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HIGHLIGHTS GRAPHICAL ABSTRACT

e Ammonia bunkering operational risk is
assessed.
e Wind speed is the most important factor

for small and medium release Under different release scales and risk assessment criteria, the impacts of
consequences. ammonia bunkering supply, release, and meteorological factors on
bunkering risk were presented.

e Hose diameter is the most significant
factor for large release consequences.

o Larger lethality footprint changes more Small release scale Medium release scale Large release scale
significantly from medium to large
releases.

ARTICLE INFO ABSTRACT
Keywords: Ammonia is an alternative marine fuel to reduce greenhouse gas emissions. Conducting studies on ammonia
Ammonia bunkering risk is essential as ammonia is toxic and corrosive to humans and the environment. This study aims to

Bunkering risk
Ammonia safety
Uncertainty
Risk assessment

assess the ammonia bunkering operational risk from the perspectives of small, medium and large release scales.
Scaling releases from small to medium results in more changes in cloud footprints at lower gas concentrations.
Conversely, transitioning from medium to large releases causes more changes in cloud footprints at higher gas
concentrations and lethality footprints with higher values. Moreover, this study performs a sensitivity analysis on
ammonia bunkering supply, release, and meteorological factors. Wind speed is the most significant factor in
small and medium releases, while hose diameter is the most significant factor in large releases. Under the given
inputs, a 50% change in wind speed can have up to 100% change in the 1100 ppm maximum cloud footprint for
small releases and a 663% change for medium releases. Similarly, a 50% change in hose diameter can result in a
1689% change in the 1100 ppm maximum cloud footprint for large releases. The research provides valuable
insights into analysing ammonia bunkering operational risk considering different risk assessment criteria.
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1. Introduction

Emissions from shipping and related activities are part of the sources
of pollutants and greenhouse gases. The International Maritime Orga-
nization (IMO) has adopted a revised strategy aimed at reducing
greenhouse gas (GHG) emissions from international shipping. The
objective is to achieve a minimum of a 20% reduction in total annual
GHG emissions by 2030, a 70% reduction by 2040, and net-zero GHG
emissions by 2050 compared to the 2008 baseline level [31]. In order to
incentivise carbon intensity reduction within the maritime industry,
shipping companies are required to procure carbon permits, initially
covering a minimum of 40% of emissions in 2024, with this percentage
rising to 70% in 2025 and eventually reaching 100% in 2026 [25]. It is
crucial to transit from fossil-based marine fuels to low-carbon or
carbon-free alternative fuels, such as methanol, biofuel, ammonia and
hydrogen [2].

Among these alternative marine fuels, ammonia is a promising fuel
that emits no CO; emission during combustion. Considering its lifecycle,
green ammonia exhibits relatively low carbon emissions, particularly
when it is produced from green electricity via the water electrolysis
process [57]. Concerning the ammonia bunker supply chain, it is worth
noting that ammonia production, storage and transportation have
reached a well-developed stage, considering its extensive use in the
fertiliser industry for several decades [38]. Furthermore, the develop-
ment of ammonia-fuelled marine engines and fuel cells is currently
underway at a pre-commercialisation stage [18,53,61]. Ammonia
bunkering operations play a vital role in linking upstream supply and
downstream consumption in the ammonia bunker supply chain [67].
However, limited literature exists on ammonia bunkering, particularly
from the safety and risk perspective.

Ammonia, in its saturated liquid form, can exist under pressure,
refrigeration, or both. It is characterised by lower flammability than
hydrocarbon fuels, such as liquefied natural gas (LNG) and methanol.
However, the primary concern surrounding ammonia implementation
lies in its toxicity rather than its flammability and potential for explo-
sions [21]. Ammonia poses significant health risks at different acute
exposure guideline levels (AEGLs), with harmful effects ranging from
transient (AEGL-1, 30 ppm) to irreversible (AEGL-2, 160 ppm), and
potentially life-threatening or fatal (AEGL-3, 1100 ppm) within one hour
[60]. Notably, past incidents in the United States have reported 16 fa-
talities over the last two decades, mainly attributed to the rupture of
ammonia nurse tanks [13]. Similarly, China witnessed 82 ammonia
refrigeration-related accidents between 2010 and 2020, resulting in 189
fatalities and 1081 injuries, all caused by ammonia refrigeration pipe-
line ruptures [37]. Fishing vessels, where ammonia is used for refrig-
eration, are the primary locations for ammonia release and dispersion
accidents over water [46]. These incidents led to personnel fatalities and
damage to the vessel’s hull and machinery. Subsequently, any disrup-
tions in bunkering operations at a port could directly impact cargo de-
livery, affecting regional activities [69]. It is critical to assess the
consequences of ammonia release and establish safety zones during
bunkering operations to mitigate operational risks. Thus, there is a
pressing need for knowledge development to enhance the understanding
of ammonia bunkering operational risk.

Regarding ammonia operational risk studies, the existing literature
primarily focuses on ammonia safety for land-based applications [23,3,
47]. Limited studies specifically address ammonia operational risk in the
context of bunkering and marine operations. Cheliotis et al. [10] and
Duong et al. [21] have conducted a review of the safety of
ammonia-fuelled fuel cells and ammonia bunkering operations in the
maritime industry, respectively. Fan et al. [26] conducted a risk
assessment of ship-to-ship ammonia bunkering operations using a
Bayesian network and concluded that ammonia toxicity contributed the
most to the operational risk compared to flammability. Ng et al. [46]
simulated accidental ammonia releases under different bunkering
operation conditions in Singapore, providing insights into the 3%
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lethality footprints of ammonia dispersion over land and seawater dur-
ing both day and night time. However, it is still unclear how sensitive
each factor is in influencing the operational risk of ammonia bunkering
at small, medium, and large release scales, as well as how the opera-
tional risk of ammonia bunkering varies under different risk assessment
criteria. Therefore, researching the impact of ammonia release in the
marine environment and the corresponding risk assessment specific to
bunkering operations is crucial.

This paper aims to evaluate the operational risk associated with
accidental ammonia release during ammonia bunkering operations from
the perspectives of small, medium and large release scales. A case study
is conducted on ammonia release incidents during ship-to-ship
bunkering operations at the port of Singapore. Moreover, a compre-
hensive what-if analysis is conducted to explore various release sce-
narios, considering bunkering supply factors, such as storage pressure,
temperature, flow rate, hose length and diameter. Additionally, release
factors, including release duration, elevation and direction, along with
meteorological factors (wind speed, ambient temperature, sea surface
temperature, relative humidity, Pasquil stability, and solar radiation
flux), are discussed. Regarding techniques, a wide range of atmospheric
models exists for particle dispersion, such as Box models, Gaussian
models, Lagrangian/ Eulerian models, computational fluid dynamics
(CFD) models, and models which include aerosol dynamics [30]. Given
the extensive utilisation of the Gaussian model in chemical dispersion
modelling, this study adopts the Gaussian dispersion model to compare
the consequences of ammonia release.

