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Abstract
In the competition for carbon neutral alternative fuel, ammonia shows very promising characteristics
and results, exceptionally suitable for marine use with slow speed two-stroke large engines, where in
addition the know-how for its transportation exists, the infrastructure is already available, revealing
potential for rapid scale-up, production technology is mature and the technological and safety barrier
are surmountable. The present thesis aims to clarify, summarize and offer a rapid calculation and
estimation by means of a sophisticated spreadsheet model, using the current technical knowledge for
the application in such installations and the financial range of the costs involved. The created model
gives the freedom to change a multiple of parameters in order to explore different scenarios and makes
it flexible for utilization in variety of applications, including investments. The thesis provides
conclusions drawn by the comparison of usage of the most common types of fossil fuels and ammonia
fuel depending on the method of production, as well as different most likely scenarios of costs
development. The spreadsheet model created in the thesis estimates and compares the benefits in the
carbon emissions with the different fuels and presents the results also in percentages. An approximate
estimation of the Carbon Intensity Index improvement is indicated in case the fuel is substituted with
ammonia. The thesis combines digital, engineering and economical methods and knowledge with the
available literature and data in order to present and give an upgraded view of the topic, which could
serve as a basis for further development, management of projects and financial decisions.
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1. Introduction.
It has become well known that the targets of IMO to reduce the carbon footprint of shipping will be
impossible to reach by only implementing energy efficiency methods and the use of alternative fuels
has to be introduced. Ammonia is one of these potential options, offering a viable solution especially
suitable for the deep-sea shipping, where storage of sufficient energy is required available onboard for
the intended voyage, considering also weather implications. Ammonia is a combustible compound that
does not contain carbon within its formula and when combusted releases nitrogen, water and a
quantity of pollutants as nitrogen oxides, which can be abated with already known technologies like
SCR for example. The volumetric energy content of ammonia is 12.69 GJ/l, which is almost three time
less than MDO, however it is higher than liquid Hydrogen 8.5 GJ/l and is just behind methanol 15.5
GJ/l. Ammonia has a simple chemical formula consisting of one nitrogen atom and three hydrogen
atoms. It can be synthesised from nitrogen and hydrogen, which are practically unlimited feedstocks
only by using energy. The energy can be substituted by renewable electricity and thus ammonia
becoming zero emission fuel and an energy carrier. To produce one ton of ammonia it is required
around 10MWh electrical energy with the currently common production efficiencies [Alfa Laval et al.
2020]. Ammonia is already well known as an agricultural fertiliser and is largely transported by sea,
making it easy to scale up relatively quickly production, storage and transportation using the existing
infrastructure. Further, ammonia can offer higher efficiency – until 75%, when burned as a fuel with
Fuel Cells.
It appears that all challenges that ammonia faces as a fuel, have already existing solutions. The safety
measures against its flammability and toxicity as a fuel can be borrowed from the LNG ships and LPG
vessels . The experience gained from the agricultural industry and the transportation by sea as a cargo
in specialized LPG/NH3 vessels has added significant contribution and the technology has proven safe
during decades. The abatement of the NOx/N2O emission with SCR is already a well-developed
technology. The corrosive nature of ammonia is resolved by selection of materials that resist the
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corrosion. The two-stroke diesel engine technology with pilot fuel that can handle practically any fuel
can cope with the hard flammability and the low flame propagation of ammonia. The Fuel storage
onboard is possible at relatively not too low temperatures -33 and volume required is around 4.1 times
more than MDO and VLSFO, including the insulation and losses from the design of the tank. So far
Approvals In Principle (AIP) of new buildings by Classification Societies are achieved and the Engine is
in progress of development by MAN. The production challenges and barriers to the green ammonia
are being addressed and under development which is supported also by the fertilisers industry,
however this challenge is considered to be the bottleneck on the way to decarbonization. For the
present conventional production of ammonia, the hydrogen H2 is produced from natural Gas and the
green production of H2 from renewable electricity using large scale electrolysers is a well-developed
know-how.
From all said above, it emerges the necessity ammonia to be assessed economically as a marine fuel,
implementing the available in the literature technical and economic knowledge for the production and
usage as a fuel in internal combustion engines for marine application. An automated model for
calculation of costs, using already known relations, was developed in this thesis in order to able to easy
and quickly compare ammonia to existing fossil fuels and to draw up conclusions.
The current worse case scenario prices of bunker fuels, natural gas and electricity costs per MWh for
industrial users are used as input data, as well as the specific fuel consumption of the internal
combustion engines. The total required power for main propulsion and auxiliary power has to be
chosen for a specific type of vessels, where three options with average parameters are presented. The
percentage of the pilot or promoting fossil fuel can be modified, giving also the freedom a few other
parameters to be modified, like percentage of usage of ammonia as fuel for the Auxiliary engines,
penalty fee per ton of CO2 emissions. One of the major assumptions on which the model is built is the
estimated thermal energy efficiency of the two-stroke internal combustion engine, which taken with
ammonia is chosen close to the modern internal combustion engine using fossil fuel – namely 50% [KR
2020, 31]. This assumption was also discussed in a number of recent webinars organized by the
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Classification Society DNV with representatives of the maker MAN. Furthermore, the carbon emissions
are calculated once originating only from the combustion of the fuel and secondly total emissions,
including these for the production of the respective fuel and the upstream carbon footprint.

2. Literature review, including focus on safety against toxicity.
Historically, ammonia represents an interest as a fuel for more than hundred years and a number of
studies and projects has been developed and executed. Ammonia was first demonstrated as a fuel for
Internal Combustion engines in 1822 in a locomotive. Later, during World War II, it was used in Belgium
to fuel buses for public transport [ABS 2020, 15]. In recent time, it has drawn a lot of attention, due to
the decarbonisation efforts in all sector of the human activities, GHG emission regulation measures
and its suitable properties as energy carrier, technically feasible combustion, surmountable
disadvantage of being toxic substance, relatively easy storage, production and transportation.
Moreover, the production and transportation of ammonia are already mature technologies and offer
a potential to be scaled up relatively quickly. The ammonia poor combustion properties as low
flammability and low flame propagation appear to be feasible to be overcome especially for marine
application with low speed two-stroke large internal combustion engines, where the technology is
already very mature. The engine manufacturer MAN has reported they are working on such an engine
and have planned first delivery and engine installation for the first half of 2024 [MAN 2020a].
As per MAN [MAN 2020a], ammonia is a potential long-term fuel for two-stroke marine engines.
According to them the two-stroke engine technology is likely to remain the prime mover for deep sea
shipping, the engine being able to operate on almost any fuel and able to offer dual and multiple fuel
engine solutions, where the base is an engine governed with altered combustion physics. They mention
that there is a distinctive preference for ammonia compared to hydrogen for deep sea marine
propulsion, due to the lower explosion risk, lower costs for handling, high energy for liquefaction of
hydrogen and significantly larger liquid hydrogen storage volume and heat losses. Actually, ammonia
is more efficient approach to use hydrogen. Moreover, it is globally traded and transportation is going
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on for years. However, along with the clear advantages stated above and possessing a simple chemical
formula, carbon and sulphur free, ammonia poses challenges like being toxic and lethal at 5000 ppm
concentration with short exposure, during combustion of ammonia nitrogen oxides (NOx) and nitrous
oxide (N2O) are formed, storage tanks are 4.1 times larger than the equivalent MDO storage tanks,
regulation-wise it is not released to be used as a fuel yet. The company is planning to offer propulsion
engines not only to new-building ships, but also conversions of existing engines to ammonia. They say
the new engine will be based on the well-known LE-GI engine, designed for dual fuel operation with
LPG using liquid injection. They reported so far that the fuel supply system will deliver fuel with 80 bars
and the ammonia injection will be attained at 600 to 700 bars. Another advantage of the MAN
ammonia dual fuel two-stroke engine is that it will not fundamentally change the merchant
shipbuilding and operation. MAN, as a marine engine manufacturer is also well known to offer
technologies that are engineered to adapt to the crew skills and work routines. The new engine
systems were reported to include: fuel supply system (FSS), fuel valve train (FVT), Nitrogen system,
double walled piping system with ventilation and leak detection, emission reduction technologies. The
exhaust gas treatment SCR (Selective Catalytic Reduction) ammonia or urea system consumption will
be very small compared to the ammonia consumption for propulsion of the vessel.
