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Abstract: Ammonia stands out as a promising option for maritime fuel, offering the potential
to reduce greenhouse gas emissions. However, its adoption comes with inherent risks,
including: toxicity, flammability, corrosiveness, and odor. As the maritime industry is in the
initial stages of the exploration of using ammonia as fuel, it is imperative to acknowledge and
address these risks. This work focuses on the acknowledging port authority and terminal
operators, whose responsibilities are a safe and efficient facilities construction and inter
terminal fuel transportations. This profound risk assessment should be conducted in advance to
identify risks alongside with potential consequences. In this article, we provide a risk
assessment framework consisting of qualitative and quantitative assessment tools. This
framework can facilitate the responsible integration of ammonia as a maritime fuel at the port
level. In particular, it can provide the port authorities with meaningful guidance for the
prevention and risk mitigation strategies for ammonia storage and bunkering to the vessels. This
work aligns with the concept of physical internet nodes, as it illustrates how an emerging
application such as alternative fuel is embedded and integrated into a connected multi-machine
system like inter-terminal logistics

Keywords: Physical Internet Port, Ammonia, Risk assessment Framework, Bow tie diagram,
Bayesian network
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1 Introduction

New energy is currently seen as one of the most important measures to reduce the negative
impact of transportation to the environment. Ammonia has caught significant attention due to
its carbon-free composition and relatively higher energy density compared to liquefied
hydrogen. At the same time, ammonia has its own hazardous characters of corrosive, toxic and
odor. Compared to conventional fossil fuel, ammonia storage and bunkering is associated with
possible risks related to cryogenic liquid/high-pressure liquid transfer and vapor return. This
risks are hurdles and challenges in the adoption of ammonia as a maritime fuel.

To be technically ready to use ammonia as a maritime fuel, the port authorities should
preliminary be aware of the operation procedures. Ammonia operation procedures at the port
area mainly relates to three processes: storage, bunkering process, and the inter-terminal
logistics among different locations. Bunkering is the process of transferring fuel from a supplier
or storage to the fuel receiving ship. These three processes can be similar to conventional fuel,
but variations arise in the extra effort to liquification and its hazardous characteristics. By
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recognizing these similarities and differences, port authorities can accordingly plan the
infrastructures constructions and equipment purchase. Taking into account the lead time of
infrastructure construction, these activities should be conducted in the early stages. Meanwhile
the bunkering and inter terminal logistics operations should be regulated in advance before the
real application.

This integration of safety handling into a hyperconnected network mirrors the principles of the
physical internet, emphasizing the efficient flow of goods and information across
interconnected nodes (Ballot and Fontane, 2008, Montreui 2011).

These hazardous characteristics and corresponding risks can be understood, prevented or
mitigated accordingly. The ammonia-related risks have been studied in existing literature from
different angles, e.g. from the perspective of historical accidents analysis (Duong et al. 2023,
Machaj et al. 2022), from experimentation at lab, or from simulation via specific software(Ng
et al. 2023). However, the acknowledgement of the risky characteristics remains insufficient
since the data of ammonia pertains as agriculture fertilizer or small-scale simulations are
adopted. The transshipment of ammonia as freight (fertilizer) and its usage as a maritime fuel
requires vastly different location distributions inside the port and time requirements. This leads
to consider the question: How can these risk studies inform the planning of infrastructure
construction and inter terminal fuel logistics to ensure safety storage and bunkering? The
interpretation is the indispensable link in between. However, The risk assessment from the view
point of inter terminal logistics side is still an open field. Both industry and academic are at the
beginning stages of using ammonia as fuel.

This work provides a risk assessment framework of ammonia as a fuel, aiming to offer decision
support to port authorities in the strategical planning and terminal operators in the operational
regulations. The framework consists of two perspectives: qualitative and quantitative. The
qualitative risk assessment aims to draw efficient and direct conclusions based on qualitative
characteristics such as descriptions, categories, and expert judgments. On the other hand, the
quantitative assessment further involves the objective measurements and risk analysis using
numerical data and mathematical models to estimate probabilities, consequences, potential
impacts of prevention and mitigation events.