This paper represents the pioneering effort in the literature to
perform a sensitivity analysis encompassing various bunkering supply,
release, and meteorological factors, while considering different release
scales (small, medium, and large releases) and employing distinct risk
assessment criteria (maximum cloud footprints and lethality footprints).
The innovative aspect of this study lies in its ability to identify the most
influential factor for each release scale, thereby making an original and
valuable contribution to the field of ammonia bunkering risk research.
The findings of this study present significant implications for bunker
suppliers, ship owners, port operators and policymakers.

The remaining sections of this paper are organised as follows. Section
2 introduces a comprehensive literature review regarding the ammonia
safety study for marine applications. It also summarises the factors that
influence ammonia release and dispersion processes. Section 3 describes
the research methodology for this study, including defining the research
scope. Section 4 presents a case study illustrating accidental ammonia
release consequences during ship-to-ship bunkering operations at the
port of Singapore. Furthermore, a sensitivity analysis is conducted in
this section. Section 5 discussed the key factors influencing ammonia
bunkering operational risk and the implications of this study. Finally, in
Section 6, the study concludes by summarising its contributions to the
field.

2. Literature review on ammonia safety study for marine
applications

2.1. Methods for evaluation of ammonia release consequences

Table 1 summarises the studies on the consequence analysis of
ammonia release in water and marine-based applications. These studies
have extensively addressed ammonia toxicity, flammability and corro-
sion hazards, providing valuable insights into risk categories and key
contributing factors. Chen et al. [12] have extensively explored the risks
associated with ammonia safety, encompassing pressure, fire, poisoning,
and corrosion, while also summarising the existing regulations govern-
ing ammonia’s use as chemical cargo, refrigerant in fishing vessels, and
reducing agent for Selective Catalytic Reduction systems in marine
diesel engines. When ammonia is used as a marine fuel, toxicity emerges
as a major concern rather than its flammability [21]. Ammonia is
flammable at concentrations of about 15% to 28% by volume in the air



M. Yang and J.S.L. Lam

Table 1
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Summary of literature on the consequence analysis of ammonia release in water and marine-based applications.

Category Reference

Research scope

Method / Tool

Key factors in quantitative risk assessment

Journal paper Raj and Reid
and conference [52]
paper Raj [50]

Quinn et al. [49]

Dharmavaram
etal. [16]
Havens et al.
[29]

Ayvali et al. [4]
Cheliotis et al.
[10]

Crolius et al.
[13]

Fan et al. [26]

Trivyza et al.
[59]

Chang et al. [9]
Chen et al. [12]
Pomonis et al.
[48]

Yadav and Jeong
[66]
Dharmavaram
etal. [17]
Duong et al. [21]

Ng et al. [46]

Chen et al. [11]
Report Raj et al. [51]
LR [35]

DNV [19]

DNV [20]
Dawson et al.

[15]

Laursen et al.
[24]
LR [36]

Yang et al. [68]

Release in the lab, swimming pool
and lake

Instantaneous, semi-continuous and
continuous release on land and water
Release in the coastal area

Release from a semi-refrigerated
barge
Release in the bay

Ammonia as a marine fuel
Safety of ammonia fuel cell

Safety of ammonia as a marine fuel

Release during ammonia ship-to-ship
bunkering
Fuel cell safety

Ammonia leakage monitor system
and sensor detector

Ammonia safety and protective
measures

Release in marine engine room

Release in marine engine room
Release on concrete and in water

Safety assessment of ammonia
bunkering operations

Release during ammonia ship-to-ship
bunkering

Release in seawater and its impact on
the nitrogen biogeochemical cycle
Release in the lab, swimming pool
and lake

Release in the tank

Release during ammonia truck-to-
ship and ship-to-ship bunkering

Release during ammonia ship-to-ship
bunkering

Release in seawater and
environmental assessment

Design of ammonia fuelled vessels

Risk assessment of ammonia fuelled
vessel

Release during ammonia truck-to-
ship, ship-to-ship bunkering and
shore pipeline-to-ship bunkering

Field experiment

Field experiment

Field experiment

HACS-R model

Numerical circulation model, LPDM,
simulation

Review

Review

Review

Bayesian networks, ETA

Hazard identification (HAZID), fault-
tree analysis (FTA) and failure modes,

effects, and criticality analysis (FMECA)

Field experiment
Review

CFD

CFD

Field experiment
Review

PHAST

Review
Field experiment
CFD

PHAST, HAZID

PHAST

PHAST

HAZID
PHAST, event tree analysis

PHAST

Release scale and location, water temperature

Radius of spread, evaporation rate, remaining liquid
volume

dry deposition flux, deposition velocity, particle
radius, rainwater concentration

Wind speed, orifice size

Wind speed, wind direction, gusts

NA
NA

NA

Failure rate, wind speed, temperature, humidity,
Pasquil class
Bunkering specifications

NA

Pressure, fire, poisoning, corrosion risks
Release condition

Release condition

Storage pressure and temperature, release duration,
release rate, wind speed
NA

Storage pressure and temperature, release duration,
transfer flow rate, release height, release direction,
dispersion surface

NA

Release scale and location, water temperature

Storage pressure, temperature, hose size, leak rate,
release duration

Storage pressure, temperature, flow rate, release
frequency, hose diameter, release location, orifice
size, release rate, release frequency

Storage pressure, temperature, flow rate, hose
diameter

Release frequency, orifice size, storage pressure and
temperature, Pasquill stability, wind speed, ambient
temperature, water temperature, humidity, solar
radiation

Release type, risk profile

Leak detection, isolation, ignition probability, leak
size and duration, boundary of leak space
Bunkering mode and location, bunkering supply
conditions, release conditions, meteorological factors

Source: Compiled by authors. (NA: not applicable)

[26]. When mixed with lubricating oil, its flammable concentration
range will be larger.

Various methods employed to assess the potential consequences of
ammonia release encompass simulation, numerical analysis and field
experiments. Simulation, in particular, is widely utilised for evaluating
ammonia release risks and involves techniques such as CFD (such as
Ansys Fluent, Star CCM+, FLACS simulation tools), Bayesian networks,
event tree analysis (ETA), ALOHA and PHAST simulation tools [26,46,
48,66,68]. These simulations consider a multitude of factors that can
influence the outcomes of accidental ammonia release, including wind
speed, temperature, humidity, Pasquil class, storage pressure and tem-
perature, release duration, transfer flow rate, release height, release
direction, and dispersion surface [26,46,68]. The uncertainties of the

information required in the quantitative risk assessment (QRA) can
significantly influence the consequences [3,47].