Similar is the opinion of another engine designer – Wärtsilä, that has concentrated efforts to construct
and test first a four-stroke engine [Wärtsilä 2020b], but also working on ammonia fuel cell projects.
Wärtsilä market plans include operating on pure hydrogen engine ready by 2025, engine on ammonia
blend for the marine market by the end of 2021 and engine concept with pure ammonia in 2023
[Wärtsilä 2021a]. Wärtsilä that is pioneering with fuel-flexi combustion engine, reported very
promising test result on engine running on a fuel with 70% ammonia content at a typical marine load
range. As per Wärtsilä scaling up of green ammonia production may take years. They assume that
carbon neutral ammonia will unlikely be initially available in big enough quantities and shipowners
would be uncomfortable switching to a new fuel overnight, so most likely scenario would be initially
to use ammonia as a drop-in fuel, building up confidence in using and handling it [Wärtsilä 2020b].
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The company has strategically analysed that to achieve 100% renewable energy transition, a significant
amount of flexible balancing power will be needed as a complement to ensure stable power supply
and combustion engines and battery storage will be part of the core solution. Wärtsilä gas engines are
capable of rapidly ramping up and down the power. As per Wärtsilä, the green hydrogen as part of the
energy transition can be used directly or as a raw material for producing a wide range of fuels, each of
them possessing different benefits [Wärtsilä 2021a]. Hurdles represent according to them the lack of
enough clarity in regulatory requirements and the abatement of exhaust emissions of NOx and N2O.
The cost of planning for ammonia fuelled vessel should be reduced when the fuel is included in the IGF
code. Several of the projects in which Wärtsilä is now participating will serve as a basis for development
of the IGF code regulations for ammonia. Ammonia as a fuel is where LNG vessels were a decade ago
[Wärtsilä 2020b].
DNV examines the current use of ammonia and what would take to scale it as a marine fuel comparing
the costs, energy efficiency in the production and when in use as a fuel, advantages, challenges, safety
aspects and regulatory requirements of conventional, blue and green ammonia [DNV GL 2020b].
According to them the technical and safety challenges are not unsurmountable. The barriers would be
the source of ammonia and the future cost of green ammonia. Presently conventional ammonia offers
no carbon abatement advantages, while simply adding costs. Other drawbacks are the low energy
density and toxicity. The latter can be tackled by measures as water sprays, emergency showers, eye
wash stations, ventilation arrangements, sensors, automated shut-downs, crew training. The low
energy density could be compensated by introducing more ammonia in the engine cylinder made
possible due to the lower stoichiometric air-fuel ratio required for combustion compared to diesel.
The DNV Classification Society review the current energy efficiencies for production of ammonia, which
is about 66% based on Lower Heating Value with its best available technology, however produced only
from natural gas as a feed stock and energy source, it has been reported the weighted average
European energy consumption in 2012 10.8 MWh per ton ammonia, which is 48% to 53%, the latter
being with larger plants. For comparison, hydrogen produced from electrolysers would have 68%
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efficiency and then the entire production process of ammonia would have approximately 52% energy
efficiency as per DNV [DNV GL 2020b]. An important conclusion was stated that the conversion process
of electricity to renewable methanol has lower efficiency than producing ammonia from electricity
[DNV GL 2020b, 9].
Regulation-wise, ammonia is covered by the IGC code when transported by sea with gas carriers
designed for ammonia. However, the code does not allow the use of toxic cargo as a fuel and the IGF
code does not include yet ammonia.
The ammonia prices in the past vary significantly over time and regions between 200 to 700 USD/t, the
average for 2008 to 2017 being about 400 USD/t. For future price estimations, the natural gas
contributes between 70 to 85% of the production cost for ammonia and thus the local cost of natural
gas largely determines the costs for ammonia. The natural gas price in the Middle East has been
reported 100 USD/t and in the Western Europe 400 USD/t as of 2013. Including the CAPEX costs of
2200 to 3500 USD per ton annual green ammonia production capacity, calculated as a function of
electricity prices and based on rate of return for the project over 20 years at 10%, efficiency 52%, a 5%
discount rate and annual OPEX at 2.5% of CAPEX, the price of green ammonia would be as per DNV in
the range of 650 to 850 USD/t, but the electricity prices for renewable energy from wind and solar will
be highly site specific. The production cost of renewable ammonia will largely depend on two
parameters: the price of electricity and capital expenditure [DNV GL 2020b, 13]. For reference, IEA has
indicated in its study on ammonia production from renewable resources in China, a price range of 450
to 700 USD/t [DNV GL 2020b, 13].
DNV estimate that it is possible to develop an internal combustion engine for ammonia that will be
cheaper than fuel cells, which are so far not only expensive, but have a limited lifetime. As for the
internal combustion engine DNV expect the efficiency to be fairy equivalent to the diesel engine
around 50%. They recognise the high autoignition temperature (630 deg), the low speed flame, the
narrow flammability limits (15-28%) and the high heat of vaporization as main challenges for the stable
combustion. Researches are available carried out on both spark and compression ignition, four and
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two-stroke engines, where preferences are given for two-stroke low speed internal combustion
engines with MGO as pilot fuel and considered a better option in the near future, eventually with a
small fraction of renewable ammonia cracked into hydrogen in order to improve combustion [DNV GL
2020b, 16].
DNV also concludes regarding the GHG emissions that ammonia from natural gas is similar to lowsulphur MGO at around 88 kgCO2/GJ. The best ammonia production technology available with natural
gas has a carbon footprint of about 1.6 t-CO2/t-NH3 corresponding according to them to 85 kgCO2/GJ.
The carbon emissions of ammonia produced from natural gas are much lower that the emissions from
electrolysis from electricity in the electricity grid, where there is a significant contribution of fossil fuel.
Convincingly, most of the energy consumption and CO2 emissions are in the production of hydrogen
in the supply chain for synthesis of ammonia. In conclusion, DNV expect that capital expenditure for
an ammonia two-stroke ICE (internal combustion engine) and fuel supply system to be at the same
level as the corresponding LPG engine. For brown ammonia, the cost has been about 275 USD/t for
the last three year before 2020 and this corresponds to 600 USD/t price of fossil fuel base on same
energy content. The ammonia produced today would result in GHG emissions in the same level as the
Very Low Sulphur Fuel Oil (VLSFO).
DNV addresses the safety aspects of the usage and handling of ammonia as a fuel in detail in another
publication called “Ammonia as a marine fuel - Safety handbook” [DNV GL 2020a]. As a result of its
properties, ammonia, being toxic, requires additional safety measures to be addressed before
considering it as a fuel. Ammonia is less flammable and represents a lower, but not ignorable fire risk.
Therefore, it does not generally constitute a fire hazard outside, but indoor it is if contaminated with
oil or other combustible materials and besides that, pressure vessels may explode when exposed to
heat input. The safety principles developed with LNG fuel related to segregation, double barriers,
leakage detection and automatic isolation of leakages will also be suitable for ammonia [DNV GL
2020a, 3]. Carefully examining all properties of ammonia, DNV summarise the ones relevant to safety,
namely it is a colourless, toxic gas with sharp, penetrating odour, it is lighter than air, possesses
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hygroscopic properties and will rapidly adsorb moisture from air and form a dense and visible white
cloud that may have heavier density than air. Ammonia dissolves easier in water to form ammonium
hydroxide (NH4OH), a caustic solution and a weak base. Ammonia has alkaline properties and is
corrosive to galvanised metals, cast iron, copper, brass or copper alloys, hence selection of materials
is required.
In comparison with LNG, which is explosive, cryogenic, flammable and asphyxiating, ammonia is toxic,
explosive, corrosive and flammable. Although the levels of the hazards are different, they were
arranged as per importance and severity. On the question how toxic is actually ammonia, DNV answers
that this is a function of the concentrations and exposure time, with notable discomfort and reversible
effects at 30 ppm or 0.003% content in the air, irreversible long-lasting effects at 220 ppm or 0.022%
for 30 min and life-threatening effects above 2700 ppm (0.27%) for 10 min [DNV GL 2020a, 9].
