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1 Appendix

ESVAGT SOV Effekt Forbrug

Charter beskrivelse

Nedenstdende er en beskrivelse af et typisk setup for ESVAGT SOV.

The Esvagt SOV er typisk p@ havet/vindmglleparken i en fjorten dages periode, fgr skibet

returnerer til havn for proviantering og rotation af Charterer’s teknikere.

Hver anden gang skibet er i havn bliver skibets bessetning udskiftet, idet disse er ombord for
28 dage.

Under dette havnekald bliver der typisk ogsa bunkret fuel; i dag er dette marine gas olie.

Tiden i vindmglleparken er typisk opdelt i to forskellige perioder, 14 — 16 timer pa DP
(Dynamisk Positionering), hvor alle skibets thrustere arbejder sammen for at holde positionen

eks. meget tzet pd en vindmglle (typisk 12 - 14 meter mellem SOV og vindmglle).

Fuel/Effektforbruget i vindmglleparken afhanger kraftigt af vind og vejr, hvorfor vi har lavet

en gennemsnitsbetragtning.

Resten af dggnet, 8 — 10 timer, vil SOV typisk ligge umiddelbart udenfor vindmglleparken,
enten for anker eller SOV vil ligge i stand-by, p& DP men med reduceret positionsngjagtighed,

hvorved effektforbruget reduceres drastisk.

Som naevnt, vil SOV hver 14. dag ga i havn for skift af teknikere; dette havnekald tager typisk
én dag 86 - 8 timer, plus transittiden til/fra havn), hvorfor Charterer gnsker at begranse

antallet af havnekald for at mindske tabet a mulige arbejdsdage i vindmglleparken.

Dette havnekald udfgres typisk ved at SOV afgar fra vindmglleparken nar arbejdsdagen inden
havnekald er overstdet for at udnytte natten til transit og alt havnerelateret arbejde udfgres i

Igbet af dagen.



Effekt Forbrug vs. Operations Profil

Baseret pa ovenstdende kan fglgende fuel beregning saettes sammen:

Work and
. . El-motor . Hotel Total
Mode Time Time Speed propulsion Fuel Day
Power load load
load
. [ton/hou
@ 30 degree hading Days/14 | [hours]/da [knots] [kw] [kw] [kw] [kw] ]
o
days y

Transit 9 knot - Heading 0 deg - Hs 1.5 m-Tp 6.0 s 9 1058 1185 330 1515 0,310
T it 12 knot - Heading 0 deg - Hs 1.5 m - Tp 6.0
srans' e B 1 24 12 2184 2445 330 2775 0,589
Stand by, at port 0 0 0 220 220 0,047
Motor Motor SFOC
El-motor Work a_nd Hotel | Total | No of gen ) | SFOC | Fuel
Mode Speed propulsion Applied load load Cummi .
Power load load sets . . Scania Day
load Scania | Cummins ns
kWh kWh | [ton,
@30degree hading | [knots] | [kw] wl | kw] | [kw) [#] %] o |1 le/ [ton/
] ] hour]
DP maximum (worse
th diti 140
weather conditions) 0 743 832 330 | 1162 4 Scania | 0,47 0,00 207,6 | 0,241
knots of wind, 2 knots of
current, 2.5m wave
DP medium : 24 knots of
wind, 1.5 knots of 0 253 284 330 614 2 Scania 0,50 0,00 206,7 | 0,127
current, 2.5m wave
DP minimum : 16 knots
of wind, 1.5 knots of 0 136 153 330 483 2 Scania 0,39 0,00 212,4 {0,103
current, 2m wave
Transit 9 knot - Heading
Odeg-Hs1.5m-Tp 6.0 9 1058 1185 330 1515 3 Scania 0,82 0,00 204,5 | 0,310
s
Transit 12 knot - .
Scania +
Heading 0 deg - Hs 1.5 m 12 2184 2445 330 2775 5 ) 0,80 0,80 231,9 204,5 | 0,589
Tp60s Cummins




Standby at Field 0 136 153 330 483 1 Scania 0,79 0,00 205,3 | 0,099
At Anchor 0 0 0 330 330 1 Scania 0,54 0,00 206,7 | 0,068
Stand by, at port 0 0 0 220 220 1 Scania 0,36 0,00 215,7 | 0,047

Den totale installerede effekt er noget stgrre end givet ved max. forbrug:

- 2 stk. Cummins motorer med en max. Effekt pa 990 kW
- 4 stk. Scania motorer med en max. Effekt pd 615 kW

Der er taget hgjde for redundans sdledes én af de store generatorer kan vaere ude af drift,

uden det kompromitterer skibets drift.




Effekt Forbrug vs. Operations Profil, Time baseret

Og det er muligt at lave denne timebaserede betragtning over effektforbrug:

Tabuleret:
Dag Dag Dag Dag Dag
Dagl|Dag2 [Dag3 |Dag4 |Dag5 |Dagé Dag 7 Dag8 |[Dag9 |10 11 12 13 14

Time 1 483 483 483 483 483 483 1515 483 483 483 483 483 483 483
Time 2 483 483 483 483 483 483 1515 483 483 483 483 483 483 483
Time 3 483 483 483 483 483 483 1515 483 483 483 483 483 483 483
Time 4 483 483 483 483 483 483 1515 483 483 483 483 483 483 483
Time 5 483 483 483 483 483 483 1515 483 483 483 483 483 483 483
Time 6 483 483 483 483 483 483 1515 483 483 483 483 483 483 483
Time 7 614 614 614 614 614 614 1515 614 614 614 614 614 614 614
Time 8 614 614 614 614 614 614 220 614 614 614 614 614 614 614
Time 9 614 614 614 614 614 614 220 614 614 614 614 614 614 614
Time 10 614 614 614 614 614 614 220 614 614 614 614 614 614 614
Time 11 614 614 614 614 614 614 220 614 614 614 614 614 614 614
Time 12 614 614 614 614 614 614 220 614 614 614 614 614 614 614
Time 13 614 614 614 614 614 614 220 614 614 614 614 614 614 614
Time 14 614 614 614 614 614 614 220 614 614 614 614 614 614 614
Time 15 614 614 614 614 614 614 220 614 614 614 614 614 614 614
Time 16 614 614 614 614 614 614 1515 614 614 614 614 614 614 614
Time 17 614 614 614 614 614 614 1515 614 614 614 614 614 614 614
Time 18 614 614 614 614 614 614 1515 614 614 614 614 614 614 614
Time 19 614 614 614 614 614 614 1515 614 614 614 614 614 614 614
Time 20 614 614 614 614 614 614 1515 614 614 614 614 614 614 614
Time 21 614 614 614 614 614 614 1515 614 614 614 614 614 614 614
Time 22 614 614 614 614 614 614 1515 614 614 614 614 614 614 614
Time 23 483 483 483 483 483 1515 1515 483 483 483 483 483 483 483
Time 24 483 483 483 483 483 1515 1515 483 483 483 483 483 483 483




Grafisk fremstilling:

Effekt Forbrug vs. Operations Profil, Time
baseret

250

1600
1400
1200
1000

800

200

150

100
\

000 00 0 00 00 10 0 0 0

50

g

1

i

=
~

600 AN

400

200

o

0

¢ =L
€T swiL
¥ sl
6T Wil
0T swiL
T aWwil
9T Wil
L3/l
¢g™unL
€T swiL
¥ sl
6T Wil
0T swiL
T aWwil
9T Wil
L3/l
¢g™unL
€T swiL
¥ sl
6T Wil
0T swiL
T aWwil
9T Wil
L3/l
¢g™unL
€T swiL
¥ sl
6T Wil
0T swiL
T aWwil
9T Wil
L3/l
¢ =L
€T swiL
¥ sl
6T Wil
0T swiL
T aWwil

Dag | Dag | Dag | Dag
11 12 13 14

10

Dag 1|Dag 2|Dag 3 Dag 4|Dag 5|Dag 6 Dag 7 Dag 8 Dag 9| Dag



Det totale forbrug er her opgjort til ca. 210.000 kwh.

Der er i neervaerende fremstilling taget hgjde for et gennemsnitligt forbrug, men specielt i

vinterm&nederne kan der veere behov for noget mere effekt til r&dighed.

I det ekstreme tilfeelde, at der i hele fjordendagsperioden, er meget darligt vejr, kan forbruget

veere sa hgijt som 330.000 kWh.

PROP EL. GENSET GENSET
FRECL TRAFO
MOTOR CONV. % uisa CAT 3512C CAT €32
1600 kW DFE 1550 ek W 910 kW
1800rpm
%

SOFT 2% BTEL
TARTER MOTOR
BBO kW

e

T
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S

e

Average energy consumption during a 2 week operation:

app. 210.000 kWh

In winter period up to:

330.000 kWh =>24 MWh/day
Operating profile
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2 Appendix

Green Offshore Vessel
Ammonia concept

WP 4 - Hydrogen Valley
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1. Introduction

‘Green ammonia’, produced using renewable electricity, is a fuel that does not emit
greenhouse gases at any point in its product lifecycle and could play an important role in
achieving the International Maritime Organization’s decarbonization goals. Until recently, there
has been little motivation to explore green ammonia as a maritime fuel. However, the
International Maritime Organization’s goal of reducing greenhouse gas emissions from
international shipping by at least 50% by 2050 compared to 2008 levels means that
greenhouse gas-free fuels need to be adopted starting in the 2020s. Green ammonia is one
candidate fuel that needs to be considered. For an industry now familiar with fossil fuels, the
idea of ammonia as a fuel may at first appear strange, daunting or even dangerous. This paper
uses existing scientific data, basic chemistry, engineering knowledge and practical experience
to show that green ammonia can - indeed should - be adopted as a greenhouse gas-free fuel
more easily, quickly and safely than people may assume. This paper explores the idea of
establishing a green ammonia supply chain at the scale required for international shipping and
shows how the technical and economic barriers can be overcome using existing proven
technology (Ash and Scarbrough, 2019).

In May 2019, Environmental Defence Fund (EDF) published its report “Sailing on Solar - Could
green ammonia decarbonize international shipping?”, which showed that green ammonia,
made with renewable energy, is a potential carbon-free fuel option for the marine sector. This
report aims to build upon the findings and insights found in the study from 2019, by exploring
the potential of ammonia in a Danish context, and to investigate the different ammonia based
propulsion options that exists today or are under development.

Although the Sailing on Solar report focused on green ammonia, there are multiple renewably-
produced “electrofuels” — a group of synthetic fuels derived from hydrogen - that could be
used on ships. These fuels are compared against ammonia, to level the playing field and to
emphasize that there are other more mature and potential cost-effective and efficient options.

