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SUMMARY

Decarbonisation of the shipping industry is necessary. Two potential low-emission fuels for long distance international
shipping are hydrogen (H.) and ammonia (NHs). Using data from an LNG tanker, approximations were made for energy
requirements based on delivered power, with the maximum consumption for a single voyage being 9270 MWh.
Calculations were made for the required volume, mass and variable cost for several fuel types. Results showed that H,
required volume was 6550 m® and 11040 m® for liquid and pressurised gas storage respectively. H, is frequently
dismissed for mobile applications due to low volumetric density, however these volumes are not unrealistic. Ammonia
has several desirable characteristics, but also has low gravitational energy density increasing the overall ship mass by
0.3% to 3.7%, negatively affecting performance. Batteries are too large, heavy and expensive for long distance
applications. Both hydrogen and ammonia have potential, but require further research before becoming viable.
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NOMENCLATURE

AFC Alkaline Fuel Cell

CCS Carbon Capture Storage
ECA Emission Controlled Area
EV Electric Vehicle

EGR Exhaust Gas Recirculation
FC Fuel Cell

GHG Greenhouse Gas

HFO Heavy Fuel Oil

HHV Higher Heating Value

IMO International Maritime Organisation
LNG Liquid Natural Gas

MDO Marine Diesel Oil

PEM Proton Exchange Membrane (fuel cell)
SCR Selective Catalytic Reduction
CO; Carbon Dioxide

Ha Hydrogen

NOXx Nitrogen Oxides

NH3 Ammonia

SOx Sulphur Oxides

1. INTRODUCTION

Climate change is increasingly becoming a major global
concern and the reduction of greenhouse gas (GHG)
emissions is imperative. International shipping accounts
for 2.4% [1] of global emissions and, due to the primary
fuel source being heavy fuel oil, also releases large levels
of pollutants such as sulphur oxides.

The International Maritime Organisation (IMO) has set
regulations with regards to pollutant emissions, namely
nitrogen oxides (NOx) and sulphur oxides (SOx), from
shipping by 2020, with the possibility of future further
restrictions [1]. Furthermore, several nations and
organisations have self-imposed stricter targets, for
example the UK government’s Clean Maritime Plan aims
for zero emission shipping to be “commonplace
globally” by 2050 [2].
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Several different fuels have been outlined as potential
future replacements for GHGs, with two of the most
prominently mentioned being hydrogen (H;) and
ammonia (NHs). However, other potential technologies
include: biofuels, nuclear and Carbon Capture Storage
(CCS) [3]. In addition, there are some working examples
where ships operate using batteries and Liquid Natural
Gas (LNG). It is important to understand the
opportunities and challenges involved with these various
fuel types, particularly for hydrogen and ammonia.

11 AIMS AND OBJECTIVES

The overarching aim of this project was to analyse
likelihood of either hydrogen or ammonia being the
primary fuel source for long voyage ships in the future,
with a particular focus on the engineering challenges
involved. To achieve this, the following objectives were
outlined:

e review literature concerning hydrogen and
ammonia as fuels to evaluate the critical
challenges;

e gather data for a typical long-distance voyage
such that it can be used to model different
scenarios for hydrogen and ammonia solutions;

o analyse the engineering considerations (such as
sizing) for various types of fuel cells or
combustion devices; and

o identify barriers for hydrogen or ammonia use
for shipping (e.g. safety regulations or supply).

2. CURRENT SHIPPING FUELS

2.1 OIL-BASED FUELS

For long distance international shipping, heavy fuel oil
(HFO) is currently the most common fuel source [1].
HFO is a by-product of the crude oil refinery process and
is consequently more economical for long distance
applications than other oil-based fuels such as marine
diesel oil (MDO). Other advantages include a
particularly high energy density, thus requiring less space
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and weight than other fuel types. The combustion
technology is generally mature, and therefore efficient
and cost effective. Also, the storage process is simple and
large quantities can be stored for long periods of time
without depletion. This can lead to further economic
benefits as the commaodity is globally available and can
therefore be bought in bulk in regions with lower prices.

However, HFO has a significantly higher sulphur content
than diesel. This results in particularly high levels of the
pollutant SOx when burning HFO. In addition, in 2012
international HFO ships produced 796 million tonnes of
CO- [1] and therefore, for zero emission shipping to be
achieved then many suggest that HFO is not a sustainable
option.

2.1 (a) Scrubbers

Large vessels have a relatively long life cycle (around 25
years [4]). Therefore, several operators have researched
methods of reducing emissions from current fleets. For
example, fitting a post-combustion marine gas exhaust
system or ‘scrubber’ can reduce SOx levels. Other
options include Marine Diesel Oil (MDO) which
contains less than 0.1% sulphur [4], or ‘desulphurised’
HFO [5].