Ammonia, being hygroscopic compound, seeks water from the nearest source, including the human
body and attacks the eyes, lungs and skin, due to their high moisture content causing caustic burns. If
as a liquid in contact with the skin it causes burns due to evaporation, similar to dry ice, but more
severe [DNV GL 2020a, 10]. Most deaths from anhydrous ammonia are caused by severe damage to
the throat and lungs from a direct blast to the face. When large amounts are inhaled, the throat swells
shut and victims suffocate. Exposure to vapours or liquid also can cause blindness.
Combustion of ammonia can form nitrogen oxides, which can aggravate cardiovascular and respiratory
diseases and nitrous oxide, which is 300 time more potent GHG than carbon dioxide. As already
mentioned, ammonia engines will be fitted with exhaust gas treatment systems like SCR in order to
abate the NOx emissions. Drainage of ammonia spill overboard is preferable to keeping it onboard,
however, ammonia is classed as toxic to aquatic life with long-lasting effect [DNV GL 2020a, 10].
The requirements for the transportation of ammonia as cargo give guidance how to design the fuel
storage system for ammonia. First, segregation will be necessary to keep the installation away from
risk of external events, grounding, collision, external fires, cargo handling and ship operations. Second,
double barriers will be required to manage leakages safely, like Tank Connection spaces, Fuel
8

Separation Rooms, double piping arrangements (Fig.1). Third, leakage detection will be needed for
gases, low temperature measurement, changes in pressure and temperature in order to give warnings
and enable automatic safety actions. Fourth, automatic isolation of leakages has to be installed to
isolate the source, shut down automatically systems and reduce the consequences of a leakage.
Additional safety barriers required will be fuel storage hold (space around the ammonia fuel tank),
vent mast, bunker station, pressure relieve valves and gas safe machinery room.
Safe bunkering should be provided to reduce the risk of leakage and limit the consequences. The
bunkering arrangement layout should be carefully considered, along with lifting appliances for heavy
bunkering hoses, dry disconnect coupling, break away devices, drift off scenario and bunkering control
station to be in a safe location to remotely oversee the bunkering operations.
On an ammonia fuelled vessel venting of tanks should be prevented as much as possible, so boil-off
gas management system is required. Fuel preparation and tank connection space containments will
provide secondary barriers against leakages in areas where double pipe protection is not practical. The
boundaries towards other spaces in the ship need to be gas tight till -33 deg, since released ammonia
will have cooling effect on the boundaries. In addition, the bulkheads have to be designed against
embrittlement and cracking from low temperatures. Access points and bulkhead penetrations also
need to be gastight. As a better solution air lock accesses to be provided, it will be easier to escape and
retrieve and injured person. From experience with ammonia refrigerated machinery spaces, it is
necessary to arrange water curtains on the outside on the entrances like tank connection spaces (TCS),
fuel preparation rooms (FPR) and machinery spaces, intended to catch escaping ammonia vapours and
reduce the concentration of toxic gases on the outside.
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Figure 1. Principle diagram of ammonia fuel installation [DNV GL 2020a, 15].
The ventilation in the tank connection space and fuel preparation room should dilute potential leakage,
prevent gas to other spaces and generate under-pressure compare to other spaces. The ventilation
outlet should be located where no risk to personnel is possible or gas to spread to other spaces. Fans
need to be running continuously. To prevent toxic gases from spreading, each space containing
ammonia leakage source should be fitted with mechanical extraction ventilation and dedicated inlet
and outlet ducts not serving other spaces. In addition, catastrophe ventilation, which should start
automatically upon gas detection should be arranged. Other features of the installations in the tank
connection space and the fuel preparation room are leakage detection with automatic closure of
isolation valves and proper mechanical shielding of all potential leakage points to reduce direct
exposure, although in these areas double walled pipes will not be necessary.
Ammonia expands 850 times and can be lethal at 5000 ppm for short exposure. So, 1 litter of liquid
ammonia will expand to 170 m3 ammonia gas of lethal concentration and 170 000 m3 of gas with
detectable smell. Fuel system design pressure should be at least 18 bars and depressurising and
purging of the fuel system should be possible without discharging the fuel system to open air.
The main focus on machinery space should be to reduce the risk of leakages which would expose the
personnel to toxic vapours and make the engine room inaccessible. It should be also equipped with
10

secondary barriers and no access between the engine room and spaces arranged to potentially contain
ammonia leakages. It must be ensured that it is possible to isolate equipment in the machinery spaces
for maintenance [DNV GL 2020a, 19].
Regarding the flammability of ammonia, DNV find it hazardous when it is in mixture with air, starting
at 15% to 28%, which is much smaller risk than toxicity being lethal in concentrations of ammonia at
0.5% for short time exposure. Ammonia requires minimum ignition energy of 8 mJ, which is 30 times
more than methane and 470 more than hydrogen. In confined spaces, however, it constitutes an
explosion risk, which is increased when in mixture with oil and other flammable gases. It is concluded
that there is no need for hazardous zone definition on open deck and in enclosed spaces the electrical
equipment should be certified for use in zone 1. The focus area as per DNV related to toxicity is to limit
the risk of exposure to toxic vapours from ammonia in areas where people can be exposed. This will
include avoiding venting ammonia vapours during normal operation, vent systems with options to
reduce discharge in open air and since it will not be possible to eliminate all discharges to define toxic
zones to avoid spreading to air intakes and other openings. Safety distances from vent mast as per the
IGC code is recommended to be arranged, as well as from IBC code, the requirement for the ventilation
to provide 45 air charges per hour, vent exhausts to be at least 10 m from vent inlets to accommodation
or other non-hazardous spaces and at least 4 m above deck. It may be prudent to perform dispersion
analysis of the worst-case scenario, like full venting from tank safety valve and ventilation of large
amount of gas following a maximum probable leakage in order to ensure that the minimum distances
are safe to apply [DNV GL 2020a, 21].
In the field of personal protection, DNV warns that time is critical in case a person is sprayed with liquid
ammonia or exposed to concentrated vapour, then the chemical compound ammonia in contact with
the skin or eyes, rapidly damages the tissue and immediate flushing with water is crucial. Removal of
the person away to safe place and flushing with water for at least 15 min would be the best actions,
along with removal of the contaminated cloths, after being defrosted by rinsing with water to avoid
extensive skin damage. Decontamination showers, eye wash stations, near the exits as well as bunker
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stations, exits from tank connection spaces, exits from fuel preparation room and machinery spaces
must be required on ammonia fuelled vessels. Suitable protecting equipment for personnel involved
in the bunkering and working in areas, where ammonia exposure is a risk, should consist at least of
large apron, special gloves with long sleeves, suitable footwear, coveralls of chemical resistant
materials, tight fitting goggles, face shields and no part of the body being unprotected. Respiratory and
eye protection for evacuation purposes should be available for everyone onboard. Gas detection
alarms should be arranged in such a way that personnel are warned against entering contaminated
spaces. An alarm on open deck to warn personnel about discharges from ventilation and vent mast
should be considered [DNV GL 2020a, 22]. Permit entry and work in a gas-filled space, safety
equipment providing adequate personal protection, including self-contained positive pressure air
breathing apparatus incorporating full face mask, should be available.
All IGF code requirements to protect storage tanks from heat input should be considered and tanks to
be segregated from spaces with a high fire risk like machinery spaces of category A and be protected
by a water spray system for cooling if located on open deck.
In their paper “Forecasting the Alternative Marine Fuel – Ammonia” the Korean Register at first
summarise the potential percentages of CO2 emission reduction methods in order to show us the way
to decarbonisation of the industry. They divide these methods in five categories: hull design, power
and propulsion system, alternative fuels, alternative energy sources and operational methods. The
alternative fuels - biofuels, ammonia, methanol, hydrogen and battery can provide according to them
100% reduction of the carbon dioxide emissions, but each of them has a challenge stated in the
remarks: for biofuels that there is a risk of supply instability, for methanol that requires excessive
energy for fuel production, for hydrogen that the technical barriers are very high and for batteries that
the energy density is too low. Ammonia is presented for the moment as a preferred option with high
amount of CO2 emission reduction and low technical barriers [KR 2020, 8]. For reference, the vessel
speed optimization has a potential carbon footprint reduction of 19.7%, capacity utilization 23.9%,
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voyage optimization 7.2%, wind power 12.7% and cold ironing 5.1%, which methods of carbon dioxide
emission reduction can be combined with the alternative fuels.
