101]. In order for both of these types of storage to become a solution to
the hydrogen storage issue, a lot more research has to be done on the exact
nature of the structures and how to enhance the hydrogen storage at room
temperature and relatively low pressures.
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Nanostructures

Nanostructures are not materials, but a way of physical storage. Nanostruc-
tures are usually made of carbon [48, 81]. There are several types of nanostruc-
tures [48]. Nanomaterials can, amongst others, be based on carbon, silicon
carbide, boron and boron nitride [48, 97]. The storage principle behind these
materials is the same, but the properties are different [48]. Carbon nanostruc-
tures are the most researched type of nanomaterials, usually they are designed
as nanotubes [97]. It is not entirely clear how much hydrogen these materials
can store as several results are not reproducible [48, 97]. Nanomaterials started
with activated carbon, which can hold only about 3.2 wt% hydrogen at 18900
kPa and room temperatures [48]. Studies have shown that it is not possible
to reach the U.S. DoE limit using carbon nanotubes at room temperatures
[97]. Like MOFs, at lower temperature these carbon nanostructures are more
effective, with storage of up to 8 wt% hydrogen at 77 K [48]. Regeneration
is complicated, as it is difficult to add hydrogen to these types of structures
[48]. Additionally, the dehydrogenation process is slow, with a 50% hydrogen
release taking an hour and complete hydrogen release taking over 200 h [81].
An additional issue is the collapse of nanotubes during dehydrogenation, as
well as fracture and strain which influence the size of the tubes that can be
used [48]. As the carbon nanotubes will not reach the target, other types of
nanotubes have been researched [97]. These were still insufficient in reaching
the energy density target [97]. There is a lot of research into nanostructures,
both carbon based and non-carbon based [48].

Ice

Another way of storing hydrogen is in clathrates [48]. A common clathrate
is ice, which can store hydrogen inside its lattice. The official name of this
clathrate is clathrate hydrate [48]. The amount of hydrogen stored in a clathrate
depends on the pressure and temperature; high pressures are required to store
larger amounts of hydrogen [48, 102]. Depending on the pressure, between
5.2 and 12.9 wt% of hydrogen can be stored in ice. The volumetric energy
density is then 1.5 to 3.5 kWh/kg, reaching the target set by the U.S. DoE [48,
49, 103]. In order to store higher weight percentages of hydrogen, however,
enormous amounts of pressure are required (at least 7ooMPa) [48]. The main
advantages of storing hydrogen in ice are the required storage material (water)
is cheap and the safety of the storage: it has a low environmental impact and



2.3 DETAILED DESCRIPTIONS OF SPECIFIC HYDROGEN CARRIERS 29

is self-extinguishing [48]. However, the high pressure and low temperature
required form a major complication [48, 102]. For example, to store 4 wt%
of hydrogen, a pressure of 4000 kPa and a temperature of 114 K is required
[102].

The storage can be improved by using promotors [104]. When adding a
second component, such as tetrahydrofuran (THF), the hydrogen can be stored
at lower pressure and ambient temperatures [104]. It is thought that by adding
THE, 4 wt% of hydrogen can be stored inside the ice, at about 297 K and
5000 kPa [104]. The main issue of storing hydrogen in ice, with or without a
promotor, remains the low energy densities. Studies have not shown hydrogen
storage capacities beyond 5 wt%, which is significantly below the target.

2.3.3 METAL HYDRIDES

In this review, metal hydrides are split into two types: ionic or elemental
hydrides and intermetallic hydrides. Elemental hydrides consist of an element
combined with hydrogen. Examples of these are magnesium hydride and
lithium hydride [52]. Elemental hydrides such as LiH and MgH, have similar
properties. They store relative high amounts of hydrogen (i.e. MgH, stores
7.6 wt% [52]) and require rather high dehydrogenation temperatures [19,
52]. Hydrogen is stored in metal hydrides inside the structure, by occupying
interstitial sites in the metal [52].

LiH and MgH,

Lithium hydride is a material with a theoretically good hydrogen storage
capacity as it can store up to 12 wt% of hydrogen [105]. However, LiH
requires very high temperatures of about 973 K to release the hydrogen [19,
105]. Additionally, lithium hydride reacts violently with water, making it
rather dangerous [53]. When combining LiH with nanoconfinement, release
temperatures of 473 K have been reported, but then only 1.9 wt% of the
hydrogen was released, which does not come close to the goal of the U.S.
DoE [105]. This, however, is a promising technology if more hydrogen can be
released.

MgH,, is also often considered, as it is more stable, safer and has lower release
temperatures than LiH [106]. MgH, can store about 7.6 wt% of hydrogen [19,
106]. It again has a rather high decomposition temperature (573 K) and it is
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hard to completely hydrogenate magnesium, as it is a surface reaction [19].
This can all be tackled by using catalysts, resulting in better hydrogenation
[19]. The dehydrogenation process, however, seems to require a minimum
temperature of 523 K [59]. When additives are used, this can be lowered to
about 323 K, but additives also reduce the weight percentage of hydrogen
that can be stored [107, 108].

Intermetallic metal hydrides

Intermetallic metal hydrides can be grouped according to the type of material.
Usually they consist of one or more A atoms (usually a rare-earth or alkaline-
earth metal) and B atoms (typically a transition metal) [54]. Combined, these
form the following combinations: ABs, ABy, AB and A;B types of metal
hydrides [51, 54, 59, 60]. Typical intermetallic metal hydrides are LaNisHg 7, Ti-
Zr alloys (such as Tig.93Zrp05Mng 73v0.22F€0 04 )2, SnoCo, Ti-Fe alloys (FeTiHj 95)
[19, 48, 54]. The main issue of metal hydrides is their very low gravimetric
energy density; usually only a few wt% [20, 48, 54]. For example, LaNisHg 7
only stores 1.4 wt% hydrogen [54] Metal hydrides generally have favourable
operating conditions, as they do store and release hydrogen at temperatures
in the range of 298 to 353K) and do not need elevated pressures with their
equilibrium pressures of 1 to 10 bar [48, 54]. However, their high weight makes
them unsuitable for shipping [20]. Metal hydrides are much more suitable
for land-based hydrogen storage [54]. A case study was performed, in which
metal hydrides were looked at as effective hydrogen carriers onboard a ship;
for the specific case this would result in 40% of the total storage mass taken
by metal hydrides to provide the required amount of energy [20].

2.3.4 COMPLEX HYDRIDES

Complex hydrides such as NaAlH; and NaBH,; are named as promising
candidates for hydrogen storage [88]. Complex hydrides that are formed with
aluminum are also named alanates [88], those formed with boron are named
borohydrides. Both LiAlH4 and NaAlH, are available and cheap [90, 93].

Ammoniaborane

Ammoniaborane (AB) is a widely researched borane [83]. AB has a very high
hydrogen content of 19.6 wt% [83, 109, 110]. AB can be used as an anodic
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fuel, but also as a hydrogen carrier. Hydrogen can be released from AB using
hydrolysis, pyrolysis and alcoholysis [110]. Hydrolysis is thought to be the
best process, as it requires a mild temperature and no additional fuel [110].
The amount of hydrogen released by hydrolysis is limited. One source cites
7.8 wt% [73], while another says that only 5.8 wt% is released [66]. At this
moment there is no catalyst that is both active and long-lived [109]. The
hydrolysis reaction of AB is as follows [111]:

H3NBH; + 3H,0 — NH; + B(OH); + 3H; (2.1)

There is also another reaction noted, in which the borate and ammonia react
and become ions [73]. It can be seen from reaction 2.1 that there are two main
products, a borate and ammonia. For a PEMFC, which is assumed in this
review, ammonia is very difficult. It is, however, a hydrogen carrier and will
be discussed in further detail in section 2.3.5. In the case of AB there are a few
options for the use of ammonia. The ammonia can be stored on board and
taken back to shore; it can be cracked and used inside a fuel cell; or it can be
burned in an internal combustion engine together with hydrogen [20]. This is,
however, outside of the scope of this review.

Additionally, regeneration of AB is very difficult, due to the B-O bonds
that are formed during dehydrogenation [73]. This also makes this process
extremely costly [83]. So while AB has an extremely high hydrogen content, it
may be hard to use in practical applications.

Sodiumborohydride

Sodiumborohydride (SB) can store up to 10.7 wt% of hydrogen in theory
[53]. SB, with chemical formula NaBHy, releases its hydrogen at moderate
temperatures (298-333 K) with high hydrogen purity and good control [112,
113]. The release of hydrogen is done using hydrolysis, which is a spontaneous,
exothermic, albeit slow, reaction [114]. The speed of the reaction can be
enhanced by using catalysts or acids, both of which are very well researched
[113]. There are many catalysts available, but ruthenium is used mostly [113].
Currently there is also interest in Pd/carbon dots, as these can be easily
recycled, as well as cobalt based catalysators as they show good reaction
kinetics [113]. The main aim of the catalysts is to enhance the reaction activity,
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not to reduce the temperature as the reaction happens at low temperatures
already [113]. The hydrolysis reaction of SB is as follows:

NaBHs+(2+x) H,O — 4H, + NaBO, - xH,O (2.2)

where x is either 2 or 4, depending on the reaction [115]. On a ship, water does
not have to be brought along, but can be purified onboard and recycled from
hydrogen-fed fuel cells. This means that twice as much hydrogen is produced
as is carried inside NaBHy. The spent fuel, NaBO,, however, has to be brought
back as well, which is 2.7 to 3.6 times heavier than the original fuel, depending
on the hydrogenation of the spent fuel [115]. Regenerating this spent fuel
is much under debate. According to some it is simple [113], whereas others
say it is very expensive [73, 112] or even that there is no evidence at all of
its working principle [114]. However, it is most likely difficult for the same
reason as regeneration of AB is difficult, due to the B-O bonds that are formed
during dehydrogenation [73]. The dehydrogenation is currently under active
research at TU Delft and the University of Amsterdam [116].

Potassiumborohydride

Some sources have mentioned potassiumborohyrdie (KB, KBH4) as an altern-
ative for SB [84, 117, 118]. It has very similar properties to SB, it stores about
7.4 wt% of hydrogen theoretically and releases it by hydrolysis, releasing
the hydrogen from water as well [84]. The main arguments to use KB is that
the spent fuel stores less water molecules and is easier to handle, as it reacts
less strongly with water [84]. KB reacts with water to form KBO».4/3H,0,
whereas SB usually has either 2 or 4 water molecules after hydrolysis [84].
When heated above 408 K the KBO, hydrate loses a water molecule, resulting
in only KBO,.1/3 H,O. At a similar temperature, SB still stores 1 water mo-
lecule. This means that the spent fuels have a very similar weight, with molar
masses of 83 and 87u respectively. The regeneration process of KBO, back to
KB is very similar to that of SB. However, depending on the process, KB has an
advantage. If ball-milling is used, anhydrous borate is desired [31]. The energy
required to get an anhydrous borate costs less energy and only comprises of
two steps (compared to 4 steps for SB) and is thus advantageous [84]. Thus,
KB has some advantages considering storage and perhaps regeneration as
well, but the overall energy density of KB is much lower than that of SB.
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LiAlH,

Lithium aluminium hydride (LiAlH4) has been mentioned as a promising
storage material for hydrogen [92]. It stores up to 10.6 wt% of hydrogen [88,
92]. The dehydrogenation temperature depends on the way of storage and the
catalysts used. Dehydrogenation of LiAlH4 usually happens in three steps.
During the first step 5.3 wt% of hydrogen is released at about 423 K, resulting
in 3H,, Li3AlHg and 2Al [88, 90]. During the second and third step 2.6 wt% per
step are released, with in between reaction products LiH and Al. These react
and form, as the final product (next to the hydrogen) LiAl [88]. The multiple
steps occur because each step requires a higher temperature for the substance
to decompose [88]. The dehydrogenation temperature can be reduced when
using doping, however the main issue is that it also results in a much lower
storage availability of hydrogen [88]. An example is doping the LiAlH4 with
TiN [119]. This results in a release of about 7.1 wt% at a temperature of 403
K [119]. Another way of lowering the dehydrogenation temperature is using
nanoconfined LiAlH,, which will decrease the temperature of the first step
to about 408 K (instead of 423-473 K) and the complete dehydrogenation at
573 K (instead of 373-723 K) [92]. Using only the first step results in a residual
product (LizAlHg) which is practically impossible to regenerate [92]. Next
to dehydrogenation, there are also rehydrogenation issues [88, 9o, 92]. The
current technology reaches the desired goal of 7.5wt% of hydrogen release,
even though only the first two steps are practically applicable as the third step
requires a too high temperature [92, 119]. However, the weak reversibility and
bad desorption kinetics, make LiAlHy at this moment not a good candidate
for hydrogen storage aboard a ship.

NlZAlH4

Sodium aluminium hydride (NaAlHj) is closely related to lithium aluminium
hydride. It has a lower hydrogen weight percentage of 7.41 wt% and a
higher decomposition temperature (483 K) than LiAlHy [90]. Another is-
sue for NaAlHj is the poor reversibility [93]. Similar to LiAlHy the hydrogen
is released in three steps, all requiring higher temperatures for decomposition
than the previous step [93]. The reaction products are also similar: after the
first step NagAlHg and Al are created. NazAlHg decomposes at 533 K to NaH
and Al, next to 1.9 wt% of hydrogen. Another 1.9 wt% of hydrogen is released
in the third step, where NaH is decomposed into Na and hydrogen at 708
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K [93]. So only the third step is significantly different from the process with
lithium aluminium hydride [9o]. Additionally, all three steps are slow [16,
52]. The dehydrogenation temperature can be lowered by using catalysts and
doping [93]. Doping with TiN, for example, results in a lower dehydrogena-
tion temperature for the first two steps, resulting in 5.2% release of hydrogen,
as well as a faster release than without doping (5.2 wt% in 10h, instead of
2 wt%) [93]. The release is still at temperatures between 403 and 458 K [93].
According to [93] a lot of work still needs to be done before NaAlH, can be
considered a realistic option for hydrogen storage. Keypoints are reducing
operating temperatures and pressures, enhancing kinetics and understanding
dopants [93].

2.3.5 AMMONIA

Ammonia is a key nutrient and recently also a much researched hydrogen
carrier and is often thought to be one of the most promising new (marine)
fuels [19, 20, 53, 120, 121]. Even though ammonia can be used in a direct
SOFC fuel cell or directly burned in an engine, this chapter will only look
at its use in a PEMFC, for reasons mentioned previously [20]. Ammonia is
a chemical with a hydrogen content of 17.6 wt% [16]. It is gas at ambient
pressure and temperature, but becomes liquid at slightly lower temperatures
(263 K) or slightly elevated pressures (1000 kPa) [20]. It is usually stored that
way. Ammonia is a well established substance, its production process is very
well known and currently at industrial scale, due to its use as fertiliser [16, 20,
120]. This also makes it a relatively cheap solution [120]. Ammonia has good
hydrogen carrier properties overall, except for its high toxicity and corrosive-
ness [20]. The toxicity is usually an issue; it was one of the reasons for the U.S.
DoE to stop funding ammonia research [19, 53, 70, 120]. Another reason was
the energy-consuming process of decomposing ammonia into hydrogen and
nitrogen [70]. Since this research is focused exclusively on the PEMFC and not
on other energy conversion technologies like internal combustion engines or
SOFCs that can utilize ammonia, the process of cracking becomes indispens-
able [20]. Cracking of ammonia is energy-consuming due to its endothermic
nature and high temperature (higher than 673K) requirements [21, 70, 120,
122]. Because ammonia has a high energy density, research focuses on lower-
ing the energy consumption by using catalysts [70, 122]. The decomposition
of ammonia is a well-known process and there is a lot of research into the
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catalysts used for this [122]. Cracking uses a lot of energy, depending on the
source 13 to 26% of the total lower heating value of the hydrogen produced
[21, 123]. The cracking process has to be done very well, as PEMFCs are very
sensitive to ammonia poisoning [53]. Other fuel cells, such as SOFCs are more
tolerant to hydrogen from ammonia [18]. So, even though ammonia has a
high energy density and is widely available, due to the complex and energy
consuming cracking (required for use in a PEMFC) and the high toxicity, it
will not be taken into account further in this chapter.
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Figure 2.2: Theoretical gravimetric and volumetric energy density range of hydrogen
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Figure 2.3: Theoretical gravimetric and volumetric energy density of different groups
of hydrogen carriers, with the red line representing the U.S. DoE target of
oM]/kg and 8.28MJ/L for lightweight vehicles. Physical-based hydrogen
storage is left out because otherwise, details are not visible due to the high
theoretical gravimetric energy density of liquid and pressurized hydrogen

This section aims to evaluate the hydrogen carriers on characteristics relev-
ant for shipping purposes. It starts with the pure, theoretical energy densities,
without packing factors or tanks, despite the lower limit of the U.S. DoE
including these factors. If this lower limit is not reached without taking these
factors into account, it will not be reached regardless, which is why only theor-
etical energy densities are taken into account here. Next other characteristics,
such as TRL, dehydrogenation, safety and handling are evaluated.

2.4.1 ENERGY DENSITY

Figure 2.2 shows a graphical overview of the pure theoretical energy density
of the discussed groups of hydrogen carriers. Only metal decorated structures
(discussed in section 2.3.2) are not taken into account in this figure, as their
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volumetric energy density could not be found. As the red lines indicate the U.S.
DoE targets, everything above and to the right of these lines can theoretically
reach the targets. Figure 2.3 shows a zoomed in version of figure 2.2. As
shown in figures 2.2 and 2.3, only a few hydrogen carriers have theoretical
energy densities that are able to reach the goal set by the U.S.DoE. This figure
shows only the theoretical (chemical) value, without packaging factors or tank
weight. When packaging factors and tank weight are included, the volumetric
and gravimetric densities only go down [56].

2.4.2 OVERVIEW OF REVELANT CHARACTERISTICS FOR SHIPPING PUR-
POSES

Next to the volumetric and energy densities of the carriers, there are several
other criteria to evaluate the carriers. The main relevant parameters which are
relevant for shipping purposes are given in Table 2.1, including reasoning and
limits. For safety, handling and storage, flashpoints are taken into account,
however low flashpoints do not necessary limit application onboard, as there
are already guidelines for low flashpoint fuels.

Table 2.2 shows the hydrogen carriers and their main properties. From
the table it can be seen that the TRL level at this moment and the safety,
handling and storage are a main issue for many of the different hydrogen
carriers. For a hydrogen carrier to be useful onboard, the safety, handling and
storage of the carrier should be at reasonable temperatures and pressures
to avoid phenomena such as boil-off. Additionally, having storage at near
ambient conditions reduces the energy required for storage and thus enhances
efficiency. Similar criteria can be used for the dehydrogenation process. When
the dehydrogenation process requires (extremely) high temperatures and/or
pressures, this greatly reduces the onboard efficiency, effectively reducing the
energy density.




Table 2.1: Relevant characteristics to judge hydrogen carriers for shipping purposes

Relevance for shipping purposes

Limiting metrics

Gravimetric
and volumet-
ric  energy
density
Technology
Readiness
Level

Safety, hand-
ling and stor-
age
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Dehydro-
genation

38

Recycling

Define the required storage capacity

Estimate the timeline for technology implement-
ation

Defines the measurements needed for onboard
application

The dehydrogenation process onboard should
be relatively fast, to enable load following and
not release extremely high temperatures, as this
will result in high energy requirements and thus
reduction of energy density. Dehydrogenation
should produce restproducts that can safely be
stored on board and regenerated on land

Recycling should be possible and energy effi-
cient

At least gM]J/kg and 8.28M]/L

Higher than 4 (research stage only)

No species that either combust spontan-
eously (very low flashpoint) or that react
violently with substances that cannot be
avoided onboard a ship, such as (humid) air.
Toxic gasses are also unwanted, as in case of
a leak, these may spread easily through the
ship. Substances that require high pressures
(>10MPa) for storage are also unwanted, be-
cause of additional explosion risks. Simil-
arly, risk of freeze burns limits application of
substances that need cryogenic temperatures
(<77K).

Release temperatures lower than 620K. Pos-
sibility of 100% release

No metrics, usually mentioned as either pos-
sible, theoretically possible or not possible
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In the end, there is a set of hydrogen carriers that may be interesting for
usage on ships in general, likely without there being a single solution that fits
all ship types and operations. All carriers with a low TRL level at this moment
have been disregarded in this review, as there is insufficient research to be
found on the implementation of these carriers. Additionally, substances that
react violently with water or that have difficult dehydrogenation processes
are not taken into account either. The (on-shore) rehydrogenation process
for compounds such as borohydrides, which is considered difficult, is not
seen as a deal-breaker due to the amount of research currently going on. In
short, this leaves the LOHC DBT (despite the rather high temperature for
dehydrogenation), the borohydrides SB and KB as well as AB for further
investigation in this research.
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Table 2.2: Overview of the chosen hydrogen carriers, their main properties and main
problems. Due to the similarity in properties, LaNis is chosen as an ex-
ample for metal hydrides. Highlighted cells indicate inadequate values.
Borohydrides indicated with a *, have theoretical values only, without
added hydrogen from hydrolysis.

Carrier

M]/kg

MJ/L

TRL

Safety,
handling
and storage

Dehydro-
genation

Recycling

MOF

5.4

7.2

4-6

Low tem-
perature

(77 K),
solid

Fast

Limited
amount of
cycles
possible

MDS

2.4

<4

Low tem-
perature
(100 K),
solid

293-373 K

Possible

Nano-
structures

6.2—
8.76

N.A.

<4

High
pressure
(>15 MPa),
low temp.

(77 K),
solid

Slow, can
self-collapse

Risk of
self-collapse,
complex
recycling

Ice

6.6

55

<4

High
pressure
(>700
MPa), low
temp.
(approx.
114 K),
solid

Fast, high
quality

Possible

Continued on next page
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Table 2.2 (continued)
Carrier | MJ/kg| MJ/L | TRL | Safety, Dehydro- Recycling
handling genation
and storage
Ammonia 23.5 | 14.4 | 4-6 | Stable, By-product Possible but
borane store away | NH3, energy-
from water, | exothermic, intensive
solid water
required; only
7.8 wt % Hp,
rest ammonia
NaBHy* | 12.8 | 13.7 | 4-8 | Store away | Exothermic, Possible but
from water, | water energy-
solid required, intensive
catalyst
needed
KBH4* 8.9 10.4 | 4-8 | Store away | Exothermic, Possible but
from water, | water energy-
solid required, intensive
catalyst
needed
LiBHy4 22.1 | 14.6 | 4-6 | Store away | Only 50 % Possible
from water, | release during
solid hydrolysis
LiAlH, 127 | 11.7 | <4 | Violent 486 K Not possible
reaction undoped, 408 | under
with water | K doped moderate
or humid conditions
air, solid
NaAlHy | 6.7 8.4 | 3-6 | Violent High T (up to | Possible but
reaction 708 K), 3-stage | energy-
with water | process, only 5 | intensive
or humid wt % release
air, solid

Continued on next page
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Table 2.2 (continued)
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Carrier | MJ/kg| MJ/L | TRL | Safety, Dehydro- Recycling
handling genation
and storage
LiH 15.1 | 13.2 | 3-6 | Violent High T Possible
reaction required
with water | (>973 K)
or humid
air, solid
LaNis 1.7 13.8 | 7-9 | Generally Endothermic, | Possible
considered | ambient-to-
safe, solid moderate
(293-353 K)
NEC 7.0 6.6 <4 | Generally Endothermic, | Possible
considered | 423-353 K
safe, liquid
DBT 8.3 7 7—9 | Generally Endothermic, | Possible
considered | 573 K
safe, liquid
Penta- 9.5 20 <4 | Generally Fast, high Possible
silane considered | quality
safe, liquid
NH; 21.1 | 11.5 | 4-8 | Toxic gas Cracking Not directly
required at possible
673 K
Methanoll 15.1 | 11.9 | 4-8 | Low By-product Not directly
flash-point | CO, possible
fuel without
on-board
CO, capture

Continued on next page
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Table 2.2 (continued)

Carrier | MJ/kg| MJ/L | TRL | Safety, Dehydro- Recycling
handling genation
and storage
Formic 5.3 6.4 3—6 | Generally Required Not directly
acid considered | product hard | possible
safe, liquid | to get without
on-board

CO; capture

Liquid 120 | N.A. | 7-9 | Gas at Not applicable | Not possible
hydro- ambient
gen conditions,

flammable

2.5 EFFECTIVE ENERGY DENSITY OF INTERESTING HY- -
p
DROGEN CARRIERS

In the previous section, a set of promising hydrogen carriers have been
identified based on their theoretical energy densities and other basic properties.
These hydrogen carriers are SB, KB, AB and DBT. To thoroughly evaluate
these hydrogen carriers, a switch has to be made from theoretical values
to realistic energy density values. This is also what the U.S. DoE goal is
based on: values including packing factor and required other materials [110].
The effective energy density is based on the following three parameters: the
properties of the material itself, the tanks that are required, and the extra
equipment required to release the hydrogen. The aim of this section is to give
an overview of what is already known about the effective energy density of
promising hydrogen carriers for each of the three parameters and to identify
where additional research is required.

2.5.1 CHALLENGING MATERIAL PROPERTIES FOR APPLICATION

Material properties, such as the state of matter and the density of both the fuel
and the spent fuel influence the energy density. As DBT is a liquid, the density
and viscosity depend on temperature. Especially the viscosity is important for
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DBT as it influences the pumping power. As DBT has a very high viscosity,
pumping at normal temperatures may not be feasible and preheating of the
tanks may be required. However, in the shipping industry, this is a common
practice, as HFO needs to be preheated before pumping is possible [124].
However, preheating costs energy and thus lowers the overall energy density
of the hydrogen carrier, by up to 7% as estimated by [21].

For the borohydrides and AB the exact composition of the solid defines the
bulk packing density and thus the energy density. The rougher the particles,
the less densely packed the substance becomes. The exact differences between
the bulk density and the material density depend on the material but can be
as low as 25 to 35 % of the material density [125]. Thus, the exact composi-
tion and state of the solids onboard will highly influence the overall energy
density. This does not only apply to the fuel, but even more to the spent fuel.
Equation 2.2 shows a potential dehydrogenation process of SB. The form of
the spent fuel depends on the temperature and can be NaBO,, NaBO,.2H,O
and NaBO,.4H,O. All these spent fuels are heavier and take up more volume
compared to the original SB. For example, 1kg (0.93L) of SB produces 2.7kg
and 1.4L if NaBO;.2H,O is produced [115]. For KB a similar issue occurs.
This is because during the reaction a metaborate hydrate is formed, which is
always heavier than a borohydride.

For AB, there is an additional complication as ammonia is released during
the hydrolysis. Ammonia cannot be used in its pure form in fuel cells, it has
to be cracked first, which costs between 33 and 95% of the total energy inside
ammonia [21]. However, ammonia can also be used as a fuel inside an internal
combustion engine. There is a lot of research on use of ammonia as a power
source, see for example [126]. Further research is needed to determine the
optimal utilization of the released mixture from AB to evaluate the overall
energy density onboard ships.

2.5.2 TANKS

The size and especially the shape and thickness of the walls of the tanks are
determined by safety measures. The additional amount of material due to
tanks is called the packing factor [56]. The packing factor of the hydrogen
carriers is relatively easy to determine. DBT does not have a packing factor,
as it is very similar to HFO and can thus be stored in standard HFO tanks.
For the borohydrides and AB, it currently appears that they do not react with
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moisture in the air, as long as the temperature stays below approximately
30C [127, 128]. Additional research here is needed to see whether the air in
the storage tanks of borohydrides stays below this threshold and whether no
hydrogen is released at all because otherwise, countermeasures have to be
taken to avoid preliminary release of hydrogen.

2.5.3 ADDITIONAL EQUIPMENT RELATED TO HYDROGEN CARRIERS

To release the hydrogen from hydrogen carriers, specialized equipment is
necessary. The amount of components and their size depends on the process,
which in its turn depends on the hydrogen carrier. As most of the promising
hydrogen carriers are still in laboratory phase, upscaling to industrial size is
required, which is difficult but necessary to be able to calculate both the energy
but also the power density of the hydrogen carriers. The size of the equipment
depends on the required power, the dehydrogenation process and possible
pre- and post-treatment. Whether the dehydrogenation process is exothermic
or endothermic determines whether cooling or heating is required. The exact
amount of energy necessary or produced during the dehydrogenation and the
heat integration also determines the size of the additional heating or cooling
equipment. The possible pre- and post-treatment is closely related to the
material properties of the hydrogen carrier.

As mentioned in the first subsection, DBT might need preheating as pre-
treatment and purifying of the hydrogen as post-treatment. On the other hand,
the borohydrides and AB likely require mixing with water as pre-treatment
and crystallization of spent fuel as post-treatment. These additional treatments
will require additional components, which will take up space and thus reduce
the overall energy and power density of the system.

2.5.4 INITIAL CALCULATIONS OF EFFECTIVE ENERGY DENSITY

With the current knowledge, an initial attempt can be made to compute the
effective energy density. For liquid hydrogen, this data is taken from literature
[16].

For the hydrogen carriers, the calculations are based on the following
assumptions. For SB and KB the spent fuel is taken into account. Depending
on the operating conditions of the reactor and process this spent fuel is
between 1.7 and 3.3 (SB) or 1.5 and 2 (KB) times heavier than the original fuel.
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Figure 2.4: Effective gravimetric and volumetric energy density of selected hydrogen
carriers including packing, spent fuel weight, dehydrogenation energy
losses and other influencing factors

Thus, instead of using the weight and volume of the original fuel, the energy
density of the spent fuel is calculated, as the weight and size of the spent
fuel determine the amount of fuel that can be brought on the ship. Under
the operating conditions on the ship, the spent fuels are most likely to be
NaBO;.2H,0 and KBO,.1/3H,0. The hydrate (water) part can be removed at
a cost of approximately 50kJ/mol Hy) that should be removed for SB [84], thus
resulting in 100 k] per mol SB energy loss. For KB this is a total of 59k]/mol
for the first mol and 19 k] for the 0.3 H,O that should be removed [84]. This
energy cost is subtracted from the overal contained energy per molecule to
calculate the energy density of the borohydrides with the non dehydrated
spent fuel. Thus, an estimate on the effectiveness of removing the hydrate can
be made, as there is discussion and research on the effect of the spent fuel
composition on the regeneration process [129, 130, 131].
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SHIP TYPES

AB does not form a hydrated spent fuel, but it does produce additional
ammonia. The spent fuel is calculated as either B(OH)3 part with and without
ammonia. With ammonia means that the ammonia is stored onboard as well,
without ammonia means that ammonia is either cracked (and used in the
PEMEFC), or used for other onboard processes. In this ‘use ammonia’ case,
however, the ammonia is assumed not to add to the overall energy density
because of the large difference in estimation of the energy costs related to
cracking of ammonia (ranging from 95% to 33% of total energy available) [21].

For DBT an average loss of 31% as calculated by [21] is used to calculate
the overall energy density. Here the weight and volume of the spent fuel is
not taken into account. The spent fuel is lighter than the fuel and the density
does not differ much [25].

The calculated energy densities of the hydrogen carriers as well as of liquid
hydrogen are visible in figure 2.4. Figure 2.4 shows clearly that the hydrogen
carriers have much lower energy densities than diesel when the known factors
such as the energy required for dehydrogenation or weight of spent fuel are
taken into account, especially as additional things like packing factors have
not been taken into account yet for the hydrogen carriers.

2.6 ASSESSMENT OF SUITABILITY OF HYDROGEN CAR-
RIERS FOR DIFFERENT SHIP TYPES

This research proposes a framework to assess the suitability of hydrogen car-
riers for different ship types and ship operations. Table 2.3 gives an overview
of this framework and the considered ship types.

The first of the different ship types considered are inland cargo ships,
traveling up and down rivers, canals and other inland ship corridors, with
intermediate bunkering facilities along the corridor. Because these are inland
ships, they do not have a large amount of volume available for fuel. Due to
the characteristics of inland ship corridors, inland ships are likely to travel
through densely populated areas, resulting in the need for a fuel that is safe
for the environment and the general public in the surrounding areas. As they
do not always travel the same river or have the same destination, they are
generally a bit flexible in their destination.

Ships that also travel parts across the sea, along the coastline, are short sea
ships. These ships can travel large distances, from Africa to the Baltic Sea.
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Table 2.3: Framework to evaluate the application of hydrogen carriers for ship types
and ship operations

Inland | Short | Seagoing Dredging WorkboatsFishing | Ferries | Naval
sea (tugs) | vessels

Required - + ++ + - + + +++
range

Volume + ++ +++ - — o o +
available for
fuel and
process plant

Safety +++ ++ + ++ ++ ++ ++++ +
requirements
relative to
stakeholders
and
environment

Bunker ++ ++ ++ ++ - - — +++
flexibility

requirement

Because they are bigger and sail longer distances compared to inland ships,
they require more propulsion power and energy storage. Therefore, they have
a larger volume available for fuel. The safety requirements for detonation and
toxicity are more manageable, as they are less likely to travel through densely
populated areas and have a higher educated crew that is able to respond
better to incidents. Finally, just like the inland ships, they do not always have
the same destination, even though a lot of short sea (and inland) ships sail in
line services with standard destinations.

The largest types of cargo ships are the ocean-going ships. They have the
most volume available for fuel. Again, similar to short sea ships, detonation
and toxicity risks are more manageable on these ships because of the size
of the ship, the larger free area surrounding the ship and the higher level of
education of the crew. However, as these ships stay at sea for longer periods of
time, the risks have to be covered. Because of the distances they travel, which
depend on the world trade, they have to be flexible in which harbours they
go to.

Besides these types of cargo ships, there are special-purpose ships, such as
dredgers, workboats, pushboats and fishing vessels. These ships generally do
not have large volumes onboard available for fuel. Especially tugs and push
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boats have extremely little space, but dredgers and fishing vessels have less
space than cargo ships. For dredgers, workboats and fishing vessels, similar
reasoning for safety as for short sea ships is used, resulting in an ‘in-between’
level of safety required.

Another type of ship is ferries. These travel a broad distribution of distances,
but all have in common that they transport people. This results in high safety
requirements. Because of the number of people on board, they have less space
for fuel than cargo ships. Ferries generally shuttle between ports and thus
have very little flexibility in destinations.

Naval ships are the final type of ship considered. Even though they are
generally at sea for long periods of time, they do not have a lot of excess
volume available for fuel. Additional space is preferably used for weaponry
and other systems, instead of fuel. Because of the presence of weapon systems
and the possibility of attacks on the ship, the safety requirements for the fuel
are considered different. Unsafe fuel should not give additional risks, but
the crew has a high level of education and is trained to react adequately to
possible threats, including fuel-related incidents. Thus, fuels that are not safe
enough for ships with passengers, may be used on naval ships. Of course,
naval vessels are extremely flexible in their destination, as they travel across
the world.

2.7 SUITABILITY FOR DIFFERENT SHIP TYPES AND SHIP
OPERATIONS

Based on table 2.3 the suitability of the identified hydrogen carriers can be
evaluated for different ship types and ship operations. Additionally, recom-
mendations for further development will be provided. Table 2.4 gives an
overview of the relevant parameters required to evaluate the suitability of
hydrogen carriers for the different ship types. For the hydrogen carriers, it
is assumed that regeneration does not take place locally and definitely not
onboard the ship. This assumption is made because of the uneven distribution
of renewable energy resources [132] and the envisioned size and complexity
of regeneration locations, which combines likely results in more centralised
regeneration locations.
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Table 2.4: Relevant parameters of promising hydrogen carriers and liquid hydrogen
for application as storage of hydrogen fuel onboard ships

Borohydrides | LOHCs Ammoniaborane Liquid H»
Range High Low High Low
Onboard space | Medium Medium Medium Medium —
needed for because of because of because of large tank
storage and de- | mixing tank. | preheating. mixing tank. required, but
hydrogenation Requires Onboard Requires no additional
specialized handling can | specialized dehydrogena-
equipment for | use equipment for | tion
handling due | conventional | handling due | equipment
to solid equipment to solid needed
Safety Medium High Low Low
2.7.1 BOROHYDRIDES

The borohydrides SB and KB have very similar properties. They have a high
energy density and can thus provide a high range with a relatively small
volume required for storage. However, the size of the reactor and pre/post-
treatment equipment required is unclear. Assuming it depends on the power
consumption required by the ship, this can make the borohydrides less fa-
vourable for ships with high power requirements and low onboard volume
available, such as dredgers, push boats and other workboats. Thus, in or-
der to assess whether borohydrides can be used as alternative fuel on these
types of ships more research on reactor design is required. For many of the
other ship types, such as inland, short sea and seagoing ships, as well as
fishing vessels and ferries the borohydrides seem to be suitable to use. For
ferries, safety is extremely important. Because of the slow reaction kinetics,
especially at relatively low (< 303 K) temperatures [127, 128], no hydrogen
gas is expected to be released outside of the controlled environment, making
the borohydrides relatively safe. However, borohydrides remain corrosive to
human skin [133]. For fishing vessels, volume is important with less power
requirements than workboats or dredgers. This is why the borohydrides are
considered for fishing vessels and less for workboats and dredgers, as the
ratio between additional equipment (such as the fuel cell and dehydrogen-
ation reactor) and fuel itself may become less favourable. As it is assumed
that regeneration will take place at centralised locations, the borohydrides
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have to be transported to and from these locations, which is relatively easy
due to their powdery structure. Thus, borohydrides can be used in a large
variety of locations, providing a high bunkering flexibility. Naval ships are
extremely flexible in their destination, but they also occasionally require large
amounts of power, while not having large amount of volume available for
the fuel and the reactor. This means that more research is required to assess
whether borohydrides are suitable for naval vessels. So, additional research
in reactor design and regeneration of borohydrides is considered important
and generally speaking borohydrides are suitable for inland-, short sea- and
seagoing cargo ships, as well as fishing vessels and ferries.

2.7.2 AMMONIABORANE

AB is very similar to the borohydrides, but it has a much higher energy

density and is less safe due to ammonia gas released during dehydrogenation.

However, AB does not react spontaneously with water, so it can still be used

for vessels that sail in areas that are less densely populated [66, 111, 134].

The high energy density makes AB very suitable for naval and seagoing
vessels as there range is important. However, before AB can be used on ships
in general, further development is needed to make full use of the energy
density of AB. For internal combustion engines and gas turbines, research
on hydrogen and ammonia dual-fuel is needed, whereas for both SOFC and
PEMFC ammonia cracking should be researched. Additionally, more research
on both the dehydrogenation and hydrogenation of AB is needed, the former
because of the uncertainty in current literature on the exact process and how
much hydrogen is released. Hydrogenation, or regeneration of AB, faces
similar issues as the borohydrides, as a by-product of regeneration of AB
appears to be sodiumborohydride. However, because AB is a powder just as
the borohydrides, it can be transported easily to different destinations and thus
does not affect the flexibility of bunkering. For shipping applications besides
naval and seagoing vessels, AB is not encouraged because of the generation
of ammonia. Depending on the region, however, AB could be considered for
short sea, dredgers, workboats or fishing vessels. These vessels should then

have the majority of their operation far away from densely populated areas.

For ferries and inland ships AB is not suitable as densely populated areas

cannot be avoided for these ship types and ferries obviously carry passengers.

So, AB is a prime interest for usage on naval and seagoing cargo ships, but
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research into the dehydrogenation, regeneration and conversion processes is
required.

2.7.3 LOHCS

DBT, but also BT and NEC have generally low energy densities, but are easy
to handle and extremely safe. This easy handling provides a high flexibility in
bunkering locations, as again dehydrogenation is assumed to be a centralised
process. This would mean that for ships with flexible destinations and a
lower range, LOHCs would be ideal. This would fit with dredging vessels,
but research is required on whether the limited available volume onboard is
sufficient for the volume required by the LOHC to provide the power and
energy the vessel needs. Furthermore, as the dehydrogenation reaction is
endotherm, either waste heat or, when not enough waste heat is available,
costly hydrogen is needed to release hydrogen from LOHCs. Additionally, the
reactor size for LOHC dehydrogenation is unclear and should be researched
further to see how the deliverable power and size relate, especially for use
on dredging vessels. An advantage that LOHCs have here is that they are
fluids and do not need special tanks or transport systems for storage. LOHCs
can also be considered for inland shipping and short sea ships, depending
on the range and bunkering locations available. Transport of LOHCs is easy
and current oil distribution systems can be used for LOHCs as well, opening
up the possibility of LOHCs becoming widely available. However, for ships
whose operations require large sailing distances, such as seagoing ships and
naval ships, or large amounts of power, such as workboats, LOHCs are not
suitable as they do not contain enough energy. For ferries and fishing vessels
it depends on the range and volume available onboard for the storage and
dehydrogenation reactor. The safety of LOHCs is another advantage for use
of LOHCs onboard of ferries. So LOHCs have limited suitability for different
ship types because of their low energy density. Depending on the exact
requirements, they may be suitable for inland, dredgers, short sea, ferries
and fishing vessels. Just like with the borohydrides and AB, however, more
research into the dehydrogenation reactor and specifically its power and size
relation is required to assess where are LOHCs are suitable as fuel.
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2.7.4 LIQUID HYDROGEN

Next to the liquid hydrogen carriers, liquid hydrogen is also considered.
Liquid hydrogen has a low energy density and requires tanks with a set,
suboptimal shape, but when using liquid hydrogen no reactor is used. The
tanks make liquid hydrogen harder to transport, resulting in less bunkering
flexibility. However, the absence of a reactor can be advantageous for applic-
ations with high power demands, relatively small range and small onboard
volume. Thus, liquid hydrogen might be suitable for workboats such as tugs
or dredging vessels. These are also the types of vessels where hydrogen
carriers may not be suitable. For the other ship types, liquid hydrogen is
not considered as an option because of the relatively low safety and many
requirements to onboard storage. This makes liquid hydrogen a less attractive
option for short sea, seagoing, fishing, naval vessels or ferries. For inland
shipping liquid (or pressurized) hydrogen could be considered (and is, see the
inland ship Antonie [135]), however, borohydrides or LOHCs are considered
here as better options because of their higher safety levels.

2.8 CONCLUSION

This chapter aimed to evaluate hydrogen carriers as an alternative power
source for ships. The first step was to categorize hydrogen carriers based on
relevant characteristics such as the dehydrogenation process and reaction,
phase of the hydrogen carrier, and temperature, pressure, and reactivity of the
carrier. Next, several hydrogen carriers were investigated in more detail and
discussed features important for circular use on ships, such as gravimetric and
volumetric energy density, safety, storage and handling, technology readiness
level and dehydrogenation and rehydrogenation process.

LOHCs and borohydrides offer good potential, due to their high energy
densities, medium to high technology readiness levels, good safety and well-
known dehydrogenation processes. These hydrogen carriers are viable to
use on ships. LOHCs can most likely make use of the current infrastructure,
whereas borohydrides show energy densities close to diesel.

The framework shows that these two types of hydrogen carriers are suitable
for almost all types of ships, ranging from fishing vessels and ferries to
naval and seagoing ships. This conclusion is further substantiated through
an analysis of current state-of-the-art projects, ranging from canal boats to
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submarines, which shows that borohydrides and LOHCs are being considered
as alternative power sources on ships in the industry as well.

So hydrogen carriers, especially borohydrides and LOHCs, are promising
and viable options for alternative power sources on ships. However, practical
implementation requires further research, particularly in the regeneration
of borohydrides and heat integration of LOHCs. Nevertheless, our study
highlights the potential of these regenerative, circular, high energy density, and
zero-emission hydrogen carriers, contributing to the research for alternative
power sources for shipping applications.



PART 2: POWER & ENERGY

“Short cuts make long delays”
— J.RR. Tolkien, The Fellowship of the Ring
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PART SUMMARY

Ships are limited by either volume and weight, so minimizing the space and
mass of their propulsion systems and fuel storage is desired. Thus, alternative
fuels and especially hydrogen carriers, low weight and volume are desirable,
without risking operational performance. Evaluating such fuels therefore
requires considering energy density (useful energy per unit mass or volume,
in electrical or mechanical form) and power density (power output per unit
mass or volume of the full power delivery system). Power density includes
all components that scale with output, such as engines and dehydrogenation
reactors, but not fuel tanks.

This part of the thesis investigates the energy and power densities of various
hydrogen carriers and energy converters, to assess their suitability for different
ship types. In this part, the following hydrogen carriers will be reviewed in
detail:

1. Sodium borohydride (NaBHy, SB)
2. Ammonia borane (NH3;BH3, AB)
3. Dibenzyltoluene (DBT)

4. N-ethylcarbazole (NEC)

Details on the fuels discussed in this part can be found in appendix A.

o qoJoJoJoqo4éE
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“Menneisyys on mielessi turvallinen mesta Mut
ei se ikin palaa, Mikan faijalla on nyt Tesla”*

— Arttu Wiskari feat. Pyhimys, Mikan Faijan
BMW, adapted from Anssi Kela for Vain Elamaa
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CHAPTER SUMMARY

This chapter provides an overview of the energy density of different hydrogen
carriers. The energy density is paramount to implementing hydrogen carriers;
a high energy density is desired. The effective energy density depends on
integrating heat and mass with energy converters. This combination defines
the energy efficiency and, thus, the energy density of the system. This paper
addresses the effective energy density of the hydrogen carriers, including the
dehydrogenation process. Using a oD model, the five carriers were paired
with PEMFCs, SOFCs, an ICE and a GT. NEC and DBT offer medium energy
densities, reaching almost 4 MJ/kg. However, the effective energy density
of SB and AB is very high, up to 15 MJ/kg, including the energy converter.
This is similar to the energy density of MDO combined with an ICE. Thus,
hydrogen carriers are alternative fuels that deserve more attention because of
their strong potential to make shipping zero-emission.

o qoJoJo4qo4o4eE

*The past is a safe place in the mind, but it never comes back, Mika’s dad has a Tesla now
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3.1 INTRODUCTION

In the previous chapter, several requirements were stated; one of which was
the energy density. The U.S. DoE had set a goal to reach an energy density
of 9M]/kg and 8.4M]/L for the entire system [16, 49]. However, this is for
land transport; for the shipping sector the energy density should be as high as
possible. Either space or weight is highly optimized in most cargo ships; the
more space or weight the fuel takes up, the less cargo can be brought. Thus, a
high energy density is required.

The energy density of hydrogen carriers is not necessarily trivial and
can differ strongly from the theoretical value; for example LOHCs can lose
30% of their energy when not correctly integrated [21]. In this chapter five
hydrogen carriers will be investigated. Next to the four mentioned already
in the summary of Part 2, potassium borohydride is investigated as well. It
is extremely similar to SB, but might have better storage and handling. The
other four carriers are NEC, DBT, SB and AB. Two of these carriers, NEC
and DBT, are LOHCs and release hydrogen endothermically. A good heat
integration can reduce losses and enhance the overal energy density. The other
three carriers, SB, AB and KB, release hydrogen exothermically. Yet, elevated
temperatures are still required. Due to their solid nature, the spent fuels of SB,
AB and KB can not easily be used for preheating; using heat from the energy
converter is preferable. Additionally, they require pure water, which should
be ideally be reused from the energy converter.

Most research regarding energy optimization of hydrogen carriers focuses
only on LOHCs combined with fuel cells and is not in a maritime context,
such as but not limited to [21, 23, 24, 25, 26]. Only very few studies looked at
hydrogen carriers integrated as mentioned here (LOHCs, boron-based carriers,
but also metal organic frameworks) on ships, not always including calculations
[19, 27, 30, 31, 136]. None of these studies include thorough calculations on a
multitude of hydrogen carriers on ships.

This study aims to obtain the effective energy density values of the previ-
ously identified hydrogen carriers, including the dehydrogenation process.
Effective energy density is defined here as the amount of energy that can

The content of this chapter is based on the following article:

E. S. van Rheenen, ]J. T. Padding, A. A. Kana, and K. Visser, “Comparative energy analysis of
hydrogen carriers as energy source on ships,” J. Marine Engineering and Technology, 2025.
doi:10.1080/20464177.2024.2448057
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be transferred to a ship’s propulsion system per unit weight of a hydrogen
carrier. This definition takes into account the following factors:

¢ Additional tank weight (when applicable)
* The practical energy required for hydrogen release

In essence, the effective energy density represents how much energy 1 kg of
a hydrogen carrier can deliver to the ship’s propulsion. Therefore, it must
include the weight of the storage tank and the energy needed for hydrogen
release. The latter can be optimized by capturing and utilizing waste energy
from the energy conversion system (such as an engine or fuel cell).

Thus, the choice of energy converter is not trivial; an energy converter with
a high heat output may be less efficient overall, but enhance heat integration
possibilities. The efficiency of the energy converter also influences the effective
energy density. A higher efficiency means less fuel is required to fulfill the
operational needs. Several energy converters exist, but in this study the
following four are reviewed. These are the ICE, gas turbine (GT), PEMFC and
SOFC.

3.2 METHOD

To assess the efficiency and, thus, the total energy density of the hydrogen
carrier, a simplified oD thermodynamic model was constructed. The electricity
or mechanical energy produced in the energy converter is not converted to the
same energy output to ensure a fair and balanced comparison. Each energy
converter converts energy most efficiently. Additionally, the required mass
of additional water for SB and KB are evaluated, as these might significantly
influence the comparison of these fuels.

3.2.1 SPECIAL CONSIDERATIONS REGARDING SB AND KB

SB and KB are similar substances in almost all respects except for the theor-
etical energy density, spent fuel composition and water requirements. The
theoretical energy density of KB is significantly worse than that of SB [137].
Storage and handling conditions are supposed to be easier for KB [31, 117].
Its spent fuel is also less susceptible to crystallisation than NaBO,. Yet, the
latter is not necessarily an advantage, as crystallisation is necessary to increase
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the energy density. Without crystallisation, the spent fuel would hold large
amounts of water and thus be heavier and require more space than necessary.
However, crystallization does cost additional heat and energy. Furthermore,
a separate crystallizer has to be added onboard, increasing overall system
size and complexity. Finally, drying the spent fuel changes the product and is
likely to influence the handling of the product.

The dehydrogenation process of KB requires less water. Thus, with an
imperfect water recovery system, KB may be superior to SB, as no extra water
would be necessary. Therefore, this will be checked to see whether KB has a
real advantage over SB or if it is worse or equal in all perspectives. As AB also
requires water, it is also included in this small model.

Despite the easy access to water onboard ships, less water requirements
during the dehydrogenation process may be an advantage. The water required
for hydrolysis has to be pure water, which is usually acquired using reverse-
osmosis pumps. A closed water loop would thus result in less pumping power
being required.

The stoichiometric hydrolysis equations are used to calculate the water re-
quirements of the boron-based hydrogen carriers. The stoichiometric equation
for AB can be seen in equation 3.1.

NH;3BH;3 + 3H,O — 3H, + B(OH); + NH;3 (3.1)
The stochiometric relations for the SB and KB are as follows [117]:
NaBH,; + 4H,O — 4H, + NaBO,.2H,O (32)

KBH, + 10/3H,0 — 4H, + KBO,.4/3H,0 (3.3)

Additionally, the water that becomes available after the energy converter is
calculated according to the following equation:

2H; + O, — 2H,O (3-4)

A small model compares the overall water required with the water available
from the energy converters. As not all water may be usable, a range of usable
water is set, ranging from 50% to 100%, with 100% meaning that all water
acquired from the burning or reaction of hydrogen can be used.
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Water recovery potential

The potential of water recovery from the outlet largely depends on whether
the water is in fluid or in gas phase. If the water is in gas phase, as water
vapour, a water separator is limited by the fact that it cannot tamper with the
outlet. For example, a water separator behind a hydrogen internal combustion
engine could recover at most 50% of the available water, to avoid tampering
with the outlet [138]. As the gas turbine operates at higher temperatures, it is
assumed that a water separator will have a similar efficiency.

SOFCs also have higher operating temperatures, resulting in an outlet of
steam. However, SOFCs also have anode off-gas recirculation loops, where
steam is condensed from the exhaust gas [139]. This helps maintain a stable
hydrogen-to-steam ratio in the fuel cell and lowers the total gas flow through
the system [139]. This in turn influences the system efficiency. Thus, removing
this water from the SOFC system to use in other systems may influence the
overall system efficiency of the SOFC.