In terms of mathematical models of plume and puff dispersion, there
are three main types: Gaussian dispersion model, Lagrangian particle
dispersion model (LPDM) and Eulerian dispersion model. Gaussian
dispersion model applied in PHAST simulation tool does not resolve the
flow between buildings. LPDM can be applied in the SCIPUFF (Second-
order Closure Integrated PUFF) model, PMSS (Parallel Micro-Swift
Micro-Spray) and QUIC 3D models, and it resolves the flow diagnosti-
cally or empirically, although not dynamically resolving the flow be-
tween buildings. For example, a coastal prediction system comprising a
numerical circulation model and LPDM was applied to analyse the
ammonia release into Tampa Bay in the United States in 2007 [29].
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Eulerian model can be applied in CFD, LES (large eddy simulation), and
LBM (lattice Boltzmann methods), and it can fully resolve the flow be-
tween buildings. Moreover, the HACS-R model was further refined to
enhance accuracy by considering ammonia’s boiling and rapid evapo-
ration when released into water [16]. Additionally, the dispersion of a
concentrated ammonia plume was simulated using the TRACETM dense
gas dispersion model. The research findings revealed that only 30% of
the released ammonia from the barge would disperse into the air, while
the remaining 70% would dissolve in the water [16]. The rapid
spreading and dissolution of ammonia in water significantly impact the
amount of ammonia vaporised, even in situations involving intense
boiling.

In addition to the simulation and numerical methods, researchers
have conducted field experiments to assess the consequence of ammonia
release on solid ground and in water. In the 1970 s, the US Coast Guard’s
Office of Research and Development conducted a program on the release
of hazardous materials in water, and field experiments included
ammonia spills in laboratories, swimming pools, and natural lakes [5,
50-52]. Subsequently, the Desert Tortoise test series and FLADIS
ammonia trials were conducted in the 1980 s and 1990 s to assess the
pressurised ammonia release and dispersion over land [17]. INERIS
tested pressurised ammonia release on a large scale and compared the
test results with atmospheric dispersion models [6]. Furthermore, the
US Department of Homeland Security conducted ammonia release over
land in the Jack Rabbit I project in 2010 and plans to conduct the Jack
Rabbit III project to investigate ammonia release consequences further
[41]. In addition, Dharmavaram et al. [17] carried out ammonia field
experiments at the Det Norske Veritas (DNV) Spadeadam site in
Northern England. However, there is currently a lack of experiments
specifically focused on ammonia release into the seawater during
ammonia bunkering operations.

2.2. Comparison of the behaviour of ammonia dispersion over land and
water

Ammonia has been safely transported and stored worldwide for
almost a century with standards, codes of practice and protocols to
ensure safe handling. When liquid ammonia is released and spreads over
land, this process occurs in two phases, and the density of the resulting
ammonia cloud changes as it interacts with its surroundings [34]. For
example, the density of ammonia at the boiling point of — 33 °C is about
0.9 kg/m?, and it is less than the density of dry air at 20 °C, which is 1.2
kg/m3 [33]. When released, a fraction of the ammonia will vaporise and
aerosolise into the atmosphere, forming the ammonia cloud. The
remaining portion will precipitate and accumulate as a liquid pool on
the surface. If ammonia is released on land and the surface is relatively
impermeable, the ammonia in the pool will continue to absorb heat from
the surroundings and evaporate into the atmosphere [32]. However, if
the surface is porous, a portion of the ammonia will penetrate into the
ground.

It is worth noting that ammonia release from a pressurised container
is more dangerous because of the ammonia-air dense gas mixture [34].
The dense gas is a mixture of ammonia liquid droplets, ammonia vapour,
condensed water vapour droplets and air, with an ammonia concen-
tration of at least 20,000 ppm [13]. If the percentage of the total mass of
airborne ammonia initially in the liquid phase is between 16% and 20%,
the ammonia cloud will be denser than air at low dilution [33]. Hence,
ammonia clouds cannot be moved by buoyancy but can be moved by
wind currents, making them dissipate more slowly.

When ammonia is used as a marine fuel, it presents greater com-
plexities than its use as a cargo, requiring a comprehensive legal
framework to safeguard human life, infrastructure and environmental
protection measures [13]. When ammonia is released over a water
surface, the portion on the water surface will continue to absorb heat
from its surroundings and evaporate into the atmosphere. Concurrently,
the other portion will dissolve into the water, depending on the
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solubility constant of ammonia at the pool’s temperature. The hazard of
ammonia release in water depends on several factors, including the
source strength of the vapour, the size of the ammonia pool, and the
temporal behaviour of the released ammonia liquid [50]. In contrast to
the diffusion of ammonia on land, the ammonia pool on the water sur-
face undergoes a more intricate interplay of processes, including disso-
lution, partition (ice formation), and chemical reactions with seawater.

2.3. Research gaps and novelty

There are several research gaps in ammonia safety studies for marine
applications. First, when ammonia is released on the water surface and
in the water column, it exhibits distinct behaviours and undergoes more
complex dispersion and dissolution processes compared to its dispersion
over land. Hence, conducting more research on the consequence
modelling of ammonia release on water is essential.

Second, ammonia bunkering operations would be more frequent
than loading/offloading operations in a bunkering port, indirectly
increasing the likelihood of ammonia release. Classification societies,
such as DNV, ABS and Lloyd’s Register (LR), have published ammonia
safety study reports regarding the release consequence evaluation dur-
ing bunkering operations [15,19,20,24,35,36]. These reports focused on
the scenario analysis of ammonia releases and presented the conse-
quences of release. However, to the best of our knowledge, no published
literature addresses the sensitivity value of each factor in influencing the
operational risk associated with ammonia bunkering across small, me-
dium and large release scales. From the regulatory point of view,
maritime stakeholders shall know the effect of these bunkering supply,
release and meteorological parameters on the hazardous/ safety/
monitoring zones.

Moreover, there is a notable absence of comparisons regarding
operational risks associated with different criteria of maximum cloud
footprints and lethality footprints. Further research is needed in this area
to fill these gaps in knowledge and provide a comprehensive assessment
of the risks involved in ammonia bunkering operations. The innovation
of this study is to find out how the bunkering supply, release and
meteorological conditions influence the ammonia bunkering opera-
tional risk. The research findings would contribute to developing miti-
gation strategies for accidental ammonia releases during bunkering
operations.

3. Methodology

According to Rausand [54], risk assessment involves the integration
of risk analysis and risk evaluation. Fig. 1 illustrates the framework of
the proposed methodology. The risk assessment of ammonia bunkering
operations involves six steps in this study.

3.1. Step 1: identify loss of containment and select the failure event

Considering that ammonia bunkering has not been carried out at the
current stage, this study analyses the loss of containment by taking the
current bunkering operations and ammonia handling process as refer-
ences. Leaks and ruptures in the bunker hoses are the most likely causes
of containment loss [46]. The complete hose assembly system is the
weakest point in the bunkering operations due to the high probability of
human errors during the connection and disconnection of bunker hoses
from the manifold [1]. Since bunker hoses are handled in a dynamic
work environment, they represent the most vulnerable component in
bunkering operations. According to the analysis conducted by the Eu-
ropean Gas Pipeline Incident Data Group on gas pipelines, the most
frequent failures arise from external interference (such as digging,
piling, and groundworks), followed by corrosion and construction/
material defects [22]. Additionally, ship-to-ship bunkering operation is
the most employed bunkering mode based on current bunkering oper-
ation experience [26]. Hence, this study concentrates on the risk
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Start

-
Step 1:
Identify loss of containment and
select the failure event

Step 2:
Define release scales and create
scenarios

-

Step 3:
Build the simulation model

v
Step 4:
Conduct model verification and
validation

v
Step &:
Analyse simulation results of
baseline scenarios

v
Step 6:
Conduct a sensitivity analysis of
different factors

v
End

Fig. 1. Framework of the proposed methodology.
Source: Authors.

assessment of accidental ammonia releases from the manifold and
bunker hose during ship-to-ship ammonia bunkering operations.