This report explores different perspectives in ammonia as a fuel, e.g., the storage and handling
of ammonia is investigated as well, to gain a picture of how the fuel compares against the
other potential future fuels that could be an option for various maritime purposes. The
potential self-supply of ammonia produced via a small Haber-Bosch plant sized according to
the energy requirements of ESVAGTS investigated vessel is also included in this report, to gain
an understanding of the pricing of green ammonia when produced in smaller scales.

An overview of the most prominent option of an ammonia propulsion option; the 2-stroke
engine from MAN Energy is investigated in depth, to get a deeper understanding of the
requirements of a system running on ammonia.

2. Ammonia’s role in decarbonizing the maritime sector

The application of ammonia as a marine fuel is noticeably attracting attention of the shipping
industry, as a response to recent mandates by the International Maritime Organization



regarding lowering of sulphur content of fuels and also the ultimate decarbonization of shipping
by 2050. A thesis by de Vreis provides a detailed assessment of ammonia suitability for this
industry. In particular, the study demonstrates that ammonia-fueled marine ICEs are
comparable to those using diesel fuel in terms of power generation and NOx emissions. MAN
Energy Solutions, which is part of the Volkswagen Group, is currently developing an ammonia-
fueled marine two-stroke engine and has published a perspective document concerning this.
The European-based Transport and Environment Group has estimated potential ammonia
usage in marine applications of at least 1.2 PWh year in Europe alone by 2050. The report puts
this in the context of current EU electricity generation in 2015 of 3.2PWh year. A detailed
comparative analysis with traditional fuels also shows that the use of ammonia as a fuel results
in a lower environmental impact in terms of overall ecotoxicity and ocean acidification
(MacFarlane et al. , 2020).

Many different fuels have been proposed as alternatives to the carbon-intensive fossil fuels
that have dominated the shipping sector in recent decades. The advantages and disadvantages
of some of these were discussed in the Sailing on Solar report. Electrofuels made with surplus
or untapped renewable energy have emerged as leading candidates. It has become a
consensus to use “green” as a prefix for these fuels (e.g. “green hydrogen”) to indicate that
they are produced using renewable energy rather than derived from fossil fuels. A key barrier
to widespread adoption of electrofuels is that they are currently more costly per unit of energy
than fossil fuels. However, the shipping sector — with the International Marine Organization as
an international rule-making body - is uniquely placed to implement incentives to encourage
adoption and drive down production costs with relatively low risks of disadvantaging segments
of the market.

Electrofuels differ from each other by being either carbon-based or non-carbon.

Fuel type ‘ Origin MJ/kg, lower Combustion

Biodiesel Plants or animals 37,2 CO2 + HZO

CNG/LNG Biogas (methane) 48,0 CO2 + HZO

Ethanol (CH3CH20H) Carbohydrates, by 26,9 CO2 + HZO
fermentation

Methanol (CH3OH) CO2 Capture, 19,5 CO2 + HZO
(experimental)

DME Methanol 28,4 CO2 + HZO

(CH3—O—CH3)

Hydrogen (Hz) Water and energy 141,7 HZO

Ammonia (NH3) Air, water and energy 18,8 N2 + HZO

A wide range of carbon-based electrofuels can be produced by combining hydrogen with
carbon dioxide or carbon monoxide in various chemical processes. The non-carbon electrofuels
are hydrogen and ammonia, which do not contain carbon and therefore, do not emit carbon
dioxide when combusted.



3. The history of ammonia production

The first artificial synthesis of ammonia might have occurred powered by electricity during
electrocatalytic experiments carried out by Humphrey Davy as early as in 1807 (although Lord
Rayleigh was unable to reproduce them), at a time when characterization techniques were
virtually non-existent and variations of the electrolyte sourness upon reaction were given as
experimental evidence. The first related patent was filled in 1898, whereas Fichter and Suter
produced and reliably quantified it for the first time in 1922. However, the electrocatalytic
nitrogen reduction reaction (eN2RR) was largely abandoned in favour of the thermal route in
the early twentieth century. The Nobel prizes awarded to Fritz Haber (1918), Carl Bosch
(1931), and Gerhard Ertl (2007) recognized the impact that the Haber-Bosch (HB) process (for
producing ammonia from nitrogen and hydrogen) has in sustaining a growing human
population, after making the large-scale production of artificial fertilizers possible, which are
used in approx. 50% of crop yields. Such an instrumental industry necessitates ca. 2% of the
global supply of energy to provide the reactors with high temperature (400JC-500JC), high
pressure (100-200 bar), purified nitrogen, and hydrogen. The need for green hydrogen is
essential as the HB process consumes ca. 50% of its global production, which is nowadays
largely based (approx. 95%) on transformations of fossil resources. As a result, approximately
2 tons of carbon dioxide accompanies the production of each ton of NH3z (Martin, Shinagawa
and Pérez-Ramirez, 2019).

Figure 1: lllustration of the molecule structure of ammonia (NH3)

3.1. Ammonia synthesis by Haber-Bosch

The industrial production of ammonia was published and patented by Haber and Le Rossignol
in 1913 and 1916, which would be termed the Haber-Bosch process in the years to follow.
Ammonia has been synthesized for over 100 years by the Haber-Bosch process, starting from
1913 at BASF in Oppau, Ludwigshafen (Germany).

The Haber process also called the Haber-Bosch process, is an artificial nitrogen

fixation process and is the main industrial procedure to produce ammonia today. It is named
after its inventors, the German chemists Fritz Haber and Carl Bosch. The process converts
atmospheric nitrogen (Nz) to ammonia (NH3) by a reaction with hydrogen (H:) using a metal
catalyst under high temperatures and pressures:

0 000¢lh™O Y w@Qid ¢ a

A typical modern ammonia synthesis plant operates at around 400-450 °C and 100-150 bar.
The energy consumption of the conventional, carbon-based Haber-Bosch processes is fully



composed of heat, whereas electrolysis-based Haber-Bosch processes mostly require electricity
input.

The following is the conventional process of producing ammonia from natural gas/methane?.

PRODUCTION OF THE SYNTHESIS MIXTURE PRODUCTION OF AMMONIA
METHANE CH, E==
WATER H,0
| | —HEATER|
CATALYSOR e~
[ ]
500°C
AIR | | K. ‘
WATER REACTOR
| ]
2CH, +0;
——l t
2C0 +4H,
)"’ NoH AMM(_]NIA
W0, €0; I \ — o)
N, H,;

Figure 2: Conventional ammonia production process via HabeBosch

Over the course of the recent decades, renewable electricity from wind and solar power
generation has rapidly evolved from a costly curiosity and into a well-established player in the
mainstream power market. Traditionally, virtually all electric power generation was generated
in large central combustion-based facilities consuming vast amounts of low-cost fossil fuels.
Even though the fossil fuels are still low cost, industrialization, fierce competition and
optimizations throughout the renewable energy value chain has now driven the cost of
renewable power below the fossil counterpart in most of the power markets. The continuous
cost decreases justify considerations of expanding the use of renewable power beyond the
traditional power sector through direct and indirect electrification of neighbouring energy
sectors. Marine fuel is one of the obvious sectors to electrify indirectly via electrolysis and
electro-fuels, with ammonia as the main energy carrier (LAVAL et al. , 2020).

The use of electrical energy in water electrolysis to produce hydrogen for the synthesis of
ammonia is not a new technology. From the late 1920’s until the 1990’s ammonia was
produced by Norsk Hydro in Norway using alkaline electrolysis and air separation powered by
renewable hydropower and the Haber-Bosch process for the ammonia synthesis. While this
production route was outcompeted last century by inexpensive natural gas as the source of
hydrogen, the Haber-Bosch process is still the industrially applied process for ammonia
synthesis.



https://ammonia-8-1.weebly.com/who-discovered-ammonia.html

The illustration below shows how electricity from renewable sources can be used to produce
ammonia.
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Figure 3: lllustration of an ammonia production system usingrenewable electricity

4, Decentralized renewable ammonia production

Ammonia can be produced decentralized using renewables (or cheap power from the grid) via
smaller Haber-Bosch units. Green ammonia that are produced decentralized has various
applications but is primarily thought to be a carbon-neutral solution either for shipping as a
maritime transport fuel or as a feedstock for green fertilizers. It can potentially also be
considered for applications in fuel cells, long-term energy storage, fuel for industry and peak
power plants, or as an addition/mixture to conventional fuel, among others.

Green ammonia incorporates electrolysis for H2 production, air separation unit (ASU) for
nitrogen production and the ammonia synthesis. The following illustration shows how
renewable energy are utilized to split water in an electrolyzer, and to capture air and
separating the nitrogen. The molecules are then fed into a Haber-Bosch unit, in a ratio that are
usually. 17,65% of H2 and 82,35% N2. This process totals an energy requirement of around 9-
11 MWh/ton of ammonia, based on literature and from several technology suppliers. The
different technologies and their various effectiveness are described in the following sections
(Morlanés et al. , 2021).

The following table compares the specific energy demand of the traditional Haber process fed
with natural gas to other fossil sources, as well as hydrogen from electrolysis and the
electrochemical synthesis of ammonia (Rouwenhorst etal. , 2019).

System type Specific energy demand (kWh/kg

NH3)
SMR with Haber-Bosch process 7.6-8.6

Naphtha with Haber-Bosch process 9.7




Heavy fuel oil with Haber-Bosch process 10.6

Coal with Haber-Bosch process 11.7

Alkaline or PEM with Haber-Bosch process | 8.6-9.5

SOEC with Haber-Bosch process 6.9-7.1
Low temperature electrochemical

X . 7.5-8.1
ammonia synthesis
High temperature electrochemical 11
ammonia synthesis
Nitrogenase in nature 7.8

Table 1: Overview of different ammonia production processes.

Decentralizing ammonia synthesis is mainly conducted along two pathways, namely using
conventional high-pressure technology, and using milder reaction and separation conditions
with new technologies. Conventional technology operating at high-pressure is currently the
prevalent alternative. The electrolyzer typically consumes 90-96% of the required energy
input in these conventional systems (Palys and Daoutidis, 2020) & (Rouwenhorst etal. , 2019).

H,O ~50 MWh/t H,
3H,
Electrolysis
N\ 17,65%

(( Haber-Bosch
| Z (literature: 9-11TMWh/1) >
N7 ~0,55 MWh/t N,

82,35%
N2
condensation
2

Figure4: lllustration of renewable smallscale HaberBosch process

The main differences from the conventional method of producing ammonia and the
decentralized systems, is the main use of power being electricity and not heat which are used
partially in the process (Danish Energy Agency, 2021). As the following mass balance energy
flow illustrates, the ammonia synthesis is fed with hydrogen, nitrogen and power in the form of
electricity.



