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Executive Summary

Ammonia is being considered as an alternative, sustainable fuel source. The maritime
industry has experience with the carriage of ammonia in gas carriers and the use of
ammonia as a refrigerant. However, the introduction of ammonia as a shipping fuel creates
new challenges related to safe ammonia fuel bunkering, storage, supply and consumption
for different ship types, as ammonia is toxic if released into the environment. Therefore,
the potential impacts of ammonia as a fuel in the shipping industry on aquatic environments

need to be identified and assessed.

This study focused specifically on the impacts of acute large-event spills of ammonia used
as a shipping fuel, that can occur during bunkering or in the case of a ship's collision and
sinking. The report does not consider the effect of chronic low-level spills and atmospheric
emissions of ammonia or its combustion by-products. The potential environmental
consequences were assessed for riverine, transitional and marine habitats where a spill may
occur. This included rivers, estuaries, wetlands, coastal waters, coral reefs, mangroves, polar
regions and the deep sea. The impacts on ecological receptors within each aquatic habitat
were also considered. This included bacteria, plankton, macrophytes, invertebrates, fish,
birds, reptiles, and marine mammals. Outputs were then compared to marine gas oil (MGO)

to enable an assessment of environmental impacts.

Abiotic parameters fluctuate to varying degrees within different habitat types and therefore,
the sensitivity of each habitat to an ammonia spill varies. This is because abiotic parameters
including temperature, pH and salinity influence the form of ammonia present and thus the

toxicity.



Estuaries, mangroves and wetlands are particularly sensitive, while the polar regions and
the deep sea are less so. Within these habitats, it is typically fish which are the most

sensitive to an ammonia spill, with birds and mammals to a lesser degree.

Reports of the environmental impacts of oil spills (heavy fuel oil, MGO and crude oil) show
high impacts on invertebrates and birds, compared to ammonia spills which have a high
impact on fish. Additionally, ammonia has a medium impact on all other ecological
receptors, except bacteria, while oil spills have lower impacts on plankton, fish and marine

mammals.

In conclusion, the use of ammonia as a shipping fuel could impact on aquatic environments
and associated ecological receptors if a spill were to occur without mitigation measures and
solid spill management practices (see Table A and B). Therefore, a robust regulatory
framework establishing suitable mitigation measures needs to be developed for ammonia

to be a viable low-carbon alternative for shipping.

This study does not consider all environmental and health impacts of ammonia as a shipping
fuel. This is a first look at the risks of using ammonia in this context. Additional research is
needed to evaluate the full range of ecological and health implications of ammonia used as
a shipping fuel, including the increased nitrogen deposition from chronic ammonia spills
and combustion by-products. Due to a lack of real-world data for ammonia fuel spills in
aquatic environments, the impacts of ammonia on habitats and ecological receptors have
been discussed using available literature in relation to natural or run-off ammonia sources.
These are more ambient or chronic inputs of ammonia, dissimilar to episodic releases of
ammonia fuel. A knowledge gap identified in this report pertains to the potential impacts of
an ammonia spill on ecological receptors in the deep sea and on birds (specifically seabirds,

waders and wildfowl), marine mammals and aquatic reptiles.

Future studies should investigate the full risk profile of ammonia as a shipping fuel,
introduced at a large scale and what feasible and effective mitigation measures should be

implemented to manage these risks.



Table A High-level summary of potential impacts of an ammonia spill on aquatic habitats.

Habitat Key impacts of ammonia

Rivers Increase in algal growth and biochemical oxygen demand could lead to eutrophication.

Toxicity to fauna could have implications on food chain dynamics.

Estuaries Increase in algal growth and biochemical oxygen demand could lead to eutrophication.

Toxicity to fauna could have implications on food chain dynamics.

Wetlands Increase in algal growth and biochemical oxygen demand could lead to eutrophication.

Toxicity to fauna could have implications on food chain dynamics.

Coastal Waters | Increase in algal growth and biochemical oxygen demand could lead to eutrophication
and smothering of intertidal habitats. Toxicity to fauna could have implications on food

chain dynamics.

Coral Reefs Increase in algal growth and biochemical oxygen demand could lead to eutrophication
and smothering of intertidal habitats. Toxicity to fauna could have implications on food

chain dynamics.

Polar regions Changes in phytoplankton and ammonia oxidising organism population abundance.

Toxicity to fauna could have implications on food chain dynamics.

Mangroves Potential beneficial effects on mangrove growth and ecosystem health as nutrient limited
systems. However, could result in stunted growth, increased sensitivity to drought and

hypersalinity. Toxicity to fauna could have implications on food chain dynamics.