3.2. Step 2: define release scales and create scenarios

Based on interviews with experts from ammonia producers and the
ammonia safety research institute, we have determined that releases can
be classified as small, medium, or large, corresponding to 1%, 10%, and
100% of the hose diameter. Notably, a large release indicates a complete
hose rupture. We conducted a comprehensive literature review to create
the model inputs and identified critical factors. These factors are cat-
egorised into three main groups: bunkering supply conditions (including
storage pressure and temperature condition, flow rate, hose length, and
diameter), release conditions (comprising release duration, elevation,
and direction), and meteorological conditions (including wind speed,
ambient temperature, sea surface temperature, relative humidity, Pas-
quil stability, and solar radiation flux).

3.3. Step 3: build the simulation model

The modelling of ammonia release consequences comprises two
essential steps: discharge modelling and dispersion modelling. The
discharge modelling phase involves determining the time and distance
required for ammonia to transition from storage pressure to atmospheric
pressure. The calculations in this stage consider the combined amount of
emitted ammonia and its physical state during the discharge, employing
the energy balance equation as the basis for these computations (Eq. 1)
[8].
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2G M K P
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Where,

K-1

BRI

)

e m is discharge rate (kg/s)

e Cp is discharge coefficient

e A is slot area (m?)

e P, is the ammonia pressure after exit (kPa)

e P, is the ammonia pressure before exit (kPa)

e G is the gravity constant (N s2/kg m)

® R, is ammonia gas coefficient (Pa m®/mole K)

e M is the ammonia molecular weight of the gas (kg/mol)

e Ty is ammonia temperature before exit (K)

e K is the ratio of specific heat capacity under constant pressure to
constant volume

The dispersion process initiates once the pressure of the released
ammonia reaches the atmospheric pressure threshold. The Gaussian
model is widely used for chemical dispersion modelling [63]. In this
model, it is assumed that there is a continuous point source emission,
and it characterises the concentration distribution of the released sub-
stance perpendicular to the direction of the wind as a Gaussian normal
function [8]. In this study, Eq. 2 presents the Gaussian model used to
depict the distribution of ammonia concentration.

2 (r—H 2
oot o2
Yoz Y 2

Where,

2
(z+H) N
262

(2)

+exp[_

e C(x,y,2) is the time average contaminant concentration (g/m>)

e Q is source emissions strength (g/s)

e u is the mean wind speed at the effective stack height (m/s)

¢ 0y, and o, are dispersion coefficients in the crosswind direction and
vertical direction (m)

e y and z are horizontal distance and vertical distance from the cen-
treline (m)

e His effective stack height, which is the total value of stack height and
plume rise

The simulation tool PHAST version 8.71 was used to conduct
discharge and dispersion modelling for the two-phase ammonia release
scenario. PHAST is a widely recognised and validated simulation tool in
chemical process modelling and has been validated [42,64,65]. The
Unified Dispersion Model (UDM) in PHAST simulates various dispersion
phenomena, including initial turbulent expanding jets, dense spreading
and turbulent mixing, slumping dense phases, buoyant elevated phases
and passive dispersion. The simulation results generated by PHAST
enable the prediction of the affected area and the vapour concentration
at any specified distance.

However, the UDM model employed in PHAST has limitations, as it
does not consider the height variations of the surrounding infrastruc-
ture, such as piers, moored ships and onshore facilities, which can in-
fluence ammonia dispersion [28]. Physical barriers can mitigate the
spread of ammonia vapour in the atmosphere [39]. This study does not
consider mitigation measures in consequence modelling and analysis.
Therefore, the research work conducted in this study follows a
worst-case approach for assessing the risk of accidental ammonia re-
leases [7]. Moreover, this simulation study does not include the chem-
ical reaction process between ammonia and water. As the research focus
is the consequence of ammonia release for humans, this study does not
evaluate the impact of released ammonia in seawater on aquatic life.
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3.4. Step 4: conduct model verification and validation

Verification and validation of the simulation model are critical
components of a simulation study. Model verification involves con-
firming the accurate implementation of assumptions in the computer
program and ensuring that the model operates as expected [56]. In this
study, the simulation model runs in sequence without interruptions and
error messages. On the other hand, model validation aims to ensure that
the model faithfully represents the real-world system [56]. As no
ammonia-fuelled vessels are in operation, specific information on
ammonia release during ammonia bunkering is not available to directly
validate the PHAST simulation model. However, researchers from the
UK’s Health and Safety Executive (HSE), DNV, Syngenta, and DGA
Maitrise NRBC utilised the PHAST ammonia dispersion simulation
models. They concluded that the simulation results aligned well with
measured ammonia gas concentrations [41].

3.5. Step 5: analyse simulation results of baseline scenarios

This paper utilises baseline scenarios encompassing small, medium,
and large ammonia releases, with orifice sizes equivalent to 1%, 10%,
and 100% of the hose diameter. The remaining simulation inputs are
held at constant values. To provide a quantitative assessment of the
release consequences, this study employs maximum cloud footprints for
various ammonia gas concentrations and lethality footprints after one-
hour dispersion as risk assessment criteria.

The range of ammonia gas concentrations spans from 30 ppm to
1600 ppm, encompassing various levels of harmful effects, starting from
transient effects (AEGL-1, 30 ppm) to irreversible impacts (AEGL-2,
160 ppm) and potentially life-threatening or fatal consequences (AEGL-
3, 1100 ppm) within a one-hour timeframe [60]. It is worth noting that
AEGL values denote threshold exposure limits for the general public and
are subject to variations over time. The consequence analysis focuses on
presenting the ammonia maximum cloud footprints at the height of 0 m
(the level of seawater).

The lethality footprints presented in this study demonstrate the
consequences of ammonia toxic hazards, considering both gas concen-
tration and exposure duration. Using the probit calculation method in
the PHAST tool, the study assesses the probability of lethality resulting
from specific toxic exposures, providing a spectrum of lethality values
ranging from 1% to 99%. The following sections provide comprehensive
details on the lethality footprint values and their respective areas.