PEMFCs have a much lower outlet temperature. Calculations by [140] show
that efficiencies of up to 110% can be achieved with simple water recovery at
slightly elevated pressures of 4 atm. With expanded water recovery, efficiencies
of up to 180% (at 4 atm) can be reached, while at 1 atm, efficiencies over
100% can be achieved as well [140]. Thus, no additional water is required
when using a PEMFC, but for the other three energy converters, the water
recirculation rate is likely lower than 100% and comparing the additional
water requirements is relevant.

3.2.2 OD THERMODYNAMIC MODEL

This research makes use of a oD thermodynamic model. In this model, mass
and heat are calculated and compared. Figure 3.1 gives an overview of the
model. The model’s input is formed by setting an energy requirement and
choosing a hydrogen carrier and an energy converter. The model then estim-
ates the mass of the hydrogen carrier based on previous calculations. This
hydrogen carrier mass goes into the reactor, where it is split into spent fuel
and hydrogen. The hydrogen goes to the energy converter. Next to the spent
fuel and the mass, there will be a heating requirement for the reactor to oper-
ate. This heating requirement consists of the preheating and dehydrogenation
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Figure 3.1: Representation of the oD thermodynamic model

heat (the latter only if the heating requirement is positive). The preheating is
calculated using the following equation:

Q =m-Cpaog - AT (3.5)

with Q the heat required or released (if the temperature difference is negative)
in kJ, m the complete mass of the hydrogen carrier (in the case of the boro-
hydrides including the water) in kg, ¢} s0¢ the heat capacity of the overall fluid
in k] /kgK and AT the temperature difference in Kelvin. The heat requirement
is sent to the heat exchangers, which are assumed to be 100% efficient.
The hydrogen carrier and energy converter choice also defines the resulting
hydrogen mass. This hydrogen mass goes to the energy converter, where the
parameters from table 3.1 are used to calculate the energy output (E,), waste
heat (Q,,), and irrecoverable losses.

In the heat exchanger, the available waste heat and corresponding temper-
atures are compared to the required heat and its corresponding temperatures.
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Figure 3.2: Representation of the heat exchangers inside the model

Figure 3.3 illustrates the heat flows calculated in the model. These heat flows
correspond to different processes, but not all of them are applicable in every
scenario. Each heat flow is associated with a specific heat exchanger (HEX),
each of which is labelled (e.g.,, HEX1, HEX2, HEX3.1). The figure provides
a detailed layout of the heat exchanger configuration and their roles. Addi-
tionally, terms such as dehydrox (for dehydrogenation), 'FG’ (flue gas), and
'FG LT’ (flue gas, low temperature), which will be referenced in subsequent
sections, are linked to these heat flows and the corresponding HEX units.
Figure 3.2 gives an overview of how the heat exchangers themselves operate.
A heat source, based on the output of the energy converter, is matched with a
heat requirement. In general, when available, the model uses the coolant to
preheat the first part of the flow and then uses the spent fuel to preheat further.
For the boron-based carriers, spent fuel and dehydrogenation heat from the
reactor is not used for preheating. Not using this heat reduces complexity,
prevents crystallisation in the spent fuel and removes a single point of failure.
Flue gases are used to cover the final preheating and dehydrogenation heat. A
minimum temperature difference between the heat source and heat sink of 10
K is assumed. If the heat sink and source differ, figure 3.2 shows how this is
handled. The equations in figure 3.2 are all based on equation 3.5. In the case
of a larger heat sink, the final temperature of the fluid is calculated. When
the heat source is larger, the mass of the heat source fluid can be adjusted to
avoid huge heat exchangers. The model saves the heat content and maximum
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Figure 3.3: Heat flows and corresponding heat exchangers in the model

and minimum temperatures of a source or sink for detailed heat analyses.
Whenever a source is insufficient to completely fill the need of a sink, an
additional hydrogen burner will be used. This hydrogen burner reaches a
temperature of 2480 K, the adiabatic flame temperature of hydrogen when
combusted in air [141]. The efficiency of the burner is calculated by using
an efficiency of 95% of the Carnot efficiency, with the cold sink being at the
dehydrogenation temperature. The exact size of heat exchangers is part of
chapter 4.

3.2.3 INPUT PARAMETERS

The model requires several parameters to function. First of all, there is the
energy requirement. In this paper, it is set to be 2 M]. The rest of the parameters
are divided into energy converter parameters and hydrogen carrier parameters.
Table 3.1 gives an overview of the parameters used in the energy converter
section of the model, and table 3.2 the parameters for the hydrogen carriers.
This data is based on literature.
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Energy converter parameters

The energy converter is approached as a component that divides the total
amount of energy inside the hydrogen over several possible allocations:

Etot = mpz - LHV 2 = Eout + Qcootant + Qfg + Eloss (3-6)

Here, E; is the total energy available in the mass. mpy is the mass of hydrogen,
and the LHV of hydrogen is 120 MJ/kg. E,; is the output energy, Q o1qnt the
energy going to the coolant, Qy, the energy going to the flue gases and Ejqs
the energy that cannot be recovered, all in MJ. This equation must always be
true in the model; if it is false, it will run again. The model only uses the heat
in the flue gasses at temperatures above the required threshold (for example,
the dehydrogenation temperature). Equation 3.7 gives an overview of how
this local heat source is derived from the total heat source.

Qfg

Qlocal = AT

: ATlocal (37)

The energy below this temperature cannot be used for heating and is thus
excluded, adjusting the available (at the correct temperatures) flue gas energy
accordingly. The exact parameters defining the output values, as visible in
table 3.1, must always sum up to 100%. These parameters are all based on
literature. However, due to a lack of available data, engines were chosen based
on the amount of data available, not on the output power of the engine. For
example, the H2-ICE engine of [142] has a maximum output power of 54.9
kW, while the user can choose the output energy of this model. Additionally,
this engine runs in lean conditions to reduce NO, emissions. The flue gas
temperature strongly depends on whether the engine runs in lean or rich
mixtures. However, lean operation is encouraged as the overall aim of using
hydrogen carriers in this case is to reduce all emissions.

Unfortunately, sources looking at ammonia-hydrogen dual-fuel options
usually consider only a small amount of hydrogen and can thus not be
directly used. However, no alterations are considered in terms of overall
efficiencies or outlet temperatures for the mixture of ammonia and hydrogen
compared to hydrogen only. This assumption is based on the substantial
quantity of hydrogen present in the feed (75% mole fraction, which contributes
approximately 70% of the total energy) and the similarity of the efficiencies of
hydrogen only and ammonia only [143, 144].
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The ammonia generated from AB cannot be used directly in a PEMFC;
it first has to be reformed to hydrogen. This reforming process incurs an
energy penalty of 19 to 26% (dependent on the cracking temperature) [21].
While one mole of ammonia yields 1.5 moles of hydrogen, the initial reaction
(seen in equation 3.1) produces 3 moles of hydrogen. The associated energy
penalty, combined with increased system complexity, the need for additional
control mechanisms, and extra equipment, renders the use of ammonia from
AB impractical. However, certain catalysts enable the selective release of
hydrogen directly from AB [145]. Therefore, when utilizing AB with a PEMFC,
in this study only the hydrogen produced from the initial reaction is used,
while the ammonia is not utilized.

Table 3.1: Parameters of energy converters, including sources.

Parameter SI-ICE PEMFC SOFC GT

T coolant [K] 363 348 - -

P coolant [%] 30 44.8 0 0

P effective [%] 35 42.9 48 37.5

T flue gas [K]  623* - 1023 790

P flue gas [%] 25 0 42.1 53

P losses [%] 10 12.3 9.9 9.5

Sources [142] [146] [143] [147]
[148]

P is the percentage of power distribution, mainly based on Sankey diagrams.
* Flue gas temperature of SI-ICE largely fluctuates depending on operating

conditions and can range from 423 to 773K

For the PEMEFC, relatively old data has been used [146]. More recent research
shows that PEMFCs can reach efficiencies of up to 65% [149]. However,
efficiency is not the only parameter required in this research. Even though a
PEMEC is actively cooled, there will always be energy lost to the environment
that cannot be recovered. The losses in this model also include losses due
to saturated oxygen lean air and traces of (purged) hydrogen. Additionally,
energy is lost in the balance of plant and electrical transformers [146]. These
power losses accumulate to a total of 12.3%, but are likely to change with
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different efficiencies and types of PEMFCs. Thus, the data for PEMFCs in this
research may be underestimated.

For the SOFC, data from [143] is used, even though [24] has already integ-
rated a SOFC with a LOHC. As [143] reviews data from different papers and
provides a detailed overview of mass and heat flows, the data from [143] is
used in this study. The complementary information of [143] gives additional
information needed to evaluate the parameters. The efficiency of the SOFC
considers the fuel utilisation, and in this case, a fuel utilisation of 80% is
considered. Most SOFCs in literature operate at this fuel utilisation [143] as
higher fuel utilisations may lead to unbalanced gas flows, resulting in corro-
sion and damage to the cells [150]. The remainder of the gas is combusted in
an afterburner and the heat is used to preheat the fuel and air [143]. As the
SOFC is air-cooled at high temperatures, the coolant power and temperatures
are set to zero and the output cooling of the SOFC is treated as a flue gas.

The parameters of the gas turbine were based on data from [147]. However,
the mass and energy balance in this model seemed incorrect. Consequently,
it was decided to adopt the provided efficiency value, assuming that it is
accurate and consistent with similar systems. To make the energy balance
teasible, reducing the mass flow of air going in the gas turbine was proposed,
as this would result in a thermodynamic balance. Additionally, a thermal loss
of 9.5% was approximated, which aligns with typical values observed in ICEs
and SOFCs, both of which operate as heat engines. This estimate is slightly
lower but remains within a reasonable range, reflecting the expected heat
losses for this type of system.

Hydrogen carrier parameters

Table 3.2 gives the specific parameters for the hydrogen carriers. Of these
parameters, several are factual, such as the molecular weight and hydrogen
yield per molecule, the latter of which is the maximum possible yield of pure
hydrogen. The dehydrogenation temperatures are chosen to optimise reaction
rates without compromising the hydrogen carrier.
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Table 3.2: Parameters of hydrogen carriers, all parameters derived from [21, 53, 96,
151, 152, 153, 154, 155, 156, 157, 158] and the Aspen database

Parameter DBT NEC SB

PB

AB

Theoretical

energy density 7-44 6.98  25.56

[M]/kg]

Theoretical

energy density 7.0 6.63  27.34

(MJ/L]

Hydrogen yield

per molecule of 9 6 4

hydrogen carrier [-]

Molecular weight
290.54 207  37.8

[g/mol]

Heat capacity fuel

[k]/kgK]

Heat capacity

spent fuel [k]/kgK]

Dehydrogenation

1.96 2.04 4.54

1.82 1.56 N.R.

573 503 353
temperature [K]

Dehydrogenation
energy 558 318  -210
[k]/mol Fuel]

Values denoted with * are estimated by the authors,

as no precise information was available.

17.6

20.78

5394

3.48

N.R.

353"

-220

23.52

14.4

4.54*

N.R.

353"

-156

N.R. stands for not relevant, this data is not required in the model
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As for KB and AB, no exact dehydrogenation temperatures are available.
It is estimated that these reactions occur at the same temperature as SB. The
reaction processes are similar, even though the optimal temperature may differ
depending on the catalyst. However, in this case, the same dehydrogenation
temperatures were chosen. For the LOHCs, the heat capacity values of both the
fuel and the spent fuel are calculated based on experimental values from [151],
[152]. The heat capacity values are averages over 273K to the dehydrogenation
temperature. The heat capacity of the boron-based hydrogen carriers is more
complicated. Boron-based hydrogen carriers are completely dissolved in water
to avoid crystallisation [159]. The heat capacity of the mixture is thus relevant.
Due to the surplus water, the heat capacity of water is prevalent. The exact
heat capacity of the mixture of 0.18 molar percentage SB is calculated using the
Aspen database [160]. The same approach is used for KB. The average values
are shown in table 3.2. For AB, the Aspen database was insufficient. However,
the molecular heat capacities for SB and AB are very similar (86.8] /molK at
298K [161] versus 81.4] /molK at 323 K[162]. Additionally, the amount of water
required to avoid crystallisation in the AB process is very similar, resulting in
an estimated similar heat capacity of the fuel. The heat capacity of the spent
fuel is not used to avoid crystallisation in the heat exchangers, which is likely
to result in clogging.

3.3 RESULTS

This section provides an overview of the model’s results. The results include
the additional water requirements (subsection 3.3.1) and validation of results
(subsection 3.3.2). The energy distribution (subsection 3.3.3) is also displayed.
As a large amount of energy is lost through heat, subsection 3.3.4 gives an
overview of the detailed uses of heat. This way, possibilities for using waste
heat can be found. The Sankey diagrams in subsection 3.3.5 give a graphical
representation of these heat flows, and additionally include the energy output.
Finally, subsection 3.3.3 showcases the effective energy density.

3.3.1 ADDITIONAL WATER REQUIREMENTS

The hydrolysis dehydrogenation reaction requires water. Recycling this water
from the outlet of the energy converter could completely satisfy the overall
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water requirements for all boron-based hydrogen carriers. However, as this
recycling is most likely not 100%, the water required for different recycling
rates was examined. Figure 3.4 shows the different recycling rates and result-
ing additional water requirements. An external pure water source is needed
for SB if the recycling rate is not 100%. KB will need an external water source
when the recirculated water is less than 85%. However, in the case of AB, this
external water source is only necessary for less than 70% of water recycling.
AB requires less water, and the conversion of ammonia and hydrogen also
results in water.
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Figure 3.4: Effect of the water recirculation rate of water from exhaust gases on the
amount of water that needs to be added to the system from an external
source

3.3.2 VALIDATION OF RESULTS

Pinch analyses were performed on each total heat-exchanging system to verify
whether the results were physically possible. A pinch diagram is a diagram
in which each stream’s temperatures and heat loads are plotted [163]. To have
a thermodynamically possible heat exchange, the hot stream must always
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be hotter than the cold stream. Crossing lines indicates a disagreement with
the second law of thermodynamics. Additionally, a pinch diagram shows
where the design is most constrained, namely where the hot and cold lines
are closest. This point is called a pinch. Pinch analyses were used for each
of the configurations possible in the model. Figure 3.5 gives an example of a
pinch analysis, in this case, of DBT and an ICE. The pinch analysis provides
additional information, such as that the heat from the flue gases is insufficient
in covering the dehydrogenation heat; additional heat from hydrogen burning
is required.

1000 1500 2000 2500
Heat [kW]

HEX Coolant
HEX Spent Fuel
HEX Flue gas (LT)
Dehydrogenation
= = = Coolant

Spent fuel
= = =Flue gas (LT)
= = =Flue gas (HT)

Figure 3.5: Pinch analysis of DBT combined with an internal combustion engine

3.3.3 ENERGY DISTRIBUTION

The energy distribution analysis, represented in figures 3.6 to 3.10, shows the
energy distribution throughout the system, organised per hydrogen carrier.
These figures show the delivered energy, energy in the coolant and the flue
gases, additional energy added through a burner and absolute or irrecoverable
losses. All combinations deliver the same output energy, in this case, 2 MJ.
The mass of energy is also plotted in the figures.
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Figure 3.6: Energy distribution of SB

Figures 3.6 and 3.7 show the energy distribution of the borohydrides. KB
(figure 3.7) has a very similar energy contribution as SB (figure 3.6), but does
have an overall higher mass. Figure 3.6 shows the influence of the efficiency
of the energy converter; a higher efficiency results in a lower mass of SB.

Figure 3.8 shows the energy distribution of AB. The heat produced in
the reactor is much less for AB than the borohydrides” heat production.
Additionally, this heat is less than the heat in the coolant and the flue gases.
The combination of NH3 and Hy produces more power in an absolute sense,
thus reducing the required mass. This is also clear when removing the NH3,
as done for the PEMFC. With only hydrogen, the mass required to deliver the
same energy is much higher.

Figures 3.9 and 3.10 show the energy distribution of the LOHCs. Figure
3.9 shows that a hydrogen burner is always necessary for DBT, even though
it only has to provide approximately 15 kW in the SOFC-coupled scenario.
Figure 3.10 shows that both the SOFC and the GT give enough heat for NEC’s
preheating and dehydrogenation process, as the overall heating requirements
are lower for NEC than for DBT.



3.3 RESULTS 73

8 : : : : 0.4
6 |
)
=
== @
©
. E
2 [
0 : ‘ ‘ ‘ 0
ICE PEMFC SOFC GT
[ IEnergy output
I Energy in coolant
[ ]Energy in flue gases
[ Energy in dehydrogenation reactor
[___1Energy lost in burner
[N Irrecoverable losses
© Required mass of hydrogen carrier
Figure 3.7: Energy distribution of KB
8 T T T T 0.3
10.25
6 [
102
>
=
24t - ° 1015 g
° £
10.1
2 |
10.05
: 0

PEMFC SOFC GT

[ ]Energy output
I Energy in coolant
[ IEnergy in flue gases
[ Energy in dehydrogenation reactor
[___IEnergy lost in burner
I Irrecoverable losses
O Required mass of hydrogen carrier

Figure 3.8: Energy distribution of AB
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Figure 3.9: Energy distribution of DBT
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Figure 3.10: Energy distribution of NEC
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3.3.4 DETAILED USE OF HEAT

The energy converters produce large amounts of heat, as only between 35
and 48% of hydrogen’s total energy is converted to effective work. The rest
of the energy becomes heat. Part of this heat is used for preheating fuel and
dehydrogenation when necessary. In other cases, the dehydrogenation process
produces more heat. A detailed analysis of the heat sinks and sources of the
energy converter and the reactor offers insight into the quality of heat and the
amount of heat left over. This gives insight into whether the heat can be used
for other processes onboard. The detailed distributions of heat are visible in
tigures 3.11 to 3.15.

Boron-based carriers produce heat during the dehydrogenation process.

Figures 3.11, 3.12 and 3.13 show these amounts of heat. AB produces less heat
during dehydrogenation compared to the borohydrides, resulting in lower

cooling requirements. A small amount of heat is required for preheating.

Coolants and flue gases are used for preheating. Only for the combination of
a PEMFC is a hydrogen burner required, as the average output temperatures
of a PEMFC are too low to reach the desired temperature of the fuel.
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Figure 3.11: Distribution of heat for SB
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Figure 3.15: Distribution of heat for NEC

Figures 3.14 and 3.15 show the heat distribution of DBT and NEC, respect-
ively. Despite the large amount of available heat, hydrogen burning is always
required for DBT, as much of the heat is too low quality. High-temperature
flue gas heat is the only heat available for dehydrogenation. Most of this




78 ENERGY DENSITY

high-quality heat is available in the SOFC and GT flue gases. As NEC has
lower dehydrogenation requirements, its heat requirement can be covered
when integrating with a SOFC and GT.

3.3.5 OVERVIEW OF ALL ENERGY FLOWS

Sankey diagrams can be used to get a graphical overview. A Sankey diagram
provides an overview of all energy flows within a process. Sankey diagrams
are presented for four combinations of energy converters and hydrogen
carriers. These Sankey diagrams graphically represent cases with the same
underlying data as provided in the previous subsection (subsection 3.3.4. The
Sankey diagrams are meant to give an overview of the relevant processes
in the integration of hydrogen carriers. To get correct Sankey diagrams, the
enthalpy of all fluids has to be used. However, as these diagrams are meant to
illustrate the process and its relevant energy flows, the lower heating value of
hydrogen is used to calculate the energy flows.

Waste heat
from reactor

853 kJ
6560 kI . Output energy, 2000 kJ
1429
1715
572k
120 kJ

Coolant Flue Losses
gases

Figure 3.16: Sankey diagram of AB coupled with an internal combustion engine

We cover the combinations of DBT and a GT, which will require limited
hydrogen heating and NEC and a SOFC, which requires no hydrogen heating.
As AB in combination with a PEMFC is not practically possible, a Sankey
diagram of AB with an ICE is made and the PEMFC and SB are visual-
ised in another diagram. KB is not covered in the Sankey diagrams, as it is
thermodynamically very similar to SB but has a lower energy density.



3.3 RESULTS 79

Waste heat
from reactor

1021

795 | Output energy, 2000 kJ
4704

573kl

H2:35kJ
106 kJ

v
H2|05t: 8kl
Coolant Losses

Figure 3.17: Sankey diagram of SB coupled with a PEMFC
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Figure 3.18: Sankey diagram of DBT coupled with a gas turbine
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Figure 3.16 shows a Sankey diagram for AB coupled with an ICE. The waste
heat of the reactor and the coolant form a large, low-quality heat sink, while
the flue gasses form a significantly high-quality heat sink.

Output energy, 2000 kJ

4168 kI G0
1755 kJ

SF: 133 kI Reaction
heat 913 kJ 413 kJ

Preheat 255 kJ
1035 kJ

Flue gas Losses
Figure 3.19: Sankey diagram of NEC coupled with a SOFC

Figure 3.17 shows SB coupled to a PEMFC. The heat provided by the
PEMEC is of too low temperature to preheat the fluid fully. However, figure
3.17 clearly shows that the resulting hydrogen heating flow is minimal and is
thus not a large energy loss.

Figures 3.18 and 3.19 give an overview of typical Sankey diagrams for
LOHCs. Both Sankey diagrams show large heat flows returning to the reactor
to provide sufficient heat for the dehydrogenation process. Figure 3.18 shows
a small hydrogen flow required for preheating. This flow becomes larger when
there are smaller high-temperature heat sinks. Figure 3.18 clearly shows that,
in this case, the required hydrogen for dehydrogenation is minimal and only
slightly influences the overall energy density. Figure 3.19 shows no additional
heating is required for NEC coupled with a SOFC. The overall input energy is
much less than the overall input energy of DBT combined with a gas turbine,
indicating a much higher efficiency.

336 EFFECTIVE ENERGY DENSITY

Figure 3.20 shows the effective energy density of each fuel, as well as the
effective energy density of MDO. Data for MDO is taken from [143, 147],
while data for compressed hydrogen comes from [164]. The data from [164]
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reflect the ultimate goal of the U.S. DoE for the gravimetric energy density
of compressed hydrogen. In this case, the effective energy density is the
amount of mechanical or electrical energy that can be taken from 1 kg of fuel.
This definition includes the energy converter, as heat and mass integration is
necessary to use hydrogen carriers efficiently.
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Figure 3.20: Effective energy density of the discussed hydrogen carriers, excluding
the influence of the spent fuel

Table 3.3 gives an overview of the relevant masses of the hydrogen carrier
and the pure hydrogen they carry. As SB and KB do not require hydrogen
heating, their hydrogen mass is the same. This also applies to AB in combina-
tion with a PEMFC, as then only hydrogen is required. For the other energy
converters, AB has less hydrogen content, as part of the energy is covered by
ammonia. The table also clearly shows that both LOHCs not only have larger
masses themselves, but the amount of hydrogen they require is often also
more. As hydrogen is often required for preheating and dehydrogenation,
more hydrogen is required to reach the same energy in total.
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This hydrogen demand is governed by the maximum efficiency of the hy-
drogen burner, which in this study is modeled at 95% of the Carnot efficiency.
This adjustment accounts for losses due to imperfect isolation, possible incom-
plete combustion and other practical inefficiencies. While the use of Carnot
efficiency for a furnace is justified, Incorporating ambient temperature into
the calculation has been suggested for a more accurate assessment [165]. In
our current model, accounting for this different efficiency results in minimal
output changes. For DBT, the mass of the hydrogen carrier is affected in all
four cases: internal combustion engine (-0.06 kg), PEMFC (-0.07 kg), SOFC
(-0.01 kg) and GT (-0.01 kg). For NEC, only the internal combustion engine
(-0.02 kg) and PEMFC (-0.04 kg) were affected. Although these differences
are relatively small, they demonstrate the flexibility of the model. The ability
to accommodate variations in input parameters while producing consistent
results underscores the robustness of the approach.

Table 3.3: Mass of hydrogen into the engine and mass of hydrogen carrier, to have
an 2 M] energy output.*For AB, only the hydrogen mass is shown in this
table, the ammonia is not shown here, but does influence the overall energy

density.
SB PB AB* DBT NEC
ICE 0.048 0.048 0.033 0.070 0.060 | Hydrogen to engine
ICE 0.225 0.318 0.168 1.125 1.020 | Hydrogen carrier

PEMEFC | 0.039 0.039 0.039 0.061 0.056 | Hydrogen to engine
PEMFC | 0.186 0.264 0.200 0.990 0.962 | Hydrogen carrier
SOFC 0.035 0.035 0.024 0.035 0.035 | Hydrogen to engine
SOFC 0.165 0.232 0.124 0.565 0.594 | Hydrogen carrier
GT 0.044 0.044 0.031 0.048 0.044 | Hydrogen to engine

GT 0.211 0.300 0.157 0.766 0.760 | Hydrogen carrier



3.4 DISCUSSION 83

3.4 DISCUSSION

For hydrogen carriers to be relevant as future fuels, their energy density has
to be identified. This discussion section will discuss the overall energy density
and additional requirements for each of the hydrogen carriers.

3.4.1 SB, KB AND AB

SB and KB are very similar substances, while AB has similar chemical proper-
ties as both of them. A great advantage of KB as compared to SB would be
the reduction of additional water, if not all water can be recycled. A recycling
rate of 100%, however, is likely to be only practical when using a PEMFC
[138]. Removing water from flue gases by cooling the flue gas to a water
condensation temperature may influence the operating conditions and thus
the efficiency of an internal combustion engine or a gas turbine, resulting in a
limit of approximately 50% of water recycling. Anode off-gas recirculation,
including water recycling and condensation, is often used in SOFCs [139]. The
anode off-gas recirculation rate influences the efficiency of the system, extract-
ing 100% of the produced water will likely result in a lower efficiency [139] .
Thus, KB with a PEMFC has advantages if a closed loop is desired. Closed
loops are less relevant onboard ships, where unlimited water is available.

The energy density of the boron-based carriers is influenced by their exo-
thermic nature. Part of the overall energy available is lost to heat during
dehydrogenation. As this is percentage-wise larger for KB than for SB, KB
requires a significantly larger mass to reach the same energy output. It is the
least for AB, which results in it requiring the lowest mass and, thus, reaching
the highest energy density.

Although ammonia is produced by AB, pure ammonia is still excluded from
this study, necessitating further explanation. First, the safety requirements
for AB differ significantly from those for pure ammonia. While AB does
release ammonia, it does so in much smaller quantities, and this ammonia
is likely to be consumed immediately by the engine. If needed, a buffer
could consist of pure hydrogen instead. Additionally, the amount of ammonia
produced is lower than the hydrogen output and several liters of ammonia
compared to storing the entire energy source as ammonia results in a critical
safety distinction that should not be overlooked. Secondly, when considering
ammonia as a hydrogen carrier, the cracking temperature required is notably
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higher than that of other carriers, such as DBT, which already poses challenges
for integration with available heat sources, as demonstrated previously.

Generally, due to the exothermic nature of the hydrolysis process, a lot of
high- and low-quality heat is available for other onboard systems. Low-quality
heat is more challenging to use than high-quality heat.

3.4.2 LOHCS

DBT and NEC have similar energy densities, but there are still several dif-
ferences. The mass of hydrogen carrier required to reach the energy output
is lower for DBT, except when coupled to an internal combustion engine.
Additional heating when combining DBT with an internal combustion engine
causes this higher mass. However, especially for the ICE, a large percentage
of the heat in the flue gas is at temperatures too low for dehydration. This
is even stronger for DBT (see figure 3.14) than for NEC due to DBTs higher
dehydrogenation temperature. As DBT has a higher hydrogen content, the
overall mass is smaller with excellent heat integration. The SOFC scenarios
endorse this, as very little additional heating is required when using DBT. The
integration of dehydrogenation is more effective for NEC than for DBT. This
suggests that the choice of LOHC may not be as important as the efficiency
of the energy converter. However, as the LOHCs have such similar energy
densities, other factors such as technology readiness levels, safety or handling,
are likely to be the decisive factor in choice between LOHCs.

3.4.3 COMPARISON AND OVERALL ENERGY DENSITY

The effective energy densities of AB and SB are the highest, irrespective of the
used energy converter. KB has a much lower energy density than SB on all
accounts. Additionally, the highest energy efficiency for KB (when combined
with an SOFC) still does not come close to the lowest effective energy density
of SB (when combined with an ICE). Thus, KB is generally less energy dense.

Despite their different theoretical energy densities, figure 3.20 shows very
little difference between the LOHCs. Both LOHCs have energy densities much
lower than the other hydrogen carriers or MDO. Up to five times more LOHC
is required to have a similar energy density as MDO. However, the LOHCs
may be able to reach very similar energy densities as compressed hydrogen
(which is here estimated to have a gravimetric energy density of 6.5 wt% of
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hydrogen, the ultimate U.S. DoE goal [164]). A large difference in effective
energy density exists between the boron-based carriers and the LOHCs. There
are two main reasons for this. Firstly, the endothermic nature of the LOHCs
results in higher masses of the hydrogen carrier than the boron-based carriers.
Secondly, the LOHCs store less hydrogen per kilogram, theoretically, than
boron-based carriers.

The effective energy density is strongly influenced by the energy converter.
An energy converter with a higher efficiency will result in a higher effective
energy density. The energy density of AB when using a gas turbine differs
only slightly from MDO combined with a gas turbine. The energy density of
SB is lower than that of MDO for each of the combinations but does appear to
be in a similar ballpark. On the other hand, the energy density of AB with
an SOFC surpasses the combination of MDO with a GT and with an ICE.
Thus, AB and SB have high energy densities, on par with or at least similar to
current technologies.

3.5 CONCLUSION

This study aimed to evaluate the effective energy density of hydrogen carriers
as alternative fuels. This goal was accomplished by examining the efficiency of
the overall energy cycle when using alternative fuels. This model can calculate
different efficiencies in a simple, yet accurate manner, enabling the calculation
of the overall efficiency and, thus, the practicability of hydrogen carriers.

The model consists of two main types: the dehydrogenation process can be
either endothermal or exothermal. However, this dehydrogenation process
always requires either energy (in the form of heat) or mass (e.g. water).
To determine the overall energy density of the system, a thermodynamic
oD model was built which integrates the heat and masses of the system.
This model provided a first indication of the overall energy densities of five
hydrogen carriers combined with four energy converters, which are as follows.

SB and AB have the highest energy densities of the hydrogen carriers.
Without taking the spent fuel into account, these energy densities are close to
(and may, in some cases, even surpass) the energy density of diesel. Although
both LOHCs have lower energy densities, similar to that of compressed
hydrogen, other characteristics may still make them relevant. KB, on the other
hand, is not as favourable as SB.
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This chapter highlights the importance of heat and mass integration of hy-
drogen carriers and energy converters for the overall energy density. Although
the oD model only provides estimates, it shows compelling findings, which
should be investigated in more detail in future research. Hydrogen carriers
can achieve overall energy efficiencies similar to conventional fuels, thereby
considerably enhancing the attractiveness of more sustainable options.

36 FUTURE RESEARCH

The current model provides a simplified but well-founded overview of the ef-
fective energy efficiency and density of the different combinations of hydrogen
carriers and energy converters.

In addition to the energy density, power density is important for all ships.
To provide a more complete overview, the power density of each option
should be evaluated. This is particularly important for hydrogen carriers, as
their hydrogen-release systems require additional components that affect the
effective power density. Chapter 4 discusses these additional components and
their sizes.

The model currently calculates the gravimetric energy density. As some
ships are volume-limited, the volumetric energy density is also interesting.
Calculating this volumetric energy density can be easily done for the LOHCs.
LOHC:s are generally fluids in the hydrogenated and dehydrogenated states,
and their density is clearly defined. The boron-based carriers, however, are
powders. Powders have a bulk and particle density [166]. The differences
between these densities can be large and are influenced by the moisture
content and particle size [166]. Chapter 5 will also discuss the volumetric
energy density.
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“More science happens through lucky
accidents than you'd believe, Radiant Lopen,”
Rushu said. “It makes me wonder how many
amazing innovations we’ve passed up because

we were searching for something else, and
didn’t realize what we’d done.”

— Brandon Sanderson, Dawnshard
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CHAPTER SUMMARY

This chapter focuses on the power density and additional components re-
quired when using hydrogen carriers. Applying hydrogen carriers influences
ship design significantly, as they require additional specialised equipment to
remove hydrogen from the hydrogen carrier. This research estimates the size
of the equipment. As this equipment will need to be stored and maintained
on the ship, the exact sizing and sequence of the additional equipment will
likely influence ship design. Results show that the reactor size is significant
for all hydrogen carriers. Additionally, the size of respective energy converters
is discussed here.
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4.1 INTRODUCTION

Applying alternative power sources can have significant implications for
ship design and is thus extensively researched, mainly focusing on using
ammonia or methanol as alternative fuel [167], [168], [169]. Similarly, using
hydrogen carriers will significantly influence the ship’s power plant and,
consequently, ship design, as additional components such as hydrogen release
reactors are required. Additionally, these reactors cannot be placed everywhere
on the ship, as they produce pure hydrogen and thus need to be in regulated
and well-ventilated spaces. Besides the reactor, more components, such as
heat exchangers, may be necessary. All these additional components that are
required to release hydrogen from hydrogen carriers are components that are
not necessary without hydrogen carriers. So, using hydrogen carriers may
result in more components and, thus, more complexity.

As these additional components are of unknown size, it is unclear whether
they are significantly sized to influence ship design. For other alternative
tuels, such as methanol or LNG, it is clear that the additional components
will influence ship design [168], [169]. Research focuses on resulting required
design changes because of the space other components take up [168], [169].
However, the number of components explicitly needed for hydrogen carriers
as power sources, and the size of these specific components are unknown. The
sequence, size, and number of this specialised hydrogen carrier equipment
are required to see how they influence and perhaps limit ship design.

This chapter will evaluate the same hydrogen carriers and energy converters
as the previous chapter, namely the hydrogen carriers of SB (NaBH4), AB
(NH3BH3), NEC and DBT. Due to the small difference and limited energy
density of KB as compared to SB, KB will not be regarded in this chapter, and
the next. The investigated energy converters are a PEMFC, SOFC, hydrogen-
powered ICE and GT.

This chapter aims to identify and size the relevant components when
using the hydrogen carriers mentioned earlier as power sources onboard
ships. First, all the required components for each hydrogen carrier must be
known. Only the specifically relevant components for hydrogen carriers are

E. S. van Rheenen, J. T. Padding, A. A. Kana, and K. Visser, “Ship system design changes for
the transition to hydrogen carriers,” in Proceedings of the 15th International Marine Design
Conference (IMDC-2024), Delft: TU Delft OPEN Publishing, 2024.
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considered; general equipment for hydrogen-fueled ships is not regarded.
Each of these components will then be sized. This will form a first step in
designing hydrogen carrier-powered ships.

4.2 BACKGROUND

SB, AB, DBT and NEC are considered in this chapter. As energy converters,
same as in the previous model, the ICE, GT, PEMFC and SOFC are considered
[29]. More information on these carriers and their chemical and physical
properties, is given in appendix A.

4.2.1 REQUIRED COMPONENTS FOR HYDROGEN RELEASE

Figure 4.1 gives an overview of the specific components required for the
LOHC s to release hydrogen. After the carrier is transported from the tank,
heat exchangers are used to preheat the carrier up to the dehydrogenation
temperature. Part of this heat exchange already has to occur in the tank, as
DBT is highly viscous; thus, preheating is required to get it out of the tank.
The dehydrogenation of AB produces hydrogen and ammonia. Ammonia gas

Hydrogen Hydrogen

i Spent
carrier release P

Tank exchanger reactor fuel tank

Figure 4.1: Simplified flow diagram with required components and main heat and
mass flows for endothermic release hydrogen carriers

can be burned in a heat engine, for example, in a dual-fuel ammonia-hydrogen
internal combustion engine. For AB, only dual-fuel options of ammonia and
hydrogen gas are considered. Only the PEMFC cannot run on the ammonia-
hydrogen dual-fuel of the four investigated energy converters and is thus not
considered for AB, similar as in chapter 3. Figure 4.2 gives an overview of the
required components for AB and SB to release hydrogen.



90 POWER DENSITY

Hydrogen

Sarvie Mtz ) e [ 9] separator )
fuel tank

Tank LIS reactor

Figure 4.2: Simplified flow diagram with required components and main heat and
mass flows for exothermic release hydrogen carriers

4.2.2 ENERGY CONVERTER

Energy converters convert the chemical energy inside hydrogen to electrical
or mechanical energy. The model will simulate four different energy convert-
ers, namely a hydrogen spark ignition (SI) ICE, a PEMFC, SOFC and GT,
as these are all considered possible alternatives within the shipping sector.
At the moment, a compression ignition running on pure hydrogen is not
feasible without a way to ignite the hydrogen and is thus not regarded [170].
Additionally, SI ICEs are more researched, and more data is available for
these heat engines [142]. The output of both the SI ICE and GT is regarded
as mechanical. Both are assumed to be able to run on pure hydrogen and a
hydrogen-ammonia mixture [142], [147], [148].

4.3 METHOD

Using hydrogen carriers on ships results in additional components needed on
board compared to using pure hydrogen or conventional fuels. Some of these
components are specific to hydrogen carriers, whereas other components,
such as the energy converter, may be different for hydrogen-based fuels in
general. This research only covers the hydrogen carrier-specific components,
not the hydrogen-specific components. These components are visible in figure
4.3, where the components that will be looked at in detail in this research
are coloured green. The required input parameters, such as mass flows,
compositions and temperatures, are calculated using the previously created
oD model (see also chapter 3). Figure 4.4 shows a simplified model outline
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based on [29]. The model is built so that each energy converter, regardless of
the hydrogen carrier, will always have an output power of 2 MW, which is
relevant for medium-sized vessels such as ferries and small cargo ships.

Pre-
Hydrogen treatment Hydrogen

carrier Release
Tank

Spent

(mixing, 3 fuel tank
heating)

reactor

Energy
converter

Figure 4.3: Overview of all components required on a ship when using hydrogen
carriers as a power source. The components denoted in green are hydrogen
carrier specific components and, thus, the main focus of this research

This section describes the necessary steps to upgrade them to get an over-
view of the sizing. A different approach is used for each component due
to their significant difference in functionality. The parameters required for
upgrading the components, such as mass flows and temperatures, are given by
the oD model. The following subsections will describe each critical component
in detail and how they can be upgraded.

4.3.1 OD MODEL

Figure 4.4 gives an overview of the oD thermodynamic model’s layout, as
implemented in Matlab Simulink. The power requirement, the hydrogen
carrier and the energy converter can be chosen. These three parameters then
define the mass flow of the hydrogen carrier. This mass flow, in its turn, defines
the required energy for preheating and, if applicable, dehydrogenation. The
model runs a complete iteration, including an energy balance check, and
adjusts the mass flow accordingly if the required power and the output power
do not match.

Tables 3.1 and3.2 give an overview of the used parameters and the resources
from which they were derived. The thermodynamic model provides estimates
and a simplified representation of reality. For example, the model does not
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Figure 4.4: Simplified overview model. Flows that are used as a heat source can be
turned on and turned off when necessary. Q,,, stands for waste heat, Qe
is the heat required for preheating and, if applicable, dehydrogenation
and Qs stands for the heat inside the spent fuel

consider the preheating of air for a SOFC. In reality, this preheating, which is
required, is a major, high-temperature heat sink [143]. When the heat needed
for the dehydrogenation of the hydrogen carrier cannot be covered with waste
heat from the energy converter, hydrogen will have to be burnt to cover the
heat requirement. The heat required for preheating and dehydrogenation,
Qreq, and the heat available inside the spent fuel, Q; £, are calculated according
to the following equation:

Q=rir-cp- AT (4.1)

With Q the heat in kW, 71 the mass flow in kg/s, ¢y the heat capacity, in
k] /kgK and AT the temperature difference in Kelvin. In the Matlab model,
¢p is considered constant, not temperature-dependent. Q, is defined by the
percentage of heat going from the reactor to heat losses (denoted by P coolant
and P flue gas in table 3.1). A fixed temperature difference is set for flue gasses
and coolant, which is used to calculate the flue gas’s or coolant’s mass flow,
using equation 4.1. The required mass flow of the flue gas or coolant to go
into the heat exchanger is similarly calculated. However, if the heat (denoted
by Q) is larger than required to heat the hydrogen carrier in that temperature
window, the mass flow is adjusted, as equation 4.1 is always true [171].
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4.3.2 PRETREATMENT: MIXING TANK

The boron-based hydrogen carriers are mixed with water in the mixing tank.
This mixture is then further heated in heat exchangers before entering the
reactor. The mixing tank uses a stirrer. The size of the mixing chamber depends
on the required power and the selection of spent fuel. The hydrolysis reaction
of the boron-based carriers is visible in equation 3.2 and 3.1. The hydrolysis
requires a surplus of water. The amount of water, defined by the (2+x) term,
is the minimum amount needed for the reaction to happen. Additionally, it
defines the composition of the spent fuel. The (2+x) term depends on the
temperature if enough water is available [159]. More important, however,
is the solubility of the fuel and spent fuel in water. The amount of water
should be sufficient to avoid spontaneous crystallisation, which may result in
clogging. For both AB and SB, the spent fuel is less soluble in water than the
fuel. As both the fuel and spent fuel are present in the reactor, the limiting
substance defines the amount of water. For AB and its spent fuel product,
boric acid, the limit at temperatures of 353K is about 19 wt% of AB in water
[172]. For SB, this limit lies at around 44 wt% SB in water [159]. These limits
thus define the minimum amount of water required in the mixing tank.

The size of the mixing tank is determined as follows. The amount of
water required for the boron-based hydrogen carrier spent fuel to completely
dissolve at 353K (the operating temperature of the reactor) is calculated. This
amount of water is compared to the stoichiometric amount of water required
for the reactions (as depicted in equations 3.2 and 3.1). The largest amount
of water is taken. This amount should always be compared to the amount
of boron-based hydrogen carrier that can be dissolved at room temperature
(293K) without crystallisation [83], [173]. The spent fuel is the limiting factor
for SB and AB. The largest amount of water (stoichiometric or dissolvent
value) must be held in the mixing tank. As the boron-based hydrogen carriers
will completely dissolve, their volume is negligible.

4.3.3 PRETREATMENT: HEAT EXCHANGERS

All hydrogen carriers need to be heated before entering the reactor. The
amount and type of heat exchangers depend on the energy converter chosen
and the hydrogen carrier.
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A heat exchanger with a large heat transfer surface per unit volume is a
compact heat exchanger. The ratio of heat transfer surface area to the volume
of the heat exchanger is called the area density, denoted with B[171]. Generally
speaking, heat exchangers with a f in excess of 700 m?/m? are classified as
compact, with heat exchangers in microreactors reaching area densities of over
15000 m?/m? [171], [174]. However, these high-area density heat exchangers,
which also include printed circuit heat exchangers, have high pressure drops,
making them less suitable for the specific applications addressed in this paper
due to the high viscosity of some of the fluids, such as LOHCs [171]. To have
an efficient heat exchanger, the thermal conductance of both fluids should be
similar [175]. This is more likely the case for liquids than for liquid-gas heat
exchangers. Thus, liquid-liquid heat exchangers generally require different
heat exchangers compared to liquid-gas heat exchangers [175].

The type of heat exchanger is defined by the fluids flowing through it.
Generally, heat exchangers can differ depending on the fluid (gas or liquid),
viscosity, fouling, pressure and temperature of the fluid [171], [175]. As the
pressures are similar for all four hydrogen carriers (1-10bars), different heat
exchangers are unlikely to be required based on pressures. Fluid types differ,
and both liquid-liquid and gas-liquid heat exchangers are required. Similarly,
the temperature ranges of the hydrogen carriers vary significantly, as dehyd-
rogenation temperatures range from 353K to 573K. Finally, the viscosity of
the different hydrogen carriers differs. The boron-based hydrogen carriers
are mixed with water, and these mixtures have viscosities that are relatively
similar to water. DBT is highly viscous at low temperatures, with viscosities
of up to 4000 mPas [152].

Additionally, several other parameters must be known to evaluate the sizing
of heat exchangers, namely, the mass flows, and in- and outlet temperatures
of both the hot and cold sides. Thus, the oD model should provide these
mass flows. However, the oD model uses a fixed heat capacity to calculate
the mass flows of the hot side, which may result in small errors. The heat
exchangers will all be designed in Aspen Exchanger Design & Rating (EDR),
which will adjust the mass flow of the hot fluid when necessary. Aspen
EDR can calculate the exact size and mass of heat exchangers and is widely
used in industry and heat exchanger design research (K. Hooman, personal
communication, November 27 2023). As a basis, the material properties from
Aspen are incorporated. When a disagreement occurs between data obtained
from any of the Aspen databases and experimental values from the literature,
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the data from the literature is taken. As the oD model only incorporates a
fixed, heat capacity value, the heat exchanged within a heat exchanger might
differ between Aspen and the oD model. In these cases, the mass flow of the
heat source is adjusted accordingly while checking if the mass flow does not
exceed the maximum mass flow according to equation 4.1.

Expected amount and sequence of heat exchangers

The oD model can be used to estimate the amount and sequence of the heat
exchangers (see chapter 3). The boron-based hydrogen carriers are mixed with
water before entering the release reactor. This mixture has to be heated as
well, and considering the difficulty of heating solid powders, the boron-based
hydrogen carriers will be heated as a mixture. Heating the mixture will occur
in a heat exchanger and requires only one heat exchanger, as they need to be
heated to only 353K. No heat exchangers with spent fuel are used to avoid
crystallisation inside heat exchangers. So, either flue gasses or coolant is used
to preheat the exothermic-release hydrogen carriers, which are believed to
contain enough heat to fulfil the requirements.

The endothermic-release hydrogen carriers, the LOHCs, will likely need
more heat exchangers. When applicable, the LOHC will be heated in the first
heat exchanger using the coolant from the energy converter. The second heat
exchanger uses the spent fuel to heat the LOHC to almost the dehydrogenation
temperature. A drawback for NEC here is that its spent fuel turns into a solid
at temperatures lower than 343K. Thus, the fuel must be heated to at least
343K before entering the second heat exchanger. Finally, using flue gasses, a
third heat exchanger will heat the LOHC until it reaches the dehydrogenation
temperature.

4.3.4 AFTER TREATMENT: SEPARATOR AND CRYSTALLIZER

If the conversion rate of the LOHC is below 100%, a separator may be advant-
ageous. The threshold below which a separator becomes worthwhile depends
on the energy density, desired ship range, and volumetric fuel tank require-
ments. However, if a separator is larger than the additional fuel required to
compensate for the lower conversion efficiency, it would not be worth using.

Next to the separator, a crystalliser can crystallise the spent fuel from
the water to avoid storing large amounts of spent fuel. This water prevents
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the spent fuel from crystallising and thus clogging the system. The water
required depends on the spent fuel, as the solubility of the spent fuel is lower
than that of the fuel itself [159], [172], [176]. However, the water also adds a
large amount of weight and volume to the spent fuel, reducing the energy
density of the whole system. Thus, crystallising the spent fuel is essential,
and a crystalliser has to be added to the system. For hydrogen carriers that
exothermically release hydrogen, such as SB and AB, the crystalliser’s size
must be at least as big as the reactor’s. In an emergency, the content of the
reactor can then be dumped in the cooled crystalliser to stop or at least
significantly slow down the hydrogen release reaction. This is unnecessary
for hydrogen carriers that release endothermically as withholding heat will
stop the reaction.

The sizing of the crystalliser and the separator highly depends on the
conversion rate inside the reactor. In turn, this depends on the choice of
catalyst, the amount of catalyst, the temperature, the throughput time of
the reactor and, for boron-based carriers, the amount of additional water.
Especially the catalyst choice is of significant influence and is thus well-
researched [113]. Because of the depth of the studies on this subject, it was
decided not to incorporate this.

4.3.5 RELEASE REACTOR

The hydrogen release reactor is where the hydrogen is released from the
hydrogen carrier. In this reactor, the hydrogen carrier passes by the catalysts,
upon which it reacts and releases hydrogen. Many researchers are studying
this process. More detailed information on release reactors is provided in
[177]. In this chapter, however, the release reactor will be modelled as a plug
flow reactor, with a jacket around it to provide the necessary heat or cold. The
plug flow reactor is assumed to have a membrane to remove the hydrogen.
The hydrogen gas will expand vastly and thus significantly influence the
reactor’s working if not removed immediately.

The dehydrogenation of endothermic-release hydrogen carriers requires
heat. A buffer fluid will be used when the heat has to be supplied to the
reactor, and the heat source is not considered constant (such as flue gasses).
This buffer fluid reduces the system’s efficiency but controls the heating
system. Using a buffer fluid can prevent overheating of the reactor, which can
result in the decomposition of the hydrogen carrier and has to be avoided.
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4.4 RESULTS AND DISCUSSION

This section discusses the main results. The model is first validated using
pinch diagrams and a sensitivity analysis. The sizing of the mixing tank and
reactor, as well as the type and sizing of the heat exchangers, is discussed
next. It is important to realise that only the components from figure 4.3 are
considered. The storage tanks, engines or fuel cells, and potential hydrogen
burners are not considered, despite taking up significant amounts of space.
The PEMEFC is not considered in the case of AB. AB releases both hydrogen
and ammonia. Cracking or storage of ammonia is not deemed feasible and
the ammonia will be used as fuel, together with hydrogen [29]. This rules
out a PEMFC, as ammonia is toxic to PEMFCs and strongly reduces the
performance of the PEMFC [178]. Thus, the figures of AB will have only three
results and the PEMFC is left out.

4.4.1 VALIDATION: INFLUENCE OF VISCOSITY

The viscosity of AB mixed with water is unknown. Thus, an estimation was
made. The level of AB in the water (3mol/L, [172]) is much lower than the
solubility limit. Therefore, low viscosity (1-2 mPas) is assumed. A sensitivity
analysis was used to control the influence of small changes in the viscosity on
the output of Aspen EDR. The viscosity was changed with a factor of 1.5 and
2, without any changes in the heat exchanger. Thus, such small changes in
viscosity are insignificant.

4.4.2 MIXING TANK

To estimate the size of the mixing tank, the residence time and the mass
flow of the mixture must be known. The residence time is defined by the
dissolution time of the crystals, and is strongly influenced by the mixing
equipment. The residence time should be sufficient to ensure sufficient mixing
to avoid crystallisation. The residence time in mixing vessels for SB and
AB is estimated to be relatively short (about 3 minutes), resulting in small
mixing tanks. The mixing time is based on data from Aspen for SB. The
same mixing time for AB is taken, as no additional data is available for AB.
Experiments should be performed on the mixing time to estimate the mixing
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tank size better. Figure 4.5 gives an overview of the mixing tank size without
considering a safety factor.

Mixing tank size
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Figure 4.5: Size of mixing tanks, without safety factor

4.4.3 HEAT EXCHANGERS

This section will describe the choice and consequent size of heat exchangers.
Table 4.1 gives an overview of the types of heat exchangers required for the
different hydrogen carrier and energy converter combinations.

Choice of heat exchangers

Two main types of liquid-liquid heat exchangers exist: the shell-and-tube heat
exchanger and the plate heat exchanger. The shell-and-tube heat exchanger
is very common in industrial heat exchangers but is less suitable for the
specific applications onboard ships, as they are relatively large and heavy
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[171], [175]. This thus leaves plate heat exchangers, which are well suited
for liquid-to-liquid heat exchange applications. The main limitation of plate
heat exchangers is their unsuitability when large pressure or temperature
differences between the hot and cold fluids occur [171], [175]. Neither occurs
in any of the heat exchangers. Plate heat exchangers are generally cheaper,
have less fouling and have shorter residence times than shell and tube heat
exchangers [175]. As the dehydrogenation processes for all of the mentioned
hydrogen carriers occur at only a few bars, and coolants are generally in a
similar pressure range, this does not seem to be an issue. Thus, plate heat
exchangers are the only type of heat exchangers considered in this research
for liquid-to-liquid use.

The only exception to the plate heat exchangers is dehydrogenation reactors’
heating (and cooling). The reactor design focuses on the reactor itself and
less on the heating or cooling. For simplicity, a jacketed reactor is chosen.
The jacket around the reactor can provide necessary heating or cooling. The
reactors will be considered plug flow reactors, and the hydrogen is assumed to
be immediately removed from the reactor. This latter is required as hydrogen
is a gas and takes up a lot of volume. Removing hydrogen gas as soon as
possible is essential for the reactor to keep working properly.