Liquefied NHa3: 82.3
[ Hydrogen: 94.7 > _ g 2
\ Ammonia Purge: ~0
, : Synthesis
| Nitrogen: 0 L/ High value heat: 10.8
| Power: 5.3 > District heat: 3.8
Cooling: 2.2
Heat loss: 0.9

Figure 5: Energy balance flow in the ammonia synthesis process

4.1. Ammonia as a chemical

Because of its numerous applications, ammonia is the second largest synthetic chemical
product in the world. Besides its many uses, energy-related applications include its use in fuel
cells and in spark ignition engines, eventually in presence of a combustion promoter such as
hydrogen. In this paper the Haber- Bosch synthesis plant was considered, since this process
covers more than 90% of the current production. It relies on the catalytic reaction of hydrogen
and nitrogen according (LAVAL et al. , 2020).

The use of electrical energy in water electrolysis to produce hydrogen for the synthesis of
ammonia is not a new technology. From the late 1920’s until the 1990’s ammonia was
produced by Norsk Hydro in Norway using alkaline electrolysis and air separation powered by
renewable hydropower and the Haber-Bosch process for the ammonia synthesis. While this
production route was outcompeted last century by inexpensive natural gas as the source of
hydrogen, the Haber-Bosch process is still the industrially applied process for ammonia
synthesis.
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Again, the process combines commercially mature technologies and is well understood. There
is also some potential to optimize the Haber-Bosch production process to suit the intermittency
of renewable electricity sources, such as solar and wind, in combination with fluctuations in
demand from other consumers during the day and throughout the year. The main challenge for
ammonia is that it is toxic to humans and aquatic life. Since ammonia is currently shipped
around the world in significant quantities, there are established risk mitigation measures
available, but these would need to be formalized into industry regulations and more research
undertaken into protocols for use as a fuel before ammonia could be widely adopted.
Combustion of ammonia also produces nitrous oxide (N20), which is a greenhouse gas and
depletes the ozone. However, N20 emissions are not expected to be higher than those
currently generated by combustion of conventional marine fuels (Ash and Scarbrough, 2019).

4.2. Ammonia infrastructure

The use of ammonia as marine fuel in the future will require infrastructure for bunkering and
ship maintenance. It is logical to assume that the ports which have ammonia terminals now



and currently handle the ammonia trade having the necessary equipment and storage facilities
for ammonia, can become the foundation of the network for ammonia distribution as ship fuel
in the future. Apparently, the first ships with ammonia as fuel might be those ships that
transport ammonia.

Anhydrous (without water) ammonia is distributed across the world via pipelines, railroads,
barges, ships, road trailers and storage deports. Long term experience of ammonia distribution
from the first quarter of the first century has facilitated the global deployment of ammonia,
ensuring that well established distribution networks exist across the world. In the USA, the
NuStar Line (3070 km long) transports ammonia

from Mississippi into the heart of the corn-belt region of the central and northern States of the
Union, where it can be distributed liver approximately 2.9 million tons of ammonia per year. In
still further via the Magellan line (D1900 km long). Both lines de- Eastern Europe, a pipeline
runs from TogliattiAzot’s plant (Tolyatti, Samara) to Odessa in the Black Sea and is one of the
largest (D2400 km long) with a capacity of 3 million tons per year. Western Europe alone
transports around 1.5 million tonnes of

ammonia by railway every year. Pipeline transport of liquid ammonia in the European Union is
not as significant as in the US and in Russia. Only relatively short pipeline systems are in
operation. Greater quantities are transported using insulated tank cars capable of storing up to
126,800 litres. When pipeline or railway connections are not possible, then large barges, road
trailers, nurse tanks and even bottles are used to transport ammonia across regions.
Therefore, vast infrastructure exists to support the concept of using ammonia for distribution
of stored energy.

Ammonia is stored, transported, and handled as a liquid in pressurized tanks. The handling of
the equipment involves manual operations like connecting and disconnecting of pressurized
vessels and moving the pressurized tank equipment. Most ammonia accidents are caused by
mistakes such as filling the tank beyond recommended capacity, knocking the valve open,
breaking the transfer hose, failing to bleed hose coupling before disconnecting, or in other
ways not follow protocol or properly maintain equipment.

The current off takers of ammonia are typically agricultural and industrial distributors or
consumers. The ammonia carriers often unload their cargo in the dedicated chemical storage
area of the receiving ports or in ammonia storage and distribution facilities. Storage tanks for
liqguid ammonia are common in most of the world and are typically constructed in sizes up to
40000 tons.



Figure X: Anhydrous ammonia storage tank

With the current established world grid of ammonia terminals and storage, a bunkering grid
could be established fast and cost efficiently by converting small gas tanker vessels to bunker
barges. They would be able to utilize the existing storage facilities as base stations and from
there approach the vessels requiring bunkering in the vicinity. The bunkering operation itself
would be very similar to when bunkering other gaseous fuels, except the main hazard would
be the fuel toxicity rather than flammability, and the procedures for ammonia bunker barges

need to be developed.

Ammonia compared to carbon-based maritime fuels:

Advantages Disadvantages

Zero carbon emissions when combusted

Requires 4.1 times as much storage space as
fossil fuels

Lower toxic emissions (SO2, metals, etc.)

Corrosiveness: some materials should be
avoided

Lower fire risk

Safe and environmental risk due to toxicity

Can be used in engines and fuel cells

Similar NOx performance (nheeds to be
controlled)

Zero NOx in low temperature fuel cells




Ammonia compared to other electrofuels:

Advantages Disadvantages

Abundant commodity with existing Might require a pilot fuel when used in
infrastructure for production, storage, and combustion engines

transport

Higher volumetric density than hydrogen Corrosiveness: some materials should be
means longer journeys without refueling avoided

Lower fire risk than hydrogen (narrower Safe and environmental risk due to toxicity
flammable range and higher ignition

temperature)

Can be stored as a liquid at reasonable Higher NOx emissions (needs to be
temperatures and pressures controlled)

Can be used in engines and fuel cells

4.3. Health and safety

Like other future alternative fuels, ammonia pose different challenges to ensure the safety of
the people who will have to handle the fuel, both on land and onboard the ships. Nevertheless,
substantial amounts of ammonia are already traded and handled around the world today and is
not considered among the most toxic cargoes handled in shipping. Several sectors have
experience in handling and utilizing ammonia in conditions that are similar to a fuel context.
These sectors ensure handling by imposing the following actions:

Training of personnel

Wearing essential protective clothes

Regular inspection and maintenance of equipment
Warning signs and emergency procedures

The measures that are undertaken by sectors today, should serve as a standard for handling
ammonia as a marine/shipping fuel, as it would be relevant to integrate known and well-
documented key procedures.

Although the health and safety issues associated with the use of ammonia in power or
electricity generation are minimal when compared to transportation, several considerations
need to be considered. In addition, the increase in risk management legislation, industrial
cases of dangerous circumstances, and human injuries involving ammonia release need to be
taken into account. Various institutions have classified ammonia as a toxic substance, thus
making it a chemical of high risk for health. However, due to its low reactivity, the hazards it
presents from accidental combustion or explosions are much lower than other fuel gases and
liquids.>?

Human exposure limits of ammonia depend on the legislation and exposure time. The limit is
set between 25 and 50 ppm with dangerous consequences for exposure to concentrations
above 300 ppm. For instance, the UK Health and Safety Executive (HSE), establishes an 8-
hour Time-Weighted Average (TWA) of 25 ppm, whilst its short-term exposure limit (STEL) is
35 ppm, compared to a 20 ppm TWA and 50 ppm STEL for Europe3. The table below provides
some exposure guidance according to the NFPA. The variances clearly show that there is a
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need for further research establishing more accurate values for industries and a variety of
potential users. A further set of recommendations for industrial interests is given by the
Environmental Protection Agency (EPA), USA, and is known as Acute Exposure Guideline Levels
(AEGL), which is used for ammonia. There are 3 categories:

1. AEGL-1 is the airborne concentration above which it is predicted that the general population,
including susceptible individuals, could experience notable discomfort, irritation, or certain
asymptomatic, non-sensory effects. However, the effects are not disabling, and are transient and
reversible upon cessation of exposure.

2. AEGL-2 is the airborne concentration of a substance above which it is predicted that the general
population, including susceptible individuals, could experience irreversible or other serious, long-
lasting adverse health effects or an impaired ability to escape.

3. AEGL-3 is the airborne concentration of a substance above which it is predicted that the general
population, including susceptible individuals, could experience life-threatening health effects or

death.
EPA AEGL guideline ( )
ia expressed in parts per million (ppm)
10 min 30 min 60 min 4 h 8 h
AEGL 1 30 30 30 30 30
AEGL 2 220 220 160 110 110
AEGL 3 2700 1600 1100 550 390

Health and fire rating of ammonia compared to alternative fuels (Valera-medina et al. ,

2018)
Substance Health Flammability
Ammonia 3 1
Hydrogen 0 4
Gasoline 1 3
LPG 1 4
Natural gas 1 4
Methanol 1 3

Exposure guidance, Courtesy of NH3 fuel association and (Valera-medina et al. ,
2018).

Effect Ammonia concentration in air (by
volume)

Readily detectable odor 20-50 ppm

No impairment of health for prolonged 50-100 ppm

exposure

Severe irritation of eyes, ears, nose and 400-700 ppm

throat. No lasting effect of short exposure
Dangerous, less than %2 hours of exposure can
be fatal

Serious edema, strangulation, asphyxia,
rapidly fatal

2.000-3.000 ppm

5.000-10.000 ppm
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According to some key points in the Compendium of Chemical Hazards of ammonia from the
Health Protection Agency (UK) , ammonia has the following characteristics:

Fire:

Explosions with the sudden release of ammonia have been documented. The build-up of
pressure due to the boiling of the saturated liquid inside the container due to an external heat
source can produce situations where the cylinder is unable to retain its structural integrity,
resulting in rupture and release of the contained gas. If sparks or a heat source are presented
the likelihood of explosion increases, with potentially catastrophic scenarios. These phenomena
are known as BLEVEs (Boiling Liquid Evaporating Vapour Explosions). Although this has only
been documented in large industrial facilities and for large containers, care is required when
handling ammonia. Ammonia has a flammability limit that ranges from D18 to 28% fuel mole
fraction. Therefore- dilution systems are needed to avoid this range when hot surfaces or
combustion devices are in use nearby.

