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Executive summary

Denmark is a maritime gateway for Scandinavia and Europgégyetisno established infrastructure or
regulatory framework for ammonia bunkering. Green ammonia is emerging as a promising marine fuel,
meaningclosingall the regulatorygap mattersThere is also limited safety research on operational and
accidental releases during bunkering in Dangdévant locations. This study addresses that need by
outlining a realistic bunkering sep and examining potential release impacts. In risk termsrthepy

hazard of ammonia is toxicity, not flammabilibys public exposurés the key concern.

Dispersion and lethality simulatiowere performed in Phast to assess accidental releases dummpnia
bunkering. A hypothetical Danish site was defigedsidering onshorand offshore operations. The
analysis focused on sHip-ship(STSand terminalpipeline to shigPTShunkering methodsTwenty
scenarios were modelled, considers\gnmer and winteconditions releases on land and over open water
fully refrigerated and semi refrigerated operating conditiandtwo release heights

Across all scenarios, semi refrigerated ammonia releases are vapour dominated and produce large clouds
with only smallshortlivedpools, while fully refrigerated ammonia releases are pool dominated and leave
large longlastingpools that sustain evaporatioRispersion is driven mainly by release height and terrain.
Higher release points and open water both increase the vapour footprint for semi refrigerated ammonia and
fully refrigerated ammonia, with the strongest effect on semi refrigerated ammetiwality patterns are
controlled mainly by storage condition and season. Semi refrigerated ammonia gives longer lethal distances
than fully refrigerated ammonia for the same scenario, while summer generally gives longer lethal distances
than winter becauselouds linger and doses accumulate more near the source.

Near the port, lethal contours for fully refrigerated ammonia stay within the port area for the conditions
analysed, while offshore releases of semi refrigerated ammonia and fully refrigerated ammonia over open
water keep most of the lethal impact at séa. a result, fully refrigerated ammonia remains the safer and
more realistic bunkering mode for the Port of Rgnne, and placing higher risk configurations offshore further
reduces offsite toxic risk.
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1. ABBREVIATIONS

Abbreviation

Explanation

ABS American Bureau of Shipping

AEGL Acute Exposure Guideline Level

AiP Approval in Principle

DMI Danmarks Meteorologiske Institut

DNV Det Norske Veritas

DTL Dangerous Toxic Load

ESD Emergency shutdown

HSE Health and Safety Executive

IGC Code International Code for the Construction and Equipment of Ships Carrying Liqgu
Gases in Bulk

IMO Type C | Pressure vessel type for liquefied gas cargo

LNG Liquefied Natural Gas

NFPA National Fire Protection Association

NIOSH National Institute for Occupational Safety and Health

PEL Permissible exposure limit

Phast Process Hazard Analysis Software Tool

PTS Terminal or pipeline to ship

SLOD Significant Likelihood of Death

SLOT Specified Level of Toxicity

STEL Short term exposure limit

STS Ship to ship

TTS Truck to ship

TWA Time weighted average

2. DEFINITIONS

Term Definition

AEGL levels | Public protection guideline concentrations for acute releases. AEGL 1 is nota
discomfort. AEGL 2 is serious but reversible effects. AEGL 3 is life threatenin
effects or death. Defined for 10 min through 8 h exposures.

Pasquill Atmospheric stability category used to represent turbulence and mixing whick

stability class

affects dispersion.
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3. INTRODUCTION

5SYYFN] Qa 3IS23aNI LIKAOLE t20FGA2y LRaArxldAzya (GKS 02 d:
supporting the seamless movement of goods and passengers between Scandinavia and the rest of Europe.
¢tKAa NRES Aa NBAYT2nERERn thedglohnlksBppity2addyodidtids ddustd. i N2 y I L

As the transition toward sustainable energy sources gains momentum, green ammonia is increasingly
recognized as a promising alternative to conventional marine fuels. Despite its potential, Denmark currently
has no established infrastructure or regulatagniework to support ammonia bunkering, which presents a
significant barrier to its adoption.

In parallel, there is a notable lack of safety research concerning both operational and accidental releases of
FYY2YAlF RdzZNAY3I GKS o6dzy{SNAYy3I LINRPOS&aazX LI NIAOdzZ I NI

This study seeks to contribute to that effort by offering a timely and relevant report for the maritime
community. It outlines a hypothetical ammonia bunkering process and examines the potential impacts of
ammonia release through a series of representaognarios.

4. METHODOLOGY

No portin Europehas commenced ammonia bunkering operatitisyeverseveral have begun preparing
safehanding regulation®f the fuel as part of a broader shift toward alternative maritime energy solutions.
The primary objective of this work is to conduct simulations using Phast s¢fiitarassess the
consequences of accidental ammonia releases during different bunkering operations. A key focus is on
evaluating the fafield dispersion of ammonia in order to determine potential impacts on the population
living in the surroundings of thégmt and port area.

For the purpose of this study, it was decided to base the simulations on a port where ammonia bunkering
could hypothetically take plaegthin Denmark.

For the simulations, parameters like weather, the different ammonia bunkering methods, operating
conditions during bunkering operations will be considered. The effect on people will be assessed based on
toxicological exposure and health imgaof ammonia.

4.1. Phast software

Phast Process Hazard Analysis Software Te@alvidely used consequence analysis software developed to
model the effects of accidental releases of hazardous matértessoftware is developed Bet Norske
Veritas(DNV). Phagnables the simulation of scenarios such as toxic dispersion, fires, and explosions,
providing insights into potential impacts on people, assets, and the environment. Due to its structured
approach and industry acceptance, Phast is a common tool foritpi@etrisk assessments in the process
and energy sector§l]

For the current simulations, the version Phast 9.11.1240{#i2025 will be used.
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4.1.1.Limitations of Phast software
Despite its broad applicability, Phast has several limitations that must be acknowledged:

1 Itis based on empirical modelling, which introduces simplifications.

9 Ituses a simplified twdimensional (2D) model approach, which may reduce accuracy in complex
environments.

9 Itis rot wellsuited for smalkcale geometries, where detailed structural influences are important.

9 It does not account for the location of ventilation routes or the presence of suppression systems in
nearby buildings.

91 Dispersion modelling in confined spaces is limited and may not capture localized effects accurately.

9 It does not consider the domino effect, i.e., the impact of one system failure on other
interconnected systems.

1 Phast displaythe maximum dispersiciootprint as the envelope of every location reached by the
cloud at any time during the simulation, drawn as one continuous comtalaes not necessarily
showvapourcloud thatmay haveoccurred at any specific time.

1 Inthe far field this can imply a steady presence where the real cloud is thin, intermittent, and
strongly affected by wind and changimgather, resulting invapourclouds with irregulashape

4.2. Properties of ammonia

At standard temperature and pressure conditicaemonia is colourlegexic gaswith astrong odour.
Unlike conventional fuels, where the main concerns are fire and explosion hazards, the primary risk with
ammonia is its toxicity.

Ammonia in its gas form is flammable, however becafige high autoignition temperature of 6514ad
high flammability limits, the ignition of ammonia is challenging. For this reasammagasis not classified
as a highly flammable substance due to its high ignition temperd&fRA 7042] gives a rating df in open
locations, and 3 only for a confined location.
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b)

Ammonia is lighter than air, which means it tends to rise and disperse once released into the atmosphere.
When ammonia is released irttamidair, its rapid gapousation cools the surrounding atmosphere, causing
moisture in the air to condense and form a visible white cldhi. visible cloud is composed of both
condensed water droplets and ammorggpour, but it does not mark the true limits of the hazard.
Depending on weather and dispersion conditions, ammonia can spread well beyond the visible plume, and

harmful concentrations may still be present outside the apparent boun@ry.

When in contact with water, ammonia is highly soluble, although its solubility decreases as the temperature
rises! 0 n ¢/ X AG RAaA®BByIWEGHE GA Vi ng lc il SNIGdaRaheaniddnia G 2
comes into contact with water, it dissolves rapidly in a strongly exothermic reaction, releasing a significant

amount of heat. This heat may cauke solution toboil andvapouise[5].

Propery Value
CAS number 766441-7
Molecular formula NHs
Molecular weight 17.03 g/mol
Boiling point at 1 atm -33.34°C
Freezing point at 1 atm -78°C
Lower flammability limit 15.2 %
Upper flammability limit 27.4%
Auto ignition Temperature 651°C
SLOD DTL 1.03x 168
Gas properties

Density at33.34°C and 1 atm 0.88kg/m?
Density at 25C and 1 atm 0.77kg/m?
Relative density at 25 and 1 atm| 0.77

Liquid properties

Densityat -33.34°Cat 1 atm

| 682kg/m?
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Density at4°C at 5 bar 633.1 kg/m?
Specific gravity33.34°C and 1 atn| 0.69
Solubility in water ad °C 47 % wiw
Solubility in water at 15C 38% wiw
Solubility in water at 20C 34 % wiw

4.2.1.Toxicology exposure and health impacts

Ammoniagasis a hazardous chemical, and human exposure must remain within legal limits, which can differ
slightly between countries. These regulations are typically defined based on both the concentration of
ammonia in the air and the length of exposure.