Currently, scrubbers are the most economical for long
distance applications [5] and can meet the IMO’s
regulations. However, usage increases the overall energy
demand of the vessel [1], raising the amount of GHGs
being burned. Consequently, scrubbers tend to actually
increase CO; emissions [5]. Therefore, the development
of post-combustion techniques is unlikely to significantly
increase the sustainability of HFO as a marine fuel,
unless there is a major advancement in CCS.

2.2 LIQUID NATURAL GAS (LNG)

Natural gas is a commodity with many possible
applications, for example it is the primary source of
domestic heating in the UK [6]. The vast majority of ail
reservoirs contain natural gas, as the global demand for
oil is high, the supply of gas is relatively large and is
consequently relatively inexpensive (around 2.2 p/kWh
[7]). Over time, as the price of natural gas reduced, then
larger and more frequent volumes began to be shipped.

Other advantages of natural gas include existing safety
protocols [8] and, due to a higher hydrogen-to-carbon
ratio [9], significantly fewer emissions and pollutants
than HFO. However, the energy density is lower than
HFO and the storage is notably more complex.

To reduce the volume required for storage, the majority
of natural gas is transported as a liquid, reducing volume
requirements by 600 times [10]. Given that the boiling
point of natural gas is around -160°C [8], then LNG
tankers require relatively advanced technology in the
form of: insulated storage tanks with ‘metallurgical’
properties, and specialised double-hull design [10].

When storing large quantities in liquid form, there will
be a certain level of ‘boil off’ [11]. Originally, this was
simply lost fuel, so to capitalise on this situation many
marine manufacturers designed LNG tankers to be
powered by a steam turbine. This meant that the tanker
could use either oil or LNG.

Gradually LNG tankers became more economically
viable, evidenced by the global number of LNG tankers
increasing from around 60 in 1990 to over 300 by 2008
[10]. Furthermore, global trade of LNG rose from 100
million tonnes in 2000 to 319 million tonnes in 2018
[12]. This is relevant for alternative fuels, as it
demonstrates that once a type of tanker passes below a
certain price point then global fleets can grow at a fast
rate.

Furthermore, there is a direct correlation between the
growth of LNG as a fuel and its high shipping demand.
Therefore, large projected imports for a fuel (e.g.
hydrogen) could indicate a higher probability of it
powering ships.

Some sources suggest that a blend of natural gas and
hydrogen may be the most economic option for future
transport fuel [13]. However, the use of natural gas in
any capacity will still produce a certain amount of GHG
emissions unless there are significant developments in
the field of CCS. Therefore, this approach would likely
be considered a short term solution, especially when
targeting zero emission shipping.

3. HYDROGEN

Hydrogen in its pure form (Hz) could be a solution for
future sustainable marine transport, either by combustion
or using fuel cells [14] [15] A few hydrogen-powered
ships have been developed, but all to date have been
designed for relatively short distances [16].

31 EMISSIONS

Hydrogen has no carbon content, and therefore has the
potential to be emission free at the point of use, for
example the only by-product of a Proton Exchange
Membrane (PEM) fuel cell is water. However, some
sources suggest that burning hydrogen with air (as
opposed to pure oxygen) at certain temperatures can lead
to the release of the pollutant NOx [17]. Nonetheless,
there would be significantly lower levels of pollutants
than other fuel options (notably ammonia).

However, hydrogen should only be considered truly
carbon neutral when the production is emission free [18].

3.2 SUPPLY

Security of supply has been highlighted as a potential
barrier to the viability of hydrogen [18]. Hydrogen is the
most abundant element on the planet, but is typically
found in the more stable form of water, with less than 1%
being readily available as a gas [17].
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Currently around 50 billion kg per annum [19] of
hydrogen is produced and consumed worldwide this
would be enough to supply around 250 million vehicles
for a year (based on a consumption rate of 60 kg/mile
[19] and an average annual mileage of 12000). The
majority of this is produced using a technique called
steam reforming, this uses fossil fossils such as methane
or natural gas and is therefore quite carbon intensive. It
is, however, quite a mature technique and has a relatively
high efficiency.

It is possible to produce emission free hydrogen using
electrolysis with electricity from renewable sources.
Electrolysis technology has developed considerably in
recent years, with several sources suggesting that the
PEM electrolyser should now be considered
commercially viable [20] [16].

Currently the main global application of hydrogen is for
the production of ammonia, accounting for around 53%
(26.5 billion kg) of total usage [19]. This ammonia is
mainly used for fertilisation. Therefore, production and
distribution of hydrogen would have to increase, should
either hydrogen or ammonia become a globally used fuel.

Hydrogen is also used in the oil refinery process, with
3.8 billion kg being used by the industry every year in
the USA [19]. Therefore, should hydrogen become a
more prominently used fuel, then it is almost inevitable
that the demand for oil would fall. Consequently, the
hydrogen that would typically be used for oil refinery
could then help to meet the increased hydrogen demand.

