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ABSTRACT

To reduce the greenhouse gases as per the forthcoming IMO rules, ammonia seems to be a suitable fuel for ma-
rine industry since it’s a hydrogen carrier and a carbon, Sulphur, and particulate matter free fuel. It has high volumetric
hydrogen density, low storage pressure, and high auto ignition temperature. Ammonia can be used directly in internal
combustion engines, and gas turbines. Cracked hydrogen can be used for fuel cells. The 4th IMO Greenhouse Gas
Study 2020, estimates that if no further action is taken, international shipping emissions are expected to represent 90%
to 130% of 2008 emission levels by 2050. There will also be a rise in atmospheric CO2 and there is already a rise in
average global sea levels from 21.9 to 23.7 between 1880 and 2010. This will affect large coastal areas of the world and
island nations. The challenges for ammonia are its foul odor, corrosive nature, and being highly toxic to humans and the
environment. There is also an explosion risk. Other issues are bunkering and storage on board, corrosive effect on met-
als, shore infrastructure, commercial and technical viability. Therefore, this study gives an overview of challenges that
will be faced on board ships to use ammonia as fuel.
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Nomenclature

IMO — International Maritime Organization

ICE - Internal combustion engine

GHG - Greenhouse gases

CO2 — Carbon dioxide

PPM - Parts per million

NOx — Nitrous oxides

SOFC — Solid oxide fuel cell

MEPC — Marine Environmental Protection Commit-
tee

MARPOL — Marine pollution

N20O — Nitrous oxide

SCR — Selective catalytic reduction

LNG - Liquid natural gas

HFO — Heavy fuel oil

SOx — Sulphur oxides

ISM — International Safety Management

IACS — International Association of Classification
Societies

ABS — American Bureau of Shipping

BV — Bureau Veritas

DNV — Det Norske Veritas

IR — Indian Register of Shipping

LR - Lloyds Register of Shipping

NK — Nippon Kaiji Kyokai (Class NK)

PPE — Personal protection equipment

SOPEP — Shipboard oil pollution emergency plan

SMPEP — Shipboard marine pollution emergency
plan.

MELGIP — Main engine liquid / gas injection propyl-
ene

MELGIM — Main engine liquid / gas injection meth-
anol

Type C Tank — Insulated cylindrical, bi-lobe or tri-
lobe shaped tanks fully or partially pressurized, depending
on the liquefied gas to be stored. Used for LPG carriers.

LPG - Liquid petroleum gas

HAZID — Hazard identification

HAZOP — Hazardous operation

EEDI — Energy efficiency design index

1. Introduction

More than 80% of the world merchandise trade by
volume is transported by sea. The use of fossil fuels in ma-
rine power systems, main and auxiliary engines contrib-
utes about 2.8% of world emissions of greenhouse gases
(GHG) to the atmosphere . However, maritime transport
is also one of the economic sectors with a greater potential
to reduce its GHG emissions. For the decarbonization of
the maritime sector, it will require consideration of three
different fundamental aspects: technology, policy, and in-
vestment in research, development, and innovation .

The IMO Resolution MEPC.377(80) revised IMO
GHG strategy as zero carbon emission by 2050 ', Interna-
tional Maritime Organization (IMO)’s adoption of the ini-
tial IMO Strategy on Reduction of Greenhouse Gas Emis-
sions from Ships, Resolution MEPC.304(72) aims to align
international shipping with the afore mentioned target. The
importance of pursuing efforts to limit the increase in the
global average temperature to 1.5°C above pre-industrial
levels is to have a greater chance of significantly reducing
the risks and impacts of climate change on countries. The
aim is to reduce pollution from ships under the Interna-
tional Convention for the Prevention of Pollution from
Ships (MARPOL) Annex VI ™.

IMO has established rules that limit emissions of
pollutants such as NOx and sulfur oxides (SOx) . To im-
prove the quality of life, clean energy, free of Carbon and
Sulphur combustion products, is the prerequisite.

Over the years the world has seen the demand for
energy increase and its over dependence upon polluting
fossil fuels. Fossil fuel energy supply and demand is also
subject to political conditions . This fluctuation requires
an effective adoption of secondary energy. Moreover,
there is no alternative to sea transport which is the most
economical way of moving bulk commodities and goods
across the oceans.

Ammonia has shown itself to be a promising al-
ternative fuel in the shipping sector. In addition, ammo-
nia-related safety is an established industrial practice in
the shipping sector as it is being transported in gas tankers
for a long time. Similar safety practices could be adapted

/ modified towards the use of ammonia as fuel. Large
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ocean-going vessels are powered by internal combustion
engines (ICE) burning fossil fuel. The only alternative
seems to be ammonia as a good hydrogen carrier for use
in internal combustion engines. Ammonia offers higher
hydrogen density than liquid hydrogen per unit volume,
which makes it a more feasible alternative as more hydro-
gen can be obtained for combustion . The International
Transport Forum (ITF) assumes that, in the case of 80%
carbon factor reduction, hydrogen and ammonia will ac-
count for around 70% of the fuel market "*. The current
large-scale ammonia production is very stable as ammonia
being a major component in manufacturing agricultural
fertilizer. Ammonia storage properties are similar to an-
other commercially used fuel, propane. On the other hand,
ammonia combustion could also lead to higher NOx emis-
sions necessitating after treatment or optimizing the com-
bustion process. There is also danger of possible ammonia
gas releases. One of the biggest issues is how to handle
potential emissions of nitrous oxide (N20), which is a
powerful greenhouse gas that, if released untreated, would
negate the benefits of using ammonia as a fuel. However,
Catalysts do exist for N2O in other industries, and need to
develop new solutions fit for maritime applications. SCR
at present uses urea, but nitrogen could also be used .