From a toxicology point of viewnigterm exposure to low levels of ammonia (bel®@ ppm) is not linked
to chronic health effects. In contrast, hilglvel releases (above 2000 ppm) can lead to severe acute health
consequenceg9]

Table2 provides guidance on recommended exposure letledse alues are provided for situational
awareness and do not replace regulatory limits.

Ammonia concentration in air (by volum Effects

20-50 ppm Readily detectable odour
50-100ppm No impairment of health from prolonged exposure
400-700ppm Severe irritation of the eyes, ears, nose, and throat.

No lasting effect on short exposure, aggravation of exis|
respiratory problems could occur

2000-3000ppm Dangerous, more than 30 minutes of exposuBybe fatal
5000-10000ppm Serious oedema, strangulation, asphyxia, rapidly fatal

While the previous table summarises health effects by concentration, the exposure of ammonia to the
workers during normal daily operations at their workpladies on regulatory occupational exposure limits
set by national authoritie§ hese include anBour timeweighted average (TWA), which caps the average
exposure across a shift, and ariute shortterm exposure limit (STEWwhich limits brief peaks during
tasks. Together, TWA and STEL provide the framework for managing ammonia exposure thaing nor
operations.

Authorities or Organisations STEL = ik
mins hours

California Cal/OSHA Permissible Exposure Limits (PELS) from 29 CFH 35 ppm 25 ppm
1910.1000

EU Indicative Exposure Limit Values in Directives 91/322/EEC, 2000/3| 50 ppm 20 ppm
2006/15/EC, 2009/161/EU (12 2009)

UK Health and Safety Executive (HSE) EH40/2005 Workplace exposu| 35 ppm 25 ppm
National Institute for Occupational Safety and Health (NIOSH) 35 ppm 25 ppm
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In contrasto the TWA a STEL valué® Acute Exposure Guideline Levels (AEGLS), established by the U.S.
National Advisory Committee for Acute Exposure to Hazardous Substaraegant for emergency

responseAEGLs define threshold concentrations for airborne chemicals based on both exposure duration
and the severity of potential health effects. Unlike workplace limits, AEGLS apply to the general population

and are used to assess the risks during accidental chemical releases.

AEGLs are divided into three levels, each corresponding to increasing severity of health effedts. AEGL
represents the concentration above which individuals may begin to experience mild, temporary symptoms
such as irritation or discomfort. AE&Lorrespads to concentrations that could lead to more serious, but
nortlethal and reversible health effects. ABZadefines the concentration at which liflereatening effects

or death may occur. Each level is defined for five specific exposure durations, framgih@ minutes to 8

hours, reflecting the importance of both time and concentration in assessing toxic risks.

Guidelines 10 min 30 min 1h 4 h 8 h
AEGH 30 ppm 30 ppm 30 ppm 30 ppm 30 ppm
AEGE2 220 ppm 220 ppm 160 ppm 110 ppm 110 ppm
AEGI3 2700 ppm 1600 ppm 1100 ppm 550 ppm 390 ppm

For the current simulations, the ammonia vapour cloud will be assessed using &kAEGB
concentration levels, evaluated at a height of 1.5 m for dispersion over land. The analysis will consider AEGL
2 and AEGRB values for exposure durations of 1thates.

4.3. Hypothetical bunkering location

In Europe, while no port has yet commenced ammonia bunkering operations, several have begun preparing
to handle the fuel as part of a broader shift toward alternative maritime energy solutions.

For the purpose of this study, it was decided to base the simulations on a port where ammonia bunkering
could hypothetically take plac€oestablisha representative scenario for the simulatiocsntact was made
with the Port of Rgnne. Strategically located inithend of Bornholm ithe central Baltic Sea, Rgnne is the
easternmost major port in Denmatkserves as key maritime hub, supporting a widenge of operations
including ferry services, cruise tourism, bulk cargo handlimipffshore windogistics.

The map below shows the location of all the ports within Denmark pBdrtgke HayrindicatingPort of
Renn& @osition within the national port network.
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During the exchange with port representativd® area adjacent tquay 33 has been identified as a
potential site foiterminal/pipelineto-shipammonia bunkering operation&lthough these locations are not
currently used for such activities, they were selected as plausible sites based on existing infrastructure,
accessibility, and operational relevanthe quay in question measures 275 meters in length and has a
water depth of 11 meters, which woub@ a limiting factor of the capacity of the bunkersetghat it could
accommodateThe pipe rack from the storage tank to the port is usually routed to prioritize safibty
accessibilityather than following a straight patthe longest axis of the area, which is under 500 m, will be
taken as the pipe rack length

The potential for shipo-ship ammonia bunkering operations was also identified ajoags 33as well as
along quayd4 and 35, which togethdrave a combinetength of600m and awaterdepth of 11 mand at
the planned quay in the nortivestern part of the port.

It is important to note that these areas are entirely hypothetical and defined solely for simulation purposes.
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. Hyphetical bunkering area for ammonia. Quay 33
Area for ferry trafic

Public beach

. Future quay

Quay 34 and 35

Foroffshoreshipto-ship bunkering operations, it is assumed that they would occur at a minimum distance
of 2 nautical miles (approximately 3.7 km) from the port. However, under normal operating conditions, such
activities may be conducted in deeper offshore wategpetiding on navigational and safety requirements.
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Area for ferry trafic

Public beach

. Future quay

Quay 34 and 35

2 nautical miles

4.4. Ammonia bunkering operation

The design of the ammonia bunkercansiderdhat ammonia behaves as a saturated liquid. In contrast to
fuels ammonia cannot remain in liquid form without either being pressurized or cooled, making its handling
and storage more complex.

There are four bunkering ammonia bunkering modes:

1 shipto-ship (STS)

1 terminal/pipelineto-ship (PTS)
9 truck-to-ship (TTS)

9 cassette bunkering

STS, PTS and TTS are considered conventional bunkering neéttssdste bunkering refers to a method of
transferring fuelising prefilled fuel modules or containers, often called cassettes. These cassettes are
swapped in and out of vessels rather than transferring fuel via traditional pipelines arHhmseser, for

the current simulation, cassette bunkering is not considered.

In dialogue with the Port of R@nne, it was confirmed that conventional bunkering methods are the most
relevant for their operations, with particular emphasis on-shvghip (STS) and termihaipelineto-ship
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(PTSinethods Consequently, the study will concentratetbe following scenarios:

9 shipto-ship (STS)

91 terminal pipelineto-ship (PTS)

7

Cargo ship Bunker
vessel

ESD Valve

| o«
Strage S

Bunker
vessel

4.5. Hypothetical lunkering vesselcargo shipand storage tank

For the simulations, it is necessary to define the dimensions and heights of the bunker supply and receiving
vessel for each bunkering operation:

i Thebunker vessel
9 the receiving container ship
9 the storage tank for ammonia

For theshipto-ship (STSmmonia bunkering operation, the simulations regesémates of the vertical

geometry of both vesselspecifically the manifold/connection height above the waterline for the bunker

vessel and for the receiving container skipr theterminal pipelineto-ship (PTS mmonia bunkering

operation,the simulations require the receivibgnkeQa YI yAFT2f R KSA Jadithel 6 2 9S (K
capacity of the storage tank.
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Although there are currently no ammonia bunkering vessels in operation, several designs are under
development in response to growing interest in ammonia as a clean marine fuel.

In recent years, the maritime industry has been developing new technologies in response to environmental
regulations and market demands. However, for technologies based on novel coibégeptsential to
ensure they meet safety standards equivalent to international conventions and classification rules.

To verify this, classification societies conduct safety inspections. These inspections typically occur once the
product design is complete. However, if major issues are identified at that stage, it can significantly delay the
development of the vessel. Bwoid this, classification societies offer an esthge design review service to
identify and resolve potential problems in advakgewn asApproval in Principle (AiP). This scheme

assesses whethercmnceptis technically feasible based on classificatules.

While AiP does not grant final approval, it helps clarify regulatory expectations and design requirements
early in the process, making final plan approval more effigierit.

Several companies have already received AiPs for ammonia bunkering vessel designs. These preliminary
designs provide insight into what the final vessels may look like and suggest that operational models could
be ready soon.

Several ammonia bunkering vessel designs have already received Approval in Principle from major
classification societies

1.[]t28RQa wSIAAGSNIKIA INIYYGSR !'At F2NJ I wmnXnnn Yu
Dockyard. The design features two cylindrical Type C tanks, a iedifuesystem, and a marine
loading arm

2. Seatrium, an engineering firm, has received AiP from the American Bureau of Shipping (ABS) for its SMDT
25000V | o | wWpXZnnn Yw FYY2YAl odzy1 SN 9SaasStod ¢KS
metric tons and uses IMO Type C containment systemsféostesiage and handling of ammonia.