The likelihood and severity of ammonia combustion hazards are mitigated somewhat by the
fuel’s slow reaction characteristics, particularly its relatively high ignition energy (2-3 orders of
magnitude higher than common hydrocarbons) and low laminar burning rate more than four
times less than methane (< 0.010 m/s).

e Anhydrous ammonia is non-flammable. Ammonia vapor in air is flammable and may explode
when ignited

e Chemically stable under normal conditions

e Emits poisonous fumes when heated to decomposition

e Use fine water spray and liquid-tight protective clothing with breathing apparatus

Health:

e Exposure by any route may be dangerous

e Secondary contamination may occur

e CHIP Classification: toxic and corrosive

e Acute inhalation may result in irritation of eyes and nose with a sore throat, cough, chest
tightness, headache and confusion

e Acute ingestion of ammonia solutions may result in burns to the mouth and throat

e Acute skin exposure may result in deep burns

e Acute eye exposure may cause inflammation, lacrimation and photophobia

e Chronic inhalation has been associated with increased cough, phlegm production, wheeze
and asthma

¢ Ammonia is not considered to be carcinogenic to humans

e Ammonia is not considered to be a human reproductive or developmental toxicant

e Environment

e Dangerous for the environment

e Inform Environment Agency of substantial release incidents

5. Ammonia for propulsion

Using ammonia as a fuel is new in the marine sector, thus new systems will have to be used
onboard, with specific needs and risks. But ammonia is not a new product onboard, therefore
technologies, materials and procedures are already in place, just needing to be adapted and



developed towards the new application, having in mind the experience the industry did with
other alternative fuels like LNG and methanol.

Energy storage type Supply Energy Required Supply Injection Emission reduction
energy density tank volume pressure pressure compared to HFO Tier Il
MJ/kg MJ/L m3 * bar bar % % % %

HFO 40.5 35 1,000 7-8 950 SOx NOy CO; PM

Liquefied natural gas (LNG -162°C) 50 22 1500 Cvomethane 300 methane  90-99  20-30 24 %0

380 ethane 380 ethane 90-97 30-50 15 90

LPG (including Propane / Butane) 42 26 1,346 50 600-700 90-100 10-15 13-18 90

Methanol 19.9 15 2,333 10 500 90-95 30-50 5 90

Ethanol 26 21 1,750 10 500

Ammonia* (liquid -33°C) 18.6 12.7 2,755 70 600-700 90-95 Tier 95 90

Hydrogen (liquid -253°C) 120 8.5 4117

Marine battery market leader,

Corvus, battery rack 0.29 0.33 106,060

Tesla model 3 battery Cell 2170 *2 0.8 25 14,000

Table X: Physical and chemical fuel properties related to combustion in two-stroke engines, where *1 is
based on a 1000 m3 HFO tank, the additional space required for insulation is not included in the table. All
pressure values are for high-pressure injection and *2 the values for the Tesla battery do not contain the
energy/mass needed for cooling/safety/classification

Ammonia propulsion options fall into three categories; Fuel cells, spark ignition and
compression ignition engines.
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Figure X: ammonia propulsion pathways

First there are the carbon-based dual-fuel players working with spark-ignition systems. These
include Bigas International and the SAVIA coalition of Italy; the Green Transportation
Technology Group at the Korean Institute for Energy Research; and the ammonia research
group at Xiamen University in China.

Next there are the carbon-based dual-fuel players working with compression-ignition

systems. These include Sturman Industries (whose ALL-ternative engine was

recently profiled by AmmoniaEnergy); Hydrofuel Inc. of Canada; and Song-Charng Kong’s
program at Iowa State University. Caterpillar’s patent implies the use of a secondary fuel that
is not hydrogen but is silent on which ignition method might be employed.

Finally, there are the players who are using hydrogen as the combustion promoter. These
include Toyota’s Central R&D Labs; and the Hydrogen Engine Center of Iowa in the U.S.

Based on the identity of the players and level of activity in each quadrant it is not obvious
which approach is likely to win over the long run. One observation that can be made, though,
is that most of the players in the top quadrants have stated plans to migrate away from fossil
fuels as combustion promoters. This may involve “dropping in” a sustainable version of the
secondary fuel, such as biodiesel. Or it may involve migrating from a fossil fuel to a different



fuel that can be produced sustainably, such as dimethyl ether (DME). Or it may involve exiting
carbon-based secondary fuels altogether and migrating into NH3/H2 quadrant.

5.1. Fuel cells

Recently, researchers have proposed a way of making it easier and cheaper to run hydrogen
fuel-cell vehicles by filling them with ammonia. The ammonia can be stored easily in tanks
similar to those found in gasoline filling stations and then cracked using relatively cheap
sodium or lithium catalysts rather than the current expensive transition metal catalyst
systems. At the recent ARPA-E’s Summit, Director Grigorii Soloveichik presented his vision for
future transportation using hybrid vehicles that combine plug-in batteries and fuel cells. He
presented the different driving ranges of various sustainable fuels, emphasizing the potential
of ammonia. In terms of energy density, liquid ammonia contains 15.6 MJ/L, which is 70%
more than liquid hydrogen (9.1 MJ/L at cryogenic temperature) or almost three times more
than com- pressed hydrogen (5.6 MJ/L at 70 MPa). In terms of driving range, a 60.6 L fuel
tank of ammonia provides a driving range of 756 km, almost twice the range of the same
volume of liquid hydrogen (417 km) and three times the range of the same volume of
compressed hydrogen (254 km).

Fuel cells using ammonia have also been studied extensively for stationary power generation
and as power sources for transport. Although most cells developed to-date are based on
hydrogen as fuel, it is recognised that the storage of hydrogen for such purposes is still
challenging and expensive. Thus, chemical storage of hydrogen in other liquid fuels could
provide a solution for high density chemical energy storage. Methanol, ethanol, n-octane,
ammonia and methane are potential candidates to supply H 2 to these fuel cells. Therefore,
the concept of integrated fuel processor and fuel cell (FP-FC) has gained considerable attention
in the last decade. Investigations using ammonia, which undergoes thermal cracking within a
high temperature fuel cell to produce hydrogen and nitrogen at the anode, have shown that
the maximum amount of work that can be obtained from ammonia is D0.33 MJ/mol NH3 ,
although if the work is calculated in terms of the H 2 that can be obtained from the cracking of
ammonia, the maximum value is 0.22 MJ/mol Cracked H2 , a value that is similar to other
more conventional fuels, i.e. methane, n-octane, methanol, etc. Thus, ammonia can be used
indirectly to produce the required hydrogen for energy production in fuel cells, as the ammonia
is cracked by the anode within the cell and thus there is no need for an ammonia reformer.

Ammonia, as a well-established fuel with decades of synthesis, handling and utilisation
expertise across the world, started attracting significant attention as fuel for fuel cells during
the last decade. Moreover, ammonia fuel cells can also be used to recover waste energy from
low temperature process streams. Zhu et al. reported that low-grade thermal energy can be
converted into electricity using ammonia regenerative batteries. The batteries were assessed
at different solution concentrations, flow rates, cell pairs and circuit connections to study their
performance, which reached a 5% energy efficiency relative to the Carnot efficiency. As in
other fuel cells, current could be increased using stacked cells, showing that the technology
could be a promising option for future waste recovery. Therefore, this review highlights the
considerable evolution of fuel cells technology over the past decade, suggesting that further



developments are highly likely, and that fuel cell will remain a plausible option for the use of
ammonia for power applications. Fuel cells are categorized according to their operating
conditions and electrolyte material, with six major systems as follows:

¢ Alkaline FC

e Phosphoric Acid FC

e Solid Oxide FC (SOFC)

e Molten Carbonate FC

e Proton Exchange/Polymer Electrolyte Membrane (PEM) FC

¢ Direct Methanol FC

5.2. Ammonia engines

This lack of clarity and consensus prevails about the technical challenges that an ammonia
engine must overcome. The Caterpillar Corporation put has a 2008 patent application that
covers a “power system having an ammonia-fueled engine”: “When ammonia is combusted,
the combustion produces a flame with a relatively low propagation speed . . . This low
combustion rate of ammonia causes combustion to be inconsistent under low engine load
and/or high engine speed operating conditions. Most existing combustion engines that use
ammonia as engine fuel typically require a combustion promoter (i.e., a second fuel such as
gasoline, hydrogen, diesel, etc.) for ignition, operation at low engine loads and/or high engine
speed.”

In other words, one option is to use a liquid combustion promoter. However, as the patent
subsequently notes, this approach “generally requires dual fuel storage systems, dual delivery
systems, and dual injection systems, thus adding additional weight, complexity, and cost to
the engine system.”

The second option is to use hydrogen as the combustion promoter. A promising variant of this
approach is to place an on-board reformer between the fuel tank and the engine. The
reformer can be set up to “crack” enough of the ammonia into hydrogen and nitrogen to
support viable combustion. Crackers can be simple in mechanical terms, consisting of a
heated chamber furnished internally with a catalyst. However, the patent describes one more
challenge: “The requirement for the combustion promoter fuel fluctuates with varying engine
loads and engine speed, which can cause control issues.” This means that cracking a fixed
proportion of the ammonia (or a proportion that varies simply with the rate of fuel flow) is
unlikely to produce good engine function.

The publication Ammonia Energy has recognised nine stakeholders in the development of
ammonia fuelled engines, separating them into three categories:

1) Spark Ignition carbon based dual fuels: Biogas International (Italy), the Savia Coalition
(Italy), Green Transportation Technol- ogy Group (South Korea), Xiamen University (China),
etc.



2) Compression Ignition carbon based dual fuels such as Sturman Industries (USA), Hydrofuel
Inc (Canada) and Iowa State University (USA)

3) Hydrogen doped ammonia engines, i.e. Toyota (Japan) and Siemens (UK)

Spark Ignition Compression Ignition
* Bigas (petrol) e Sturman Industries
* Xiamen University (diesel)
Carbon-Based (methane, * lowa State U.
Dual-Fuel methanol (future)) }-~ (diesel, DME)
* KIER (petrol) ,-"| * Hydrofuel (diesel)
| ,’/ * 4
: e Caterpillar o
1 ’ P
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* lowa State (future) ¢
 KIER (future)

NH3+H2 * Hydrofuel (past)
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* Hydrogen Engine
Center
Figure X:

MAN energy solutions are currently building a two-stroke ammonia fueled engine*:

The underlying basis for the ammonia low-flashpoint fuel supply system (LFSS) is the LGP
LFSS, because it can be redesigned to accommodate the physical properties governing
ammonia storage and injection.

Typically, vessels transport LPG (consists of light hydrocarbons, mostly propane, butane and
propylene) in Type C pressurised tanks at approximately 18 bar. Ammonia can be stored on
vessels under the same conditions as LPG. The ammonia tank volume will be twice that of LPG
due to the lower energy density. Ammonia will be in the liquid phase at a pressure above 8.6
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bar and an ambient temperature of 20°C. However, ammonia is commonly stored at
approximately 17 bar to keep it in the liquid phase when the ambient temperature increases.
In the future, an engine running on LPG could be converted to an ammonia combusting
engine.