The volume and weight of the required storage in-
frastructure will impose limitation on the operation range
of vessels. Ammonia’s lower volumetric efficiency and
energy density compared to fossil fuel means much more
storage capacity is required on board. This will result in a
reduction of cargo and passenger capacity. The additional
space required to store and handle ammonia may mean
that it is not a viable retrofit option for smaller vessels
like coastal cargo vessels, offshore vessels, etc., but can
be suitable for large ocean-going vessels. However, with
ammonia as main fuel, the requirement of auxiliary ma-
chinery required for processing the heavy fuel for proper
combustion of oil like separate heated bunker / storage
tanks, settling tanks, service tanks, purifiers and clarifiers,
associated pumps, heaters, filters and to some extent even
the boiler capacity on vessels other than the tankers may
be reduced.

Work is ongoing on the regulatory framework and

class and flag rules for using ammonia as marine fuel. In-
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ternational Association of Classification Societies (IACS)
has developed a Unified Requirement (URH1) covering
the release of ammonia from the onboard systems for bun-
kering, storing, preparing, and using ammonia as fuel ",
Classification societies have formulated tentative rules/
regulations/ guidelines and notations for ammonia fueled
vessels including ABS "', BV ", DNV °! IR " LR ¥
and NK ",

Ammonia’s main advantage is that it doesn’t contain
any molecular carbon, so combustion process does not
produce CO2 emissions. Its energy potential is also com-
petitive with other marine fuels, with gravimetric energy
density of 21.18 MJ/kg """, At present there are no marine
engines in service using ammonia as fuel. Engine makers
like MAN-B&W "), Wartsila """, and Win GD " are de-
veloping 2 and 4 stroke engines to use ammonia as fuel.
These will be dual fuel engines. The future solution will
likely be a fuel mix involving LNG, diesel, or methanol.
Different blends are being tested and this will have impli-
cations for the onboard storage and handling systems.

It is also important to note that no green ammonia
has been produced yet. It will be quite some time before
green ammonia is produced on a large scale in terms of
the volumes needed '\ At present ammonia is produced
from fossil sources like LNG. The next step will be blue
ammonia from carbon capture and further green ammonia
from renewables. Ammonia’s use as a marine fuel will be
in competition for ammonia’s use in the fertilizer produc-
tion. Catering to both industries will necessitate building
up more production facilities for ammonia ***!. Ammonia
has great potential as a hydrogen storage option. It has
high hydrogen density (17.8 wt.%), along with high flex-
ibility in its utilization, including mobile and stationary
applications. Ammonia is suitable to store energy. It lig-
uifies at -33°C and can be stored as liquid and transported
as is being done at present in gas tankers for industrial
use mainly in the fertiliser and chemical industry and as
a refrigerant gas. It can also be stored and transported at
18 bar pressure and atmospheric temperature. There is a
well-established global infrastructure to produce, store and
transport ammonia worldwide **.

At present the International Code of the Construction

and Equipment of ships carrying liquified gases in Bulk
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(IGC Code) is applicable for ammonia transport. Regu-
lations and procedure for ammonia storage and transport
by ships have been well established in the industry. They
need to be adopted / modified for use in the marine sector
for use of ammonia as fuel. IGC code 16.9.2 stipulates
that the use of cargoes identified as toxic products shall
not be permitted. Ammonia is listed as toxic. **\. However,
as Ammonia is a liquified gas fuel the IGF code was used
as a basis for providing the requirements for the use of
ammonia as fuel “***). While the IMO International Gas
Carrier Code (IGC) prohibits the use of cargoes identified
as toxic products as fuel for ships, the International Code
of Safety for Ship Using Gases or Other Low-flashpoint
Fuels (IGF Code) does not cover the case of ammonia.
Therefore, a revision of both is needed to allow for the use
of ammonia as fuel .

Ammonia needs to be further investigated for its
combustion properties for use in ICE, gas turbines and
direct ammonia fuel cells. Ammonia ignites and burns
poorly compared to other fuels. Flame propagation study
will need to be carried out for efficient combustion. High-
er NOx emissions and ammonia slip can be dealt with by
after treatment or by optimizing combustion. Engine man-
ufacturers like Wartsila and MAN-B&W are already trying
out the suitability of ammonia as a fuel in both dual fuel
and spark ignition gas engines ***".

Use of ammonia as fuel will affect how the ships are
built as ammonia is less energy dense compared to fossil
fuels and requires more storage space compared to fossil
fuels, almost 2.5 times. This will reduce the cargo carrying
capacity of the ships with financial implications. However,
this will be offset by carbon tax levied and over the years
the cost of producing green ammonia decreases .

As mentioned earlier, ammonia combustion could
also lead to higher NOx emissions necessitating after
treatment or by optimizing the combustion process there
is also a danger of ammonia gas release. One of the big-
gest issues is how to handle potential emissions of nitrous
oxide (N20), which is a powerful greenhouse gas that, if
released untreated, would negate the benefits of using am-
monia as a fuel. SCR at present uses Urea . The toxic
nature of ammonia is also a major concern. The gas cannot

be vented into the surrounding atmosphere in case of leak-

age. However, if there is a leakage there are no operational
consequences since the dual fuel engine can switch to us-
ing the other main fuel alone **.