3. Korean RegistéKR has awarded an AiP to HD Hyundai Mipo (HD HMD) for its 23,000m3 Ammonia
Bunkering Vessel

It is notable that most proposed ammonia bunkering vessel designs incorporate IMO Type C tanks. As
detailed specifications for these ammonia vessels are not yet publicly available, a practical approach is to
refer to existing bunker vessels for other fubbst use similar tank types. In this context, LNG bunker vessels
serve as a useful reference.

The table below presents selected LNG bunker vessels equipped with two bilobed IMO Type C tanks. Based
2y GKA& RFEGFZ AG OFy 0S 20aSNWSR GKFG Fy [bD odzy]
suitable for the hypothetical ammonia bunkerlagation at the Port of Rgnne of 11 m. Therefore, the

freeboard dimension of 4.3 m of such a vessel will be used in the simulation.

Bunker vessel name Cargo tank capacity (m{ Length| Depth | Draft | Freeboard
LNG Buker vessel, Corat&seri[18] | 10000 137.1 | 115 |83 |32
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| LNG Buker vesselCoraliug19] | 5800(2550+3250m3) [ 99.6 |10 |[5.7 [4.3 |

In the simulations, only the largest bilobed IMO Type C tank, with a total capacity of 3250 m3, is considered.
In line with common industry practice, the maximum working volume is takerfaoBthis capacity,
corresponding to 2,925 m&eometrically, the tank has an approximate length of 68 m. Since the bilobed
configuration cannot be directly represented in the model, it is approximated as a single cylindrical tank with
a diameter of 7.8 m.

For the simulationit will be assumed the usageastorage tank with a total capacity of 10,000 Im3

industry practice, the working (usable) capacity of large abomend storage tanks is often taken as about
85 % of the gross capacity allow forvapourspace Based on this value, tledfective storage volume is

taken as3,500 m3Similarly, he tank geometry is assumed to be cylindrical, with a diameter of 35 m and a
corresponding height of approximately 10.4 m.

For the present simulati@nit was decided taonsider for the cargo ship the same freeboard as for the
bunker vessel to be able to compare directly the results from the simulations. However, additional
simulations will be included considering a higher deck.

Table6 includes the dimensions of selected Maersk container ships used as a basis for this soerihgo.
current simulation, &riple E class (first generati@mntainer ship has been selected, as it features one of
the tallest freeboards among Maersk vessels, measuring 15.8 nigdamise its draft, this container ship
would only be involved in ship-ship bunkering offshore.

Class Length Depth Draft Freeboard
Triple E class (first generatigh?] 399.2 30.3 14.5 15.8
Triple E class (second generatifdrg)] 399.2 30.3 16 14.3
E clas$14] 397.7 30.2 17.5 12.7
Edinburgh clag45,16] 366.5 29.9 15.5 14.4

It is important to note that the current simulation does not account for leakage at ground level. As reported
in[20] and[21], the height of the release is one of the main factors influencing ammonia concentrations in
the far field (around 200 m from the source). Higher release points tend to result in higher concentrations at
this distance. In contrast, the release height h#le lib no impact on concentrations in the near field.
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4.6. Weather parameters

Weather data used in this analysis was obtained from the Danmarks Meteorologiske(Dstijuil he

nearest weather station to Rgnne port is located at Bornholm Airport, approximately 4 km to the southeast.
This station, identified by ID 06190, provides a range of meteorological data, from which hourly records were
selected for the period spaing July 1st, 2020, to July 1st, 2025.

Solar radiation data and soil temperatatea depth of 10 cnvas not available in the weather station
located in Bornholm Airport. For this reason, the data from\tbea Vesivas used. This weather station is
located 25.87 km from Rgnne port to the edgtis station, identified by ID 06197, also provides a range of

meteorological data, from which hourly records were selected for the period spanning July 1st, 2020, to July

1st, 2025.

As previously discussed, the main objective is to assess ieldatispersion of ammonia. For this type of
simulation, wind speed and the Pasquill stability class are the most influential pard22&3$ Over the

5-year period considered, August exhibited the lowest average wind speed, while January had the highest.
Because these months represent the most extreme conditions of wind speed, all the other parameters will
be referenced to these two montlewer the5-year span

In August, the difference between the highest and lowest temperatiinésg the day and niglig minimal.
Therefore, thehigher value of 18.8%C will be usedsimilarly for January, the lowest temperatuo&2.72°C

will be used

Solar radiation was averaged using only daytime values, excluding all 0 kW/m?2 readings that occur at night.
The data shows that August has higher solar radiation and longer daylight hours, while January has both
lower radiation and shorter dayBecause of this, theverageof the daytime solar radiation will be used for
August, while a value of 0 kW/m2 viadl used fodanuary. Based on that, the Pasquill stability class is set
using daytime conditions for August and riighé conditions for January, asttined in[24].

Parameters Summer Winter
Month August January
Wind speed 4.15 m/s 6.53 m/s
Relative humidity 78.61 % 86.55 %
Highest ambient temperature 18.85°C 3.22°C
Lowest ambient temperature 17.9°C 2.72°C
Surface temperature 18.48°C 3.32°C

Wind direction

179°, from South to North

214°, from Southwest to
Northeast

Solar radiation (During daytime) | 291.46 W/n% 53.38 W/nt

Daytime (Duration) 5 AM¢ 9 PM (16 hours) 8 AM¢ 4 PM (8 hours)
Period of time Day Night

Pasquill stability clag®4] C D
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4.7.Operating conditions
Liquid ammonia can be stored under three different conditions:

91 Fully refrigerated ammonia
1 Semirefrigeratedammonia
1 Nonrefrigerated ammoni@Pressurized)

Each of these storage types operates within a specific temperature and pressure range

Storage condition Operating temperaturg Operating pressuré
Fully refrigerated -3334°C 1 bar
Semirefrigerated -10°Cto 4 °C 3 bar to 5 bar
Nonrefrigerated (Pressurize( 19°Cto 37 °C 8 bar to 14 bar

For the purposes of this report, two representative storage conditions have been selected for the
simulations fully refrigeratedand semirefrigerated

Thesemirefrigeratedscenario will use an operating conditio®€ andb bar, while the fully refrigerated
scenario will be based 683.34°C and 1 bar. These conditions were chosen to reflect the most relevant
release scenarios in the context of ammonia bunkering and transfer operations.

The ron-refrigerated pressurizedrondition is not considered in this analysighasmaritime industry is
moving toward liquefied ammonia storage and bunkering for practical, safety, and efficiency reasons.
Moreover, according tfl0], the limited capacity of nerefrigerated pressurized tanks makes them
unsuitable for the large bunker volumes required by oegaing vessels

In the fertilizer industry, the ammonia transfer process has been carried out for decades worldwide.
Transfers fromafully refrigeratedank tofully refrigeratedank, are usually carried out at a transfer rate of
250 to750tonnehr [25]. These flow rates will be considered for the simulations.

For the simulation ofesnirefrigeratedtransfer, the assumed conditions of 4°C at 5 bar correspond to a
liquid density of 633.1 kg/m3. Considering the mass flow rate ofor@/hr, it is estimated a volumetric
flow rate of 1184.74 m3/h. For the fully refrigerated scenario, a liquid density of 682 kg8833#°C and 1
atmosphere is used. A transfer mass flow rate oft@bfe/hris assumed, which results in a volumetric flow
rate of approximately 1099.7 ms/h.

Storage conditior] Operatingtemperature| Operating pressur¢ Mass flow rate Volumetric flow rate
Fully refrigerated| -33.34 °C 1 bar 750 t/h 1099.7m3/h
Smirefrigerated| 4 °C 5 bar 750 t/h 1184.65 m3/h

DBI¢ The Danish Institute of Fire and Security Technology
SIMULATION OF AMMONIA BUNKERING RELEASE ON HYPOTHETICADY/@E@25TION

Page22 of 78



DBI 4

4.8. Transfer assemblies

To safely and efficiently transfer fuel or other liquid cargo during bunkering operations, ports and vessels rely
on specialized equipment designed to handle a variety of operational and safety requirements. The choice of
transfer system depends on fact@sch as the size of the port, the frequency of operations, the type of fuel,
and the level of precision and safety needed. Two main types of transfer assemblies are commonly

1 hose assemblies
I marineloading arms.

A marine loading arm is a more advanced and fixed solution for fuel transfer, typically usedsicelarge
high-frequency bunkering operations. These systems consist of rigid piping sections that form an articulated
arm, mounted on a pedestal or ba3de arm is capable of controlled movement, allowing precise alignment
gAOK GKS @SaasStQa YIYyAF2fRd LG LINBPGARSa || &SOdzNB
accommodate different vessel sizes and manifold heights. These loading aoftsrapermanently

installed at dedicated bunkering stations or on specialized bunker barges.

A hose assembly is the conventional method for transferring bunker fuels. It consists of flexible hoses
equipped with end fittings and connection couplings on both ends. Typically, two hoses aomeded

liquid and one fovapourreturn. According t¢10], leaks, ruptures, and accidental palliay incidents
involving connecting hoses are considered among the most likely causes of loss of containment during
ammonia bunkering operations.