Since ammonia is corrosive to copper, copper alloys, alloys with a nickel concentration larger
than 6% and plastic, these materials must be avoided in the fuel system. The sealing rings for
the ammonia engine will be of the Teflon type. As for the requirements to the nickel alloy, the
nickel concentration must be kept below 6% to avoid the phenomenon of nickel crystalline
corrosion, and the material strength of the alloy should be increased by for example heat
treatment. This provides another option, namely that tanks used for storage of LNG with the
same requirements can be used for storage of ammonia. This means that, when green
ammonia becomes available in large quantities, it can replace LNG and the engine can be
converted to ammonia operation.

The following illustration shows a complete LGIP fuel supply system with the components
needed to supply LGIP (liquid gas injection propane) to the MAN B&W ME-LGIP engine.

N, + service tank vent Vent N, vent Vent Vent Vent air outlet
4 A L i = T y Dry air inlet
Knock-out Knock-out, [Knock-out |4— S
drum C drum B drum A
(supply) (bleed) (engine)
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cooler
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T
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water

1. LPG service tank 2. Low-flashpoint fuel supply system 3. Fuel valve train 4. Nitrogen storage 5. Knock-out drums

Figure X: The ammonia LFSS will be a modified low-flashpoint supply system for LGIP engines.



In the ammonia fuel supply system, the ammonia returning from the two-stroke engine will be
collected in a smaller separate tank in order not to contaminate the ammonia content of the
service tank with sealing oil. The sealing oil system provides lubrication of fuel injection
components and prevents LPG contamination of the system oil.

An emergency vent of NH3 can be carried out by one of the following principles: dilute the
concentration of NH3 to below 10 ppm, collect NH3, or extend the vent mast to a safe height.
If the combustion of ammonia gives rise to obnoxious smells from the funnel, the option exists
to heat up the exhaust gas to obtain a higher buoyancy of the exhaust gas. A solution that is
used for LPG combusting engines as well.

As an example, the following figure shows the ship design and LFSS of an LR1 tanker, the
main components will be identical for an ammonia-based propulsion system. Only the volume
of the ammonia tanks will be twice that of the LPG tanks.

The global infrastructure for transport of ammonia is already widely expanded. The most
obvious candidates for ammonia-based propulsion systems on a short-term scale are ammonia
or LPG tankers. These tankers can transport LPG as well as ammonia thanks to the similarity of
the storage requirements, e.g., temperature and pressure. The large number of MAN B&W
engines powering these vessels can be retrofitted to combust LPG fuels or eventually,
ammonia. It will even be possible to order an ammonia-ready engine design for LPG
combustion.

Fuel preparation room

Fuel storage tank

Low-flashpoint fuel supply system - PU Knock-out drums Fuel valve train Nitrogen purging system LPG service tank

Figure X: Ship design and LFSS for an LR1 tanker - the same design will be applied for an
ammonia-propelled vessel.



By switching to LPG, it is possible to achieve full compliance with all SOx regulations and get a
competitive edge of up to 18% less CO2 emissions, with no loss of performance or efficiency.
The system also retains the flexibility to use conventional fuels that will allow customers to
position their asset competitively regardless of market conditions.

5.3. The two-stroke dual fuelled ammonia combusting engine

The two-stroke ammonia concept is an add-on to the ME engine like the previous engine
concepts for liquid gas injection propane, ME-LGIP (LPG) and liquid gas injection methanol,
ME-LGIM.

MAN B&W ME-GI and LGI engines have gained a considerable number of service hours
powering vessels at sea, and the ME-LGIP engine introduced in 2019 is already in the order
book. The ME-LGIM engine type has been in service for some time and has achieved 50,000
running hours on methanol. The LGIM concept is used as basis for the LGIP engine. The
development of the LGIM engine also dealt with some of the challenges related to ammonia,
e.g. corrosion, toxicity and low flammability. The same engine concept, already verified at sea,
will constitute the core of the ammonia-combusting engine. There will be no visible differences
between an ammonia and an ME-LGIP/LGIM engine.

The following figure shows the ME-LGIP cylinder cover with LPG injection valves and valve
control block, the same system will be used for the ammonia engine.

Currently, research is carried out together with a university in Japan to assess the combustion
and heat release characteristics of ammonia. The results of this research will guide the
development of the specific fuel injection properties. However, it has been established that the
supply pressure will be approximately 70 bar and the injection pressure 600 to 700 bar.

In general, the exothermic combustion of ammonia giving nitrogen and water is described by
the reaction: 4NHs3 + 302 — 2N2 + 6H20 + heat.

NOX emissions can be reduced with the exhaust gas after-treatment technology, the selective
catalytic reduction (SCR) system. The reducing agent, NH3, is injected into the exhaust gas
resulting in only nitrogen and water as waste: 4NO + 4NH3 + O2 — 4Nz + 6H20 6NO2 + 8NH3
— 7N2 + 12H20.



Valve control block:
ELWI-valve (fuel pressurization)
ELGI-valve (injection timing)
Hydraulic accumulator

Hydraulic and sealing oil connections

Double wall gas piping:
LPG inlet
LPG return

Figure X: The ammonia concept is based on the LGIP engine

The SCR principle is outlined below.

This SCR process
requires ammonia
in order to work

Figure X: The selective catalytic reduction process



One of the benefits is that the vessel is already carrying the reducing agent, ammonia.
Reduction of NOX formation can also be done by applying the internal engine process, exhaust
gas recirculation (EGR). The EGR system reduces the formation of NOX by controlling the
combustion. In short, the system controls and reduces the peak temperature of the
combustion and the NOX formation by redirecting part of the exhaust gas (CO2) to the
scavenge air receiver (02) after a cooling and cleaning process. Since the exhaust gas only
contains a negligible particle matter content, it will be a small and compact EGR design, which
does not require a lot of space on-board. When combusting ammonia, the EGR system can be
designed without the water treatment system for cleaning and neutralization of the water with
sodium hydroxide.

Since ammonia is a toxic chemical, the proper safety precautions must be observed. However,
on many vessels ammonia has been handled routinely as part of the SCR system. Note, that
when comparing with previous applications of ammonia on shore, there are system
differences. One is the already well-known double-walled design of fuel pipes. The fuel pipes
on the ammonia engine are double walled and the design of the outer shielding pipe prevents
gas outflow to machinery spaces in the event of a leakage or rupture of the inner gas pipe. A
separate mechanical ventilation system with a capacity of 30 air changes per hour vents the
intervening gas pipe space, including the space around valves, flanges, etc. Any leaking gas is
led to the ventilated part of the pipe system, where hydrocarbon sensors will detect it. Another
difference is the advanced safety and control system of the engine, which ensures a safe
operation on all our gas engines.

During some aspects of maintenance, where there is a potential risk of minute amounts of
ammonia after purging, the crew must carry out maintenance wearing gas masks. This has
been normal procedure when performing maintenance on refrigerating plants for years.

On-board power supply is also an important aspect in the ammonia fuel concept. The power
supply on board is normally delivered by gensets, however, there is a potential in applying
two-stroke engines for power generation as well.

This is technically possible, as the capacities and technical requirements for engines are
identical whether they are running as main engines or as two-stroke gensets. This solution will
enable only one fuel gas supply system (FGSS) and one fuel oil supply system for both main
engine and generating sets. This can take the uni-concept to the next stage in terms of
common fuel oil systems, common cooling water systems and a common starting air system.
Moreover, the capacities and requirements are well known to a wide range of component
suppliers and shipyards worldwide, this is a benefit from an installation and operating point of
view.

The ship design must be changed to accommodate two-stroke gensets, and for this purpose
we are in close coordination with leading ship designers and shipyards with the aim to provide
this solution to the shipping industry.



There are various solutions to evaluate from both an economic and an installation perspective.
One solution is a directly coupled generator with fixed rpm, a solution already used for power
generation on land with a 2 GW MAN B&W engine. The solution can be optimized from a design
point of view when MAN Energy Solutions can provide engines with custom tuning and speed
de-rating for a given ship. The fuel efficiency of this solution is unrivalled. Speed de-rating
allows a change of the generator diameter while maintaining a sufficient safety margin in over-
speed situations.

In such a context, the MAN B&W engine is very dynamic. The second option is a directly
coupled variable-rpm generator with frequency conversion. So far, results have indicated an
efficiency loss of approximately 4% due to the frequency conversion. The solution is

interesting from a part load perspective and due to the anticipated lower price of the system. A
system that comprises variable-rpm generator, frequency conversion and connection to the
grid. The challenge is the pricing of the frequency conversion system and the possible need for
battery capacities to safeguard the MAN B&W engine in over-speed situations and to optimize
ship grid stability.

With a design basis that is approximately 95% identical with that of the main propulsion
engine, it makes sense to explore the genset solution further. Installation perspectives, fuel
gas selection and market interest will determine the implementation rate of two-stroke
gensets. MAN Energy Solutions keeps an open mind, and we want to be part of working out
solutions that are relevant not only to shipowners and ship operators, but also to shipyards
and the future shipping market.

5.4. Combustion based technologies

As previously depicted, ammonia can also be used as fuel for internal combustion engines
(ICE) and for compression or spark ignition units. Similar to other alternative fuels such as
ethanol, methanol, hydrogen and gasoline/diesel blends, the high octane of ammonia (D130)
can improve combustion properties and reduce undesirable effects such as knocking. However,
it must be recognised that due to the corrosive nature of ammonia, components made from
brass or copper must be removed from the system to avoid operability issues. The use of
ammonia as vehicular fuel for motorised applications goes back as far as 1822 with a proposal
from Sir Goldsworthy Gurney where he developed an engine to drive a small locomotive.
However, it was not until 1905 that the first small scale motor was developed by Ammonia
Casale Ltd., who took out patents in Italy in 1935 and 1936. As early as 1933, Norsk Hydro
operated an internal combustion engine vehicle on hydrogen produced from on-board
reforming of ammonia. Other devices followed with minor success. During World War II the
scarcity of fossil fuels in some regions led to the search for alternative fuels for use in public
transportation. The lack of diesel in Belgium in 1942 led to the consideration of first
compressed coal gas, and then ammonia. Ammonia Casale was commissioned to implement
their new patent based on a process that employed compressed gas and ammonia to replace
diesel in the Belgian bus service. The so-called Gazamo process was implemented D100
vehicles and continued until diesel fuel became plentiful again.



In the 1960s, further developments ensued in the quest for alternative fuels for IC-Engines,
driven by new environmental legislations and early signs of the energy crisis which would
impact on Western economies the following decade. Development work on spark ignition
reciprocating engines, fuelled by ammonia, was undertaken for military applications, as
conventional engines had been shown to perform poorly with pure ammonia. In order to
improve performance, propositions included increasing spark energy, compression ratio,
supercharging the engine and adding hydrogen into the fuel through dissociation of NH3.
These developments showed that ammonia needed to be vaporised with at least 4-5% (by
weight) H2 for optimal performance.