Classification societies are developing regulations for
adopting ammonia as the main fuel as per the IMO guide-
lines. There is no single silver bullet for decarbonization.
New regulations and technology are always disruptive to
the existing industry. Future ships will be custom built for
propulsion and auxiliary power to use the most appropriate
fuel depending on ship type, size, trade route, and cargo
carried. For example, small coastal vessels and inland wa-
terways vessels may be hybrid diesel electric or fuel cell
powered by hydrogen cracked from ammonia. Training
of the ship’s crew will be another issue. This will be for
handling, bunkering, storage of ammonia and operational
/ safety issues related to the use of ammonia as fuel in the
engine room for main engine, auxiliary engine, and boiler.
Perhaps a different certification will be required for han-
dling ammonia as fuel.

However there are ships transporting ammonia for
a long time and the crew is well versed in handling am-
monia as cargo, but training will be required for use of
ammonia as fuel from the operational and machinery
maintenance point of view. IMO’s Sub-Committee plans
to convene an intersessional working group from 9 to 13
September 2024, immediately prior to CCC 10 (subject to
approval by the Maritime Safety Committee (MSC) at its
108th session and endorsement by the Council), to finalize
the guidelines >

All the above are pertinent issues related to the use of
ammonia which need to be investigated as future fuel for
the shipping industry.

The major challenges envisaged now can be summa-
rized as (see Fig. 1):

- Efficient combustion and specific fuel consumption.

- ICE material specifications of various components
like liner, piston, rings, bearings and elastomer seals used
in the stuffing box.

- Lubricating oil specifications, effects of ammonia
and combustion products on lubricating oil.

- ICE cooling systems.

- Lack of infrastructure for bunkering and onboard

bunkering and sampling methods.
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- Changes in ships design for storage of ammonia as
the energy density is much less than the fossil fuel in use.

- Due to corrosive nature of ammonia its effect on the
ship structure, pipelines, valves, venting arrangements etc.

- Toxicity effect on ships crew.

- Toxic effect on marine environment in case of spill-

age.

- Formulations of new rules and regulations from the
class and administration as per the IMO rules.

- Crew training and certification in handling ammo-

nia as fuel.

-

Challenges of Using Ammonia As Future Fuel for Marine Industry
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Figure 1. Flow chart — Challenges in using Ammonia as fuel

2. Properties of Ammonia
2.1. Physical Properties

Ammonia is a compound of nitrogen and hydrogen, a
colorless gas at atmospheric pressure and normal temper-
atures with a characteristic pungent odor. At higher pres-
sures ammonia becomes a liquid and is alkaline in nature.
It’s easier to store and transport ammonia as liquid.

The boiling point is -33.3°C and hence by applying
moderate pressure it can be handled as a liquid at room
temperature. At pressures above 8.6 bar at 20°C, ammonia
is a liquid with a density of 0.61 t/m3. At the boiling point,
the density is 0.68 t/m3. The heating value for ammonia on
a lower heating value basis is 18.6 MJ/kg. Thus, compared
to MGO the energy content is less than half on a mass ba-
sis and about 30% on a volume basis in liquid state.

The typical heating value for ammonia is similar to
that of methanol. As with most alternative fuels, it has
a lower energy density than fuel oils, so producing the
same energy content would require about 2.4 times more
volume as compared to petroleum-based fuels. Ammonia
is being produced by the Haber Bosch process for the last
hundred years. LNG being the feedstock, 30 GJ of natu-
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ral gas energy is needed to produce one thousand tons of
ammonia. For every ton of Ammonia produced 1.87 tons
of CO2 is emitted. This is what is known as Brown Am-
monia. Carbon capture and storage will result in blue am-
monia and green ammonia will be the result of production

from renewable energy without any carbon footprint *7**,

Table 1. Characteristics of Ammonia

Properties Unit Value
Colour - Colourless
Odour - Sharp, pungent
Molar mass g/mol 17.031
Density @ STP kg/m? 0.769
Melting point °C -77.73
Boiling point at 100 kPa °C —334
‘Vapor pressure at 20 =C kPa 858
Heat of evaporation MI/kg 1.371
Critical temperature °C 132.4
Critical pressure MPa 11.28
Viscosity at 25 =C uPa's 10.07
Heat capacity at c.p. kJ/mol- 0.037
(101.325 kPa, 15 +C)

Heat capacity at c.v. kJ/mol- 0.028
(101.325 kPa, 15 *C)

Heat of combustion MIL 112
Thermal conductivity mW/m- 22.19
Critical density g/mL 0.24
Condensation pressure at 25°C MPa 0.99
Flammability limit (equivalence ratio) - 0.63-1.4
Adiabatic flame temperature °C 1800
Max. laminar burning velocity m's 0.07
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2.2. Chemical and Physical Properties

Anhydrous ammonia is a colorless non-flammable
liquified gas. Its vapor is lighter than air (vapor density of
0.6) whereas air density is 1. The vapor leak may hug the
ground appearing as white cloud. Chemically ammonia
is 82% nitrogen (N) and 18% hydrogen (H) and has the
chemical formula of NH,.

Reaction to water — Ammonia is hydroscopic 1:1300
ratio (water: vapor) ammonia reacts with water forming
ammonium hydroxide (NH40OH). Ammonia is very solu-
ble in water with no layering effect.