After speaking with the Port of Ranne, they supported that for a port of their size and operational scale, hose
assemblies are the preferred method for fuel transfer due to their practicality and suitability. Based on this,
only hose assemblies will be saiered in the simulation. Since this method involves flexible hoses, any
potential leak will be assumed to originate from a hose positioned on the deck of the bunker vessel.

Guidelines for STS hog@86] indicate that a single hose section is usually no longer than 12 metres. These
sections are often joined in sets of two or three to form hose strings, with typical total lengths of 27.3 metres
(three 9.1 m sections) or 24 metres (two 12 m sectidtajvever, he overall length can vary based on
FILOG2NR &4dzOK Fa GKS {¢{ 2LISNIrGA2y aAdSs RokMs Ge& LIS
simulation, a length of 27.3 meters will be considered for the hose assembly.

4.9. Release duration

When an ammonia release occdige to a leakage from a pipelirtbe substance will continue to flow

through the pipeline until the Emergency Shutdown (ESD) system is activated. To stop the release, the ESD
system must close the isolation valves and shut down the loading pumps. Once this action is completed, only
the liquid remaining in the pipeline is expected to be discharged.

According to Section 18.10.2.1.3 of the International Gas Code (IGC), any ESD valve in a liquid piping system

must close fully within 30 secof@i7]. In addition to this closing time, the activation time of the ESD system
must also be considered. Activation can be initiated through three different sources:

I Gas detectors in the area
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1 Manualpull stations operated by personnel in the vicinity

1 Instrumentation within the system that would detect the pressure loss or lower flow i.e. pressure
transmitter or flow meters.

Since the location of these devices and the corresponding activation time depend on the specific plant
design, it is assumed that activation would take approxima@egeconds.

As a referenceg person is expected to reach a manual pull station located withinv@éhim 30 seconds
assuming an average walking speed of 1.228]9n contrast[29] recommends that for undefined routes,
the maximum travel distance to a manual call point should not exceed 30 m.

Consequently, the total time from the onset of the ammonia release to the closure of the pipeline
transporting ammonia is estimated to be about 1 minute.

For theterminal/pipelineto-ship (PTS)unkering operation, it will be assumed that the ESD valve is located
in the outlet of the storage tank, upstream in the pipeline to the bunker vessel, as sHeigurab.

4.10. Lethality calculation

Dangerous Toxic Lo@idTLescribes the combined effect of airborne concentration and exposure duration
that produces a specified level of toxicity in the general populaftoetiealth and Safety Executiffese)

from the Ukdefines two reference levelSpecified Level of Toxic{§LOT) an8ignificant Likelihood of
Death(SLOD). For the current simulations, SLOD will be consj@gr@dOzorresponds to conditions that
would cause aboui0%mortality in an exposed populatioBecause directly relevant human data are

scarce For ammonia, the SLOD DTLG8 x 18(ppni'.min)[8].

Because directly relevant human data are scarce, these reference loads are derived mainly from single short
term animal inhalation studies and then mapped to human impact using transparent hiseshay cause
someuncertainty,but it can povide a consistent basis for consequence calculations and for comparing
scenaris[30].

Phastimplements toxicity using a probit model that links toxic load to expected lethality
The probit number is calculated using the following equd8ah
01 6 6 WMEOEQD

Phast considers theoncentration is roughly constant over the expost@ this assumption, the Dose
threshold is given by:

[OFR0) 0 D
Where:
1 0is-16.21 ppm for ammonia, according to Phast.
1 6 is 1 for ammoniaaccording to Phast.
T 0¢f£Q@ is thestandardised toxic concentratiatelivered at a location.
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T 0 isthe toxic load component. For ammonia, =2, according to Phast.

1 O isthe exposure time in minutes.

Considering the probit numbers, the following equation is used to calculate the lethality fraction within a
range from 0% to 100%. As showifrigure8, ahigher Pobit numbermeans highelethality.

. . 00v
78
If the computed toxic loafD € @ equals the SLOD DTL for ammgotii@n Pr will be close to 5 and

the expected lethality will be close 50%.Loads above the SLOD DTL push Pr above 5 and increase the
predicted lethality, while loads below the SLOD DTL do the opposite

=
o

Probit
O P N W dM 01 O N 00 ©

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Lethality fraction (%)

5. DESCRIPTION OF SCENARIOS

For the present simulatioceampaigntwo ammonia bunkering methodse assessed in order to capture the
range of transfer methods and locations that may be relevant to the $uptto-ship (STnd
Terminal/pipelineto-ship (PTS)

Ammonia bunkering method Ship-to-ship (STS) Terminal/pipelineto-ship (PTS)
Bunker supply Bunker vessel Storage tank

Receiving vessel Container ship Bunker vessel

Shore tank capacity - 10000m?3

Working bunker vessel 2925 n¥ -

capacity

Connection yé K2aS HTdPo Y|yé LIALISEAYS pnn
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yé K2aS HT PO Y
Orifice size y € y €
Release direction Horizontal Horizontal
High release elevation 4.3 4.3
Low release elevation 0 0
Phast scenario Pressure vesselShort pipe Long pipeling Location specific
release breach

For theship-to-ship (ST mmonia bunkering method, four locations will be considered:

1. Alongside the future quay

2. Alongside Quay 34 and 35

3. Alongside Quay 33

4. 2 nautical miles to the west of the port of Rgnne.

For erminal/pipelineto-ship (PTSpnly one location is considered:

1. Alongside Quay 33

It is important to outline that fothe ship-to-ship (ST@mmonia bunkering methgdhe offshore scenario
located 2 nautical miles west of the Port of Rgnne is modelled as openwlatezashe other 3 location
alongsidea Quay are modelled &and.

Forboth ammonia bunkering methodsvo weather parametersire consideredSummer and Winter
Similarly, two operating conditions are considered: falijgeratedand semirefrigerated, following the
mass flow rate and volumetric flow ragtated inTable9.
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Scenario ID | Ammonia bunkering | Location Weather| Operating
method conditions
Scenario 1
Scenario 1.1 | Shipto-ship (STS) Alongside the future quay Summer| Fully refrigerated
Scenario 1.2 | Shipto-ship (STS) Alongside the future quay Summer| Semirefrigerated
Scenario 1.3 | Shipto-ship (STS) Alongside the future quay Winter | Fully refrigerated
Scenario 1.5 | Shipto-ship (STS) Alongside the future quay Winter | Semirefrigerated
Scenario 2
Scenario 2.1 | Shipto-ship (STS) Alongside Quay 34 and 35 Summer| Fully refrigerated
Scenario 2.2 | Shipto-ship (STS) Alongside Quay 34 and 35 Summer| Semirefrigerated
Scenario 2.3 | Shipto-ship (STS) Alongside Quay 34 and 35 Winter | Fully refrigerated
Scenario 2.4 | Shipto-ship (STS) Alongside Quay 34 and 35 Winter | Semirefrigerated
Scenario 3
Scenario 3.1 | Shipto-ship (STS) Alongside Quay 33 Summer| Fully refrigerated
Scenario 3.2 | Shipto-ship (STS) Alongside Quay 33 Summer| Semirefrigerated
Scenario 3.3 | Shipto-ship (STS) Alongside Quay 33 Winter | Fully refrigerated
Scenario 3.4 | Shipto-ship (STS) Alongside Quay 33 Winter | Semirefrigerated
Scenario 4
Scenario 4.1 | Ship-to-ship (STS) 2 nautical miles to the west of| Summer | Fully refrigerated
the port
Scenario 4.2 | Shipto-ship (STS) 2 nautical miles to the west of| Summer| Semirefrigerated
the port
Scenario 4.3 | Shipto-ship (STS) 2 nautical miles to the west of | Winter | Fully refrigerated
the port
Scenario 4.4 | Shipto-ship (STS) 2 nautical miles to the west of| Winter | Semirefrigerated
the port
Scenario 5
Scenario 5.1 | Terminal/pipelingo- | Alongside Quay 33 Summer| Rully refrigerated
ship (PTS)
Scenario 5.2 | Terminal/pipelingo- | Alongside Quay 33 Summer| Semirefrigerated
ship (PTS)
Scenario 5.3 | Terminal/pipelingo- | Alongside Quay 33 Winter | Fully refrigerated
ship (PTS)
Scenario 5.4 | Terminal/pipelingo- | Alongside Quay 33 Winter | Semirefrigerated
ship (PTS)
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6. SIMULATION RESULTS

As noted earlier, the primary safety concern for ammonia in these scenarios is toxic exposure to people in the surmanbaxicampact is
governed by two coupled factors, namely concentration and duration of exposure.

The consequence analysis presents ammasgi@urcloud to characterize toxic effects from the release. All footprints were evaluated at a height
of 1.5 m above groundoncentration maps are shown for the 10 minute AE&hd AEGR thresholds of 220 ppm and 2700 ppm.