For liquid-gas use, plates with fins heat exchangers are used. A sensitivity
analysis showed that plate heat exchangers would be significantly larger than
plate-with-fins heat exchangers. Plate with fin heat exchangers are often used
for liquid-gas heat exchangers, as they can have different surface areas for the
gas and the liquid. Gasses usually require larger surface areas due to their
lower heat capacities.

Sizing of heat exchangers

Figure 4.6 gives a more in-depth overview of the sizes of the different heat
exchangers. Clear differences between the boron-based hydrogen carriers and
the LOHCs can be seen. The LOHCs require several heat exchangers, which
are significantly sized, while the boron-based hydrogen carriers require a
single, small heat exchanger with a size of several litres.
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Between the boron-based carriers, the heat exchangers required for heating
SB (represented in figure 4.6c) are smaller than those for AB (figure 4.6d).
This difference is explained by the different amounts of water required for
these carriers. Due to the higher solubility limits of the spent fuel of SB, less
water is required in the process. More water is required in the process for AB,
resulting in a larger overall mass flow, greater heat demand and thus, a larger
heat exchanger. These figures also show that heat exchangers that use hot
gasses as heat sources can be smaller than liquid-liquid heat exchangers. The
internal area of the plate with fins heat exchanger is larger than that of the
plate heat exchangers.

The results of the heat exchanger geometry for liquid organic hydrogen
carriers differ greatly. The heat exchangers are generally tenfold larger than
those of the boron-based hydrogen carriers. From figures 4.6a and 4.6b, it
appears that the heat exchangers, when integrating with an ICE or PEMFC,
are significantly smaller than those with a SOFC or GT. However, it should
be noted here that the ICE and the PEMFC cannot cover the complete heat
requirement of the preheating and dehydrogenation process of the LOHCs.
An additional heat source, most likely hydrogen burning, is thus required.
This reduces the energy density and efficiency of the system and requires an
additional heater. This additional heater also needs to be sized. However, as
this is a burner and not a heat exchanger, it is not considered here.

On the other hand, the complete system of heat exchangers required for
the SOFC or GT integration can be simulated. Figure 4.6a shows that heating
the buffer fluid results in an extremely large heat exchanger for this system.
The large heat demand of the dehydrogenation process can explain this. The
complete flue gas flow is required to heat the buffer fluid sufficiently. For both
NEC and DBT, the differences between the gas turbine and the SOFC buffer-
fluid heat exchanger are significant. These differences occur due to the mass
flow of the flue gas of a gas turbine and SOFC. The mass flows are calculated
using equation 4.1. As the SOFC has a larger temperature difference, the
mass flow is consequently less than for the GT, with a smaller temperature
difference. Additionally, the SOFC has a higher efficiency and, as visible in
table 3.1, the overall component of the total available power going to heat is
less for an SOFC than for a GT. Thus, combined, the mass flow of an SOFC is
much lower than that of a GT, resulting in a smaller heat exchanger. However,
figure 4.6a shows much larger heat exchangers in general, especially visible
in the buffer, but also the other heat exchangers (for all energy converters) are
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larger. This difference occurs because dbt generally requires more heat, both
for preheating and dehydrogenating. In figure 4.6b, a very small, additional
heat exchanger is visible, which is required as the spent fuel of NEC should
not be used to preheat the fuel at low temperatures. The spent fuel freezes
at around 343K and should thus not be cooled down strongly. Thus, a heat
exchanger must be added to do the first flue gas cooling step. These heat
exchangers are generally very small, approximately 10L.

Knowing the size of the heat exchangers is not the only result of this study.
The sequence and amount of heat exchangers is also an important input for
ship design. As all the heat exchangers have to be connected to each other and
different heat sources, they introduce limitations to the ship’s design [168].
These limitations occur less when using fewer and smaller heat exchangers;
the design freedom when incorporating boron-based hydrogen carriers is thus
much higher compared to LOHCs.

4.4.4 REACTOR

Figure 4.7 gives an overview of the reactor sizes. The reactor size depends

largely on the throughput time. In this case, a throughput time which results

in a high conversion rate (>95%) is chosen. The throughput time can be shorter

for lower conversion rates. The conversion rate depends on the temperature,
catalyst, reaction rate, type of reactor, and more [113], [179]. Additionally,

catalyst packing influences the volume size. In all of the cases, a packing

factor of 0.5 is considered. The throughput time and conversion rate do not

depend on the energy converter. The differences for each energy converter,

as visible in figure 4.7, occur due to different mass flows. Higher mass flows

with the same throughput time result in a larger reactor size.

Experiments are generally required to calculate conversion rates and through-
put times. These conversion rates and throughput times strongly influence
the reactor size and the hydrogen release rate. Literature shows this as well.
SB, for example, was reported to have throughput times of 1 to 2 hours [180],
whereas more recently, throughput times in the order of 20 minutes have
been reported [181]. Thus, they form an area of very active research, as the
hydrogen release rate influences the suitability and usability of a hydrogen
carrier. As this area of research is very specialised, only known throughput
times with a high conversion rate are considered [179], [181], [182]. Figure
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Figure 4.7: Estimated reactor sizes of different hydrogen carriers for different energy
converters

4.7 clearly demonstrates the requirement for low throughput times, as the
difference in reactor size is large.

4.4.5 OVERVIEW OF TOTAL REQUIRED COMPONENTS

Figure 4.8 gives an overview of the total sum of the size of the required
components. Each of the specific components is influenced by several factors,
each with its own levels of reliability. Thus, the resulting sum of the sizes
is an indication. The reactor size is the main influence of the components’
total sizing. This figure clearly shows that the equipment’s total size does
not differ too much if the throughput time of the reactor is low enough. The
relatively large heat exchangers required for NEC and DBT are only relevant
if the reactor size is similar to that of SB and AB. Even then, the overall sizing
of the equipment is similar. The size of the mixing tank required for SB and
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AB is similar to the heat exchangers required for DBT and NEC (except when
combining these with a GT, in which case the heat exchangers are significantly
larger).

Total Sizes
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Figure 4.8: Overview of sizing of all components

4.5 CONCLUSION AND RECOMMENDATIONS

The sizing of all relevant components must be known to estimate the possible
ship design changes required for incorporating hydrogen carriers as the power
source. This research aims to give an overview of all the relevant components
and their sizes.

The size of the release reactor is most significant for all hydrogen carriers.
Further research on catalysts will hopefully result in shorter throughput
times. This research clearly shows the benefit of shorter throughput times, as
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these strongly influence the reactor sizing. As this reactor has to be placed
in a specialised room (due to the release of hydrogen), having an exact
size is important. The reactors required for AB appear slightly larger than
those for SB reactors. This size largely depends on the throughput time and
dehydrogenation rate. The other components, such as heat exchangers and a
mixing tank, are significantly smaller than the reactor. The heat exchangers
are of such small size that it is unlikely they will influence ship design.

The sizing of heat exchangers is of importance only for LOHCs. The heat
exchangers required to heat the buffer fluid are especially large. When no
buffer fluid is required, and the main part of heating has to be done using
hydrogen, no estimates on equipment size have been made. In general, the
heat exchangers required to preheat and, when possible, provide enough heat
for the dehydrogenation process of LOHCs are large and numerous. As these
heat exchangers need to be in a fixed sequence and use waste heat, they create
limitations on the ship design. Additionally, all of the equipment for DBT is
larger than that for NEC.

All in all, the boron-based carriers pose fewer limitations to ship design. The
required equipment is smaller and less numerous, even though it is still in a
fixed sequence. In all cases except for the PEMFC, only three components are
necessary: a mixing tank, a single heat exchanger and a reactor vessel. When
a PEMFC is used, a small hydrogen burner is also required. For LOHCs, more
and larger components are needed. The only setups in which no hydrogen
burner is required need at least 3 (for DBT) or 4 (for NEC) heat exchangers.
Besides these, a reactor is also required.

A clear understanding of the required components and their sizing is essen-
tial for designing ships using hydrogen carriers, and this chapter provides that
foundation. The following chapter builds on this by evaluating the trade-off
between the carriers” power density and energy density and assessing their
applicability for maritime use.
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“Change often starts with the smallest of
whispers. Like-minded people building it up to
a roar”

— TJ Klune, The House in the Cerulean Sea
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CHAPTER SUMMARY

This chapter quantifies the power and energy trade-offs of four hydrogen
carriers. Four reference cases (MeOH, ammonia, LH2 and MDO) are also
examined. These case studies (carrier and converter combinations) are as-
sessed using Ragone plots to compare their performance for several shipping
applications. The results indicate that AB combined with ICE and SB com-
bined with a PEMFC offer energy and power density profiles suitable for
various vessel types, including inland ships and ocean-going vessels. These
combinations also show strong potential for specialised vessels such as fishing
boats, dredgers, tugs, and ferries, which operate under unique load profiles
and duty cycles. Compared to other alternative fuels, such as ammonia, meth-
anol, and liquid hydrogen, hydrogen carriers demonstrate higher energy and
power densities. In specific applications, they may even outperform MDO
paired with an ICE, highlighting their potential for zero-emission maritime
propulsion.
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5.1 INTRODUCTION

Some ships are limited by available volume, others by weight. Operational
demands vary as well: some vessels experience high peak power requirements,
while others operate under steady loads. Historically, MDO with ICEs satisfied
most operational demands, but at a high environmental cost.

As the industry transitions to alternative fuels and converters, these once-
reliable performance characteristics are no longer guaranteed. Different ship
types will likely require tailored combinations because alternative fuels and
energy converters differ significantly in power output, efficiency, and energy
density. Understanding how these combinations perform in terms of power
and energy density is therefore crucial to evaluating their suitability for
different maritime applications.

Comparative studies that integrate system-level optimisation and evaluate
both energy and power density of alternative marine fuels remain scarce.
Several works have compared various more conventional alternative fuels
(e.g., liquid hydrogen, methanol, ammonia) with different converters (ICE, gas
turbine, PEMFC, SOFC). However, these focus mainly on fuel cells and omit
hydrogen carriers (like LOHCs, SB or KB) or heat integration [18], [22]. Studies
that incorporate hydrogen carriers do exist. Most of these studies concentrate
on a single fuel family, such as liquid organic hydrogen carriers (LOHCs)
[21], [23], [24], [25], [26]. Others provide limited multi-fuel comparisons
[27], [28], [29], or only broad, high-level overviews [19], [30]. Finally, some
single-fuel marine studies incorporate detailed integration, but without cross-
fuel comparisons [31], [32]. To the authors” knowledge, no study has yet
compared SB, AB, NEC and DBT on a system-level with their associated
converters, including waste-heat integration and simultaneous evaluation
of power and energy density. Moreover, these other studies often neglect
hydrogen carriers, only regard specific fuels, or fail to optimise for system-
level integration. Additionally, they do not sufficiently account for the wide
variation in energy and power demands across different ship types. This
chapter addresses these gaps by systematically evaluating fuel-converter

The content of this chapter is based on the following articles:
E.S. van Rheenen, A.A. Kana, K. Visser, ].T. Padding, "Energy and Power Density as Key
Metrics for Assessing Hydrogen Carriers as Alternative Fuels in Maritime Applications", under
review at Energy Conversion and Management: X as of 2025
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combinations in terms of their energy and power density, considering diverse
vessel requirements. In particular, this study assesses the applicability of
hydrogen carriers for maritime propulsion by explicitly linking power and
energy density constraints to representative ship types. The key objectives of
this chapter are to:

¢ Quantify the power and energy densities of selected hydrogen carriers
and energy converters

¢ Evaluate hydrogen carrier—converter combinations for representative
marine applications using Ragone plots

* Enable a consistent, system-based methodology to enable cross-carrier
comparison

This chapter, thus, systematically evaluates alternative fuels and converters,
focusing on hydrogen carriers. To cover both conventional and emerging op-
tions, this study evaluates eight fuels. Firstly, there are four hydrogen carriers:
sodium borohydride (SB), ammonia borane (AB), dibenzyltoluene (DBT) and
n-ethylcarbazole (NEC). Secondly, there are four reference fuels: marine diesel
oil (MDO), ammonia, methanol (MeOH), and liquid hydrogen (LH2). These
fuels are analysed in combination with different energy converters, including
ICEs, gas turbines (GT), PEMFCs, and SOFCs. By comparing their energy and
power densities using Ragone plots, this study provides new insights into
the trade-offs of alternative fuel-converter systems and their suitability for
different maritime applications.

A fundamental challenge in comparing hydrogen carriers lies in their dis-
tinct system integration requirements, which result in different combinations
of reactors, heat integration schemes, and converters. These differences make
comparison complicated. The contribution of this work is to establish a con-
sistent, system-based methodology that enables cross-carrier comparison on
equal terms, using power and energy density as unifying performance metrics.

5.2 METHOD

Figure 5.1 provides an overview of the entire process to deliver power to
the ship’s propeller, illustrating the various components that influence either
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Figure 5.1: Schematic of mass and heat flows from fuel storage to propulsion, includ-
ing optional storage of spent fuel and integration of heat exchangers

energy density or power density. This section starts by outlining the relation-
ship between power and energy density. Section 5.2.2 goes into detail on the
energy density of these fuels, describing what is relevant. Furthermore, sub-
section 5.2.3 describes the energy converters and other components relevant
to calculating the overall power density. In subsection 5.2.4, the usefulness
of waste heat integration and its influence on the energy density is briefly
discussed. Subsection 5.2.5 discusses assumptions and system boundaries.
Finally, subsection 5.2.6 describes how the 16 hydrogen carrier and energy
converter combinations will be assessed.

5.2.1 RELATION POWER AND ENERGY DENSITY

Some components in figure 5.1, such as the fuel and empty fuel storage,
influence the energy density; other components, like the hydrogen release
reactor and heat exchangers, affect the power density. The power and energy
density are closely related and can be visualised in a Ragone plot [18]. The
Ragone plot requires an expression for the power density and the energy
density, both of which require the following definitions:

¢ P is Power, delivered by a power converter, in [W]
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¢ Eis Energy in [J]
¢ 7 is the combined efficiency of the energy converter and reactors
» W is the energy density of the fuel, in [J/kg]

e P’ is the power density of a single component (the power converter), in

[W/kel
e P" is the power density of the whole system, in [W/kg]
* 11y is the mass of the fuel, including the tank, in [kg]
* m, is the mass of the power converter, in [kg]
¢ tis the sailing time, in [s]
The required energy, E, to sail a certain distance can be expressed as follows

[18]:
_n

n

The amount of fuel required to fulfil this demand can be expressed with
my = E/W, so:

E (5.1)

M, — ﬂ (5.2)
w = W 5.
To calculate the power density, P”, we define it as follows: the power of the
system, divided by the total mass of the system.

P p P

N mp + my N mpy + ’71%/ (53)

If we then fill in the definition of the power density of the power converter,
P’ = P/my, we get the following equation for the power density of the whole
system, also used by [18]:

P// —

(5-4)

Pyt Pt
mp+ = I+ 5w

Referring back to energy, equation 5.4 shows that, when t goes to infinity, P”
goes towards zero [18]. However, the effective energy density of the system,
W' = P"t, does not go towards zero but tends to #W as t goes to infinity.
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Equation 5.4 shows that there is a relation between the effective power and
energy density of a system. This relation can be plotted to compare different
energy systems, as previously done to compare fuel cell systems for example
[18]. Each of the different systems has its own efficiencies and power densities.
Equation 5.5 gives an example of how to combine the power densities [18].

i + ; + 1 )—1
P;SC P;eactor PI,-IEX

P’ = ( (5.5)

5.2.2 FUEL PROPERTIES AND ENERGY DENSITY

The traditional way of calculating the energy density of hydrogen carriers is
to evaluate the amount of hydrogen inside the carrier, for example, by weight
percentage. These energy densities can be seen in table 5.1 and give a relative
objective overview of the energy density of these specific hydrogen carriers.
However, this method has several flaws, including the omission of key factors
such as specific reaction characteristics [83], bulk fuel densities [183], and tank
weight [16]. So, it does not give an accurate overview of the amount of energy
available inside each of the carriers.

‘ Gravimetric energy density [M]/kg] ‘ Volumetric Energy Density [M]/L]

Sodium borohydride (NaBHy) | 12.8 13.7
Ammonia borane (NH3;BH3) 23.5 14.4
Dibenzyltoluene (Cp;Hag) 7.4 7.0
N-ethylcarbazole (C14H5N) 7.0 6.6

Table 5.1: Theoretical energy densities of hydrogen carriers, calculated based on the
number of hydrogen atoms, which can be extracted from the carrier.

Hydrolysis Reaction

SB reacts with water to release hydrogen. This reaction with water is not
useful in many settings, as the water often also needs to be brought along;
however, ships have a distinct advantage here, as there is water all around.
The reaction, visible in equation 5.6, shows that half of the hydrogen released
stems from water. This means that the overall energy density can be doubled,
especially as, theoretically, no (large) water storage is required. Hydrolysis
of SB by direct use of seawater is chemically possible; however, in practice it
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leads to rapid fouling, chloride-induced corrosion, and contamination of the
NaBO,-xH,O mixture, making regeneration extremely challenging. For this
reason, it is foreseen that purified water, e.g. from a Reverse Osmosis (RO)
unit, will be used on board of ships. Note that the size of this RO unit can
be minimised in case water is recovered from the exit stream of the power
converter (ICE, GT or fuel cell).

NaBHy + (2 4+ x)H,O — 4H; + NaBO,.xH,O + Heat (5.6)

x ranges in this equation from o to 4, depending on the circumstances in
which the reaction occurs.

Similarly, AB also reacts with water. Unlike SB, AB releases hydrogen and
ammonia. The energy density of the fuel is easy to calculate when only the
hydrogen is used. Ammonia also has to be used to use more of the available
energy. However, this proves to be more difficult. Firstly, ammonia dissolves
excellently in water [184]. The reaction from equation 5.7 has to occur in excess
water to avoid the boron oxide’s crystallisation. Because of this excess, most
of the ammonia will dissolve in the available water and must be extracted
before it can be used. It has been mentioned that not all ammonia will dissolve
in water; some of it will be released in the gas phase [83]. There are several
methods to extract ammonia from pure water, but the solution also entails
boron oxide and, possibly, some unreacted AB. Luckily, extracting ammonia
from contaminated water is a well-researched field, due to the many other
applications this extraction process has [185]. If the ammonia is successfully
removed, it can either be burned directly or decomposed into hydrogen and
nitrogen. To avoid complicating the onboarding process, this chapter does not
consider the latter option.

NH;3BH; + 3H,0 — 3H, + B(OH), + NH3 + Heat (5.7)

Bulk Density

Both SB and AB are powders. The particle density is often used to calculate
the volumetric energy density, from the gravimetric energy density. However,
powders have two types of densities: a particle density and a bulk density.
Powders or granular materials are made of individual particles, and between
these particles, there are voids, which lower the overall density of the material
[183]. Generally, only the particle density (e.g, the density of one single grain)
is provided. However, the bulk density is much lower than the particle density,
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due to the voids between particles [183]. For example, the particle density of
SB is 1.07 g/cm3, whilst the bulk density is much lower. For powder, it can
be 0.550 g/ cm?®, whilst granules have densities in the order of 0.510 g/ cm’
[183], [186]. Other sources assume a 60% reduction in density [187]. This large
difference negatively influences the volumetric energy density of both SB and
AB. In this research, the density of both SB is assumed to be 0.550 g/cm?.
Based on preliminary, unpublished, in-house laboratory measurements and
handling observations conducted by the authors, the bulk density of AB is
estimated at approximately 0.4 g/cm?. This bulk density is used to calculate
the volumetric energy and power density of AB. Given the preliminary nature
of the estimate, further analysis is required to assess the exact bulk density; at
the moment, it is an estimate regarding the order of magnitude.

Spent Fuel

Unlike traditional or conventional alternative fuels, hydrogen carriers are
circular. This implies that the empty fuel, often called spent fuel and denoted
by SE, must be returned to shore for regeneration. It has been hypothesised
that the spent fuel can be stored in the same tanks as the fuel [19]. This requires
only one empty tank to serve as a transfer buffer: you pump the spent fuel into
it, and then pump new fuel into the now-empty tank, a process that avoids
the need for dedicated spent fuel storage and saves weight and space. Careful
tank design and mass distribution are essential to avoid potential sloshing and
stability impacts [19]. However, this concept remains theoretical and has not
yet been demonstrated in a maritime setting. A detailed assessment of tank
stability and sloshing is beyond the scope of this study, but these concerns
should be addressed in future design work.

Additionally, enhancing complexity, both SB and AB have spent fuels that
are heavier than the original fuel. Equations 5.6 and 3.1 show the products of
the hydrolysis reaction. The x in the equation for SB (equation 5.6) depends
on the temperature and other circumstances, and ranges from o to 4 [159].
Usually, in the circumstances after the hydrolysis reactor, x equals 2 [159].
Practically, this means an increase in weight of 2.7 times the original weight
of the fuel. This means that the substance in the fuel tanks is 2.7 times heavier
when re-entering the harbour as compared to leaving (if all fuel is used). For
AB, this difference is only 2 times. These differences are significant and greatly
reduce the energy density of the fuel, but one should note that this only occurs
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during the voyage. Especially if not all fuel is used, the effect is mitigated. It
is thus hard to estimate the exact result of this effect. In this paper, we will
assume that x=2, as drying the fuel onboard the ship to enhance the energy
density is not considered practical nor feasible.

The practical influence of the spent fuel on the overall space and weight
the fuel requires is investigated in section 5.4.2. To assess the effect of the
spent fuel, the pure fuel and a mixture are compared in this section. The
mixture consists of 1/3 fuel and 2/3 spent fuel for two reasons: first, a ship is
unlikely to use all its fuel; a safety margin is always maintained. Secondly, in
a container ship case study, most trips would use only 2/3 of the maximum
energy [20].

Dehydrogenation Energy Requirements

The LOHCs have different properties than the boron-based carriers, requir-
ing energy during the dehydrogenation process. Thorough heat integration
is extremely important to avoid energy losses. These energy losses can be
significant; if the hydrogen from DBT has to be used to provide heat for the
dehydrogenation process, this can result in a loss of up to 35% of the total
energy available [21]. NEC requires less energy for dehydrogenation, and the
dehydrogenation process occurs at lower temperatures. However, the losses
can still be significant [29]. These losses can be reduced by using waste heat
integration; however, this will also increase space requirements (e.g., for heat
exchangers) and system complexity.

Handling Considerations

Both SB and AB are stored as dry powders and must remain completely isol-
ated from moisture during handling to prevent deliquescence and premature
hydrogen release [183]. This makes onboard transport and dosing technically
challenging, as these solids cannot be pumped like liquids and are sensitive
to ambient humidity. Developing moisture-isolated feeding systems for these
materials is a substantial engineering challenge and forms part of separate,
dedicated research [183]. As this paper focuses solely on the mass, volume,
and energy/power density implications of the fuels, the detailed engineering
of such handling systems is not considered here.

In contrast, LOHCs are liquids under typical operating conditions and
exhibit handling characteristics similar to conventional marine fuels such as
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MDO or HFO. Even NEC, which is solid at room temperature, becomes liquid
at modest temperatures—comparable to the heating already required for HFO
pumping [25]. Therefore, LOHC handling is assumed to be straightforward
and falls outside the scope of this paper.

Tank Weights

The tank weight is mentioned often as well when regarding the difference
between the theoretical and practical energy density [18]. This is critical for
liquid or pressurised hydrogen, due to the major limitations imposed on
the tanks [16]. Hydrogen carriers do have some limitations on tank type, as
do almost all fuels. For example, SB is either corrosive or reacts (forming
hydrogen) when it comes in contact with many other metals; storage in a metal
tank should thus be avoided. A plastic liner will already solve this issue [188].
AB is not well-known enough to know how to store this exactly; however,
suppliers do note that it should be stored in a fridge. This is likely because
of the thermolysis reaction, which can occur at relatively low temperatures
and can possibly have devastating results [189]. So, a climate-controlled tank
may be required, although there is no consensus on whether this is actually
needed [190], [191].

LOHCs do not have these issues, as they are not corrosive and do not easily
react with other substances. All combined, for three of the four hydrogen
carriers, the fuel tank does not appear to be a major consideration [25], [192].

5.2.3 POWER DENSITY

The power density consists of the power density of all relevant components to
produce and use hydrogen on board the ship. The composition and quantity of
components depend on the hydrogen carrier; a general overview is provided
in Figure 5.1. Auxiliary components such as pumps, which are required for
all fuels, are not considered here. The main components are heat exchangers
(if necessary), a hydrogen release reactor (which can also be a reformer or
cracking system), the separator and the energy converter. This data is all
combined, using equation 5.5. Different efficiencies (e.g. reactor efficiency and
energy converter efficiency) are calculated by multiplication to find the overall
efficiency. Finding the data to calculate the power density is done differently
for each of the components.
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Heat Exchangers

Sizing of the heat exchangers is based on previous work [193]. First, complete
heat integration is required to calculate the amount of heat each heat exchanger
needs to transfer. Aspen Exchanger Design and Rating (EDR) is used to
estimate the size and weight of each heat exchanger [160]. The materials from
which the heat exchangers are constructed are not changed, which means that
all similar-type heat exchangers are made from the same materials. It is also
assumed that heat exchangers continuously scale with the power output; no
discrete steps are expected.

Hydrogen Release Reactor and Separator

Calculating the size of the release reactor can be done in several ways. One way
is to use the kinetics of the governing reactions. However, the actual reactions
are shaped not only by kinetics but also by factors such as reactor geometry
and catalyst morphology, which substantially affect the dehydrogenation
process [194], [195]. Additionally, some hydrogen carriers release hydrogen in
multiple steps, each with its own characteristic kinetics [194], while certain
reactions can not be encompassed by ‘simple” first, second or zero-order reac-
tions. SB, for example, likely follows the Langmuir-Hinshelwood mechanism,
where the reaction order is defined by, amongst others, the temperature [196].
In short, these reactions are difficult to capture in a theoretical framework.

Another way to estimate the reactor size is to calculate the required hy-
drogen output flow. Combined with a catalyst to estimate effectiveness, this
can be used to calculate the required hydrogen carrier flow. The throughput
time (again determined by the catalyst) can be used to estimate the size of the
volumetric part of the reactor. The amount of catalyst depends on the type
of reactor used [197]. The combined volume and mass of the catalyst and
hydrogen carrier determine the volume and mass of the overall reactor.

The required output flow is calculated in the model. The throughput time
comes from experimental data from different studies. For each of the hydrogen
carriers, different studies are used to find average throughput times [181],
[182], [198]. These experiments are conducted in a lab setting, with relatively
low catalyst amounts, and are often in batch reactors. Intrinsic catalytic
reaction rates (per unit catalyst) are independent of reactor scale provided
the system remains reaction-controlled and transport limitations are avoided,
while the required reactor size follows from the required catalyst inventory
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and bed properties [199]. When scaling up, a continuous reactor is preferred
over a batch reactor. Because different reactor types require different amounts
of catalyst, the catalyst-to-reactor-volume ratio may change. For heterogeneous
(e.g. reactions with two phases) reactors, there are two basic types of two-
phase reactors: packed bed (PBR) and fluidised bed reactors [200]. In PBRs,
catalyst particles occupy a defined fraction of the reactor volume, while the
remaining volume consists of void space through which the reactants flow
[201] (the hydrogen carrier and hydrogen in this case). As PBRs are the most
widely used reactors for heterogeneous catalytic processes [200], and they
have already been considered for hydrogen carriers [202], they are assumed
to be used for hydrogen carriers as well.

In this setting, a PBR with a void fraction (¢) of 0.5 is estimated. This
estimate represents a typical balance between sufficient reactive area in and
good flow properties through fixed-bed reactors. Typical packed-bed void
fractions range from approximately 0.4 to 0.6, depending on catalyst particle
geometry and packing, making € = 0.50 an appropriate assumption [195],
[201]. So, reactor volume can be estimated from the fluid volume and void
fraction (€).

Vi

(5-8)

To estimate the reactor weight, two densities must be used: one for the
hydrogen carrier (mixture) and one for the catalyst.

The current data are derived from laboratory-scale systems, whereas ship-
board application requires reactors at significantly larger scale [203]. Reactor
scale-up is not straightforward; certain critical parameters must remain con-
stant during scaling [204]. At the same time, mass transfer, heat transfer,
impulse transfer and mixing depend strongly on reactor design and scale
[204].

Packed-bed reactors can be scaled in multiple ways. Two approaches are not
fundamentally constrained for the application on ships. First, numbering-up
can be applied by operating multiple identical reactors in parallel. In this
case, each reactor retains the same geometry and operating conditions, and
therefore the local mass transfer, heat transfer and impulse transfer charac-
teristics remain unchanged. Second, a packed-bed reactor can be designed
such that the relevant critical parameters (e.g., catalyst loading and residence
time) are preserved during scale-up [204]. Since constant catalyst loading and
catalyst activity per unit volume are assumed in this study, assuming the

Vreuctor -
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reactor performance stays similar to the one at larger scale is consistent with
these established scale-up approaches.

The reactor volume scales directly with throughput times and required
hydrogen throughput. For certain cases, the resulting reactor size may exceed
practical shipboard spatial constraints. In such cases, the combination would
be considered infeasible at system level. The present methodology therefore
evaluates order-of-magnitude physical requirements rather than guaranteeing
deployable configurations.

When designing the separator, two types of operation are considered in
this study: normal and emergency. In normal operation, the aim of the sep-
arator is the splitting of fuel and spent fuel, or fuel, spent fuel and water. In
an emergency operation, the separator is designed as an emergency dump
vessel. In case of reactor malfunction (e.g., overheating), the reactor contents
can be rapidly transferred to the separator to stop further hydrogen release
and limit thermal decomposition of the hydrogen carrier. Because the de-
tailed separation performance depends strongly on the specific carrier system
and downstream unit operations (e.g., stripping/distillation for aqueous am-
monia), separator sizing in this study is governed by the emergency dump
requirement. The separator volume is therefore assumed to be 110% of the
total reactor geometric volume, providing margin for level control, and minor
additional hold up in piping and internals.

Energy Converters

Both manufacturers (such as [205], [206] for ICEs, [207], [208] for GT and
[209], [210], [211] for PEMFC) and literature (e.g. [212], [213], [214]) have been
consulted to estimate the power density of energy converters. The differences
between these can be considerable. When literature has lower estimates than
industry, it may be for three reasons: 1) literature using (slightly) outdated
data, 2) industry slightly overestimating their data and 3) the inclusion or
exclusion of the balance of plant. Higher estimates reported in the literature
often reflect projections of future performance (e.g., authors anticipating that
power density will increase beyond current levels). In this study, a large
dataset was compiled from both literature and established manufacturers.
These differences can be addressed through Ragone plots, which employ
upper and lower bounds to capture the range of valid estimates. All data is
compared, and significant outliers are removed, after which the upper and
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lower bounds are used. One piece of literature [215] was removed as the
reported power densities were an order of magnitude higher than consistent
ranges found in vendor data and other reviews.

5.2.4 WASTE HEAT INTEGRATION

Extracting hydrogen from hydrogen carriers commonly occurs at elevated
temperatures, ranging from 70 to over 600 °C, depending on the hydrogen
carrier. This results in a heat demand. During the process of converting
hydrogen to either electrical or mechanical energy, heat is produced. This
heat is, again, produced at very different temperatures, depending on the
energy converter. To enhance not only the overall efficiency of the system,
but also the energy density (energy which can be used for propulsion) of
the hydrogen carriers, a proper waste heat integration is crucial. Waste heat
integration is imperative for LOHCs [21], but also important for boron-based
carriers. Figure 5.2 gives an overview of the various waste heat strategies that
can be used to transfer heat towards the preheating and dehydrogenation
processes. The approach is based on [29], where we previously calculated
the effective energy density when optimal waste heat integration was used.
Not all of these strategies can be applied to each hydrogen carrier or energy
converter. To enhance readability and uniformity, we will always use the

Cooling A HEX 1: Preheating ¢ Cooling

System with coolant System

Spent ¢ HEX 2: Preheating
Fuel Tank with spent fuel

-~

Exhaust of Energy
| Energy Converter

Converter
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Figure 5.2: Waste heat strategies that can be incorporated, including numbering of
heat exchangers. Heat exchangers are denoted by HEX. Not all strategies
are applicable to each hydrogen carrier and energy converter. Approach
based on [29]
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same numbers to indicate the heat exchangers, as mentioned in Figure 5.2.
This may result in combinations with, for example, only exchangers 2 and
3. Heat exchangers have a minimal temperature difference of 5 K. These
heat exchangers are sized in Aspen EDR and accounted for in the power
density. The upper bound of the energy density of the hydrogen carriers is
assuming perfect waste heat integration, yet it still depends on the energy
converter. For example, in a case where a PEMFC is used, the optimal strategy
is determined with the PEMFC, not with a different energy converter. For
large comparisons, such as in section 5.3.1, this optimised data is used, as this
section only compares different energy converters for each hydrogen carrier
separately. When comparing combinations, a lower bound is used, which is
achievable with very minimal heat integration (the PEMFC case), as there is
usually low-temperature waste heat available.

5.2.5 PRACTICAL ENERGY DENSITY AND SYSTEM BOUNDARIES

Having identified the limitations of the theoretical energy density, the follow-
ing section derives a more practical formulation, along with the assumptions
and system boundaries. Figure 5.1 shows the system; all that falls outside
this figure (such as how the power is used exactly) falls outside of the system
boundaries. Inside the system boundaries fall the fuel and empty fuel storage,
the heat exchangers, the hydrogen release reactors, and the separators. Even
though heat exchangers are less important (as shown previously [193]) for SB
and AB, they will still be considered here. Components which are comparable
across fuels, such as fuel tanks and auxiliary pumps, are excluded. Similarly,
water purification systems are excluded, as these are required regardless of
the fuel; only a small amount of water is required for the dehydrogenation
process, most can be recycled [29]. Components specific to a fuel and that
significantly affect system size or mass (such as cryogenic storage for liquid
hydrogen and hydrogen release reactors for hydrogen carriers) are included.
In a previous paper, we integrated the available waste heat to reduce the
energy penalty common with LOHCs [21], [29]. A large part of the heat
integration will be based on the results of that paper.
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General Assumptions

Tank mass is not explicitly included in the present analysis. For the considered
hydrogen carriers and most reference fuels, its contribution is expected to be
limited. An exception is liquid hydrogen, for which tank mass is significant
due to cryogenic storage requirements and is therefore taken into account [16].
For LOHCs, storage in conventional marine fuel tanks is generally envisaged
[192]. DBT requires preheating prior to hydrogen release, similar to HFO
handling. NEC must remain above a threshold temperature when entering the
tank, which can be achieved by allowing it to cool down within the fuel tanks.
SB and AB may require additional liners and adapted pumping systems;
however, storage in conventional tanks with a thin liner is considered feasible.
For both SB and AB, airtight containment is essential [183].

Although the mass of individual tanks is expected to be comparable to
conventional marine fuel tanks, the lower energy density of several carriers
implies larger total storage volumes and potentially additional tanks. A de-
tailed assessment of tank sizing, arrangement, and structural implications
depends on ship-specific design considerations and is therefore beyond the
scope of this study, which focuses on comparative energy and power density.

Auxiliary power consumption is neglected, similar to a similar study [31].

An overall, combined efficiency of the reactor and separator is assumed
to be between 95 and 99%, similar to the fuel treatment efficiencies reported
by [18]. This efficiency represents the fraction of hydrogen recovered after
reaction and separation. In practical applications, the separator separates
unreacted fuel from spent fuel, enabling reuse within a circular fuel concept.
Although the separator is explicitly modelled, it is not assumed to be perfect
and minor losses may occur, which are reflected in the assumed efficiency
range. For such a circular system, very high recovery is required to maintain
viability; efficiencies close to 99% are therefore preferred. An efficiency of
95% is considered the practical lower limit and would only be acceptable if
losses could be compensated by additional onshore separation, while lower
values would compromise the feasibility of the system. Phase changes and
Vaporisation are not assumed to occur in the reactor, as these processes are
energy-intensive and may damage the hydrogen carrier; operating temperat-
ures are therefore assumed to remain sufficiently low to avoid vaporisation
during hydrogen release [25].
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Separators are included in the design and are conservatively sized at 110%
of the release reactor volume, allowing full discharge of the reactor contents
in the unlikely event of a runaway reaction.

Fuel Specific Assumptions

AB releases both ammonia and hydrogen. Hydrogen is fully present in the
gas phase, together with a fraction of the ammonia [83]. The exact phase
distribution remains uncertain due to the low TRL of AB, making precise
system sizing difficult. Since a separator is already included in the design, no
additional dedicated volume is assumed for ammonia separation. Approxim-
ately two-thirds of the usable energy originates from hydrogen and one-third
from ammonia, yielding a combined energy density of approximately 34 M]
per kg. If only hydrogen is utilised, AB delivers approximately 23 M] per
kg; this case is taken as the lower boundary. The lower bound represents
scenarios in which ammonia is not utilised due to separation, emissions, or
system constraints. Separation of hydrogen and ammonia is not explicitly
modelled but is assumed to occur within the separator.

Water mass is excluded for SB and AB. First of all, water produced in the
energy converter is assumed to be reused where possible, particularly in fuel
cell systems; while theoretically possible for ICE and GT systems, practical
implementation remains limited. Additional purified water can be obtained
using a reverse osmosis (RO) system. The RO system is assumed to supply
water of sufficient quality for use in the hydrolysis reactor without fouling.
Such systems are typically already available on board. The energy usage of
an RO system is very limited and considered negligible here [31].

Energy density, including the volume and mass of spent fuel, is calculated
separately, and the difference between fresh and spent fuel is reflected in the
reported bounds. While fuel storage mass may increase over the course of a
voyage due to seawater compensation effects, this has not proven problematic
in practice, as demonstrated in submarine operations [216]. The spent fuel
is analysed in more detail in sections 5.3.2 and 5.4.1, where its practical
implications for ship operations are discussed.

Heat Flow Assumptions

LOHCs require additional heat, for preheating and releasing of hydrogen. Both
of these heat requirements are included in the calculations, which may result
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in a lower energy density [21], [29]. For the upper bound of the energy density
of LOHCs, an idealized waste heat integration is assumed for LOHCs upper
bound (very limited waste heat integration assumed for lower bounds). The
energy density of the LOHC is thus dependent on the energy converter used,
as different energy converters have different waste heat streams, resulting in
more or less heat integration possible [21], [29].

SB and AB release low-quality heat during the hydrogen release reaction.
As this heat is at low temperatures, cooling of the reactor is not assumed. This
is similar as a previous approach for a very similar process [31]. Preheating
requirements are included.

Assumptions for Reference Fuels

The reference fuels are MDO, ammonia, methanol and liquid hydrogen. For
the (more conventional) internal combustion engine, data from [18] are used.
The energy density of MDO comes from [217].

Data for methanol and methanol engines are obtained from [218] and [219].
Due to regulatory requirements such as cofferdam spacing and filling limits
[220], the effective onboard energy density may be lower than the theoretical
maximum. Therefore, both the theoretical value and a conservative estimate
of 90% are considered.

Data for ammonia are taken from [16]. In line with interim safety guidelines
for tank arrangement, a conservative lower bound of 90% of the theoretical
energy density is assumed. The SOFC efficiency is based on [221] and [143],
and system sizing follows [18].

Data for LH2 are obtained from [16] and explicitly include tank mass and
volume, as these are highly relevant for cryogenic storage. The PEMFC data
are identical to those used for the other hydrogen-based cases.

5.2.6 SELECTION OF CASES

With four different hydrogen carriers and four energy converters, we end up
with 16 combinations. Reference cases will be included next to these cases.
These reference cases give an overview of the current situation and can be
used to evaluate the carriers as compared to current technology. Comparing
the full set of 20 cases (16 hydrogen carrier cases and 4 reference fuel cases)
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would be impractical and difficult to present in a clear manner. Therefore, a
selection of cases will be reviewed.

First, all 16 combinations will be shown. For each hydrogen carrier, its
four associated energy converters will be presented together in a Ragone
plot. These plots provide an initial overview of the performance range within
each carrier. Based on these results, the most promising combinations will be
selected for further comparison, both with one another and with the reference
cases.

Reference fuels to consider are MDO, ammonia, methanol and liquid hydro-
gen. The first is a conventional fuel, while the other three are alternative fuels
that are on the rise in the maritime sector. As not all fuels are compatible with
every energy converter, they cannot all be included in every combination.

5.2.7 DATA FOR RAGONE CHARTS

Table 5.2 gives an overview of all data required for the Ragone plots. For SB
and AB bulk density and particle density are taken into account. The effect-
ive power density is calculated using equation 5.5 and includes the energy
densities of the energy converter, reactor, separator, and heat exchangers. The
latter is the least influential and is generally relatively small as compared to
the reactor size [193].

5.3 RESULTS

This section presents the Ragone plots of the 16 studies. Subsection 5.3.1 gives
an overview of the average predictions for the 16 hydrogen carrier and energy
converter combinations. The choice of specific case studies of hydrogen carrier
and energy converter combinations is motivated in this subsection as well. The
results of these case studies are shown in subsection 5.3.2. This subsection also
displays the upper and lower bounds for each combination, indicating their
relative uncertainty. Subsection 5.3.3 shows the reference cases of MDO_ICE,
LH2_PEM, NH3_SOFC and MeOH_ICE. Finally, subsection 5.3.4 shows the
case studies and reference cases to enable comparison.
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Gravimetric Density [kW /kg] Volumetric Density [kW/L] LHV Efficiency [%]
Energy Converters
PEMFC 0.042-0.85 0.015-1.6 45-55
ICE (H2) 0.10-0.21 0.07-0.09 35-55
SOFC (H2) 0.001-0.1 0.003-0.04 50-60
GT (H2) 1.2-1.9 0.46-0.74 32-42.5
ICE (MDO/MeOH)  0.045-0.072 0.033-0.055 35-45
SOFC (NH3) 0.025-0.035 0.05-0.08 45-55
Effective Power Density, including reactor and heat exchangers Efficiency Reactor [%]
SB (PEMFC) 0.029-0.51 0.012-0.65 95-99
AB (ICE) 0.077-0.11 0.048-0.064 95-99
NEC (SOFC) 0.006-0.081 0.003-0.19 95-99
DBT (SOFC) 0.006-0.054 0.003-0.081 95-99
DBT (GT) 0.048-0.075 0.040-0.065 95-99
Energy Density [kWh/kg | [kWh/L ]
SB 6.3-7.0 3.4-3.8
SB (SF) 2.3-2.6 2.7-4.9
AB 6.5-9.4 2.6-3.8
AB (SF) 3.3-4.7 4.7-6.8
NEC 1.3-1.9 1.3-1.8
DBT 1.3-2.0 1.2-1.9

Table 5.2: Data for the Ragone charts: volumetric and gravimetric power and energy
densities of different hydrogen carriers and energy converters, including
reactor and heat exchanger sizes required for the case studies, which
depend on the overall system power and efficiency. For hydrogen carriers
where the mass of the spent fuel differs significantly from the fuel itself, an
additional energy density is reported and denoted (SF).

5.3.1 RAGONE PLOTS FOR ALL FUEL-CONVERTER COMBINATIONS

Figure 5.3 gives an overview of the different combinations for SB. SB can
be integrated with an ICE, PEMFC, SOFC or GT. The figure shows that SB
combined with a GT has a high power density, while combining SB with a
SOEFC results in a high energy density; this directly correlates with the high
power density of the gas turbine and the high efficiency of the SOFC. In the
gravimetric case, shown in figure 5.3a, the PEMFC shows a high energy and
power density. In the volumetric case (figure 5.3b), the SOFC is very similar
to the PEMEFC. Thus, in the next subsections, SB will be combined with a
PEMEFC.

Figure 5.4 shows the different energy converters possible for AB. As AB
produces ammonia, the PEMFC is not incorporated. The gravimetric Ragone
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Figure 5.4: Ragone plots of Ammonia borane

plot (figure 5.4a) shows that all three options have their own advantages;
the GT has a higher power density, the SOFC will result in a higher energy
density, and the ICE is always in the middle of these two. Regarding the
volumetric Ragone plot, visible in figure 5.4b, the GT and SOFC have higher
power densities, while the SOFC results in a higher energy density. The ICE
has a lower power density compared to both other options, but results in an
energy density that lies between. The ICE does not outperform the GT or
SOEFEC in either power density or energy density, but it occupies the middle
range between the two. Because it provides a stable, balanced performance
across both metrics and no single converter clearly dominates for AB, the ICE
is selected as the representative case for the remainder of this study.

The Ragone plots of NEC are shown in figure 5.5. Figure 5.5a shows the
gravimetric Ragone plot, where both the PEMFC and ICE perform worse
than the SOFC and GT; likely due to the amount of heat available for waste
heat integration. More waste heat integration is beneficial for NEC, due to
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Figure 5.5: Ragone plots of NEC

its endothermic dehydrogenation process. The SOFC shows a higher energy
density, while the GT shows a higher power density. The volumetric Ragone
plot (figure 5.5b) is different. The SOFC has the highest power and energy
density. As the SOFC is clearly the best performer based on the volumetric
Ragone plot, and also scores relatively well on the gravimetric Ragone plot, it
is chosen to be the representative case for NEC in the remainder of this study.

Finally, figure 5.6 shows the Ragone plots of DBT. Similarly as to NEC,
the gravimetric Ragone plot (figure 5.6a) shows a trade-off between power
and energy density. The GT achieves a higher power density, while the SOFC
achieves a (significantly) higher energy density. The volumetric case (figure
5.6b) shows similar results; however, the difference in power density between
the SOFC and GT is significantly smaller than their respective difference in
energy density. So, the SOFC overall outperforms the GT, and the DBT_SOFC
combination will be regarded from now on. Table 5.3 gives an overview of all
casestudies that will be considered.
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Figure 5.6: Ragone plots of DBT
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Case name  Hydrogen Carrier Energy converter
SB_PEM Sodium borohydride PEMFC

AB_ICE Ammonia Borane ICE

NEC_SOFC N-Ethylcarbazole SOFEC
DBT_SOFC  Dibenzyltoluene SOFC

MDO_ICE Marine Diesel Oil ICE
LH2_PEM  Liquid Hydrogen PEMFC
NH3_SOFC Ammonia SOFC
MeOH_ICE Methanol ICE

Table 5.3: Case studies and names.

5.3.2 SPECIFIC CASE STUDIES AND THEIR UNCERTAINTY

This section presents the case studies for each hydrogen carrier, examining
how data availability and consistency influence the results. In addition to
the cases specified in subsection 5.3.1, a fifth case of DBT combined with a
GT is chosen to be represented here; this way, the uncertainty of the GT and
its influence on the results is visible as well. The GT is combined with DBT
because this combination (visible in figure 5.6) showed better compatibility
than the GT with NEC (figure 5.5). Figures 5.7 and 5.8 display the gravimetric
and volumetric energy densities of SB and AB, respectively, with uncertainty
bands representing the range of available data. These figures also illustrate
the impact of spent fuel by including additional plots showing energy density
calculations based solely on spent fuel mass.
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Figure 5.10: Ragone plots of DBT combined with a SOFC

Figure 5.7 shows the gravimetric and volumetric energy densities of SB and
its spent fuel in combination with a PEMFC. The gravimetric range (Figure
5.7a) exhibits substantial variation in fuel-cell power density, spanning from 30
W /kg to around 500 W/kg, with values distributed relatively symmetrically
around an average of approximately 140 W/kg. The gravimetric energy
densities highlight the mass penalty associated with the spent fuel: the spent
fuel-to-fuel ratio is roughly 2.7, reflected in average energy densities of about
1200 Wh/kg for the spent fuel and 3200 Wh/kg for the fuel.

The volumetric plots (Figure 5.7b) reveal a different pattern. Owing to the
low bulk density of SB itself and the considerably higher density of the spent
fuel, the volumetric energy densities of fuel and spent fuel partially overlap.
The spent fuel density may be lower than shown, as it is unclear whether
this density is the bulk or particle density. Both fuel and spent fuel cluster
around approximately 1800 Wh/L, though the spent fuel range is noticeably
wider due to greater uncertainty in the underlying data. The volumetric power
density also spans a broader interval than its gravimetric counterpart, ranging
from 12 W/L to 645 W/L.

Figure 5.8 presents the case of AB combined with an ICE. Here, the lower
bound of the energy density assumes hydrogen-only utilisation and PEMFC
waste heat integration, representing a conservative operation. The gravimetric
power density exhibits considerable variability, as indicated by the broad
uncertainty band in Figure 5.8a (60-115 W/kg). This reflects the strong sens-
itivity of the gravimetric metric to variations in reported engine mass. The
gravimetric energy density also reveals the mass penalty associated with spent
fuel; however, both fuel and spent fuel ranges are wider and partially overlap,
reflecting the higher data uncertainty for AB compared with SB.
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The volumetric power density displays a much narrower uncertainty in-
terval (47-63 W/L), consistent with lower variability in reported volumetric
parameters. For the volumetric energy density, the spent fuel exhibits higher
values than the fuel. This follows from the relatively low spent-to-fuel mass
ratio (around 2) combined with the substantial difference in material densities
(approximately 400 kg/m? for the fuel and 1435 kg/m? for the spent fuel),
which shifts the volumetric metric in favour of the spent fuel.

Figure 5.9 presents the power and energy density characteristics of NEC
combined with an SOFC. The gravimetric power density exhibits a wide
uncertainty band, ranging from 6 to 8o W/kg, with a skewed distribution
that favours lower values, around 33 W/kg. The gravimetric energy density
is centred around approximately goo Wh/kg, and the associated uncertainty
band is relatively broad.

The volumetric power density (Figure 5.9b) covers an even wider range
than the gravimetric case, extending from 3 to 190 W/L, again with a clear
concentration of values (midline being around 56 W/L) near the lower bound-
ary. The volumetric and gravimetric energy densities are similar, reflecting
the high material density of NEC (approximately 940 kg/m?).

Figure 5.10 provides an overview of the performance of DBT when coupled
with an SOFC. The gravimetric power density (Figure 5.10a) exhibits a slightly
narrower uncertainty range (6 to 50 W/kg) compared with NEC. This likely re-
flects the larger and heavier reactor and heat-exchanger components required
for DBT, which shift the system toward lower gravimetric power densities and
reduce variability. The gravimetric energy density shows a broader spread
than in the NEC case, ranging from approximately 400 to nearly goo Wh/kg.

The volumetric plot (figure 5.10b displays a similar pattern: while the
uncertainty range remains substantial (3-80 W/L), it is smaller than that of
NEC yet still wider than the gravimetric equivalent. This again stems from
the system-level mass and volume contributions of the reactor and ancillary
components associated with DBT processing. Similar to NEC, the volumetric
and gravimetric energy densities lie close to each other; DBT also has a density
of approximately 910 kg/m?®.

Figure 5.11 shows the performance of DBT in combination with a gas
turbine. The gravimetric and volumetric power-density bands (Figures 5.11a
and 5.11b) are very narrow, ranging from 45 to 75 W/kg and 40 to 65 W/L,
respectively. Both the magnitude and the limited spread reflect the small
number of data sources available for GT systems and the fact that the reported
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values lie within a constrained region. This case is included primarily to
illustrate the comparatively low uncertainty associated with the GT data
relative to the fuel-cell cases discussed elsewhere in the paper.
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Figure 5.11: Ragone plots of DBT combined with a gas turbine

5.3.3 REFERENCE CASES

Figure 5.12 provides a comparison of all reference cases, with each case
presented through both gravimetric and volumetric analyses. The liquid
hydrogen case (Figure 5.12c and 5.12d) exhibits the only significant uncertainty
band for the power density. The bandwidth of the power density is slightly
different from that of SB. For the LH2 case, it ranges from 40 W/kg up
to 820 W/kg, and from 15 W/L up to 1500 W/L. The energy density of
liquid hydrogen shows narrow uncertainty bands. Because the midline is the
geometric mean of the bounds, the apparent kink arises from the logarithmic
scaling and does not reflect a physical discontinuity.