Deep Sea Unknown impacts.

Table B High-level summary of potential impacts of an ammonia spill on ecological
receptors.

Ecological receptors ‘ Key impacts of ammonia

Bacteria Elevated growth until tolerance threshold exceeded, causing a reduction in

reproductive success via slower cell growth and mortality at toxic levels.

Plankton Elevated growth until tolerance threshold exceeded which alters the ionic
equilibrium, causing inhibited growth and photosynthesis and mortality at toxic

levels.



Macrophytes Elevated growth until tolerance threshold exceeded which alters the ionic

equilibrium, causing inhibited growth and photosynthesis and mortality at toxic

levels.
Invertebrates Reduction in growth and reproductive rate and mortality at toxic levels.
Reptiles Physiological damage and mortality at toxic levels, impacts on habitat quality and

prey availability.

Fish Physiological damage and mortality at toxic levels, impacts on habitat quality and

prey availability.

Birds Physiological damage and mortality at toxic levels, impacts on habitat quality and

prey availability.

Marine mammals Physiological damage and mortality at toxic levels, impacts on habitat quality and

prey availability.
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Ammonia as a Shipping Fuel

1. Introduction

The Environmental Defense Fund (EDF) is seeking to understand the potential
environmental risks of using ammonia (NH3)' as an alternative marine fuel. It is well
understood that global energy production needs to transition from fossil fuels to less
environmentally damaging sources, to reduce pollutant release and meet the Paris
Agreement/countries' climate goals. This includes the shipping sector, which is under
increasing pressure to decarbonise via a shift from fossil fuels and the identification and
application of sustainable alternative fuels. It is estimated that maritime shipping emits
approximately 1,056 million tonnes of carbon dioxide per annum and is responsible for an
estimated 2.89 % of all greenhouse gas emissions® The International Maritime Organisation
has set targets of reducing carbon dioxide emissions from shipping by at least 50% by 2050,

in comparison with the 2008 baseline®.

Ammonia produced with renewable energy is being considered as an alternative, sustainable
fuel source. Therefore, the potential impacts of ammonia as a fuel in the shipping industry
on aquatic environments need to be identified and assessed. Although the toxicity of
ammonia in the aquatic environment is well understood*® there is currently a lack of
literature investigating the impacts of ammonia release when being used as a shipping fuel
and the safety regulations, training and emissions mitigations that will be required to
prevent significant impacts to aquatic ecosystems and associated species®’. This report

aims to investigate the potential environmental risks of an ammonia spill from different fuel

T'Ammonia’ in text should be taken to refer to NH3, unless otherwise stated

2 International Maritime Organization (2020) Fourth International Maritime Organization Greenhouse Gas Study 2020.
Accessed from: Greenhouse Gas Emissions (imo.org)

3 Mallouppas, G., loannou, C and Yfantis, E. A. (2022). A Review of the Latest Trends in the Use of Green Ammonia as an
Energy Carrier in Maritime Industry. Energies, 15, 1453.

4 Constable, M., Charlton, M., Jensen, F., McDonald, K., Craig, G. and Taylor, K. W. (2010). An Ecological Risk Assessment of
Ammonia in the Aquatic Environment. Human and Ecological Risk Assessment: An International Journal, 2, 527-548.

5 Randall, D. J. and Tsui, T. K. N. (2002). Ammonia toxicity in fish. Marine Pollution Bulletin, 1 —12, 17 — 23.

6 Cames, M., Wissner, N. and Sutter, J. (2021). Ammonia as a marine fuel, risks and perspectives. Oko-Institute.

7 Green Shipping Programme (2020). Ammonia as a marine fuel, safety handbook. 1 - 25.



https://www.imo.org/en/OurWork/Environment/Pages/GHG-Emissions.aspx

storage types under varying abiotic conditions. The assessment will consider potential
impacts on freshwater, brackish and marine habitats and associated ecological receptors.
The outcomes of the assessment will be compared to spills of marine gas oil (MGO), to set

the level of environmental risks in context.