3.6. Step 6: conduct a sensitivity analysis of different factors

Sensitivity analysis plays a crucial role in gauging the model’s
responsiveness to variations in input parameters [55]. By investigating
uncertainties, sensitivity analysis enhances the reliability of the model
and helps identify the most critical exposure or risk factors, assisting in
proposing mitigation measures [27]. The nominal range sensitivity
method, also called local sensitivity analysis or threshold analysis, is
applied to provide a comprehensive what-if analysis. The objective is to
assess the sensitivity of factors related to bunkering supply, release and
meteorological conditions. Nominal range sensitivity analysis explores
how model outputs are affected when a single model input is system-
atically varied across its complete range of credible values, while all
other inputs are held at their nominal or base-case values [14].

This study sets five values as simulation inputs for each factor and
selects the middle value as the base value. The sensitivity is calculated
by dividing the percentage change in output by the percentage change in
input. For this sensitivity analysis, risk assessment criteria are the
maximum cloud footprint at 1100 ppm after 1-hour dispersion and the
3% lethality footprint. The AEGL-3 for ammonia gas at 1100 ppm rep-
resents that individuals could experience severe health effects or life-
threatening conditions after short-term exposure. These effects are
meant to be an upper limit for short-term exposure, and exposure above

Journal of Hazardous Materials 468 (2024) 133757
this level could result in significant health risks.
4. Case study
4.1. Problem set-up

Singapore, recognised as the largest bunkering port globally [43],
holds promising potential to conduct ammonia bunkering operations in
future. This paper selects the port of Singapore as the case study. As
illustrated in the methodology section, the study specifically concen-
trates on accidental ammonia releases and dispersion over seawater
during ship-to-ship bunkering operations.

Table 2 shows the simulation inputs for both baseline scenarios and
sensitivity analysis, categorised into bunkering supply, release and
meteorological conditions. In the baseline scenarios, the values of these
factors are assumed based on the interview with ship operators of
ammonia carriers, the Singapore Quantitative Risk Assessment Tech-
nical Guidance and the settings of environmental conditions in Ng et al.
[46]. For example, a fully refrigerated storage condition for the baseline
scenarios is chosen, with an atmospheric pressure and ammonia storage
temperature of — 33.5 °C. The Guidelines for Quantitative Risk Assess-
ment (QRA) suggested an isolation time of one minute for the release
from an automatically operated shut-down system [58].

In the sensitivity analysis, each factor is individually assessed while
maintaining all other parameters constant. The values of each factor
vary between + 25% and + 50% for sensitivity analysis. The setting of
these values shall consider the engineering design. For example, the flow
rate for an 8-inch bunker hose can vary from 0 to 2200 m3/h [46].
1000 m®/h of flow rate is selected as the baseline scenarios with + 25%
and =+ 50% ranges for sensitivity analysis. The Singapore Quantitative
Risk Assessment Technical Guidance suggested five minutes for the
release from a remotely operated shut-down system [45]. In addition,
the setting of these meteorological conditions in sensitivity analysis
considers the historical daytime data for Singapore [40]. The + 12.5%
and + 25% variations are for ambient temperature, sea surface tem-
perature and relative humidity. Furthermore, the setting of solar radi-
ation flux varies between + 10% and + 20%. This is due to the upper
limit of solar radiation flux, 1.2 kW/m?, in the simulation tool.

4.2. Results of baseline scenarios

4.2.1. Different gas concentrations as criteria

In the baseline scenarios, this study examines accidental ammonia
releases at small, medium, and large release scales with different
criteria. Fig. 2 shows the area of maximum cloud footprints for various
ammonia gas concentrations, ranging from 30 ppm to 1600 ppm. The
maximum cloud footprint areas significantly decrease after altering the
risk assessment criteria for ammonia gas concentration from 30 ppm
(AEGL-1) to 1100 ppm (AEGL-3). Specifically, for small releases, the
area reduces from 395 to 23 m%; for medium releases, it decreases from
77,168 to 847 m>; and for large releases, it decreases from 2,791,360 to
171,135 m2. The large release scale presents the worst-case scenario.

The simulation results reveal distinct behaviour between large and
small/medium ammonia releases. Transitions from small to medium
release scales result in more substantial changes in the footprint of lower
gas concentrations. Conversely, shifts from medium to large release
scales significantly impact the footprint of higher gas concentrations.
For example, the AEGL-1 (30 ppm) cloud footprint will increase 195
times when transitioning from a small to medium orifice size and 36
times when transitioning from medium to large. However, the AEGL-3
(1100 ppm) cloud footprint will expand 60 times when moving from a
small to a medium release and 157 times when shifting from a medium
to a large release. This highlights the crucial role of release scale in the
dispersion behaviour of ammonia gas concentrations.
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Table 2
Simulation inputs for ammonia release risk assessment.

Values for the
baseline scenarios

Category Factors

Values for
sensitivity
analysis

Bunkering supply
condition

Storage pressure
(temperature)

1 bar (—33.5°C)

Flow rate 1000 m3/h

Bunker hose 40 m
length

Bunker hose 8in.
diameter

Number of 1
release positions
Release duration 1 min

Release condition

Release elevation 15m
above sea

Release direction 0° (Horizontal)

Small release: 1% of
hose diameter
Medium release:
10% of hose
diameter

Large release: 100%
of hose diameter

Orifice size

Dispersion Seawater
surface

Meteorological Wind speed 3m/s

condition

Ambient 33°C
temperature
Sea surface 30°C
temperature
Relative 0.7
humidity
Pasquil stability Class C

3 bar (-9.1 °C)
4.5 bar (1.3 °C)
6 bar (9.4 °C)
7.5 bar (16 °C)
9 bar (21.6 °C)
500 m®/h

750 m®/h
1000 m®/h
1250 m®/h
1500 m®/h

20 m

30m

40 m

50 m

60 m

4 in.

6 in.

8in.

10 in.

12 in.

1

2 min

3 min

4 min

5 min

6 min

7.5m
11.25m
15m
18.75m
22.5m

45°

67.5°

90° (Vertical)
112.5°

135°

Small release:
1% of hose
diameter

Medium release:

10% of hose
diameter
Large release:
100% of hose
diameter
Seawater

2m/s
3m/s
4m/s
5m/s

6 m/s
22.5°C
26.25°C
30°C
33.75°C
37.5°C
19.5°C
22.75°C
26 °C
29.25°C
32.5°C
0.525
0.6125
0.7
0.7875
0.875
Class A
Class B
Class C
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Table 2 (continued)

Category Factors Values for the Values for
baseline scenarios sensitivity
analysis
Class D
Class E
Solar radiation 1 kW/m? 0.8 kW/m?
flux 0.9 kW/m?
1 kW/m?
1.1 kW/m?
1.2 kW/m?
Source: Authors.
Maximum cloud footprints
400
350
300
£ 250
@ 200
< 150
100
50
0
0 200 400 600 800 1,000 1,200 1,400 1,600
Ammonia gas concentration (ppm)
(a) Small release scenario
Maximum cloud footprints
80,000
70,000
__ 60,000
£ 50,000
E 40,000
<C 30,000
20,000
10,000
0
0 200 400 600 800 1,000 1,200 1,400 1,600
Ammonia gas concentration (ppm)
(b) Medium release scenario
Maximum cloud footprints
3,000,000
2,500,000
\NE/ 2,000,000
g 1,500,000
< 1,000,000
500,000
o —o
0 200 400 600 800 1,000 1,200 1,400 1,600
Ammonia gas concentration (ppm)

(c) Large release scenario

Fig. 2. The area of maximum cloud footprints of different concentrations in the
baseline scenarios.