33 REFUELLING

To be financially viable, it is likely that any future
shipping fuel will require a relatively short period of time
for refuelling, ideally taking less time than the cargo
loading/unloading process. Fast turnaround is important
in shipping as it increases a vessel’s maximum number of
voyages per year, resulting in a “higher revenue earning
potential” [21]. It is anticipated that refuelling time for
hydrogen would be comparable to diesel [22]. Although
further research and development of the refuelling
process and infrastructure may be required.

3.4 PERFORMANCE

There are several possible methods for converting
chemical potential energy to kinetic energy. For example
steam engines boil water to power a turbine. More
commonly for diesel, an internal combustion engine is
use (ICE) which induces a series of explosions within
cylinders that are positioned such that this will then
rotate a driveshaft [23].

ICEs are not exclusive to oil-based fuel and the
technology exists such that either hydrogen [24] or
ammonia [25] could be used. However, due to the
different higher heating values (HHV) of fuel types then
ICEs tend not to be very versatile in terms of the
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feedstock. Therefore, to use these alternative fuels
effectively, then specialist equipment would be required.

The advantage, however, of hydrogen’s high HHV is
that, coupled with its low gravitational energy density,
hydrogen fuel may be, not only cleaner, but also more
efficient than current fuels [26].

3.5 SAFETY

Hydrogen in its natural state is unscented, non-toxic and
invisible [27], therefore leakage can be difficult to detect.
This is a concern as H; is explosive, with a flammability
range of between 4% and 77% when mixed with air [43].

Hydrogen would have to comply with EU regulations for
all fuels, including specifications such as keeping
containers in well-aired locations and away from ignition
sources [22]. However, given the unique properties of
hydrogen, then it is possible that specific global safety
protocols would be deemed necessary. This would
potentially restrict the growth of distribution and cause
unforeseen expenses for hydrogen tanker operators.

3.6 STORAGE

A key engineering challenge for hydrogen fuel is storage.
The natural state of hydrogen at ambient temperature is
gaseous. It is both lighter than air and in a more stable
state when in the form of H,O. Therefore, it is anticipated
that some form of closed tank will be necessary to store
the hydrogen for marine purposes. Generally, the most
common methods for storing hydrogen can be
categorised into the following: pressurised gas, liquid, or
metal hydride.

3.6 (a) Pressurised Gas

The critical temperature of H; is 33 K [28], meaning that
it is simplest to store as a gas. However, at ambient
temperature and a pressure of 1 bar, hydrogen has a
volumetric density of 0.09 kg/m?® (gasoline is 4.4 kg/m®)
thus requiring a significantly larger fuel tank [29].

To reduce volume requirements, hydrogen can be stored
in a highly pressurised container, up to around 700 bar.
Korri argues that a significant technological
breakthrough is required before compressed hydrogen
gas storage is financially viable, as volumetric density
does not increase linearly with increasing pressures [13].
Additionally, the cost of carbon fibres (required for these
pressures) are relatively expensive [13]. However,
Korri’s paper only provides an overview of the
technology and does not consider the feasibility for
specific applications (such as shipping).

An additional consideration for pressurised gas hydrogen
is the casing requirements. For example, often steel
casing is used. It may be necessary to consider the impact
of the weight of the casing on performance.
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3.6 (b) Liquid Hydrogen

Alternatively, hydrogen can be stored as a liquid to
further increase the volumetric energy density, yielding
the equivalent HHV/volume as pressurised gas at 800 bar
[27] [53]. To store hydrogen as a liquid, temperatures
between 13.8 K and 33.2 K are required [22].
Considerable energy is required to reach and sustain
temperatures in this region, causing a projected increase
in total energy demand up to 30% [27]. Also, due to
more sophisticated technology being required, some
suggest that capital costs could be 4 to 5 times higher
than pressurised hydrogen gas storage [27].

Furthermore, the °boil-off phenomenon’ could be a
drawback to this storage method [13]. However, LNG
tankers harness and utilise the boil off, and therefore it
may be feasible that hydrogen-powered ships could
operate in a similar fashion. Alternatively, boil-off gas
can be re-liquefied, however there is an energy cost to
this process.

3.6 (c) Metal Hydrides

Metal hydride is a storage method where large amounts
of hydrogen are absorbed into metals using chemical
bonding [14]. In terms of volume, this is the most
effective method of storing hydrogen.

3.7 COMBUSTION VS FUEL CELLS

Due to the high flammability of hydrogen, combustion is
relatively uncomplicated, especially for steam turbines
(such as used for LNG tankers) as they use different fuels
interchangeably. I1CEs, however, would require design
modification due to the different HHV of hydrogen and
gasoline [30].