The TNO Purple Bof#l] states that the averaging time for toxic substances should be comparable to the expected exposure time. Following
this guidance, the averaging time in these simulations is set at 10 minutes. As explained in the Purple Book, thibitratilg sebeted to fall
between the conditions of a short release, with an exposure time of 30 to 60 seconds, and a long release, with an exposapptbximately

30 minutes

Phastestimates lethality using a probit approach. Fgiventoxic doset calculatesa probit value using internal parameters for ammamiel
converts thigo a probability of death on a continuous scale ff@ta 100% Lethality contours are reported for probabilities of 3%, 10%, 50%
and 99%, which are then used to derive downwind distances and footprint maps.
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6.1.Scenario 1, 2, 8 Release on land, STS
The following section is applicable for scenarios 1, 2 and 3 @béel 1):

I Scenario 1:18p-to-ship (STSmmonia bunkering method alongside the future quay
1 Scenario 2:18p-to-ship (STSmmonia bunkering method alongside Quay 34 and 35
I Scenario 3:18p-to-ship (STYmmonia bunkering method alongside Quay 33

For all these scenarios, it is considered that the dispersion phenomena occur on land.
6.1.1.Released masRelease elevation of 4.3 m

The total mass released reflects the discharge of the pipe inventory after the ESD valve closes at one minute. Beschegéhis dioverned
by internal process conditions, the total mass is the same in summer and winter.

Tablel2 shows thatfor the release ofemi refrigeratechmmonia, most of the massrideasedn the form of a vapour cloudully refrigerated
ammoniais releasednostly as liquid that forms a podhis difference is mainly due to the storage conditions. Semi refrigerated ammonia is
stored at higher pressure and temperature, so when it is suddenly depressurised to atmospheric pressure almost allcbfltdshdig to

vapour, with only a small paoh raining out and forming a pool. In contrast, fully refrigerated ammonia is stored close to atmospheric pressure
and near its atmospheric boiling point, so only a small fraction can flash to vapourage ad most of the inventory spills as cold liquid, which
collects on the ground as a pool and then graduatipeuates.

For fully refrigerated ammonia, winter produces a slightly larger initial vapour cloud and a correspondingly smalleppoed @dth summer.
This is mainly due to the higher wind speed and denser, colder air in winter, which together reduce the amount of amoooniet/ajumps
towards the ground, so a slightly larger fraction of the release remains in the initial vapour cloud rathemtranpggool on the ground.

For semi refrigerated ammonia in summer, the release is entirely an immediate vapour cloud with no pool. In wintepal sindlig50 kg
appears, which is much smaller than the initial pool formédllinrefrigerated ammonieeleasesAs mentioned previously, when semi
refrigerated ammonia is released it is mostly vapour, and the seasonal difference comes from how much of that two ainaseujeand
forms a liquid pootaused by the weather conditions.

After one hour the remaining pool mass is consistently higher for fully refrigerated ammonia than for semi refrigerataéd, &mnnvbich case
the residual liquid is negligibte zera



Summer Winter
Fully refrigerateg Semi refrigerateq Fully refrigerated Semi refrigeratec
Total mass releasd€#g) 1310310 13059.83 1310310 13059.83
Mass released aspourcloud (kg) 1676.73 13059.83 1818.70 12593.33
Total mass released as a liquid p&g) 11426.37 0.00 11284.40 466.50
Massvapouizedfrom the pool(kg) 10555.03 0.00 10497.17 442.37
Mass remaining in pool after 1(kg) 871.34 0.00 787.23 24.13

Legend:

Fully refrigerated

Semi refrigerated

Pool Mass Spilt vs Time
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Pool Mass Vaporised vs Time
Summer
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6.1.1.1. Released mas$kelease elevation of 15.8 m

As inTablel2, Tablel3 describes how the released inventory is split between vapour cloud and liquithpioodnsidering a release height of
15.8 m.The table shows that for semi refrigerated ammottia initial release appears entirely as a vapour cloud, whereas fully refrigerated

ammonia is still released mostly as liquid that forms a pool on the ground.

For fully refrigerated ammonia the mass released as vapour cloud is higher in winter than in summer. In addition, tle¢chsg@omt
increases the initial vapour cloud for both seasons. The greater height gives the jet more time to flash, eartchbredk up into finer droplets
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before it can reach the ground, so a larger proportion of the released ammonia remains airborne in the initial cloudcaedprcgwortion
rains out to form the pool.

For semi refrigerated ammonia, with the release taking place at 15.8 m, the two phase jet of vapour and droplets rgraainsridland no
rainout is predicted, so no liquid pool forms on the ground. Compared with the release at 4.3 m, the incrighsedelams that, in winter as
well, the complete release is now represented as a vapour cloud.

Summer Winter
Fully refrigerateg Semi refrigerated Fully refrigerated Semi refrigerated
Total mass releasd#g) 13103.10 13059.83 13103.10 13059.83
Mass released aspourcloud (kg) 3420.24 13059.83 4030.67 13059.83
Total mass released as a liquid p&g) 9682.86 0.00 9072.43 0.00
Massvapouized from the poofkg) 8935.34 0.00 8436.53 0.00
Mass remaining in pool after 1(kg) 747.51 0.00 635.90 0.00

6.1.2.Dispersion Release elevation of 4.3 m
Tablel4 presents dispersion footprints at times chosen to approximate 2, 5, 10, 30 and 60 minutd3hastdees not use uniform time steps.

For both concentrations and seasons, the vapour cloud from semi refrigerated ammonia extends farther at early timedibsiptites
quickly, whereas the cloud from fully refrigerated ammonia is shorter initially but persists longer and is stilafisgssmdut 30 minutesThis
behaviour reflects the different release mechanisBami refrigerated ammonie almostentirely released as vapgumeaning the initial vapour
cloud is longer buthe cloud soon dilutes below the concentration threshdtdBy refrigerated ammonidy contrast, produces a smaller
vapour fraction at release and leaves a substantial liquid pool on the ground that continuagdorge over time. As a result, the cloud is
more limited in extent at the beginning but is maintained by ongoing paplogiation and therefore remains detectable for much longer.

Seasonal effects are strongest at early times and depend on the concentration threshold. At both 220 ppm and 2700 pfoutprimieare a
few hundred metres longer than summer footprints at about 2 and 5 minutes for both operating Mbidas.mainly because higher wind
speeds and denser colder air in winter carry the cloud more rapidly downwind while limiting vertical dispersion irl gieasdtiao the cloud
stays above the thresholds over a longer distance close to the source.

At 220 ppm this relationship reverses by about 10 minutes, when the summestdgadandecomes longer for most cases, whereas at 2700
ppm winter is longer only at about 2 minutes and from about 5 minutes onward summer generally extends farther, withxeegtiai around
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10 minutes for the semi refrigerated case. For semi refrigerated ammonia at 220 ppm this means that the winter clouceachesljarther
at early times, but in this case also remains above the threshold for longer than in summer.

Figurel2a) and bandFigurella) and bshow that in Phastie reported dispersion distance is the farthest reach of any part of the cloud at the
stated concentration, regardless of whether that portion of the cloud remains connected to the source. If a detachealels downwind,
the reported distance reflects that fartheloud.

Time (S) . Summer : : Time (s) : Winter : :
Fully refrigerated| Semi refrigerated Fully refrigerated| Semi refrigerated
106 468.08 779.60 105 706.80 96228
316 812.43 1693.36 313 713.05 2420.64
Dispersion footprint at 220 ppm (m) 596 391.50 0 590 403.17 210.28
1788 207.13 0 1804 177.59 148.99
3505 0 0 3468 0 0
106 318.98 679.30 105 378.70 778.01
316 135.91 0 313 112.13 0
Dispersion footprint at 2700 ppm (m) 596 116.40 0 590 89.46 0
1788 46.62 0 1804 0 0
3505 0 0 3468 0 0
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6.1.2.1.

Dispersion at 15.8 m height
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Tablel5shows dispersion footprints for scenarig2land3 with the same operating conditioas inTablel4, except the releaselevationis

set to 15.8 mAs previousldiscussedthese results are included to provide insight into outcomes when the release occurs at 15.8 m, which

corresponds to the height of a large cargo ship

The main change introduced by the higher release elevation of 15.8 m is the more airborne behaviour of the cloud,fespeaially
refrigerated ammonia. Because the release starts higher, the vapour and droplets have more time to entrain air beéaehttiey ground, so
the early footprints at 220 ppm and 2700 ppm become longer, particularly in wiateasef fully refrigerated ammonistill retain clouds

with high concentratiogfor longer times, but the contrast in early footprint length beaweemi refrigerated and fully refrigerated ammonia is

now more pronounced.

The time evolution of the footprints remains the same as for the lower release height. At 220 ppm the clouds grow firstriottteefsecond

time point and then contract until they disappear, while at 2700 ppm they are largest at the first time astk#udly decrease. What changes

with the higher source elevation is that semi refrigerated ammonia, especially in winter, can maintain a measurable@prpyratflater
times while still producing long footprints at the beginning of the event.