Flammability: Ammonia is nonflammable but will
ignite at 600°C within vapour concentration limits of 15%
to 28%.

Corrosiveness: Ammonia will corrode galvanized
metals, cast iron, copper, brass, or copper alloys. All am-
monia piping, valves, tanks, and fittings are constructed of
steel. Liquid ammonia will expand 850 times into gaseous

state.

2.3. Combustion Properties

Ammonia is a simple chemical molecule compared
to HFO fuel oil derived from crude oil. Ammonia will
combust more efficiently as there are no other complex
hydrocarbon chains like marine HFOs. Ammonia has a
high auto ignition temperature of 650°C. It has low flame
speed and high heat of vaporization. It has narrow flam-
mability limits of 16-25% by volume in air. Ammonia is
more suitable for lower engine speeds due to its low flame
speed and hence better use in 2-Stroke slow speed marine
engines. Ammonia is a monofuel and requires a high com-
pression ratio of 35:1. It has a significantly higher com-
bustion heat, 11.2 MJ/L, compared to liquid hydrogen (8.58
MIJ/L). As per MAN-B&W, it is established that ammonia
liquid supply pressure for combustion approximately 80
bar and injection pressure 600-700 bar .

Ammonia has a high-octane rating and high com-
pression ratios are possible without undesirable knocking.
Furthermore, it has a lower stoichiometric air-fuel ratio
compared with diesel and for the same amount of air, more

ammonia can be introduced and thereby compensate for

the lower energy content and maintain the power density
of the engine. The lower flame speed and narrow flam-
mability range may lead to unburnt ammonia and hence
ammonia slip. Flame behavior in the engine is still under
investigation *.

Internal combustion engines are considered as a bet-
ter option than fuel cells in the near future because of cost,
power density, load response, and robustness. Two-stroke
diesel engines are the preferred main propulsion systems
for large ships. The large combustion chamber and the
long stroke with low rpm of a two-stroke engine is quite
suitable for burning ammonia.

In their DEMO 2000 project, Wirtisld and part-
ners used 30% marine diesel oil in ammonia for its first
successful tests in a four-stroke engine, but it is unclear
whether this will be applicable to two-strokes *'".

Exothermic combustion reaction:

4 NH; + 3 O, — 2 N, + 6 H,0 + Heat (Exothermic
reaction)

NOX emission reduction can be achieved by selec-
tive catalytic reduction system. NH3 injected into the ex-
haust gas produces only N2 and water as waste.

4 NO + 4NH,+O, — 4 N, + 6 H,0O

6 NO,+8NH; —» 7N, + 12 H,0

NH3 combustion will not emit CO,, SOx, and partic-
ulate matter.

There are number of parameters unknown about
ammonia; namely the best air fuel ratio for good efficient
combustion, temperatures of combustion, the effect on cyl-
inder liner walls, heat transfer rate from the liner to cool-
ing medium, the interaction between combustion products
and cylinder lubricating oil, in case of blow past the effect
on piston rings and stuffing box components.

Cylinder oil is used as lubricant between liner walls
and piston rings. It also serves to seal the space between
the ring and liner wall, preventing pressurized combustion
gas passing by. If the sealing is not proper due to improper
lubrication, then what is known as blow past occurs. If
there is unburnt ammonia in the blow past, then its effect
on the piston rings and stuffing box is unknown. This
stuffing box contains bronze / brass gas sealing rings, oil
scraper rings and rubber gaskets. All these components

will have to be compatible with ammonia. Furthermore, if
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ammonia enters the crankcase, then its effect on the sys-
tem oil is also unknown.

The present lubricants are meant for fossil fuel and
not for ammonia. The chemical requirement of lubricant
will be different once the ammonia effects are known. The
impact of ammonia fuel on marine engine lubricating oil

is still under investigation **".

2.4. Corrosive Properties

Ammonia is incompatible with various industrial
materials, and in the presence of moisture reacts with and
corrodes copper, brass, zinc, and various alloys forming
a greenish / blue color. Ammonia is an alkaline reduc-
ing agent and reacts with acids, halogens, and oxidizing
agents. Selection of materials will be an important factor
when ammonia is used onboard a vessel. Iron, steel, and
specific non-ferrous alloys resistant to ammonia should be
used for tanks, pipelines, and structural components where
ammonia is used. Ammonia is known to cause stress cor-

rosion cracking in carbon manganese and nickel steels.

Stress corrosion cracking is induced and proceeds rapidly
at high temperatures in steel when oxygen levels of more
than a few ppm in liquid ammonia are introduced. Ammo-
nia is also reactive to CO2 that may be contained in inert
gas ', The IGC Code outlines the requirements for piping

components, cargo tanks and equipment in contact with
4]

ammonia liquid or vapor

2.5 Toxic Properties

Ammonia is toxic in nature and has a distinctly pun-
gent and suffocating odor. The typical detection limit by
humans varies considerably from 0.04 to 53 ppm with a
mean of 17 ppm. Hence, the detection limit may be above
concentration considered as dangerous for long term expo-
sure.

Ammonia solutions with water have a strong alkali
reaction. Being extremely soluble, ammonia is absorbed
by body fluids (sweat, tears, saliva) and may cause severe

chemical burns.