4.2.2. Different lethality footprints as criteria

In the baseline scenarios, Fig. 3 presents the area of lethality foot-
prints, ranging from 1% to 99% lethality values. The area decreases from
91 to 0 m? for medium release and decreases from 13,758 to 693 m? for
large release. For small releases, the lethality footprint is negligible.
Notably, this shift in release scale has a more pronounced impact on
footprints with higher lethality values. For example, when the orifice
size changes from medium to large, the 3% lethality footprint will in-
crease by 141 times, and the 80% lethality footprint will expand by 372
times.
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(c) Large release scenario

Fig. 3. The area of lethality footprints in the baseline scenarios.

4.3. Sensitivity analysis

For each small, medium and large release scenario, this study con-
ducts the sensitivity analysis to evaluate how the model is sensitive to
the changes in different factors. These factors include storage pressure
and temperature, flow rate, hose length, hose diameter, release dura-
tion, elevation, direction, wind speed, ambient temperature, sea surface
temperature, relative humidity, Pasquil stability and solar radiation
flux. For each factor, this study shows four sensitivity values. It is worth
noting that the influence of different parameters varies in different
ammonia release scales, and their sensitivities on 1100 ppm maximum
cloud footprint and 3% lethality footprint also differ significantly.

4.3.1. Small release

When the orifice size is 1% of the hose diameter, it is defined as a
small release in this study. The sensitivities of different factors to
1100 ppm maximum cloud footprint are shown in Fig. 4. In small release
scenarios, wind speed is the most significant factor based on its sensi-
tivity of the area of 1100 ppm maximum cloud footprint. For instance,
when the wind speed changes from 4 m/s to 5 m/s (25% changes in
input), the area of 1100 ppm maximum cloud print would change from
17.24 m? to 0 (100% changes in output), and the sensitivity ratio would
be 4. Similarly, under the given inputs, the sensitivity ratio of wind
speed varies from 1.35 to 4, followed by the hose diameter with a
sensitivity of 1.47 to 2.0, the release duration with a sensitivity of 0.22 to
2 and the pressure with a sensitivity of 0.49 to 0.71. The sensitivity of
other factors is less than 0.5. The simulation results also show that flow

Journal of Hazardous Materials 468 (2024) 133757

Solar radiation flux

Relative humidity =
Sea surface temp 1
Ambienttemp 1
Wind speed

Release direction W
Release elevation
Release duration

Hose diameter —
Pressure |
0 0.5 1 15 2 25 3 3.5 4 4.5
Sensitivity

(a) Small release scenario

Solar radiation flux

Relative humidity m
Sea surface temp

Ambienttemp 1
Wind speed
Release direction = Wl

Release elevation -
Release duration
Hose diameter

Pressure 1l
0 1 2 3 4 5 6 T 8 9 10 11 12 13 14
Sensitivity

(b) Medium release scenario

Solar radiation flux
Relative humidity &
Sea surface temp I
Ambienttemp m
Wind speed -
Release direction m
Release elevation B
Release duration =
Hose diameter

Hose length
Flow rate -
Pressure m

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Sensitivity

(c) Large release scenario

Fig. 4. Sensitivities of different factors to 1100 ppm maximum cloud footprint.

rate and hose length do not influence the bunkering operational risk
when only a small ammonia release exists. Furthermore, the simulation
result shows that a 3% lethality footprint is considered negligible in
small release scenarios in this study.

4.3.2. Medium release

When the orifice size is 10% of the hose diameter, it is defined as the
medium release in this study. Similar to the small release scale, wind
speed is the most significant factor for the medium release from the
perspective of 1100 ppm maximum cloud footprint. The sensitivity ratio
varies from 0.87 to 13.25 for wind speed, followed by the hose diameter,
with a sensitivity of 1.54 to 9.12. For example, when wind speed is 4 m/
s, a 50% reduction in wind speed results in a 663% change in the area of
maximum cloud footprint of 1100 ppm. The sensitivity on 1100 ppm
maximum cloud footprint is less than 1 for the other factors. As with
small-scale releases, neither flow rate nor hose length influences oper-
ational risk during ammonia bunkering at a medium-scale release.

Furthermore, Fig. 5 shows the sensitivities of different factors to the
3% lethality footprint. Under the risk assessment criteria of the 3%
lethality footprint, wind speed is still the most significant factor in me-
dium release scales, with a sensitivity of 1.49 to 3.28, followed by the
hose diameter, with a sensitivity of 1.33 to 1.57. For example, when
wind speed is 4 m/s, a 50% reduction in wind speed results in a 152%
change in the area of 3% lethality footprint.
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Fig. 5. Sensitivities of different factors to 3% lethality footprint.

4.3.3. Large release

Different from the small and medium releases, the large release
represents the hose rupture scenario. Under the risk assessment criteria
of 1100 ppm maximum cloud footprint, hose diameter is the most sig-
nificant factor in large release scenarios with a sensitivity of 0.18 to
33.77, followed by the flow rate with a sensitivity of 1.35 to 2.99 and sea
surface temperature with a sensitivity of 0.23 to 5.03. For instance, a
50% change in hose diameter can result in a 1689% change in the
1100 ppm maximum cloud footprint for large releases. In addition, the
sensitivity of these four factors (hose diameter, flow rate, ambient

(a) Small release scenario
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temperature and sea surface temperature) to the 1100 ppm maximum
cloud footprint becomes more pronounced at larger release scales, in
contrast to medium and small release scales.

Concerning the 3% lethality footprint, the most significant factor is
hose diameter, exhibiting a sensitivity ranging from 0.1 to 26.17, fol-
lowed by release direction, pressure, release duration, flow rate and
wind speed. The sensitivity on 3% lethality footprint is less than 1 for the
other factors. The simulation result indicates that each ammonia
bunkering supply, release or meteorological factor performs differently
on the cloud and lethality footprints.

5. Discussions and implications
5.1. The effects of small, medium and large releases

Fig. 6 and Fig. 7 show the comparison of maximum cloud footprints
(AEGL-1, AEGL-2 and AEGL-3) and the comparison of lethality foot-
prints (3%, 10%, 50% and 99% lethality) in the baseline scenarios.
Based on the simulation results of baseline scenarios, we find that the
footprint of smaller gas concentrations changes more significantly with
shifting from small to medium releases. Targeted mitigation strategies
are necessary to address localised impacts effectively. This may involve
implementing measures specific to the activities that are sources of
smaller emissions. On the other hand, large releases require more
comprehensive and robust approaches, such as emergency response
plans and containment measures.