Time (S) - Summer - - Time (S) - Winter - -
Fully refrigerated| Semi refrigerated Fully refrigerated| Semi refrigerated
105 480.98 833.90 105 723.52 1030.49
316 1331.84 183323 313 641 2525.87
Dispersion footprint at 220 ppm (m) 597 376.74 0 590 383.39 0
1789 207.90 0 1805 182.79 0
3507 0 0 3471 0 0
105 382.71 729.01 105 433.73 828.57
316 139.91 0 313 120.68 0
Dispersion footprint at 2700 ppm (m) 597 118.75 0 590 96.17 0
1789 51.64 0 1805 0 0
3507 0 0 3471 0 0
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It is important to outline thathe dMaximum dispersion footpriain Phastshowsthe envelope of all locations reached by the vapour cloud at
any time during the simulated release and dispersion. It is drawn as a single continuous contour that combines altitresanbtierefore
does not necessarily correspond to the shape efépour cloud at any particular moment in time.

6.1.3.Maximum dispersion footprint Release elevation of 4.3 m

Semi refrigerated ammonia produces the longest maximum dispersion footprints at both concentration levels and in both seasons

Seasonal effects are also evident. At 220 ppm, winter footprints are longer than summer footprints for both operatingtr@@0égppm,
winter slightly increases the footprint for fully refrigerated ammonia, while for semi refrigerated ammonia the méxdrquint is somewhat
shorter in winter than in summer.

Summer Winter
Fully refrigerated Semi refrigerateq Fully refrigerateq Semi refrigerateg
Maximum dispersion footprirgt 220 ppm(m) 1202.85 2345.72 1494.94 2786.51
Maximum dispersion footprirgt 2700 ppm(m) 345.72 1023.30 388.58 896.15
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Legend:
- Fully refrigerated @ 2700 ppm Semi refrigerated @ 2700 py.
- Fully refrigerated @ 220 pprn - Semi refrigerated @ 220 ppr
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6.1.3.1. Maximum dispersion footprint Release elevation df5.8 m

Comparingrablel6 againstTablel7 shows that increasing the release height to 15.8 m increases the maximum dispersion footprint for every
combination of operating mode, season and concentration. The higher elevation enhances the long range reach of théicltardy farsemi
refrigerated ammonia in summer, while preserving the overall ordering and seasonal trends observed at the lower release height.

Summer Winter
Fully refrigerated Semi refrigerateq Fully refrigerateq Semi refrigerateg
Maximum dispersion footprirgt 220 ppm(m) 1432.74 2716.14 1796.45 2813.93
Maximum dispersion footprirgt 2700 ppm(m) 422.48 1179.47 439.54 955.79
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6.1.4.Maximum dispersion footprint at site
The naximum dispersion footprimglots are imposed over a real scale map of the region surrounding the @hok

It is important tooutline agaii K| & G KS d&al EAYdzY RA #phiSsellsihe shvedpe afiallliNdatiohsi réachied/by thekviapbur
cloud at any time during the simulated release and dispersion. It is drawn as a single continuous contour that mesgesoalitithres and
therefore does not correspond to the shape of Wag@our cloud at any specific moment. Any point inside a contour is a location that could
experience that concentration at some time during the event, but not necessarily all at once or for the same duration.

If the wind direction differs from the prevailing direction used in the main scenarios, it is assumed that the wind speetel@eed the value
applied for that prevailing direction. In practice this means that, for other wind directions, the disfeosiwint of the vapour cloud is
expected to be shorter. The concentric circles shown around the source are included only as distance guides. Thegate sohiuitiineous
exposure or any particular exposure duration.

Legend:

I rully refrigerated @ 2700 ppm Semi refrigerated @ 2700 py

Fully refrigerated @ 220 pprn - Semi refrigerated @ 220 ppr
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FromTablel8, the distances increase as the lethality fraction decre&s®svery scenario, the 99 percent lethality zone is closest to the source,
the 50 percent zone is farther, then 10 percent, and finally the 3 percent lethality contour is the most distant.

6.1.5.Lethality. Release elevation of 83.m

Semi refrigeratecammoniareleases always produce longer lethal ranges than fully refrigematatbniareleases at the same lethality level and
in the same seasoithe difference becomes much more marked at low lethality level8sl&tisality in summer, semi refrigerated ammonia
reaches 575.29 m compared with 150.54 m for fully refrigerdtedinter the 3odistances are 474.25 m for semi refrigerated and 136.24 m for
fully refrigerated. This reflects the fact that semi refrigerated ammonia is almasentleased as vapour, so the toxic cloud carries a
significant dose much farther downwind.

Summer always gives longer lethal distances than winter for a given product and lethality fiadsiamdicates that, although winter can give
longer instantaneous footprints at early times, the stronger winter winds also dilute the cloud more quickly so thegiatednd®se is smaller
and the probit based lethal distances are reduced.

Lethality fraction . Summer ——— . Winter ——

Fully refrigerated Semi refrigerated Fully refrigerated Semi refrigerateg
99% 47.69 65.91 31.42 54.35
50% 106.36 289.60 89.17 262.14
10% 134.88 491.44 118.07 409.04
3% 150.54 575.29 136.24 474.25
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Legend:
- Lethality fraction 99% Lethality fraction 10%

- Lethality fraction 50% - Lethality fraction 3%
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6.1.6. Lethality at site

Given the resultB'om the previous sectiorhe lethality plots for the geographic location of the Port of Regveelimited to the fully
refrigeratedammoniaoperation, which is both the safer and the more plausible operating condition.

In Figure20, Figure21 andFigure22, the fully refrigerated lethality contours remain within the Port of Rgnne and do not extend into populated
areas.

These results reflect only the lethality analgsisulated using the probit methodolofgy outdoor dispersioffior the specific given conditions
stated in this documeniThey do not account for confinement, terrain channelling, building induced recirculation, or accumulation in enclosed
spacesor other operating or weather conditians

Legend:
- Lethality fraction 99% Lethality fraction 10%
- Lethality fraction 50% - Lethality fraction 3%
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6.2. Scenario 4 Release on water, STS
The following section is applicable for scenario 4:

1 Ship-to-ship (STSmmonia bunkering methaat 2 nautical miles to the west of the port of Rgnne

The key difference between scenarios 1, 2, and 3 and scenario 4 is that dispersion ocopesnavater rather than land.

6.2.1.Released masRelease elevation at 4.3 m

While comparingablel2andTablel9, it is possible to observe the total mass releasateigtical within each season and storage mode, so the
differences come from how the release partitions between the ingiadurcloud and the pool

For fully refrigerated ammonia, the overall behaviour over water is very similar to the land case. The release stifi@pfeassa liquid pool
with a smaller initial vapour cloud. Over water, the pool fraction becomes slightly larger and theapuotilcloud slightly smaller, and the pool
evapouiates a bit more within the first hour. However, the amount of liquid that remains after one hour is very similar to tasdasd the
long lasting liquid inventory is essentially unchanged.

For semi refrigerated ammonia, changing from land to water has a more visible effect. Over land in summer, the relessntgheas
vapour, with no pool. Over water, a small pool now forms, although it almost completpyuates within the first hour and only a very small
residual layer remains. In winter, the pool over water is clearly larger than over land, and the initial vapour clasp@dorgly smaller, but
again most of this poolMapoumtes during the first hour and only a small amtoof liquid is left on the water surface.

Summer Winter
Fully refrigerateg Semi refrigerateq Fully refrigerated Semi refrigerated
Total mass releasg#g) 1310310 13059.83 1310310 13059.83
Mass released aspourcloud (kg) 1573.73 12864.48 1702.17 12427.91
Total mass released as a liquid pég) 11529.37 195.35 11400.93 631.92
Massvapouizedfrom the pool(kg) 10651.22 183.06 10607.37 598.34
Mass remaining in pool after 1(kg) 878.15 12.29 793.56 33.58
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The overall pattern by storage mode also remains. Fully refrigerated ammonia continues to produce a substantial ligutiepoater with a
smaller initial vapour cloud, whereas semi refrigerated ammonia is dominated by vapour. The seasonal itgnaefagérated ammonia is
also preserved, since in both height cases winter gives a somewhat larger initial vapour cloud and a correspondinubyistimaiesummer.

6.2.1.1. Released masdRelease elevation at 15.8 m

What changes with a release height of 15.8 m is the split between cloud and pool, especially for fully refrigerated Atrthreohigher
elevation a much larger fraction of the fully refrigerated release is counted as initial vapour cloud and thespoledaiced. The extra height
gives the flashing jet more time to entrain air and remain airborne before droplets can fall out onto the water, sedeeadioes the surface
in the near field.

At 15.8 m, in contrast to an elevation of 4.3 m, no pool is predicted at all for semi refrigerated ammonia and theeastirésrizbated as
vapour cloud in both seasons. The higher elevation keeps the two phase jet fully airborne, so dropletscdonudatecon the water surface in
sufficient quantity to be represented as a separate pool.