The production from renewable energy of the most promising alternative fuels is compared, revealing
that hydrogen derived from water electrolysis is a feedstock of all of them, however the hydrogen is
not competitive for marine application at least with the current technologies due to high energy for
liquefaction and energy losses during transportation and long-time storage. The Haber-Bosch synthesis
is pointed out as the most likely technology for production of ammonia, which is already mature and
offering large scale production with relatively high efficiency of about 70%.
As per the Korean Register, the most dangerous property of ammonia is toxicity. Using it requires a
suitable sensing system, additional safety systems such as ventilation, water spray and response
manual. Due to its unique smell, ammonia can be easily detected at lower concentrations of 1.5 ppm,
much lower than 30 ppm that can harm the human body.

Figure 2. Criticality according to ammonia concentration and exposure time [KR 2020, 19].
The toxicity requires regulations and measures to be applied, which have been already partly
developed, since ammonia is handled as cargo, as refrigerant of chillers and as reducing agent of SCR
systems onboard ships. To remove ammonia gas at the time of leakage, the regulations include devices
as ventilation systems, gas absorption, water curtains and gas-absorbing water tank. Ammonia is
soluble in water up to 45% and this can be used for its removal.
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Figure 3. Gas removal devices – special requirement for Refrigerant machinery using
ammonia as refrigerant [KR 2020, 21].
With pure ammonia, as per the KR, combustion is possible with compression ratio of 35:1, due to the
high ignition temperature (650° C). Considering that and the fact that the typical compression ignition
engine requires compression ratio between 16:1 and 23:1, it would be difficult to design and
manufacture such engine using pure ammonia. Numerous studies offer fuel mixture as a solution and
mostly using diesel as pilot fuel. As a result, it was reported in the studies that stable combustion is
possible at compression ratios of 20:1. Generation of NOx and N2O was present , due to the high
temperatures and pressures. The NOx generation was reported decreasing below the emissions from
a conventional diesel engine when ammonia was below 60%. Optimum diesel content was reported
between 20% and 40% [KR 2020, 25].
The Korean Register expect the energy efficiency of an ammonia compression ignition engine with
diesel as pilot fuel to be nearly 50% [KR 2020, 31] with advantages as possibility to retrofit existing
internal combustion engines and flexible use of fossil fuel according to the availability of ammonia. As
disadvantages, they mention the amount of unburnt ammonia and the discharge of nitrogen and
nitrous oxides, as well as the CO2 emissions from the portion of pilot fossil fuel used. They are
forecasting compression ignition engines with pilot fuel to be suitable for large ships using the dual
fuel technology, since the technology is technically and commercially feasible. The Korean Register
finds ammonia in their forecasting expensive, but relatively low priced for carbon-neutral fuel in
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comparison with methanol and hydrogen. Methanol production cost is higher, due to the CO2 capture
from air, where it is around 0.04% and its separation requires much energy. The CO2 can be easier
captured from the flue gas of power or industrial plants, where it is of concentration around 12%.
The combined paper issued by the companies Alfa Laval, Hafnia, Haldor Topsoe, Vestas and Siemens
Gamesa “Ammonfuel – An industrial view of ammonia as a marine fuel” [Alfa Laval et al. 2020] is trying
to cover all aspects of the topic, while focusing on the weak points like costs, availability, safety,
technical readiness, emissions and regulations. A substantial part of the information input in the model
created for the thesis is based on this publication. The authors calculate that if 30% of the world fleet
is fuelled by ammonia, it will be required 150 million tons of ammonia production, which is 400 GW
renewable power. Just for comparison in 2019 was installed 184 GW renewable power.
They compare the cost of the energy from different fuels, stating that the very low sulphur fuel oil
(VLSFO) is 12.5 to 15 USD/GJ, conventional brown ammonia market price for the past three years was
13.5 USD/GJ corresponding to 252 USD/t-NH3, green ammonia as dual fuel is estimated in 2025 - 2030
to between 16 – 21.5 USD/GJ corresponding to 300 – 400 USD/t-NH3 and the green ammonia price is
predicted to fall to 13.5 – 15 USD/GJ in 2040 – 2050, equal to 250 – 280 USD/t-NH3 [Alfa Laval et al.
2020, 5]. For the production of brown ammonia, the energy input holds the biggest contribution
around 75 to 85%. Here the costs are divided to fixed operating costs including storage, cost of energy
and potential CO2 emission penalty fee. The fixed operating costs are estimated in the range of 40 to
70 USD per ton, giving total cost for production of conventional ammonia between 70 and 200 USD/tNH3, plus additionally a carbon emission fee in the range of 25 to 75 USD/t-CO2 appearing very
realistic. The estimated conventional ammonia cost is actually a function of the natural gas cost and
the CAPEX costs are assumed sunk [Alfa Laval et al. 2020, 17].
The cost of blue ammonia is presented in the paper as a sum of costs of the conventional ammonia,
plus costs of CO2 capture from flue gases and plus costs of the CO2 liquefaction. The carbon capture
costs are estimated to 60 USD/t-CO2 resulting in 50 USD/t-NH3. The CO2 liquefaction and storage can
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be between 25 to 50 USD/t-CO2 affecting the ammonia production with additionally 50-100 USD/tNH3. Hence the blue ammonia price could be between 350 to 400 USD/t-NH3.
The green ammonia cost, as per the authors, is composed of costs of capital investments, fixed
operating costs including staff, maintenance etc. and costs of energy. The capital investment cost and
fixed operating costs are expected to be in the range of 375-475 USD/t-NH3 for a 100MW size plant
and 190 USD/t-NH3 for a 1 GW size plant for 2025-2030 time scale. The energy required would be 7.6
MWh to 10.5 MWh for one ton of ammonia depending on the type of electrolyser technology, although
the efficiency is expected to increase up to 20%, due to more efficient electrolysis. A realistic estimate
for renewable electricity will be 30 euro/MWh in a 2025-2030 time scale or around 35.34 USD/MWh.
Therefore, the authors expect smaller plants appearing in 2025 to give rise to a green ammonia cost
in the 650-850 USD/t-NH3 range, being a sum of cost of energy – up to 353.4 USD, CAPEX and fixed
operating costs – up to 475 USD. In 2030 they expect larger plants to appear and the green ammonia
cost to drop towards 400-600 USD/t-NH3. By 2040 it is expected the cost to be brought to a 275-450
USD/t-NH3 level [Alfa Laval et al. 2020, 21].
The authors predict that ammonia will be produced where renewable energy is abundant at low cost
[Alfa Laval et al. 2020, 8]. Main concerns are the fluctuations in the electricity supply from renewables.
It is estimated that if we want to substitute with ammonia 30% of the current fuel consumption from
the world’s fleet, this will require 150 million tons ammonia. The energy needed to produce this
amount is around 1,500,000 GWh, which can be captured with 200 GW wind installation with 60%
utilization and 200 GW solar with 30% utilization. On the other hand, on a good wind-site 1 GW of wind
turbine will occupy approximately 100 km2 and 1 GW solar photovoltaic park 20 km2, together 120
km2. Hence to fuel 30% of the shipping, it will be necessary 200 times per 120 km2 equal to 24,000
km2 [Alfa Laval et al. 2020, 11].
The carbon emissions are compared in the paper in tons per energy content (t-CO2/GJ), where for the
fossil fuel the well-to-wake emissions are sum of the combustion and the upstream CO2 discharges.
The results for the fossil fuel are for MDO 96.7 kgCO2e/GJ and VLSFO of 99.7 kgCO2e/GJ, which is very
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close to emission for the production of brown ammonia 86-107 kgCO2e/GJ, depending on the
technology of production.
The authors report also that with an application of Selective Catalytic Reduction system the nitrogen
oxides and nitrous oxide exhaust emission will be kept similar to the current existing combustion
engines. The creators of the study leave the question open for after the tests of the engine builders
which of the pollutants and in what quantities will be produced in the exhaust of an ammonia engine,
as well as which catalyst and what Selective Catalytic Reduction design will be applied [Alfa Laval et al.
2020, 51].