The use of a fuel cell (FC), a device that uses the energy
stored in chemical bonds to create electricity [31], is the
most efficient method for extracting energy from
hydrogen [48]. To power a ship, the FC would first
produce electricity, then this would supply power to a
motor. The use of an electric drivetrain would require
fundamental design changes for ships, and therefore, it is
probable that combustion of hydrogen would be more
economical in the short term. Although, this may be
considered a transitional phase as FCs are likely to be the
most efficient and economical solution in the long term
[32]. The PEM is generally considered the most
economical and efficient FC type for pure hydrogen [33].

3.8 FUTURE CARGO PREDICTIONS

The growth of LNG as fuel can largely be attributed to
the demand for LNG transportation, as utilising the cargo
proved to be efficient and cost effective. Therefore,
future demand projections for hydrogen, may be a strong
indicator of the probability of it becoming a marine fuel.

For example, the Japanese government has invested large
amounts into hydrogen development and infrastructure,
with a total expenditure estimated to be over 12 billion
USD (£9.6 bn) [31]. Consequently, sources suggest that

Japan will have 800,000 hydrogen powered cars in the
country by 2030 [31]. To meet the demand, the Japanese
government projects that beyond 2030 annual imports of
between £5.5bn and £11bn of hydrogen will be required.
Furthermore, reports suggest South Korea and Singapore
also anticipate “large levels” of hydrogen import [31].
Therefore, the likelihood of large quantities of hydrogen
being shipped internationally in the near future is
relatively high.

4. AMMONIA

Since the development of the Haber-Bosch process (a
synthetic manufacturing technique) in the early 20t
century, ammonia has been distributed globally,
primarily as a fertiliser [34]. Due to its high hydrogen
content, several sources suggest that ammonia could be a
future fuel option for shipping [31] [2] [25] [32]. Similar
to hydrogen, ammonia could either be burned or used in
a fuel cell. Additionally, a third option would be to use
ammonia as a hydrogen carrier.

4.1 EMISSIONS

Like hydrogen, ammonia (NHs) has no carbon content.
However, due to its high nitrogen content, the
combustion of ammonia can release high levels of NOx.
The release of NOx has numerous detrimental
environmental impacts, such as: producing acid rain and
smog, reducing air quality, and damaging the Ozone
layer [35]. This was one of the main driving factors
behind IMO bringing in strict regulations on maximum
NOx emission levels. Therefore, it is fundamental to
ammonia becoming a mainstream fuel that methods are
developed to reduce this specific emission type. Some
reports have suggested that early testing of post-
combustion technology (such as catalytic converters)
have been relatively promising [36], however it is
unproven whether these techniques will be sufficient.
Also, as with sulphur scrubbers, post-combustion
processes can markedly increase energy consumption.

4.2 SUPPLY

A drawback of ammonia is the high energy intensity of
its manufacturing process. Current production accounts
for 2% of global energy consumption and 1% of CO;
emissions [31]. For ammonia to become a major fuel
type for international shipping, then production would be
required to increase significantly, bringing uncertainty
whether this demand could be met. Part of the reason for
this high energy demand is because it requires hydrogen
as a feedstock.

Logan discussed a technique for recovering ammonia
from wastewater [19]. This is a resourceful approach,
however given the minuscule ammonia content in water,
it is unlikely to make a notable different to supply levels.

4.3 REFUELLING AND SAFETY

At 10 bar of pressure, ammonia is a liquid, therefore it is
anticipated that the refuelling process for an ammonia
powered ship would be a relatively straight forward and
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fast process. However, ammonia is severely corrosive,
with a toxicity over three orders of magnitude higher
than comparable fuels such as methanol or diesel [37]
[38].

One of the advantages of ammonia having a pre-existing
global supply chain, albeit mainly for the fertiliser
market, is that there are already some globally universal
safety protocols in place. However, as this is a new
application, additional measures may be required,
potentially leading to time delays and increased
expenses.

One advantage of ammonia, in terms of safety, is it is not
flammable in air [37] and is therefore less likely to cause
fires and explosions than comparable fuels.

4.4 STORAGE

Ammonia can be stored as a liquid at ambient
temperature by applying only 10 bar of pressure [38], or
at ambient pressure with temperature of -10°C [31]. Thus
making it significantly easier to store than hydrogen.

4.5 COMBUSTION VS. FUEL CELLS

As with hydrogen, a fuel cell is the most efficient method
to extract energy from ammonia. Solid Oxide (SOFC) is
considered the most efficient FC type for this fuel, as it
can be directly fed with ammonia. This is opposed to
PEM or Alkaline (AFC) that are fed exclusively from
hydrogen, and therefore require ammonia cracking [55].

A further consideration for combustion is that ammonia
is not flammable in air and therefore often requires a feed
stock (such as hydrogen) to start ignition [37].