1.1. Ammonia as a Fuel

The basis for using ammonia as a fuel has been investigated since the early 20™ century.
An example of the application of ammonia as a fuel was when, in 1943, Emeric Kroch
developed ammonia/coal gas hybrid motors to keep public transportation in operation,
despite diesel shortages during World War I8, Once the shortages ceased in 1945,
hydrocarbon-based fuels became the main fuel source due to comparatively low prices.
However, the use of ammonia as a sustainable fuel has gained global traction in recent
years, particularly in the shipping industry®. Research into the applications of ammonia as
a marine fuel date back to 2018 and in 2022, the ‘world's' first ammonia-ready ship’ was
produced by China's New Times Shipbuilding Co., Ltd. The American Bureau of Shipping
(ABS) classed, the Suezmax tanker Kriti Future conformed to the requirements outlined in
the ABS Guide for Gas and Other Low-Flashpoint Fuel Ready Vessels; though it is noted
that the Kriti Future is currently conventionally fuelled and that it complies with the ABS
Ammonia Ready Level 1 requirements, indicating it is designed to be converted to run on
ammonia in the future. Other ammonia-related projects in the maritime sector include the
Global Maritime Forum that launched ‘Nordic Green Ammonia Powered Ship’ which aims to
deploy the first ammonia-powered deep sea vessel by 2025 and MAN Energy Solutions,
which aims to have two commercially available two-stroke ammonia engines by 2024%.
Such projects will aid in understanding of the efficiency of using ammonia as a fuel,

economical viability and appropriate safety regulations.

8 Zamfirescu, C, Dincer, |. (2008). Using ammonia as a sustainable fuel. Journal of Power Sources, 185. Pp 459-465

9 Meersk Mc Kinney Mgller Center for Zero Carbon Shipping (2021). Position Paper Fuel Option Scenarios, October 2021.

10 Landstrand, N. (2022). Unlocking ammonia’s potential for shipping. MAN Energy Solutions. Accessed from: The case for
two-stroke ammonia engines (man-es.com).



The global interest in ammonia as a shipping fuel is because it can potentially be combusted
in an environmentally benign way, exhausting only water and nitrogen"” which means zero
tank-to-wake carbon dioxide emission. Moreover, so-called ‘green’ ammonia (made with
renewable energy) means zero emission can be achieved on a well-to-wake basis. However,
when ammonia is combusted in large, internal combustion engines, nitrogen oxide (NOx)
emissions are produced. Additionally, ‘ammonia slip’ can be produced during combustion,
where the ammonia is subsequently catalysed to nitrogen dioxide (NOz); a potent pollutant
which causes respiratory issues and reacts in the atmosphere to form secondary pollutants
including ozone and acid rain. These emissions of ammonia and NOx can affect ecological

systems when they deposit onto surface water.

In addition, the process of making ammonia is currently not a “green” process as it is
commonly made from fossil-derived methane (CH.), water and air, using steam methane
reforming (to produce the hydrogen (H:)) and the Haber process (also known as Haber-
Bosch)™. This produces carbon dioxide, ~90 % of which is produced from the steam methane
reforming process. This process consumes a lot of energy and produces around 1.8 % of

global carbon dioxide emissions™.

‘Green ammonia’ production is where the process of making ammonia can be 100 %
renewable and carbon-free. One method of making ammonia is by using hydrogen from
water electrolysis and nitrogen (N) separated from the air, where the electricity for the
electrolysis is derived from renewable resources. These are then fed into the Haber process
which is also powered by renewable electricity. In the Haber process, hydrogen and nitrogen
are reacted together at high temperatures and pressures to produce ammonia. As ammonia
is a globally traded commodity with existing global logistics transport infrastructure, it does
not require cryogenic storage, is relatively energy-dense as a liquid and is less flammable,
it is considered advantageous in comparison to other fuels such as hydrogen and battery

storage™.

" Strickland, G. (1980). Ammonia as a hydrogen energy storage medium, in Proceedings of the 5th Annual Thermal Storage
Meeting, Paper 8010555-2, 10th October 1980, McLean, VA, USA.

2 Ash, N., and Scarbrough, T. (2019). Sailing on solar: Could green ammonia decarbonize shipping? Environmental Defense
Fund. 1- 62.

'8 The Royal Society. (2020). Ammonia: zero-carbon fertiliser, fuel and energy store.

4 Barrios, K. (2020). Ammonia: Another Maritime Fuel of the Future? Xeneta.



Although the potential use of ammonia as a shipping fuel is gaining traction®™, there are
potential risks to human health and welfare and the receiving environment from ammonia
spills and combustion by-products. These risks must be well characterized and fully
addressed for ammonia to become a viable fuel for shipping. There are currently no health,
safety or environmental guidelines for ammonia as a shipping fuel, although in discussion™.
The implications of its application and potential risk factors must be well understood to

inform these future guidelines and ensure the safety of both humans and the environment.