Use of IC engines also received considerable attention during this period. Ammonia vapour and
liquid ammonia were studied in diesel and spark ignition engines respectively, at high
compression ratios. Although the tests at 30:1 compression ratio using the spark ignition
engine were unsuccessful, the results using ammonia vapour and diesel (for ignition purposes)
generated optimism for the success of using ammonia as fuel in IC engines. Perhaps
surprisingly, very little research and development was undertaken during the 1970-80s in this
field. The literature concerning development of ammonia based engines is very sparse during
this period, except for the AMC GREMLIN at the University of Tennessee in 1974. The field
experienced a revival in the 1990s, followed by a considerable increase in publications from
2004 onwards, with the first ammonia conference in the USA.

Commercially, ammonia fuelled ICEs have attracted the attention of various companies and
countries around the world as a promising technology that could contribute to a sustainable
future. For example, Boothroyd recently proposed the use of ammonia storage from stranded
energy resources in rural areas to power large scale manufacture near cities for Australia.
Since ammonia distribution is still conducted in Australia by trucks, it has been proposed to
replace long distance trucks by a fleet of ammonia-inflated airships. Similarly, Leighty
proposed the use of stranded, renewable energy sources in Alaska to produce ammonia that
can be used as fuel for ICE/Fuel Cells/GTs for on- demand energy production and
transportation.

Analyses of the feasibility of ammonia as a sustainable fuel in internal combustion engines
based on thermodynamic performance, system effectiveness, driving range, fuel tank
compactness and cost of driving have also been performed. Not surprisingly, the studies
concluded that to make ammonia a viable fuel in ICEs, ammonia needs to be mixed with other
fuels as combustion promoters due to ammonia’s low flame speed and high resistance to auto-
ignition. This was confirmed from previous studies where a dual-fuel approach was usually
chosen to implement ammonia combustion in IC engines. These works and others carried by
Liu et al. showed that ammonia fuelled engines have low power losses, no more corrosion and
no more lubricant consumption than conventional fuels.

Thus, due to the high interest in developing this technology, patents and commercially
available units for transportation are under test evaluation for commercial release in the near
future. A good reference to previous ammonia patents dating back to 1937 can be found in a
patent submitted by Caterpillar Inc. in 2008 for an engine fuelled using ammonia. Specific to
this particular patent, ammonia has been used as primary fuel with electrical supplements to
the mechanical power to drive a new power system capable of providing good combustion
efficiency.



Two-stroke ammonia engine development schedule from MAN Energy.
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specification test delivery to yard
v NH3; combustibility v 4T50ME-X test - 1 engine
investigation. engine received as confirmation at - Specification of - Full scale engine - Ammonia engine
platform for the Research Centre emission test at RCC in engine
Ammonia engine Copenhagen after-treatment completed. programme.
development. (RCC). done.
- 1% ammonia
v HAZID workshop - Engine basic burning engine to
on engine concept defined be installed at
concept. based on engine yard.

tests.
- Ammonia supply &

Auxiliary systems
specified

5.5. Overview of ammonia as a marine fuel

Ammonia has both advantages and disadvantages as a marine fuel. Compared to Hydrogen
and methanol, the most significant advantages are the storage and transportation and being
low flammable compared to hydrogen and the fact that it does not contain any carbons
compared to methanol.

Hydrogen Ammonia Methanol

liquid storage SE——
Compatibility with
existing bunkering
infrastructure
Storage volume
compared to
marine gas oil for
a fixed energy
content
Electricity
required to
produce enough
fuel for one days
sailing of a 1.8 GWh (seawater
Panamax source)

. 2.0 GWh (air source)
container vessel
Requires co-firing
with another fuel
in compression
ignition engines

Low (requires Low (requires
refrigerated tanks) refrigerated tanks)

High




Requires co-firing
with another fuel
in spark ignition
engines

Toxic to humans

Toxic to aquatic
life

\[o]

Flammability Very high

There is also already an existing infrastructure that is used to handling ammonia on a large
scale. Many ports and terminals around the world have the facilities needed to store and
distribute ammonia and could with adjustments enable these infrastructures to become
bunkering options.

A comparative assessment of Power-to-Fuel production pathways (Bargiacchi, Antonelli and
Desideri, 2019)

1 Water electrolysis for hydrogen generation
9 Carbon dioxide hydrogenation for methanol synthesis
1 Haber-Bosch process for ammonia synthesis

6. Ammonia concept based on ESVAGT SOV

6.1. ESVAGT SOV configurations

The total installed power is greater than max spending:
- 2 x Cummins engines with a max. Power of 990 kW
- 4 x Scania engines with a max. Power of 615 kW

Total installed power: 4.440 kW
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Redundancy has been considered so that one of the large generators can be out of service

without compromising the ship's operation.

Today the SOV (service operation vessel) is using marine gas oil.
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11 614 | 614 | 614 | 614 | 614 | 614 | 220 | 614 | 614 | 614 614 614 614 614
Hour

12 614 | 614 | 614 | 614 | 614 | 614 | 220 | 614 | 614 | 614 614 614 614 614
Hour

13 614 | 614 | 614 | 614 | 614 | 614 | 220 | 614 | 614 | 614 614 614 614 614
Hour

14 614 | 614 | 614 | 614 | 614 | 614 | 220 | 614 | 614 | 614 614 614 614 614
Hour
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Hour 151
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Hour 151 | 151
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Table X: Power consumption every hour in a 14 day period

The total consumption here is calculated at approx. 210,000 kWh.

In the present production, an average consumption has been considered, but especially in the
winter months, some more power may be needed. In the extreme case that there is very bad
weather throughout the period, the consumption can be as high as 330.000 kWh.

Total in the 14 day period approx.: 210.000 kWh

In winter period up: 330.000 kWh // 330 MWh C 24 MWh/day in the 14 day period
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Figure X: Power consumption in a 14 day period

The SOV are currently bunkering fuel in these following ports:

Esbjerg

Great Yarmouth
Grimsby
Fraserburgh
Ostende
Eemshaven

= =4 =4 -8 -8 -4

There are however already ammonia terminals in other harbours close to the currently used,
which are marked with orange in the following figure identified used LAVAL, A. etal. (2020).
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Figure X: Overview of current and potential bunkering points

Even though there are existing ammonia terminals today, it is assumed that only a few of
them are capable of being “retrofitted” to ammonia bunkering terminals for fuel applications.

7. Ammonia production cost based on ESVAGT SOV
requirements

To calculate the cost of ammonia needed to fuel a ship with the sailing pattern described by

ESVAGT, a dimensioning of the production plant is considered.

This approach enables the investigation into different options of production and supply which
have various drivers.

The energy requirements are expressed in MJ and will be used to dimension the ammonia
production, as ammonia contains 18,8 MJ/kg. This enables to construct different scenarios,
where this energy requirement is either supplied by a production facility at the Port of Esbjerg,
small plants in the vicinity, by a trucking solution from another large plant or from shipping
transportation.

Assumptions regarding ammonia fuel consumption:

The following assumptions are used to calculate the costs of producing ammonia on-site for
the investigated ship, based on a small-scale Haber-Bosch plant.



+ 24 MWh/day = 8.760 MWh/year = 31.536.000 MJ
* The specific energy content of NH3 is 18.8 MJ/kg
+ 31.536.000/18.8 = 1.677.447 kg ammonia

— Depending on motor efficiency, the required amount of fuel could be higher

— An efficiency of 50% is assumed

- 1.677.447 * 50% = 2.516.171 kg // 2.516 ton NH3

« 20 year lifetime of the plant
» Electricity price = 40 €/ MWh
« Capacity factor: 80%

« No loan or funding financing is assumed

7.1. Levelized cost of ammonia (LCOA)

The LCOA is a life-cycle cost concept that includes all physical assets and resources required to
deliver one kilogram of ammonia. It reflects the break-even price that must be achieved as an
average revenue to yield a zero-net-present value (NPV) for equity investors. The equitation is

based on the commonly used Levelized cost of energy (LCOE).
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Where:

CAPEX: = Investment expenditures in the year t;

OPEX: = Operations and maintenance expenditures in the year t;

Feedstock: = Electricity & water consumption = Feedstock expenditures in the year t;

Ammoniat = Ammonia generation in the year t;

rt (Depreciation) = discount rate; and

n = lifetime of plant

A base case scenario is established with a specific location and its potential of by-products.
Thus, the first values of the cost can be identified. This scenario will be used as a benchmark

for a following sensitivity analysis.



7.2. Plant data

7.2.1. NFUEL -specifications:

The plant is based on Proton Ventures NFUEL units, which are small scale Haber-Bosch plants
that can produce renewable ammonia in various quantities, ranging from 3, 10 and 60 ton per
day.

Plant metrics

Plant size [MW] 5
Hours of operation 7.012
Lifetime [years] 20
Water required [ton/year] 4.641,07
Electricity required [MWh/year] 28.997,32
N2 required [ton/year] 2.405,99
Oxygen produced [ton/year] 4.125,39
Heat produced [MWh/year] 5.979,38
Ammonia produced [ton/year] 2.921,67

Table 2: Assumptions regarding plant data and produced products (own creation)

Levelized cost of ammonia:

929 €/ton or 20,2 €/MJ

There are many uncertainties associated with the production price of ammonia, and
furthermore with ammonia as marine fuel in general.

This self-supplying scenario of ammonia production for ESVAGT shows a price significantly
more expensive than the current prices of ammonia and would furthermore require a dedicated
staff to handle the production plant. There are however plans of a large ammonia production
plant in the port of Esbjerg, and this could be a source of ammonia in the future. This would
probably fit well with the developments of MAN’s 2-stroke engine which is expected to be
delivered to the first yard in 2024.



8. Conclusion

Shipping is ideally placed to facilitate widespread adoption of electrofuels thanks to the
International Marine Organization’s recently agreed greenhouse gas targets and the need to
develop zero-carbon propulsion technologies to achieve them. With its ability to make
internationally binding rules, the shipping sector can implement incentives to encourage
adoption globally and drive down production costs with relatively low risks of disadvantaging
segments of the market.

Denmark has great potential as a fuel producing country due to its vast renewable energy
sources and significant commercial maritime activity for offtake.

The port of Esbjerg is ideally placed to become a hub for the supply of zero-carbon electrofuels
for the marine sector in Denmark. Due to its location close to offshore wind energy parks and
being a port with other related activities it has an opportunity to use its advantageous
renewable energy endowments to play a leading role in the adoption of clean fuels for shipping
into the future.

Ammonia is inherently carbon- and Sulphur-free when used as a fuel. Seen in the light of the
low cost and low complexity of storage, and the already existing ammonia production facilities
and infrastructure, ammonia is great candidate as a future fuel. The developments of ammonia
as a maritime fuel are however dependent on cost-effective and efficiency competitive
solutions, which are lacking at the moment.