The united for the study companies describe their vision that the technology change will happen first
gradually then suddenly. Once the process is complete, the study foresees the cost to fuel a ship with
green ammonia will be similar to a compliant fuel. Managers have to ensure, they are best positioned
and prepared for the future. The use of conventional ammonia could provide viable intermediate
pathway until future green ammonia industry is built up and could fulfil dual roles as a bridging fuel
and as a zero emission with dual fuel engines offering sufficient flexibility for vessel operators, while
green ammonia price goes down driven by economies of scale and parallel industries [Alfa Laval et al.
2020, 52-53].

3. Explanation of the model. Logic, chain of reflections. Input data
and output calculations.
The model is built on the known chemical and physical properties of the ammonia and on its specific
implementations as a marine fuel in a two-stroke engine as main ship propulsion.
The model is created in Microsoft Excel. Purely technically, the cells coloured in yellow are for input
data. The prices for bunker fuels have to be inserted for each different fuel and case: HFO for scrubber
fitted vessels, VLSFO, MDO, conventional ammonia, blue ammonia and green ammonia. The most
updated prices for week 40, 2021 were used for the calculations [Intermodal 2021].
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3.1 Model calculations and formulas for fossil fuels, reference line being the use of
MDO.
In order to make comparison of the daily costs for fuel of a ship using MDO and ammonia, the Specific
Fuel Consumption of the Main Engine and the Auxiliary Engines have to be entered in the respective
yellow cells.
Having done this, the model calculates the Thermal Efficiency of the engine or in other words how
many percent of the energy contained in the fuel is utilised, dividing output energy by input energy
contained in the fuel. For example, a typical two-stroke main engine has a Specific Fuel Oil
Consumption (SFOC) of 171 g/kWh, which means that at its optimum of efficiency of around 75% of
MCR (Maximum Continuous Rating) the engine consumes 171 g for the output of 1kWh. On the other
hand, 171g of MDO possesses chemical energy equal to the mass multiplied by the Gravimetric energy
content of the fuel MDO, which is 42.7 MJ/kg average value, widely accepted and also called Low
Calorific Value (LCV). The energy density in MJ/kg is converted in MWh/g, where the simplified formula
for unit’s conversion is 1 MWh/g = 3600 MJ/kg. MDO has 0.01186 MWh/kg energy content. Then the
calculated Thermal Efficiency of the engine is equal to the percentage of the utilisation of the energy
contained in the fuel. This means, for output of 1 kWh the two-stroke engine uses 171.2 gr of MDO,
but the energy contained in 171.2 gr is 2.030432 kWh, hence the ratio between output and input
energy is 1/2.03032 or approximately 49%. The same calculations are done for the four-stroke engines,
where the thermal efficiency of the engines is in slightly lower ranges.
Modern two and four stroke engines are nowadays optimized and some makers report their most
recent engines can operated with the thermal efficiency slightly above 50%. However, for simplicity
we have assumed the future ammonia two-stroke internal combustion dual fuel engine to have
roughly 50% thermal efficiency. The model leaves a choice to amend this parameter in order to see
how this is changing the output data like consumption, costs, emissions etc.
Getting back on the case of MDO, the chain of reflexions goes further in order to calculate the daily
consumption of both the main engine and the auxiliary engines of the ship, typically being respectively
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two and four stroke engines. The spreadsheet model at this stage offers input cells to enter the
required power of a given ship. For example, for a Panamax bulker, we can put ME power of 5494 kW,
as it is typically average needed to propel the vessel with eco speed of 12 knots, running with around
54% of its maximum continuous rating.
The required power from the auxiliary engines of each type of vessels is taken as average and in line
with the models created by the Classification Society NK in their EEXI (Energy Efficiency Existing Index)
and CII (Carbon Intensity Index) planners, recently published [ClassNK 2021b].
Furthermore, the daily consumption on MDO is calculated by simply multiplying the Specific fuel
consumption and the required energy for 24 hr, all converted in metric tons MT/day. The total volume
of fuel consumed is also calculated, using the density corrected by the temperature for the type of
hydrocarbon fuel, which will be used later for calculation and comparison of the required tank capacity
for fuel storage.
The daily cost for each individual fuel type is calculated by multiplying the daily total consumption and
the chosen fuel price. The user has the freedom to change the prices, since they are changing on a
daily basis. As of June 18th 2021, the MDO price in Rotterdam was 693 USD/MT [Intermodal 2021].
Subsequently, a CO2 penalty is added to the daily costs, which is most likely to be introduced very
soon. The user can choose different amount of the penalty in USD per t-CO2 emitted. For the average
approximate estimations 100 USD/t-CO2 is chosen. The total emissions are calculated based on the
daily consumption multiplied by the CO2 emission factor, commonly agreed for MDO Cf=3.206, plus
the well-to-hull CO2 emissions for fossil fuels in the Refinery [Alfa Laval et al. 2020]. For reference,
separately is shown in the model only the amount of emissions from the combustion, as well as
percentage of CO2 emissions increased or reduced in comparison with the reference being the use of
MDO. These data are coloured in red when there is an increased in the emissions or in green when the
emissions of CO2 are reduced.
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3.2 Model calculations and formulas for ammonia as a fuel – conventional, blue and
green.
First of all, the price for the conventional ammonia can be directly entered, but its current domestic
price in China is also given as reference – on the 06th September 2021 it was 805 USD. A quick link is
provided in the comment of the cell, in order to be checked when required [Echemi 2021]. The
conventional ammonia is usually produced from the natural gas as a feed stock of hydrogen, nitrogen
from air and synthesized by the Haber-Bosch process. The costs for the production can be calculated
by using the calculator of Yara [Yara 2021] or alternatively using the approximate calculation of the
average price of the natural gas for non-domestic consumers [Eurostat 2021a] in Europe and the fact
that 30 240 GJ natural gas energy is consumed for 1 MT of NH3, as well as that the energy contribution
of the conventional NH3 production is usually between 75-85% [Alfa Laval et al. 2020, 17]. As a result,
for the price of 13.3 USD/GJ (or 0.042 euro/kWh for the first Quarter of 2021 in the Netherlands)
[Eurostat 2021a] of natural gas, one ton of NH3 will cost approximately 508 USD. The price of natural
gas greatly increased in the second quarter of 2021 and fluctuating on a weekly basis.
For the calculations further and comparison of the results, the average price of ammonia over the past
few years is used approximately 250 USD/MT [Alfa Laval et al. 2020, 18].
The gravimetric and volumetric energy content of liquid ammonia at -33 deg C in entered in the model
to be used for the calculations. Conversions of the energy units are made between Joule and Watt in
hidden cells, which can be unhidden if required.
The thermal energy efficiency cell for the ammonia engines in the spreadsheet model is coloured in
yellow and the user can choose the percentage, however the expected efficiency as mentioned above
is in the range of 50% for two-stroke engines and around 44% for four-stroke engines. Based on these
efficiency estimations, the specific fuel consumption of an ammonia fuelled engine is respectively for
two and four-stroke calculated. One gram of ammonia contains energy 0.00517 kWh, but 50% of this
energy is converted to output energy by the two-stroke engine or 0.002585 kWh, then the Specific
Fuel Oil Consumption (SFOC) is 1/0.002585 equal to 387.10 g/kWh. It is necessary to clarify that the
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energy content of 0.00517 kWh is rounded off from the conversion of units, namely 18.6 MJ/kg is equal
to 18.6/3600 kWh/g, since 1 MJ=1/3.6 kWh. For four-stroke engines , where the efficiency is assumed
around 44%, the SFOC is 1/(0.44x0.00517) g/kWh or 439.88 g/kWh.
After that the consumption in tons per day for each type of engines is calculated, respectively for the
main engine as two stroke engine and the auxiliary engines being typically four-stroke engines.