1.2. Advantages of Ammonia as a Fuel

There are several advantages of using ammonia as a fuel which have been identified from
a practical and environmental perspective. These include (and are not limited to) the

following:

There is existing distribution infrastructure for ammonia as the second most
commercialised chemical in the world to deliver it in large quantities (approximately 100
million tons per annum'). However, it is noted that this is not the case for use of ammonia

as an energy carrier'®,

Ammonia is stored as a pressurised liquefied gas (like propane), at around 8 bar vapour
pressure at room temperature, or alternatively as a refrigerated liquefied gas (like LNG) at
1 bar vapour pressure and at < -33 °C. In contrast, hydrogen must be cooled to -253 °C or
pressurised to between 35 MPa to 70 MPa (350 bar to 700 bar) to be stored as a liquid®

Ammonia can be transported as a liquid with significantly higher energy density than as a
gas. As a fuel, it has a narrow flammability range (when not mixed with air) and therefore,

flammability is less of a concern during most storage and transportation.

If released into the atmosphere from atmospheric refrigerated storage, ammonia’s density

is lighter than that of air, which aids in dissipation. Though it should be noted that

5 Meaersk Mc-Kinney Mgller Center. (2021). Position Paper Fuel Option Scenarios.

16 Green Shipping Programme (2020). Ammonia as a marine fuel, safety handbook. 1 - 25.

7 J.0. Jensen, A.P. Vestbo, Q. Li, N.J. Bjerrum, J. (2007.) Alloys Compd. 446-447. Pp 723-728

'8 Razon, L. F. and Valera-Medina, A. (2021). A Comparative Environmental Life Cycle Assessment of the Combustion of
Ammonia/ Methane Fuels in a Tangential Swirl Burner. Frontiers in Chemical Engineering. 1 - 13.

9 Vries, N. de (2018). Ammonia: a new way of fuelling the marine industry. Cruise & Ferry. Accessed from:
http://www.cruiseandferry.net/articles/ammonia-a-new-way-of-fuellingthe-marine-industry.



refrigerated ammonia is liquefied under pressure, which upon release to the atmosphere

will aerosolize and forms a dense, visible white cloud of ammonium hydroxide (NH,OH).

Ammonia is synthesized either from fossil fuels, from any kind of renewable energy, or from
waste heat including that from nuclear reactors™. Ammonia can be produced with untapped
renewable energy in many parts of the world without causing any upstream emissions

(‘green ammonia’) aiding decarbonisation efforts.

1.3. Disadvantages of Ammonia as a Fuel

There are several disadvantages to using ammonia as a fuel which have been identified
from a human welfare and environmental perspective. These include (and are not limited

to) the following:

Ammonia is toxic to humans. In the context of being used as a shipping fuel for passenger-
carrying vessels, environmental release of ammonia during bunkering and operation would

be a public health concern.

Ammonia can be toxic to terrestrial and aquatic environments and associated species if
exposed. As ecosystems are currently under stress from the increasing prevalence of
reactive nitrogen, the use of ammonia as a shipping fuel could exacerbate environmental

degradation occurring as a result of nutrient loading in aquatic environments.

There can also be adverse effects from chronic “small” spills of ammonia as, through the
nitrogen cycle, nutrients stimulate aquatic plant production, disrupting the functioning of
the aquatic ecosystem through algal blooms, that can cause eutrophication and anoxia.
Excess nitrogen pollution is a global phenomenon which has been linked to fertilizer overuse,
sewage treatment discharge, manure management and atmospheric deposition from
various sources. Global warming in aquatic environments is also accelerating these impacts.
Therefore, ammonia spills from the use of ammonia as a shipping fuel could also contribute
to algal blooms and their associated impacts. In addition, the combustion of ammonia
produces by-products such as nitrogen oxides that contribute to air pollution and nitrogen

deposition into aquatic systems.

Ammonia is more flammable when mixed with air (15 — 28 % by volume of ammonia).

Ammonia canisters which are exposed to heat may expand and fracture, causing an initial

5



primary explosion and then, potentially, the ammonia released from the canister might

ignite and explode and cause a secondary explosion.

Ammonia’s low energy density compared to existing maritime fuels (see Section 1.2 above),

thus requiring more space.

The narrow flammability range of ammonia means it requires a pilot fuel for use in
combustion engines, typically marine diesel, leading to the continued release of carbon
dioxide and other pollutants. With low-speed two-stroke engines where ammonia intake is

optimized, there will remain a need for a more flammable substance to ignite the fuel.