Summer Winter
Fully refrigerateg Semi refrigerateq Fully refrigerated Semi refrigerated
Total mass releas€#q) 13103.10 13059.83 13103.10 13059.83
Mass released aspourcloud (kg) 3032.83 13059.83 3500.14 13059.83
Total mass released as a liquid p&g) 10070.27 0.00 9602.97 0.00
Massvapouized from the poo{kg) 9290.45 0.00 8927.49 0.00
Mass remaining in pool after 1(kg) 779.82 0.00 675.47 0.00

6.2.2.Dispersion Release elevation at 4.3 m

In Phast the terrain is defined by the surface type and the surface roughness length. The surface typeheattamid moisture exchange
between the surface and the clousiurface roughness length sets the intensity of mechanical turbulence that mixes th®glendvater has a
roughness length of 0.2 mm, whichager than theroughness length of 18 coonsidered for the Land terrain used for scenarios 1, 2 and 3.
Over open water the very small roughness weakens mechanical mixing, so dilution is slowerckud tcan travel farther

For both fully refrigerated and semi refrigerated ammonia, the overall ordering stays thasanszenario 43. Semi refrigeratedmmonia
releases still give the longest footprints at both 220 ppm and 2700 ppm, and fully refrigeratexshiareleases still show shorter footprints that
remain detectable for a longer time. Seasonal behaviour is also broadly consistent. Winter continues to produce lomgsrtf@tmummer



at the earliest times for fully refrigerated ammonia at both concentration levels.
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The main differences appear in how far and how long the clouds travel once the release is over water. For fully refnigecstiedthe 220

ppm and 2700 ppm footprints are noticeably longer over water than over land at the early and intermediate tioissimmer and winter.
The cloud is carried farther downwind, although the basic pattern of growing to a maximum distance and then shrinkingundxdd metres
before disappearing is similar in both environmeRts. semi refrigerated ammonia thentrast is stronger. Over land, the 2700 ppm footprint
appears only at the first time step and the 220 ppm footprint disappears or is very short by about 10 minutes. Oveewater rdirigerated
cloud reaches much larger distances at both 220 ppn2@08 ppm and remains above the thresholds for longer, with footprints of several

kilometres around 5 to 10 minutes.

Time (S) - Summer - - Time (S) - Winter - -
Fully refrigerated| Semi refrigerated Fully refrigerated| Semi refrigerated
106 568.12 896.53 105 732.62 192.17
316 1337.35 2106.54 313 1903.90 2676.39
Dispersion footprint at 220 ppm (m) 596 649.98 3475.84 590 673.42 3691.43
1788 323.60 0 1805 300.10 204.35
3505 0 0 3470 0 0
106 500.59 830.60 105 547.22 995.30
316 163.13 1784.02 313 146.78 2269.01
Dispersion footprint at 2700 ppm (m) 596 125.83 0 590 110.69 0
1788 0 0 1805 0 0
3505 0 0 3470 0 0
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Legend:
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Legend:
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6.2.2.1.

Dispersion Release elevation 015.8 m
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When comparindable21 with Table22, the dispersiorbehaviour remains the sam8emi refrigerated ammonia still gives longer footprints than
fully refrigerated ammonia at both 220 ppm and 2700 pBuily refrigerated releases still show shorter footprints that persist for longer, with a
220 ppm cloud remaining out to about 30 minutes in both summer and wittterseasonal pattern for fully refrigerated ammonia also remains
winter footprints are longer than summer footprints at the early times for both concentrations.

The main differences are linked to the greater release elevation, which strengthens the downwind reach of the clouat)yptoticeini
refrigerated ammonia. For fully refrigerated ammonia, increasing the release height from 4.3 m to 15.8 m notitzegblythe early and peak
footprints at both 220 ppm and 2700 ppm in summer and winter.

For semi refrigerated ammonia the effect is stronger. At 220 ppm in winter, the first footprint increases from less that 2@0m to more
than 1 km at 15.8 m, and the maximum distances around 600 s become several hundred metres longer, appBokachiAg 21700 ppm the
semi refrigerated cloud is also longer at the first two times for the higher release height, although it still disaadsars 1 minutes.

Time (S) - Summer - - Time (S) - Winter - -
Fully refrigerated| Semi refrigerated Fully refrigerated| Semi refrigerated
106 63103 894.44 105 788.12 1090.84
316 1445.91 2039.83 313 2059.06 2672.96
Dispersion footprint at 220 ppm (m) 597 620.73 3504.68 590 638.33 4478.16
1791 318.51 0 1805 295.77 0
3511 0 0 3471 0 0
106 56748 832.34 105 691.71 1000.10
316 167.75 1795.91 313 155.65 2335.92
Dispersion footprint at 2700 ppm (m) 597 133.10 0 590 120.22 0
1791 0 0 1805 0 0
3511 0 0 3471 0 0

6.2.3.Maximum dispersion footprintat 4.3 m height

Comparingrable23with Tablel6, for a release height of 4.3 m on land and over water, the overall hierarchy of scenarios remains the same. In



DBI 4

both environments the semi refrigerated release always gives longer maximum footprints than the fully refrigerated ted¢tag2@tppm and
2700 ppm.

For fully refrigerated ammonia the seasonal pattern is also preserved. At 220 ppm the winter maximum footprint is lotigeestinamer
footprint on both land and water, and at 2700 ppm winter remains similar to or slightly longer than summer.

The main differences arise from the much greater downwind reach over water, particularly for semi refrigerated ammaxianuxt m

footprints increase when moving from land to water, but the increase is modest for fully refrigerated releases and wengguidor semi
refrigerated releaseg\t 220 ppm the semi refrigerated footprint grows from a few kilometres on land to several kilometres over water, and at
2700 ppm it also becomes much longgre stronger increase in maximum footprint over water, eiglg for semi refrigerated ammonia, is
consistent with how a vapoutominated cloud interacts with the marine surface. Over water the surface is smoother and more homogeneous
than land, so for the same meteorological conditions the cloud experiencesitizg® roughness, less mechanical turbulence near the ground
and a more uniform boundary layer. This combination tends to reducdiaihdilution and allows the cloud to travel farther before it drops
below 220 ppm or 2700 ppm. Semi refrigerated amiadreleased almost entirely as vapour, so its behaviour is governed mainly by
atmospheric transport and dilution rather than by a sustained pool source. As a result, when the surface is changetiecsesaier

refrigerated cloud benefits most from ghinore efficient downwind transport and its maximum footprint increases dramatically, while the fully
refrigerated cloud, which is still strongly tied to a local pool source, increases much less.

In addition, the seasonal ordering for semi refrigerated ammonia at 220 ppm reverses between land and water. On lard fibetpvint is
longer than the summer footprint, whereas over water the summer footprint becomes the longest. This reveratireftéiferent balance
between transport and dilution over the sea surface: for a vagoaorinated semi refrigerated release, the smoother marine surface and
summer conditions favour slower dilution and longer range persistence than in winter, sauthenaiatains 220 ppm over a greater distance in
summer. At 2700 ppm the summer semi refrigerated footprint is already slightly longer than winter on land and becomesgézaniyer

water for the same reason.

Summer Winter
Fully refrigerateq Semi refrigerateq Fully refrigerated Semi refrigerateg
Maximum dispersion footprirgt 220 ppm(m) 1708.76 6370.36 2103.07 4988.44
Maximum dispersion footprirgt 2700 pprm(m) 639.97 2836.92 607.80 2480.14
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Legend:
- Fully refrigerated @ 2700 ppm Semi refrigerated @ 2700 py.
- Fully refrigerated @ 220 pprn - Semi refrigerated @ 220 ppr
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6.2.3.1. Maximum dispersion footprint at 15.8 m height

Raising the release height from 4.3 m to 15.8 m increases the maximum footprint inasetyt preserves the overall hierarchy of scenarios
Semi refrigerated ammonia still produces much longer maximum footprints than fully refrigeratezhia and the footprints in wmter are still
longer than the summer footpriat

The main differences come from the higher release elevation strengthening the downwind reach, particularly for fulyedfagenonia. At
15.8 m, fully refrigerated maximum footprints increase at both 220 ppm and 2700 ppm in summer and winter. fefrigeraied ammonia,
the change at 220 ppm is more moderate. The maximum footprints are already very long at 4.3 m and grow only slightlyeldzese tise
raised, since the cloud is already strongly airborne over water. At 2700 ppm the effect bbheigi refrigerated ammonia is mixed. In
summer the maximum footprint changes only marginally, while in winter it becomes noticeably longer at 15.8 m. Oveayh#y thievation
reinforces long range transport, especially for fully refrigerated amigmsemi refrigerated releases, without altering the basic ordering of
scenarios observed at 4.3 m.