Since ammonia requires high ignition energy and has low flame propagation qualities [IEA-AFM 2020],
it will require pilot or promoting fuel in a new dual fuel engine using ammonia and diesel (MDO) or
other fuel (like pure Hydrogen for example) as pilot similar to the MAN dual fuel engines – ME-LGIP
[MAN 2020a]. The percentage of the pilot fuel can be chosen and the spreadsheet cell is coloured in
yellow. So far there is no exact information posted from the MAN engine manufacturer as a result of
the tests carried out regarding how much will be the pilot fuel necessary. This depends from the type
of engine whether two- or four-stroke, the speed of the engine and others. Lately the engine
manufacturer Wärtsilä [Wärtsilä 2021a] reported four-stroke engine performing very well during tests
carried on fuel with 70% ammonia. Consequently, the power required for the propulsion entered
initially is divided by the chosen percentage of the pilot fuel. An average percentage for pilot fuel of
around 15% is assumed for the calculations, in order to be closer to the reality and the first releases of
the ammonia two-stroke engine. Furthermore, the percentage for the auxiliary power able to run on
ammonia is also implemented in the model as variable. However, due to being relatively small
percentage of the total vessel power and representing safety complications, the auxiliary engines are
assumed to run entirely on diesel, which is also logically expected at least on the first movers’ projects.
In this case, 100% have to be entered in the corresponding spreadsheet cell.
Hence, the daily consumptions for the main and auxiliary power are divided to consumptions of
ammonia and MDO.
The consumptions are afterwards converted to volumes of fuel consumed daily, being an important
parameter for consideration in order to calculate the volume for the fuel required for the intendent
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voyage or the cruising range. For the alternative fuel, the volume of the fuel required for the sailing is
a limiting factor, because of the relatively lower volumetric energy content in comparison with the
conventional fossil fuels as VLSFO, MDO etc.
The daily costs arising from the portions of fuel of ammonia or diesel are calculated by multiplying the
daily consumptions in tons per day with the respective price per ton, entered in the upper part of the
model. The estimations of the fuel cost for ammonia deriving from the price of the renewable
electricity (without CAPEX and fixed operating costs included) and the price of the natural gas are given
for reference only in order to know the margin between the worst and the most advantageous price
scenario. The daily costs for the vessel when using brown, blue or green ammonia as main fuel are
complemented by an expected penalty fee for CO2 emissions. The total CO2 emissions are calculated
and further multiplied by the penalty fee. The penalty fee, as mentioned already above when
calculating the pure fossil fuel expenses, is a variable and can be changed in order to see how it is
influencing the daily costs in each different case. It is assumed of around 100 USD per ton CO2
emissions as an average expectation, but this can be changed according to the sentiments or when
such a fee is implemented in reality.
The carbon emissions initially are a sum of the emissions from the direct combustion of the percentage
of fossil fuels plus the emissions from the production of the alternative fuel - ammonia. The latter part
of the summation is giving quite significant difference in the CO2 discharge and costs arising from its
penalty fee between the brown and green ammonia cases, due to the origins of the chemical
compound ammonia. The direct combustion emissions are actually the consumption of the fossil fuel
for the corresponding case (each column is a different case and every change of the input parameters
coloured in yellow creates different cases) multiplied by the CO2 emission factor in t-CO2/t-fuel. For
MDO it is 3.206 t-CO2-t fuel [IMO 2014]. For ammonia it is undoubtedly 0.
The carbon footprint for the production of conventional ammonia (brown) is estimated approximately
1.6 – 2.0 t-CO2/t-NH3 depending on the efficiency on the ammonia production plant [Alfa Laval et al.
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2020]. Modern plants, even though using the same method of production are more efficient. The
worst-case scenario (2.0 t-CO2/t-NH3) is taken for the calculation in order to be on the safe side and
added to the emissions from the direct combustion of the fossil fuel portion.
An indication row is inserted at that stage in the spreadsheet model in order to show immediately
whether we have an increase or a reduction of the emissions in comparison to the amount of emissions
when using MDO. If coloured in red the percentage numbers illustrate an increase and when in green
– a reduction.
In addition, for the fossil fuel portions in the spreadsheet model sections of brown, blue and green
ammonia the CO2 footprint from the well-to-wake has to be accounted in order to have a realistic view
of all the emissions involved. This contribute to additional 0.9394 t-CO2/t-fuel factor in the refinery for
the fossil fuel MDO [Alfa Laval et al. 2020].
In conclusion, we can see that the total Carbon footprint of a ship (and when all the input data in the
model is configured for the case, later we will see, it is a typical 2500TEU container vessel), propelled
with around 11302 kW power and with conventional (brown) ammonia, is only 7.78% higher than the
footprint of the vessel using the fossil fuel MDO. Respectively, approximately 79% less emission when
green ammonia is used and around 36% less CO2 emissions when blue ammonia is burnt. Again, a row
of indication of the percentages of total, including the “well-to-hull” Carbon emissions increased or
reduced is created, where the increase is coloured in red and the reduction in green colour for
immediate perception of the data.
The carbon footprint of blue ammonia is very roughly calculated with a CO2 emission factor for
production t-CO2/t-fuel of 1, because of the controversial data and the need of industry standards.
Besides, the spreadsheet model calculates the tanks’ capacity required for a cruising range of 50 days
based on the daily consumption and the NH3 increase factor in comparison to MDO – 4.1 as per KR
R&D [KR 2020, 12], due to the density of the fuel, losses related to the cylindrical shape of the tanks
and insulation.
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4. Different cases depending on the price of conventional, blue and
green ammonia. Results for daily ship fuel costs with HFO,
VLSFO, MDO, brown, blue and green ammonia with altered CO2
fee.
For the calculation and subsequent comparison of daily costs, the fossil fuel prices on July 2021 are
taken, source “Weekly Market Report – Week 40” of Intermodal Shipbrokers Co. [Intermodal 2021].
Respectively HFO 478 USD, VLSFO 578 USD and MDO 693 USD – bunker prices in Rotterdam. The power
demand of a Panamax bulker is used as a base of input data.
The conventional ammonia price per MT was taken as calculated in the paper “Ammonfuel – an
industrial view of ammonia as a marine fuel” of Alfa Laval, Hafnia, Haldor Topsøe, Vestas, Siemens
Gamesa – 250 USD/Mt [Alfa Laval et al. 2020]. Further, costs of 400 USD and 475 USD were estimated
as per the same publication for blue and green ammonia, considering for the green ammonia the
capital costs and the production of hydrogen with mix of PEM and SOEC electrolyses which have
different efficiencies, with large 1 GW size plant in 2030 [Alfa Laval et al. 2020, 20-21]. However, the
first movers are predicted to start with green ammonia prices of 650-850 USD/t-NH3, as per the same
information source, which is very easy to be changed in the spreadsheet model, since the parameter
is a variable.
The model offers also estimations of the price of conventional ammonia depending on the price of
natural gas as a feed stock, where approximately 8.4 MWh energy is required for the production of
one ton of ammonia. When converted in units of GJ, it results to 30.24 GJ/MT, since the price of the
natural gas is usually given in USD per GJ. The energy contribution of the natural gas to the
conventional ammonia production is usually between 75 and 85% [Alfa Laval et al. 2020, 17]. The
CAPEX cost for conventional ammonia will be considered a sunk cost. Thus, it is possible to estimate
the price of the conventional ammonia originating from the natural gas as a feedstock. When using the
EU average natural gas price for non-household consumers, as per Eurostat of 0.0303 euro/kWh or
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9.48 USD/GJ including taxes for the first half of 2021, the ammonia price becomes 358 USD/Mt. The
price is higher than the ammonia average market price for the past few years, due to the increase of
the natural gas price and the fact that ammonia is produced in locations where the natural gas is more
inexpensive. As general, the market prices of electricity, natural gas and energy as a whole is volatile
and difficult to predict. The price was calculated only for reference in order to see the current cost
trend scenarios.
The current price of ammonia on the China domestic market on the 7th of December 2021 is given also
for reference – 713 USD/t-NH3 [Echemi 2021].
Lastly as price guidance in the worst-case scenario, the ammonia price is calculated in the model
deriving from the average electricity price per MWh for the first half 2021 in the EU countries, including
taxes. Namely 120.7 USD/MWh, resulting in 1207 USD per ton of ammonia, without CAPEX and fixed
operating costs for such an eventual production.
All these alternative prices calculated for reference can be entered in the input value for the
corresponding fuel in order to see how the daily prices are changing in the result cells of the
spreadsheet. These result cells are coloured in black, dark grey, light grey, brown, blue and green.