Moreover, shifts from medium to large release scales significantly
affect the footprints with higher lethality values. Therefore, from the
engineering design perspective, it is important to implement advanced
active mitigation systems, such as automated shut-off valves, pressure
relief devices, or containment strategies, to limit the release orifice size.
It is also recommended to investigate and implement passive mitigation
measures, such as installing barriers or structures that can limit the
spread of hazardous substances and reduce the affected area.

The sensitivity analysis reveals that each factor exhibits varying
performance depending on the release conditions. Each factor will be

(b) Medium release scenario

(c) Large release scenario

Legend:

I AEGL-1

AEGL-2

B AEGL-3

Fig. 6. Comparison of AEGL-1, AEGL-2 and AEGL-3 maximum cloud footprints in the baseline scenarios.
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Fig. 7. Comparison of 3%, 10%, 50% and 99% lethality footprints in the baseline scenarios.

more sensitive to the 1100 ppm maximum cloud footprint when the
release scale changes from small to large, except for release duration and
wind speed (Fig. 4 and Fig. 5). Hence, from the operations perspective,
when there is a small release during the bunkering operations, the crews
should take mitigation measures to control the accident and avoid
escalating the release scale.

Furthermore, policymakers shall consider the variable effects of
different ammonia release scales when designing regulations and
emission standards. Flexible and adaptive policies can ensure appro-
priate controls are applied to ammonia gas emissions of varying mag-
nitudes, striking a balance between cost-effectiveness and
environmental protection. The variable impact of ammonia release
scales can have economic implications for affected industries, especially
if stringent measures are needed to control larger releases.

5.2. Discussion on wind speed

The sensitivity analysis shows the change of ammonia release con-
sequences when the wind speed is in the range of 2 to 5 m/s. Within the
scope of small and medium releases, wind speed is the most significant
factor influencing the consequence. Higher wind speed carries ammonia
vapour over a greater distance during the initial dispersion process, such
as within the first minute. However, for higher wind speed, the area
encompassing the 1100 ppm maximum cloud footprint or the 3%
lethality footprint becomes comparatively smaller after one hour of
dispersion, as illustrated in Fig. 8. This phenomenon can be attributed to
the rapid dispersion and dilution of ammonia vapour facilitated by
higher wind speeds. Consequently, the duration of exposure to high
concentrations is significantly reduced, resulting in a reduction in the
lethality footprint.

One of the new findings is that wind speed is less sensitive to
1100 ppm maximum cloud footprint or 3% lethality footprint in large
release scenario compared to medium release scenario. To illustrate,
when the wind speed decreases from 4 m/s to 2 m/s, the area of the
1100 ppm maximum cloud footprint changes from 688 m? to 5,247 m?
in the medium release scale, representing a significant 662.7% increase.
In contrast, within the large release scale, the change moves from
168,068 m? to 340,107 m?, reflecting a 102.4% increase. This difference
can be attributed to the larger droplet size at large release scales. The
condensation of water vapour on the surface of ammonia droplets has
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thermal and dilution effects on the evaporation of ammonia [62]. Larger
droplets have a smaller surface area relative to their volume, so wind
speed has a relatively smaller sensitivity to their evaporation.

It is worth noting that strong winds, such as typhoons, can cause port
disruption and economic loss [70]. The findings of this study underscore
the importance of considering wind speed data when developing regu-
lations and guidelines for the management of ammonia bunkering to
improve public safety and minimise potential hazards. This new finding
encourages a paradigm shift in research and practice, urges further
exploration of the complex interplay between meteorological conditions
and ammonia dispersion, and paves the way for more effective,
data-driven approaches to reduce risk and protect human life.

5.3. Discussion on hose diameter and flow rate

When the hose diameter changes from 4 to 12 inch, the area of
1100 ppm maximum cloud footprint and 3% lethality footprint in small
and medium release scales would be larger. Conversely, in large release
scales, the coverage area experiences a reduction. This phenomenon is
attributed to the increased dissolution of ammonia liquid droplets into
the seawater and a diminished dispersion of ammonia gas within the
atmosphere during large releases. The knowledge of how hose diameter
influences ammonia bunkering operational risk can guide the planning
and design of bunkering supply infrastructure.

In the case of large releases, hose diameter and flow rate play the
most important role in reducing the 1100 ppm maximum cloud footprint
and 3% lethality footprint. When the flow rate varies from 500 to
1,500 m®/h, the consequence of ammonia release would be severe, and
the 3% lethality footprint would be larger. Yang and Lam [67] con-
ducted a sensitivity analysis of bunkering supply and demand configu-
rations and concluded that flow rate greatly influences ammonia
bunkering service time. Another constraint of selecting bunker hose size
and flow rate is the consideration of fluid dynamics, such as water
hammer effects during ammonia transfer. According to interviews with
experts in ammonia handling operations, ammonia flow velocity will
probably be limited to 12 m/s due to possible cavitation in the swivel of
the marine loading arms. Therefore, it is worth noting that a delicate
balance exists between employing a lower flow rate to mitigate opera-
tional risks associated with ammonia bunkering and utilising a higher
flow rate to enhance the bunkering efficiency.
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Fig. 8. The effect of wind speed on the 1100 ppm maximum cloud footprint and 3% lethality footprint.

5.4. Discussion on ambient temperature and sea surface temperature

Fig. 9 shows the effect of air and sea surface temperature on the
1100 ppm maximum cloud footprint in large release scenarios. The
higher the ambient temperature, the larger the 1100 ppm maximum
cloud footprint. As ambient temperature increases, ammonia vapour
spreads around more easily instead of rising. In contrast, higher sea
surface temperature leads to a smaller 1100 ppm maximum cloud
footprint. This is because the higher the sea surface temperature, the
higher the ammonia vapour rises into the atmosphere.

Another finding is that when the difference between the air and sea
surface temperatures becomes larger, the area of the 1100 ppm
maximum cloud footprint will become larger. For example, when the
ambient temperature is 22.5 °C, 30 °C and 37.5 °C and the sea surface
temperature is 30 °C, the 1100 ppm maximum cloud footprint is
162,817 m?, 204,111 m? and 234, 234 m? in large release scenarios,
respectively. This finding has implications for the risk assessment
associated with ammonia bunkering across different ports. Since water

11

has a higher heat capacity, its temperature changes more gradually than
air. Notably, in certain tropical and equatorial regions like Singapore,
the seawater temperature commonly exceeds that of the air. Conse-
quently, it becomes imperative to tailor safety considerations in policy
decisions based on the specific climatic conditions of individual ports.

5.5. Discussion on Pasquil stability

This paper did not calculate the sensitivity ratio of Pasquil stability,
because the variations in Pasquil stability in this study are not expressed
numerically, but rather represented by different classes. Pasquil stability
also depends on other meteorological factors, such as solar radiation and
wind speed. Pasquil stability has the greatest impact on the 1100 ppm
maximum cloud footprint in the medium release scale compared to that
in small and large release scales, as presented in Fig. 10. However, with a
shift from Class C to Class E Pasquil stability, the 3% lethality footprint
decreases by 25.37% in medium release and 2.72% in large release.