1.4. Environmental Chemistry of Ammonia

1.4.1. Chemistry of Ammonia

Ammonia consists of hydrogen (H) and nitrogen (N), with the formula NH3 (unionised).
Under typical conditions (room temperature it is a colourless gas with a distinct pungent
odour. When dissolved in water the NH3 molecule undergoes self-dissociation and behaves
as a weak base, combining with acids to form salts containing the ammonium cation (NH4)+.

In water, ammonia forms an equilibrium as seen in Equation 1 below.
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Equation 1 Equilibrium between ammonia and ammonium.

Different environmental factors such as temperature, pH and salinity can influence the

favourability of the ammonia or ammonium species and this is shown in Figure 1 below.
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Figure 1: Chemistry of Ammonia

Further information on the chemistry of ammonia can be found in Appendix 1.

1.4.2. Ammonia within the Environment

Ammonia is a common toxicant derived from wastes, fertilizers, and natural processes.

Natural sources of ammonia include the decomposition or breakdown of organic waste

matter, gas exchange with the atmosphere, forest fires, animal, and human waste and

nitrogen fixation processes.

As with all chemicals, ammonia behaves differently depending on its environment. Gaseous

ammonia multiple complex phenomena can take place however, in general, ammonia can

either be converted to (NH4)+ or subjected to dry or wet deposition. In aquatic

environments, ammonia exists in equilibrium as described above and is therefore a function

of temperature, pH and salinity. Further detail on the influences on ammonia species in

freshwater, marine and estuarine environments can be found in Appendix 1.



1.4.3. Fate of Ammonia
While the concentration of a chemical released into the environment, as well as the habitat
(air, water, or soil) into which it is released, are important factors, the environmental fate is

determined by processes after the chemical has been released.

The fate of ammonia (and all chemical species) is determined by three factors: the
partitioning of the chemical between environmental media, the transportation propertied of

that media and the transformation rate of the chemical substance.

The nitrification cycle is an important microbial process by which nitrogen compounds are
sequentially oxidised to nitrite and nitrate. This is a key environmental process and governs
much of the aquatic and soil/sedimentary fate of ammonia. It is important to note that this
report does not detail the environmental impact of the fate of ammonia (such as nitrate and
nitrite) but the potential impact of ammonia in multiple scenarios involving large spills from

individual vessels. Further detail on the fate of ammonia can be found in Appendix 1.



2. Aims and Objectives

The broad aim of this report is to assess one of the potential environmental risks of using
ammonia as a shipping fuel. We examine the environmental impacts of multiple scenarios
involving large spills of ammonia from individual vessels (assessed based on likelihood) and
compare those to spills of MGO. The report consists of the following objectives:

1 A review of the literature base and qualitative assessment of the potential
environmental impacts of large ammonia spills within rivers, estuaries, wetlands,
coastal waters, coral reefs, mangroves, polar regions and deep sea habitats.

1 To assess the potential environmental effects within each habitat of an ammonia
spill from a bulker ship, container ship and tanker ship during three-hole size
scenarios (2 mm, 23 mm and 200 mm), under different weather scenarios?°.

1 To assess the potential environmental effects within each habitat of a storage tank
ammonia spill caused by a collision on a containership (assuming a 1200 mm hole).

1 To undertake a comparison of the environmental effects of such ammonia spills and
MGO.

20 |t should be noted that the effects assessed are those directly caused by a spill of ammonia and that other species of
nitrogen are not considered here. Therefore, effects is assessed primarily as toxicity and does not address wider impacts
such as altered ecosystems or ecological cascades.



3. Methodology

3.1. Literature Review

A literature review was produced by the Lloyds’' Register Maritime Decarbonisation Hub
(LRMDH) and shared with Ricardo Energy and Environment. This reviewed the relevant
physical, chemical and eco-toxicological properties of ammonia as a fuel, examples of
ammonia spills in the aquatic environment and recommendations for mitigating the
potential impacts of ammonia spills in the aquatic environment?'. This literature review will
inform the environmental assessment provided in the report. In addition, during the
completion of this report by Ricardo Energy and Environment, literature was sought on the
impacts of ammonia spills in aquatic habitats and on associated ecological receptors. This
was done via a 'keywords’ online search and examination of publicly available literature such
as peer-reviewed scientific papers, regulatory reports and guidance, and private sector

published articles.

3.2. Environmental Assessment

To assess the potential environmental risks of using ammonia as a shipping fuel, aquatic
habitats were identified where a spill of ammonia may occur. Ecological receptors present
within each habitat were then identified and potential effects were considered (as shown in
Table 1). To assess potential effects, a literature search was performed for each habitat and
ecological receptor identified. This was then repeated for each habitat and ecological

receptor for potential effects of oil spills to enable a comparison to be drawn.