All other reference cases demonstrate very narrow uncertainty bands. For
marine diesel oil shown in Figures 5.12a and 5.12b, the uncertainty bands
range from 45 W/kg up to 71.5 W/kg, for example. The methanol and ICE
cases exhibit the same narrow uncertainty bands, as these have the same
background data for the internal combustion engine. The NH3_SOFC case
study (Figures 5.12e and 5.12f) also shows narrow uncertainty bands, from 25
W /kg up to 35 W/kg, and from 50 W/L up to 77 W/L.
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5.3.4 COMPARISON OF CASE STUDIES

To enable comparison across all fuel systems despite varying data quality and
availability, the midlines of the uncertainty bands are used for each technology
combination. These midlines represent the geometric mean of the upper and
lower bounds established in the preceding analysis. Figures 5.13 and 5.14
show all hydrogen carrier and reference cases in gravimetric and volumetric
form, respectively. Solid lines denote the hydrogen carrier case studies, while
dashed lines represent the reference cases.
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Figure 5.13: Gravimetric Ragone plot of all cases
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Figure 5.14: Volumetric Ragone plot of all cases

Figure 5.13 gives an overview of the gravimetric energy and power density
of all cases; hydrogen carrier and reference cases. The plot shows the high
power density of PEMFCs. The power density of a PEMFC with only liquid
hydrogen is higher than that when combining it with SB, as SB requires heat
exchangers and, most significantly, a release reactor and separator system to
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provide the hydrogen, thereby reducing the overall system’s power density.
However, the energy density of SB is considerably higher than that of LH2.
SB_PEM may therefore be advantageous in applications where energy density
is the primary constraint. AB_ICE demonstrates a significantly higher power
density than most alternative fuels, including NH3 and MeOH, except for
LH2_PEM and SB_PEM. The power densities of MeOH_ICE and MDO_ICE
are essentially equivalent, with the power density of ammonia borane sur-
passing them both. When considering energy density, AB_ICE and SB_PEM
are the alternative fuels that come closest to MDO, however the difference
is still large; around 3200 Wh/kg for the hydrogen carriers and almost 4700
Wh/kg for MDO. When both energy and power density matter, SB_PEM
might potentially, if the stated assumptions are correct, surpass MDO.

In figure 5.14, all three ICE cases show nearly identical volumetric power
densities. The main differences therefore appear in the volumetric energy
density, where the ordering is clear: MDO_ICE has the highest values, followed
by AB_ICE, with MeOH_ICE lowest. These differences are substantial and
reflect the underlying fuel volumetric energy densities rather than differences
in converter performance.

When examining the SOFC-based systems, the ammonia case shows slightly
higher power densities than the hydrogen carrier cases with NEC or DBT,
mainly due to the large amount of additional equipment the latter require. In
terms of energy density, ammonia remains much higher than both NEC and
DBT. Compared with SB and AB, NEC and DBT both exhibit relatively low
energy densities. In the LOHC cases, DBT has lower power density and slightly
lower energy density than NEC in both gravimetric and volumetric terms.
Although DBT_SOFC is the lowest-performing in the SOFC group, it still
represents a functioning hydrogen carrier option in the overall comparison.

5.4 RESEARCH IMPLICATIONS

The analysis presented in the preceding section demonstrates that all hydro-
gen carrier case studies exhibit performance metrics within a similar order
of magnitude as the reference cases. Each case study remains relevant for
further interpretation, as shown in subsection 5.4.1. Their possible practical
implications are discussed in subsection 5.4.2. However, the results should be
interpreted with caution. The many assumptions necessary to do the calcula-
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tions will influence the overall outcome. The influence of these assumptions
is discussed in section 5.4.3.

5.4.1 INTERPRETATION OF RESULTS

Analyses and interpretation of the Ragone plots reveal several recurring
patterns across the different fuel-converter combinations. These patterns
provide insight into the relative maturity of technologies, the influence of
system integration, and the key drivers behind the observed performance
ranges.

First, several cases show a skew towards a lower or higher power-density
values within their uncertainty ranges. This is particularly visible for the
PEMFC-based cases (SB_PEM and LH2_PEM) and for the SOFC-based hydro-
gen cases (NEC_SOFC and DBT_SOEFC). In these cases, most reported values
cluster toward one end of the gravimetric and volumetric power-density
ranges, with fewer data points broadening the uncertainty band. Despite
appearing to make data less reliable, a large distribution with a skew towards
higher estimates indicates a certain maturity to the technology. First of all,
there is sufficient data to form such a wide band; secondly, there is even
enough data to have a distinct skewer; finally, the technology is likely to be
researched, with continuous improvements regarding the power density.

A second observation concerns the shape of the midlines. In some cases,
especially visible in figure 5.12d, the upper and lower bounds have markedly
different curvatures, resulting in midlines that show mild non-monotonic be-
haviour. This effect arises from the averaging procedure: when power-density
bounds diverge strongly while energy density bounds converge to similar
magnitudes, the midline reflects the mathematical interpolation between two
distinct performance envelopes. The phenomenon is most evident in cases
where the underlying datasets differ widely in system inclusion (e.g., balance-
of-plant assumptions), but it does not indicate physical discontinuities in the
underlying technology.

By contrast, the internal combustion engine results exhibit consistently
narrow uncertainty bands. In the MDO_ICE case, this is explained by the high
maturity of the technology. It is assumed that methanol engines do not differ
greatly from MDO engines, resulting in the same narrow band. Hydrogen
ICEs do differ from MDO engines, as compression ignition is not an option for
hydrogen. Hydrogen ICEs also exhibit relatively narrow ranges: although their
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combustion characteristics differ from those of diesel engines, commercially
available hydrogen engines have similar volumetric power densities, while
gravimetric values differ only modestly.

The gas turbine case likewise shows a narrow uncertainty band, but for
a different reason. Publicly available data for hydrogen-fuelled GTs remain
limited, and the existing values cluster tightly. As a result, the DBT_GT case
displays consistent but data-sparse performance envelopes.

The energy density behaviour differs across the hydrogen carriers and
reflects their underlying chemistry. For AB, the fuel releases both hydrogen
and ammonia; if both species can be utilised in the energy converter, the
effective energy density is substantially higher than when only hydrogen
is used. However, the use of ammonia is not straightforward, as it readily
dissolves in water and may require additional separation steps before it can
be supplied to the converter. Both AB and SB also require significant amounts
of water for hydrolysis, although this can be largely mitigated by recycling the
water produced when hydrogen is converted to useful energy. This reduces
the net amount of additional water that must be supplied. In the case of SB,
some studies report energy densities that include the mass of the required
water; however, in this work, the energy density based solely on the hydrogen
content of SB is used to represent the lower bound, allowing for consistent
comparison across all carriers.

For LOHCs (NEC and DBT), the energy density is more strongly influenced
by the degree of heat integration, as their endothermic dehydrogenation
requires substantial thermal input. When heat can be integrated effectively
from the energy converter, the usable energy density increases accordingly.
This explains the broader energy density bands observed for NEC and DBT
in figures 5.9 and 5.10.

Together, these findings underline the importance of evaluating complete
fuel-converter value chains rather than isolated components. Although the
hydrogen carriers differ substantially in chemistry, handling requirements,
and heat-integration demands, the system-level Ragone framework provides
a consistent basis for comparing their effective gravimetric and volumetric
power and energy densities. This system-integrated perspective is essential for
assessing the suitability of alternative fuels for maritime applications, where
the converter, reactor, heat exchangers, and storage all contribute to the overall
performance.
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5.4.2 PRACTICAL IMPLICATIONS FOR MARITIME VESSELS

The respective energy and power densities of hydrogen carriers vary from
each other and from other reference fuels, as visible in Figures 5.13 and 5.14.
Combined with the well-known notion that there will likely not be a one-size-
fits-all solution for alternative fuels and energy converters on ships [222], it is
interesting to look at different ship types, their relevant power requirements
and range or days of autonomy, and see which fuel-converter combination
would be fitting for each ship type. Table 5.4 gives an overview of the typical
ship types used in this study. The power, required energy or size of the fuel
tanks, size and volume of each of a typical example of these vessels has been
estimated. The space and weight current fuels (MDO) as well as a standard
ICE take up (thus, not the size of the engine room), is then compared to
each of the case studies. The results of the energy density are in figure 5.15
(gravimetric) and 5.16 (volumetric). Figures 5.17 and 5.18 give an overview of
the minimum required engine weight and space compared to the overall ship
weight (DWT) and (cargo) volume, respectively.

Power Time of autonomy | Notes Source
Inland ship 250-840 kW | 5-15 days Trade off bunker frequency and space or weight requirements | [223]
Coaster 700-3000 kW | around 10 days Trade off bunker frequency and space or weight requirements | [222]
Ocean-going 2.5-10 MW over 30 days Space requirements to have sufficient energy [222]
Short-range fishing vessel | 300-600 kW | 5-6 days Relatively small for the amount of energy required [224], [225]
Dredger 8-15 MW 15 days Relatively large amount of power and energy required [222]
Tug 2-5 MW 2 days Relatively small for the amount of power required [222]
Short-range ferry 1-3 MW 50-180 minutes Volume limited, safety important [226]

Table 5.4: Typical ship types, power and days of autonomy

Inland Ships

Inland ships require relatively little power but operate with medium to long
autonomy. The choice of hydrogen carrier, therefore, has a strong impact on
their bunkering arrangements. Although frequent refuelling is considered
a feasible business case [227], it is generally undesirable. For these vessels,
energy density becomes particularly relevant. Depending on the cargo, inland
ships may be weight- or volume-limited: light cargo typically leads to volume
limitations, while dense cargo results in weight restrictions. In figure 5.15a
and 5.16a an inland container barge is taken as the example vessel; this vessel
is likely volume-limited. SB_PEM and AB_ICE are both suitable options,
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Figure 5.16: Volumetric percentage of total available volume of example vessels,
versus required fuel

with SB_PEM being more attractive if volumetric energy density is extremely
important. For weight-limited ships, it may be possible that no change in
operational patterns can be achieved, while for volume-limited ships, some
operational changes would have to be made. Regarding engine size and
weight (figures 5.17a and 5.18a), it appears that SB_PEM and AB_ICE are
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likely to fit in the current engine rooms, because of their high efficiencies and
high power densities.
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Coasters

Coasters, or short sea vessels, have medium power requirements and sim-
ilar autonomy to inland ships. Bunkering frequency directly influences the
required onboard storage volume; while more frequent bunkering reduces
storage needs, it is generally avoided for operational convenience. These ves-
sels, like inland ships, may be either weight- or volume-limited depending on
their cargo. The reference coaster vessel currently has a very small amount of
space and weight dedicated to its fuels (figures 5.15a and 5.16a). Similarly to
inland vessels, both SB_PEM and AB_ICE emerge as relevant options. If the
vessel is unlikely to refuel often and is volume limited, AB_ICE might be a
better option than SB_PEM, due to the lower volume its spent fuel occupies.
When looking at power, again, it is estimated that both options will possibly
fit in the current engine room. So, SB_PEM and AB_ICE again emerge as rel-
evant options, providing high power density while supporting operationally
meaningful ranges.

Ocean-going Vessels

Ocean-going vessels require substantial power and very large autonomy,
frequently exceeding 30 days [222]. Depending on the type of cargo and vessel
layout, they may be either volume- or weight-limited. The reference vessel,
an LNG tanker, often uses at most 2/3 of its maximum energy usage [20].
For weight-limited applications, figure 5.15a shows that AB_ICE is slightly
favourable over SB_PEM, due to its higher energy density, combined with a
gravimetric power density sufficient to sustain large propulsion loads over
long periods. Additionally, its spent fuel is lighter, which becomes increasingly
relevant as storage capacity increases. For volume-limited vessels, figure 5.16a
shows that SB_PEM offers a higher energy density and a similar spent fuel
density as AB_ICE. Thus, both AB_ICE and SB_PEM could be suitable options
for ocean-going vessels.

Fishing Vessels

Fishing vessels vary widely in size and operational profile. This study focuses
on shorter-voyage vessels operating for 5 to 6 days, which typically require
modest power but have very limited space onboard. There are two reference
vessels: a small Dutch vessel and a slightly larger Norwegian fishing vessel.
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The fuel energy density percentage of both are depicted in figure 5.15b and
5.16b. A major issue with these fishing vessels is the very limited space and
weight available for fuel. Current fuel already accounts for a large share of
their DWT and volume. Of all hydrogen carriers, only SB_PEM and AB_ICE
could possibly fit on both fishing vessels. However, a major issue of these
tishing vessels is that they cannot currently contain both fuel and fish at the
same time; heavier spent fuel is thus problematic and operational parameters
need to be changed. However, using SB_PEM and AB_ICE may enable fishing
vessels to continue operating within ecologically protected areas without
causing environmental harm, even if they have to refuel more often. The
engine room appears to not be the limiting factor.

Dredging Vessels

Dredging vessels exist in two types: long-range vessels with an autonomy
of around 15 days, and shorter-range vessels with an autonomy of 3 to 7
days. Here, the focus is on the long-range vessels. These vessels have greater
autonomy than most ship types in this study; yet, their power requirements are
extremely high, making it essential to achieve a high power density. However,
the overall size and weight of the current engine (estimated), does not appear
to be limiting for the example vessel. Depending on the vessel’s specific
power demand, range, and weight- or volume-related constraints, SB_PEM,
AB_ICE, and NEC_SOFC can all be viable options. SB_PEM offers the highest
gravimetric power density. NEC_SOFC and AB_ICE exhibit high volumetric
power densities as well. For the example vessel, the total fuel volume appears
to be more limiting than the weight for the fuel. The gravimetric percentage
the fuel takes up (figure 5.15a) is significantly smaller than the volumetric one
(figure 5.16b). As a dredging vessel gets heavier over time, AB_ICE would
likely be the best option for the example vessel; its spent fuel takes up less
space than SB’s and is also lighter. However, SB_ICE would also be possible,
as well as NEC_SOFC. The latter would be less desirable due its higher
volumetric energy density. It additionally appears all would fit in the current
engine room.

Tugs

Tugs have relatively high power requirements for their size, but typically
limited onboard space and relatively short autonomy. As tugs do not carry




144 ENERGY DENSITY AND POWER DENSITY TRADE-OFF

cargo, the concept of weight or volume limitated is less relevant; instead,
volumetric power density and endurance are the key constraints. In this paper,
two tugs are regarded: a harbour tug (lower endurance and higher power
density) and a sea tug (higher endurance and lower power density). Especially
for the harbour tug, the gravimetric power density appears to be limiting
(figure 5.17b). This can be improved by using LH2. However, the amount of
fuel both tugs need to bring, given their own weight and size, is relatively
high. For both tugs, it appears that none of the hydrogen carriers can be used
without compromising operational demands. The spent fuels, specifically, are
too heavy for the tugs (figure 5.15b); the volume appears to be less limiting
(figure 5.16b). For the sea tug, it is slightly worse than for the harbour tug.

Ferries

Ferries exist in many configurations, with operational profiles ranging from
extremely short river crossings to medium-range sea routes. This study focuses
on short-range ferries, such as those serving the Dutch islands [226], with
an example ferry also operating between the Dutch coast and the island of
Ameland. Ferries generally require high energy densities and are typically
volume-limited. Quiet operation is also desirable, and the fuel needs to be safe
for the passengers. AB_ICE is not considered, due to the presence of (toxic)
ammonia. SB_PEM, NEC_SOFC and DBT_SOFC appear to be good fits for
these vessels, offering a balance of power, energy density, and silent operation.
These options would theoretically fit on the ferry, although the weight of DBT
and NEC would likely influence the operational profile of the ferry, as seen in
figure 5.15a. The latter becomes especially evident when taking into account
the estimated size of the engine; a larger engine room is possibly required,
especially for DBT_SOFC. As with all other ship types, the optimal choice
ultimately depends on the vessel’s detailed operational profile.

Broader Applicability

Table 5.5 summarises the relevant power and energy requirements and the
case study combinations capable of meeting them. Although this analysis
focuses on maritime applications, the underlying characteristics of hydrogen
carriers, including high energy density, high power density, silent operation,
and zero emissions, may also be beneficial in other sectors such as road trans-
port, construction, and aviation. However, the results cannot be transferred
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directly to these sectors. Both AB and SB require large amounts of water
during hydrolysis, which is not an issue for maritime applications but may be
problematic elsewhere unless water is readily available.

‘ Inland ‘ Short Sea ‘ Ocean-going ‘ Fishing ‘ Dredging ‘ Tug ‘ Ferry
Power Requirement | Small Medium | High Small High Medium Medium
Autonomy Medium | Medium | Long Medium | Long Medium Short
Case Study SB, AB | SB, AB SB, AB SB, AB | SB, AB, NEC | LH2, SB, AB | SB, NEC, DBT
st;a:zz;lsi};anges No No No Yes Maybe Yes Maybe

Table 5.5: Overview of possible hydrogen carrier and energy converter combinations
suitable for different ship types and operations

5.4.3 REFLECTION ON MODELLING ASSUMPTIONS

The apparent consistency of certain technology combinations masks underly-
ing assumptions that may not reflect real-world performance variability. This
subsection examines how key assumptions in data treatment, system bound-
aries, and technology projections influence the results and their interpretation
and how future research can improve the overall results.

From the energy density perspective, the bulk density, the treatment of fuel
and spent fuel, and the heat requirements of each carrier strongly influence the
outcome. The bulk densities of SB and AB used in this research are based on
experimental data, yet they remain sensitive to the measurement method. SB
exists as both powder and granulate, while AB is available only as a powder.
These materials can be compressed to some degree, which increases bulk
density, but excessive compression may hinder flowability and is therefore
not always desirable. Bulk density can deviate significantly from particle
density, with reported values as low as half of the true material density. In
this research, the bulk density of SB is regarded as 65% of the particle density
of SB, namely 550 kg/ m3. For AB, no data is available on bulk density. After
in-house, unpublished testing by the authors, the bulk density appears to be
less than SB and is estimated to be around 400 kg/ m3, although this value
depends strongly on the packing state (e.g., loose or compressed). Because
volumetric energy density scales directly with bulk density, this assumption
introduces uncertainty into the volumetric performance of AB. The reported
volumetric energy density values should therefore be interpreted as estimates
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within a realistic range rather than precise values. The gravimetric energy
density is not influenced by this. Further research on the bulk density and a
sensitivity study on how it influences the volumetric energy density is still
advisable.

The distinction between fuel and spent fuel is also important. Figures 5.7
and 5.8 clearly show this, as well as figures 5.15 and 5.16. For safety reasons,
ships are not operated with empty tanks, so energy density estimates based
solely on spent fuel are not representative. That is why the specific mixture is
chosen when evaluating the feasibility for different ship types. For gravimetric
energy density, the effect of the spent fuel may be significant for weight-
limited ships. These distinctions, while important at the ship-integration level,
are not shown directly in the Ragone plots.

Heat integration assumptions further affect the energy density of LOHC
systems. Proper waste-heat recovery can improve the overall energy density
by up to about 30 % [21], and this has been included by using the average
expected improvement in the comparison figures. However, the practical
achievable degree of heat integration depends strongly on system layout,
operational profiles, and thermal-management constraints.

Beyond energy density considerations, several assumptions regarding power
density calculations influence the comparative results. The technology to con-
vert hydrogen into useful power (e.g. electrical or mechanical) is in various
stages of maturity. The PEMFC are the most mature. Substantial data is avail-
able for PEM, yet the range of these technologies may be improved. The other
converters are less mature, yet have much smaller data bandwidths. In this
research, all the data is assumed to be of a comparable level of performance
characterisation. This assumption may make less-developed technologies ap-
pear more consistent than they are in practice, potentially underestimating
their future improvement potential as well as their present uncertainty. This
affects comparative conclusions, as emerging technologies may seem either
more predictable or less promising than their true developmental trajectory
suggests.

The reactor, separator and heat exchangers influence the power density
as well. Because the separator size is determined by the reactor, reducing
the reactor size significantly affects the power density. The reactor itself is
strongly influenced by the choice of catalyst and type of reactor, but the
throughput time also plays an important role. In this research, experimental
data is taken as a basis, and it is assumed that these experiments can be easily
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scaled up. However, scaling up a reactor may influence its power density.
Additionally, as these are emerging technologies, the throughput time of the
reactor may still be reduced, which strongly influences its size and thus the
power density. This scaling assumption is particularly significant given that
most experimental data comes from laboratory-scale systems, while marine
applications require industrial-scale reactors. Furthermore, as especially the
DBT reactor is operated at temperatures very close to DBTs degradation tem-
perature, intermediate heat exchangers were added to avoid overheating of
the reactor of DBT and of NEC. These heat exchangers are of considerable
size and strongly influence the power density of the overall system. Even
though these intermediate heat exchangers were assumed necessary based
on thermal limits, alternative reactor designs, improved thermal manage-
ment, or improved overall energy management could potentially remove this
requirement.

Mass-flow and heat-flow integration are also critical. In this work, ideal
mass-flow matching is assumed, meaning that flow rates between components
are perfectly aligned without practical constraints such as control limitations
or pressure-drop penalties. Real systems will experience such constraints,
potentially lowering power density. Similarly, waste-heat utilisation improves
energy density, but may influence power density depending on the level of
integration. Without heat integration, a hydrogen burner is required, which
simplifies the system but increases hydrogen demand. This reduces both
the energy density and, by increasing reactor throughput requirements, the
power density. In this research, the net effect of heat-integration assumptions
on power density is assumed negligible, although deviations from ideal
integration could alter this balance.

Finally, more advanced integration strategies could further improve system
performance. Internal reforming of NEC or DBT within an SOFC could reduce
heat-exchanger requirements substantially. Likewise, the use of liquid cooling
could reduce heat-exchanger size because liquid-liquid units are typically
more compact than liquid—gas systems. These options were not considered
here due to limited research availability, meaning the current approach may
overestimate system size and underestimate power-density potential for future
integrated designs.

The assumptions discussed above influence different performance metrics
to varying degrees. Power density is dominated by converter data and reactor
sizing assumptions, with heat-integration choices playing a comparatively
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minor role. Energy density, on the other hand, is more sensitive to heat-
integration assumptions and spent fuel effects, and these factors may alter
comparative outcomes significantly.

The potential for future optimisation varies significantly as limitations may
be physical or technological in nature. Certain energy converter efficiencies,
such as those for ICE and GT, are fundamentally limited by thermodynamics,
specifically by the Carnot efficiency. On the other hand, reactor technologies
and catalyst selections are largely technologically limited, resulting in possible
optimisation as emerging technologies mature.

Finally, the logarithmic scaling used in the plots inherently reduces the
visual impact of small performance differences. This results in emphasis
on meaningful performance differences, while minor variations are not em-
phasised. In turn, small data discrepancies or measurement uncertainties are
rightfully minimised, ensuring the focus lies on substantial performance dis-
tinctions, rather than small differences which will not likely influence practical
design decisions.

5.5 CONCLUSION

Alternative fuels, particularly hydrogen carriers, represent a promising ap-
proach for reducing greenhouse gas emissions from ships. Given that alternat-
ive fuels vary significantly in power and energy density, no single solution is
likely to work universally across all maritime applications. This study com-
pared several alternative fuels and energy converters using Ragone plots and
evaluated their suitability for seven distinct ship types. The analysis revealed
that AB paired with an ICE and SB combined with PEMFC showed potential
for most types of vessels, including inland, short sea, and ocean-going ships.
For fishing vessels specifically, AB with ICE emerged as the only viable option
among those considered.

Dredging vessels presented unique opportunities, with all four case stud-
ies deemed feasible due to their distinct operational characteristics and the
high power requirements typical of dredging operations. Space-constrained
vessels such as tugs required more specialised solutions: liquid hydrogen
with PEMFC, SB with PEMFC, and NEC with SOFC were identified as suit-
able options. The latter two combinations also showed promise for ferry
applications.
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These findings demonstrate the value of Ragone plots in providing a clear
visualisation of power and energy density trade-offs across different fuel-
converter systems. The results confirm that no universal solution exists while
simultaneously showing that hydrogen carriers can serve as effective altern-
atives for many ship types and can be on par with current systems (such as
MDO) and other alternative fuels (such as ammonia, methanol and liquid
hydrogen).

While this analysis focused primarily on power and energy density con-
siderations, other critical factors such as safety and sustainability require
further evaluation. Nevertheless, the study establishes the technical feasibility
of hydrogen carriers for maritime applications, demonstrating that ships can
operate for extended periods on hydrogen-based fuels while achieving zero
emissions and protecting the marine environment from harmful pollutants.







PART 3: SAFETY & SUSTAINABILITY

“The major difference between a thing that
might go wrong and a thing that cannot
possibly go wrong, is that when a thing that
cannot possibly go wrong goes wrong it
usually turns out to be impossible to get at or
repair”

— Douglas Adams, Mostly Harmless
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PART SUMMARY

Safety is of utmost importance when using alternative fuels. Nobody wants
to sail on a dangerous ship, and nobody would like such a ship in their
harbour. When transitioning from the well-known fuels as MDO towards
more unfamiliar fuels, safety is one of the major values used to assess these
alternatives. Next to safety, long-term viability (sustainability) of these fuels
is important as well. To avoid long-term harm, a sustainable alternative fuel
is required; otherwise, MDO would still be sufficient. This part discusses
safety of alternative fuels in a general and maritime contexts, as well as
the importance for safety on ships, during design and afterwards. Finally, a
framework is proposed with which alternative fuels, even in very premature
stages of development, can be assessed on safety and sustainability.
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SAFETY & SUSTAINABILITY

GENERAL SAFETY HAZARDS

“For the sea has a lobsterpot full of tricks
and illusions to confuse and beguile even the
most rational 21st century sailor.”

— Nic Compton, Off the Deep End: A
History of Madness at Sea
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CHAPTER SUMMARY

Hydrogen carriers are often considered as safe alternative fuels; however, the
definition of what safety entails is often lacking, both for hydrogen carriers
as well as for ship safety. The aim of this chapter is to review the safety of
hydrogen carriers from two perspectives, investigating potential connections
between the chemical and maritime approaches to safety. This enables a
reasoned consideration between safety aspects and other design drivers in
ship design and operation. The hydrogen carriers AB, SB, KB and two LOHCs
(NEC and DBT) are taken into consideration, together with four reference fuels
(ammonia, methanol, pressurised hydrogen and MDO). After the evaluation
of chemical properties related to safety and the scope of the current IMO
safety framework, it can be concluded that safety remains a vague and non-
explicit concept from both perspectives. Therefore, further research is required
to prove the safe application of hydrogen carriers onboard ships.
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6.1 INTRODUCTION

Hydrogen carriers are often considered to be safe alternative fuels [19],
[20], [21], [47], [48], [53], [83]. Such claims imply that they can be safely
integrated into the power and propulsion systems onboard ships. However,
the exact definition of what safety entails is often lacking, both for hydrogen
carriers as well as for ship safety. Occasionally, literature takes hydrogen
carrier safety into account but the application of safety on ships is missing or
not specified with sufficient detail [25], [228]. On the other side, the maritime
safety committee (MSC) of the IMO is involved in defining overarching
safety requirements for ships and their fuels [229]. However, these safety
prescriptions are currently limited to conventional fuels and an explicit design
philosophy for safety is lacking. Therefore, this study aims to review the safety
of hydrogen and investigate potential connections between the chemical and
maritime approach to safety.

This chapter starts with an identification of the hazards of the main hydro-
gen carriers in section 6.2. The second viewpoint, the maritime perspective
and approach of safety, is summarised in section 6.3. The last two sections
integrate the first three sections by matching chemical properties of hydrogen
to maritime safety aspects and by providing a conclusion, respectively section
6.4 and 6.5.

6.2 HAZARD IDENTIFICATION

The discussed hydrogen carriers are considered to have potential for maritime
usage based on their energy densities and TRL. This section only describes
the potentially hazardous consequences as retrieved in the GHS (Globally
Harmonized System of Classification and Labelling of Chemicals) and the
more detailed safety data sheets. It does not aim to provide a hazard analysis,
as this asks for a probabilistic representation of the likeliness of each hazard,
which is strongly dependent on the specific context. The properties of sub-
stances in certain environments, such as flammability, toxicity and reaction

The content of this chapter is based on the following articles:

E. S. van Rheenen, E. Scheffers, ]. Zwaginga, and K. Visser, “Hazard Identification of Hydrogen-
Based Alternative Fuels Onboard Ships,” Sustainability, vol. 15, no. 24, 2023, Art. no. 16818.
doi:10.3390/su152416818
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to water, are established through so-called hazard assessments [230]. These
provide the background for the GHS labels and the safety data sheets. Both
the hydrogenated and hydrogenated forms of hydrogen carriers have to be
taken into account.

Additionally, some of the hydrogen carriers react with water, splitting up
into different substances. The hazards of these substances are also taken into
account here, as it can be expected that, in a spill, alternative fuels come into
contact with water. The hazards of thermolysed substances are considered as
well because of the temperature of hydrogen fires (2400K) [231].

This chapter provides a comprised hazard identification of the hydrogen
carriers mentioned in the previous section, starting with two LOHCs and
followed by the borohydrides, ammonia and methanol. For each carrier, the
relevant classes out of six applicable GHS classification categories are covered
in the following order; flammable, acute toxic, health hazard, corrosive, irritant
and environmental hazard. Of these, flammable represents a physical hazard
that can cause physical damage, environmental hazards are hazardous to the
aquatic environment, and the other four present dangers to human health
[232]. Section 6.2.7 summarises the results, followed by section 6.2.8 with two
hazards that are applicable to all hydrogen carriers.

6.2.1 GHS CLASSIFICATION AND QUALITATIVE RESEARCH

It should be noted that the following work is completely qualitative. This
is mainly because the GHS only has a limited way of defining the hazards
associated to each category. There are a total of nine pictograms, which
all can be classified as either warning or danger [232]. Additionally, two
pictograms, those of “irritation” and ‘environment” are always only classified
as ‘warning’ [232]. This thus results in only 16 ways of categorisation of
the dangers associated to substances. Within these major categories, there
are subcategories, but these do not quantify the hazard, only specify it, e.g.
‘flammable solid” [233]. The GHS also does not give exact values, such as
toxicity potential indicator or lethal doses [232].

Similarly, for corrosivity, the GHS identifies two hazards under corrosion
hazards: H290 (corrosive to metals) and H314 (causes severe skin burns and
eye damage), but refrains from examining other forms of material corrosion
since they are not classified by the GHS. This means that possible hazard
propagation due to material corrosion is also not covered. All materials
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that are mentioned here as corrosive are accompanied by code H314, thus
being corrosive to the skin and eyes. Consequently, it is acknowledged that
substances may still possess the ability to corrode other materials or exhibit
mild corrosivity that falls below the prescribed threshold value. However, this
is generally not considered hazardous by the GHS, thereby falling outside the
scope of this chapter.

It should be noted, however, that GHS statements are not static and are
prone to modifications with the advent of new information. For example,
hazard classifications have not been done for all hydrogen carriers. For some
of the hydrogen carriers or substances that are a result of reactions that
happen with these carriers, there is no classification at all; it is unknown how
dangerous these substances are. On the other hand, some hydrogen carriers
such as NEC have been thoroughly assessed using a hazard assessment [25],
[234]. This adds to the uncertainty of the already relatively blunt form of
qualifying hazards using the GHS symbols. So, the assessment of hazards,
including the influence of alternative fuels on other materials, is paramount for
the integration of alternative fuels in general, including ammonia, methanol
and pure hydrogen.

All in all, current available knowledge and use of GHS classification results
in a very broad division of detail of the hazards of hydrogen carriers. This is
why the categorisation here in this chapter is done in a qualitative way. Because
of the lack of quantification, it should be noted that comparison between two
different e.g. hydrogen carriers is extremely difficult, even though they may
have the same GHS pictograms, there can still be a lot of difference in the
exact qualitative outcome of the comparison.

6.2.2 HAZARD IDENTIFICATION OF LOHC: DBT

DBT is commonly thought of as a promising LOHC. For safety purposes it
has as its main advantage that there is no significant byproduct produced
during dehydrogenation [25]. This means that when DBT is on board, only
the hydrogenated and dehydrogenated versions of DBT itself have to be taken
into account. DBT is a rather safe substance, as it has low volatility [21],
low flammability [47] and is not carcinogenic [21]. Despite it being generally
categorized as safe by authors [21], [25], [47], DBT forms a health hazard as
it can be deadly if it is swallowed and reaches the airways, and because it
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may damage the unborn child [235]. Also, as DBT is a polycyclic aromatic
hydrogen carbon, there is evidence that it can cause breast cancer [236].

Even though it is biodegradable [237], it is a possible environmental hazard
[25] and is a long-term hazard toxic to aquatic life [235]. More exactly, there
have been studies that show that DBT is very toxic to aquatic life on the
long term, but not acutely toxic on the short term [238]. Of the hydrogenated
version of DBT, so-called perhydrodibenzyltoluene, there is little data available
[25]. No safety sheet could be found for this substance. This is mainly because
DBT itself has been used as a heat transfer oil for technical applications
already, thus being mature and requiring safety data sheets [234]. Safety
measurements are thus still required. Therefore, DBT is a safe substance to
use on ships, as long as it does not leak, as it is an environmental hazard to
aquatic life.

6.2.3 HAZARD IDENTIFICATION OF LOHC: NEC

Contrary to DBT, when NEC is dehydrogenated, small byproducts are pro-
duced [25]. However, these are not discussed as only 2% of NEC degenerates
and there are multiple economic and technological reasons to further limit
the production of byproducts. NEC is less toxic than DBT or MDO [25], [239].
Consequently, NEC falls into the lowest toxicology level possible [239]. Nev-
ertheless, it is classified according to GHS as a strong irritant as well as a
long-term hazard toxic for aquatic life and the environment [240], [241]. The
hazard assessment of [239], shows that it is not easily biodegradable (dehydro-
genated NEC) to poorly biodegradable (hydrogenated NEC). There is limited
information on the hydrogenated version of NEC, known as either perhydro-
n-ethylcarbazole or 9-Ethyldodecahydro-1H-carbazole [242]. According to a
vendor, it has to be stored in a closed container in a dry and cool place and
it is an irritant [243], just like the dehydrogenated version [240]. If further
hazard assessment confirms this, NEC is mainly hazardous due to its irritant,
corrosive and pollutant properties, and leakage should be prevented.

6.2.4 HAZARD IDENTIFICATION OF BOROHYDRIDES

SB is considered as flammable, corrosive, acute toxic, irritant and health hazard
according to the GHS symbols [133]. It is categorized as flammable due to
the release of hydrogen when in contact with water, while the substance is
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not very flammable itself. According to the safety data sheet it is combustible
but hard to ignite [244]. SB is corrosive to skin, causing severe burns [133].
However, it is not necessarily corrosive to metals. KB has a similar safety
data sheet, but is in general less dangerous than SB. It is corrosive to skin,
flammable (when in contact with water) and toxic for people [245]. Just like
SB, it causes severe skin burns. Therefore, both the borohydrides should be
stored away from people and the environment.

Spent fuel

The spent fuel of the borohydrides consists of several products [84], [246].
For SB, mainly NaBO, and NaB(OH), remain, both of which are classified
as irritant and health hazard, but only on the warning level [247], [248]. For
KB, mainly KBO; and KBO; - 1/3H,0. KBO; has very similar properties to
NaBOg2, as it is an irritant and health hazard on the warning level [249]. Both
KBO; - 1/3H,0 and NaB(OH), split up in water, as they are salts, with the
restproducts being sodium and potassium ions and B(OH), (aq) (Tetrahy-
droxyboranuide) [246]. Tetrahydroxyburanuide, or tetrahydroxoborate, does
not have a safetysheet of its own, however it has very similar properties to
borax [250], which is a health hazard and is categorized as a danger in the
reproductive category [251].

Thermolysis

Next to the hydrolysis of the borohydrides, they can also be thermolysed.
This happens at elevated temperatures, such as temperatures occuring in a
hydrogen fire. At these elevated temperatures, the borohydrides decompose
in the following products [87]: sodium, boron, borol and sodium hydride.
Elemental sodium, the major component, is extremely dangerous, as it is
flammable and may ignite spontaneously when coming into contact with
water [252]. Additionally, sodium is corrosive to human skin, causing severe
burns and damage. Both pictograms are classed as ‘danger” [252]. Boron, on
the other hand, is only toxic if swallowed [253]. Other substances, such as
sodium hydride (flammable, spontaneous ignition when contact with water)
and borol (flammable, toxic, health hazard) are dangerous as well [254], [255].
The decomposition temperature of KB is 700K and that of SB is 693K [117].
Thermolysis of KBHy forms similar products as those of NaBHy, such as
potassium, boron and potassium hydride [117]. Potassium is flammable and
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corrosive to skin, and can, just like sodium, ignite when it comes into contact
with water [256]. Potassium hydride is again very similar to sodium hydride,
being flammable, ignites when in contact with water and corrosive to the skin

[257].
6.2.5 HAZARD IDENTIFICATION OF AB

AB is a flammable solid (danger level) and an irritant for skin, eye and
respiratory tract [258]. Hydrogen release from AB can be done in two ways,
thermolysis and hydrolysis [83]. Hydrolysis is very similar to the hydrolysis
of sodium and potassium borohydride and visible in equation 2.1. The boric
acid formed during hydrolysis immediately ionises in water into B(OH), .
Thermolysis starts at temperatures of 373K [134]. All in all, the following
substances can be created when using AB:

e NH;, ammonium (Hydrolysis reaction, relatively stable reaction)

¢ B(OH),, tetrahydroxyboranuide (Hydrolysis reaction, see SB, relatively
stable reaction)

¢ NH;BH>, aminoborane, extremely unstable, oligomerises easily (Ther-
molysis, 100C)

¢ HNBH, iminoborane, extremely unstable, oligomerises easily (Thermo-
lysis, 150C)

* Borazine (Thermolysis, result of oligomerization)

Hydrolysis

The main products of hydrolysis are NH; and B(OH), , the latter of which
has been discussed in section 6.2.4 already. For the hydrolysis it is known
that AB is relatively stable and needs a catalyst undergo dehydrogenation
when it comes into contact with water, thus this might be less likely to
happen [134]. Ammonium (NH}) is a nitrogenous ion that is the conjugate
of ammonia [259]. Dependent on the pH level of the solution, the balance of
the equation goes to ammonia (high pH) or ammonium (low pH) [260]. As
the sea has a general ph of 8.08 to 8.33 [261], it can be assumed that both
ammonium and ammonia are present after the hydrolysis reaction. Ammonia
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will be discussed in more detail in section 6.2.6, as it can also be used as an
alternative fuel by itself. Ammonium will be discussed here. Ammonium is
commonly used in households, as cleaning agent but also for personal body
hygiene [259]. Ammonium is corrosive to the eyes and causes skin irritation
[259]. It causes an overabundant growth of aquatic plants, as it is a nutrient
for them [260]. However, it can also become toxic when it transforms into
ammonia. Ammonium itself is thus not considered to be toxic to aquatic life

[259], [260].

Thermolysis

During thermolysis, dangerous gasses, such as borazine, are released, which
is why hydrolysis is the most opted version of hydrogen release from AB [83],
[111], [134]. However, as spontaneous thermolysis starts at 373K to 423K, it is
relevant for safety purposes [134]. AB is not necessarily a stable substance due
to this low thermolysis temperature. Thermolysis produces several products.
The definition and accompanying names of these products of [111] are used
here, which may differ from those of [262], [263]. After the first step at 373K,
aminoborane is formed, but there is very limited information on this substance.
However, it is mentioned to be highly reactive [111]. At 423K, aminoborane
decomposes into HNBH (iminoborane) and hydrogen [111]. Iminoborane (also
known as Boraneimine), BNHj, is formed during an endothermic reaction.
Both are mentioned to be similar to ethylene acetylene [111]. The final result
from the thermolysis reactions, iminoborane, is thermodynamically unstable
[264]. It oligomerizes easily into borazine (H3BsN3Hjz) [111], [264], [265].
Borazine is in its own a very dangerous substance, being flammable and
corrosive to skin [266]. It reacts very violently with water and may ignite
upon contact [266]. Thus, if the thermolysis steps were to happen, producing
borazine, which in its turn can then ignite upon contact with water, triggering
new thermolysis reactions and creating a positive feedback loop.

6.2.6 HAZARD IDENTIFICATION OF AMMONIA AND METHANOL

Ammonia and methanol are both widely produced and shipped all over the
world [19]. Depending on the energy release mechanism, releasing energy
from ammonia either produces NOy or pure nitrogen. Ammonia is a flam-
mable gas, although it requires preheating before ignition can occur [78]. The



6.2 HAZARD IDENTIFICATION 161

storage is difficult because it is gaseous at ambient conditions, corrosive to
metals and skin, acutely toxic if inhaled and very toxic to aquatic life [20], [78],
[126]. The first three issues are in the ‘danger’ category, the environmental
hazard (toxicity to aquatic life) is considered to be a warning [78]. Even though
ammonia is less reactive than conventional fuels, the toxicity is seen as a major
issue for its use as a future fuel [126], [267]. Ammonia is usually stored under
low temperature or slightly elevated pressure, so that it becomes a liquid. This
way of storing it can cause dangerous, toxic clouds, which spread over a large
area [126]. Another issue is that this toxic cloud can come into contact with
water, resulting in the formation of a layer of toxic NH4OH [184]. Thus the
toxicity of ammonia is a major issue.

Methanol is a volatile substance and liquid under ambient conditions [184].
It is extremely flammable and can combust under ambient conditions [268].
Additionally, it can drop down to the source of its ignition and ignite again
[184], [268], because it is heavier than air. Furthermore, methanol burns
invisible, making it hard to detect in bright daylight [268]. Furthermore,
methanol is acutely toxic and a health hazard [268]. It should not be touched
as it is toxic in contact with the skin. If swallowed or inhaled, it also causes
damage to organs and low exposure over the long term is dangerous [268].
For marine life, on the other hand, methanol is not classified by GHS as toxic
[268].

6.2.7 OVERVIEW OF HAZARDS OF THE HYDROGEN CARRIERS AND REFER-
ENCE FUELS BASED ON THE GHS SYSTEM

Table 6.1 gives an overview of the known GHS symbols of the hydrogen
carriers. Hydrogenated and dehydrogenated versions of the carriers are taken
into account.
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Table 6.1: GHS categories for hydrogen carriers, ammonia, methanol and MDO. “D”
stands for “Danger” which implies a more severe form of that said hazard
than a “W”. L is the lowest category, implying only a label has to be used,
with no additional warning or danger marking [233]. It should be noted
that only one of them can appear, always the most dangerous one is chosen.
* is a hazard that occurs when in contact with water, A when the substance
has been thermolysed.

Hazard Class DBT NEC SB KB AB NH; MeOH MDO

Flammable D* D* D D
Acute Toxic D D D* D D D
Health Hazard D D D* D* D D
Corrosive to skin D D W*+/DA D
Irritant W W W# W W
Environmental

Hazard W W w L

It should be noted here that even though MDO is categorised as flammable
in the fourth category, this is not classified as a hazard in the GHS system
[269]. Table 6.1 gives the danger and warning levels as advised by [233]. It
can be seen from the table that the LOHCs have the least hazards and the
borohydrides (and AB) have the most hazards.

The results of Table 6.1 can also be shown graphically. This way it becomes
immediately clear which substances have similar properties. Figure 6.1 shows
these. In this figure, all dangers and warnings are taken into account, including
those that only occur when the substance is in contact with water or heated.
This means that Figure 6.1 shows the worst-case scenario of all substances.
It should be noted here again that this is a qualitative figure, as this chapter
only looks at potential consequences. Figure 6.1 shows that MDO has a
large amount of safety hazards. It can also be seen that methanol follows
the same pattern as MDO for acute toxicity and health hazards. AB touches
all possible limits in the chart, as environmental hazard and irritant only
have the warning level, making it clearly the most dangerous substance. The
borohydrides follow the exact same pattern, because the reactions with water
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Figure 6.1: (a) spiderweb of safety hazards of LOHCs (DBT and NEC) and boro-
hydrides (SB and KB); (b) spiderweb of safety hazards of AB (NH3BH3),
ammonia, methanol and MDO

are also taken into account. Comparing this to Figure 6.1a, it can be seen that
there only the borohydrides are corrosive to skin.

6.2.8 GENERAL HYDROGEN CARRIER HAZARDS

Besides the specific hazards discussed above, several general hazards exist
due to the presence of hydrogen, of which two will be covered. First, as
all considered fuels are able to release hydrogen (including methanol and
ammonia through cracking), hydrogen fires present a substantial danger.
Second, substances that are released in the air, for example in the case of a
hydrogen fire, can extend the affected area far beyond the boundaries of a
ship.

Hazard of hydrogen fire and explosion

When hydrogen is released, it can easily ignite, because of its broad flammab-
ility range of 4 to 75% [270]. Historically, the main cause of incidents involving
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hydrogen are mechanical failures, which can result in several reactions: jet
fires, flash fires, explosions and atmospheric dispersion [271]. Ignition usually
results in a jet flame, which is a long flame from the point of ignition that can
even occur after an initial explosion [272], [273]. A flash fire is a fire without
an explosion, which is started by an external ignition source [272], [274]. Such
fires are likely to happen when liquid hydrogen is spilled [231] and its main
property is a flame that travels back to the leak [274].

A considerable hazard of hydrogen is its explosive properties. These have
been studied well, especially under practical circumstances, using liquid or
pressurised hydrogen [231], [270], [271], [272], [274]. [231] found a realistic
and conservative relation between the size of the fireball and the mass of
hydrogen involved:

Dimsee = 19.5 x mifs, (6.1)

with Dp,sc . the diameter of a hydrogen fireball in meters and mp, the mass
of the hydrogen involved in kilograms. This equation shows that already
small amounts of hydrogen can cause very big fireballs. Due to the very low
density of hydrogen, these fireballs are almost never completely circular and
the hydrogen can travel rather far before ignition (up to 30 meters from the
source)[231], [275].

The detonation limit of hydrogen is 18.3-59% and explosions mostly occur
due to over-pressure in concealed spaces. Possible reason for over-pressures
are the expansion of cryogenic hydrogen after vaporizing (850 times increase)
and poorly handled compressed hydrogen [276]. Venting is often used as
a solution, but according to [277], the explosion peak over-pressure only
decreases with larger vent sizes. Regarding the size of explosion, a study
by [278] on the fukushima accident investigated the increase in damage 30
meters from the reactor core for larger amounts of hydrogen. They showed
the pressure wave from 10kg of hydrogen results in minor structural damage,
8okg results in major structural damage and 200kg could result in partial
demolition. An example of damage closer to the detonation is given by [270],
who studied a hydrogen explosion in an ammonia plant. In this case, 10-20kg
of hydrogen was discharged and only about 3.5-7kg of exploded. Nevertheless,
this still resulted in concrete blocks weighing 1.2 metric tons being moved up
to 16 meters [270].

Despite the power of the explosion, the heat flux is limited. For example,
[231] shows that for a tank rupture test (35.7MPa, 1.64kg of hydrogen), the
first-degree burn exposure (with the marker ‘pain’), is only 5 meters, with an
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exposure time of 2.8s. Despite the fact that hydrogen has an adiabatic flame
temperature of 2403 K, this exposure is not enough to cause second (or even
third) degree burns [231]. Consequently, even though hydrogen explosions
have high power, their thermal doses are low, meaning the explosions are the
most dangerous on the ship.

Aerosol hazard identification

For a substance to become dangerous outside the vessel boundaries, it would
have to be either propelled away by an explosion, or be in the form of
aerosols or other small particles. These are able to become "airborne", or
spreading through the air by following air flows [279]. The exact size, density
and humidity of the droplet are important parameters defining the spread
[279]. For example, [279] showed that droplets with diameters smaller than
10 micrometers could be more dangerous than larger ones, as these stay
in the air for longer periods of time, while droplets with diameters of 10
and 20 micrometers fell down after about 350 seconds. Besides this, small
droplets can also spread rapidly, covering several meters in a matter of seconds.
This principle is visualized in Figure 6.2, where different sized particles
where released from the same location and simulated over 35 seconds. This
confirms that substances which form particles smaller than approximately
10 micrometers, have a danger of becoming airborne, which could result in
travel over large distances. This airborne hazard is relevant for cryogenic
fuels, which create vapour clouds after spillage, and ammonia, which creates
toxic ammonia clouds when a substantial amount comes into contact with
water [19]. Consequently, it is evident that not only local effects, within the
boundary of the ship, should be taken into account for these fuels.

63 CURRENT SAFETY APPROACH IN THE MARITIME
INDUSTRY

This chapter investigates the current maritime regulations and guidelines to
understand the influence of the chemical properties on the design of and
the application on ships. The main philosophies and regulating structures
are discussed to provide a better understanding on the origin and approach
of safety regulations. The IMO is the main international organisation with
regards to the regulation of international shipping and navigation for safety,
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Figure 6.2: Flow of droplets over time, fluctuation level 0.05m/s RMS for three differ-
ent droplet sizes, own work with use of DNSLab [280]

for vessel-source pollution, and for maritime security purposes. In this chapter,
the IMO conventions and guidelines are used to determine how safety is
currently defined onboard ships. Safety has been categorised in the following
three safety aspects: First of all, the safety of life on board, such as safety
of the crew and passengers. Secondly, there is the safety of the ship itself,
the structural integrity of the ship. The third and final point is the safety of
the ecosystem surrounding the ship. The surroundings of the ship are here
defined as the area which a fuel (spill) can influence. Section 6.3.1 discusses
the regulations regarding these safety aspects. Another categorisation can
be made based on the regulation philosophy: prescriptive standards versus
goal-based standards, the latter described in section 6.3.2.

6.3.1 IMO SAFETY REGULATIONS

The three before-mentioned safety aspects, of life on board, of the ship it-
self and of the ecosystem surrounding the ship, are covered in a range of
conventions and regulations. Historically, these rules are based on incidents
and written from a prescriptive perspective. For example, the international
convention for the safety of life at sea (SOLAS) was adopted in 1914, mo-
tivated by the Titanic disaster in 1912 [281]. The first aspect, safety of life
of crew members and passengers, is an inherent goal of convention SOLAS,
which covers minimum prescriptive standards for construction, equipment
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and operations of ships [282]. In SOLAS, safety is defined as “protection from
danger, risk or injury, in the context of non-intentional events, such as acci-
dents or events cause by human error"[283]. Furthermore, the maritime labour
convention (MLC) determines “the minimum working and living standards
for all seafarers on those ships” [284]. The MLC, the authority on occupational
safety, has defined a hazard as the inherent potential to cause injury, harm
or damage to a seafarer’s health. This includes many sources, for example
intrinsic (chemical) properties, situations, potential energy, the environment
or human influence. Passenger safety, on the other hand, is mainly focused
on communicating the relevant SOLAS requirements effectively to passen-
gers [285]. For example, on passenger ships (ships designed to carry over
12 passengers), the regulatory safety aspects most relevant to crew are the
general fire fighting system and the possible escape routes in case of a casualty
[286]. Therefore, passenger safety does not seem to be directly influenced by
chemical properties of potential fuels within a regulatory perspective.

The second safety aspect, ship safety and structural integrity, is part of the
international code of safety for ships using gases or other low-flashpoint fuel
(the IGF Code). The goal of this code is “to provide criteria for the arrangement
and installation of machinery for propulsion and auxiliary purposes, using
natural gas as fuel, which will have an equivalent level of integrity in terms
of safety, reliability and dependability as that which can be achieved with a
new and comparable conventional oil fuelled main and auxiliary machinery”
[287]. The current IGF code is primarily prescriptive, even though a goal-
based approach is followed. It has been amended using interim guidelines for
alcohol fuels [288], while ammonia and hydrogen are still in the progress of
being added [289]. Therefore, it is not yet applicable to all alternative fuels.
Most importantly, it is only applicable to more prevalent alternative fuels, but
not to the hydrogen carriers.

The main convention on environmental safety is the international conven-
tion for the prevention of pollution from ships (MARPOL) [290]. It applies to
two different situations: during daily operation and in case of pollution by
incidental causes. The Annexes of MARPOL mainly focus on water pollution,
such as pollution by oil, noxious liquid substances, harmful substances carried
by sea, sewage and garbage. Annex VI, however, aims to prevent air pollution,
limiting GHG, SO,, NO, and particulate matter emissions.