As Pasquil stability shifts from unstable (Class A Pasquil stability) to
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Fig. 9. The effect of air temperature and sea surface temperature on the 1100 ppm maximum cloud footprint in large release scenarios.
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Fig. 10. Variations in 1100 ppm maximum cloud footprint and 3% lethality footprint compared to Class C Pasquil stability.
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stable (Class E Pasquil stability), the area of the maximum cloud foot-
print at 1100 ppm will expand. For example, when transitioning to Class
E Pasquil stability, the area of 1100 ppm maximum cloud footprint in-
creases by 21%, compared to its observation under the condition of Class
C Pasquil stability. This phenomenon can be explained because the
dispersion of an ammonia cloud extends over a broader expanse when
the atmosphere is more stable. Vertical mixing is hindered during such
periods, and exchanges between different atmospheric layers are con-
strained. Ammonia, confined at a specific altitude, faces limitations in
mingling and dilution with the surrounding air. Consequently, it be-
comes transported over longer distances downwind. Therefore, the more
stable the atmosphere, the farther ammonia disperses.

5.6. Implications for ammonia bunkering in different bunkering ports

According to the estimated ammonia release rates reported by the
Health and Safety Executive in the UK, it was assumed that there was a
total of 3.1 ammonia releases for every 100,000 movements of ammonia
carriers [13]. When ammonia is used as a marine fuel, much more
ammonia will be transported by sea. The heightened activities related to
ammonia loading and bunkering operations pose an increased risk of
ammonia release. This heightened risk has significant implications for
port operations, particularly for bunkering ports. For instance, there
were 100,807 vessel arrivals at the port of Singapore in 2022 [44]. If all
these vessels conduct ammonia bunkering operations or carry ammonia
as cargo/bunker in Singapore, it may result in three cases of ammonia
release annually. Consequently, it becomes imperative for bunkering
ports to establish and enforce stringent policy requirements to ensure
the safety of ammonia bunkering operations.

Furthermore, different bunkering ports shall make their policy de-
cisions while considering the specific meteorological conditions,
including wind speed, ambient temperature, and sea surface tempera-
ture. For example, the ammonia cloud footprint is relatively smaller
when sea surface temperatures are higher than ambient temperatures in
Singapore. However, dispersion phenomena may differ for ports with a
lower probability of sea surface temperature surpassing air temperature.
Based on the insights and implications derived from this study, future
research can focus on quantitatively assessing ammonia bunkering
operational risks across diverse bunkering ports.

6. Conclusions

This study investigates the ammonia bunkering operational risk
across various scales of accidental ammonia release. The Port of
Singapore is chosen as a representative case to illustrate the risks
involved in ammonia bunkering at a bunkering port. The research pro-
vides valuable insights into how varying each ammonia bunkering
supply, release, and meteorological factor affects the risk of ammonia
bunkering. The simulation results show that:

1. Increasing the release scale from small to medium results in more
significant changes in the cloud footprint at lower gas concentra-
tions. While transitioning from medium to large release scale leads to
greater changes in the cloud footprint at higher gas concentrations
and lethality footprints with higher values.

2. Under the risk assessment criteria of 1100 ppm maximum cloud
footprint, wind speed emerges as the most influential factor for both
small and medium release scales, exhibiting sensitivities of up to 4
and 13.25, respectively.

3. In the case of large release scales, hose diameter emerges as the most
important factor, exhibiting a sensitivity of 33.77 to 1100 ppm
maximum cloud footprint and a sensitivity of 26.17 to the 3%
lethality footprint.

This study fills the gap in the area of how sensitive each factor is in
influencing the operational risk of ammonia bunkering under small,
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medium, and large release scales and how the ammonia bunkering
operational risk varies under different risk assessment criteria. It makes
contributions to the domain of ammonia as a marine fuel, benefiting
both scientific understanding and practical applications. Firstly, it en-
riches the existing literature by filling gaps in ammonia bunkering safety
within the maritime sector. Notably, this study is the first to explore the
combined impact of various factors related to ammonia bunkering
supply, release, and meteorological conditions on bunkering risk while
considering different release scales. Furthermore, the risk assessment
process developed in this research can be extended to investigate the
hazards of other types of alternative fuels, such as biofuel and methanol.
Additionally, its applicability extends beyond ammonia release from the
bunker hose to other risk events, including storage tank rupture.

This study also provides valuable practical recommendations that
hold significant relevance for stakeholders in the maritime and trans-
portation sectors. For instance, the insights and discussions concerning
the risk associated with ammonia bunkering can serve as valuable ref-
erences for bunker suppliers when making decisions regarding
bunkering supply configurations. The study emphasises the significance
of wind speed and hose diameter in ammonia bunkering operational
risk. Furthermore, it provides crucial insights for government and port
operators, enabling them to make policy adjustments, such as setting
limits on ammonia bunkering operations based on wind speed
considerations.

There are a few limitations in this study. Firstly, the risk assessment
does not take into account the potential risks associated with ammonia
corrosion, pool fire, jet fire and explosion. The release scenarios pro-
posed in this study only consider one-point release, while multiple
points of release during ammonia bunkering may occur. Moreover, flows
between buildings and ship superstructure are not considered when
calculating the consequences of various release scenarios, which may
not fully capture the complete picture. The sensitivity analysis is a local
sensitivity analysis with a fixed value range, and the range is assumed
based on the engineering design and meteorological conditions in
Singapore. However, the bunkering supply, release and meteorological
factors would have random uncertainties.

Future research could address these limitations by conducting a more
detailed analysis of the uncertainties associated with the selected fac-
tors, considering the distribution of changes in each factor. Special
attention may be given to refining the model by incorporating the CFD
simulation method to account for near-field dispersion simulation.
Furthermore, in order to validate the simulation work, conducting field
experiments on ammonia release over seawater becomes essential in the
future. With increased experience in ammonia bunkering simulation and
experiments, obtaining more accurate estimations of ammonia
bunkering operational risk will be possible. It is crucial to emphasise
that simulation results are based on the assumption that no mitigation
measures are implemented. Therefore, in future studies, incorporating
mitigation measures would contribute to a better understanding of
ammonia bunkering operational risks.

Environmental implication

Ammonia toxicity and corrosiveness are major concerns when used
as a marine fuel. Ammonia can pose a significant risk to humans, as it
can rapidly release toxic fumes, causing severe chemical burns upon
contact with skin or eyes. Its toxicity to the marine environment raises
additional concerns when bunkering operations are regularly conducted
in the terminal or anchorage area. This paper assessed ammonia
bunkering operational risk from the perspectives of small, medium and
large release scales. It shows the impacts of bunkering supply, release,
and meteorological factors on release consequences while considering
release scales and employing distinct risk assessment criteria.
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