We will use the input data of a case of a Bulker with around 81,000 DWT, its average parameters,
temperature of 25 deg. for the fuel density of fossil fuel, 15% pilot MDO fuel for the ammonia
combustion of the main engine, auxiliary engine entirely on MDO, 100 USD penalty fee per t-CO2
emissions, 50 days cruising endurance, 4.1 times increasing factor for the ammonia fuel storage
onboard, 2.0 t-CO2/t-NH3 of carbon footprint emissions for the production of conventional ammonia
and 1.0 ton of carbon emissions for the production of one ton blue ammonia, in order to calculate the
daily costs for each different fuel and reveal the percentage of carbon emission savings. More
precisely, the Bulker vessel is fitted with two-stroke low speed internal combustion Main Engine with
Maximum Continuous Rating 10,100 kW of which 54% or 5,494 kW can typically propel the vessel with
around 12.09 knots. The auxiliary power consists of 3 four-stroke engines with total power of 2250
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kW. During sailing normally around 22% of the available power is required or 503 kW. The specific fuel
consumptions of the built in 2011 vessel are respectively for the main and auxiliary engines 169 g/kWh
and 188 g/kWh.
As result, we can see that the daily costs for fuel with the above settings of the vessel using primarily
conventionally produced ammonia is around 5.4% less than when using entirely MDO. For the case of
green ammonia, the daily costs are in the same range or 1.4% less than MDO. However, the total
emissions, including the Well-to-hull carbon footprint, increased 8.11% more than the MDO case and
respectively the savings of CO2 emission with green ammonia is in the range of 77%. It is interesting
to mention that if we consider only the direct emissions from the combustion of fuels and from the
production of the conventional ammonia without the emissions for fossil fuels in the Refinery, then
the brown ammonia has around 33% increase of its carbon footprint as shown in Table 1.
Furthermore, if we change the penalty fee to 0 USD, since this is still not regulated yet, then the usage
of green ammonia becomes around 44% more expensive than MDO and the brown ammonia
approximately 13.4% cheaper than MDO, where still the emissions ratios are the same, namely the
brown ammonia has overall around 8% more carbon footprint than MDO and the green ammonia
reduces the emissions with around 77% - as reference Table 2.
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Table 1. Printout from the model with the case of the Panamax Bulker, its required power
for 12 knots sailing, daily costs and emissions calculation as per the initial input data.
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If we change the percentage of the diesel to ammonia in the dual fuel engine to 30% or 30:70 – like it
is the case in the recently published press release of Wärtsilä related with the test results of their first
four-stroke ammonia dual fuel engine [Wärtsilä 2021a], the price differences are minor in comparison
with the previous settings and in the range of less than 1% increase of the daily costs for brown and
green ammonia and a trend towards equalizing the prices with the fossil fuels.
One third scenario will be created in order to grasp the trend of the change of prices. We will amend
the price of the brown ammonia as per the current China domestic market to 713 USD/Mt on the 7th
December 2021 [Echemi 2021]. We will use also the average electricity price in EU countries over the
past 5 years, excluding the taxes as per Eurostat [Eurostat 2021b] “Electricity prices for non-household
consumers”, namely around 0.07984 euro/kWh. When converted, it equals to around 89.88
USD/MWh. Then entered in the model, the price for ammonia produced with electricity from the grid
will be 898.8 USD/t-NH3, without CAPEX and fixed operating costs for such an eventual production.
For the next scenario we will use this price for the green ammonia (898.8 USD/t-NH3), as already
mentioned brown ammonia price will be assumed the current China domestic price and for the blue
ammonia, we will use the average between these two or 806 USD/t-NH3. These could be expected
prices in some specific unfavourable circumstances or periods of time. Then we can see that the brown
ammonia becomes around 68.5% more expensive than using MDO with daily cost of around 45,826
USD. With this initial setup, the green ammonia becomes 66.25% more expensive related to MDO with
45,210 USD/day., shown on Table 3. The daily costs for the case of green ammonia will be equal to the
daily cost with MDO when the carbon footprint penalty fee is in the range of 330 USD per t-CO2 as this
can be seen on Table 4.
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Table 2. Printout from the model with the case of the Panamax Bulker and with altered
penalty fee for carbon emissions to 0.
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Table 3. Daily cost development with China domestic market current price for brown
ammonia and green ammonia produced with the average over the past 5 years electricity
prices, excluding taxes in EU countries.

Table 4. The same scenario setup as Table 3., but with equalizing penalty fee for carbon
emissions. The carbon emissions amount in t-CO2 remains unaffected.

5. Checks of the robustness of the model. The scenarios of
different types of ships with the current for the date prices.
In this section we will enter three different setup parameters for three different types of typical
vessels: Panamax Bulker 81,000 DWT, Container vessel with 2530TEU capacity and LPG/NH3 Tanker
Carrier of 40,000 DWT. The initial price assumption for Brown 250 USD/t-NH3, Blue 400 USD/t-NH3
and Green 475 USD/t-NH3 will be used [Alfa Laval et al. 2020], where primarily the power demands
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will be changed for each individual ship in order to see the daily prices results, the emission reduction
and the alteration of the Carbon Intensity Index in gr-CO2/Mt-Cargo.mile. As a base reference for the
calculations of the CII, the ClassNK model was used [ClassNK 2021a].
In order each case to be calculated and compared, the initial data for the vessel has to be entered or
copied from the corresponding sheet. After that the data is automatically forwarded back from the
model sheet to the vessel type sheet. The bulker vessel type sheet, which was already discussed (Table
1.) in the previous sections of the thesis, is shown on Table 5.

Table 5. Bulk Carrier sheet with the initial data and result calculations.
The power demand of a container vessel is more than that of a bulk carrier vessel – almost double,
since containers are typically sailing with higher speed. This is changing the results in higher costs and
emissions. However, a potential switch to green fuel will drastically reduce the carbon footprint of
these types of ships as shown below in Table 6.
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Table 6. The case and initial data of a Container vessel of around 2500TEU.
The last case is of an LGP and ammonia tanker with 44,000 DWT. This case is particularly interesting,
since the first vessels expected to run on ammonia, are the tankers that can carry ammonia as a cargo.
There are significant savings in respect to fuel storage tanks, as the cargo tanks can be used as such
and there is also experience with the chemical compound regarding the safety. These vessels can be
relatively easy retrofitted. The initial setup is displayed on Table 7.
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Table 7. The case and initial data of an LPG and NH3 tanker of around 44000 DWT.
It is clearly visible that the more the consumption of fuel, the more the savings in the CO2 emissions,
where in the case with the Container they are in the rage of 79% when using green ammonia in
comparison with MDO.
The costs saving percentage ranges remain relatively unchanged in all the three cases in relation to the
MDO and green ammonia usage, as seen in the tables 8, 9 and 10 respectively for the Bulk Carrier,
Container and the Gas Tanker.
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Table 8. Bulker case model calculations of the costs and emissions. Printout of part of the
model.
The Panamax Bulker Carbon Intensity Index gr-CO2/Mt-Cargo.mile will be improved to around 0.76
from 3.32 when the fuel is switched to green ammonia - calculated for average loaded voyage based
on the CO2 amount emitted, determined in the spreadsheet model for the given scenario and the
average speed of 12 knot [ClassNK 2021a]. It must be mentioned here that the Carbon Intensity Index
is calculated by a simplified method, considering only a day of sailing in eco speed in maximum loaded
condition as per the type of vessel. This method could give discrepancies from the real Carbon Intensity
Index over a long period of time, since vessels sail also in ballast condition and with different speed,
resulting in different miles travelled and are berthed in ports or remain idle on anchor for various
durations. However, the method is giving sufficient precision for the estimation purposes of the model,
using similar formulas as the reference model of the Classification Society NK and is giving analogical
results. The calculation is done by dividing the daily emissions by the full cargo loaded 81160 t and
distance daily travelled with speed 12 knots. Carbon emissions will be reduced around 77% (Table 8.)
when green ammonia is used and increased only 8% with brown ammonia related to the used of MDO,
if we take into consideration the overall carbon footprint of the fossil fuels, including in the Refinery.