4.6 AMMONIA AS A HYDROGEN CARRIER

An alternative application would be using ammonia as a
‘hydrogen carrier’. Here, ammonia would be stored and
transported but converted back to hydrogen before being
used for ship propulsion. There are several chemicals that
could potentially be hydrogen carriers, but only ammonia
has no carbon content [39].

An advantage, over using ammonia as a fuel, is the
removal of NOx emissions, assuming that the conversion
process from NHj3 to H, does not emit any.

The benefit over a purely hydrogen ship, is less
complicated storage, as Service suggests that the “energy
penalty of converting the hydrogen to ammonia and back
is roughly the same as chilling hydrogen” [31]. This is
due to the large energy requirement to maintain the low
temperatures for liquid hydrogen, and also the high
efficiency of the conversion process at around 99% (by
heating ammonia to 200°C) [40].

One key consideration, however, would be the additional

infrastructure required and more difficult logistics if
performing this process on board a vessel.
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4.7 FUTURE CARGO PREDICTIONS

One market intelligence firm predicts a growth rate in
ammonia of 5% between 2019 and 2024. This is partially
based on the potential market of ammonia in
refrigeration, but also the hindrance of the hazardous
effect of ammonia. By comparison, the same resource
estimates a similar growth (5.4%) in hydrogen over the
same period [41].

5. METHODOLOGY

To approximate the energy requirements of a long haul
vessel, a dataset for a typical LNG tanker (LNGO1) was
analysed.

The building and testing of alternative fuel ships would
entail large capital expenditure. Therefore, this research
could cause significant economic benefits by providing
indications of the feasibility of different future fuel types.

5.1 RESOURCES

The dataset for the LNG tanker contained several
parameters logged at 5-minutely intervals, including:
shaft power, fuel oil mass levels, longitudes and
latitudes.

LNGO1 has five cryogenic storage tanks, other key
characteristics of LNGO1 are shown in Table 1.

Table 1: LNGO1 key details

Detail Figure
Deadweight (summer) 73000 t
LNG storage tanks 5

Length 290 m
Breadth (maximum) 46 m
Total storage capacity 135000 m?
Fuel Qil tank volume 2700 m®

Mitsubishi marine steam
turbine engine

Max. 21,320 kW x 81
rpm

Main Engine

Engine Output

5.2 ASSUMPTIONS

For a modelling exercise, a reasonable amount of
assumptions are required. An assumption for this study
was that the data collected for this ship is a reasonable
representation for all long-haul shipping. The dataset has
been recorded over a reasonably large number of
voyages (108) and over a relatively long period of time
(3 years 2 months) thus reducing the likelihood of
anomalies influencing the accuracy of the data.
Additionally, the operations and practices of LNGO1 are
understood to be typical for an LNG tanker.

International shipping is not just limited to tankers, and
the intention of this study was that it could be applied to
other categories of long distance shipping. Therefore, the
assumption has been made that LNG tanker data is
comparable for other ship types, particularly large cargo
freighters. There exist examples of models where a
similar assumption has been made [42].
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Figure 1 shows a comparison between the standard cross-
sections for tankers and ‘light’ cargo ships. These
designs are not exactly the same, and the LNGO01 design
has additional design alterations (i.e. the cargo holds are
spherical). However, it appears that the similarity is close
enough to justify this assumption.

BALLAST - BALLAST
CARGO
HOLD
. pd
\\ //
\\ V4 |
\__ BALLAST BALLAST /
CARGO CARGO
TANK TANK
I \\ //
| A // ]
LN EJLLAST BALLAST /

Figure 1: Cross-sections of a typical light cargo
ship (left) and a typical tanker (right) [42]

The term ‘light cargo’ is used to distinguish from ore
cargo that has very high density and therefore requires
more Dballast. Therefore, LNGO1 would not be
representative of an ore tanker.

As the majority of calculations have been based on the
shaft power readings, this has implicitly accounted for
the influence of weather and waves. Furthermore, the
data was collected over a long time period for multiple
voyages. Therefore, it is reasonable to assume the impact
of weather would have evened itself out, such that this is
a fair representation of a typical large vessel.

Nevertheless, care should be taken when considering
individual cases or for specific parameters. For example,
speed has been provided in two different readings: speed
log (measured ship speed), and speed GPS (geographical
speed). These readings generally follow the same trends,
and are within 1 knot of each other for 77.2% of the data.

This study has not accounted for the energy required for
auxiliary power (on-board energy systems). Although it
is anticipated that this would account for a small
percentage of total consumption, it may be valuable to
consider in future, especially as this power output may
vary depending on the fuel type (e.g. additional energy
for cooling/heating hydrogen).