As mentioned in section 6.2.8, aerosols with a small diameter can spread
over significant areas depending on the wind speeds. This is only a risk
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for fuels that are gaseous at ambient conditions and have lower or similar
densities compared to air [184]. Therefore, ammonia is the only fuel discussed
in this study for which this risk applies. IMO considers the toxicity one of the
key safety aspects in using ammonia, posing dangers for both life on board
and nearby personnel [291].

6.3.2 GOAL-BASED STANDARDS (GBS)

MSC introduced a goal-based philosophy into the SOLAS Convention in
2002 [292]. The goal-based design approach aims to provide greater freedom
in developing technical solutions and accommodating different standards.
Goal-based regulation does not specify the means of achieving compliance but
sets goals that allow alternative ways of achieving compliance in contrary to
conventional ‘prescriptive’ standards [293]. A five-tier system was introduced
to develop the GBS of which the first three (goals, functional requirements
and verification of compliance criteria) are performed by IMO. Classification
societies and industry are responsible for the fourth and fifth tier, respectively.
This creates a responsibility distribution amongst all parties involved in safe
and future-proof shipping.

The main goal of tier I is applicable to all new ships and as follows: “ships
are to be designed and constructed for a specified design life to be safe and
environmentally friendly...” [294]. Within Tier 1 of the GBS, the following
objective relate directly to safety [294]:

1. Safe and environmentally friendly means that the ship shall have ad-
equate strength, integrity and stability to minimize the risk of loss of the
ship or pollution to the marine environment due to structural failure,
including collapse, resulting in flooding or loss of watertight integrity.

2. Environmentally friendly also includes the ship being constructed of
materials for environmentally acceptable dismantling and recycling.

3. Safety also includes the ship’s structure being arranged to provide for
safe access, escape, inspection and proper maintenance.
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633 IMPLICATIONS OF IMO SAFETY REGULATIONS ON HYDROGEN CAR-
RIERS

The IMO has recognised two main codes that deal with the safety of gas and
low flash-point substances as cargo (IGC) and fuels (IGF). However, as shown
for LNG by [295], codes like these often take many years to be adopted, while
safety rules lack clear technical justification or limit application. Furthermore,
as these codes focus on the application to specific substances, some hydrogen
carriers are not covered. Therefore, the MSC, the IMO committee that creates
legislation in the field of maritime safety and security [296], has approved
‘Interim Guidelines for the safety of ships using fuel cell power installations’.
This guideline states that safety, reliability and dependability of alternative
fuels should be in line with general conventions [297].

Classification societies play a crucial role in the maritime industry by
converting codes such as the IGC and the IGF into prescriptive rules, as well
as overseeing compliance. Notably, some classification societies have recently
published rules designed to provide guidance for alternative fuels like LNG,
ammonia, and methanol [298], [299]. However, it should be emphasized that
these regulations are not yet universally applicable to all hydrogen carriers.

Upon a thorough analysis of the current IMO regulations and conventions, it
is evident that numerous safety aspects have been addressed based on lessons
learned by past incidents. Serious steps have been made towards GBS, slowly
moving away from prescriptive standards. However, the definition of safety
for life on board, structural integrity and ecology remains somewhat elusive.
The regulations are either not applicable on hydrogen carriers (prescriptive)
or very broad (GBS). As such, the context in which alternative fuels such as
hydrogen carriers are to be integrated into remains not strictly defined.

64 INFLUENCE OF HAZARDS ON THE APPROACH TO
SAFETY ON SHIPS

In this section the connection between hazards and on board applications will
be made, categorised in line with the previously introduced IMO safety aspects
(ecological, public health, crew and ship). Potential mitigation strategies are
not taken into account, as these can be major design choices. Public health
is not included in this section, as its only applicable to one fuel, ammonia.
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In this section the identified safety aspects as described in section 6.2 are
categorised in the context of application onboard ships. Section 6.4.1 goes over
the application of safety hazards that specifically influence the life onboard
ships. Section 6.4.2 looks at the influence of safety hazards on the structural
integrity of ships and section 6.4.3 regards the influence of the substances on
the (aquatic) environment.

6.4.1 POSSIBLE INFLUENCE OF ALTERNATIVE FUELS ON LIFE ON BOARD

As mentioned in section 6.3.1, there are differences between the safety aspects
of life of crew and passengers. For passengers, there are additional require-
ments regarding communication. The safety of all life on board is related to
hazards, as these can cause injury or damage to health. Current fuels like
MDO are already dangerous substances. Figure 6.3 shows a comparison of
the hazards when compared to MDO.

All substances that are labeled corrosive are corrosive to the human skin,
as can be seen in section 6.2. As visualized in Figure 6.3, some fuels have
similar hazards, such as DBT, SB, KB and the products of hydrolysis of AB:
boric acid and borax. The latter is also a rest product of hydrolysis of SB and
KB. These substances are all capable of possible damage to the fertility or
the unborn child. However, it is not clearly defined what this GHS statement
means. This is problematic, as impact on reproductivity and pregnancies can
be impacted even after exposure and the impact of chemicals on women is
less known [300]. For example, the international labor organization (ILO)
protects women that are pregnant or nursing by requiring measurements to
ensure the workplace is safe [300]. This would most likely mean additional
measurements for DBT, SB, KB and AB.

It can be seen that there are three substances on a similar safety level
to the health of the crew compared to MDO. These are DBT, NEC and
Methanol, which will be discussed here first. Ammonia follows and after that
the borohydrides will be discussed as they have similar properties. Lastly AB
is discussed.

Methanol and LOHCs DBT and NEC

Methanol has a similar acute toxicity and level of general health hazard com-
pared to MDO. Even the exact health hazards are very similar, namely both
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Figure 6.3: Danger and warning levels of alternative fuels relevant for the health of
crew and passengers, compared to those of MDO

should not be swallowed or inhaled and cause skin irritation. Additionally,
both cause damage to the organs. The main difference here is that MDO is
also suspected of causing cancer, so methanol is less hazardous to life.

DBT and NEC are both less hazardous to life than MDO, since NEC only is
a strong irritant. The main difference between the irritant properties of NEC
and MDO is that NEC also causes eye irritation. NEC causes skin irritation
and may cause respiratory irritation, but does not seem to be harmful if
swallowed [240], [242]. As these irritation levels are only on warning level,
NEC can be categorized as more safe to the crew of the ship than MDO.
DBT is slightly more hazardous to the crew than NEC, as it poses a health
hazard on danger level. This is because DBT may be fatal if swallowed, which
is the same warning as MDO (H304). Additionally, as DBT can endanger
the unborn child [235], while MDO does not have this warning. However,
DBT is not considered acutely toxic or an irritant, making it in general more
safe to the crew, especially if they are all male. This would mean that the
above-mentioned three fuels are very likely to comply with the regulations of
the MLC, as the hazards are less than those of MDO.
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Borohydrides

A substance that scores a “danger” hazard on all levels is SB [133]. This
is because it is extremely corrosive to the skin but also acutely toxic when
swallowed. Additionally, it may damage fertility or the unborn child, which
thus causes a health hazard. This substance should thus not come into contact
with the crew of the ship at all. Unlike the other substances mentioned
previously, SB is a powder and thus less likely to move around through the air
on the ground. This, combined with the fact that it is only dangerous when
touched or swallowed, results in that in the event of a spill, SB is less likely to
pose a danger to the crew than ammonia (which can spread freely, being a gas
at ambient conditions). Thus, a SB spill will be dangerous for the crew locally,
but most likely less dangerous for passengers on board. KB has the same
properties for acute toxicity and corrosiveness to skin, but it only becomes a
health hazard and an irritant when it comes into contact with water. This is
due to the formation of potassium metaborate and borax, which are a health
hazard to the unborn child [249], [251]. Additionally, potassium metaborate
is an irritant, but only on the warning level, as it causes eye irritation [249].
Thus, KB is in the end less hazardous than SB.

AB

AB only has a warning for being an irritant, so it should not be swallowed,
touched or inhaled [258]. In itself, AB can thus be considered as less hazardous
than MDO, as MDO is classified as warning in the hazard class irritant and
also being dangerous in acute toxic and health hazard class. However, AB
does become extremely dangerous when in contact with water, as it produces
ammonia [111]. However, this reaction is considered to be relatively stable
and requires catalysts [134]. But when this happens, AB forms ammonia as
well as borax, which have been mentioned previously. Another danger is that
AB can decompose under elevated temperatures (up to 423K). This results
in the compound borazine. Borazine is corrosive to skin on a danger level
[266]. To sum this up, AB itself is less hazardous than MDO. However, when
heated, it becomes corrosive to skin (which MDO is not) and when in contact
with water it becomes an irritant, health hazard and acutely toxic due to the
formation of ammonia and borax.



6.4 INFLUENCE

OF HAZARDS ON THE APPROACH TO SAFETY ON SHIPS

173

AB Heated solid
AB Solid
NEC Solid/Liquid
SB Solid

KB Solid
DBT Liquid
PH, Gas

AB water Solid + gas
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Figure 6.4: Qualitative comparison of hazards accompanied by future fuels and MDO
relevant for the safety of crew and passengers. Here, only hazards are
taken into account, no probabilities or resulting risks. Because of the
different behaviour of substances due to their state, the state is taken into
account

Ammonia

Ammonia is widely known that to be acutely toxic at inhalation [78], [126],
[267]. Besides this, it is only classified as corrosive to the human skin [78].
Because of the few, but dangerous hazards, ammonia is hard to compare
to MDO. Both have different hazards influencing human health and both
may lead to death if entering the airways [78], [269]. MDO has additional
hazards, such as health hazards, which ammonia does not have. This does not,
however, make ammonia more safe than MDO. The hazards are expressed
differently, as the risks are different. Additionally, ammonia is usually stored
under slightly lower temperature than ambient conditions (240K), or 10 bar
atmospheric [20], [184]. Because of this low temperature, ammonia can cause
frostbite [301]. All of this combined it is expected that the MLC will require
certain measures to mitigate the risk that ammonia poses to the crew on board,
as having ammonia on board is dangerous for the crew and passengers.
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The above-mentioned hazards related to life on board are summarized
in Figure 6.4. Because of the large differences between AB and its reaction
products, this is split up in three types. It should again be noted that this is a
qualitative assessment and the numbers are arbitrary, it should only give a
comparison compared to each other and to MDO.

6.4.2 POSSIBLE INFLUENCE OF ALTERNATIVE FUELS ON SHIP STRUC-
TURAL INTEGRITY

The functional safety and safety aspects regarding structural integrity of the
ship are influenced by two GHS aspects of the hydrogen carriers studied:
flammability and hydrogen explosions. Within GHS [232], flammability is
(almost) always considered a hazard of danger level instead of a warning
level. Two fuels are flammable without additional requirements: AB and
methanol. Methanol burns with an invisible flame, resulting in additional
the requirement of additional detection equipment. Therefore, only AB forms
a direct threat to ship integrity based on it’s flammability properties. Since
conventional fuels share the same flammability properties, fire on board is a
threat well-considered and included in IMO Conventions. Additionally, SB
and KB also have flammable properties when in contact with water due to the
release of hydrogen. The quantity of hydrogen released without a catalyst is
limited, but still to be considered onboard ships. Finally, influence of hydrogen
carriers in general on materials still have to be researched.

It is trivial that hydrogen is present at one stage in the process since it must
be extracted from hydrogen carriers. Therefore, hazards related to hydrogen
are applicable to all hydrogen carriers considered. One of these hazards has
been mentioned in detail in section 6.2.8. Other hazards, such as permeation
and the influence of hydrogen on other materials, are recommended for
further research.

643 POSSIBLE INFLUENCE OF ALTERNATIVE FUELS ON THE ENVIRON-
MENT

Environmental hazards are always considered as a warning level threat instead
of a danger level threat. It is also possible for environmental hazards to only
have a pictogram, without a signal word [232]. The four fuels that, according to
literature, pose a threat to the environment are DBT, AB, ammonia and MDO,
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with AB only after contact with water. DBT forms a hazard in the long term
only, as it is extremely toxic to aquatic life in the long term. It is not persistent,
with a high biodegradability. NEC on the other hand, is not biodegradable,
but is also thought to be not acutely toxic. The exact consequence of this
persistence is still to be studied, but there is a common understanding that
it causes an environmental hazard. Especially when compared to MDO, this
poses different hazards, as MDO is biodegradable [239]. AB is only toxic to
aquatic life if it hydrolyzes, as then ammonia is released. Hydrolysis cannot be
excluded here as it is likely to happen over time, despite AB being relatively
stable in water. Ammonia is not only toxic to humans, but also to aquatic
life. Moreover, contrary to conventional fuels, it cannot be flared to remove it
from a marine environment. Similarly, AB cannot be flared because it is highly
soluble in water and thus will not ignite despite its high flammability. Thus, it
is hard to compare the effect on the aquatic environment due to the different
types of effects of the alternative fuels. MARPOL [290] has appendices on
oil spillage, which forms the main threat for environment by MDO. The
spillage of ammonia, DBT and NEC is not mentioned in MARPOL as a risk
to environment [302]. This shows that MARPOL has the potential to improve
in the area concerning alternative fuels.

6.5 CONCLUSION

The discussed hydrogen carriers cannot be called safe by definition based on
their GHS classifications as defined in chapter 6.2. Moreover, the safety of
hydrogen carriers is not fully integrated in the IMO safety framework. The
integration of the hydrogen carrier chemical safety with the maritime safety
approach is limited due to the following characteristics. First, the maritime
safety definition often lacks technical justification and the chemical safety
categorisation is non-explicit. Therefore, matching these definitions induces
an even greater level of uncertainty causing a fully subjective ranking of
hydrogen carriers on their maritime safety level. The GHS classifications are
quantitative, with only three classes: nothing, warning or danger. Even though
these classifications are based on underlying criteria, these criteria are still
divided in four hazard levels. The IMO classification of safety is found to
be even more ambiguous, with either qualitative and abstract goal-based
standards or prescriptive standards solely based on common practice with
fossil fuels. This combination makes it challenging to assess hydrogen carriers
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Figure 6.5: An overview of the alternative fuels and their hazards based on the three
major focal points: life of on board (life), structural integrity of the ship
(ship) and the aquatic environmental impact (environment), including the
dangers and warnings stacked together. The bar height is based on the
number of hazards per category, with D having more weight than W

on their safety level within a maritime context. It is noteworthy that MDO is
also categorised as danger for multiple GHS labels. An attempt to connect
the GHS labels to the three previously mentioned maritime safety aspects is
shown in Figure 6.5. The three aspects are respectively safety of life on board,
safety of ship structural integrity and safety of ecology. The "Warning" and
"Danger" values are in line with Table 6.1.

Opverall, it cannot be said that there is one hydrogen carrier that is the safest.
The only real conclusion that can be made is whether substances have or have
no influence on the certain safety aspects, but even this conclusion can change
with design and mitigation.

6.5.1 DISCUSSION AND FURTHER RESEARCH

In order to draw strong conclusions on which hydrogen carriers are safer than
others, future research should focus on ways of comparing qualitative safety
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values as well on mitigative or preventative measures. There are several frame-
works of comparing qualitative and quantitative values to guide designers in
making decisions when values may conflict or are hard to measure, as shown
by [303]. Chapter g builds on this by examining safety-based values and their
trade-offs. Comparing these strategies can lead to a clearer prioritisation of
values within a maritime context.
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AN EXPERIMENTAL AND THEORETICAL PERSPECTIVE

“Fisken kom forst. Mennesket er bare en
seiglivet gjest ved havet”*

— Roy Jacobsen, Hovitt Hav
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CHAPTER SUMMARY

This chapter provides an experimental and theoretical perspective on safety
hazards specific to the maritime world. The influence of impacts on ships
(possibly causing spills or a fire) are evaluated. All four hydrogen carriers are
evaluated on their spill behaviour, starting from a theoretical point of view
(spill into the ocean, a fire and the results of a fire spilled into the ocean).

It is discovered that spent fuel of boron-based carriers can possibly act as
a fire retardant, while the fuel itself will strongly increase the heat of a fire.
Next, the spill behaviour of the hydrogen carriers is experimentally assessed.
SB releases hydrogen faster in seawater than in fresh water; AB does not
release hydrogen at all. The persistence of LOHCs in combination with them
being extremely hard to detect, may be problematic in case of a spill.

plJegoJoJoJo4o4E

*The fish came first. Humans are just a tenacious guest by the sea.
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7.1 INTRODUCTION

The previous chapter examined the specific safety hazards of each hydrogen
carrier. Given that many hydrogen carriers are relatively under-researched
substances, complete hazard identification cannot be achieved. Additionally,
the level of safety testing and characterisation varies significantly across
different carriers; some have been thoroughly investigated, while others have
substantial data gaps. This uneven research coverage results in an incomplete
hazard database. This lack of hazard data is problematic; it might be the
reason a substance is chosen, even though it is not a large improvement over
the current status, whilst substances may not be chosen despite having a
large improvement over the current status. A lack of hazard data is therefore
one of the five causes of so-called regrettable substitutions: substitutions of
chemicals that do not come with a large improvement [304]. Time limitations
and insufficient laboratory equipment are a major reason for this lack of data
[304].

The previous chapter mentions many of the hazards that are mapped
in great detail; these are the hazards that the GHS is based on. However,
not all of these hazards have been examined within a maritime context.
Maritime operations face inherent risks from both accidental fuel release and
physical impact events. Recent years have seen increased collision risks from
various sources, including deliberate attacks, vessel-to-vessel collisions, and
encounters with natural obstacles like icebergs. These events can result in hull
breaches, fires, and significant fuel spillage, making it essential to understand
how alternative fuels behave under such conditions. This chapter examines
the specific hazards applicable to hydrogen carrier use aboard ships, focusing
on two critical scenarios: fuel spills and physical impact events. The objective

The content of this chapter is based on the following articles:

E. S. van Rheenen, A. A. Kana, J. T. Padding, and K. Visser, “Solid hydrogen carriers as an
Alternative Fuel and Impact Damper,” in Proceedings of the International Naval Engineering
Conference (INEC), IMarEST, 2024.

E. S. van Rheenen, K. Visser, A. A. Kana, and J. T. Padding, “Spill Behaviour of Hydrogen
Carriers as Alternative Fuels for Ships,” in Proc. 1oth World Congress on Civil, Structural, and
Environmental Engineering, CSEE 2025, H. El Naggar, ]. Barros, and P. Cachim, Eds. Avestia
Publishing, 2025.

and on the work of the 'BEP group” of E.C. Vassis, M.K. Meerveld, M.]. Jonker, R.R.J. Doekers
and T.A. Sluimer, "HET GEDRAG VAN LOHC’S IN ZEEWATER", 2025
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is to analyse the consequences of both large-scale spills and impact incidents,
recognising that impact events may subsequently lead to significant spillage.

7.1.1 FUEL SPILLS

Currently, post-Panamax ships can use up to 20,000 m® of fuel, and Panamax
container ships and large cruise ships can use up to 7500 m® [305]. Even an
inland tank barge (90 m long) can carry up to 4500 m?® [305]. When using
hydrogen carriers, these tanks can be up to 4 times larger to accommodate the
same amount of energy [137]. The potential for fuel spills is thus significant,
and the use of chemicals as fuels shifts the risk from relatively small-scale
contamination to the potential for large-scale, unpredictable spills, which can
cause catastrophic damage [306]. For instance, the Prestige oil spill resulted
in 66% less species richness in specific locations, and these types of effects
can persist up to 4o years after the incident [306], [307]. Moreover, such spills
can have significant socio-economic effects. Unlike oil spills, the behaviour
and impact of chemical spills are poorly understood and little documented.
Additionally, maritime spills especially have the issue of social amplification,
resulting in a skewed public view of marine pollution issues [306].

Critical parameters such as the predicted no-effect concentration (PNEC)
and the GESAMP (Group of Experts on the Scientific Aspects of Marine
Environmental Protection) hazard rating and persistence, bioaccumulation,
and acute toxicity (PBT) are essential for evaluating spill hazards. However,
these ratings do not predict how a substance behaves during a spill. Despite
the OPRC-HNS (Protocol on Preparedness, Response and Co-operation to
pollution Incidents by Hazardous and Noxious Substances) protocol of the
IMO (in force) [308] and the HNS (Hazardous and Noxious Substances)
convention (not in force) [309], the field of chemical spill treatment at sea
remains underdeveloped, as highlighted in a white paper that discusses the
dangers of HNS spills and compares them to oil spills [310].

Understanding the behaviour of the spilt chemical in the sea is of utmost
importance, yet it remains to be discovered for all four above-mentioned
hydrogen carriers. Existing classifications are usually based on laboratory
data, in which factors in the maritime environment, such as wind and sun,
as well as the salinity of seawater, are not considered [311]. Notably, in
situ results incorporating environmental influences can differ significantly
from laboratory outcomes [311]. This chapter addresses this gap through




182 MARITIME SAFETY HAZARDS

seawater-based laboratory testing, offering improved insights into hydrogen
carrier behaviour under conditions that more closely represent maritime
environments.

7.1.2 IMPACT

While solid hydrogen carriers themselves cannot prevent ships from sink-
ing, their properties may offer potential safety advantages in the event of
collisions. When stored within a ship’s hull, these carriers may dampen the
impact of a collision. The powdery nature of the hydrogen carrier could
potentially solidify and even plug any resulting holes, reducing the release
of the fuel through the hole. Additionally, some of these chemicals may have
flame-retardant properties, potentially reducing large-scale fires. Finally, solid
hydrogen carriers could minimize fuel loss compared to liquid alternatives.
These characteristics suggest that solid hydrogen carriers may offer improved
safety compared to conventional fuels like diesel or other liquid alternatives
like methanol.

7.2 METHOD

Understanding hydrogen carrier behaviour in maritime scenarios requires
a systematic approach, beginning with fundamental safety assessments. An
initial literature review is essential to establish baseline safety parameters
before progressing to experimental investigation. This chapter focuses on
achievable experimental work within available constraints; spill behaviour
testing was conducted using accessible substances and facilities, whilst impact
analysis relied primarily on theoretical examination due to both the unavailab-
ility of a sufficiently large quantity of material and the complex experimental
requirements for impact testing.

This method section is divided into three parts. Section 77.2.1 outlines the
theoretical approach for assessing boron-based solid hydrogen carriers as
impact-damping systems. Simple spill behaviour was tested in a lab setting.
The method with which used to evaluate simple spill behaviour is discussed in
section 7.2.2. As certain hydrogen carriers produce hydrogen during spills, ex-
tended tests were not possible in the labs available for this research. However,
for those hydrogen carriers not producing hydrogen during spills, together
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with a group of Bachelor students, I was able to build a test setting mimicking
waves. This is all discussed in section 7.2.3.

7.2.1 THEORETICAL RESEARCH - SOLID HYDROGEN CARRIERS

An approach based on chemical reactions is proposed to investigate the
possible usage of solid hydrogen carriers as impact dampeners. The influence
of heat, water and a combination of heat and water on the hydrogen carriers
is investigated. The likelihood of reaching relevant temperatures depends on

possible environmental conditions and is not taken into account in this chapter.

However, the likely consequences of these impacts on hydrogen carriers are
investigated. The mentioned hydrogen carriers are all circular in nature. Their
empty fuel, called spent fuel, has to be stored on board and discharged and
regenerated at a shore facility to enable renewable use. Thus, the ship will
additionally carry the spent fuel of each of the carriers. The composition

of the spent fuel depends on the reaction required to release the hydrogen.

Both hydrogen carriers will release hydrogen through hydrolysis. For AB, the
reaction is as follows:

NH3;BH;3 + 3H,0 — 3H, + B(OH); + NH;3 (7.1)

The spent fuel will thus be B(OH)3, which can possibly be stored in the same
tanks as the original fuels. Thus, the spent fuel must also be investigated. For
SB, a similar reaction is regarded:

NaBHj + (2 + x)H,O — 4H; + NaBO,.xH,O (7.2)

In this case, the spent fuel consists of NaBO,.xH,O. The x here depends on
the exact temperature at which the spent fuel is removed from the solution
through crystallisation and possibly additional dehydration steps [159]. To
reduce weight, the x should be as small as possible. The resulting calculated
weights of the spent fuel are given in table 7.1.

Thus, both the original fuel and the spent fuel will be investigated as to

their chemical reaction to heat, water and a combination of heat and water.

The final scenario considers a flash heat source, followed by water contact
with the products. What would happen without heat and water, with just a
lack of confinement from the fuel tank, is not part of this study. Figure 7.1
shows the pathway of the chemical reaction paths that will be investigated in
this study.
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Table 7.1: Relation of x in equation 7.2 and weight of spent fuel

x | Weight of spent fuel [kg] per kg SB

0 1.73
2 2.69
4 3-64

This research will focus on the chemical reactions and the results of these
reactions. Many of these chemical processes are step-wise processes. Some
of these steps are exothermic and thus self-sustaining. This can potentially
cause unwanted runaway reactions. Endothermic reactions, on the other hand,
absorb energy and will stop once the initial energy source disappears. When
considering products derived from these reactions, it’s important to factor in
their corrosive properties and typical applications. These substances may have
undesired properties, such as high toxicity or flammability. Gases present
greater challenges than solids because of their tendency to disperse readily,
potentially reaching undesired areas.

Sodium borohydride
(NaBH,)
Spent fuel of NaBH,:
NaBO, : Heat —
l Results
Ammonia borane > Water

(NH,;BH,)

Spent fuel of
NH;BH;: B(OH),

Figure 7.1: Overview of pathway to gain resulting chemical products for analysis in
results

The substances formed will be evaluated based on their subsequent influ-
ence on the ship itself and the impact on the passengers and the environment.
It is hard to quantify dangers exactly, especially as consequences depend
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Substance Grade Supplier
N-ethylcarbazole 99% Fisher Scientific
Perhydro n-ethylcarbazole >95% Voyex (SH2IPDRIVE partner)
Dibenzyltoluene 99% Biosynth
Perhydro dibenzyltoluene - Not available
Sodium borohydride 98% CPH Chemicals
Ammonia borane >85% TCI Chemicals
Instant Ocean Seawater - Aquarium Systems

Table 7.2: Used substances, suppliers and grades

greatly on the amount of substances produced and their location. However, a
tirst overview of these dangers can be used to determine whether there are
large issues or if these can be overcome. Estimating these dangers is possible
this way [312]. The results can be used to determine the storage location
of these hydrogen carriers based on whether they can or cannot be used as
impact dampeners.

7.2.2 EXPERIMENTAL SETUP - LAB SCALE - ALL FOUR HYDROGEN CAR-
RIERS

This research involved several experiments presented in separate sections
due to the different approaches required for the boron-based carriers (AB
and SB) compared to the LOHCs. As literature findings sometimes diverge
from experimental results, as noted by Le Floch et al. [311], this study will
also mention possible discrepancies. The experiments focussed on the solu-
bility and behaviour of the mentioned hydrogen carriers (both hydrogenated
and dehydrogenated) in seawater. Seawater is synthesised using the Instant
Ocean brand Seawater from Aquarium Systems, an ion mixture. The mixture
contains sodium-, chloride-, sulfate-, magnesium-, calcium-, and carbonate-
ions, among others. Table 7.2 gives an overview of the substances used, the
suppliers, and the purity grades.
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Boron-based carriers

The boron-based carriers (AB and SB) were tested for their reaction with
seawater (see egs. (7.1) and (7.2)) . A pneumatic through is used to measure
the hydrogen production from both AB and SB when reacting with seawater.
Figure 7.2 gives an an overview of the test setup used in this research. The
resulting substance from the SB reaction (visible in equation 7.2) will dissociate
in water, resulting in Na+ and B(OH)4 ~-ions. These strongly alkaline ions can
result in a strongly alkaline solution [313]. To avoid the formation of such a
very strongly alkaline solution, to mimic the conditions of open seawater, and
because of limitations due to safety in the test set-up, a total of 0.15g of SB was
added to a large surplus of 6oomL of water. In the case of complete conversion
of all SB, this is predicted to result in a pH of 10.52, regardless of whether
salt is added. AB reacts similarly, raising the pH level of the solution to 9.1
when added to water [314], and thus the same amount of water was used.
Experiments involved placing 0.15g of SB or AB in an airtight Erlenmeyer
flask filled with seawater. This flask is connected via a tube to a pneumatic
trough, allowing us to measure the volume of hydrogen gas the reaction
generates. Temperature conditions were adjusted using a heating plate when
necessary.

LOHCs

The behaviour of both LOHCs was tested. Since hydrogenated LOHCs are not
commercially available, NEC was synthesised by SH2IPDRIVE partners [315],
with only small amounts available for testing. Perhydro dibenzyltoluene could
not be synthesised in time due to the failure of the machinery required to
hydrogenate DBT. A small beaker containing Instant Ocean artificial seawater
at a temperature of 22 °C was used for behaviour tests. The LOHC was
added to the beaker, with LOHC always in a significantly lower quantity
than seawater. The main aim is to categorise these substances using the
Standard European Behaviour Classification (SEBC) [311]. The SEBC classifies
substances into categories such as floaters, sinkers, and evaporators. These
main groups have subgroups, e.g. substances that dissolve or evaporate.
Combined, the SEBC has 12 behaviour groups [311].
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Air-tight hose Column filled
to transport with water
hydrogen

Water

Figure 7.2: Schematic overview of test set-up to test self-hydrolysis of AB and SB in
(sea)water.

7-2.3 EXPERIMENTAL SETUP - TANK - LOHCS

When a fuel is spilt at sea, the sea is likely not flat. Waves, currents and
UV-light influence the dispersion and decomposition of the fuel. To simulate
this, Bachelor students carried out an experiment in a tank with seawater
and wavemakers. The tank had a size of 70 by 20 by 50 cm, and was filled
with 15 L of water and 525 g of sea salt. No heating or cooling was involved,
so everything was at room temperature. The has four different settings. The
setting that generates the most consistent waves is used. Figure 7.3 shows the
set-up, including the wavemaker and circulation pump.

7.3 THEORETICAL RESULTS - SOLID HYDROGEN CAR-
RIERS

This section discusses the reaction equations, the temperature at which they
occur, whether they are endothermic or exothermic and the resulting products.
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Figure 7.3: Set up of tank, including wavemaker (left) and circulation pump (right)

Pure hydrogen is often a byproduct of the reactions and is discussed separ-
ately.

7.3.1 AB

AB reacts strongly with water and heat, releasing hydrogen and other sub-
stances during these processes.

Reaction with heat

Figure 7.4 shows the resulting reactions when AB is heated. This figure
is a simplified version, as the actual reactions are more complicated, see
for example [83], [316]. The figure omits many intermediate steps with the
same outcome, involving different but short-lived products. These in-between
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Figure 7.4: Reactions of AB in heat

products, often polymeric, usually decompose to the products as visible in
tigure 7.4. The only exception is polyiminoborane, which is thermodynamic-
ally stable and only releases hydrogen upon heating at higher (over 1000 °C)
temperatures. Figure 7.4 shows multiple end products and several in-between
products that are stable within rather large temperature windows.

Figure 7.4 shows a three-step process for the main pathway. The first
step in this three-step process is an endothermic process, with a reaction
energy of approximately 115 to 145 kJ/mol, producing aminoborane [317].
When aminoborane is heated to about 200 °C, it decomposes into hydrogen
and polyiminoborane. This second step is an exothermic reaction, releasing
approximately 21 kJ /mol [83]. It is thus self-sustaining, making aminoborane
as an intermediate product less likely. The exact enthalpy of reaction, however,
depends on the heating rate, as there are two, overlapping exothermic effects
[318], especially as aminoborane is only stable until about 115 °C, after which
it slowly decomposes [318]. The result, iminoborane (BNH)), is illusive and
highly reactive [319]. It quickly oligomerizes or polymerizes. Polyiminoborane
is rather stable [320]. However, it slowly releases hydrogen upon heating [320].
When iminoborane oligomerizes, it is transformed into borazine.

Only at much higher temperatures, of around 1100 to 1400 °C, boron nitride
is formed [321]. When borazine is heated, it also forms boron nitride. Boron
nitride is a highly stable nitride, subliming at 2500 °C [83], [322].
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During each of the steps, additional byproducts occur. Higher heating rates
result in more volatile, unwanted byproducts like diborane and borazine
[319], [323]. During the first step, diborane and aminodiborane are produced.
Diborane (B,Hy) is produced at a ratio of 0.02 to 0.04 mol per mol of AB
[319]. Diborane, also known as borane, will readily oxidize (at temperatures
lower than 54 °C) to B,O3 (boron trioxide) [324]. Boron trioxide is a stable
solid substance, vaporizing at 1500 °C [322]. Boron trioxide is an ingredient
in flame retardant [325], and is non-combustible. Next to diborane, ammonia
is produced. Ammonia is a toxic gas and is lighter than air. Ammonia has a
flash point of 132 °C.

Next to diborane, aminodiborane can be produced simultaneously dur-
ing the first step [316], [326]. Aminodiborane transforms later into borazine;
this reaction happens at temperatures as low as 75 °C [316]. However, it
takes time to produce amino diborane; the reaction is relatively slow [316].
Aminodiborane is generally hard to produce, resulting in very limited inform-
ation available [327]. It is reported as highly sensitive to air and moisture as it
decomposes [328]. However, it is likely to react with an in-between product of
the main pathway, diammoniate of diborane, resulting in an alternative but
slower path to produce borazine [316].

Borazine is created during the second step as well. Approximately 0.03 to
0.06 moles of borazine per mol of AB are created during this process [319].
Borazine is a dangerous liquid, which is highly flammable and causes severe
damage to the eyes and skin [266]. In water, it hydrolysis to ammonia, boric
acid and hydrogen.

Reaction with water

AB reacts with water in a process called hydrolysis. Equation 7.1 gives an
overview of what happens during this process [83]. There are no known side
reactions or alternative pathways [83]. However, the reaction rate is considered
to be slow, in the absence of catalysts or acids [83], [329]. Acids act as catalysts
during hydrolysis; lower pH will result in faster reactions [329]. For higher
pH, of about 10, no reaction was observed for 8 minutes, after which the
experiment was stopped [329]. Additionally, the substance will self-stabilise
if nothing is done about the pH value of the solution. Regardless of the
concentration, the pH will become 8.7 to 9.1, close to seawater’s pH (7.5 to
8.5) [261], [314], [330]. At these pH values, the solution is reported to be stable
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for 8o days in an inert atmosphere [314]. Another experiment showed that
a maximum of 10% of the overall hydrogen available in AB was released
over the course of several (at most 75) days [330]. Unfortunately, data on
reactions in normal atmospheric conditions could not be found. Thus, AB
is estimated to react extremely slowly in seawater. Regarding the produced
products, B(OH)3, the original spent fuel, will be discussed in section 7.3.3
and hydrogen in section 7.3.2. Ammonia is the main product specific to the
hydrolysis of AB in water. Ammonia is highly soluble in water and will react
with water and form a solution according to the following equation [83]:

NH; + H,O = NH; + OH~ (7.3)

In this equation, ammonium (NH;) and hydroxide (OH~) combined are
called ammonium hydroxide [184]. The amount of ammonia dissolved in
water depends on the amount of water and whether some of the ammonia
can be lost in the gas phase [83]. It is unclear whether all the ammonia will
be dissolved in seawater. Some sources expect that some ammonia will still
be in the gas phase [83], while others state that all ammonia that contacts
water will be dissolved [184]. Thus, the assumption has to be made that
pure ammonia as a gas will be released, as well as ammonium hydroxide.
Ammonium hydroxide is alkaline and corrosive. It will inhibit the reaction of
AB with water and corrode materials nearby. It is also harmful to sealife [184].

Combined heat and water

Figure 7.4 shows several products resulting from heating AB. Ammonia itself
was discussed in section 7.3.1. Borane/diborane has likely already changed
into B,O3 [324], as visible in figure 7.4, however, if this does not happen,
borane will react with water as follows:

B,Hg + H,O — 2B(OH)3 + 6H, (7-4)

In this equation, hydrogen and boric acid are produced. The reaction is
strongly exothermic [331]. Section 7.3.3 presents the reaction of boric acid
with water.

This leaves aminodiborane and borazine. As mentioned in section 7.3.1,
aminodiborane decomposes in water [328]. The exact decomposition reaction
is not available in the literature. The reaction likely proceeds similarly to
borazine, forming hydrogen, ammonia and B(OH)s upon hydrolysis [266],
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[328], [332]. Generally, boron-nitrogen bonds are not stable in the presence of
water [332].

7.3.2 SB

SB is a salt and looks like a white powder. It can be thermolyzed and hy-
drolyzed to release hydrogen and will thus react with heat and water [115],

[333]-
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Figure 7.5: Reactions of SB in heat

Figure 7.5 gives an overview of the main and alternative pathways of
thermal decomposition of SB. Thermal decomposition starts at 470 °C and is
in general as follows [87], [333], [334]:

NaBH; — B+ Na +2H, (7-5)

All hydrogen is released at once when heated above 600 °C, although other
sources estimate this to be 534 °C [87], [333]. The process is exothermic and
thus self-sustaining, releasing about 108 kJ /mol [87], [333], [334]. The products
formed are two solids (sodium and boron) as well as hydrogen.

Sodium is a well-known substance and is very volatile [335], [336]. Figure
7.5 shows the two main reaction pathways of sodium with oxygen, producing
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sodium oxide (Na;O and sodium peroxide (Na;O;) [335]. This reaction occurs
at temperatures at or below 105 °C and requires only 5% volumetric oxygen
in the air [335], [337]. The burning of sodium can reach temperatures of up to
3600 °C under ideal circumstances [335].

Boron is a versatile material, and though it is generally categorized as
interesting, there is still a lot unknown about this material [338]. Boron
generally does not react easily at room temperature and is not very volatile
[338]. It is known, however, to burn readily and produce B,O3 (boron trioxide),
which has been discussed previously in section 7.3.1 [324].

Next to these main products, also two combinations of boron and sodium
are formed: NayBsg and Na3zByg. Almost no data about NayBsg [339] is available
and will thus not be discussed here. Na3By is better studied. It is a pyrophoric
substance if the particles are small, at larger particle size it is more stable
[340], [341]. It is also possible that NazByy only occurs at high temperatures
(1050 °C) as it usually is synthesized at such high temperatures [341]. It is
thermodynamically stable, and likely only very small quantities are produced.

Reaction with water

The reaction of SB with water is given in equation 7.2. No other pathways
have been reported in the literature. The reaction rate is strongly dependent
on temperature and pH value. A higher pH value, indicating a more alkaline
solution, will inhibit the reaction, while higher temperatures will result in
a higher reaction rate [342]. A higher concentration will result in a faster
reaction rate, too [342]. A temperature of 25 °C and pH of 7.4, lower than
that of seawater, will result in approximately 67% of all hydrogen generated
within 5 minutes and reaction rates of 2.05 x1073 s~! have been reported
for pH values of around 8.5 [261], [342]. Another source cites a half-life of
NaBHj of about 36.8 seconds when dissolved in a solution with a pH of 8.
The half-life has been captured empirically as follows [343], [344]:

log(t1,2) = pH — (0.034T — 1.92) (7.6)

with t;/, in minutes and T, the temperature, in Kelvins. Figure 7.6 visualises
the different half-life times, with figure 7.6b showing the logartihmic beha-
viour. Considering typical seawater temperatures of up to 35 °C (or 308K)
[345], the shortest half-lifes lie under a minute (see figure 7.6a). These reactions
can be considered fast.
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Figure 7.6: Release of half of the hydrogen from NaBHy during self-hydrolysis. In-
cluding the maximum temperature for which this equation, equation 7.6
has been validated, based on [343].

Combined heat and water

Sodium, known to be highly reactive with water, is part of many of the
products in figure 7.5 [337]. However, if there is no air, the reaction may be
non-explosive [337]. Figure 7.7 gives an overview of the resulting reactions.
The reactions are all exothermic. One of the alternative endproducts, H,O,,
is known to cause thermal runaways, as it decomposes at low temperatures,
lower than 100 °C [346]. NaOH, the main reaction product, will dissolve in
water, releasing heat [347]. This reaction can possibly ignite other substances,
such as hydrogen peroxide. It splits into Na™ and OH™ and is a salt. When
not strongly diluted, it is extremely corrosive [347].

Boron is unlikely to react, as it is relatively stable and also present in
seawater, with concentrations ranging from o.5 to 9.6 mg/L [348]. This is both
natural as well as due to human causes.

7.3.3 SPENT FUEL

The spent fuel of SB (NaBO,) and that of AB (B(OH)3) are very similar
and composed of similar elements. Thus, they are considered both in this
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subsection. When dissolved in water, the spent fuel of SB splits up in Na™
and B(OH), , the latter which is also the spent fuel of AB.

Equations 7.1 and 7.2 give a high-over reaction overview. The exact compos-
ition of the spent fuel depends on temperature, whether and how the water is
extracted and the pressure [159], [349].

Heating of boric acid

Boric acid, B(OH)3, is a very weak acid and has been used as flame retardant
[324], [350]. Upon heating, boric acid releases its hydrogen and oxygen atoms
in the form of water in a two-step reaction [350], [351], [352]:

B(OH)3 <+ HBO, + H,0 (7.7)

occurring at temperatures below 130 °C. The next step occurs at higher
temperatures of around 200 °C, with a maximum of about 450 °C [351], [352].
At temperatures higher than this, reactions will slow down. The second step
is as follows:

2HBO, — B,O3 4+ H,O (7.8)

It is possible that the second step already occurs before the first step is
completed [352]. The end result, B,O3, is called boron oxide. The first reaction,
equation 7.7, is a slow reaction, taking up to 3 days at low temperatures (up
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to 100 °C) and 45 minutes for temperatures above 300 °C [352]. The melting
temperature of boron oxide depends on its structure. The exact structure of
the end product of equation 7.8 is unclear, however the melting point will be
around 450 to 500 °C [350]. Boron oxide is widely used, for example, in glass
and ceramics, but it is also used as a fire retardant [350]. Boron oxide will
evaporate at temperatures above 1025 °C [353].

Heating of Sodium metaborate

NaBO, is thermodynamically stable and does not react easily. It has a high
melting and boiling point. The melting point lies at 966 °C and the boiling
point at 1434 °C [247]. On the contrary, it has also been stated to evaporate at
temperatures above 8oo °C [353].

Reaction with water

The reactions of water with the spent fuels are straightforward. These reactions
also happen during the original dehydrogenation process, as both fuels are
dissolved in water during the hydrolysis process. Sodium metaborate splits
into two ions, sodium and metaborate [354]:

NaBO, Y Na* + B(OH); (7.9)
As sodium ions are common in seawater, they are not of interest in this
study. Thus, the authors will focus on the metaborate-ion, B(OH, ). This ion
is unstable in water [324], [348], [355]. It is the anion that is in balance with
boric acid as follows:

B(OH)3 + H,O «» B(OH), + H* (7.10)

The pH of the water strongly influences this balance. The balance lies at
B(OH);3 for low pH and switches to the right for pH levels higher than about
8.5; the exact pH value where the balance shifts depends strongly on the
temperature [348], [355]. At seawater with a pH of 8.3, the balance in equation
7.10 shifts to the left, and most of the substance is in the form of boric acid
[355].

In the case of having first a heating reaction and then a water reaction,
boron oxide reacts with water exothermically to reform boric acid [356].
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7.3.4 HYDROGEN

Risks of hydrogen in its pure form have been widely covered in the literature
(for example, but not limited to [231], [270], [271], [272], [357]). The main
issue with hydrogen explosions is not the heat source but the power resulting
from the pressure of the explosion [231], [270]. Even relatively small hydrogen
explosions, where about 3.5 to 7kg of hydrogen exploded, had destructive
influences on nearby buildings [270]. As most explosions occur due to over-
pressure [357], however, it is hard to estimate whether a breach of a ship tank
will result in hydrogen explosions.

7.4 EXPERIMENTAL RESULTS - LAB SCALE - ALL FOUR
HYDROGEN CARRIERS

7.4.1 SB

Figure 7.8 presents an overview of the SB reaction results. The data indicate
that seawater, compared to pure water, significantly enhances the hydrogen
production rate. Regardless of the temperature, the seawater mixture consist-
ently accelerates hydrogen generation compared to pure water. Due to the very
low reaction rates at low temperatures, the tests could not be done at lower
temperatures. However, estimates can be made for these lower temperatures
based on the Arrhenius rate equation.

The results from Figure 7.8 indicate unexpected behaviour. The half-life
time for self-hydrolysis of SB follows equation 7.6. This equation indicates
a slower reaction rate for a higher pH value. As the starting pH value of
seawater (8.2) is already above that of pure water (7.0), it can be expected from
equation 7.6 that the SB hydrolysis reaction should be slower in seawater than
in pure water. However, the results indicate the opposite: the reaction rate is
faster in seawater than in pure water. In both seawater and pure water, the
pH increased, as expected, but they increased to a very similar level of around
10.5. As both rose to this similar level, it can be safely assumed that the pH
change does not explain the observed change in reaction rate. Something
in the sea salt enhances the reaction rate, but further research is needed to
determine the mechanism driving this increase.
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7.4.2 AB

AB’s self-hydrolysis in water is reportedly slow, showing no reaction after
extended periods of up to 8o days [314]. Adding (solid) acids will lead to fast
hydrogen release [314]. In seawater, with a pH of about 8.2, AB did not react
within the time frame of an hour. As the reaction mechanism is likely similar
to SB but with a much lower rate, the test was stopped as it was unlikely to
react further on the time scale of hours. Because AB can be stable for up to
8o days [314], it is likely to disperse before it starts reacting, and it may not
react at all. Since AB does not dissociate, it will not release ammonia or other
harmful substances into the environment. However, dissolving AB in water
may elevate the local pH to 9.1, depending on the concentration [314].
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7.4.3 LOHCS
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Figure 7.9: Theoretical densities of LOHCs and seawater for a reasonable range of
seawater temperatures

Figure 7.9 shows the (theoretical) densities of LOHCs compared to seawater
as a function of the temperature [151], [358], [359]. It indicates that at typical
seawater temperatures (o °C - 30 °C), both dehydrogenated versions (HoDBT
and HoNEC) are denser than seawater, and both hydrogenated versions
(H18DBT and H12NEC) are less dense than seawater. The dehydrogenated
version of NEC is solid until approximately 68 to 70°C, and its exact density
as a function of temperature in a solid state is unknown to these authors.
Table 7.3 gives an overview of the behaviour of these substances in seawater,
and Figure 7.10 shows pictures of the results.

NEC first aggregates on the surface of the water, but upon movement, it
disintegrates into individual fragments. These fragments are visible in figure
7.10a. Some of these fragments settle to the bottom, while the majority remains
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Table 7.3: Description of behaviour of LOHC substances in seawater

Substance Description of behaviour Classification

NEC Predominantly floats. The structure is analogous to shards, S (Sink), but depending
where individual fragments do not remain cohesive. Some on the particle size, it
fragments either sink or circulate within the liquid. As the can also be F (Float)
floating is due to surface tension, NEC is considered a sinker,
but it can also behave as a floater in practical surroundings.

Perhydro NEC Floats, forms tiny droplets when disturbed. It appears to form F (Float)
a layer when undisturbed, but it is difficult to conclude due
to the bad visibility of perhydro n-ethylcarbazole in water.

DBT Predominantly sinks. Forms bubbles ranging in size from S (Sink)

millimetres to approximately 2 centimetres. A single bubble
remains buoyant. Upon disturbance, bubbles undergo frag-
mentation, reducing in size to only millimetres. However, over
time, these small bubbles coalesce again into larger structures.
Maximum bubble size appears to be about 2 centimetres.
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Figure 7.10: Behaviour of LOHCs in artificial seawater

buoyant. The structure consists of elongated particles resembling shards or
splinters. Upon agitation, the fragments on the bottom are resuspended and
dispersed, following the motion. The buoyancy of NEC is unexpected as,
according to figure 7.9, the density of NEC is higher than that of seawater.
The fragments remained buoyant even after vigorous agitation. However, the
particles immediately drop to the bottom after adding dish soap to remove
surface tension. Therefore, surface tension likely keeps NEC afloat, and NEC
is a sinker. Testing in demineralised water revealed notable differences. In
seawater, both large and small particles settled to the bottom, whereas in
demineralised water, only smaller particles did. Additionally, NEC settled
more quickly after movement.

Perhydro n-ethylcarbazole (H12-NEC) can be seen in Figure 7.10b. Hi2-
NEC is barely visible in seawater, as it is transparent. Its visibility improved
slightly after adding a dye (indigo carmine from Sigma Aldrich). However, it
was sufficiently visible, even without dye, to allow some observations. Notably,
H12-NEC remains afloat as expected. It forms extremely small droplets. Figure
7.10b illustrates some droplets floating in the seawater, away from the walls.
H12-NEC disperses readily and appears to form a thin film on top of the water
if undisturbed. Upon agitation, tiny droplets are formed. When adding dish
soap, H12-NEC does not sink, but the film on the water’s surface becomes
more pronounced.

DBT forms large bubbles ranging from several millimetres to approximately
a centimetre. As expected, most of these bubbles settle to the bottom, as
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visible in Figure 7.10c. Although the bubbles encounter each other, they do
not coalesce. There appears to be a maximum bubble size of approximately
1 cm. A single large bubble, around 1 cm, remained at the surface, again
possibly held there through surface tension. After agitation, the bubbles
break apart and become significantly smaller. The surface bubble increases
in size, reaching approximately 2 centimetres. An additional large bubble
forms around the stirring magnet. With more vigorous agitation, the bubbles
reduce further, with a maximum diameter of a few millimetres. However,
when the system is at rest again, the bubbles grow larger due to coalescence.
The surface bubble returns to its original size of about 1 cm. Notably, the
bubble around the stirring magnet persists and cannot be displaced, even with
substantial movement of the magnet. Due to the low solubility and low vapour
pressure, DBT can be categorised as a ‘sinker” in the SEBC classification. As
perhydro dibenzyltoluene could not be synthesised in time, no results can
be displayed in this chapter, and the behaviour of perhydro dibenzyltoluene
is left for further research. However, it is still recommended that perhydro
dibenzyltoluene be tested.

7.5 EXPERIMENTAL RESULTS - AQUARIUM SCALE —
LOHCS

The wave generator and the circulation pump were operated for a sufficiently
long duration to establish a stable wave motion and flow within the tank.

7.5.1 NEC

NEC, introduced in powder form, initially floated as a compact mass but
gradually disintegrated into increasingly smaller particles.

To isolate the effect of the waves, the circulation pump was turned off. After
a few minutes, the wave action forced part of the substance below the water
surface, causing it to sink to the bottom, where it remained. Subsequently,
the circulation pump was reactivated to observe the behaviour of the sunken
particles. A portion of these particles was entrained by the pump-induced
flow, remaining suspended in motion without settling again or rising to the
surface, while another portion remained stationary on the tank floor. However,
the majority of the substance continued to float.
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Finally, the wave generator was deactivated. This change did not result
in any noticeable alteration in the behaviour of the substance, as it had
already been distributed throughout the tank by the previous wave activity.
Thereafter, both the wave generator and the circulation pump were turned off.
Consequently, the floating NEC remained at the surface, the sunken particles
stayed on the bottom, and the suspended particles in the water retained
their positions. Upon the addition of soap, the surface tension was reduced,
which—as expected—caused all NEC particles to sink to the bottom.

7.5.2 PERHYDRO N-ETHYLCARBAZOLE

In this experiment, the hydrogenated NEC was pre-mixed with a hydrophobic
dye. As a floating liquid, the substance was unaffected by the circulation
pump’s flow; only the wave motion had an influence. Upon introduction into
the water, small, circular droplets were formed, which remained afloat in
this configuration in the absence of wave activity. Once the wave generator
was activated, the droplets rapidly disintegrated. Within a few minutes, the
droplets had completely vanished, and the substance dispersed across the
water surface as an oil-like film.

7.5.3 DBT

For this experiment, 20 mL of DBT was used, with both wave motion and cir-
culation applied. The majority of the substance sank to the bottom, while a few
droplets remained floating on the surface. Due to the influence of wave motion
on the surface droplets and flow-induced forces on the submerged droplets,
the substance gradually fragmented into progressively smaller particles.
First, the wave generator was deactivated. Once the wave motion ceased,
several DBT droplets moved along with the flow. Larger droplets that had
already settled on the bottom remained stationary, with their upper surfaces
oscillating in response to the flow. Suspended DBT particles elongated and
thinned in the vicinity of the circulation pump, where hydrodynamic forces
were strongest, but regained their spherical shape further away from the
pump. Subsequently, only the wave generator was reactivated, while the
circulation pump remained off. The DBT droplets at the surface fragmented
into smaller particles but did not sink. Finally, both devices were turned off.
This resulted in all previously suspended particles settling to the bottom.
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7.6 DISCUSSION

7.6.1 SOLID HYDROGEN CARRIERS

Table 7.4 gives an overview of all resulting products from each of the pos-
sible reactions. These products are not produced proportionally; some of the
products only occur in very small quantities, making them less relevant. As
the exact amounts of the products are unclear, they will all be taken into
account in this analysis.