Table 2. AEGL values for Ammonia *

Classification 10 min X0 min 1h 4h Fh End Poimt (Reference)
AEGL-1 30 ppm 3 ppm 30 ppm 30 ppm 30 ppm Mld irriestion (MacEwen et al 1970)
(nendisabling) M mgm’) Mmpm’ (M mgm) (2 mgmd (21 mgmd)
AEGL-2 (disablmgy 220 ppm 220 ppm 160 ppm 1190 ppm 110 ppm Imtaizon: eyes and throat; unge to cough (Yerberk 1977)
(34 mgm’y (154mgm™) (112 (7Tmgm3 (77 mg'm3)
mg m)
AEGL-3 (lethal) 2,700 ppm 1,600 ppm L1 ppm 350 390 ppm Lethahity (Eapeghuan ot al 1982, MacEwen and Vernot
{1.B8% (L11% (Tl {383 [PLE 1972
1 1 1
Engm ) LT3 -] g ) mgm3} mg mi)

AEGL values are the values of acute exposure guide-
line levels, they repreesnt threshold exposure limits for the
public and are applicable to emergency exposure periods
ranging from 10 minutes (min) to 8 hours (h). Three lev-
els—AEGL-1, AEGL-2, and AEGL-3—are developed for
each of five exposure periods (10 min, 30 min, 1 h, 4 h,
and 8 h) and are distinguished by varying degrees of se-

verity of toxic effects.

3. Internal Engine Process

Present internal combustion engines use fossil fu-
els like LSHFO and MGO. Marine propulsion engine is

normally a 2-Stroke crosshead engine. The combustion
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process is based on diesel cycle. One revolution encom-
passes compression-combustion-power stroke and ex-
haust. Heated fuel for the required viscosity is injected at
high pressure range of about 350 bar, a few degrees before
the piston reaches TDC this atomised fuel self-combusts
( auto ignition) due to mixing with high temperature of
compressed air resulting in combustion process creating
high pressure and temperature above the piston giving a
power stroke. Ammonia combustion properties are poor
compared to fossil fuels and require modification to the
engine. Ammonia has low flame speed and a high auto ig-
nition temperature of 651°C. Ammonia does not auto com-
bust at low temperatures and requires the use of pilot fuel

like MGO or bio-diesel to initiate combustion process.
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3.1. Engine arrangement

As per Man-B&W, engines used for gas injection can
be modified to use ammonia. To use ammonia as fuel and
for proper combustion, it will be injected as gas under high

pressure and ignited by a pilot flame using MGO or bio-

diesel for complete combustion. There are existing engines
using dual fuel like LNG and Methanol and these can be
modified to use ammonia as fuel as per the engine makers.
The diagram shows the modification for using ammonia as
fuel.

| |
Almrninia calcll'l
system

o e .
I

Recirculation
: system

N, vent

Vent air outlet

Dry air inlet

From NH,
supply system

Figure 2. MAN B&W Dual Fuel engine *!

3.2. NOx emission

NOx emission can be controlled by selective re-
duction catalyst (SCR) process with urea and ammonia.
Formation can be controlled by modifying the combustion

process. Part of exhaust gas is redirected to the scavenge

Normally, the ammonia (reducing agent) required is
added by injecting a urea solution (CH,N,O + H,0) into
the exhaust gas, however, ammonia can be injected as the
catalytic agent instead of urea. The consumption of ammo-

nia for the SCR system will be very small compared to the
[46]

ammonia fuel consumption

air receiver cooled and used again.

NOx emission — ammonia.
Selective Catalytic Reduction
(SCR) Process — removing NOx emissions

40% urea solution
CO (NH,); * 5(H,0)

This SCR process
requires ammonia in
order to work.

4NO + 4NH3z + Oy = 4Ny + 6Hz0
6NO; + 8NHg = 7Ny + 12H0

Fig. 3 Selective catalytic reduction using ammonia as catalyst "
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3.3. Safety

Due to ammonia’s toxic nature any leak will be dan-
gerous for humans. As per NIOSH PEL (Permissible) limit

47 . .. . .
#Since ammonia is a toxic chemical, proper

is 50 ppm
safety precautions must be observed. Ammonia has been
handled routinely as part of the SCR system on many ves-
sels. 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 **.

3.4. Engine lubrication

Ammonia is a toxic substance that has never been
used as a fuel in the laboratories of most lubricants or
additives companies. New test methods will need to be
developed when ammonia is used as fuel. It is known that
LNG flame can burn down the sides of piston crown and
lead to deposit formation between and behind the piston
rings. Methanol used as fuel in the engines formed emul-
sion with system lubricating oil, but effects of ammonia
are unknown.

lubricating oil, but the effects of ammonia are un-
known. Lubricating oil and additive producing companies
need a representative fuel available for testing, required
for developing / producing the right lubricating oil for am-
monia engines. Ammonia will require a different type of
lubricating oil for cylinder lubrication.

Due to ammonia’s poor combustion qualities and the
delay in combustion the effect on cylinder lubrication is
unknown and is an area of concern. The type of additives
required is still an unknown area. It will depend on the
combustion process and products action with the base lu-
bricating oil. Effects of ammonia and combustion products
on cylinder lubrication and engine crank case oil needs
investigation. The impact of ammonia on engine oil deg-

radation is still an unknown quantity “. The possibility of

lubricating oil getting contaminated and its effect on film
formation also needs to be studied. Oil analysis process
will also change, as of today they are all based on the use
of fossil fuels in the engines.