6. RESULTS AND DISCUSSION

6.1 ENERGY CONSUMPTION

The dataset covered a period of 3 years 2 months,
divided into 108 individual voyages (i.e. 108
opportunities for refuelling). Based on the reading of
‘Shaft Power’ at 5 minutely intervals, it was possible to
make a reasonable estimate of the total delivered energy
for each voyage, see Figure 2. This reading has been
used throughout this study, as it is independent of the
efficiency of the overall power train.
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Figure 2: Total delivered energy (MWh) based on
shaft power readings for each of the 108 voyages.
Displayed in descending order.

It is observable from Figures 2, 3 and 4, respectively, that
journeys tend to wvary considerably for energy
consumption, distance and duration. The maximum
energy requirement was for voyage number 7 at 9270
MWh, this will form the initial basis for required fuel
storage calculations.
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Figure 3: Total distance (km) for each of the 108
voyages. Displayed in descending order.
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Figure 4: Total duration (days) for each of the
108 voyages. Displayed in descending order.

6.2 FUEL COMPARISON TABLE

Based on the findings in Section 6.1, it was possible to
create Table 2 that compares requirements for volume,
mass and cost (at current market price). This table was
created initially based on the maximum expected
delivered energy consumption for any given voyage:
9270 MWh.

Additionally specifications from the tanker’s technical
documents were used for: total storage capacity (135000
mq); deadweight (63450 tonnes); fuel oil tank volume
(2700 m®) and weight capacity (2430 tonnes).

The calculations for Table 2 have been based on several
estimates for the efficiency that the chemical potential
energy could be transformed into propulsion. For
example, the combustion of Hydrogen would have an
efficiency of 40%, whereas fuel cells would be 55 to
60% [43]. It is noteworthy that the increased uptake of a
technology tends to lead to further development,
therefore the efficiencies for alternative fuels would

i — - e =
1 v [ 5 )]
23 ' -

@

likely increase. For each of the efficiency ranges in Table
2, the higher boundary value has been used.

6.2 (a) 6350 MWh Table

It is observable from Figure 2 that the majority of
voyages have considerably lower energy demand than
9270 MWh. For example, had the maximum energy
storage been 6350 MWh, then 96% of journeys would
have been achievable. The risk of running out of fuel far
from a port is a serious one but, with correct fuel
management, it is deemed feasible that a long distance
tanker could operate effectively under the latter capacity.

Table 3 compares the requirements of each fuel option
for this lower energy requirement. It is observable that
some of these figures may be more achievable, such as
4480 m? for liquid hydrogen storage.

6.3 HFO TANK COMPARISON

The majority of LNG tankers are primarily fuelled by
LNG itself, but also contain an oil tank that can provide
additional power. As this oil tank is purely for propulsion
and not part of the cargo, then comparisons to this have
been drawn. It is noteworthy that this fuel tank
(highlighted in Figure 5) could be filled to 88% and still
provide enough power for all historical voyages. This has
provided fuel security, and the ability to purchase large
quantities of fuel in cheaper regions.

This strategy is effective as oil has a particularly high
volumetric energy density and is easy to store, with
negligible losses when storing for a long period of time.
However, other fuel options, particularly hydrogen, do
not share these characteristics. Therefore, it is possible
that the trade-off between the costs of increasing the
storage tank versus the flexibility of purchasing, may not
be cost effective. Nonetheless, if hydrogen were to
become the fuel of choice for a large percentage of ships,
then production and distribution would have to increase
significantly and as a result it is particularly difficult to
attempt to predict future economics for the fuel.

YT il
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Figure 5: Size and location of the current fuel oil tank (highlighted right) and support tank (highlighted left)
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LNG Diesel Hydrogen Hydrogen Metal Ammonia Methanol Batteries

Fuel type BAME - (HFO) (gas @ (liquid) Hydride [BABBA  BABAG  (Lj-jon)
[46] [47] [48] 700bar) [46] [51] [48] [46] [51] [48]  [55] [57] [58] [59]
[49] [46] [50] [51]
[48]
Efficiency 58% 20-40% 40-60% 40-60%  40-60% 30-60% 55-60% 70-95%
Required input 15983 23175 15450 15450 15450 15450 15450 9758
energy (MWh)
Volume
Energy density
(MWh/m?) 5.83 9.7 14 2.36 3.18 4.82 4.99 0.30
Total  storage 2740 2389 11036 6547 4858 3206 3095 32855
size (m®)
% of cargo 2.03% 1.77% 8.17% 4.85% 3.60% 2.37% 2.29% 24.3%
% compared to 101% 88% 409% 242% 180% 119% 115% 1217%
max FO
Mass
Energy density
(MWhikg) 0.0142 0.0116 0.0333 0.0333 0.0006 0.0052 0.0055 0.0002
Total  storage 1123 1998 464 464 26638 2959 2792 44354
mass (tonnes)
% of total 1.68% 2.99% 0.69% 0.69%  39.81% 4.42% 4.17% 66.3%
Price
Fuel per voyage 0.349 1.367 8.654 8.654 8.654 1.976 1.123 6.913*
(E Millions)
Table 3: A comparison of fuel volume, mass and cost to provide 6350 MWh