Heating of AB

AB reacts at lower temperatures, of up to 200 °C already. During these reac-
tions, the toxic gasses ammonia and diborane and the flammable gas hydrogen
are formed. Heating of AB thus forms a danger to both the ship and the people
on board. As these substances are all gases, they are more dangerous but also
safer. Their gas-like nature will result in a faster distribution and, thus, lower
overall concentrations of each gas. This will make the gases safer, as lower
concentrations are less likely to be dangerous.

Hydrogen has a lower flammability limit of 4% and is easily ignited. Thus,
the release of hydrogen may cause an explosion and, thus, a secondary heat
source. These types of reactions may become self-sustaining, resulting in
more release of hydrogen and other dangerous gases. Diborane (BoHs) is also
easily ignited, igniting in moist air at room temperature without external
triggers [360]. The flammability and easy ignition of both hydrogen and
diborane may influence the ship’s integrity, as these substances are likely to
ignite. Additionally, the spontaneous ignition of diborane, despite very low
concentrations, may cause the ignition of hydrogen. Hydrogen is likely to be
present in larger concentrations and can influence the integrity of the ship.

Ammonia is not easily ignited, but is extremely toxic, and concentrations
as low as 2500 ppm are considered lethal [78]. Diborane is even more toxic.
It has a strong smell and can be smelled at low concentrations, as low as
1.8 ppm [360]. It is extremely toxic and can be deadly at concentrations as
low as 0.46 ppm if inhaled over longer amounts of time. At 7.3 ppm, it has
immediate effects [360]. Another danger of diborane, as opposed to ammonia
and hydrogen, is that it is heavier than air and thus will accumulate. Ammonia,
on the other hand, is lighter than air and will disperse more easily. The toxicity
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of ammonia and diborane, especially the heavy weight and high toxicity of
diborane, will strongly influence the safety of the people on board.

Finally, ammonia may influence sealife, but only if it touches water. If it
comes into contact with water, it may have large consequences for local sea
life [184]. As it is lighter than air, this is not necessarily likely. Diborane forms
no environmental hazard according to the GHS standards, but as it is so toxic
to people, it is likely to also influence sea life, and of these three gasses most
likely to enter the ocean.

Two other substances that are formed are aminodiborane and borazine,
both liquids. Borazine is a flammable and corrosive liquid with a clear smell
and no colour [266]. The corrosiveness of borazine applies to the skin, as
it causes skin burns and eye damage [266]. Aminodiborane is an unstable
liquid, decomposing at room temperature, likely towards borazine [316], [361].
Release of these two liquids will likely result in contact with the environment.
Aminodiborane will slowly hydrolyse, completing hydrolysis in 2 months
at room temperature [361]. It is unknown if aminodiborane is toxic to the
environment. However, it is not likely to influence the ship’s integrity. Borazine
will strongly influence the safety of the people on board, as it is a liquid that
should not come into contact with people. It is flammable and reacts violently
with water, which may influence the ship’s integrity if this substance comes
into contact with water [266].

Heating of SB

The resulting products of heating SB are dangerous. However, these products
occur after heating at much higher temperatures (around 470 °C for SB, versus
200 °C for AB). In the case of SB, runaway reactions are more probable.

When heating SB, the structural integrity of the ship is likely influenced.
A major product, sodium, is a dangerous solid due to its flammability and
corrosivity. It burns violently and may also cause explosions. These explosions,
in turn, can set off more explosions from hydrogen. The corrosivity of sodium
may influence the metal the ship is made of. The other three substances (boron,
sodium oxide (Na,O) and boron oxide (B,O3)) are not likely to influence the
ship itself.

Boron, sodium oxide (Na,;O) and boron oxide (B,O3) may all influence the
safety of people on board. Boron is an irritant and should not be swallowed.
Boron oxide is a typical boron-based product and only has a health hazard.
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This health hazard is typical for boron-based compounds, such as boric acid
and boron oxide: these may influence fertility or the unborn child [362]. It is
thus unlikely to influence the people onboard strongly. Like sodium oxide, it
does not harm the environment or the ship. Sodium oxide is also dangerous
for the people onboard as it is corrosive to the skin and thus can cause eye
damage. All of these substances should thus not be touched. As they are
solids, they are not easily distributed, enhancing their safety.

Even though some reports suggest that boron compounds may cause long-
lasting harmful effects on aquatic life, there is no consistency on this [253].
Whether any of the products resulting from heating SB will harm the environ-
ment is not known.

Reaction with water

Both substances will react with water. The most positive side is that no
alternative substances are produced, only the substances that are known and
well-studied. However, these substances are not necessarily safe.

Hydrolysis of AB will theoretically result in ammonia, hydrogen and boric
acid. Still, AB appears to be relatively safe due to its apparent inertness.
However, its impact is highly dependent on the amount released and the
specific spill location, as it has the potential to raise the pH of the surrounding
environment. In cases where a substantial amount is released, the pH of
the surrounding seawater may increase locally, which could be detrimental
to certain sensitive species. However, the immediate impact will likely be
negligible if the spill occurs in the open ocean.

The spent fuel of AB, boric acid, may damage fertility or the unborn child,
resulting in a health hazard [325]. However, no other dangers have been
stated for this substance. When touching the water, it will sink and dissolve
completely [325].

SB will only produce possibly explosive hydrogen. The enhanced hydrogen
production rate of SB in seawater relative to pure water may cause potentially
dangerous situations at sea. However, it must be realised that the increase in
reaction rate is relatively mild, i.e. not by orders of magnitude. If the produced
hydrogen gas is dispersed fast enough, it may not ignite. However, hydrogen
explosions cannot be ruled out in the presence of an ignition source, such as a
tire, and at relatively high sea surface temperatures.
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The spent fuel, sodium metaborate, may be a danger to human reproduction
and, thus, also likely to affect wildlife reproduction. However, the exact effects
are unknown.

Combined heat and water

When heating AB, many different substances are produced. However, almost
all of these substances react in a very similar way with water. The reactions
are usually exothermic [328], [331], [332], and the resulting products are likely
to be ammonia, hydrogen and boric acid. These products will likely influence
all three pillars: the integrity of the ship, the safety of the people onboard and
the environment and are extensively discussed in previous sections.

As the spent fuel of AB, boric acid, releases water upon heating, it changes
into boron oxide. Boron oxide will absorb water exothermically. This reaction
forms boric acid again. Thus, the reaction of boric acid upon first experiencing
heat and then water is unlikely to result in different reactions as compared to
experiencing water only.

The main products from SB, when heated, are sodium, boron and hydro-
gen, as well as sodium oxide and sodium peroxide. Some of these products
are volatile. Sodium reacts strongly with water, forming sodium hydroxide
(NaOH). This reaction is highly exothermic and may influence the integrity
of the ship. NaOH is readily dissolved in water but is extremely corrosive
and can thus influence the integrity of the ship. Similarly, sodium peroxide
reacts with water, forming hydrogen peroxide. Hydrogen peroxide can cause
thermal runaways [346]. Thus, heating SB, followed by adding water, may
result in various explosions, resulting in additional heat sources and thus a
chain reaction. This chain reaction will likely influence the integrity of the
ship. Of these products, only hydrogen peroxide is dangerous to the people
onboard and the environment. It can cause severe skin burns and eye damage
and harm aquatic life [363].

As sodium metaborate is thermodynamically relatively stable, no other
reactions are expected upon a combination of heating and water as compared
to releasing sodium metaborate directly in water.

Overview

Table 7.5 gives an overview of all the hazards accompanied by heating, adding
water or a combination of both. It is clear that both AB and SB release
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dangerous substances. Heating is the most dangerous for AB, as a chain
reaction is likely. Heating of SB results in similarly dangerous products.
However, as the products of SB are only released at much higher temperatures
(over 500 °C), overall, SB is safer than AB upon heating. Both spent fuels are
the safest. Boric acid is safer than sodium metaborate. Boric acid is a flame
retardant and will release water, possibly extinguishing the fire, while sodium
metaborate likely will not react. When adding water, AB produces the least

Table 7.5: Resulting dangerous products of reactions of ammonia borane and sodium
borohydride and their relative spent fuel with heat, water and a combina-

tion of heat and water

Heat Water Heat and Water
Ammonia Dangerous gasses | Dangerous gasses, | Dangerous gasses
borane and liquids, which | which may influ- | and liquids, which
will influence the | ence the ship’s in- | may influence the
ship’s integrity, life | tegrity, life onboard | ship’s integrity, life
onboard and envir- | and environment | onboard and envir-
onment onment
Spent fuel: Flame retardant, | May influence | May influence
Boric acid will release water | reproducibility of | reproducibility of
local wildlife local wildlife
Sodium Dangerous gasses | Dangerous gasses, | Dangerous gasses
borohydride and solids which | which may influ- | and solids which
will influence the | ence the ship’s in- | will influence the
ship’s  integrity, | tegrity ship’s  integrity,
and possibly life and possibly life
onboard and envir- onboard and envir-
onment onment
Spent fuel: Unlikely to react May influence | May influence
Sodium reproducibility of | reproducibility of
metaborate local wildlife local wildlife

safe products. However, as the reaction rate of AB with water is extremely
slow, especially compared to SB, it is difficult to say which one is safer. Both
have different hazards. Again, the spent fuels are safer than the original fuels.

Finally, when first adding heat and then adding water, SB appears to be less
safe. Heating SB produces, amongst others, sodium, which reacts violently
with water. Heating AB produces mainly dangerous gasses, of which only one



210 MARITIME SAFETY HAZARDS

(diborane) is heavier than air. Diborane is also produced in less high quantities.
The same applies to the liquids produced, which are mainly byproducts. Thus,
AB is the safer fuel in this case. As before, both spent fuels are safer and are
likely not to release dangerous substances.

7.6.2 LIQUID ORGANIC HYDROGEN CARRIERS

The results indicate that all three tested LOHCs are unlikely to be easily
cleaned up due to their dispersion. The tendency to fragment during move-
ment suggests that these substances would likely become even more dispersed
in a real-world marine environment where wind and waves are present. Even
though NEC is officially classified as a sinker, it is likely to stay afloat during
an actual spill because it is very hydrophobic, and the surface tension is
sufficient to keep small particles afloat. Whether it floats or sinks depends on
the particle size, as larger objects have a larger volume-to-surface ratio and
are, therefore, more likely to sink. The poor visibility of H12-NEC in seawater
suggests that locating and cleaning it after a spill would be highly challenging.
DBT tends to sink, so it poses a different cleanup challenge than floating
substances. Moreover, its tendency to adhere to surfaces will complicate the
cleanup process. Therefore, effective cleanup of all these substances in the
event of a spill may prove highly challenging.

7.7 CONCLUSION AND RECOMMENDATION

While alternative fuels offer important zero-emission benefits, their implic-
ations for ship safety and the marine environment are both significant and
multifaceted. Each fuel examined in this study introduces its own set of safety
and environmental challenges in maritime applications.

Spills of solid hydrogen carriers in the ocean are unlikely to endanger
the integrity of the ship or the safety of the crew. Hydrogen release during
such spills is limited (SB) to negligible (AB), though these materials may
affect the reproductive capacity of marine wildlife. Both carriers also present
thermal reactivity concerns: AB decomposes at relatively low temperatures,
whereas SB remains stable until much higher temperatures but releases volat-
ile by-products when it does react. Safe storage strategies, therefore, need
to be tailored to these differing behaviours. Notably, their spent fuels are
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comparatively stable and may offer safety advantages in the event of fire or
impact.

Both LOHCs display complex and potentially hazardous behaviour in sea-
water. Their primary concerns relate to persistence in the marine environment
and, in the case of DBT, toxicity. Clean-up efforts are complicated by lim-
ited visibility, small particle size, complex surface interactions, and the wide
variation in density between fuel and spent fuel. These findings highlight
the need for proactive safety measures, including optimal fuel placement,
robust emergency-response planning, and clean-up strategies aligned with
each fuel’s specific properties.

The behaviour of the alternative fuels studied here contrasts with that of
conventional marine fuels, for which the safety characteristics are generally
better understood. Likewise, other alternative fuels such as ammonia, meth-
anol, and pure hydrogen exhibit their own distinct risk profiles, though these
fall outside the scope of the present assessment.

Each hydrogen carrier introduces unique challenges. Given the scale of
maritime fuel systems, even small spills have the potential to cause significant
environmental harm or compromise vessel integrity. Conversely, the spent
fuels of solid hydrogen carriers may enhance onboard safety.
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“Show me a poorly uniformed troop and I'll
show you a poorly uniformed leader”

— Robert Baden-Powell
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CHAPTER SUMMARY

Emerging technologies, such as alternative fuels and advanced control systems,
can reduce environmental impact but also introduce risks through added
complexity and reduced transparency. Safety assessments often overlook the
human factor, even though most accidents stem from design, organisational,
or operational shortcomings rather than individual error. This chapter applies
safety-science principles to evaluate maritime safety approaches and propose
guidelines for safer vessel design. Safer ships require acknowledging human
limitations early in the design process. Overreliance on automation is risky:
it may ease workload but does not guarantee safety and can obscure system
robustness. Simpler designs enhance safety but must be supported by strong
operational practices. This demands resilient, human-centred systems and a
non-victim-blaming safety culture. Expecting the unexpected, managing un-
certainty, and fostering human—machine cooperation remain essential, though
still underdeveloped, in the maritime sector.
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8.1 INTRODUCTION

Since the sinking of the Titanic in 1912, maritime safety has increasingly
become a central focal point within the industry. However, incidents and
accidents with ships still occur regularly, with ships grounding or sinking
resulting in deaths at least yearly. Research attributes the majority of accidents
in the maritime sector to the human, even though the exact number accredited
to this is debatable [364]. For example, one of the most recent large shipping
accidents, the sinking of the HMNZS Manawanui, was attributed to human
error [365]. Additionally, insurance companies such as Allianz share the view
that 75% to even 96% of all accidents involve human error [366].

Next to enhancing safety, the maritime industry also wants to limit its GHG
emissions: the IMO has set a goal for the industry to become net-zero GHG by
2050, as well as limits for NO, emissions (as stipulated in Marpol Annex VI)
[13], [367]. It is costly to reach these goals, and Allianz believes the investment
in the crew will be reduced [366]. This reduction in investment will likely
increase risks associated with human error.

One way to achieve the net-zero GHG goal is to use alternative fuels. How-
ever, this may have direct safety implications. While numerous alternative
fuels are being explored, none can be considered inherently safe [312]. Never-
theless, it is important to note that conventional fuels such as MDO and HFO
also carry safety risks [312].

Despite having a higher volumetric energy density than pure hydrogen,
hydrogen carriers often have a lower energy density than conventionally used
fuels such as marine diesel oil and heavy fuel oil. Thus, when aiming for a
complete exchange of a vessel’s operating fuel and energy system, efficiency
increases become more and more relevant to maintain a similar autonomous
travel distance, meaning the distance a vessel can travel without refuelling.
While commonly used rule-based control systems perform reliably and well
in their design conditions, they are limited in optimisation potential when
diverging from those conditions [368]. Additionally, when NOx emissions
are fully capped, fuel cells may be required, which in turn often require
some sort of reactor (e.g. a reformer) to operate. In combination with the

The content of this chapter is based on the following articles:

E. van Rheenen, C. Loffler, A. Kana, J. Padding, and K. Visser, “Integrating Safety Science into
the design of future ships,” Zenodo, presented at the Practical Design of Ships and other Float-
ing Structures (PRADS), Ann Arbor, MI, USA, 19—23 Oct. 2025. doi:10.5281/zenodo.17305769
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trend towards electric power trains [369], the overall complexity of the ship
energy system will increase [368]. Operating those more complex energy
systems is an additional challenge for rule-based control [370]. Hence, the
trend is going more and more towards advanced control, automation and
optimization for vessel operation. These developments lead to more complex,
more interconnected systems which require well-designed advanced operation
control. This also enhances the system’s fallibility if not properly accounted
for in the design process. As a result, the safety of the vessel may be decreased.

To counteract this, safety both from system set-up and operation manage-
ment perspective needs to become more significant already in the early-stage
design process of modern vessels. This future vessel design will be approached
from an integral perspective, considering how an alternatively fuelled vessel
can be designed with high safety for humans, systems and operations. First, a
short introduction is provided on how the safety of systems and alternative
fuels is currently assessed and why a rethinking of safety assessment might
be needed (Section 8.2). Next, section 8.3 discusses the safe integration of
alternative fuels. To showcase the integral perspective, the insights will be
discussed in section 8.4, to provide guidelines for safe vessel design, incor-
porating major safety science findings. By combining the safety assessment of
the vessel in a holistic analysis, the safety of a future vessel can be enhanced
in the design process, allowing for the safe integration of alternative fuels in
global shipping.

8.2 CURRENT SAFETY ASSESSMENT

As a United Nations body, the IMO sets standards for the construction and
operation of international shipping. Originally, these conventions were rule-
based, dictating exactly how a ship should be designed and built. Nowadays,
the IMO is moving towards goal-based standards, which dictate that the
ship has to be safe for the seafarers and the environment, whilst also being
easily accessible for inspectors and maintenance crew. The movement towards
goal-based standards is slow, changing one code at a time. The guidelines aim
to ensure the ship’s safety without limiting innovative design [292]. On the
other hand, the standards are designed to be specific without leaving room
for too much interpretation and are, consequently, developed for different
codes, also outside of the ship construction domain [292].
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There are several issues with the goal-based design approach, mainly be-
cause classifying things as safe is impossible. Many methods exist to estimate
the safety of a system or process, but these all have major limitations. The
following subsections briefly discuss the connection between the sustainability
goals and the design process and safety of the vessel, the current methods
used to assess safety and pinpoint the general, overarching issues associated
with these methods.

8.2.1 HOW SUSTAINABILITY GOALS INFLUENCE THE VESSEL DESIGN
PROCESS

Part of the UN sustainability goals” implementation results in the ambition of
the IMO for the shipping industry to become net-zero emission by 2050. This
ambition results in a drift towards many new, emission-reducing technologies
such as electrification [369] to allow the integration of novel technologies, for
example, batteries. However, to meet the defined emission-reduction goals,
the most important change for the maritime sector is the introduction of
alternative fuels into vessel power trains [371].

These introduce a variety of different fuel aggregation states (gas, liquid
or solid), safety characteristics, new components and other aspects into the
design of new vessels, which aim to follow along the rules of the IMO. While
the amount of upcoming changes to maritime power trains are significant,
some are more critical for the safety assessment than others. Previous research
showed that the hazardous impact of alternative fuels can be quite severe [312].
As most future vessels will need to rely on alternative fuels in some form due
to their required autonomous travel distance, getting insights into the safety of
those novel and potentially hazardous substances is of high importance. Tak-
ing those findings into account already in the design process will be necessary
to align the future of the maritime transport with the IMO sustainability goals.
However, this sprawl of new technologies and fuels cannot be captured by
the traditional rule-based standards and will potentially require a rethinking
of the current safety assessment process.

Therefore, this chapter analyses the assessment of safety for the design
process when integrating alternative fuels, with a focus on hydrogen carriers.
Two aspects will be discussed in detail: designing for safety with an alternative
fuel and safety from the point of view of the necessary control system.
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8.2.2 GENERALLY USED METHODS TO ASSESS SAFETY

Standards and codes, such as those set up by the IMO, aim to ensure safety
already in the vessel design stage. The goal is to safeguard the safety of ships,
seafarers and the environment. Several techniques are currently in use to
ensure this safety. The methods, also known as safety tools, discussed in
the following are generally used to assess the safety of various processes
and designs [372], [373], [374]. The first is fault tree analysis (FTA), with
the objective to assess component failures and human errors leading to the
occurrence of undesired events in the operation. Similarly, event tree analysis
(ETA) can be used to quantify the possibility of consequences. With hazard
and operability studies (HAZOP) the human and management factors, as
well as programmable electric systems are analysed to draw conclusions for
system improvements. Another safety tool, known as failure mode and effects
analysis (FMEA), defines, identifies and eliminates known and potential
failures, problems and errors in a system. One of the most encompassing,
full-scale methods to assess risks is the quantitative risk assessment (QRA).
The QRA is so well-known and widely used that the Dutch government
published a book full of guidelines on how to do a QRA, the so-called purple
book [375]. These types of risk assessments are also part of the Formal Safety
Assessment (FSA) of the IMO, usually undertaken at step 2 of the FSA [376].
The formal safety assessment is a tool for policymakers to assess the rule
making process of the IMO. Additionally, the QRA can be used to underpin
compliance with the goal-based standards. Thus, a QRA often forms the basis
of a large amount of safety management in general.

While there are many more [374], this selection is very commonly used
in assessing safety for fuel-based transportation system or the fuels itself
[377]. The aim of these tools is to detect disturbances in the process so that
these can be analysed [372]. Applying those assessment methods should
ultimately lead to enhanced safety and an improvement in operability. Each
of these methodologies and techniques has its limitations and advantages. An
overview of the main methods used to assess safety in previous literature [377],
as well as a short description of these methods and their major limitations
[374] can be found in table 8.1. From this overview, some general shortcomings
that are relevant to all methods can be derived.
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Table 8.1: Overview of methods used to assess safety of alternative fuels in literature

and their major disadvantages [374], [377]

Method Short description Limitations

FTA (Failure Determine component State-based; diverse or

Tree Analysis) failures and human errors, multiple top events are limited;
which can result in the no reliable results in complex
occurrence of an undesired | relationship systems; failure
event. probabilities treated as crisp

numbers.

HAZOP Focuses on analysis of Lack of experience in HAZOP;

(Hazard and human factors, management | failure to communicate

Operability factors, and programmable changes; shortage of technical

Studies) electric systems to improve | information; complex relations

the system.

difficult (focus on stand-alone
events); focus on guide words
only.

FMEA (Failure
Modes and
Effects
Analysis)

Define, identify, eliminate
known and potential failures,
problems and errors; RPN =
O xSxD.

No relative significance of O, S,
or D; no scientific basis; no
inter-dependencies or indirect
relations; impact of single
failure only.

ETA (Event Tree

Quantifies the possibility of

Expert’s (limited) knowledge;

Analysis) consequences. incomplete information; poor
data quality; interpretation of
failure mechanisms;
assumption that likelihood of
events is accurate.

ORA Full-scale methodology used | Data quality issues; focus on

(Quantitative as a tool for comprehensive failure of components; does

Risk risk assessment in the not cover all phases of the

Assessment) chemical process industry. plant cycle.
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8.2.3 SHORTCOMINGS OF GENERAL METHODS WHEN INTEGRATING AL-
TERNATIVE FUELS

Most of the issues with the previous methods are technical issues, while others
are more philosophical or ethical. First of all, the engineering approach of
putting numbers on assessments and then comparing them, runs into (ethical)
problems quickly. What is safe? How many people are allowed to die? Is the
death of a sailor worse than the death of a bystander? How many injured
people are worse than a dead person? How does damage to the environment
relate to all these questions? This results in many ethical questions that need to
be raised, and these ethical questions are very likely to be answered differently
for each of the involved stakeholders.

Related to this is the desire to capture risk in a single number. The Dutch
Health Council already warned in the 1990s that risk cannot be captured
by a single number [372]. Quantifying risks in one number may result in
disagreements between the calculated risks and those perceived by non-
experts or citizens, which in turn may result in distrust of experts. Focusing
too much on quantitative, number-based methods of assessing risk and, to an
extent, safety should thus be avoided.

Next to these ethical questions, there are also more practical questions when
trying to capture risk in numbers. Besides risk, often defined as probability
times consequences [378], there are other parts that are often categorised
as risk, but can also be considered as different principles [378], [379]. Other
forms which are relevant for this research: scenario uncertainty, ignorance,
indeterminacy and normative uncertainties [379]. Scenario uncertainty is
defined as not knowing all failure mechanisms, which is required for all
methods mentioned in table 8.1. The entire system has to be known in detail,
and exact knowledge of what is happening (e.g. chemical processes) and
where this is happening has to be available. All of these techniques are based
on finding out where there may be failure mechanisms and what their result
can be. However, when designing a future ship, much is unknown in the early
design phase, whilst a sufficient amount of details is required to estimate the
different failure modes.

In addition to scenario uncertainty, ignorance is also an issue. With ignor-
ance, neither all failure mechanisms nor all undesirable consequences are
known. This can also be seen from table 8.1, as practical data on failure is
required to quantify risks. This data is often lacking, which results in an
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uncertainty margin on the desired numerical outcome. This margin is usually
at least one order of magnitude, but can be up to five orders of magnitude
[372], [373]- This issue has been known since 1982. Indeterminacy can also be
seen as the human factor: the user operating the system in a way that was
not foreseen [379]. This happens often, also in the maritime domain [380].
Automating processes may make it easier to quantify things (as quantifying
human behaviour is extremely difficult [372]). However, this removes the main
advantage of a human: the ability to think and improvise quickly. Humans
have shown to be able to accomplish great things this way, as is shown by
United Airlines Flight 232 [381]. After all hydraulics failed, the crew was still
able to fly the plane by operating only its engines [381]. Even though such
exceptional cases have not happened in the shipping industry, quick thinking
did save the passengers of the MV Viking Sky, which ran into trouble after a
loss of oil pressure in a rough sea [382]. Blindly removing the human factor, to
automate and be able to quantify more easily, may thus not be the best course
of action. As removing the human can lead to unforeseen issues, caution
should be exercised when considering this.

The final category is normative uncertainties. Normative uncertainty is
uncertainty about how to act in certain situations [379]. Because of the relative
novelty of all alternative fuels, normative uncertainties are very likely to occur,
as not all scenarios can be envisioned and trained for. These uncertainties
cannot easily be anticipated, although it is of extreme importance to not only
train the easy scenarios [383]. Even though this may sound obvious, training
of only simplified scenarios is likely to have contributed to the sinking of
the Ocean Ranger [383]. Summarised, all these techniques have shortcomings.
This is captured very well by other authors such as Basheer et al.: "it is not
possible to analyse all the aspects of a system using any single technique"
[374]. Similarly, Taebi et al. mentioned that preventable accidents, such as the
Fukushima Daichii incident, are a sobering warning against overconfidence
in hazard prediction [379]. This is especially critical, as several methods
assume perfect human performance, which is not realistic on ships [379],
[380]. Most of these methods have the possibility of taking the human factor
in account, even though in reality this is often omitted. For example, Skogdalen
et al. [384] researched whether QRAs, in the oil and gas industry, took into
account human and organizational factors, as most accidents have a social,
administrative or managerial origin [372]. They found that none of the QRAs
reached the level at which human and organizational factors are taken into
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account best. Most did not take the human and organisational factors into
account (5 out of 15), or only explained it to a limited extent (8 out of 15) [384].
It is challenging to systematically include quantitative estimates on the impact
of human factors and organisational impacts on failure in a QRA [384].

83 DESIGNING FOR SAFETY WHEN USING ALTERNAT-
IVE FUELS

Mentioning what is wrong with previous methods is not difficult, nor is it
innovative or particularly useful. Moving forward, towards how safety can
be incorporated in the design phase of a ship fueled by an alternative fuel is
much more relevant. The maritime industry can learn from other sectors, such
as aviation and chemical industry and how they have incorporated safety
in their respective designs. Yet, more importantly, the field of safety science
offers many lessons on how designs affect safety.

The use of hydrogen carriers inevitably complicates the design. Figure
8.1 gives an overview of the alternative process, which now incorporates
specialised fuel preparations and additional tanks to store the spent fuel,
next to the energy converter (e.g. an internal combustion engine or fuel
cell) to deliver the required power to the ship. Especially the tanks and the
fuel preparation unit come with many unknowns, as these are likely new
technology on this scale and in this environment.

This section will move from the shortcomings of the previously mentioned
methods of assessing safety and risk, towards potential ways of incorporating
safety science to deal with safety in a different way, with a focus on hydrogen
carriers as alternative fuels onboard ships.

8.3.1 FROM QUANTIFYING RISKS TO AN INTEGRAL APPROACH

Currently, the results of a QRA or similar safety tool often form the basis of
risk management [384]. A QRA should also be used to reveal the status of the
so-called safety barriers: means that prevent, control or mitigate undesired
events or accidents [372], [384]. These barriers can be physical, such as cof-
ferdams, but this is not necessary. However, quantification methods, such as
QRAs, face comparable challenges when applied during the design phase,
especially when alternative fuels are incorporated. First of all, as mentioned
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Hydrogen Carrier as Alternative Fuel Process Diagram
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Figure 8.1: Hydrogen carrier process diagram, including indication which technolo-
gies are mature and less-mature

previously, they depend on data from previous accidents, which is unlikely to
be available for new technology like hydrogen carriers. This can result in large
uncertainties in a QRA. Secondly, QRAs also suffer from underreporting of
non-lethal accidents. Accidents that are only minor, are often not reported as
it is not deemed significant [372]. Another issue with the QRA is the illusion
of equal comparison: when everything is expressed as numbers, it appears as
though these can be compared. However, this often leads to confusion among
non-experts and difficult ethical decisions. This becomes more apparent with
fuels that already have a certain reputation with the public, such as ammonia.
Even though orders for ships that can be powered by ammonia are plenty
[385], [386], public opinion is very much against it [387]. At least the UK
public prefers virtually any other fuel, including nuclear and heavy fuel oil,
over the usage of ammonia [387].

Finally, the most important issue with the QRA for alternative fuels is the
inclusion of human factors, which is not adequately considered. However,
human performance and behaviour gain increased importance when handling
new and potentially hazardous fuels. Another issue arises with a common
solution for the problem of the human factor: automation. Often, engineers
see automation as enhancing the safety of a process, as using automation
is thought to lead to cause-and-effect relationships, which in turn can be
quantified [372]. However, automation comes with multiple issues. Directly
related to the QRA is the following: when significantly changing a process,
which can occur when using e.g. robots, it does not necessarily result in less
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incidents, it might even result in a less well-founded QRA as the dominant
accident scenarios might change [372]. As using alternative fuels already
significantly alters the system, with many lesser-known process steps (as
visible in figure 8.1), the dominant accident scenarios will likely already
change compared to the conventional process. This will also increase the
chance of completely overlooking accident scenarios, which is not unheard of
[379]. Adding automation to this, changing it even further, will likely result
in different dominant accident scenarios. Additionally, people learn by trial
and error, by making mistakes and taking risks. These learnings are needed
to understand the entire process and adequately respond to accidents [372].

Consequently, it is not possible to assess the safety of a hydrogen carrier
system to the highest detail in the design stage momentarily using the current
methods, as several problems arise due to the uncertainties inherent to the
process. Combined, this shows that estimating all risks in advance in detail
may not be possible when using alternative fuels such as hydrogen carriers
on ships, due to the many complications and unknowns they bring. The
Collingridge dilemma is relevant here: the more we know, so the further
we are in the design phase, the more we will know of the related risks, but
our control over it all grows less [379]. Thus, we have to move on from
this rational image of trying to find an integral approach towards a more
contextual picture.

8.3.2 FROM A RATIONAL IMAGE TO A CONTEXTUAL PICTURE: INCOR-
PORATING THE HUMAN FACTOR

Even though the engineering approach is to reduce the human influence and
presence as much as possible, especially when using "dangerous" alternative
fuels, such as ammonia, this may not directly be the perfect course [372]. The
most important reasoning for this is that humans are good at quick problem-
solving, not repetitive tasks. Additionally, as mentioned previously, humans
learn by trial and error, and have several ways to learn. For example, humans
should not learn from books how to react in emergency situations, but from
experience and thus, practising these kind of situations [380]. If the human
factor is completely removed from the system, the human’s understanding
of the system will be reduced. This is highly problematic in case humans
are expected to solve the problem [380]. Yet, it is true that humans, or better
worded the human and operational factor, is the cause of many accidents.
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However, this does not necessarily mean that a process with many possibly
dangerous factors is directly correlating to many accidents. An example as
mentioned by [372] tells of an industrial location, where everything could hurt
people, yet with an exceptionally high amount of days without accidents. So,
it is possible for humans to operate in dangerous conditions without failure.
Incorporating the human factor in the design of a ship, especially a ship with
such complex and possibly dangerous additions as when using hydrogen
carriers as alternative fuels, is thus of utmost importance.

When entering the human in design, it is important to take into account
the human’s good and bad qualities. Humans have physical and mental limit-
ations. Physical limitations should be incorporated at all times, and are, for
example, health hazards or (very) heavy lifting. Time-critical operations are
better avoided as well. Human operation in rooms with high temperatures,
high noise levels or strong vibrations, such as in an engine room, is also detri-
mental to human functioning. Other human limitations are mental. Humans
do not do well with repetition, so that should be avoided. Besides, over- and
understimulation of human senses should be prevented. Additionally, in the
maritime domain, 71% of the errors involving humans are caused by a lack of
situational awareness [380]. Situational awareness has gained a lot of attention
in the aviation sector, from which the maritime industry could benefit [380].
Situational awareness should not be confused with the awareness of danger:
even people with high motivation and the highest degree of safety awareness
will have accidents [388]. Improving motivation and awareness is also a dead-
end: much has been done on that level, and it is assumed not much more
is possible [388]. The most effective way to improve safety is by changing
the environment [388]. The focus should be on ensuring that all technology
is designed from a human-centred perspective and aligned with maritime
needs [380]. For example, when alarms are used, it should be instantly clear
which alarm is going off, which is not always the case [380]. A proper work
environment has to be created [388]. Other factors are more operational, such
as avoiding victim blaming and catering the training and inspection to the
specific ship, instead of having general employee training [372]. Figure 8.2
gives an overview of both the design and operational aspects of incorporating
the human factor to enhance the safety of ships.
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Figure 8.2: How to design with keeping humans in mind

833 HOW TO DEAL WITH UNCERTAINTIES

Finally, uncertainty will still exist even when incorporating the human factor
during the design and operation. Hindsight cannot save us [383], we have
to look ahead into the unknown. Engineers often try to make the system
foolproof and in shipping especially changing the hardware is a traditional
approach to solving a problem, even if that problem was the result of human
error [388]. However, there are several issues with this approach.

First of all, behaviour of humans can be unexpected. Secondly, people
will try to look for loopholes to make their life easier, yet undermining
the foolproofness of the system [388]. Trying to make a system foolproof is
thus expensive, but with low effect. Additionally, when adding complexity,
foolproofing is even more difficult. It is clear that complex interactive processes
and tight coupling of steps make accidents inevitable and, worse, unforeseen
by designers nor understood by operators [372]. Most of the principles to
operating high-reliability organisations lie on operational level. Examples are
the detection of small failures anywhere or the differentiation of categories
[381]. Basically all accidents have had some form of precursor incidents
happening before the actual accident [383].

However, one of the principles is related to the design of the process, the
principle of sensitivity to operations [381]. The aim of this principle is to
set apart the work itself, seeing what we are doing instead of focussing on
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intentions or designs [381]. This can be attributed to the resilience of the
system: a system that can continue to function as required, even after a
serious incident has occurred [381]. The function as required does not mean
the system is completely intact; the system just has to be able to continue the
required operations, albeit in a degraded form [381].

In practical terms, in the design we should stimulate a system with graceful
degradation and avoid a system performance with a single point of failure. In-
terestingly, the alternative fuel system configurations give these opportunities:
high numbers of cells in batteries and stacks in fuel cells give graceful degrad-
ation options, where traditional internal combustion engines might fail with
one driving gear failure. In real life, with all its uncertainties and unexpected
events, coping with the unexpected and having an anticipatory mind-set is
more important than anticipating occurrences [381]. Precise identification of
issues is not always possible in an emergency situation, so a combination of
keeping errors checked, improvising such that the system keeps functioning
(even if only minimally) and absorbing change while persisting is required

[381].

84 INSIGHTS FOR SAFE VESSEL DESIGN

Many steps can be taken to improve the safety of a vessel starting in the
design process. This section outlines several methods for enhancing safety,
as summarised in figure 8.3. On the left side of the figure are the measures
that should always be taken. These standard measures are very relevant, and
are the fist steps to control safety during design [380]. The first step is the
removal of the problem. If an alternative fuel is such an extent unsafe in
a certain context, it should not be used at all. Secondly, if a certain fuel is
absolutely necessary, yet not entirely safe, a barrier should be put around it
to avoid incidents outside its area of operation. These two steps have to be
taken during the earlier design process, while the third step, implementation
of warnings, can be taken later on.

However, only taking these steps is not sufficient. Robust design of com-
ponents and all included control systems is required as well. Especially, the
disturbance-free operation of critical infrastructure needs to be ensured and

For the full reasoning, see the original paper. The section “Designing for Safe and More
Complex Control Systems” was written by Charlotte Loffler.
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designed appropriately. While this is easier to ensure for simple compon-
ent controls, it presents a challenge when moving towards autonomous or
advanced control approaches. When implementing the latter, proving their
robustness under operation gets more difficult. For optimization-based control
approaches the difficulty lies in the mathematical complexity of the system.
Therefore, directly proving that an advanced control of an operation is safe
in the design process might not be possible, as is visible in figure 8.3: a clear
distinction between linear systems and complex, non-linear and non-convex
systems is made.

Another option to prove the fail-safety of advanced control of the vessel
operation is the more time-consuming trial-and-error for the algorithm. This
way, a statistical approach could be used to identify the spread of expected
outputs for a set of inputs. However, using this approach allows for an
understanding of the algorithms accuracy, but cannot completely neglect the
possibility of the algorithm ending up in a not-desired solution. Still, it can be
considered a first step towards the application of advanced control algorithms
that can improve the safety of the human and operation. To enhance safety,
the focus should lie on minimizing the necessary complexity of the system
during the design process. Even though this might lead into a higher fuel
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usage, it helps create more reliable and failproof control systems. This all
contributes to a vessel that is designed as safe as possible; however all these
procedures will not result in a foolproof, 100% safe ship. In addition, besides
the three main steps, the overall technical process should still be evaluated
using current methods as mentioned in table 8.1. However, the precaution
should exist that these are limited and additional investigation is required.
Additionally, the human factor should be taken into account within these risk
assessments.

Moreover, the procedures focus mainly on the safety of the ship, yet the
human factor is extremely important, too. To make the ship more safe while
incorporating humans, the human operator should be taken into account
directly during the design phase. Processes should be designed such that
humans do what they are good at: varied tasks, that are within the scope of
the human capability, without crossing physical or mental limits of humans.
Linear systems are often easier to automate than complex systems. Automat-
ing everything is not the solution, but automating certain tasks is part of the
solution. Tasks that should be automated are for example tasks that are not
compatible with the human physics, such as tasks that threaten human health,
or human lives, tasks that exceed the physical limits (which may be legally
limited) of humans, and tasks for which humans are too slow. Other tasks to
automate are those that do not comply with the human mind. Examples are
monotone or predictable work, as well as overstimulation of the human mind
by data flooding. Finally, for some tasks the human perception is insufficient.
A major sidenote to this, is that tasks or processes that are highly influential
for the safety on board, should not be automated completely: humans are
much better at responding and (creatively) fixing problems of processes that
they know much about, than if they have to deal with less-familiar processes.

Besides, during design phase, human and operational factors should be
considered. Indeterminacy (humans not using systems as envisioned) should
be taken into account, for example by multiple simulations with the process
and humans, especially in less-than-ideal situations, but also in common
situations. Additionally, products should be designed user-friendly, some-
thing that was often not the case in the maritime industry [380]. Finally, the
situational awareness of humans has to be taken into account within design.

During the design phase, the two most important things to acknowledge are
the following. First of all, no design is inherently safe and the uncertain will
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always happen. Secondly, design is only part of the whole process, operation
is at least equally, if not more, important for safety.

8.4.1 OPERATION

Figure 8.3 has an additional part, which has not been discussed until now: the
operational factor. Even though the operation of the ship is not in the scope
of this research, some of the key-insights of safety science on how and why
extremely dangerous and complex workplaces can have very limited (to even
no) accidents are discussed here.

Safe operation is one of the most important ways to enhance safety [372],
[389]. The operational aspects and, as a result, whether a system is error-
inducing, error-neutral or error-reducing, is often considered more relevant
to safety than tightly coupled or highly complex systems [389]. A good, safe
operation and a safety-focussed operation will result in a safer environment,
yet unfortunately safety and efficiency are often regarded as opposing forces,
especially in the shipping industry [389], [390]. Cost-efficient operation is part
of organisational behaviour [372]. However, safety and (cost)-efficiency are
not necessarily opposites, process intensification in chemical engineering and
management, for example, does not have safety as prime target, yet results in
safer processes regardless [372].

A large part of safe operation is the removal of victim blaming [372], which
is often prominent in error-inducing systems [389]. Companies that are likely
to dismiss, punish and blame people, are less likely to learn from incidents
and accidents [372]. The international safety management code (ISM)-code
from the IMO supports this [380], [391]. The ISM code specifically states that
good safety management is commitment from the top [391]. Additionally,
the ISM code requires companies to develop safety management systems
and preparations for emergencies, as well as requiring companies to report
incidents and accidents [391]. However, a drawback of this code is that whilst
a shipping organisation may be compliant to the ISM code, it does not mean
that the system is actually effective [380]. Not only is it hard for organisations
and individuals to adhere to the code, the motivation to comply to the code
also varies [380].

In general, the shipping sector has for long been regarded as an error-
inducing system [389]. Despite this observation being older, made in 1986,
it unfortunately remains relevant today. Error-prone systems are not easily
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changed, despite regulations like the ISM-code [380], [389], [391]. The social
organisation, economic pressure, structure of the industry, influence of in-
surance companies and difficulties of national and international regulations
(which are often both relevant), still operate in such a way to resist solutions
to reduce errors [389]. An example of how all these come together in one
accident is the sinking of El Faro in 2015. El Faro disappeared with all hands
as it sailed through the Caribbean in 2015 [392]. The main actions identified
were the decision (by the captain) to sail in close proximity to a hurricane and
not complying to the ISM code, as not all the material was in good order and
no necessary shoreside support was available [392]. This only underscores the
difficulty of change, as the underlying, social organisational issues have been
known for many years already [389].

Often mentioned as problematic are the different cultures of the crew on
board ships [372], [389], [390]. However, this appears to be a relative weak
argument, as the aviation sector has similarly diverse crews, yet does not
see this as a problem [390]. In the aviation sector, the protocols are of such
a standard that local culture is not deemed to be relevant [390]. This is one
of many operational differences between the shipping and aviation industry,
where the aviation industry can be regarded as much further ahead safety-
wise [390]. This also highlights the difference between error-inducing and
error-reducing systems: the aviation system is an error-reducing system and
thus language is less of a problem [389]. However, lessons can still be learned
from the aviation system: especially the training (including human factor
training), safety reports, automation, situation awareness and implementation
of a just culture and a safety culture are mentioned as very promising [390].
Perrow’s examination of the more distant past—spanning the late 19th to
early 2oth century—reveals a rather discouraging continuity, as he notes little
substantive progress during that period [389]. More than three decades later,
a similar assessment may still hold: operational advancements remain limited,
and implementing substantial change continues to pose significant challenges.

8.5 CONCLUSION

Safety is of high importance in the maritime sector. Many methods are used
to assess the safety of ships. However, current methods often overlook the
human factor, which in turn is regarded as the main cause of many maritime
accidents. Safety science can be used to avoid this.
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Safety science teaches us that human failure is often the result of design,
organisational or operational problems, and not a cause on its own. Taking
human failure into account is difficult, due to a lack of data, scenario un-
certainty, indeterminacy and more. Due to the uncertainty characterised by
future accidents and incidents, it is impossible to use a watertight approach
to designing a safe vessel. Yet, good design can account for a vessel that is at
least safer.

When looking from a safety science perspective, the following becomes clear.
There are several standard steps, which should always be taken. These steps
are: removing problems, placing barriers and implementation of warnings.
Additionally, uncertainty needs to be embraced and complex interactive
processes and tight coupling of steps should be avoided or simplified. The
system’s sensitivity to incidents should be reduced, part of which can be
assessed by checking the robustness of the system.

However, all this only covers part of enhancing the safety. To optimally
design a safe vessel, all systems, processes and technology have to be designed
with the human in mind. Despite all these measures, design is only one part;
the operation of the vessel is equally important in enhancing its safety. A safe
working culture with a focus on safety and less on efficiency is required for
safer ships. The shipping industry has much to learn here, particularly from
the field of safety science, which emphasizes systemic thinking, resilience,
and learning from near-misses as well as failures.

Finally, the notion that nothing can be inherently safe and that accidents
can always happen is something that should always be in the back of every-
body’s mind: expect the unexpected. That, combined with optimal human and
machine collaboration will result in safer vessels and thus, a safer shipping
sector.
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“It is important to draw wisdom from
many different places. If you take it from only
one place, it becomes rigid and stale.”

— Uncle Iroh, Avatar: The Last Airbender
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CHAPTER SUMMARY

Alternative fuels will strongly influence many values, including the multi-
faceted values of safety and sustainability. This chapter presents a value-based
framework for evaluating hydrogen carriers by examining their effects on sub-
values such as environmental performance, crew and port safety, survivability,
long-term viability, justice, public safety, and economic impact. Because the rel-
evance of each subvalue differs across maritime environments, the framework
provides context-specific assessments rather than universal rankings. Instead
of reducing complex trade-offs, the framework enables qualitative comparis-
ons within individual values. The framework is designed to be transparent
and flexible, yet reflects normative choices. Application of the framework
reveals substantial variation across carriers and criteria. Many carriers ex-
hibit mixed or uncertain aspects, with no clear "best" option emerging. By
making underlying assumptions explicit and highlighting context-dependent
trade-offs, the framework helps bridge gaps between technical, regulatory,
and societal perspectives in the maritime fuel transition.
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0.1 INTRODUCTION

The use of alternative fuels for ships calls into question long-standing assump-
tions about maritime safety: what was once assumed to remain stable and
universally applicable must now be reassessed in light of new fuel types and
their varied risks. Additionally, new dimensions are brought to the forefront,
including questions of sustainability, fuel availability and standardization, and
implications for global market dynamics [41]. The results of this transition
and its additional dimensions are visible in the regulatory sphere as well as in
the scientific literature; the IMO, for example, is transitioning from prescript-
ive rules to goal-based standards (GBS), creating a more flexible regulatory
environment to safely accommodate new fuel types [292]. This regulatory
flexibility, however, raises questions about how different fuel options should
be valued, evaluated and compared.

The maritime sector presents a unique combination of operational, regu-
latory, and value-based considerations that current frameworks struggle to
address comprehensively. The GBS does demonstrate a broader openness
to innovation. However, delegating more freedom to ship designers, while
simultaneously increasing complexity reveals a deeper, underlying issue that
is intrinsically linked to the multiple values that are significant when introdu-
cing new fuels. The multitude of values involved, including but not limited to
safety, sustainability and economics, inevitably leads to value conflicts [393].
However, the issue is more fundamental; these values are rarely made explicit
by regulators such as the IMO, which exacerbates these conflicts and prevents
their proper resolution. On the other hand, these values are operationalised,
ranked and weighted by scientific literature, often using stakeholders [33],
[34], [35]. This lack of explicit value articulation by regulators complicates
stakeholder dialogue, creates uncertainty in regulatory decision-making, and
makes it more difficult to systematically address tensions between competing
priorities such as safety, sustainability, and economic viability. Therefore, it is
essential to identify and critically reflect upon these values to ensure a robust,
technically sound energy transition in the maritime sector. This highlights the
need to not only identify the relevant values impacted by such a transition, but

This chapter is based on the following article:

E.S. van Rheenen, K. Visser, A.A. Kana, O.E. Popa, "A Value-Conflict Design Approach to
Evaluating Hydrogen Carriers for Maritime Use: Safety and Sustainability in Focus, " under
review at Maritime and Transport Research as of 2025
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to develop methods that can meaningfully incorporate them into regulatory
and design contexts.

Bridging this gap requires new qualitative, analytical approaches. Recog-
nising the impobrtance of explicit value consideration and the resulting value
conflicts is only the first step; translating this insight into practical decision-
making demands appropriate analytical frameworks. To make well-informed
choices about alternative fuels for maritime use, there is a need for a struc-
tured approach that enables broad and context-sensitive evaluation in the
early design phase. Such early evaluations are particularly important in the
context of maritime infrastructure - a domain particularly prone to long-term
path dependency and technological lock-in [394]. Aside from this, arguments
have recently been made in the field of responsible innovation and philo-
sophy of technology that integrating value-conflicts in the design of new
technologies is a moral imperative arising from the need to pay due heed
to undervalued scenarios and stakeholder groups [395], [396], [397], [398].
While it is not always possible to satisfy all values simultaneously and equally,
a broader analytical view can contribute to a better understanding of the
intricate dynamics between values served and values disserved [399].

This chapter makes two contributions to better connect values and policy.
First, it introduces a visual evaluation framework that links relevant value
dimensions to the specific regulatory and operational environments in which
ships function. Second, it demonstrates the utility of this framework by
applying it to the case of hydrogen-based alternative fuels in maritime contexts.
In this application, particular attention is given to hydrogen carriers such as SB
and LOHCs due to their novelty, early-stage development, and potential. They
present unique value trade-offs that are particularly suited to demonstrate the
framework’s ability to handle complex, multi-dimensional assessments, while
not requiring large amounts of information, as these hydrogen carriers are
emerging technologies and relatively little is known about them, as compared
to more mature fuels as ammonia or methanol. This framework is essential
because, without explicit evaluation across different fuel options, important
values may be overlooked or underestimated. As each fuel likely impacts
value dimensions differently, some may strongly affect certain values while
leaving others untouched. To obtain a complete overview of these varied
impacts and trade-offs, an integrated perspective that systematically examines
all relevant fuels is necessary.
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For practical purposes and to ensure the framework remains manageable
and actionable, this study focuses specifically on safety and sustainability
as the primary value dimensions. Safety and sustainability are considered
among the most important criteria upon which hydrogen carriers are to be
judged [400]. Both will be defined in detail later. This focused approach allows
for a concrete demonstration of the framework’s utility while maintaining
analytical depth and practical applicability. The framework enables comparat-
ive assessment that reflects diverse interpretations of these key values across
different maritime settings, thereby informing early-stage fuel selection in a
way that aligns with both practical and normative considerations.

9.2 METHOD - FROM FRAMEWORK DEVELOPMENT TO
ASSESSMENT

This section outlines the methodological steps taken to develop and apply
an argumentative approach for evaluating hydrogen carriers in the maritime
context. Figure 9.1 gives an overview of these steps. The goal is to create
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Figure 9.1: Overview of steps taken for framework development and assessment

a structured, value-informed evaluation tool that can support early-stage
decision-making, where trade-offs between key value-sets, such as safety,
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sustainability and economic viability, are still flexible but impactful. These
values are defined in the following section, prior to the development of the
framework.

The evaluation framework is developed through a systematic process, be-
ginning with the identification of values and subvalues relevant to the as-
sessment of hydrogen carriers in maritime applications. These values can
be geographically dependent, and emerge from a contextual analysis of the
specific operational and regulatory environments in which fuels are deployed.
A geographical lens not only helps identify these values but also shapes
their definition. Once identified, the values are structured into a coherent
argumentative framework. Potential value conflicts and trade-offs between
competing objectives are discussed as part of this process.

Simultaneously, the hydrogen carriers selected for evaluation in this study
are identified and examined. This includes establishing their technical char-
acteristics and their properties relevant for safety, sustainability, and techno-
economic analysis. Finally, the framework is applied to assess each hydrogen
carrier, enabling a systematic comparison of their performance across the iden-
tified value dimensions. The results are presented in a structured, side-by-side
format.

Expert interviews were conducted to validate the theoretical framework
developed. Maritime sector professionals with expertise in alternative fuels
were interviewed to assess the framework’s comprehensiveness and relev-
ance. The expert group included representatives from inland shipping, naval
forces, industry, policymakers, and academia. These interviews informed the
framework development but are not reported as separate findings.