Combustion Related Corrosion: Ammonia combus-
tion products are Nitrogen, NOx, unburnt ammonia, and
water vapor and all these can lead to corrosion. Engine
components need to be compatible with the fuel used. En-
gine parts are made of cast iron, cast steel, aluminum, cop-
per, nickel, bronze, white metal, neoprene rubber, Teflon
etc. The effect of ammonia will need to be investigated.

Lubricant Properties: A study investigated the impact
of ammonia combustion on engine lubrication. A 4-stroke
diesel internal combustion engine was modified to op-
erate in dual-fuel mode with ammonia. Different engine
lubricants were tested, and oil samples were taken over
extended periods. Analytical techniques and laboratory
tests evaluated the evolution of lubricant properties under
ammonia-powered engine operations. The study provided
insights on compatibility of engine oil composition with

ammonia 7,

3.5. Main engine components

Materials used in the engine should not be affected
by the corrosive nature of ammonia, especially applicable
to elastomer seals used in the stuffing box and areas where
sealing between two components is required. Ammonia
compatibility with elastomer seals viz. stuffing box ar-

rangement is another area which needs investigation.

3.6. Engine cooling arrangements

The conditions in the cylinder, temperature and pres-
sure developed and suitable cooling arrangement of liner
and cylinder head are still under investigation. Ammonia
combustion properties and temperatures in the cylinder af-
ter combustion will dictate the cooling gradient of the cyl-

inder liner wall and the temperature of cooling medium.

3.7. Scavenge air pressure and temperature

Pressurized scavenge air is provided by the exhaust

gas turbocharger which is cooled and supplied to the un-
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der-piston area for providing scavenge air to remove the
exhaust gas and fresh air for clean combustion. The pres-
sure and temperature will depend on what kind of combus-
tion takes place in the cylinder and the ratio of pilot fuel
used for initial ignition. For complete combustion correct
air / fuel ratio is required, to prevent any ammonia slip.
Pressurized cooled air is supplied by the turbocharger into
scavenge duct through an air cooler into the under-piston
area. Since the combustion properties of fossil fuel and
ammonia are different the required air quantity may differ
both in temperature and pressure provided. Ammonia has
lower flame speed and high combustion temperature, com-

pared to fossil fuel.

3.8. Turbocharger

The turbocharger design may need to be modified
to supply the right amount of air pressure charge to the
engine depending on the combustion process and the con-

sequent temperature and pressure of exhaust gas.

4. Issues Foreseen Onboard and for
Vessel Operation

For crew safety, operational guidance will need to
be provided through a check list and part of ISM manuals.
Separate guidelines will be required for bunkering and
maintenance of engines using the appropriate PPE. At
present SOPEP guidelines are being followed for any spill-
age of fuel oils during bunkering and equipment provided
for same. Similarly, a “Ship Ammonia Pollution Emergen-
cy Plan” will need to be formulated and special equipment
should be provided for dealing with ammonia leakage /
spills. At present ships certified to carry oil and noxious
liquid substances have Shipboard Marine Pollution Emer-
gency Plan (SMPEP) in accordance with regulation 37 of
Annex [ and regulation of 17 of Annex II. This may need

to be modified for carrying ammonia as fuel.

5. Environment Protection

In case of spillage during bunkering, procedures and

methodology will need to be developed to prevent pollu-

tion of sea, waterways, rivers etc. ISM manuals will have
to incorporate the procedures and check list. Ammonia
spillage in water will affect aquatic life. Even at diluted
concentrations it is highly toxic to aquatic life and is clas-
sified as dangerous for the environment.

Ammonia affects the fish both directly and indirectly
depending on the levels present, with certain species more
susceptible to ammonia toxicity than others. At lower
concentrations, around 0.05mg/L, un-ionized ammonia is
harmful to fish species and can result in poor growth and
feed conversion rates, reduced fecundity and fertility and
increase stress and susceptibility to bacterial infections
and diseases. At higher concentrations, exceeding 2.0mg/L,
ammonia causes gill and tissue damage, extreme lethargy,
and death.

Ammonia density is 0.86 compared to air (1.0).
Although it is lighter than air it forms a cloud with atmos-
pheric air and stays at ground level as white fog. It is also
highly hydroscopic, meaning it has high affinity with wa-
ter and dissolves in water. Once it is in water nothing can

be done. The only way is prevention of spillage in water "),

6. Storage Onboard and Bunkering

Safe storage of ammonia onboard needs to be in-
vestigated as well. It can be either stored in refrigerated,
semi-refrigerated or pressurized tanks. This design will
depend on the ship type and spaces available for safe stor-
age. This will cut down the cargo space. Ammonia will
occupy almost 2.5 times the space required compared to
fossil fuel with the same energy output. However, for fuel
oil use all the associated tanks like settling tanks, service
tanks, associated heating and pumping equipment, hot fil-
ters, associated piping valves and control systems will not
be required. The fuel oil purifiers will also become redun-
dant along with their associated equipment vacating the
space required in the engine room. The anticipated choice
for storing ammonia for use as propulsion fuel is likely to
be a pressurized tank Type C, at ambient temperature and
app. 18 bar pressure '"*).

Venting arrangements are also an important issue.
Ventilation is required for storage tanks and fuel prepara-

tion room areas. It should be designed to avoid exposure
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to crew outside those areas. Just like chemical and petrole-
um tankers ventilation and access doors to accommodation
needs to be designed to avoid any gas ingress. Perhaps this
can be achieved by double door construction and positive
pressure slightly higher than the atmospheric pressure in
the accommodation. A gas detection / alarm system in the
accommodation will be required for additional safety. The
location of vent masts should be away from the accommo-
dation and air intakes.