2 Lloyd's Register (2022). Environmental Safety of Ammonia as a Marine Fuel: Literature Review for EDF, pp 23.
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Table 1 Habitats and ecological receptors included in the environmental assessment.

Habitat Ecological Receptors

Rivers Plankton, Invertebrates, Macrophytes, Fish, Reptiles, Birds and Mammals
Estuaries Plankton, Invertebrates, Macrophytes, Reptiles, Fish, Birds and Mammals
Wetlands Plankton, Invertebrates, Macrophytes, Fish, Birds and Mammals

Coastal Waters Plankton, Invertebrates, Macrophytes, Reptiles Fish, Birds and Mammals
Coral Reefs Plankton, Invertebrates, Macrophytes, Reptiles, Fish, Birds and Mammals
Polar regions Plankton, Invertebrates, Macrophytes, Fish, Birds and Mammals
Mangroves Plankton, Invertebrates, Macrophytes, Reptiles, Fish, Birds and Mammals
Deep Sea Plankton, Invertebrates, Fish and Mammals

3.3. Modelling

3.3.1. Scenarios modelled

The modelling of potential ammonia spill scenarios was carried out by LRMDH using the
consequence modelling package PHAST (Process Hazard Analysis Software Tool). PHAST
examines the progress of a potential incident from the initial release to the far-field

dispersion, including the modelling of rainout and subsequent vaporisation?2.

The model set up by LRMDH was for three different ship types each with different fuel
storage types®:
1 Containership — fully refrigerated storage conditions in a Panamax (comparatively
small ship operating in regional trade);
1 Bulker — pressurised storage conditions in a Post-Panamax (common size engaging
in oceanic trade); and

1 Tanker — semi refrigerated storage conditions of an unknown size.

22 Witlox, H. W. M., Harper, M., Oke, A. (2012). PHAST Validation of Discharge and Atmospheric Dispersion for Pressurised
Carbon Dioxide Releases. SYMPOSIUM SERIES NO. 158. Hazards XXII.

23 It must be noted that the selection of cases are fictive; and that, for example, the preferred storage system for a tanker
could be pressurized if the design footprint would benefit from that.
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These vessels have various storage conditions for liquid ammonia (NHs)). The vessel and
storage parameters, alongside abiotic parameters, are described in Appendix 2. Throughout
this report, ‘Containership’, ‘Bulker’ and ‘Tanker’ represent the storage conditions assigned

to each vessel type.

The abiotic parameters of pH and salinity were fixed within the model and so, temperature

was examined for each of the above habitats (Appendix ).
For each scenario described below the spill of NHs)is assumed to be above the water line.

This modelling was also conducted for an oil spill, under the same parameters, but for only

a bunkering scenario.

3.3.1.1. Bunkering spills

For each vessel, three hole size scenarios were run (2 mm, 23 mm, 200 mm), and each hole
scenario was run at day and at night and at various weather conditions. Appendix 2
describes the weather conditions used. The modelled holes are set in the bunker line of the

vessel during the loading of fuel.

The oil spill modelling was conducted for the same hole size scenarios (though with a 219
mm hole size rather than 200 mm), day and night and for the same weather scenarios.

Though it also includes the storage tank spill hole size as described below.

3.3.1.2. Collision — storage tank spill

The storage tank spill from a collision is only applicable to the containership due to the ship
design. This scenario assumes a 1200 mm hole in the below-deck tank and was run at the
same day/ night weather conditions as with the bunkering spills. The collision is also

assessed on the basis that the ship consequently sinks.

3.3.1.3. Summary of Conditions Modelled
Various conditions were modelled for each bunkering type and these include the following

conditions shown in Table 2 and Table 3.
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Table 2 Modelled Conditions

Condition Description
Modelled
Ammonia Storage Bunker Tanker Container Ship
Type and Hole Size  2mm, 23 mm, 200 2mm, 23 mm, 200 mm 2mm, 23 mm, 200 mm, 1200 mm
mm (collision)
Day/Night (based Parameter Day Night
on Rotterdam due Ambient temp 12 °C 8 °C
to high rank on list
of world ports for Water temp 9.8 °C 9.8 °C
containers) Humidity 76.5 % 86.3%
Solar radiation flux 0.25 kW/m? 0 kW/m?2
Fraction of 24 hr 0.44 0.56
period

Weather Condition  Weather conditions within the PHAST model use reference conditions for Rotterdam
as it is ranked highly on the lists of world’s ports for containers. Weather descriptions
are composed of two parts, the Pasquill Stability Class and a wind speed full details

can be found in the Table below.