9.3 FRAMEWORK FOR EVALUATING VALUE IMPACT

The shipping industry faces significant challenges when implementing al-
ternative fuels. Industry experts evaluate these fuels using specific criteria,
including energy density, production costs, and operational feasibility. How-
ever, beneath these technical discussions lie two fundamental value sets that
often conflict: safety and sustainability.

This tension between safety and sustainability creates concrete dilemmas for
decision-makers. Safety priorities may favour proven but less environmentally
friendly options, while sustainability goals push toward newer, potentially
riskier alternatives. Understanding this conflict is essential because it shapes
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how the industry approaches fuel selection and determines which alternatives
gain adoption.

Both safety and sustainability are multi-faceted value sets with different
aspects. Defining safety and sustainability can vary dramatically across differ-
ent maritime spaces. Their interpretation varies depending on where and how
impacts occur: on board, at sea, in port, or even beyond maritime boundaries
[312], [401], [402]. To reflect this, values are considered in relation to distinct
maritime environments, each with its own risks, responsibilities, and regu-
latory relevance. The spatial structure is illustrated in Figure 9.2. The figure
places the ship at the centre of a layered spatial structure that includes the
marine environment, port infrastructure, nearby urban areas, and broader
global systems.

This section aims to develop and operationalise a framework for evaluating
the multi-faceted nature of safety and sustainability in maritime alternative
fuel adoption. By identifying values within each principal value set, the frame-
work provides insight into how alternative fuels influence specific dimensions
of safety and sustainability, enabling more nuanced evaluation of fuel options.
The section is structured as follows: Subsection 9.3.1 identifies and defines
these values within their maritime contexts. Subsection 9.3.2 presents an over-
view of the complete framework. Subsections 9.3.3 and 9.3.4 operationalise
the framework by focusing on the most critical values, providing practical
direction for evaluation and implementation.

9.3.1 DEFINING VALUES IN CONTEXT

This subsection identifies and defines safety and sustainability values within
the abovementioned maritime contexts. Given that these values manifest dif-
ferently across the spatial environments shown in Figure 9.2, the analysis
takes a two-step approach: first, identifying the core values and their constitu-
ent values that emerge from maritime literature and industry practice, then
examining how these operate within different spatial contexts.

Identifying values is not a straightforward task. To begin, it is important to
consider the overarching values of safety, typically defined as the protection
of human life [403], and sustainability, often defined as a method of using
a resource without permanently damaging or depleting that resource [404].
With these general definitions in mind, the specific environments relevant to
the maritime sector are considered. Examining the situations that may arise
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Figure 9.2: Relevant Environments for the Maritime Sector

within each of these environments, provides insight into how these situations
influence or challenge the values of safety and sustainability. This approach
is similar to how the IMO has historically developed its safety conventions:
beginning with a concrete incident, such as the sinking of the Titanic. This
sinking can be used to identify the core value at stake: human life. To prevent
this from happening again, the Safety of Life at Sea convention (SOLAS) came
into action [282]. While this analysis will not prescribe specific measures, it
does follow a similar logic by using environment-specific scenarios to identify
which values are at play.

For the value set of safety, the extensive body of IMO conventions and
regulations is used as a basis. Unlike safety, which is tightly regulated by IMO
conventions, sustainability involves a broader set of ethical, social, and techno-
logical considerations. For sustainability, this involves exploring how renew-
able resources intersect with technological developments, such as alternative
fuels, and identifying the values affected in this context. The sustainability
aspects are discussed in greater detail in Section 9.3.1.
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Charting Key Safety Values

The IMO operationalises safety through specific standards and requirements
in different conventions, such as SOLAS and MARPOL (Marine Pollution) and
protocols like the HNS protocol (Hazardous and Noxious Substances) [401].
Even though this approach is functional, rather than definitional, it can still
be used to define the concept of safety and find its specific values. From these
conventions, it follows that the IMO mainly focuses on the safety of humans
- either crew or passengers. Most conventions deal with the prevention of
harm to humans, directly or indirectly. The exception is MARPOL and the
other conventions relating to prevention of marine pollution. Polluted seas
negatively influence the health of people living around them, as well as the
health of people having to work on the seas. Thus, the safety of the marine
environment can be added here as well. The environmental impact of a fuel
can manifest at both local and global scales; fuels that dissipate quickly may
only have local effects, while fuels that are extremely persistent in a maritime
environment may have influence all over the world. Additionally, fires may
alter fuel chemistry (e.g. through thermolysis or pyrolysis), producing more
harmful by-products.

However, this is just one of the many values that will be impacted by the
shift to alternative fuels. When introducing alternative fuels, the health of
the crew (and passengers) may be affected in several ways. First, working
conditions can change. While the workplace should not pose an immediate
threat to crew members, poor working conditions can impact long-term
safety. Closely related is the safety of the crew. Here, the focus shifts from
the environment to the people themselves. The aim is to ensure that the
introduction of alternative fuels does not create new hazards for those working
with or around them. Importantly, what is harmful to the crew is not always
harmful to the ship; however, what is harmful to the ship is likely influencing
the health of the crew as well. The maritime industry refers to this as ship
survivability: the vessel’s ability to withstand severe onboard safety threats,
such as a hull breach leading to water ingress, that directly influence the
ship’s integrity. Finally, the interaction between the ship and the port must
be considered. Alternative fuels may require changes to port infrastructure,
potentially altering the safety profile of fuel handling operations on shore.

Figure 9.3 gives an overview of the values that are part of safety; these
values are directly influenced by the IMO and its regulations.
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Charting Key Sustainability Values

Alternative fuel selection creates broader impacts beyond the IMO’s direct
regulatory control. The values affected are within the sphere of influence of
the IMO and are mainly part of the sustainability value set. Different fuels
will have different long-term, ethical effects and will be regarded differently
by society. Although a complete, all-encompassing overview of values is im-
possible, the selected values adequately capture the notion of "sustainability’.
In this context, sustainability is defined as the requirement that a new fuel
be viable for long-term use in an ethically responsible manner. These values
support this definition:

Long-Term Viability Alternative fuels must remain viable over the entire
operational lifetime of ships, which often exceeds 25 years. Because ships
are produced in classes and retrofitting is costly and complex, fuels must be
reliably available, supported by infrastructure, and accredited over decades.
This also demands sustainable use of raw materials. Circular fuels should
allow for efficient loading/unloading cycles, while non-circular fuels must
rely on stable, low-impact production processes. Flexibility in recharging and
low dependence on rare raw materials further increase long-term viability.
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Finally, public perception plays a large role in long-term viability; even if
a fuel appears to be perfect on paper, negative public acceptance can still
hamper its applicability.

Justice The production of alternative fuels raises critical questions about
global equity: Who controls production capacity? Where do raw materials
come from? Who bears the environmental and social costs? The production,
refinery and demand of raw materials are often disconnected [405]. The
resulting complex supply chains are highly sensitive to geopolitical issues
(such as the 2010 rare earth crisis) and have historically contributed to conflict
[405], [406]. However, mining is not only shaped by geological and economic
factors, but also by socio-political conditions, including labour rights and legal
aspects [406]. Fair distribution of production capacity and ethical sourcing of
materials are essential to avoid replicating existing geopolitical inequalities.
Achieving justice in maritime transitions requires that the benefits and burdens
of alternative fuel adoption be distributed equitably across all affected regions
and communities.

Public health The IMO’s conventions focus on safety aboard ships and
protection of the marine environment, but do not regulate the health impacts
of maritime operations on the general public or coastal communities. However,
alternative fuel choices can significantly affect public health beyond the ship
and port boundaries. For instance, ammonia’s toxicity and hydrogen’s explos-
iveness may endanger nearby communities in case of accidents or routine
operations. Air quality impacts from different fuels can affect coastal popula-
tions, while fuel production processes may create health burdens in source
regions. Even where technical risks are low, public perception of health risks
can strongly influence community acceptance of new fuels. Fuels with min-
imal negative impact on public health are more likely to gain social acceptance
and regulatory support from national and local authorities.

Economic Impact Alternative fuels can significantly disrupt existing mari-
time infrastructure and supply chains. Differences in physical state or handling
requirements may require costly modifications to ships, ports, and procedures.
These changes affect the economic feasibility and scalability of fuel adoption
across the sector.
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Definitions of values

Figure 9.3 gives an overview of the relevant IMO conventions, the values
derived from those (which are connected to safety) and the values derived
from sustainability, which are only influenced by the IMO. The figure also
connects the values to their respective examples. In this section, these values
will be explicitly and briefly defined in a maritime context.

Environmental Friendliness Environmental friendliness is the direct and
long-term influence on the marine environment. While modern ships are
highly reliable, fuel selection cannot assume perfect containment - even minor
incidents may result in fuel spills with environmental consequences. Whether
this is harmful depends on the fuel’s aquatic ecotoxicity, the fuel’s persistence,
and the clean-up possibilities. The clean-up possibilities are based on the
behaviour of the fuel in (sea)water.

Workplace Conditions The workplace conditions in ships depend on many
things, some related to the exact fuel used. Workplace conditions can impact
human safety in the long term; bad working conditions are detrimental in
the end. The choice of fuel may affect the workplace condition as certain
fuels require more delicate or complex equipment and operating systems,
which may result in over-stimulation (or under-stimulation in case of large
automation). Physically, alternative fuels such as powders may also impact the
crew. Thus, in short, this value is defined as the influence of equipment used
with alternative fuels as well as alternative fuels themselves on the workplace
conditions of the crew.

Crew Safety Crew safety reflects the potential impact of a substance on
human health during its use on board. This value is derived from established
chemical safety classifications, such as the GHS, and regulatory testing frame-
works like REACH. These sources provide standardised information on health
hazards, forming the basis for understanding how a substance may affect
crew members.

Port Safety The influence of alternative fuels on the health, safety and work-
ing conditions of people working in the port, as well as on the infrastructure
of the port. This value is not necessarily ship-specific, even though the IMO
governs it.

Survivability The survivability indicates the ability of the ship to stay afloat
in an upright condition. Though, again, impacted by many processes on board,
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the choice of a fuel may influence this ability. This is mainly influenced by the
alternative fuels” material properties, such as flammability and explosivity.

Long-term viability Sustainability is defined here as intergenerational
justice; to keep the planet liveable with similar or higher standards of living
for next generations. Again, to make this value more specific for alternative
fuels in the maritime sector, a focus lies on the possibility of circularity,
availability (and production process) of the initial supply and flexibility of
recharging the alternative fuel. These properties are mainly influenced by
production and recirculation processes, which define the life cycle of the
alternative fuel.

Justice Justice addresses the equitable distribution of costs and benefits
from alternative fuel adoption across different regions and populations. These
new fuels can be seen as enabling a more balanced distribution of costs
and benefit. The ideal future fuel should have a balanced distribution, with
countries benefiting from the maritime industry also bearing the brunt of
the price. Even if it is not possible to distribute this entirely evenly, the goal
should be to get as close to a just distribution as possible. The production and
recycling processes are very important in creating this new world.

Public Safety Public safety is defined as the influence of these alternative
fuels on the health and safety of people not directly related to the shipping
sector. Although many ships spend a considerable time far away from land,
ships running on alternative fuels may affect public health and safety. Firstly,
many ships are sailing inland or along the coasts; they are always near the
human population. Additionally, even deep-sea ships have to load and unload
at places. The effect of alternative fuels on public health and safety depends
on the dispersivity of the fuel in air; will the fuel be able to travel (or have
effects that travel) sufficient distance to affect the public?

Economic Impact Economic impact encompasses the financial consequences
of alternative fuel adoption across ship, port, and supply chain levels. This
includes direct costs such as ship modifications and fuel price differentials,
infrastructure investments for fuel handling and storage, and broader sup-
ply chain scalability challenges. The economic viability of alternative fuels
determines their adoption speed and market penetration across the maritime
sector.
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9.3.2 GENERAL FRAMEWORK FOR VALUE EVALUATION

Having derived values by examining the types of situations that may occur in
different maritime environments, the next step is the development of a general
framework. This framework formalises the connections between three key
elements: values, environments, and situations. While values were initially
identified through specific situations, their relevance often extends beyond
their point of origin. The framework reflects this broader significance by
mapping how values are connected not only to particular situations from
which they were derived, but also to other environments and situations.

1. Values These are the values previously identified, grouped under either
safety or sustainability.

2. Environments These refer to the context in which the maritime sector op-
erates. The environments are defined in figure 9.2. In each environment,
safety and sustainability may be affected

3. Situations: These are specific events or conditions that may occur within
a given environment. For example, in the port environment, relevant
situations may include fuel handling and storage. Some environments
contain multiple sets of situations, which differ in terms of severity,
frequency or impact.

Environments and situations are obviously closely connected. Even though
certain situations are similar, or connected (such as large fires on board of
ships and the influence of such a fire on the marine environment), this is not
connected in the framework; separation is chosen as the influence on each of
the environments is significantly different and the focus is placed more on the
environments. The situations and values are also connected. These are always
connected through environments, or sets of situations. A single situation is
not connected to a value.

If multiple sets of situations occur at one environment, it may be that only
one or two of these sets is connected to a value. For example, the physical
and mental limits of humans on board is connected to the value of workplace
conditions, as the other two sets of situations do not influence the workplace
conditions. Similarly, only a large-scale spill or a large fire influence the
survivability of the ship. Yet, all three sets of situations directly influence the
safety of the crew.
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Using the connections in figure 9.4, the environments and situations connec-
ted to certain values can be identified. The figure highlights the complexity of

evaluating safety and sustainability of alternative fuels; multiple values are at

stake, and several, not always directly connected, relevant environments and

situations will be influenced. Visualising these connections is a first step in

assessing the safety and sustainability of an alternative fuel. Using a bottom-

up approach, the analysis begins by examining each situation individually

and considering what could happen when a specific fuel is involved. These

situation-level evaluations can then be combined to understand the effects

within an entire environment.
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As the framework gives insight into which environment is connected to
which value, the insight into what happens in an environment, enables de-
termination on how outcomes in an environment impact the values, and how
broader safety and sustainability goals are affected. Thus, alternative fuels
can be assessed in a transparent, repeatable and value-sensitive way.

9.3.3 OPERATIONALISING VALUES IN THE CONTEXT OF MARITIME AL-
TERNATIVE FUELS

To evaluate each value, an assessment is made on how alternative fuels
perform across a set of realistic maritime situations, using publicly available
chemical databases (such as REACH and PubChem), supplemented with
scientific literature where needed. The situations used in the assessment are
those previously introduced and shown in figure 9.3. Figure 9.5 provides an
overview of the key criteria needed to evaluate each value in its respective
environment. The figure outlines the physical, chemical and operational
factors that influence safety and sustainability outcomes in each environment.

For the Marine Environment local ecotoxicity, global persistence, and
environmental effects of combustion are considered. Local effects are drawn
from toxicity classifications; global effects are assessed using persistence data
from the literature. For fire scenarios, decomposition products are identified
and their environmental impact is assessed using the same sources.

Normal Operation The influence of alternative fuels on normal operation
is hard to estimate. Real-world experience with many hydrogen carriers is
extremely limited. So, the only way to judge normal operations is to use
qualitative assessments based on likely fuel/energy system combinations and
their expected effects on human workload and operational complexity.

Onboard the Ship: Small Incidents Safety risks are assessed for three
main situations: normal handling, local spills, and engine room fires. Toxicity,
physical state, flammability, and perceptibility are considered. Relevant data
are taken from REACH, PubChem, and safety literature.

Onboard the Ship: Large Incidents How large fires and spills could com-
promise the ship’s structural integrity is assessed here. Key parameters include
explosivity, dispersivity, and combustion byproducts. Both the ignition risk
and the severity of outcomes are considered.

Port Evaluation focuses on two aspects: changes to infrastructure (based on
material handling requirements) and risks to port workers (similar to crew
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safety, but considering different scales and spatial dynamics). Bulk material

behaviour is considered where available.

Economics Circularity (including ease of recharging and degree of recyclab-
ility), the production impact of the initial fuel supply, and the flexibility in

sourcing raw materials or hydrogen alternatives are assessed. More mature

fuels generally offer more reliable data.

Supply Chain Potential justice concerns based on catalyst availability and
material sourcing are evaluated. Literature on material origins, labour prac-

tices, and geopolitical implications informs this analysis.
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City There is a distinction between near-field and far-field effects. The
differences lies at approximately 100 m, with everything less being near-
tield. Toxicity and explosion risks are assessed using diffusivity, explosivity,
and physical state. Heavier-than-air gases or highly explosive materials pose
higher risks, especially in populated port areas.

9.3.4 FOCUS ON CERTAIN VALUES

The results of all fuels will mainly focus on survivability, crew safety, public
health, long-term viability, environmental friendliness and port safety. Eco-
nomic impact, workplace conditions, and justice are not taken into account.
Here, the reasons for this are discussed.

Many alternative fuels have at most a medium technology readiness level.
Only ammonia and methanol are currently being used as a fuel on a (limited)
number of ships. These fuels are relatively old when compared with hydrogen
carriers; the production processes for both are in a rather mature stage.
Most alternative fuels are still in a rather immature state. There is a large
difference between innovating alternative fuels and commercialising these
alternative fuels [407]. Most hydrogen carriers are mainly under research
at universities and research institutes; the practical implementations often
lag behind. The supply chain and economic viability of new technologies
are generally developed later [407], [408]. Not only does this pose the risk
that supply chains may be unable to keep pace with future demand, but
at earlier stages of development, supply chain data is often too limited—or
entirely unavailable—to be of practical use. Most hydrogen carriers are still
in the technical development phase. Current research primarily focuses on
catalyst selection and the optimisation of hydrogenation and dehydrogenation
processes, while practical applications receive comparatively less attention.
Comprehensive assessments such as supply chain evaluations or life cycle
assessments are rare, and in many cases entirely absent for the hydrogen
carriers under investigation. As a result, certain components of this framework
cannot yet be implemented in practice; data required to assess values such
as economic impact and justice are extremely limited or non-existent at this
stage. The technological development of these carriers is simply not mature
enough for such considerations to be integrated into current research, let alone
prioritised. Additionally, the current lack of data is accompanied by another,
related issue. Even though supply chain and life cycle data may be available
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for certain fuels (such as ammonia and methanol), meaningful comparison
remains difficult. Consequently, the implementation of this framework will
need to focus on other value domains.

9.4 ILLUSTRATIVE CASE APPLICATIONS: EVALUATING
HYDROGEN CARRIERS

To demonstrate the application of the evaluation tool, four hydrogen carriers
were selected and compared to four reference fuels, all of which were intro-
duced in Section 9.2. The hydrogen carriers were chosen for their diversity
in terms of technological maturity (ranging from established to emerging),
physical state (powder, liquid, gas), and associated safety characteristics. This
selection demonstrates the broad applicability of the tool to a wide spectrum
of alternative fuels. Moreover, the distinct characteristics of these carriers
were expected to yield particularly insightful results. Ultimately, this exercise
served as a proof of concept: it illustrated that, despite the inherent complex-
ity, the tool can support a relative comparison of fuels—something that is
otherwise extremely difficult to achieve. This comparison is carried out in the
final subsection, where an initial attempt is made to assess and contrast the
selected hydrogen carriers, without oversimplifying.

9.4.1 DBT

Figure 9.6 gives an overview of the tool as applied to DBT. The figure shows
several outcomes. Within the figure, the relevant facts and data relative to this
situation for DBT are discussed briefly. The first conclusion following from
this figure is that DBT influences certain values in different ways; e.g. public
health is influenced in a negative way and in a positive way. Additionally, it
is also clear that within an environment, different situations can influence
values in all three possibilities (positive, negative or neutral). The figure also
clearly shows that DBT negatively influences a set of values, which are all
related to the marine environment.

The influence of using DBT on the ship is positive for crew safety (1) and
survivability (2); DBT is a relatively inert and safe substance, and even though
it is invisible, it is only toxic if inhaled. Its high viscosity at room temperature
also limits movement throughout the ship. The human-friendly characteristics
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also affect the port crew’s safety in a positive way (3), while their respective
workplace conditions are unclear to be influenced. The general safety of the

port is unlikely to be influenced;

DBT is extremely similar to current fuels,

so a switch would likely not make any difference (4). Additionally, DBT is

unlikely to influence public health,

which is positive (5).

The impact on the environment, as indicated by environmental friendliness,

will likely be influenced negatively

). DBT is transparent and toxic to aquatic

6

(

life. Its spent fuel sinks, while the fuel itself will float. Clean-up is likely

impossible, resulting in a negative impact on environmental friendliness. This

also impacts public health in the long term -

poisoning of sea life will result
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in poisoning of the entire (sea)food chain. Additionally, this impacts the long-
term viability. Something that may be detrimental to the marine environment
is not viable in the long term.

On a different, non-local scale, DBT has a positive influence on long-term
viability (7). It is circular, and the initial supply process is well-known. A small
downside is that it can only be hydrogenated with pure hydrogen; however,
this should not be too much of an issue. Regarding the supply chain, there
are many catalysts available, while the base materials are also easily available.
Whether this will positively or negatively influence the value of justice is
unknown; however, as the production processes and supply chain are not
mature enough to be investigated to the required detail (8).

9.4.2 NEC

Figure 9.7 gives an overview of the framework applied to NEC. In general,
NEC influences several values in a positive way, several in a negative way, and
also many in a neutral way. Certain values are impacted in two different ways;
both positive and negative, while for others, such as the economic impact, the
effect cannot be predicted yet.

The influence of NEC on the ship itself is considered to be positive. Both
the crew safety (1) and the survivability (2) are positively influenced, as NEC
is non-toxic to humans, not easily ignited and has a high flashpoint.

This relates to additional safety for the crew in the port (3); they, too, are
positively influenced by the relative inertness of NEC. Whether the safety of
the port itself changes is hard to estimate, yet unlikely (4). NEC is relatively
inert, but its spent fuel is solid at room temperatures. Thus, either it has to
be heated to temperatures above 70°C, or a separate debunkering system
has to be designed and applied. Because NEC is so inert, it is unlikely to
negatively influence public health (5); thus, NEC is deemed to be more
positively impacting this value than the reference case.

The influence of NEC within the marine environment, on the other hand, is
rather negative. NEC is not visible in the ocean and thus hard to clean up. Its
hydrogenated fuel will float, while its spent fuel may sink, depending on the
surface tension. However, the major issue is its toxicity to aquatic life and its
persistence: it may influence the marine environment negatively for a long
time, resulting in a negative impact on the values environmental friendliness,
public health and long-term viability (6).
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Finally, the worldwide influence of NEC is assumed to be rather neutral for
the long-term viability and justice. At this moment, NEC is relatively new, has

limiting the economic long-term viability

(7). Additionally, much research is going on within the supply chain. With
many available catalysts and easily available base materials, it may be that

a low TRL and limited availability,

; however, a real assessment has to wait until

7

justice (8) is positively influenced
more information is available.
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9.4.3 SB

Figure 9.8 shows the framework applied to SB. This figure shows that, again,
certain values are influenced dually; especially the crew safety and long-term
viability. In normal operation and small incidents, SB will not influence the
safety of the crew (1). It is an easily detectable, white powder. It is only toxic
upon touch, but due to its nature, it can be easily avoided. Additionally, it is
not easily ignited, and although it releases some hydrogen when in contact
with water, the rate is very slow at room temperatures, and proper venting will
make sure no hydrogen build-up occurs. However, at higher temperatures, the
speed of this reaction goes up, and at very high temperatures, above 400°C,
thermal runaway occurs, as amongst others, sodium is produced. This may
influence the integrity of the ship - and thus the survivability and, this time
negatively, the crew safety (2). Similarly, the relatively inert solid will likely
enhance crew safety in the port (3), as it will only react at high temperatures.
However, the general working conditions may be influenced negatively (4); it
is a solid and should be kept away from water. The latter not only because
of safety (slow production of hydrogen), but also because water makes the
substance stickier. So, the overall process in the port will become much more
complicated. SB is relatively inert, not easily ignited and only toxic upon
touch. However, if ignited, it does produce toxic gases and hydrogen, which
can create large explosions. As this takes quite some additional energy, more
than for example required for MDO, the public health is neutrally influenced
(5). The probability of ignition is smaller than with MDO, yet the impact will
be higher; thus, no real conclusion can be drawn without a sufficient risk
analysis.

When zooming out towards the marine environment, SB will unlikely have
a (negative) influence. When coming into contact with water, it decomposes
into Na* and B(OH), . The former is abundant in oceans, while the latter
will not likely have a large impact, thus resulting in apositie connection to
long-term viability and environmental friendliness (6). Finally, when looking
at SBs influence worldwide, the supply chain may positively influence the
value of justice (7). The base materials of SB are distributed (albeit not evenly),
but most importantly, the regeneration is very modular. Regeneration requires
magnesium (step 1), which in turn has to be regenerated as well (step 2, from
magnesium oxide back to magnesium). This two-step process does not have
to occur at the same location, enhancing flexibility and reducing dependence
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on one location. Finally, economically speaking, the regeneration is still at a

low technology readiness level [409], requiring more research, even though

the bulk material is easily available and has a high energy density. However,
as the regeneration is a key component of the economical frame, currently it
is unclear how long-term viability economy-wise will be influenced (8).
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9.4.4 AB

Figure 9.9 displays how the values may be influenced by AB. AB is significantly
less researched as compared to the other hydrogen carriers, resulting in more

uncertainty. However, figure 9.9 shows that the framework can still be applied.
For example, AB is easily detectable; it has a distinct smell. Additionally, it

is a white, sticky powder, which limits its movement in case of an accidental

release. It is an irritant, resulting in skin and eye irritation if touched, and
may cause respiratory irritation in case of inhalation. In case of a small spill,
this will enhance the crew’s safety (1), because of its relative non-toxicity and
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easy detectability. However, in the case of large incidents and especially when
heated, dangerous gases and liquids will be released, already at temperatures
above 200°C. Thermal runaway is likely in this case as well. This can negatively
influence the survivability of the ship (2) and thus, also, the safety of the crew.
As it is categorized as flammable, and it is a solid, sticky powder, both the
safety of the port (3) and the workplace conditions inside the port (4) will be
negatively influenced. Safety measures will need to be taken to avoid fires and
thermal runaways. Furthermore, the entire logistical operation of bunkering
and removing the spent fuel will be more complicated due to the nature of
AB.

Regarding AB in the city or other built environment, the exact influence is
again dependent on risk. AB is generally a solid, sticky powder, not posing
any dangers to public health. However, when heated, the release of dangerous
gases can negatively impact human health, as some of these gases are lighter
than air (others are heavier and will not easily spread). So, the exact effect of
having AB in the built environment on the public health compared to MDO
is hard to estimate, which is why this will be categorized as neutral (5). The
marine environment, on the other hand, and the environmental friendliness
(6) may be positively influenced. Even though AB is unlikely to be detectable,
it does not appear to be persistent or toxic to the environment, resulting in an
overall positive effect on the environmental friendliness. Finally, the world-
wide environment is where the uncertainties come into play. Regeneration of
AB is done through regeneration of SB, meaning that research is still necessary.
Similarly to SB, the bulk materials are easily available and the energy density
is high, which will both have a positive effect on long-term viability. However,
the overall effect on long-term viability (7) is hard to estimate due to the low
TRL, resulting in a neutral value at the moment, subject to change. Similarly,
the supply chain (8) is considered to not influence justice at the moment, due
to the complexity of the process, and the current expenses.

9.4.5 AMMONIA

Figure 9.10 gives an overview of ammonia. Ammonia is very different from
the previously mentioned hydrogen carriers, starting with the fact that it is
a gas. This physical state has a large influence; gases are much more easily
dispersed than fluids or solids. This is one of the reasons the influence of
having ammonia on the ship in general (so, safety under normal operation,
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during small and large incidents) will possibly result in a negative impact on
the safety of the crew - when comparing to MDO, ammonia is less safe to the
crew. Ammonia requires specialised equipment and measures for handling
during normal operation, due to its toxicity. This toxicity also influences the
safety of the crew during a small incident and a large incident (1). Despite
the strong odour of ammonia, the lethal threshold can still be reached before
there was the chance to leave the room, and besides the lethal threshold, lower
concentrations can still result in (permanent) health damage. Ammonia is
considered to be flammable, but has a very high auto-ignition temperature,
and its flammability range is limited between 15 and 28%, with others saying
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its hardly flammable. Because of this, the influence of ammonia on the surviv-
ability of the ship itself is regarded to be neutral; ammonia may not endanger
the ship’s integrity, but if the ship’s crew is incapacitated, the ship’s integrity
may be influenced after all. This is the opposite of what usually happens
(ship’s integrity influencing the crew’s safety), but a possibility with ammonia.
This is the main reason ammonia is regarded to influence the survivability of
the ship in a neutral way; it is hard to estimate exactly.

Similarly, because of the toxicity and the gas-phase, the safety of the port
itself and that of the crew in the port are effected negatively. The cooling is
necessary for transport and storage - liquid ammonia is the preferred way of
storage for ships. However, despite the negative influence, it is being done
already; ammonia is currently being stored and transported through several
countries on a rather large scale, as it is the base material for other substances.
So, there is definitely experience here, which is why the workplace conditions
(4) are considered to be neutrally influenced; it is possible and is currently
being done, in a rather safe and legal way).

However, the influence of an ammonia leak on the built environment and
subsequently the public health should not be underestimated. As it is a toxic
gas, it can easily disperse and have large influence on many people. So, the
public health is in this regard negatively impacted (5). As for the marine
environment, ammonia is not detectable and will easily dissolve in seawater.
The major issue here, is the toxicity to aquatic life; ammonia is extremely
toxic to aquatic life as well, resulting in a negative influence on both the
environmental friendliness and the long-term viability (6).

The base materials of ammonia (nitrogen and hydrogen) are widely and
easily available, resulting in possibly better distributed production and thus,
a positive influence on the value of justice (7). The long-term viability world-
wide, both on the economics side and the supply chain side is generally
positively influenced (8). Despite ammonia not being circular, it does have a
high TRL and is already widely available. The overall production would have
to be scaled-up if used as alternative fuel. On the other hand, it does have a
rather high energy density and is currently being considered as an alternative
fuel already; on the long-term worldwide there are no major showstoppers.
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1, it does have a pungent
as both methanol and MDO

, but similarly MDO should not be
are rather similar (1). The survivability of the ship, is negatively influenced:

the safety of the crew is not influenced,

the framework applied to methanol can be seen in figure 9.11. Methanol is a

rather volatile liquid, with an invisible burn. Howeve
odour. It should not be inhaled or touched

often compared to ammonia (and considered to be more safe). The results of
inhaled or touched either. In the end,

Methanol is another widely considered alternative fuel for shipping, and is

during normal operation or small incidents,

9.4.6 METHANOL
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methanol has an extremely low flashpoint and is thus much more easily
ignited than MDO. Firefighting is complicated due to the invisibility of the
flame. So, the risk of fires and related issues is higher and the possibility of
countering them is less, resulting in a negatively impacted survivability (2).

Regarding the port, methanol is a flammable liquid. Even though it is
more flammable than MDO, no large change in logistics is assumed to be
required, resulting in a very limited impact on the safety of the crew within
the port (3) and the port in general (4). Despite the low flashpoint and
high fire risk, no specific toxic gases are released when methanol is ignited.
Additionally, methanol itself is in a liquid state, limiting its dispersivity. So,
overall, the influence of a methanol release on the public health is very limited,
only affecting the public when burning. This combined results in a positive
influence on the public health (5). When looking at the marine environment,
methanol is a volatile substance and will respond fast when spilled. It will
either quickly rise and disperse, or dissolve in seawater. It is completely
miscible in water and biodegradable with a short half-life time of only a few
days. Locally, it can be highly flammable, but due to its rapid dispersion this
risk is limited. All in all, it will have a positive influence on the environmental
friendliness, public health and consequently on the long-term viability (6).

Finally, methanol presents a significant challenge, as it is not circular and
sustainably sourced feedstocks (also for biomethanol) are difficult to obtain.
Consequently, green methanol (produced from hydrogen and carbon) is still
scarce and costly. Methanol, in general, has a high TRL and medium energy
density, yet for it to be completely circular and, thus, carbon-neutral, more
research and more investments are required. Additionally, capturing CO, at a
large scale is extremely difficult, so the long-term viability is at the moment
neutral/not influenced (7), as it is very similar making green methanol as
making green MDO. The supply chain is similarly affected (8), with the
influence on justice extremely difficult to predict; it can be both positively and
negatively influenced depending on choice of catalyst and location of carbon
capture installations.

9.4.7 LIQUID HYDROGEN

Hydrogen does not need to be stored in hydrogen carriers, it can also be
liquefied. Liquefied hydrogen has very specialized concerns, split in two: the
temperature at which hydrogen becomes liquid is extremely low (-252°C),
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which results in safety concerns. Additionally, hydrogen in general has its
own safety concerns as well. Combined with a high TRL, the results (shown
in figure 9.12), show many positive or negative influenced values, and almost
no neutral/not-influenced values.

Because of the low temperature, specialized equipment is required to store
hydrogen, and heat exchangers are used to heat it when it is needed. This
complicates the process. If hydrogen is spilled, it endangered the crew. Nearby
crew is endangered because of the extreme cold (1), even though hydrogen
is not flammable. The difficulty of detection hydrogen combined with the
explosivity results in negative impact on the crew safety during small and
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large incidents (1). Additionally, this negatively influences the survivability of
the ship, as hydrogen build up can create powerful explosions and may cause
embrittlement in surrounding materials (2). Proper venting can significantly
reduce this risk, but it is not unavoidable, and more dangerous than MDO.
These results also reflect within the port; the explosivity and low temperatures
required will negatively influence the safety of the crew in the port (3). Only
the explosivity will influence the safety of the port in general, yet also in a
negative way. Similarly, the public health in the built environment is impacted
in a negative way (4); hydrogens explosivity can have significant consequences,
as hydrogen can cause large and strong explosions.

When looking at the marine environment, hydrogen is rather benign. Hy-
drogen will rise fast and has a high dissipation rate. Even though it is unlikely
to reach the marine environment, it is also non-toxic, resulting in likely no ef-
fect on the marine environment at all. This means that both the environmental
friendliness and long-term viability of hydrogen as a fuel for the marine
environment are positively influenced (6). Hydrogen would be able to affect
local marine wildlife, due to the cold of the spill, or, if ignited, the fire or
explosion risks.

Finally, hydrogen worldwide has positive effects as well. Hydrogen is not
circular, yet has a high TRL. Both the economic case and the supply chain
case are favourable for hydrogen; when comparing to almost all of the other
hydrogen carriers, they also need other base materials or catalysts, besides
hydrogen. Hydrogen is the base material for almost all hydrogen carriers.
Thus, hydrogen will positively influence the long-term viability, as prices need
to be lower (7) for any alternative to become valid. Additionally, regarding the
supply chain, the base material (H,O) is readily available, and a supply chain
for hydrogen is already coming into existence in many places. Producing
hydrogen is not really location dependent, resulting in a positive influence on
the value of justice (8).

9.4.8 MARINE DIESEL OIL

While MDO is the current reference fuel in maritime operations, it is not
assumed to be neutral or to have no influence on the values. Nevertheless, in
practice, many of these values are assessed as unaffected, as visible in figure
9.13. For example, normal vessel operation does not alter workplace conditions
(1), as handling and storage procedures for MDO are long established and




264 SAFETY OF ALTERNATIVE FUELS

-~ ~
@

5 z

2|82 2 £ 2

=8 |8 = 3 & 3

2 o

g |[BE 3 < 8 =
€% (23 g = 5
> 3 5 £ = s =z 3
£5 |28]|| & - 5 -
Z3 © ] o
b )
'S —

Worldwide

p
3
-
£

82

£z

g2s

&

=

g

3]

8

z

Supply chain
Very mature supply chain,
with large reserves in specific

=
3
E
B
gq

2
58
EE
Er-
T D
g o
%
¥
g

J— (e ]

Figure 9.13: Framework applied to MDO

oo
23
. 2 o
4 = 5 El
¢ = 5 -
P 3g EB
288 o 5 ge 58
s - o c 2
S5 £ So
2332 M 22 S E
SS<E 8 3 8 i
2|5 2= 2| 4 o E
Elg S a 5%
Oz 805 g —
BE [E5S¢ ] ® £ —
=083 £ 3g
283s =
£ 23 8 T E & £
T 53 s E g 5E
e =l s 2 2=
E] ES 5 NEE]
] @ 2o
3 55>
T
© D N
3 [y] SN——
S
&
0 = ©
‘e £G
G E
2 o
° 2
52 =5 RE
8 B
i 80 5 5 S £ £ 9
8 SR 3 : g g 8
5 g3¢ g @ 2 £ c
- g 5= 8 s = =
- @ @ S 17 c T
5 |<E||. 288 B 8 sE
“ (SE||l=8253| |5 w 8
HAEEEER I EE: 5 2E
BE|Iln8g3 2|85 2 [m)
2ells>28 3 |88 =
eg.g?‘é"&z 22 g )
Tollz3vS8 4| s ©
IR £
- £
9 1 2g(|°€gEE||TE e
= 5 £3g® g g
o ° Zgo ¢ = =
5 ®© ZER 8 g &
£ 2 £ES ] 2 3
£ = s5c® 2 S ]
g o Twy 3 258
£ o El = %3S 35
G 3 2ET
8= (S - (N z£8
e g
__~ -/

fully integrated into routine operations. Similarly, crew safety is not evaluated
as being positively or negatively influenced in incident scenarios (2). This is
not because MDO is harmless; it contains compounds that are hazardous when
inhaled. However, such risks are familiar, well-documented, and embedded
in standard safety practices. Over time, these risks have become normalised,
leading crews to perceive them as part of the ordinary working environment
rather than as exceptional dangers. Consequently, the perception of “no
additional risk” outweighs the objective fact that exposure can still be harmful.

A similar reasoning applies to ship survivability (3): while MDO is flam-
mable, existing fire-prevention and suppression systems are designed with
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such fuels in mind, so its hazards are regarded as baseline conditions rather
than added vulnerabilities. Similarly, port safety (4) is seen as unaffected, as
MDO requires no changes to infrastructure, reinforcing the perception that it
presents no incremental challenges beyond the established status quo.

As MDO burns similarly to other hydrocarbons, producing CO, and NO,
it poses no major direct danger to the general public. While a large-scale fire
could temporarily affect air quality, the likelihood of large explosions is low.
As a result, public health is generally considered to be positively affected (5),
since the risks are limited and well managed compared to other fuels. This
assessment is further supported by the fact that members of the public are
permitted to bunker MDO themselves, without the need for additional safety
requirements, which reinforces the perception of MDO as a comparatively
safe fuel in this regard.

In contrast, accidental releases of MDO into the marine environment neg-
atively affect both environmental friendliness and long-term viability (6), as
MDO is toxic to aquatic life and can cause long-lasting ecological damage.
On a global scale, MDO also carries broader implications. Economically, it is
regarded as disadvantageous: it is not circular, and future regulatory changes
are likely to impose stricter limitations on its use. In addition, the uneven
geographical distribution of oil reserves has historically created disparities,
meaning that continued reliance on MDO undermines the value of justice (8).

9.4.9 COMPARISON

This analysis originally aimed is to enable a comparison of hydrogen carriers
in terms of safety and sustainability. As the preceding subsections have
shown, however, evaluating these technologies and determining whether their
impacts on key values are positive or negative is highly complex. Even when
the system is simplified, as has been done in the previous subsections, the
trade-offs and uncertainties remain significant, and a straightforward ranking
is not possible.

Nonetheless, comparison, particularly against a benchmark such as diesel, is
both valuable and necessary as it provides a reference point to assess whether
alternatives represent an improvement. It is important to note, however, that
any such comparison must be interpreted with care. First, the assessments
should not be treated as a simple scoring system where positive and negative
impacts can be tallied to determine an overall "winner" or "loser" among
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carriers. Second, meaningful comparisons can only be made within individual
values (across different carriers), not across different values (within a single
carrier), as each value represents distinct criteria that cannot be directly
compared or weighted against one another. Therefore, a qualitative overview
is provided indicating whether the impact on each value is assessed as positive,
negative, or mixed. In cases where a technology is expected to have both
positive and negative effects on a given value, this is indicated explicitly (e.g.,
"positive/negative") rather than classifying it as neutral.

This summary is intended to offer a high-level impression of how the
various carriers perform across key criteria. For a more accurate and nuanced
understanding, readers are referred to the detailed visual representations
and descriptions provided earlier. Despite the limitations inherent in such
a simplification, this overview can still serve as a useful point of entry for
further discussion and analysis. The results of this analysis can be found in
table 9.1.

When examining the assessment criteria individually, the complexity of
these trade-offs becomes even more apparent. Environmental friendliness
presents a particularly nuanced picture, where carriers may simultaneously
exhibit both positive and negative influences. The exact nature of these influ-
ences varies considerably and depends heavily on factors such as persistence
and toxicity levels. Crucially, most substances that negatively impact the en-
vironment are impossible to remediate once released, a characteristic shared
by nearly all alternative fuels under consideration [184].

Crew safety assessments prove similarly challenging to quantify precisely,
as the actual risk level is strongly dependent on the design of additional safety
materials and systems. Nevertheless, clear distinctions can be drawn regarding
the relative toxicity of different substances when compared to diesel. Port
safety is generally assessed as neutral for most carriers, with negative ratings
reserved only for substances that are exceptionally flammable or toxic. Even
though differences in port safety can be substantial, many of these substances
are already transported through ports in considerable quantities as cargo
rather than fuel, providing existing frameworks for safe handling.

Survivability assessments reveal significant variation among carriers, though
these outcomes are again heavily influenced by system design considerations.
While proper engineering can mitigate many potential problems, this analysis
deliberately excludes design-specific modifications to maintain comparability
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with marine diesel oil as a reference point. This approach should not be
interpreted as representing final or optimal safety outcomes.

Long-term viability presents perhaps the most complex assessment chal-
lenge. Many carriers demonstrate positive influences due to their recyclability
or beneficial environmental effects, including in spill scenarios, while simul-
taneously exhibiting negative or neutral impacts in other dimensions. The
multitude of variables subject to change over time makes predicting overall
long-term viability outcomes extremely difficult. However, it is notable that all
alternative carriers are expected to contribute at least some positive influence
to long-term viability compared to conventional fuels.

Justice considerations prove equally difficult to quantify, with only a lim-
ited number of carriers demonstrating clearly positive effects. These tend
to be technologies that have been employed for extended periods and offer
multiple production and regeneration pathways, as flexibility in supply chains
generally correlates with more equitable outcomes. For newer technologies,
the flexibility of future supply chains remains highly uncertain, resulting in
neutral assessments.

Public health impacts vary considerably across carrier types. LOHCs
present a paradoxical profile, positively affecting public health through their
chemical inertness while potentially creating negative impacts through envir-
onmental damage pathways. Most other carriers receive neutral assessments,
with notable exceptions being ammonia (negative due to toxicity) and LH2
(negative due to explosion risks).

This analysis reveals that each value dimension is affected quite differently
by the various carriers, and that simple positive, negative, or neutral classific-
ations inadequately capture the nuanced reality of these impacts. Even within
identical classifications, the magnitude and nature of effects vary substan-
tially. Therefore, this framework should not be used for direct comparison or
ranking, but rather as a tool for identifying carriers that may be particularly
suitable when specific values are prioritized. Such prioritization decisions are
inherently context-dependent and value-laden, extending beyond the scope
of this technical analysis.

9.5 DISCUSSION

The discussion is structured into four parts to reflect the multi-layered nature
of the evaluation framework. It begins with assessing the regulatory complex-
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ity, followed by technical design considerations, human factors, and ends with
a ethical reflection. This structure allows for both practical and conceptual
insights into the tool’s development and application.

9.5.1 REFLECTING ON REGULATORY COMPLEXITY

The maritime industry operates under a complex web of regulatory author-
ities, with the IMO serving as the primary global governing body. However,
the regulatory landscape extends far beyond the IMO, creating a fragmented
system of oversight. Regional authorities each bring their own jurisdictional
focus and priorities: the Central Commission for Navigation on the Rhine
(CCNR) governs the European inland waterways of the Rhine, while the U.S.
Coast Guard regulates American waters. These regional differences mean
that regulatory emphasis varies significantly depending on location and local
values. Adding another layer of complexity are classification societies, non-
governmental organisations like Lloyd’s Register (LR), DNV, and RINA. These
CS verify whether a ship complies with safety and technical standards. While
these societies perform crucial verification functions, each operates under its
own set of standards and criteria, further fragmenting the regulatory envir-
onment. This multi-layered, fragmented system creates significant challenges
for the maritime industry. Shipping companies must navigate overlapping
jurisdictions, varying standards, and different regulatory priorities, making
compliance both difficult and costly. The lack of harmonisation across au-
thorities and classification societies complicates legal compliance and creates
uncertainty for operators seeking to meet all applicable requirements.

9.5.2 TECHNOLOGICAL DESIGN CONSIDERATIONS

Risk analysis is an integral part of safety. Risk is often denoted by the fre-
quency of occurrence times the severity of consequences, so probability times
impact. However, both probability and impact are influenced by the ship itself.
Firstly, the sheer size of the ship and its task will define the amount of fuel it
requires. The amount of fuel directly influences the severity of consequences
in case of an incident; a small ship carrying little fuel will result in fewer
consequences in case of a total spill, for example, than a large ship with
several tonnes of fuel.
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The design of a ship further influences the risk, as design can decrease risk
and enhance safety. Often denoted by safe-by-design, practical applications in
ship design are the size and location of the fuel tank, but this becomes par-
ticularly critical for alternative fuels. For instance, hydrogen storage requires
specialised containment systems and ventilation, while ammonia storage de-
mands different safety protocols and emergency response systems compared
to conventional fuels. Consequently, design choices can significantly influence
the probability of incidents occurring.

Ship design offers additional opportunities to reduce risk through fuel
consumption reduction. Beyond switching to alternative fuels, greenhouse
gas emissions can be reduced by minimising overall fuel requirements. This
approach encompasses various strategies: hydrodynamic improvements such
as hydrofoils to reduce drag, hybrid propulsion systems combining conven-
tional fuels with batteries for optimal engine efficiency, and advanced energy
management systems. By reducing total fuel consumption, these design in-
novations inherently decrease the quantity of fuel stored onboard, thereby
reducing both the probability and potential severity of fuel-related incidents.

9.5.3 SOCIAL FACTORS

Besides the previous, more technical, factors, there are also the social factors.
society does not always immediately trust science due to lack of societal aware-
ness from a scientific perspective or simplifications used within academic
research. Hydrogen, for example, is known for its explosivity, and crew have
already attested that they refuse to work on a hydrogen-fuelled ship. They
perceive the danger to be too much to safely work and sleep on a vessel, des-
pite risk analyses proving otherwise. Obviously, these types of perception are
more often occurring with more well-known alternative fuels; lesser-known
alternative fuels are less influenced by public opinion, but can also suffer from
these unknowns. This perception is not limited to the crew; the general public
perception matters as well, especially for substances that can become airborne
and influence the general public, such as ammonia. These social factors will
likely play an important role in the adoption of alternative fuels and may
influence decision-making at a higher level. Fuels which are not perceived
as safe, despite science perhaps telling otherwise, may be at a disadvantage,
especially when crew often still compares alternative fuels to MDO, which is
generally perceived as safe. This creates a significant hurdle for alternative fuel
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adoption, as new technologies must not only prove their safety scientifically
but also overcome deeply ingrained perceptions of conventional fuel safety.

9.5.4 ETHICS AND APPLICATION

Decision-making tools for alternative fuel selection are inherently situated,
reflecting the priorities and context of their creators rather than providing
neutral, objective guidance. Even though this tool aims to be as objective
as possible, by avoiding a direct overall comparison, it is not neutral either,
reflecting values that are deemed to be important enough to encompass.
This tool, like any other, embodies normative choices about what values and
outcomes considered most important for reflecting the current situation, with
a focus on safety and environmental impact rather than economic efficiency
or social acceptance.

The primacy value of this tool lies not in providing definitive answers, or
reducing complex trade-offs to simple metrics - an approach that is intention-
ally avoided. The main aim is to facilitate value-informed reasoning among
stakeholders. By making underlying assumptions explicit and structuring
the analysis of trade-offs, uncertainties, and potential impacts, this approach
helps navigate the multifaceted challenges identified in the previous sections,
with a focus on safety and sustainability.

Most importantly, this tool is specifically designed to generate meaningful
dialogue. This goal was to create a framework that brings engineers, poli-
cymakers, ship operators, and broader society together around structured
discussions. Rather than delivering answers, the aim is for people to discuss,
debate, and deliberate using this framework as a foundation. This tool serves
as a catalyst for bridging the gaps between technical feasibility, regulatory
requirements, and social acceptance that currently fragment decision-making
in alternative fuel adoption. The real value emerges when stakeholders en-
gage with the tool together, using it to articulate their perspectives, challenge
assumptions, and work toward more informed collective decisions.

9.6 CONCLUSION

Alternative fuels like hydrogen carriers will have a significant influence on
safety and sustainability in the maritime sector. Safety and sustainability are
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multi-faceted values, consisting of subvalues as environmental friendliness,
crew and port safety and survivability (safety) and long-term viability, justice,
public safety and economic impact (sustainability). These values are connected
to several maritime environments, as each subvalue may have different (or
no) influence within a different environment. This paper has developed a
framework to assess the safety and sustainability of alternative fuels on ships
by looking at these connections. While this framework aims for transparency
and systematic analysis, it reflects normative choices, particularly in emphas-
izing safety and sustainability over economic viability or social acceptance.
Rather than aiming for a simplistic ranking, the framework acknowledges
the complexity, uncertainty and context-dependence involved in evaluating
alternative fuels. By avoiding prescriptive metrics that may become outdated,
the framework’s flexible structure can accommodate emerging technologies,
evolving risk profiles, and changing regulatory environments.

Comparisons are possible, but complex and are consequently made qualit-
atively and within individual values instead of across values, so as to respect
the incommensurable nature of these values. The primary purpose of this
framework is not to provide definitive answers, but to support value-informed
reasoning. Additionally, the results of this framework provide a structured
approach with a balanced consideration, allowing stakeholders to identify
trade-offs and prioritize actions based on context-specific needs.

The application of this framework to various hydrogen carriers reveals sub-
stantial variation across individual criteria. No carrier emerges as universally
preferable; instead, each exhibits a mix of positive, negative, or uncertain
impacts depending on the value considered. For instance, environmental
friendliness often involves trade-offs related to toxicity and persistence; while
persistence may be detrimental in environmental contexts it is often con-
sidered beneficial for long-term viability. Meanwhile, long-term viability and
justice are influenced by future uncertainties, such as technological maturity
and the flexibility of supply chains. Crew safety, by contrast, is particularly
sensitive to system design and operational conditions. These results highlight
the complexity of value-based assessments and underscore the importance of
qualitative, context-specific evaluation over simplified or aggregated compar-
isons.

Most importantly, the framework is intended to serve as a catalyst for
dialogue, to encourage collaboration and shared understanding among engin-
eers, policymakers, ship operators and the public. By making values explicit,
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the framework can help bridge the gaps between technical, regulatory, and
societal perspectives in the maritime fuel transition.







PART 4: SYNTHESIS AND OUTLOOK

“And so, does the destination matter? Or is it
the path we take? I declare that no
accomplishment has substance nearly as great
as the road used to achieve it. We are not
creatures of destinations. It is the journey that
shapes us. Our callused feet, our backs strong
from carrying the weight of our travels, our
eyes open with the fresh delight of experiences
lived.”

— Brandon Sanderson, The Way of Kings
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PART SUMMARY

This part consists of the synthesis and outlook - the best hydrogen carrier will
be discussed here. However, as best fully depends on what is valued most,
the best hydrogen carrier per definition does not exist - it all depends on the
values chosen to assess the hydrogen carriers on.
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THE BEST HYDROGEN CARRIER

“What is it we value? Innovation. Originality.
Novelty. But most importantly...timeliness.
fear you may be too late, my confused,
unfortunate, friend.”