Summer

Winter

Fully refrigerated

Semi refrigerated

Fully refrigerateg

Semi refrigerateq

Maximum dispersion footprirgt 220 ppm(m)

2132.57

6587.19

2610.03

5452.11

Maximum dispersion footprirgt 2700 pprm(m)

895.77

2753.73

819.14

2823.42
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The maximum dispersion footprint may appear large. This reflects the envelopearketlihgdetachedvapourclouds over open water. Even
with that understanding, the figurd®lowindicate that ammonia bunkerirgperationswould benefit fromagreater offshore standoff so that
the outer contours remain seaward and away from the port shoreline.

6.2.4.Maximum dispersion footprint at site

Legend:
- Fully refrigerated @ 2700 ppm Semi refrigerated @ 2700 py

- Fully refrigerated @ 220 pprn - Semi refrigerated @ 220 ppr

6.2.5. Lethality at site

For this scenario the lethality maps are shown only at the site. The cosbmuva inFigure29 andError! Reference source not fourat.both
thresholds are compact and remain offshorecdee of aeleasethe cloud may reach the shoreline, butnaynot extend inland. Compared
with Figure28, the risk to onshore areas is markedly reduced.
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Legend:

- Lethality fraction 50%

Lethality fraction 99% Lethality fraction 10%

Lethality fraction 3%
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6.3. Scenario & Release on land, PTS
The following section is applicable for scenario 5:

1 Terminal/pipelineto-ship (PTS)longside Quay 33
For all these scenarios, it is considered that the dispersion phenomena occur on land.

6.3.1.Released mass

Table25 reports the released mass for scenarjdte release of ammonia during the bunkering methowhinal/pipelineto-ship(PTS)The

total mass is higher than irablel2 because, in addition to the immediate release, the pipeline inventory on the release side is also discharged.
After the isolation valve closes, the trapped inventory between the leak and the valve continues to vent, so the tatbdanadds larger tima

in scenario 3.

For fully refrigerated ammonia the qualitative behaviour is very simithatin scenari®. Only a relatively small amount of the released mass
appears in the initial vapour cloud and most of the inventory forms a pool on the ground. Winter still shifts a littl@ssdrearthe vapour

cloud and a little less into the pool than summer, and after hour the winter pool is slightly smaller, which means a slightly larger fraction of
the pool hasrapouised.

Semi refrigerated ammonia behaves differently, and this is where the main change in trend appears compared with sc¢har@rs |
bunkering operation, the summer release is entirely vapour with no pool at all, and in winter only a small pooltfoumis; kitile liquid left

after one hour. In that configuration the semi refrigerated line is relatively short and highly flashing throughout heodisathtarge. Almost all

of the inventory is released while the pressure is still high and the fairdrngly two phase but very vapour rich. Under those conditions the jet
remains mostly airborne and Phast assigns essentially all of the mass to the vapour cloud in summer and only a snathenpoohirt

winter.

In the currentPTScenario, semi refrigeratesmmoniareleases always form a substantial pool in both seatossmmer a larger share of the
release appears immediately in the vapour cloud and the pool is correspondingly smaller than jbwtititerpool is now a significant part of

the inventory, and several hundred kilograms of liquid remain on the ground after one hour in both cases. Here thegseatedaimmonia

line includes a larger inventory in the terminal or pipeline system, so theedbesds longer and spans a wider range of pressures as the line
depressurises. Early in the event the behaviour resembles the STS case, with a strongly flashing, vapour rich jetsée tfadiprene flash

fraction decreases, the flow becomes magaild rich and droplet momentum is reduced. In Phast, lower pressure phase generates much more
rainout, so a substantial pool builds up on the ground. Because the total inventory is larger and the release spendsimtris figquid

dominated regime, euch greater mass accumulates in the pool and several tonnes remain availatalpdoe, with a few hundred
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kilograms still present after one hour.

These behaviours are due to the scenario used in Phast. As statdilah0>

0KS t KFad aoSyl NA2 dzer&RureF2NJ A0Sy | NA 2
vesseb{ K2 NIi LA LIS NBf S| & S¢[22 O KISINB/I 33 LAJ RAYFAA QIO IAQKSE g a dzaSR F2NJ a0OSy | NR 2
Ly GKS 4Gt NP EK2WNBLWEBA8Et S aS¢eé aO0OSyFNxA2 tKFEald GNBFda GKS dzLJAGNBFY &aARS
friction losses, so the discharge occurs at high pressure with high jet momentum and strong entrdinenesgult is a high release pressure
with stronger initial jet momentum aralr entrainment.This consideration is applibécause, for a short pipe, friction losses are assumed to be
negligible.
G[ 2y 3 tAABKE ANVDBYy & LieOpumpedinfl@avNiBriodeKfges the pumped inflo |j dzZF £ (2 § K SsoedtyfeSQa Tt 26 NI GS

hydraulics to obtain the pressure profile along the pipe, and uses the local pressure at the breach for the discharge.

In summary, the fixed flow short pipe case produces larger early footprints due to higher discharge momentum, whilpifeditengase

yields smaller early distances and different timing because of pressure losses and reduced mohéntirange in source behaviour between
STS and PTS, in particular the formation of a substantial semi refrigerated pool in PTS, underlies the differencesdisearsiaih footprints
and lethality distances for scenario 5 compared with scenagihs 1

Summer Winter
Fully refrigerated Semi refrigerateq Fully refrigerated Semi refrigeratec
Total mass releas€#q) 24148.89 23313.08 24148.89 23313.08
Mass released aspourcloud (kg) 2532.23 14082.36 2735.83 13029.02
Total mass released as a pia) 21616.66 9230.72 21413.06 10284.06
Massvapouizedfrom the pool(kg) 19824.77 8507.23 19760.15 9540.86
Mass remaining in pool after 1(kg) 1791.89 723.49 1652.91 743.20

Legend:

Fully refrigerated

Semi refrigerated
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Pool Mass Remaining vs Time Pool Mass Remaining vs Time
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6.3.2.Dispersion

According tarable26, the main trend between semi refrigerated and fully refrigerated ammonia is that semi refrigerated clouds reach farther at
early times, while fully refrigerated clouds are more persistghich is consistent withablel4. Seasonally, winter mainly extends the early
reach of the cloud, while summer tends to sustain it for slightly longer.

Compared with the STS scenarios at the same hieigjablel4, the PTS dispersion keeps the same basic hier@&tcB20 ppm, semi
refrigerated ammonia still reaches farther than fully refrigerated at early times, and fully refrigerated clouds remagrsigiemnt later in the
event. At 2700 ppm, semi refrigerated releases again have the longest footprint atthegieming, while fully refrigerated releases retain
shorter but more durable high concentration footprints. In both STS and PTS, winter footprints are longer than summes &@tpout 25
minutes, and the 220 ppm footprints are always longer thar2700 ppm footprints for the same case.

The main differences are in how long the semi refrigerated clouds remain above the thresholds and how far the fullgdedimets extend
at intermediate times. In the STS case, the semi refrigerated cloud at 220 ppm grows rapidly to its maxineeradisthen disappears or
becomes very short by around 10 minutes, and at 2700 ppm it is essentially a very intense but short lived plume thatfieartishdisst time
step. In the PTS case, the semi refrigerated cloud still reaches similar diatélg&asinutes, but now retains a finite 220 ppm footprint at
about 10 and 30 minutes and shows measurable 2700 ppm distances out to about 30 minutes in summer. This reflectatrentargearid
the more sustained pool source in PTS, which conteedirfg vapour into the cloud after the initial flashing phase.

For fully refrigerated ammonia, the PTS scenario also produces somewhat longer 220 ppm and 2700 ppm footprints at entenee tiain
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STS, while preserving the same seasonal behaviour. Winter still gives the longest early footprints, but in both se&Sarieutls & 220 ppm
extend farther around &L0 minutes than the corresponding STS clouds, before contracting to a few hundres ameteventually
disappearing.

Time (s) : Summer : : Time (S) : el : :
Fully refrigerated Semi refrigeratec Fully refrigerateq Semi refrigeratec
106 489.48 637.42 105 72767 842.92
318 1329.58 1574.51 314 1869.31 2333.42
Dispersion footprint at 220 ppm (m] 601 579.77 422.53 594 598.21 464.75
1802 295.30 258.26 1815 251.08 245.03
3533 0 0 3489 0 0
106 33694 552.02 105 396.17 624.91
318 19393 188.93 314 164.10 177.35
Dispersion footprint atZ00ppm (n) | 601 168.46 159.06 594 130.78 142.45
1802 80.25 88.36 1815 0 0
3533 0 0 3489 0 0
Legend:
- Fully refrigerated @ 2700 ppm Semi refrigerated @ 2700 py
- Fully refrigerated @ 220 pprn - Semi refrigerated @ 220 ppr
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Legend:
Fully refrigerated @ 2700 ppm Semi refrigerated @ 2700 py.

Fully refrigerated @ 220 pprn - Semi refrigerated @ 220 ppr
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c) d)
Legend:
- Fully refrigerated @ 2700 ppm Semi refrigerated @ 2700 py.
- Fully refrigerated @ 220 pprn - Semi refrigerated @ 220 ppr




