Table 3 Weather Conditions Index

Pasquill Stability Class Wind speed (m/s) Percentage Day Percentage Night
B 3.0 2450 0.00
D 1.5 11.19 15.19
D 5.0 30.76 26.06
D 9.0 33.55 21.87
E 5.0 0.00 10.85
F 1.6 0.00 26.04
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The letter scale on the Pasquill Stability Test is as follows;

= =4 4 =4 =4

T

3.3.2.

A=Extremely Unstable
B=Unstable
C=Slightly Unstable
D=Neutral Unstable
E=Slightly Stable
F=Stable

Output parameters

For every scenario the outputs from nine parameters were produced and defined below:

T

3.3.3.

Pool vaporisation rate - Rate at which the ammonia pool converts from liquid to
gaseous phase;

Pool temperature - Ammonia pool temperature on the water surface;

Mass spilt - Total mass of ammonia spill;

Mass remaining - Mass of ammonia remaining after vaporisation and dissolution has
occurred;

Mass dissolved - Mass of ammonia as a solute in liquid phase that has passed
through a solvent to form a solution;

Pool radius - distance from the centre of the ammonia pool to its perimeter;

Pool depth - distance from the water surface to water column where ammonia is
present in liquid phase;

Mass vaporised - Mass of ammonia that has converted from liquid to gaseous phase;
and

Solution rate - time taken for ammonia as a solute in liquid phase to pass through a

solvent to form a solution.

Gas cloud dispersion

In addition to the immediate vaporisation from the potential ammonia spill scenarios, the

subsequent atmospheric dispersion of the resulting gas cloud is assessed. In the absence

of specific ecological thresholds for atmospheric ammonia, predicted concentrations are

14



compared with workplace exposure limits?*, (Table 4) and the areas exceeding the

thresholds are quantified.

Table 4 Workplace Exposure Limits — Ammonia

Long-term exposure limit Short-term exposure limit
Substance

(8-hr TWA reference period) (15-minute reference period)
Ammonia, 25 ppm (18 mg m3) 35 (25 mg m3)
anhydrous

EH40/2005 Workplace Exposure Limits- ammonia

The assessment is undertaken at a number of heights that follow the Joint Nature
Conservation Committee (JNCC) European Seabird At Sea (ESAS) flight height bands
(Table 5) which are used for recording bird flight?®. The results are presented in Appendix
4.

The duration of the ammonia spill scenarios and the time taken for the spillage pools to
completely evaporate, or dissolve is estimated to be a few minutes. As such, the short-term
exposure limit is deemed to be more appropriate. However, due to uncertainties surrounding
the use of human health thresholds for ecological assessments, both limits have been used

in the comparisons.

Initial calculations suggest that deposition of ammonia for the gas cloud is negligible.

24 EH40/2005 Workplace exposure limits (2020). Health and Safety Executive on behalf of the Controller of Her Majesty's
Stationery Office.

25 Camphuysen, KJ., Fox, A.D., Leopold, M.F. & Petersen, I.K. 2004. Towards standardised seabirds at sea census techniques
in connection with environmental impact assessments for offshore wind farms in the U.K.: a comparison of ship and aerial
sampling methods for marine birds, and their applicability to offshore wind farm assessments (PDF, 2.7 mb), NIOZ report
to COWRIE (BAM - 02-2002), Texel, 37pp.
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Table 5 Seabird Flight Height

Flight height band Flight height
HO 0-5m

H1 5-10m

H2 10 — 20m

H3 20 - 26m

H4 25 -180m
H5 >180m

ESAS seabird flight height bands.

16



4. Results

4.1. PHAST Modelling Analysis

The range of parameters within the modelling allowed for many comparisons to be drawn
both between and within the produced data. The main comparisons considered are as
follows:
1 Between fuel storage types (refrigerated (container), pressurised (bulker) and semi-
refrigerated (tanker);
1 Day and night;
9 Hole sizes; and

1 Between weather conditions.

However, these interact with each other to produce a multitude of comparison scenarios. A
summary of the main comparisons are presented below and relevant interactions discussed.

See Appendix 3 for full graphical results.