Very Low Sulphur Fuel Oil and Heavy fuel oil respectively increases with 1.4% and reduces the GHG
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emission with 1.03% compared to MDO, which is considered insignificant. The daily cost reduces when
brown ammonia is burnt with around 5.35% and there is cost savings of 1.36% when green ammonia
is used as fuel. The VLSFO and HFO offer cost reduction in the range of around 8.5% and respectively
17%, however the CAPEX and OPEX costs for an installation of a scrubber are not taken into
consideration. With the chosen price of renewable ammonia in 2030 by larger plants of 1 GW size using
mixed PEM and SOEC electrolysers, resulting in approximately 475 USD/MT-NH3 including the capital
costs and the penalty fee of 100 USD/t-CO2, the yearly range reduce of costs of a similar Bulker on
green ammonia compared to the use of MDO will be around 74k USD. If there is no penalty fee, the
Bulker vessel on green ammonia will have 43% more expenditures for fuel than when on MDO or this
is equal to 1.5 million USD more annually. The tank capacity, including the insulation and loss of space
due to tank spherical form for the ammonia in order to ensure 50 days cruise endurance of the vessel
with the assumed daily consumption, is calculated to around 5900 m3, which is almost equal to half of
one of the seven cargo holds (the smallest one being Nr. 1 of 12,691 m3) of the vessel and has to be
sacrificed, if there is no other solution.

Table 9. Container vessel case model calculations of the costs and emissions. Printout of
part of the model.
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The Container vessel Carbon Intensity Index in gr-CO2/t-Cargo.mile will be greatly improved to levels
like a bulk carrier of around 3.33 from the highest levels of 15.78, if the fuel is changed to green
ammonia. The calculation of the CII (Carbon Intensity Index) is done based on the daily emissions,
already known, divided by an average loaded condition of 70% from the maximum carrying capacity
and distance daily travelled with speed of 18 knots. The same limitation of the estimation of the Carbon
Intensity Index is valid here, being a simplified method like the scenario of the Bulker above. Carbon
emissions will be reduced around 79% (Table 9.) when green ammonia is used and increased around
7.8% with brown ammonia compared to entirely on MDO. For the calculations, the overall carbon
footprint of the fossil fuels is considered, including in the Refinery. Similar to the Bulk Carrier case, the
VLSFO increases the CO2 emissions with 1.4% and HFO reduces them with around 1% in comparison
with MDO use. The brown ammonia daily cost is reduced with 5.9% and there is cost savings of 1.85%
with green ammonia, where MDO usage is always a reference line. With the chosen price of renewable
ammonia in 2030 by larger plants of 1 GW size using mixed PEM and SOEC electrolysers, resulting in
approximately 475 USD/MT-NH3 including the capital costs and the penalty fee of 100 USD/t-CO2, the
annual range reduction of costs offered by similar Container on green ammonia will be around 322k
USD. If there is no penalty fee, the Container vessel on green ammonia will have around 44% more
expenditures for fuel than when on MDO or this is equal to around 4.8 million USD more annually. The
Tank capacity, including the insulation and loss of space due to the tank spherical form, for the
ammonia in order to ensure 50 days cruise endurance of the Container vessel with the assumed daily
consumption is calculated to around 12000 m3, which is the volume of very roughly 311 twenty-foot
containers that have to be sacrificed as a cargo loss for the vessel in question, if there is no other
solution.
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Table 10. LGP/NH3 liquified gas tanker case model calculations of the costs and emissions.
Printout of part of the model.
Similar to the analytical reasoning on the Container and Bulker vessels, the combined Liquified
Petroleum Gas and ammonia carrier will have Carbon Intensity Index of around 5.49 gr-CO2/tCargo.mile, when burning fossil diesel oil and the CII will be lowered to 1.28 gr-CO2/t-Cargo.mile when
using green ammonia as a fuel, based on calculations involving the daily CO2 emissions, already known,
divided by maximum loaded cargo and distance daily travelled with speed of 13.2 knots [ClassNK
2021a]. The Carbon Intensity Index is calculated with the same limitation of the method as the above
scenarios. Carbon emissions will be reduced with green ammonia of around 76.5% (Table 10.) and
increased with around 7% with brown ammonia, considering the overall CO2 footprint. With the
chosen price of renewable ammonia in 2030 by larger plants of 1 GW size using mixed PEM and SOEC
electrolysers, resulting in approximately 475 USD/MT-NH3 including the capital costs and the penalty
fee of 100 USD/t-CO2 the annual range of cost reduction of a similar LPG/NH3 tanker on green
ammonia will be around 168k USD. If there is no penalty fee, the LPG/NH3 tanker on green ammonia
will have around 42% more expenditures for fuel than when on MDO, which is equal to around 1.9
million USD more annually. The Tank capacity for the ammonia in order to ensure 50 days cruise
endurance of the LPG/NH3 tanker with the assumed daily consumption is calculated to around 5849
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m3, which is around 81% of the smallest one (7219 m3) of the eight cargo tanks of the vessel. Since
the vessel is already equipped with such tanks, no retrofitting will be required for ammonia fuel storage
on these types of vessels and that is one of the reasons why they are expected to be the first vessels
to be retrofitted to run on ammonia.

6. Conclusion. Key findings summarized. A critical examination of
possible limitations. Significance, implications.
As a conclusion, we can say that if a ship switches to using green ammonia as a fuel with the proposed
in the model setup, namely main engine being dual fuel two-stroke low speed engine with 15% pilot
diesel fuel and auxiliary engines at least in the first installations to be only diesel fuelled, around 77%
to 79% of the CO2 emissions will be saved, calculations based on daily consumption when sailing.
The conventionally produced ammonia with the currently widely used technologies from natural gas
(or also called brown ammonia) will have similar range of carbon footprint as the usage of MDO, if we
take into consideration the well-to-wake carbon emissions, including for processing in the refinery.
The maximum increase percentage will be 8.11% more CO2 emissions than MDO, if we take the worstcase scenario for the production of ammonia, namely a less efficient production plant emitting 2.0 tCO2/t-NH3, but if we produce ammonia with the available best efficient plant emitting 1.6 t-CO2/tNH3 there will be 8.9% carbon emission saving.
An important conclusion is that very roughly around 25% of the energy captured from the renewable
sources as wind and solar will be actually transferred to the propulsion of the vessel, when using the
described in the Thesis technologies for production and combustion of green ammonia. More or less
from 10MWh renewable electricity, we will have only 2.5 MWh on the ship’s propeller. The neutral
carbon fuel offer potential for future improvement of the efficiency, when the technologies mature,
scale up or are substituted by new more efficient technologies, like fuel cells or innovative ways of
ammonia production.
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The costs for fuel of the ships will be relatively in the same range of 1% to 2.3% between the daily costs
when sailing on MDO, brown or green ammonia, with an expected price of the renewable ammonia in
2030 by 1 GW size plant using mixed PEM and SOEC electrolysers in the range of approximately 475
USD/MT-NH3 including the capital costs [Alfa Laval et al. 2020, 21] and a penalty of 100 USD per CO2
ton is introduced.
The CO2 penalty fee has an equalizing effect on the differences between the costs for the fossil and
carbon neutral fuels. As such, the CO2 penalty is benefiting the introduction of alternative fuels.
The Carbon Intensity Index will be greatly improved especially in the case of ships with huge power
demand and respectively fuel consumption, although space for the accommodation of the ammonia
tanks will have to be provided onboard and would be 4.1 larger than the volume for MDO, reducing
the cargo carrying capacity on each vessel differently as the examples given above. It must be
mentioned here that the Carbon Intensity Index is calculated by a simplified method, considering only
daily sailing in eco speed in maximum loaded condition as per the type of vessel. This method could
give discrepancies from the real Carbon Intensity Index over a long period of time, since vessels sail
also in ballast condition and with different speed, resulting in different miles travelled and are berthed
in ports or remain idle on anchor for various durations. However, the method is giving sufficient
precision for the estimation purposes of the model, using similar formulas as the reference model of
the Classification Society NK and is giving analogical results.
The created model gives the opportunity to modify the majority of the input parameters so that it can
be used in a multiple of cases to evaluate and compare costs and emissions of using the most common
used types of conventional fossil fuels against the different types of ammonia depending on its carbon
footprint, which makes the model extremely valuable when taking investment decisions especially
considering that the energy prices are volatile and such a vessel is not yet commercially available,
although a number of Approvals In Principle for vessels with ammonia fuel propulsion were obtained
and the engine was reported to be delivered during the first half of 2024 [MAN 2020a].
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