LNG Diesel Hydrogen Hydrogen Metal Ammonia Methanol Batteries

Fuel type B#AMET (HFO)  (gas @ (liquid) Hydride [BABIBA - BB (L j-jon)
[46] [47] [48] 700bar) [46] [51] [48] [46] [51] [48] [55] [57] [58] [59]
[49] [46] [50] [51]
[48]

Efficiency 58%  20-40% 40-60% 40-60%  40-60% 30-60% 55-60% 70-95%
Required input | 10948 15875 10583 10583 10583 10583 10583 6684
energy (MWh)
Volume
Energy density
(MWh/m?) 5.83 9.7 14 2.36 3.18 4.82 4.99 0.30
Total  storage 1877 1637 7560 4484 3328 2196 2120 22506
size (M%)
% of cargo 1.39% 1.21% 5.60% 3.32% 2.47% 1.63% 1.57% 16.67%
% compared to 70% 61% 280% 166% 123% 81% 79% 834%
max FO
Mass
Energy density
(MWhkg) 0.0142 0.0116 0.0333 0.0333 0.0006 0.0052 0.0055 0.0002
Total storage 770 1369 318 318 18247 2027 1913 30383
mass (tonnes)
% of total 1.15% 2.05% 0.47% 047%  27.27% 3.03% 2.86% 45.40%
Price
Fuel per voyage 0.239 0.936 5.928 5.928 5.928 1.354 0.769 4.735*
(£ Millions)

*Based on a 20 year life cycle and an electricity price of 12.5 p/kWh
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6.4 BATTERIES

It is observable from Table 2 that Lithium-ion batteries,
despite being the most widely used type of battery for
mobility applications (such as electric vehicles) [60],
require  significantly more space and weight.
Furthermore, the initial capital cost for a battery capacity
of 9758 MWh has been estimated to be £3.9 billion (502
$/kWh [23]). This has been factored into Table 2 on a per
voyage basis, in addition to an estimated electricity cost.

Due a significant increase in global Li-ion production, it
is projected that the price of the batteries will decrease,
with 2030 price projected as 140 to 620 $/kWh [61].
However, lower value of $140/kWh would return a total
cost of £1.04 billion which is still considerably higher
than the alternatives. Additionally, recharging time is a
concern, the Tesla supercharger has a power rating of
240 kW [62] therefore it would take 1000 superchargers
40.7 hours to recharge 9758 MWh, also the local
distribution network may struggle to meet the additional
demand.

Consequently, it has been concluded that batteries are not
a viable option to provide the primary power supply for
long distance shipping in the foreseeable future.
Nevertheless, batteries could be useful for other marine
applications, such as smaller short distance ferries or as
part of a hybrid power management system, especially
when using fuel cells [20].

6.5 HYDROGEN VOLUME REQUIREMENTS
One of the major criticisms of hydrogen as a fuel is the
perceived low volumetric energy density, as shown in
Table 2. However, in comparison to the fuel oil tank, this
would only require a 242% increase in size using liquid
storage. It is observable from Figure 5 that the fuel oil
tank takes up a relatively small percentage (2%) of the
vessel’s capacity.

From Table 3, calculations showed that 6350 MWh could
theoretically be provided by 2284 m? of liquid hydrogen,
thus implying that increasing the current space allocated
for the fuel oil tank (2700 m®) by 66% would be
sufficient. However, this considers only the fuel itself
and further research is required into the sizing of the
storage tank, which may be larger for cryogenic storage.

A metal hydride system requires significantly less
volume than other hydrogen storage methods. Although,
Table 2 shows the weight of this system (26.6 million kg)
is several times the magnitude of most of the other fuel
options. Therefore, it has been concluded that metal
hydrides should not be considered a viable option for
mobility applications in the near future.

6.6 HYDROGEN PRICING

The hydrogen columns in Table 2 show that the current
price is considerably higher than some of the comparable
fuels. This figure, £8.65m, is based on the current price
per litre to refill a hydrogen vehicle at a gas station [51].
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However, given that a vessel of this scale would be
purchasing in large quantity, the commercial price would
be expected to be lower.

Hydrogen production has historically tended to use
processes (such as steam reforming) that use fossil fuels
as the primary feedstock [63]. However, in recent years
the efficiency of electrolysis has improved. Electrolysers
are effectively reverse fuel cells and produce hydrogen
using only water and electricity. The main cost involved
with the production of hydrogen in this manner is the
price of electricity, and projections suggest the cost of
electrolysis excluding electricity will fall to 57.6 p/kg by
2025 [64]. Also, by 2025 the energy required to produce
1 kg of hydrogen will have dropped from 51 kWh to 44.7
kWh [64].