Bunkering procedures need to be formulated for safe
bunkering. Ship specific manuals and instructions for safe
bunkering procedures will be required. Normally bunker-
ing is concurrent with cargo operation. Ports should have
adequate facilities for bunkering and their own procedures
for safe bunkering. The ullages and measurements process
will differ from the one used for fossil fuel.

Infrastructure for bunkering in large quantities will
need to be developed. There must be an international
standard for quantity and quality assessment.

Ammonia can react with halogens, interhalogens and
oxidizers and may cause violent reactions or explosions.
Therefore, ammonia should be stored in a cool, well-venti-
lated location, away from sources of ignition, and separate
from other chemicals, particularly oxidizing gases (chlo-
rine, bromine, and iodine) and acids.

The IGC Code (Chapter 16 Use of Cargo as Fuel)
applies to liquefied gas carriers using their cargo as fuel
under the ‘one ship, one code’ amendments to SOLAS II-1
made with the adoption of the IGF Code. However, the
IGC Code, Chapter 16.9.2 prohibits the consumption of
toxic cargoes, including ammonia, as fuel. Current propos-
als to amend the clause could be approved by December
2024 at the earliest.

As per the IGC code the following requirements need
to be fulfilled .

Personal Protection (14.4): Self-contained breathing
apparatus and gas-tight protective clothing for all onboard
personnel, and decontamination of shower facilities.

Material compatibility (17.2.1): Materials to be re-
sistant to the corrosive action of gases and materials such
as mercury, copper and copper-bearing alloys, and zinc not
to be used for construction of cargo tanks and associated

pipelines, valves, fittings, and other items of equipment

normally in direct contact with the cargo liquid or vapor.
Stress Corrosion Cracking (17.12): Requirements to

minimize the risk of stress corrosion cracking in contain-

ment and process systems made of carbon manganese steel

or nickel steel.

7. Crew Training and Certification

At present ships are carrying ammonia as cargo on
gas tankers. The crew is certified for carriage of this type
of toxic cargo. However new rules and regulations will
need to be formulated for using ammonia as ship’s fuel
considering IGF and IGC codes. Crew will need to be
trained to use ammonia as fuel. This will include handling
ammonia and maintenance of engines using ammonia as
fuel and all the safety aspects related to it. Administration
will have to issue certificates for crew using ammonia as
fuel.

8. Firefighting Arrangements for
Ammonia

Ammonia is a flammable gas with a narrow flam-
mability range. Its flammable range in dry air is between
15.15% and 27.35%. It has an auto ignition temperature of
651°C. The risk of an ammonia fire is lower compared to
other fuels due to its narrow flammability range, relatively
high ignition energy, and low laminar burning rate (more
than four times less than methane [< 0.010 m/s]). Howev-
er, ammonia needs to be isolated from any possible igni-
tion source. The fire risks of ammonia when mixed with
other fuels and lubricating oils need to be investigated in
addition to pure ammonia combustion. Such fuel mixtures
may have a much broader explosive range. Ammonia fire
will produce irritating , corrosive and / or toxic gas.

Dilution systems may be utilized to avoid the flam-
mability range of ammonia. The United States National
Center for Biotechnology Information recommends that
small fires involving ammonia can be extinguished with
dry chemicals or CO2 and large ammonia fires can be
extinguished through water spray, fog, or foam but care
needs to be taken to prevent environmental contamination

from diluted water/runoff ®.
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9. Overall Risk Management

Ship specific proper HAZID, HAZOP and Risk anal-
ysis will be required, formulated, and check lists incorpo-
rated in the operation manuals. Ammonia detection Alarm
/ systems will need to be installed for the system.

A new building will be easier than retrofit. However,
MAN-B&W claims that present engines running on liquid
gas injection of propane and methanol can be modified to
run on ammonia ¥, There will be new design concepts for
ships in view of the larger capacity of bunker tanks associ-
ated pipelines, valves, and venting arrangements. The ME-
LGIM engine type, which uses methanol as fuel, 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, which uses LPG as fuel and is now
being adapted to use ammonia as fuel. The development
of the LGIM engine also dealt with some of the challeng-
es 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 **.

Ammonia tanks need to be designed for temperature
and/or pressure control if ammonia is stored in a refriger-
ated condition, as ammonia continuously evaporates and
generates boil-off gas due to heat gain, which increases
pressure in tanks if not managed. Challenges like crew
training, bunkering availability, port discharge limit com-
pliance, tank venting and planning for human exposure
beyond permissible limits need to be addressed during the

hazard identification study when designing *.

10. Ammonia for Fuel Cell — Solid
Oxide Fuel Cell (SOFC)

The SOFC can directly use NH3 as fuel; however, the
SOFC is limited in how rapidly it can increase fuel deliv-
ery rate according to power demand. Therefore, the energy
storage system (ESS) is utilized as a complement (back-up)
power to compensate for the slow dynamics of the SOFC
during transient operations, and it can also be used as a
cold-start energy source. The ESS is charged through the

remaining power at an instantaneous load reduction, and it
discharges at an instantaneous load increase. The ESS can
cope with the extra load fluctuations, especially for high
load conditions (e.g. heavy weather, etc.).