For each fuel storage type and hole size scenario, a ‘scenario likelihood’ was produced (Table
6). For each fuel storage type, the likelihood of a spill from each hole size decreases with
increasing hole size. Therefore, a 2 mm hole in a Containership bunker line was the most
likely spill scenario (1.15E-03 per year) and a 1200 mm hole in the storage tank of a

Containership was the least likely spill scenario (7.73E-0.5 per year).

Table 6 Scenario Likelihood

Vessel Hole size (mm) Scenario likelihood (frequency per year) Notes
Containership 2 115E-03 This
23 182E-04 information is
applicable to
200 1.28E-05 day/night and
1200 (storage tank)  7.73E-05 all weather
conditions.
Bulker 2 1.23E-03
23 1.77E-04
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200 1.16E-05

Tanker 2 1.20E-03
23 1.77E-04
200 1.16E-05

The above table describes the likelihood of each scenario with reference to each fuel storage type and hole size with a 2 mm
hole on a containership most likely and a 1200 mm on a containership least likely.

4.1.1. General trends
This section describes the general trends which were noted in the PHAST modelling outputs.
Each output variable is described and an example is displayed. The example figures do not

show all of the scenarios and are presented for a Bulker, day and 23 mm hole scenario only.

Some general trends for each output are described below:
1 Pool Vaporisation rate described in Section 4.1.1.1

Pool Radius described in Section 4.1.1.2

Pool Temperature described in Section 4.1.1.3

Pool Depth described in Section 4.1.1.4

Mass Spilt described in Section 4.1.1.5

Mass Vaporised described in Section 4.1.1.6

Mass Remaining described in Section 4.1.1.7

Mass Dissolved described in Section 4.1.1.8

=A =4 4 =4 -4 -4 -4

4.1.1.1. Pool Vaporisation Rate

Pool vaporisation rate exhibited a similar trend under the 2 mm and 23 mm scenarios in
which there is an initial sharp increase followed by a sharp to steady decrease, to an
eventual plateau. Under the 200 mm scenario, pool vaporisation rate showed a different
pattern in which there is an initial sharp increase and decrease, followed by a steady
decrease or plateau, a smaller increase and decrease and then a final steady decrease or
plateau. Under the 1200 mm scenario, pool vaporisation rate follows a sharp increase which

slows slightly before decreasing sharply to 0 kg/s.

In refrigeration systems, ammonia is liquefied under pressure. Any liquid ammonia released
to the atmosphere will aerosolize rapidly producing a mixture of liquid and vapour. This rapid

vaporisation is observed within the modelling.
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During the Bulker, day and 23 mm hole scenario, peak pool vaporisation rate is reached

during Category 1.5/D at approximately 5.5 kg/s after 60 seconds (shown in Figure 2).

Pool Vaporisation Rate vs Time
BLK_N043_01_L_BUS_023_NI

— Category 1.5/D
— Category 5/D
— Category 9/D
— Category 3/B
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Figure 2 Pool Vaporisation Rate vs Time - Shows the Pool Vaporisation Rate for a Bulker,

day and 23 mm hole scenario.

4.1.1.2. Pool radius

The pool radius results showed a general trend in which there is an initial sharp increase,
followed by a steadier increase and then a plateau. This trend is generally consistent across
hole size scenarios, although the gradient of the initial increase in pool radius varies

considerably.

It is likely that the pool radius is limited by the size of the spill hole, with larger holes
producing larger pool radii. The pool of ammonia will also be limited by the volume of

ammonia which aerosolizes, see above.

During the Bulker, day and 23 mm hole scenario, peak pool radius is reached during

Category 1.5/D at approximately 11.3 m after 700 seconds (shown in Figure 3).
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Figure 3 Pool Radius vs Time - For a bulker, day and 23 mm hole scenario

4.1.1.3. Pool temperature

The pool temperature results differ according to hole size scenario. Pool temperature under
both the 2 mm and 23 mm scenarios showed an initial sharp decrease followed by a very
steady decrease, eventually reaching a plateau. Under the 200 mm scenario, pool
temperature showed a very sharp initial increase followed by a steady decrease, small
increase and then very steady decrease or plateau depending on weather scenario. Under
the 1200 mm scenario, pool temperature remains stable for at least 150 seconds before

decreasing and then exhibiting either small fluctuations or a plateau.

A spill of liquid ammonia onto the water surface will cause it to evaporate. As it evaporates,
heat is extracted from the surroundings and the ammonia temperature decreases as

observed within the modelling results.

During Category 1.5/D, pool temperature remains at approximately -34.4 to -34.6 °C over

the 1200-second period for Bunker, day and 23 mm scenario (as shown in Figure 4).
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