To produce a delivered power of 9270 MWh, assuming
an efficiency of 60%, 464000 kg of hydrogen would be
required (equivalent to 15450 MWh). Therefore, this
equates to a fixed cost of £267,200 plus the electricity
cost, as shown in Table 4.

Table 4: Projected cost of 15450 MWh input energy
for hydrogen from electrolysis by 2025 (inclusive of
the £267,200 fixed cost)

Electricity price | Projected 2025 price for 15450

(p/kWh) MWh of hydrogen (£ Millions)
12.5 2.860
5.0 1.304
2.5 0.786

It is observable that even at the current UK retail price of
electricity (around 12.5 p/kWh [65]) then the total cost of
the fuel is notably lower than the equivalent value in
Table 2. Given the significant decline in cost of solar
photovoltaic systems in recent years [66] and the fact that
hydrogen could be produced at time of low electricity
demand, it is likely that hydrogen producers from 2025
onwards may be able to purchase electricity at a
considerably lower price point than currently available.
Although future electricity prices are difficult to predict
accurately, Table 4 shows that a price point of 2.5 to 5
p/kwWh could result in hydrogen fuel being relatively
competitively priced. However, it is noteworthy that
should the price of hydrogen fall then, as ammonia
requires hydrogen to be made, it is probable that the cost
of ammonia would also drop.

6.7 WEIGHT OF AMMONIA

Table 2 shows that ammonia has several desirable
characteristics. For example, its volumetric density is
similar to LNG, and theoretically increasing the fuel oil
tank to 119% with ammonia could power the tanker for
any journey. Generally, ammonia has shown to have
similar characteristics to methanol (CH;OH) but has the
advantage of being carbon free. Also ammonia’s price
point, despite being 3 to 4 times higher than the currently
used fuels, is significantly more competitive than that the
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other potentially carbon free options (i.e. hydrogen and
batteries).

One concern, however, may be the weight of ammonia.
Table 2 shows that powering a tanker from only
ammonia would increase the total mass of a vessel by
over 2.74% compared to LNG when refuelling. An
increase in the weight of a vessel has a detrimental effect
on performance, therefore more energy may be required
to complete the same distances. Conversely, hydrogen is
shown to have significantly higher gravitational energy
density than any of the power options considered, and
may consequently require less fuel than anticipated. It
may be valuable to research in more detail the extent that
these fuel weights could affect energy demand, such that
the figures in Table 2 could be adjusted to take this into
account.

In addition, results do not currently account for the
additional energy demand of post combustion devices.
The use of ammonia would likely require this to reduce
NOx emissions.

7. CONCLUSIONS

It is probable that, due to environmental pressures, the
shipping industry will be required to move away from oil
and gas based fuels. This study has discussed the
feasibility of both hydrogen and ammonia for the
application of long haul shipping.

Several sources site the low volumetric energy density of
hydrogen as a major barrier to it becoming a mainstream
fuel source. However, this study suggests that volume
requirements of either pressurised gas or liquid hydrogen
are not sufficiently high to be considered infeasible. One
potential hurdle for hydrogen could be the high price of
fuel. However, due to the development of electrolysis
technology and the decreasing cost of renewable power,
then is possible that hydrogen could be available
commercially at a competitive price by 2025.

Ammonia has several advantages over hydrogen, for
example less space is required for the same energy
content and current market prices are more competitive.
However, this study has highlighted one potential
concern: ammonia’s relatively low gravitational energy
density. The fact that this excess weight would likely
negatively affect performance should be accounted for in
future analysis.

In addition, this study discussed other power sources. It
was concluded that batteries are particularly unlikely to
meet the size, weight or price requirements for long
distance shipping. Also, Methanol appeared to share
similar characteristics with ammonia but, as the
combustion still produces carbon emissions, it is
considered a less desirable option.

In summary, both hydrogen and ammonia have some
promising characteristics but there are some significant

engineering challenges that need to be addressed before
either can be definitively considered either viable or
nonviable.

7.1 FURTHER WORK

Several areas have been identified as potential future
areas of interest. For example, this paper considered only
the volumes of fuels, and not the required storage
infrastructure. A detailed investigation into the storage
requirements and tank design, particularly for hydrogen,
would be valuable. Furthermore, this could be expanded
to consider the refuelling process and port-based storage.

The analysis in this study could be further supported by
considering data from a range of vessels, particularly for
commaodity cargo ships as this would be a more probable
application for the fuels discussed than a LNG tanker in
the short term.

The effect on weight compared to performance could be
analysed and integrated into the results of this study. This
would be particularly noteworthy given the significant
difference between ammonia and hydrogen in terms of
gravitational energy density. Figures could also be
adjusted to account for auxiliary services and post
combustion devices.
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