— Brandon Sanderson, The Way of Kings
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CHAPTER SUMMARY

This chapter discusses the concept of ‘the best hydrogen carrier” through a
value-based approach. While the thesis aimed to identify optimal hydrogen
carrier and energy converter combinations, the findings show that no single
solution excels across all criteria. What is considered “best” depends on how
values are defined and prioritized, as well as the specific context of application.
Additionally, suitability depends highly on context; values such as safety and
technical feasibility yield different results when assessed in a different context.
The chapter distinguishes between value-sets that are discussed in this thesis
(such as technical feasibility, safety, and sustainability) and others, which are
acknowledged yet beyond scope (such as economic, societal, and life-cycle
aspects). Assessment is further hindered by limited and difficult-to-interpret
data, as well as the influence of operational conditions on safety. Ultimately,
the success of hydrogen carriers may depend less on performance than on
timing: if adoption comes too late, other alternative fuels may become locked
in, turning late into never.
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10.1 INTRODUCTION

The purpose of this thesis is to identify suitable combinations of hydrogen
carriers and energy converters. The motivation behind this work stems from
the industry’s preference for simplicity and standardization: ideally, a single,
universally applicable solution — a “silver bullet” — would satisfy all oper-
ational and environmental requirements. However, the results revealed that
such a singular option is unlikely to exist. Four relevant dimensions were
investigated: power density, energy density, safety and sustainability. None
of the investigated hydrogen carriers or converter systems excels across all
relevant dimensions. Moreover, even within individual dimensions, there is
often no single carrier that can be considered the best. None of the solutions
is the best in every single case - it all depends on the application. These
tindings contribute to the growing body of research on hydrogen carriers
by emphasizing the importance of context-dependent evaluation rather than
universal ranking. They also highlight the potential benefits of maintaining
diversity in the energy system rather than striving for homogeneity.

This chapter will discuss the findings through the lens of value-based
assessment. It will explore how different criteria influence the perceived
suitability of hydrogen carriers.

10.2 DEFINING AND ASSESSING BEST HYDROGEN CAR-
RIER

How to define the best hydrogen carrier is value-dependent. The central
question, therefore, is:

Best in what regard?

And in what regard is defined as by what is valued more; that is, on what is
valued most by decision-makers or within a given context. This section will
highlight the values that were taken into account in this thesis, some of which
are assessed in detail, while others are only touched upon. Additionally, there
are values that were not discussed at all; this section highlights several of the
most relevant ones, although it does not aim to be exhaustive.
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10.2.1 VALUE SETS DISCUSSED AND DISREGARDED

Not all values relevant to hydrogen carrier assessment are addressed equally
in this thesis. Some are discussed in greater depth because they form the
foundation of whether to regard or disregard a hydrogen carrier - the main
advantages of hydrogen carriers over pure hydrogen is their (supposedly)
higher energy density and increased safety (removal of explosivity). Thus,
technical feasibility and safety are the value-sets regarded in detail. Sustainab-
ility is here regarded partly as long-term safety; a safe substance should also
be sustainable. Technical feasibility focusses on power and energy density, but
this value-set comprises of more. Together, they capture both the technical
performance and the long-term viability of hydrogen carriers in maritime and
other energy systems. The value sets and what they may be lacking will be
discussed in the following subsections.

However, more value-sets than just technical feasibility and safety exist.
When discussing the use of alternative energy sources, seven value-sets are
often used, although not always within the same research. These seven criteria
are technical (feasibility), economical, environmental, ecological footprint,
social, security of supply and life cycle sustainability [410], [411]. These
each have their own values, societal for example consists of values such as
employment, social acceptance, social development, health impact (taken into
account in safety & sustainability), governance, visual impact, knowledge and
awareness, cultural value and social justice (partially taken into account in
safety & sustainability) [412].

Some of these seven criteria are (partially) covered here; societal is only
covered for a small part. Technical feasibility is covered for a large part,
and will be discussed in the subsection regarding power & energy density.
Economical impact is only covered slightly, in chapter 9, yet is not covered
in detail due to the novelty of hydrogen carriers - assessing the economic
impact of these carriers is not deemed realistically possible. The environment
is covered, but only the marine aspect of it, and is regarded to be part of
safety. The possible environmental impact of the entire chain is not covered,
again, due to the novelty of the technology. The ecological footprint is not
discussed in detail, but is implicitly taken into account. By assuming a high
percentage of regeneration (over 99%) and the zero-emission property of
hydrogen carriers as fuels, the ecological footprint should be relatively small
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and, most importantly, not differ between the hydrogen carriers. All of these
carriers should have a similarly, negligibly small ecological footprint.

The security of supply is similarly not regarded; in the end, this research
had a major focus on tank-to-wake operations, rather than the well-to-tank
aspects. Additionally, all of these carriers require hydrogen, resulting in a
uniform assessment regarding supply. The manufacturing of the hydrogen
carriers themselves is different, and is shortly discussed in chapter 9 as well,
yet is too out of scope to be regarded into detail.

Finally, a life cycle sustainability assessment would strongly enhance the
case of hydrogen carriers. Not regarding well-to-tank is a deliberate choice, but
does result in this research not reaching the completeness that it would benefit
from. Unfortunately, a life cycle (sustainability) assessment requires ample
data - data that is often not available. Assumptions have great influence,
and the amount of uncertainty inevitably needed to complete a life cycle
(sustainability) assessment will not result in reliable results. However, this
could possibly change within a relatively short timespan of a few years, and a
life cycle (sustainability) assessment would be the first piece of future research
that should be undertaken to strongly enhance the credibility and usability of
this work.

10.2.2 POWER AND ENERGY DENSITY VALUE SET

The power and energy density value set has a name that perhaps does not
fully encompass its scope; the name was chosen as it reflects the main focus
of the part of the thesis. However, most of the values usually seen under
technical feasibility are incorporated in this value-set and within the research.
Aspects of this value set are volumetric and gravimetric capacity, bunkering
and storage and efficiency of the system [48]. The volumetric and gravimetric
capacities are closely tied to the system’s efficiency; a higher efficiency requires
less fuel, thus resulting in a higher volumetric and gravimetric capacity. Here,
the system’s efficiency refers to the tank-to-wake efficiency; the well-to-wake
efficiency does not impact the technical feasibility onboard the ship, but it does
influence the overall technical feasibility of the solution. Here, it is essential to
consider that a solution may be technically feasible on the ship, but not as a
whole; the opposite is also possible. Bunkering and storage are only referred
to shortly in chapter 2, and the only limitation placed on hydrogen carriers
regarding these values is that bunkering and storage should be possible and
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not require extreme conditions such as extremely low temperatures or high
pressures.

However, besides these values, which are regarded in the thesis, there are
several values influencing the technical feasibility, which are not regarded at
all or, similarly to bunkering and storage, only slightly. Values not (extensively)
evaluated include, for example, the reliability of the technology onboard the
ship, technology readiness, the operability of the ship with this equipment,
scalability, and logistics for storage and transport. The reliability of technology
onboard the ship is of great importance, as the safety and structural integrity
of the ship depend on the availability of power. A ship without power can
quickly find itself in dangerous situations, especially near coastlines. However,
the reliability of the technology depends on the technology readiness, a
value that has been touched upon, but not in much detail. Most of the
hydrogen carriers discussed here have a similar, low to medium, technology
readiness level. On the one hand, this makes the value of technology readiness
less interesting to explore; on the other hand, the assessment of technology
reliability depends on the technology readiness level, which requires a very
high level of technology readiness.

The operability of the ship with the equipment is briefly mentioned, albeit
not explicitly stated. This regards mostly the energy converters - it has been
previously stated that by using a buffer the hydrogen carrier dehydrogenation
is unlikely to be the limiting factor in the chain of supplying power to the ship.
However, the energy converter is often a limiting factor, with gas turbines
having start up times of seconds, internal combustion engines of minutes, and
especially SOFCs not doing too well with power fluctuations at all. Despite
these statements, this aspect is not examined in detail, as it is assumed that
it will likely be addressed through an elaborate energy management system,
combined with batteries for peak shaving. Not only does this guarantee
meeting the operational profile, it also enhances the overall efficiency of the
system.

Scalability is one of the values that can only be assessed with high TRL:
knowledge about the supply chain (availability) and exact design of equipment
(scalability of e.g. reactors) is required to assess this. Finally, bunkering and
storage of hydrogen carriers is not necessarily straightforward; bunkering of
hydrophilic and sticky powders that cannot come into contact with the air is
a novelty in ship bunkering and part of a different research [183].
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10.2.3 SAFETY AND SUSTAINABILITY VALUE SET

Safety and sustainability were both explored extensively in Chapter 9, which
focused on a value conflict design approach to evaluating hydrogen carriers in
maritime applications. Therefore, this section only summarises the key aspects
most relevant to the overall comparison and interpretation of the results.

Safety has been evaluated from several perspectives; ranging from the
integrity of the ship (practically in chapter 7 and more conceptually in chapters
6 and 9), safety of crew (both on the ship and at the port, discussed in
most chapters in part 3, with a focus in chapter 8) and safety of the marine
ecosystem. These values are all rather straightforward and often do not have
double meanings or subvalues. Additionally, with risk analyses (for which
the TRL of the substances and ship designs was not sufficiently mature), they
can usually be well evaluated and compared. The main value missing here is
one that has overlap with societal, namely the acceptance of the crew (and
passengers) towards alternative fuels. The feeling of safety on board a ship is
paramount; if the crew does not feel safe or does not trust the risk assessments,
they will not sail on the ship. This perception should be mapped further in
future research.

Sustainability has also been evaluated, although less in-depth. Only chapter
9 covers sustainability, which is approached as an extension of safety in the
long term, encompassing material circularity, justice, economic impact and
public health. These values were covered in less detail, and some values were
missing as well. For example, economic impact is usually its own value set,
as it encompasses a wide range of values (e.g. cost, availability of materials,
availability of infrastructure, scalability, trade resilience). However, as the TRL
is too low to assess the general economic impact, it was considered part of
sustainability and estimated accordingly. Similarly, the effect of alternative
fuels on global justice and intergenerational justice can be significant. This
has two conclusions to it: firstly, justice itself is a value-set, as it consists of (at
least) two separate values. Secondly, it should be examined in further detail
whether hydrogen carriers are to be used, as the world may shift from an oil
and gas-based energy distribution to a hydrogen carrier distribution system,
providing ample opportunity to influence global and intergenerational justice.
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10.3 BEST HYDROGEN CARRIER BASED ON POWER AND
ENERGY DENSITY

Energy and power density are, in principle, relatively straightforward quant-
ities to calculate and assess. The energy density depends not only on the
intrinsic properties of the fuel but also on the overall system efficiency, includ-
ing possible waste-heat integration to minimise losses. Chapter 3 describes the
implementation of waste-heat recovery and the derivation of energy density
and system efficiency from the overall configuration. Chapter 4 focuses on the
additional components required when using hydrogen carriers, identifying
the reactor as the most influential element. Finally, Chapter 5 compares the
resulting energy and power densities across carriers.

Although the analyses in the first two chapters of this part may appear
to identify a clear “best” option —typically, the system occupying the least
space or mass — the definition of “best” quickly becomes ambiguous. As
shown in Chapter 3, the density of the hydrogen carrier itself plays a decisive
role: sodium borohydride (SB) has a relatively high energy density compared
to ammonia borane (AB), making SB favourable for volume-limited vessels,
whereas AB performs better in weight-limited applications. Even within the
single criterion of energy density, therefore, the conclusion already depends
on context.

When power density is considered, the influence of assumptions and state-
of-the-art research becomes particularly pronounced. Dibenzyl toluene (DBT)
exhibits very low power density, largely independent of the energy converter,
due to its long dehydrogenation residence times. These could, in principle,
be reduced through further technological development, but this remains
uncertain. The key issue is precisely this uncertainty: the feasibility of DBT as
a marine fuel depends critically on advancements that are still only potential.

When both power and energy density are compared on a broader scale
(Chapter 5), it becomes clear that the preferred option depends strongly on
ship type, operational profile, and whether the mass of spent fuel is included
in the assessment—and to what extent. For instance, SB and AB produce
heavier spent fuels, meaning that ships using them would return to port with
greater displacement than when they departed. This characteristic is novel
for the shipping industry, and strategies for managing such fuels remain
underdeveloped. In this study, only the fuel mass itself is considered, which
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means that direct comparison with fully consumable fuels, such as ammonia
or methanol, cannot yet provide a level playing field.

Furthermore, only four hydrogen carrier cases were analysed out of sixteen
possible combinations. Other carriers might perform better in specific contexts
or for particular operational profiles. The resulting diversity of options has
both positive and negative implications: it broadens the design space and
potential resilience of the energy system, but it may also slow decision-making,
obscure comparability, and fragment technological development. Ultimately,
even for metrics as ostensibly clear-cut as power and energy density, there
appears to be no single “perfect” hydrogen carrier; the optimal choice remains
conditional on context and priorities.

10.4 BEST HYDROGEN CARRIER BASED ON SAFETY AND
SUSTAINABILITY

The IMO has set conventions and rules regarding safety, which have become
increasingly more important since the sinking of the Titanic in 1912. The
IMO conventions have several focus points; trying to ensure the safety of
humans, both passengers and crew, as well as the safety of ecosystems and
wildlife. However, chapters 8 and 9 show that safety (and sustainability) are
widely varied and open for interpretation. These interpretations range from
differences in what safety and sustainability entail, to assessment of hydrogen
carriers based on these value-sets.

Chapter 6 tried to make a start with assessing the safety of hydrogen
carriers, based on the values that IMO regards as part of safety. To assess the
hydrogen carriers, they are compared to MDO. However, it becomes clear
that just by looking at the hazards accompanying these alternative fuels, no
conclusion can be drawn. Firstly, not enough data is available to accurately
assess the hydrogen carriers - often times only the safety data sheets of either
fuel or spent fuel are available and in certain cases (e.g. for AB) these are
not even conclusive. Secondly, hazards are not sufficient, physical behaviour
of substances matters strongly as well. There is a large difference between
a toxic, invisible gas and a toxic, white, non-dusting powder. The powder
is much more easy to avoid, as it does not spread itself easily and is clearly
visible. In general, gases can be described as being more dangerous, with
fluids in between and powders being most safe. Finally, the exact damage and
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toxicity levels differs; a high toxicity probability interval is more dangerous
than a low one, even though both substances may receive the same hazard
warnings. Drawing the conclusion that not one substance is the safest would
be logical; however, chapter 6 shows that there is one single substance having
substantially fewer hazards, while being in powder (spent fuel) or fluid (fuel)
form; namely, NEC. Therefore, a cautious conclusion could be that NEC is
the best option when considering the fuel’s impact on human safety and the
environment.

Additionally, the value of safety for the ship, the ship’s integrity, can be
influenced dually by use of alternative fuels in case of emergency scenarios.
For example, the spent fuels of AB and SB are relatively inert (as discussed in
chapter 7), resulting in possible impact dampening and fire reductions. The
fuels, on the other hand, will likely enhance the impact or fire damage; is it
considered better to have both of these on board as compared to something
that is on the same level as MDO (which may burn in case of emergency
as well). Additionally, this chapter showed that the information on safety
data sheets is not focused on use on ships. This is obviously not expected
either, but the chapter does show that especially regarding fuel spills many
uncertainties exist. It was initially assumed that SB and AB might be dan-
gerous during spills, as they allegedly react (violently) with (sea)water to
produce hydrogen - however, AB does not appear to react with seawater at all,
while SB reacts faster with seawater than with normal water (but the reaction
rate at the temperature and pH of seawater is still relatively slow, so it is
hard to estimate how dangerous it is). The cleaning up of spills in seawater,
inevitably required when using hydrogen carriers on big scale as fuels, is
also touched upon in this chapter. The chapter shows that clean up is not
trivial at all and may, especially for LOHCs, with their non-biodegredability,
be of great importance. Of course, it is not expected that all even remotely
possible fuels are immediately investigated in such detail, but it does mean
that additional research may be required to completely assess the influence
of alternative fuels on ships - without all knowledge, how fair is it to make a
choice regarding the best hydrogen carrier at all?

Finally, chapter 8 shows that, despite the importance of knowing the prop-
erties of all the alternative fuels, this is only part of what safety entails. Safety
onboard is guided by much more aspects, often aspects that are hard to cap-
ture with a single number. Actually, it is advised not to put a single number
on safety, as this usually undermines the trust the general public has in safety
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science. Furthermore, automation is encouraged for simple, repetitive tasks,
but should not be used in complex tasks that are essential for the safe opera-
tion of a ship - the improvisational talents of humans are often required in
emergency situations, and humans can only improvise correctly if they know
the system sufficiently well. This already shows the shift from safe design
towards safe operation - designing a ship completely foolproof is unlikely
to be possible at all. However, the key to safe ships lies in their operation.
Removing the victim-blaming culture, making sure everybody speaks he
same language, and optimizing operations for humans will likely result in
a safer ship. In short, the shipping industry should go from error-inducing
to error-reducing, but this is not an easy solution. However, with a focus on
safety during operation, the shipping industry can become significantly safer
overall.

Finally, chapter 9 shows that it is possible to at least assess the safety and
sustainability of alternative fuels on ships, under certain conditions. First, a
specific set of values has to be decided to be used to assess. Choosing these
values is not trivial and requires careful consideration. However, discussing
and assessing these values is already a first step in the assessment of altern-
ative fuels, and with argumentation it can become clear why which values
are taken into account. Hydrogen carriers (and other alternative fuels) can
then be assessed on each of these values. When desired, MDO can be used
as a base scenario to compare fuels on each of these values with, however, it
is of utmost importance to only compare fuels on one value at a time. When
comparing them on all values, the weight of each of the values has to be
assessed - what is deemed to be more important? This may also strongly be
influenced by the operational profile and location of the ship. A ship sailing
through cities may desire to protect the public health more than a ship that
only sails on the deep seas, while a ship sailing through coral reefs may
value the environmental impact more than another. However, when explicitly
stating these values, why they are chosen on which occasion will shed light
on the safest (and sustainable) hydrogen carrier. Despite not being able to
single out one as best, well-thought choices can be made.

10.5 TIMELINESS

Timeliness: coming early or at the right time [413]
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Timeliness — coming at the right time — may be the most critical quality
hydrogen carriers need to possess. These technologies represent innovative
solutions to the pressing challenge of identifying alternative fuels for the
shipping industry. Although none of the hydrogen carriers examined are
without limitations, they collectively offer a safer and more energy-dense
alternative to many current fuel options, and they remain compatible with
most hydrogen-based converters.

But the main question will be: are they in time? Their low TRL may be the
primary factor hindering their usage; both now and in the long term. Ships
are built in classes and remain in service for decades, which means that once
an alternative fuel is selected, the surrounding design choices concerning
energy converters, bunkering systems, storage solutions and logistics, tend to
become fixed for many years. This long operational lifetime makes any fuel
decision difficult to reverse.

The IMO targets of reaching zero GHG emissions by 2050 mean that ships
must be designed or at least design-ready, for compliance today. At the same
time, this moment of transition is unusually fragile. Climate policy and the
geopolitical drive for energy autonomy are accelerating the pace of change,
shifting decisions that once lay decades ahead into the present. This creates a
rare window in which long-standing fuel choices are being reconsidered, but
such windows close quickly. Once the industry settles on an alternative that
is “good enough”, which ammonia or methanol may well prove to be and the
sector may rapidly commit to that option for an entire generation of ships.

So, in the end, it may be that hydrogen carriers will not manage to be
part of this design phase at all; their low TRL makes designers, shipowners,
shipyards and companies hesitant to adopt them. Ultimately, the success of
hydrogen carriers may depend less on their intrinsic performance than on
their timely implementation.
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CONCLUSION

End? No, it doesn’t end here

Gandalf, The Lord of the Rings: The Return
of the King
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CHAPTER SUMMARY

This thesis investigated hydrogen carriers as alternative marine fuels to sup-
port the decarbonization of ships. Five promising carriers were identified
and evaluated with respect to technical feasibility, safety, and sustainability.
Energy and power density analyses showed that, although borohydride-based
carriers such as sodium borohydride (SB) and ammonia borane (AB) ex-
hibit high energy densities, no single carrier performs best across all criteria.
Safety and sustainability assessments likewise revealed trade-offs rather than
a universal optimum. The results highlight that the “best” hydrogen carrier
depends on context, ship type, and operational priorities. Despite current
technological immaturity, hydrogen carriers remain a promising pathway
toward low-carbon shipping, warranting continued research, development,
and early demonstration.
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Hydrogen carriers are an alternative fuel option to reduce greenhouse gas
emissions in the maritime industry. The maritime industry has several unique
challenges to use these substances as fuels. This thesis aimed to find a suitable
set of hydrogen carrier and energy converters to use as fuel on ships. Its first
contribution was to find a set of hydrogen carriers that exhibit promising
properties to use on ships. A literature review found five promising hydrogen
carriers. These carriers are sodium borohydride (SB), ammonia borane (AB),
potassium borohydride (KB), dibenzyltoluene (DBT) and n-ethylcarbazole
(NEC). The next objective was to evaluate the energy and power density,
which should be sufficient to use on ships (and preferably higher than pure
hydrogen). Additionally, the hydrogen carriers should be safe. This thesis as-
sessed the five carriers on these two characteristics. Soon, KB was disregarded,
as it performed less favourably than SB across all evaluated properties. The
other four have been evaluated across technical and safety properties. The
technical properties were evaluated using models, while the safety properties
were evaluated by using data from literature and own experiments. Com-
bined, an overview of the possible combinations was assessed to find out
whether a single hydrogen carrier and energy converter combination could be
considered the best.

11.1 INSIGHTS FROM POWER AND ENERGY DENSITY
PERSPECTIVE

To begin evaluating what may constitute the “best” hydrogen carrier from a
technical perspective, this section examines the carriers’” energy and power
densities as key indicators of their practical feasibility on ships. The energy
densities of the investigated hydrogen carriers for marine applications were
thoroughly evaluated. By integrating waste heat, the total energy density of
the endothermic hydrogen-releasing carriers, NEC and DBT, was maintained
rather than reduced. Without this integration, their effective (gravimetric
and volumetric) energy densities would decrease significantly, since part of
the released hydrogen would otherwise need to be consumed to sustain the
dehydrogenation reaction.

In contrast, the two borohydride-based carriers, SB and AB, achieve higher
effective energy densities when applied on ships because they can use seawa-
ter, after purification, as an additional hydrogen source. This process increases
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the total hydrogen yield but also produces heavier spent fuels. The effect
of this additional mass was not included in the present assessment, as the
concept is still novel and its operational implications are not yet well under-
stood. Overall, SB and AB showed very high energy densities, approaching
those of marine diesel oil (MDO).

With regard to power density, several auxiliary components are required for
system operation. Heat exchangers are necessary for waste-heat recovery, and
hydrogen-release reactors enable the dehydrogenation process. Additional
systems for residue management may also be needed, since the mixture of
unreacted and spent fuel could potentially be processed further. However,
because these aspects depend strongly on the specific reactor and catalyst
design, they were not quantitatively considered in this study. The analysis
indicates that reactor volume has the greatest influence on the total system
size, whereas the required heat exchangers are comparatively compact.

When the power and energy densities were evaluated together, it became
clear that no single hydrogen carrier is universally optimal. For different
ship types—ranging from fishing vessels and inland barges to ocean-going
freighters—different hydrogen carrier and energy-converter combinations
proved most suitable. Each case therefore presents several viable options
rather than one definitive best choice.

11.2 INSIGHTS FROM SAFETY AND SUSTAINABILITY
PERSPECTIVE

Comparing alternative fuels, in general, and hydrogen carriers specifically on
safety and sustainability values to find "the best" can quickly become biased.
Safety and sustainability are value-sets consisting of many values and when
trying to rank fuels, a rank in these values has to be decided upon. This
decision can strongly influence the outcome, which is why this thesis only
compared fuels on the same value. In this, there is belief that the journey is
more important than the destination. The starting point of looking at values,
deciding which values are important and can be evaluated is more important
than the actual outcomes.

However, within the scope of one single value, it is possible to evaluate
and compare the hydrogen carriers. Yet, this also results in a nuanced picture,
where carriers may exhibit both positive and negative influences. For example,
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substances can positively influence long-term viability due to their carbon-
neutral and recyclable nature. On the other hand, during a large scale spill
they can have long-lasting effects on the environment, negatively influencing
long-term viability.

These kind of dilemmas are important to realise and face, as there is in this
case no single best carrier. Each of these hydrogen carriers have their negative
and positive influences, on safety and sustainability, and a choice has to be
made deliberate and with thought, depending on the specific situation and
operational profile of the intended ship.

11.3 SCIENTIFIC CONTRIBUTIONS

This thesis addressed four scientific objectives. Each contribution addressed a
distinct research gap, collectively advancing the understanding of hydrogen
carriers as maritime fuels. The primary objective was to evaluate a broad
range of hydrogen carriers in terms of their suitability for use on board
ships. To achieve this, this thesis introduces a systematic classification of
hydrogen carriers based on their chemical and physical characteristics. This
classification enables group-wise assessment and efficient identification of
promising candidates for maritime applications, reducing the effort required
for preliminary screening.

The second objective was to evaluate the technical feasibility of integrating
hydrogen carriers with different energy converters. An analytical model was
developed to integrate waste heat and water, where applicable, to increase the
overall energy density of the hydrogen carriers. This model was applied to
assess the effective energy density of hydrogen carriers, which is comparable
to that of diesel. The model also enables the assessment of other hydrogen
carriers and energy converters due to its modularity.

The third objective was to assess the safety and sustainability of hydrogen
carriers used in maritime applications. The systematic evaluation method
developed is able to help assess and compare alternative fuels with a variety of
technology readiness levels, including relatively new and unknown fuels. As
the framework aims to help in decision making, ranking is excluded from it,
yet values that influence the sustainability of an alternative fuel, which defines
the long-term safety and usage possibilities, is included. This framework
therefore provides a structured starting point for selecting alternative fuels
based on safety and sustainability considerations.
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Finally, the fourth objective was to identify the most suitable combinations
of hydrogen carriers and energy converters for different ship types. By com-
paring and evaluating a large set of values, the most suitable hydrogen carrier
can be defined, depending on the operational needs and layout of a certain
ship type. However, the broader philosophical discussion showed that, of
all these values, one likely outweighs all the others: timeliness. A hydrogen
carrier introduced too late may never be widely adopted. Coming at the
exact right time is thus of utmost importance, with many of the other values,
including safety and energy density, having less importance.

11.4 FUTURE OUTLOOK

Before hydrogen carriers can be widely implemented in the maritime sector,
considerable development work remains to be done. On the technical side,
catalysts must be selected and optimized, and appropriate reactor concepts
need to be designed and validated. The associated heat exchangers and
spent fuel regeneration equipment also require further investigation, as the
thermochemical behaviour of many hydrogen carriers can be complex and
may not yet be fully understood.

From a safety standpoint, significant gaps exist in the available data. Many
safety data sheets are incomplete, inconsistent, or entirely missing. Compre-
hensive experimental studies and standardized reporting will therefore be
essential before these materials can be approved for large-scale use on ships.

Beyond these technical and safety challenges, successful deployment will
also depend on strategic and organizational choices. Shipowners, operators,
and classification societies will need to determine which values (such as safety,
energy density or cost efficiency) take precedence when selecting a fuel.

Perhaps most importantly, progress will require decisive investment and
early demonstration projects. The current low technology readiness level of
hydrogen carriers makes them costly to develop, and delays may result in
other alternative fuels, such as ammonia or methanol, capturing the market
tirst. However, if research and pilot projects continue at pace, hydrogen carriers
could emerge as a viable and versatile pathway toward reducing greenhouse
gas emissions in shipping. Their potential justifies sustained attention and
coordinated effort across academia, industry, and regulation.
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11.5 ADMINISTRATIVE INFORMATION

11.5.1 SUPPLEMENTARY DATA AVAILABILITY

Table 11.1 lists references to datasets, models and code that, where applicable,
support the results presented in this dissertation. Access to the source code
developed for this research may be provided for academic and research
purposes, subject to written approval from Delft University of Technology
and the author of this dissertation.

Chapter| Type of DOI
data

3&5 Models 10.4121/a1888538-{623-4df9-9217-538edd7e0917
and Excel
data

4&5 Models 10.4121/95ae4238-bgf1-4bao-agoc-e661d1611cff
and Excel
data

7 Experi- 10.4121/5eaec65b-c728-413¢c-82ad-c3b722a57353
mental
data sets

Table 11.1: Access to supplementary data

11.5.2 USE OF GENERATIVE AI

During the preparation of this work the author used ChatGPT in order to
enhance clarity of sentences where necessary. After using this tool/service, the
author reviewed and edited the content as needed and takes full responsibility
for the content of the published article.

11.5.3 FUNDING INFORMATION

This work was supported by the project SH2IPDRIVE: Sustainable Hydrogen
Integrated Propulsion Drives, funded by the RVO under grant MOB21013
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AVG Average

cp heat capacity at constant pressure
E Energy

E loss Lost energy

Eior Total Energy

Eout Energy output

LHV gy, Lower heating value

m mass

Mgrrier mass flow of carrier

11 mass flow

myp mass hydrogen

Tl mass flow of hydrogen

m, mass of power converter

my mass of fuel

n number of moles

P Power

P’ Power density of single component
pP” Power density of whole system
Pous Output power

Preq Required power

Q Heat

Q coolant heat going to coolant

345



346

BIBLIOGRAPHY

Symbol Description

Qreq Required heat

Q wh Available waste heat

Qys Heat available in sink
Qfg heat going to flue gasses
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GENERAL DATA ON HYDROGEN CARRIERS

This research is limited to four hydrogen carriers, namely dibenzyltoluene
(DBT), n-ethylcarbazole (NEC), sodium borohydride (SB) and ammonia borane
(AB). Occasionally four other fuels are also considered. These are ammonia,
methanol and liquid hydrogen as alternative fuels and one common fuel,
marine diesel oil. MDO is the current reference fuel in maritime operations
and comparisons to MDO are made narratively where relevant.

A1 LOHCS

A.1.1 DIBENZYLTOLUENE

DBT is a LOHC. It is circular, meaning there is a hydrogenated (full) and
dehydrogenated (empty) version of DBT. DBT is an often-researched, oil-
like substance, and its dehydrogenated version has been in use as a heat
transfer fluid in commercial applications already [25], [152]. Because of its
previous use as a heat transfer fluid, safety data sheets are available for the
dehydrogenated version [414]. It has a boiling point of 397 °C and a high
flashpoint of 189.8 °C [414]. The dehydrogenated version is also categorised
as may be fatal when swallowed and enters the airways [415], while both
versions of DBT are aquatic chronic [415], [416]. The hydrogenated version is
also extremely viscous [152], however, is otherwise relatively safe; requiring no
specific special first aid, fire protection or storage measures [416]. Releasing
hydrogen from DBT costs heat, as it is an endothermic process [25]. The
positive side effect is that there is no accidental release of hydrogen possible.
Hydrogen is released at 280-310 °C [25]. A major negative property is its
low energy density, of 6.2 wt% of hydrogen, and the large amount of energy
required to release the hydrogen, reducing overall energy efficiency [25], [417].
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The operational costs of DBT depend strongly on the cost of pure hydrogen
[418], while the capital expenditure is defined by the costs of compressors

[417].
A.1.2 N-ETHYLCARBAZOLE

NEC is the second LOHC considered, it has a relative high energy density
(5.8 wt%), is easy to handle and can produce hydrogen relatively fast [25].
Another main advantage is its low dehydrogenation temperature, of 180 to
210 °C [25]. However, NEC is relatively little researched; the substance is not
very mature, with research only starting in the early 2000s [25]. The capital
expenditure of NEC is higher than DBT, likely because much less of it is
produced each year [25], [418]. The dehydrogenated version of NEC is solid
at temperatures below 68 °C, and has a flashpoint of 186 °C [25], [240]. It
is toxic to the aquatic environment and should not be inhaled or touched
[419]. The hydrogenated version of NEC is liquid at room temperatures and
has a flashpoint of 146 °C [25]. Just like dehydrogenated NEC, it should not
be swallowed or touched [420]. While dehydrogenated NEC is toxic for the
environment, with an aquatic chronic toxicity of level 2, hydrogenated NEC
does not appear to be toxic to the environment [419], [420]. Besides these
properties, NEC does not require extreme pressures or temperatures during
storage or processes.

A.1.3 ENDOTHERMIC RELEASE

Both LOHCs endothermically release hydrogen. The release mechanism for
the LOHCs is very similar and is as follows:

LOHC™" + Energy — LOHC ™ + nHy (A.1)

The significant difference is the temperatures at which they react and the
heat required for dehydrogenation. DBT’s dehydrogenation temperature lies
between 553 and 593K; temperatures above 573K are required to reach full
dehydrogenation, while DBT will start dissociating at temperatures above
563K. A temperature of 573K is chosen in the model, as this temperature is
often used in experiments, and full dehydrogenation can be achieved without
compromising the fluid too much [421]. The dehydrogenation process requires
558 kJ/mol of full LOHC [25]. The dehydrogenation temperature for NEC lies
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between 453 and 523K. The dehydrogenation process is much slower at lower
temperatures. The model uses a temperature of 503K. The dehydrogenation
process is fast at this temperature, without having high heating loads [179].
The hydrogenation process requires 318 k] /mol of full LOHC [25]. [29] showed
that, with an essential integration, a large part of the required heat could be
supplied by the energy converter and heat available in the spent fuel, with
similar results found by [24], who looked at a specific hydrogen carrier and
energy converter. Figure 4.1 gives an overview of the specific components
required for the hydrogen carrier to release hydrogen. After the carrier is
transported from the tank, heat exchangers are used to preheat the carrier up
to the dehydrogenation temperature. Part of this heat exchange already has
to occur in the tank, as DBT is highly viscous; thus, preheating is required to
get it out of the tank.

A.2 BORON-BASED CARRIERS

A.2.1 SODIUM BOROHYDRIDE

SB, NaBHy, is a white powder, but can also exist as granulate. It has a high
energy density of 10.8 wt%. Using SB on ships will require a specialized,
circular bunkering system that is able to handle solid powders [183]. SB is a
borohydride and releases hydrogen when in contact with water. A catalyst is
needed to enhance this process, but there are many different types of catalysts
available [113], [422]. This process goes as follows:

NaBHy+(2+x) H,O — 4H, + NaBO; - xH,O (A.2)

The exact value of x depends on the operating parameters [159]. Equation
A.2 shows that the original amount of hydrogen in sodium borohydride is
doubled, as the hydrogen stored inside water is also freed, resulting in an
energy density of over 21 wt%. It has previously been used as an energy source
in unmanned aerial vehicles [423], [424] and even, albeit shortly, in cars [425].
However, for land-based applications, water storage is required, reducing the
energy density. Using purified seawater means no additional water has to be
stored on ships, effectively solving this low energy density issue. Another
major issue of sodium borohydride is the regeneration process. Equation
A.2 is exothermic, meaning that regeneration costs energy. Enhancing this
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process is part of active research [409]. Equation A.2 showcases another
issue with sodium borohydride: self-hydrolysis is possible; e.g. when sodium
borohydride comes into contact with water, hydrogen may be released. The
speed of the reaction depends on the temperature and the pH of the water,
with a higher temperature enhancing the reaction rate, whilst a higher pH
reduces the reaction rate [426]. At low temperatures, of 20 °C, full conversion
takes relatively long (several hours), reducing this problem. It is still an
issue, however, just like the influence of sodium borohydride on the health
of humans: it is acutely toxic (oral), corrosive to the skin, damaging to the
eyes and may influence the reproducibility [427]. On the other side, sodium
borohydride is not categorised as persistent [427]. Its spent fuel, boric acid,
is often used, yet still the knowledge of the effects of boric acid on the
reproducibility is limited, but boric acid is still assumed to be a health hazard

[428].
A.2.2 AMMONIA BORANE

AB, NH3BH, is a white, sticky powder. Similar to sodium borohydride, AB
requires a specialized bunkering system designed to handle solid powders
[183]. This system must facilitate the safe and efficient transfer of fuel to and
from the vessel. It releases hydrogen through hydrolysis, but a catalyst is
required for this [429]; self-hydrolysis is negligible [430]. Equation 2.1 shows
this reaction:

H3NBH; + 3H,0 — NHj + B(OH), + 3H, (A.3)

Without a catalyst, AB is stable in the presence of water [430]. AB can have a
very high energy density; the exact energy density depends on whether and
how the ammonia produced is used. Although, AB has been relatively well
researched, it has not been implemented yet [83]. The major issue with AB
is the regeneration, which is closely related to the regeneration of sodium
borohydride. Sodium borohydride is a intermediate product during the regen-
eration process, and the regeneration of AB is expensive and energy-intensive
[83]. AB is thermally decomposed when temperatures are raised above 70 °C,
releasing, amongst others, hydrogen and ammonia. This may be the reasoning
behind the categorization of flammable solid [258]. Furthermore, AB is harm-
tul if swallowed, causes skin and eye irritation and may cause respiratory
irritation [258].
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A.2.3 EXOTHERMIC RELEASE

AB and SB release hydrogen exothermically upon reacting with water, accord-
ing to equations A.2 and A.3 These reactions are similar, requiring water and
releasing equally or more hydrogen than initially stored in the molecule, as
the process also releases hydrogen within theoccurs in the tank, as DBT is
highly viscous; thus, preheating is required to remove it froml to the original
molecule is possible but energy intensive due to the strong B-O bonds [111].
The exact composition of the spent fuel of SB (equation A.2) depends on the
temperature of the reaction. At the optimal reaction temperatures of 333 to
353K, the composition is NaBO,.2H,O.

Equation A.3 shows the release mechanism of AB, which produces hydrogen
and ammonia. Ammonia gas can be burned in a heat engine, for example, in
a dual-fuel ammonia-hydrogen internal combustion engine. Additionally, it
can be decomposed into N, and Hy, after which the H; can be used in a fuel
cell. Finally, ammonia gas can be stored on board. Storage is not considered
feasible because of the required safety regulations and additional space. The
decomposition process is also disregarded, as this process is highly energy-
intensive. Thus, in this study, similar to in [29], only dual-fuel options of
ammonia and hydrogen gas are considered. Only the PEMFC cannot run on
the ammonia-hydrogen dual-fuel of the four investigated energy converters.
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Table A.1: Parameters of hydrogen carriers

Parameter DBT NEC SB AB

Theoretical

energy density 7.44 6.98 25.56 23.52
[M]/kg]

Theoretical

energy density 7.0 6.63 27.34 14.4
[MJ/L]

Hydrogen yield

per molecule of 9 6 4 3
hydrogen carrier [mol/mol]

Molecular weight 200.54 207 378 30.8

[g/mol]
Heat capacity fuel
(incl. water if necessary 1.96 2.04  4.54% 4.547
(k] /kgK]
Heat capacity spent fuel 185 156 NR NR
[kJ/kgK]
Dehydrogenation
temperature 573 503 353 353
(K]
Dehydrogenation energy 558 318 210 -156
[k]/mol Fuel]
[151] [154]

[21] [176]
Sources [152] [53]

[96] [431]

[153]  [155]
Values denoted with * are estimated by the authors combined with data

from Aspen as no precise information was available.
N.R. stands for "Not required” as these values are not required in this calculation.

When a solution is mixed, the heat capacity of the solution is calculated
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A.3 REFERENCE FUELS

A.3.1 AMMONIA

Ammonia is often mentioned as being a promising alternative fuel [19], [20],
[120], [267]. It has a high energy density, can be used in internal combustion
engines and fuel cells (even though purification is required for the latter), and
is currently being produced on a large scale. Ammonia is often stored as a
liquid, even though it is a gas at ambient temperature and pressure [267]. Thus,
ammonia is often stored at slightly decreased temperatures (below -33 °C),
or elevated pressures (above 10 bar) [267]. It is carbon-free, but combustion
will result in the release of the pollutant NO,, a pollutant [20]. Ammonia is
categorised as a flammable gas, despite its high auto-ignition temperature of
651 °C [19], [78], [432]. Additionally, ammonia is toxic if inhaled and severely
corrosive to the skin [432]. Because it is a toxic gas, it is often regarded as
dangerous, as exposure at concentrations of over 1700 ppm can result in death
within 30 minutes [267]. Equally, ammonia is extremely toxic to aquatic life
[432], and is hard to clean up or detect, as it is very soluble in water [184].

A.3.2 METHANOL

Methanol is widely considered as an alternative fuel, with several full-scale
ships in operation or production [19], [433], [434], [435]. It can be made in
a green way, burns very clean and does not contain contaminants such as
sulphur. A methanol engine will emit NO, emissions, but only very little
[37], [433]. A major technical disadvantage of methanol is its lubrication
properties [37]. From a safety perspective, methanol has some disadvantages
as well. It is a colourless liquid, with vapours slightly heavier than air [268].
It has a relatively low boiling point of around 65 °C and a low flashpoint of
9.7 °C [436]. Its auto-ignition temperature lies at 455 °C and all combined
it is classified as a highly flammable liquid, yet non-explosive [268], [436].
Methanol is completely miscible in water and readily biodegradable, with
a half-life of about 17 days [184], [436]. Even though it is unlikely to affect
the environment, it does have effect on human health. It is toxic if inhaled,
ingested or touched and causes damage to organs [268], [436].
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A.3.3 LIQUID HYDROGEN

Hydrogen can be combusted or directly used in fuel cells [20]. It has a high
gravimetric energy density but a very low volumetric energy density [16].
Hydrogen has no carbon content and can thus be emission-free when used in
a fuel cell. However, burning hydrogen may release NOy [20]. Hydrogen is an
unscented, tasteless, non-toxic and invisible gas [437], [438]. It is also explosive,
with a flammability range of 4 to 75% when mixed with air and an auto-
ignition temperature of 500 °C [437]. Hydrogen may also cause embrittlement
of materials [439]. Liquid hydrogen is kept at temperatures between 13.8 K
and 33.2 K [16]. Hydrogen is classified as an extremely flammable gas, but is
not toxic or corrosive [438]. When liquid hydrogen is released, it dissipates
quickly, although it can freeze its surrounding area [184].

A.3.4 MARINE DIESEL OIL

Marine diesel oil (MDO) is a relatively light fuel oil. It is used especially in
smaller vessels, auxiliary engines or emission reduction zones. It has a lower
sulphur content than heavy fuel oil (HFO). In this research, we will mainly
use MDO to compare. MDO (also known as No. 4 Fuel oil or Low Sulfur No.
4 Fuel oil) is a blend of several fuel oils and information can be conflicting
[440], [441], [442]. We will use the blend as defined by BP [442]. MDO is a
fluid at room temperature. As the exact composition of the blend differs, exact
boiling and flash points are not given. However, the flash point should always
be higher than 56 °C, and the autoignition temperature is higher than 225 °C,
with a boiling point of above 462 °C [442] All combined, it is a flammable
liquid and vapou [442]. MDO has effects on human health; it is harmful if
inhaled, causes skin and eye irritation and should not be ingested. It may
also cause drowsiness or cancer and possibly affect the unborn child [442].
The substance is not soluble in water and very toxic to aquatic life with long
lasting effects [442].



ONGOING HYDROGEN CARRIER PROJECTS AND THEIR
MARITIME RELEVANCE

This section gives an overview of ongoing and finished projects that use hy-
drogen carriers.Their relevance, potential limitations and future opportunities
are also discussed.

B.1 METAL HYDRIDE FOR THE ROSS BARLOW CHANNEL
BOAT

Metal hydrides, such as the one used in the Ross Barlow Channel boat are
very suitable for these kinds of boats; boats that have rather short distances
each year (<1000km) at low speeds (<s5km/h). The Ross Barlow Channel Boat
is 18 metres long and uses an MgZn, type metal hydride based on TiMn, [82].
Batteries are insufficient because these boats are not used often enough to
avoid discharging [82]. As metal hydrides do not discharge over time and are
safe, produce pure hydrogen and have a silent and emission-free operation,
they have been used in this channel boat [82]. However, their practical energy
density (<2%) becomes a problem when larger distances need to be covered.
Additionally, because the charging of the boat is slow (taking 2.5h to store
4kg of hydrogen), charging very often is not possible [82]. So metal hydrides
are mainly suitable for boats that do not have to go far and operate too
infrequently to use batteries or boats that need a bit more than batteries
can deliver. It can be seen mainly as a range extender for boats that would

The content of this chapter is based on the following article:

E. S. van Rheenen, J. T. Padding, J. C. Slootweg, and K. Visser, “Hydrogen carriers for zero-
emission ship propulsion using PEM fuel cells: an evaluation,” J. Marine Engineering and
Technology, vol. 23, no. 3, pp. 166-183, 2023. doi:10.1080/20464177.2023.2282691
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otherwise be using batteries. Thus, for the normal operation of most ships,
metal hydrides are insufficient.

B.2 METAL HYDRIDES FOR AIR-INDEPENDENT PROPUL-
SION SYSTEM FOR U212 SUBMARINES

The U212 and U214 submarines (approximately 1500 tonnes and 56 metres)
use a metal hydride system, developed by TKMS, for their air-independent
propulsion [55]. This system can also be installed during retrofit of older
submarines [55]. Submarines are one of the largest applications using metal
hydrides [55]. Just like the Ross Barlow Channel Boat, it was decided that the
range of submarines should be larger than that of conventional diesel-electric
submarines. The metal hydride based air-independent propulsion system
has metal hydrides as a base power source, with batteries supplying peak
powers and even recharging when little power is required [55]. Because of
the difference between submarines and channel boats, the reason behind
choosing metal hydrides is different. For the submarines a large range of
air-independent propulsion systems was researched and metal hydrides are
chosen due to their low volume and relative simplicity. As metal hydrides
have such a low hydrogen weight percentage, they had to be positioned in
such a way as not to destabilize the submarine [55]. So, metal hydride powered
submarines have a larger air-independent range than battery-powered sub-
marines. The range of the metal hydride powered submarine is, however,
limited by the weight of the metal hydrides, thus if an even larger range is
required, metal hydrides would not be suitable anymore.

B.3 METAL HYDRIDES FOR HYDROGEN IN HYBRID SYS-
TEM OF ZEUS

Zeus (zero emission ultimate ship) is a 25 meters long and 100 tonnes heavy
ship with a hybrid power system. It has a diesel-electric generator, a fuel cell
and a battery system for its propulsion system [443]. The hydrogen for the
fuel cell is stored in metal hydrides. Again, similar to the previous two uses
of metal hydrides, the metal hydrides are used to extend the range the ship
can sail, with the batteries supplying peak powers. For longer journeys, the
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diesel generators will provide the power [443]. The main difference between
submarines and Zeus is the goal of the use of hydrogen. For Zeus, the goal is
to be able to sail without any emissions, whereas for U212 submarines it is
to stay undetected. However, the outcome is the same type of energy system,
with a diesel engine to supply main power for longer journeys and the metal
hydride and battery combination to sail for shorter periods of time (of up to 6
hours for the Zeus) [443].

B.4 SODIUM BOROHYDRIDE ON SUBMARINES IN INDIA

An alternative to using metal hydrides for air-independent propulsion is SB.
The Indian navy had been planning to start retrofitting Kalvari-class (67metres,
1600 tonnes) submarines with SB as a power source for air-independent
propulsion before 2025 [444]. Prototypes using sodium borohydrides have
been tested and meet design requirements [444]. The main advantage of SB
over metal hydrides is their higher gravimetric energy density. The volumetric
energy density of SB is theoretically higher, but in practice, it is more likely to
be similar to metal hydrides because of the need for a dehydrogenation reactor.
The overall SB system is also more complicated to use. As they have a very
similar volumetric energy density, only the weight of the hydrogen storage is
reduced, which can be promising. Thus, submarines that want to sail larger
ranges than practically possible with metal hydrides because of the weight,
can possibly use SB as a hydrogen carrier. It also opens up more possibilities
for the use of hydrogen carriers, besides the current use on submarines, as
weight is often an issue.

B.5 H2SHIPS PILOT SHIP NEO ORBIS ON SODIUM BORO-
HYDRIDE

An example of the use of SB for other ships will be a pilot project of the
H2Ships project: the 19.5 metres long Neo Orbis. The Neo Orbis will be an
inland port vessel with SB as a power source [445]. The keel has been laid
in January 2023, however, several delays have caused the ship to only set
sail in 2025 [446]. Because of the distances and speeds the Neo Orbis will be
sailing, metal hydrides and batteries are not an option. However, similar to the
metal hydride system, the SB system will also be supplemented with a battery
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for peak shaving [445]. As the Neo Orbis will be operating in the harbour
of Amsterdam and its adjacent areas, a safe and emission-free operation is
important. This pilot project aims to demonstrate the feasibility of hydrogen
in general, but also the use of hydrogen carriers such as SB as a safe storage
of hydrogen.

B.6 SODIUM BOROHYDRIDE UAV

For unmanned aerial vehicles (UAV), weight is of utmost importance, which
limits the use of lithium batteries [423, 447]. The high energy density combined
with the safe handling makes SB a promising storage method for UAVs as well
[423, 447]. An additional advantage is not having to control the temperature
or pressure, which is not the case for pressurized or liquid hydrogen [423,
447]. Because of this, there is quite some research on SB as hydrogen supplier
for UAVs. Some studies use acids [423], instead of catalysts, to gain more
control and speed up the process. It is also said that use of catalysts may
cause an unsteady flow of hydrogen [448], however other studies do not
suggest this [447]. Next to catalysts, to reduce onboard required space, volume
exchange tanks have been tested, which remained stable during the flight
[449]. So, the works on using SB to store hydrogen is interesting, because
of the system integration and volume and weight limitations. Unfortunately,
because of the complex and heavy and bulky hydrogen release process, SB is
not commercially used for hydrogen storage on UAVs [449]. Thus, additional
research into the release mechanism and the dehydrogenation reactor is
required.

B.7 SH2IPDRIVE

Contrary to the other projects, which are all rather concrete, the SH2IPDRIVE
project is still very much in the research phase regarding hydrogen carriers.
Research on hydrogen carriers within SH2IPDRIVE mainly focuses on SB, par-
ticularly on the dehydrogenation process, regeneration process and handling
process of this substance. A second point of research within the hydrogen
carrier group is the development of a new LOHC by Voyex [315]. The third
and final point of research is on the integration of these two hydrogen carriers
within ships. Results of the SH2IPDRIVE project are expected in the com-
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ing years. The project plan foresees application of borohydride and LOHC
technology in a modular unit, to be placed on ships or other platforms.

B.8 HYDROGENIOUS AND ALMA CLEAN POWER PILOT
PROJECT WITH LOHC AND SOFC SYSTEM

Hydrogenious is a company that has developed a hydrogen oil, based on
benzyl toluene. As hydrogen release from benzyl toluene and other LOHCs is
endothermic, they are planning to integrate the LOHC system with a solid
oxide fuel cell [72]. Alma Clean Power will provide the SOFC. The 100kW
integrated system pilot will be tested on board the Edda Ferd, an offshore
supply vessel [72]. The Edda Ferd is a ship which already has different types of
tanks for storage of liquids like marine gas oil, methanol and special products
[450]. This is advantagious for the use of the LOHC onboard, as there is not
only liquid tank space available, but also knowledge about other chemical
substances than the conventional fuels. This pilot project will be interesting as
it makes use of heat integration between an LOHC and SOFC, increasing the
efficiency of the total system, which will give relevant data for the effective
energy density of LOHCs in combination with SOFCs. Additionally the system
will be tested out on the open seas, because the Edda Ferd is an offshore
supply vessel. So, the behaviour of the dehydrogenation reactor under the
different movements a ship is susceptible to on open seas will most likely
provide very relevant information for reactor design.

B.9 HYDROSIL BY HYSILABS FOR LONG TERM STORAGE
AND USE ON SHIPS

HysSilabs has developed the organosilane HydroSil, a liquid, earth friendly mo-
lecule which releases hydrogen exothermically [451]. They promote HydroSil
for onboard applications, long-term storage and green hydrogen transporta-
tion [452]. A 15kW release reactor should be finished soon and they aim for
10 large release systems and charging plants, as well as 100 smaller release
systems and one massive charging plant by 2030 [451].
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B.10 ELECTRIQ GLOBAL

Electriq Global is a company using KB as a hydrogen carrier. They have
already produced a pilot power plant, which demonstrates the use of KB as a
hydrogen supplier for a crane [453]. Electriq Global aims to produce KB in
large quantities starting in 2025 [453]. It is currently unclear where the powder
will be used and how it will be regenerated, but using KB as a hydrogen
carrier to fuel a ship is not disregarded.
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