Ammonia can also be split into nitrogen and hydro-
gen via the reaction

2NH; — N, + 3H,

Ammonia used in fuel cells may offer higher thermal
efficiencies, less noise, vibrations, and lower emissions of
air pollutants compared to ICE. However, the emissions
associated with ammonia fuel cells need to be investigat-
ed. There is a risk of NOx emission *”. The ammonia fuel

cell will also be relatively costly.

11. Present Status

MAN B&W claims no visible difference between
ammonia and ME LGIP / LGIM liquid gas injection of
propane and methane gas. Following two years of explor-
atory studies into the economic feasibility of deploying
100% ammonia-fired gas turbines across Asia, GE Ver-
nova and IHI Corporation will proceed to an engineer-
ing and testing phase. Based on their efforts in 2022 to
demonstrate a low-N20O combustor for a 2 MW, 100%
ammonia-fired turbine, IHI will lead development of a
two-stage combustor for larger-scale gas turbine models.
Combustion testing will take place in IHIs facilities in Ja-
pan. As per MAN - B&W, 3000 engines can eventually be
converted to ammonia operation .

Alfa Laval, which is one of the marine fuel system
developers, announced that it is exploring the next genera-
tion of fuel gas supply systems to accommodate LPG and
eventually ammonia for engines '*. In January 2020, a
new project (Ship FC) was launched to install the world’s
first ammonia-fueled fuel cell on an offshore vessel (Vi-
king Energy) ", In addition, some research works !
mentioned ammonia to be the main fuel for polymer elec-
trolyte membrane fuel cells (PEMFCs) as a low-cost ap-
proach. There are already some 170 ships in operation that
can carry ammonia, with around 40 of these continually

carrying the product.

IMO Report:
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As per the IMO report, at present fossil fuels are in  Disadvantages

use along with LNG.
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Figure 4. Fuel Oil consumption of Ships !

As per the report, 27723 ships used 203 million
tons of fossil fuel in 2020. There was a slight increase
in the use of Liquefied Natural Gas (LNG), which was
11,974,761 tons in 2020 (compared to 10,482,742 tons in
2019). 99.91% of the fuel used was either Heavy Fuel Oil,
Light Fuel Oil, Diesel/Gas Oil or Liquefied Natural Gas.
The majority of the reported fuel oil was consumed by the
following three EEDI ship types, containerships, bulk car-

riers, and tankers.
Advantages

Advantages of ammonia as a fuel can be summarized
as:

-Ammonia is carbon free so there is no CO2 or soot
emission. It can be easily reformed to hydrogen and nitro-
gen for direct use in fuel cells. It can be stored and trans-
ported as a liquid at a practical pressure and temperature.

-Use of ammonia in ICE is capable of achieving IMO
decarbonising target for shipping by 2050.

-Excess electrical energy produced by renewables
like wind and solar can be used to synthesize green ammo-
nia and stored, to be used as required. Infrastructure exists
for ammonia for storage and transport.

-Lloyd’s Register (LR) and University Maritime Ad-
visory Services (UMAS) ! suggest that ammonia is more
competitive than hydrogen because of the lower costs that

are associated with onboard storage.
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Disadvantages of ammonia as a fuel can be described
as:

-Ammonia’s corrosive and toxic nature is harmful to
humans, environment, and marine life.

-High NOx generation will need to be handled.

-Safety is a major concern.

-Lack of infrastructure to supply on large scale. Bun-
kering facilities will need to be developed.

-Complete ship design will change, and ICEs will
need to be modified. Design criteria will be suitable for
how to deal with equipment failure and cascading failures.

-New rules and regulations will need to be formu-
lated for safe handling. Crew and shore / port personnel
will need to be trained to handle ammonia as fuel. Good
training and certification will be essential to reduce human
error.

-For comparison, the fuel consumption of all ships
was estimated to be 300 million tons in 2012, which corre-
sponds to 650 million tons of ammonia on an energy basis.
Since shipping fuel demand is also expected to increase
further the current production of ammonia can only cover
a moderate fraction of the demand for marine fuels *°',

-Present production will require upscaling as ammo-
nia®” is extensively used for agriculture fertilizer essential

for food production worldwide.

12. Conclusions

Ammonia is a carbon, Sulphur and other pollutant
free fuel that will play an important role in the decarbon-
ization of shipping as per IMO regulations. Ammonia
is toxic and corrosive in nature, the energy density is
lower than fossil fuels, but it is still more favorable than
hydrogen. With modified internal combustion engines
and low-pressure fuel tanks it will be suitable for large
ocean-going vessels. Due to its high toxicity and corro-
siveness appropriate safety barriers need to be in place and
material selection for various components using ammonia
as fuel is of importance.

The operation of alternative-fuel-powered ships like

ammonia has some special risks, such as fuel spills, va-
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por dispersion, and fires. The existing international legal
framework does not address these risks sufficiently. Un-
foreseeable damage to environment, human health, and
property due to spillage of toxic ammonia has a legal as-
pect from international law perspective, related risks, and
solutions 7.

The cost of producing ammonia-based fuels by re-
newable energy is being explored. When used as fuel in
IC engines, ammonia combustion predominantly produces
water and nitrogen. Unburnt ammonia must be closely
controlled. Understanding the requirements of ammonia
gas including low-temperature service, pressurized storage
tanks, flammable gases, and working with corrosive and
toxic nature is key to addressing the safety hazards of us-

ing ammonia as a fuel for marine engines.
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