Ammonia can be used in fuel cells, in ignition spark engines and more specifically in a MAN
B&W two-stroke engines. The emissions of CO2, SOX, unburned hydrocarbons, and particulate
matter will be virtually eliminated when used in a compression engine. History has shown that
ammonia works as an engine fuel. The development time of an ammonia engine is expected to
be two to four years. The future installation of an ammonia-combusting engine can be done in
more ways: for example, as a dual-fuel retrofit solution for existing electronically controlled
engines, as an ammonia-ready engine, or from newbuilding.

Potential first movers for ammonia propulsion could be LPG carriers, which also from time to
time carries an ammonia cargo, and ammonia carriers, which already have the necessary
auxiliary equipment and expertise on board.

When the production of green ammonia can meet the quantities required in the maritime
industry it is expected that various engine options are available.

Ammonia will however have to compete against other solutions, and the advantages and
disadvantages, cost and efficiency of the potential future fuels will have to guide the final
decision when choosing a maritime fuel of the future.
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1. Background and purpose

The report is part of the Green Vessel project. The purpose of the project is to make a technology-
neutral presentation of the possibilities for & greener propulsion of Esvagt's Service Operation Vessels
(SOV) in coastal service operations.
Energy Cluster Denmark has asked the Danish Technological Institute for a study on the possibilities for
incorporating e-fuels and biofuels, with the aim of reducing COz emissions, with the least possible con-
version of ships and engines. Itis important to maintain a high reliability for Esvagt's ships, as this is their
trademark.
The report contains the following:

= Short description/note/report on the collection of individual possible fuels and their eco-

nomic and conversion consequences.
= Overview in Matrix form of the possibilities for incorporating e-fuels and biofuels.

1.1.  Description of the vessel

The SOV's are equipped with 4-6 diesel generator sets that provide electricity for hotel operation and
propulsion.

The vessel comes in two versions. Both are based on 4-stroke diesel engines running as gensets.
One is equipped with 2 x CAT 3512C (2 x 1550 kW) and 2 x CAT C32 (2 x 910 kW) engines.

Another version is equipped with 2 x Cummins QSK 38DM (2 x 990 kW) and 4 x Scania DI16 090M (4 x
615 kW) engines.

Bunkering (refuelling) is done every 2-4 weeks. Bunkering amount per 2 weeks is 43-68 tons.

Ports used for bunkering are:

= Eshjerg

= Great Yarmouth
e Grimshy

= Fraserburgh

« Ostende

+ Eemshaven

Page 4 DANISH TECHNOLOGICAL INSTITUTE



DANISH
TECHNOLOGICAL
INSTITUTE

1.2.  Fuel recommendations per engine
The Cat 3500 and C32 are in the same fuel category according to Cat Fuel Recommendations.

Allowed fuels are for these engines are:

* Biodiesel blends up to B20 (20%vol FAME) when FAME meets EN14214 specification.
= Paraffinic fuels (BTL or HVQ) which meet the EN 15940 specification.
= Other fuels which meet EN590 specification

Recommendations for the Cummins 990 kW engines are:

= Biodiesel blends up to B20 but no higher due to material issues.
« HVOupto 100%

» Dual fuel kits available from Comap.

» SVOnot recommended.

For the Scania 615 kW engines the following applies:
= FEach engine can be swapped for a 415kW converted methanol M37 engine which costs of ap-
prox. 1.2 mil. DKK per engine

= Engine can also be swapped for @ 415kW Ethanol E95 optimized engine at the same approxi-
mate cost.

1.3.  Fuel options considered.
The baseline fuel is Marine Gas Oil (MGQO) as shown in Figure 1.

First, we will consider drap-in fuels that are allowed for the engine type(s) and readily available in most
ports. These are described in Section 2.

With engine conversions, two options are considered; Alcohol-diesel engines, which are similar to the
engines already used but with a higher compression ratio to allow Ethanol or Methanol to be used, and
dual fuel engines, which also use the same base engine, but with a dual fuel injection system fitted to
allow alternative fuels together with MGO. These options are described in sections 3 and 4.

Finally, a COz-compensation scheme is discussed, which requires only a small fee on top of the fuel price
and no engine or vessel conversions.
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Alcohol-diesel

Drop-in fuels :
engines

CO,- Dual Fuel
compensation options

Figure 1 Fuel options matrix

Fuel cells and batteries are not considered here, as it is part of another work package. Same case with
ammania.

Fuels not included for practical, environmental, or safety-related limitations of ships are the following:

= Fossil fuels (IFO, HFO, LSFO, MGQO, LNG)
o Nuclear fuels, Thorium, Uranium, Plutonium, Ha
* Wind or solar power, sails, kites, wind turbines, photovoltaic cells
» 5Solid boiler fuels, Coal, Coke, Peat, Lignite
» Gas turbine or 5l engine-specific fuels, Kerosene, Gasoline
» Gasification fuels
o Wood and other cellulosic biomasses
o Sludge and other organic wastes.

2. Drop-in fuels

These fuels are allowed for the current engine types as discussed in section 1.2.
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2.1. FAME/RME

The most obvious drop-in fuel is Fatty Acid Methyl Ester (FAME) which has been used for decades as a
diesel supplement. Many different types of FAME exist but most commonly, in Europe, rape seeds are
used, thus Rape-seed Methyl Ester (RME) is the most available choice. FAME is considered a first-gener-
ation biofuel and is not ideally suited for high-speed marine engines. The usual recommendation is to
use a blend of 20% FAME and 80% MGO. The blend can be adjusted gradually with experience.

FAME is also marked under names such as Biodiesel, SME, AFME, TME, UCOME, B100, EN14214.

Indicative pricing for FAME is 1300-1400 $/ton + transport.

22. 5SVO

Straight vegetable oil (SVO) was used as fuel by the inventor of the diesel engine. It does not tolerate
frost very well and that has prevented it from widespread use. It does not blend well with MGO, so it
would need to be used separately. However, with heated tanks and fuel lines it can work well.

SVO is also marketed under names such as UCO.

Indicative pricing for SVQ/UCO is 855-930 $/ton + transport.

23. HVO

Hydrotreated Vegetable Qils are a newer alternative to FAME. HVO has properties like synthetic diesel
which is usually desirable. However, lubrication agents need to be added because HVO is low viscosity.
HVO can be used in any blend with any kind of diesel engine. In recent years prices of HVO have soared
so that is now costs 3-4 times as much as MGO.

HVO also is marketed under names such as HEFA, bio-MGQO, MD1-100, Neste Marine 0.1.

Indicative pricing for HVO is 2172 $/ton delivered in a Danish port.

24. BTL-FT

Biomass-To-Liquids by Fischer-Tropsch synthesis (BTL-FT) is a synthetic diesel fuel with properties like
HVO. Itis still rare on the market. The advantage over HVO is that it uses a greater variety of biomasses.
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ETL fuel is also market under names such as eMGO.

Indicative pricing for BTL- FT is 2136 $/ton + transport.

2.5. Biocrudes

Biocrudes comprise a variety of thermochemical biofuels which are produced by pyrolysis or hydrother-
mal liquefaction. The properties of biocrudes are mostly like HFO, which is unsuited for the current
engines, but some are available as MGO-like fuels or blends. The supply of biocrudes is still uncertain
but smaller bathes are being delivered for tests on ships.

Biocrudes are also marketed under names such as Hydrofaction-oil, HTL, Bio-oil or Bio-bunker.

Indicative pricing for biocrudes is 2006 $/ton + transport.

3. Alcohol-diesel

The alcohol-diesel concept requires the engine to be rebuilt with different pistons, injectors, or replaced
with a ready-made alcohol version. The engines are available from Scania / Scandinaos.

The cost of one replacement 415 kW engine is approx. 195,000 §.

3.1.  Methanol M97

Methanol can be used on high-speed diesel engines as M37. Scania engines have been successfully
converted to methanol for use on smaller ships. A major concern for marine use, however, is the low

flashpoint of methanol requiring double walled tubing for the fuel system.

Methanol from biological sources has limited availability but as a Pt or e-fuel, it is one of the major
candidates for the future.

Indicative pricing for bio-methanol is 788 $/ton + transport. The additive required for running does add

to the price. Indicative pricing for additive is 2500 $/ton or about 125 $/ton finished fuel. Note that the
energy content of methanol per ton is only 46.5 pct. of MGO.
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32. Ethanol E95

Ethanol behaves much like methanol as a diesel fuel. Thus, smaller engines can readily be converted to
E95 whereas larger engines require a dual fuel systemn. Ethanol from biological sources is more abun-
dant on the market than methanal. Ethanol is mostly made from corn, however, and future availability
from non-food sources is uncertain.

Indicative pricing for bioethanol is 500 $/ton + transport. The additive required for running does add to
the price. Indicative pricing for additive is 2500 $/ton or about 125 $/ton finished fuel. Note that the
energy content of ethanol per ton is only 62,6 pct. of MGO.

4. Dual-fuel options

Larger marine engines >500 kW generally require a dual-fuel systemn to work with alternative fuels. Dual-
fuel systems can be retrofitted to most engines. Ethanol and methanol are usable also with dual fuel
and, in addition, various gasses can be used. The cost for a dual-fuel conversion is assumed to be around
300,000 $ per engine.

41. CBG

Compressed Biogas (CBG) is used on the same way as natural gas (CNG). Itis usually stored at a pressure
of 200 BAR which requires the fuel tank to be made up of several smaller compartments. Filling tanks
with CBG is usually a slow process due to thermal expansion of the gas. Availability of CBG is excellent
for trucks and busses, but guite a hurdle when it comes to ships.

Engines for CBG are either spark ignited or Dual Fuel diesel-retrofit. We will consider the latter option
here. If a spark ignited engine is preferred these are available from Bergen/Rolls Royce.

The cost and availability for CBG is the same as CNG. Indicative pricing is about 900 $/ton + bio-premium.

Bio premium varies a lot but can generally be set at 95% of the base fuel price. Thus, certified CBG would
cost about 1755 $/ton.

42. LBG

Liguid Biogas (LBG) is basically the same as CBG but when delivered in liquid form at -162°C it requires
much less pressure and allows for much faster filling and higher capacity. LBG can be supplied in many
ports by truck.

With liquid gas, there is a constant boil-off, which is a problem if the vessel is not in constant operation.
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The cost and availability for LBG is the same as LNG but with a premium for bio-certification. In total
about 1736 $/ton at a Danish port.

4.3.

DME

Di Methyl Ether (DME) is bottled gas which is a clean burning diesel fuel replacement. The fuel injection
system needs to be rebuilt and the fuel system must be lightly pressurized. A lubricant must also be

added. One major safety concern is that DME is heavier than air.

DME is a derivative of methanol and therefore shares much the same environmental profile. There are
no official list prices for DME, but cost is estimated to be a few percent higher than methanal per unit

energy. In total 1137 $/ton.

4.4,

The budget calculation is based on the following assumptions:

Baseline MGO is priced at 600 $/ton.
Electrical energy per trip: 210 MWh

Number of trips per year: 25

Average genset efficiency: 38%

Fuel energy per year: 13816 MWh
Fuel energy of MGO: 11,89 MWh/ton
MGO consumption per year: 1162 ton

Number of engines on vessel: 6
On-cost for tank conversions to low FP fuels: 100%.

Summary of cost and COz-savings

Budget figures are converted to Danish Krone (DKK).

Fuel cost | Conversion | CO- Cost perton COz saved | Safety and technical
million cost million | saving | (10-year average) DKK | concerns
DKK/year | DEK %
Baseline MGO 43 0 0 - Good
Drop-in fuels (no | FAME/RME 13.6 0 65 3926 Good
engine conversion) | SVO 9.8 1%) 71 2148 Storage stability
HVO 15.2 0 90 3301 Good
BTL - FT 17.0 0 90 3855 Good
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Biocrudes 16.5 0 a0 3697 Good
Fuels for high-com- | Methanol M57 149 14%) 70 4713 Low FP
pression engines Ethanol E95 115 14%) 55 4302 Low FP
Fuel for dual-fuel | Methanol pure | 13,0 14%) 70 3959 Low FP
converted engines | Ethanaol pure 10,1 14%) 55 3589 Low FP
CBG 11,7 30%) 70 4070 Very high pressure
LBG 11,6 30%) 70 4019 Extreme temperature
DME 132 18%) a0 3263 Heawvy gas
COz-compensated | MGO 4.5 0 100 44 Good

*) Note that conversion costs are only a crude estimate.

5. Delivery from bunker company

Two bunker companies have been contacted, Bunker One and Biofuel Xpress. Both companies indicate
that HVO and RME/FAME can be supplied neat or in blends in a port of choice.

6. Final recommendation

After presenting the preliminary findings for Esvagt it was clear that paid CO,-compensation is not the
way forward. Even though this is by far the cheapest option it does not suit the strategy of the company.

The closest near-term option for Esvagt is HVO which is practically free of technical and delivery issues.
The current cost, however, is 3.5 times the cost of reference fuel making the CO:z-avoidance cost around
3,300 DKK per ton COz. Compared with other sectors and technelogies this is an almost prohibitively
high cost of CO; avoidance.

The secondary choice for Esvagt would be Methanol which appears to be rather economical at first
glance. However, a bio-premium of typically 95% is added to the fuel price and, dependent on the type
of engine conversion chosen, there will be further cost for additives to the fuel. Altogether, with conver-
sion of engines, tanks etc. it amounts to a total of 4,300 to 4,700 DKK per ton COz-saved.
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It is recommended to obtain quotations for both an M37 engine, which is available from Scania/Scandi-
naos and a dual fuel conversion, which is available from Comap. With a dual-fuel conversion also gase-
ous fuels become optional, which means that the engine could be fired with hydrogen in synergy with
the optional fuel cells on board. Operational reliability would be further secured by the MGO diesel
system which remains on the ship in the case of a dual-fuel conversion.

7. References

1. Caterpillar Fuel Specifications SEBU6251-27 pages 31 - 64
2. Biofuels for the marine shipping sector, |EA Bioenergy: Task 39: 2017
3. Adwvanced Biofuels - Potential for Cost Reduction, IEA Bioenergy: Task 41: 2020:01
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9. BunkerOne (fuel cost and availability)
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11. Nordic Green (fuel cost and availability)

12. Q8 Bunkerteam

13. DCC Shell Denmark (COs-compensated fuels)
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On a global scale,

the shipping industry
contributes a significant
share of GHG emissions

2.27%

CO, per year

15%

NO, per year

13%

SO, per year
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Zero-emission
requirements are
coming to the
marine industry

IMO phasing-out GHG:

350% by 2050

Europe EMSA to cut CO,

50% by 2050

Norway protecting fjords:

100% zero-emission
by 2026
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Longer Range

Fuel cell powered vessels can run longer, and travel farther, before refueling.

Hydrogen fuel cells for

Zero-emission vessels
Fast, Flexible Refueling

Rapid refueling of liquid hydrogen in just minutes

Fuel cells will play a key role in helping the
Scalability & Modularity

Deployed in parallel, dispatchable configurations to meet variable power
requirements. Flexible configurations adapt to vessel space constraints.

marine industry address GHG emissions on the

water, and in ports.

Stable, Reliable Power

Require very little maintenance, have low maintenance costs and an extremely

long service life
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Product Features

Ballard’s FCwave ™ was designed hand-in-hand
with industry to withstand the rigors of the

marine environment,

Scalable from 200kW

Power from 200kW to megawatts to suit a broad range of marine vessels

Low Lifecycle Cost

Powered by Ballard’s latest FCgen®-LCS fuel cell stack which offers significantly lower
life cycle cost

Meets Stringent Safety Standards

Designed hand-in-hand with industry to withstand the rigors of the marine environment

Ease of Integration

Modular design minimizes the space required in a vessel

Exceptional Reliability

Uses proven components from Ballard's heavy duty module portfolio to deliver
reliable performance
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Product Specifications
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PRODUCT SPECIFICATIONS

Performance

Reted power 200 kw
Minimum poser 0 kW
Peak fuel Efficiency 56 %

Operating voltage

350-720VDC

Rated currant *

2x300A 1x550

System cooling output Max 857 C

Stack technology

Heat management Liguid cooled

HZ Pressure 3.5-5Barg
Physical

Dimensions || X wx h)* 1220 mm x 738 mm x 2200 mm
Weight (estimate) * BT5 kg
Environmental protection P43

Engine room (DNV GL CG-0339) +0°C - +45°C
Minimum start-up temperature 0°c
Short-term storaga temp A0°C - +B0"°C
Reactants and Coolant

Type Geseous hydrogan
Composition As per SAE spec. J271S9
Owidant Air
Compaosition Particulate, Chemiczl and Salt filtered
Coolant * Watar or 50/50 gycol
Salety Compliance

Certifications DNV-GL compliant
Enclosure Hydrogen safe enclosure
Monitoring

Controf interface ] Ethernet, Can
Emissions

Exhaust J Zero-emission

A Eystam culputic 2« 300 A (L x SE0A euplt sill under develapmenti.* Targot size. ¥ Melusioo: fsaned shid base, fuol tol stacks, plabing and wiring, H2
eninsure, cooling SysEm, sk system, electricg) panel and miscallanenys [SENsME, CANE IrEy, etc. L ¥ CLsiomer coolant tpe,
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Designed for Ease of Integration

Module integrated into a clean-lined cabinet with
easy access doors

All interfaces accessible from the front for service
and maintenance

All connections are situated at the bottom of the
system

It is possible to make the module connections
below floor level

The flexible and modular design minimizes the
space required in a ship
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Vessel Integration
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SALLARD' FCwave™ Modular Installation Layout




SALLARD

Ballard Scope of

Supply

Ballard Scope

Fuel Cell Module
Fuel Cell System
Control Unit
(CAN-bus)

Air Stack Hydrogen
Humidification System

Mydrogen
Safety Systams
(H2 Sensars

Pressure

Regulation

Stack Alr Compres
Contactors & Mou

Coolant

fuel Cell Stack
Subsystem

Cathode

oxhaust

Vessel Control

Communication

Control Signals

|

DC/DC
Convarter

Power Management

Energy Storage System

24V Power

Supply

; PL-W;SWWV )

T

Low
Temperature
Cooling loop

Low Temparatura Systam

Tank Control Unit
CAN-bus

Hydrogen Fill Box
& Transmitter

ank

Pressure

Reguiation &

Relief Device

Hydrogen Storage

High
Temperature

Cooling Loop

High Temperature System

Cathode Inlet
&
Filter

H2 enclosure
ventilation

:
i Coolamt
Reservolr

: Deionized

: Water Filtes

:

2 Heat &xc h,q.‘lgur

: Heet Vclwgrnr.-“l

: System

: Liquid Water
Management

Cathode Exhaust System
H
4

tesrrannanay .

H2 enclosure

Vantilation

Inlet
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'

Process axhaust

HZ enclosure
Ventifation outlet

24V Safety
Power Supply
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Ballard’s Marine Center of
Excellence

Established in 2019. Dedicated to the
engineering, manufacturing and service of
heavy duty fuel cell modules for the marine

industry.
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» Tugs and offshore vessels
« Fishing vessels

* Auxiliary loads on cruise ships

—
——— -
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Ships
powered by Ballard

* Megawatt scale systems for cruise ships with
ABB

®* HySeas III, the world’s first sea-going
renewables-powered ferry

* Hjelmeland ferry in Norway

®* FLAGSHIPS project to power:
* Norled ferry in Norway

®* River barge in France (ABB)
®* ELEKTRA fuel cell river barges in Germany
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Industry-leading
technology

More than $1.5B invested
in our proprietary proton

exchange membrane (PEM)

technology

BALLARD'S TECHNICAL ACHIEVEMENTS:

STACK POWER POWER DENSITY PLATE THICKNESS

kW

> 100kW »4.0kW/L »1.0mm

(TWO PLATE ASSEMBLY)

Strong intellectual capital and 1P with avar 1,400 patants and applicatians
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Leveraging Ballard’s heavy-duty
vehicle experience and expertise

* 8 generations of fuel cell module products

* Over 3,500 trucks and buses deployed are
powered by Ballard

*  Over 80 million kilometers in service

* > 30,000 hours fuel cell stack life demonstrated
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We support our customers through their journey

Applications After-sales [raining
engineering services
B o o ° nm 8

FAT & SA ® Testing and ® On site support Fuel cell Sales resources
° Vehicle integration certifications o ~ technology knowledge - )

support o Spare parts Educational tools
@ e Product design o rall Geinte ® Product operation and -

Simulations & Call center R Sub]ect
e " Technolo 1aintenance

System integration SR o - Service contracts matter experts

transfer °
Remote or =

AR S Market analysis
onsite classes



Strong Local Presence:

European HQ, Ballard Power Systems
SALLARD Europe A/S located in Hobro, Denmark

Location of Ballard’s Marine Center of
Excellence and Critical Communication
Infrastructure Center of Excellence

Manufacturing capacity of 60 MW/year

Ballard in Europe

Europe’s leading fuel cell company

Strong Market Focus

Local manufacturing of Ballard’s fuel cell
product’s for marine industry (FCwave™)
and critical communication infrastructure
(FCgen®-H2PM)

Strong Support

80+ employees in Europe dedicated to
sales, market development, engineering,
manufacturing, service, support and
training

60+ heavy duty vehicles in operation
powered by Ballard

2 rail projects
6 marine projects

380 power backup systems in service
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Thank you

Please contact Firstname Lastname
for more information

+1 604 454 0900
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