The contributions of this work are as follows. First, in section 2, we summarize the facilities
and inter terminal logistics to be conducted at the port for using ammonia as a maritime fuel.
The corresponding risks are intensively studied via literature, historical documentations and
some industry regulations, which are interpreted from the logistics viewpoint. We also highlight
the necessity of a comprehensive risk assessment to interpret the chemistry characteristics to
port infrastructure planning and logistics management. Second, we develop a risk assessment
framework based on the previous analysis in Section 3. The assessment methodology resorts to
both qualitative and quantitative assessments utilizing Bow tie diagrams and Bayesian
networks. This article concludes with a summary and outlook in section 4.

2 Ammonia operations and associated risks

In this section, we first describe the ammonia operations at the terminals, which includes the
storage, bunkering and transshipment in between. Next, we review the ammonia hazardous
characteristics, and discuss possible risks in the described operations. We compare and
highlight distinctions from the inter terminal logistics of conventional combustion fuel. Lastly,
we identify research gaps and lay the foundation of what to expect from the risk assessment
framework.

2.1. Ammonia storage, bunkering and the transshipment

Research Contribution 2
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This subsection reviews the operations of ammonia at the port area. The processing
encompasses Vvarious stages, including the receiving, storage, fuelling, and internal
transportation within the terminal, as described in Figure 1. We concentrate on the utilization
of ammonia as a fuel, thus omitting the cracking related operations.

Ammonia Carrier

Floating Storage Unit

Bunker Ship

Figure 1: The ammonia flow inside the port, resource the authors

To make efficient usage of ammonia, it is generally compressed into liquid phase, relying on
refrigeration (-33 <C) or pressurisation (around 10 bar pressure). In most literature (Duong et
al. (2023), Machaj et al. (2022), Yang and Lam (2023)) and some industry reports (MAGPIE
(2023), Global Centre for Maritime Decarbonisation (2023)) the refrigeration is more economic
efficient and currently chosen in Port of Singapore and Port of Rotterdam.

Before diving into the detailed description, it is important to establish some definitions that will
be frequently used. There are three primary types of ships involved in the ammonia operations
at port: ammonia carrier vessels, ammonia powered ships, and ammonia bunker ships. Figure
1 depicts these three ships. Ammonia is usually not produced at the port but carried to the port
by carrier vessels. These already exist since ammonia has been widely used as fertilizer for a
long time (Machaj et al. (2022)). The ammonia powered ship are those that use ammonia as
fuel resource. Bunker ships transfer the ammonia from the storage place to the ammonia
powered ship. Presently, there are only a few bunker ships and ammonia powered ships
operating in Singapore (Duong et al. (2023), Global Centre for Maritime Decarbonisation
(2023)) .

Upon the carrier vessel’s arrival at the port, the ammonia will be off loaded and stored, for the
next step utility. There are two types of large scale storage: terminal storage unit at land side
and floating storage unit offshore. Besides, there will also be a small on-site storage unit,
which typically is in the form of bullet tanks.

Ammonia bunkering for commercial purposes contains various methods, including ship-to-
ship, truck-to-ship (Duong et al. (2023), Yang and Lam (2023)) and pipe to shipe. Ship-to-ship
bunkering was the most commonly employed method of delivering marine fuels to ships (Yang
and Lam (2023)). Calderon et al. (2016) evaluated the ship-to-ship bunkering as an attractive
LNG bunkering solution. The reason was four folded: (1) no expensive infrastructure; (2)
bunker ships offer high flexibility; (3) high utilisation rates from the flexibility; (4) ships to be
fuelled were often hard to manoeuvre, the bunker ships could improve efficiency by supplying
the bunker fuel. This provides referential value to the ammonia bunkering.

Truck-to-ship bunkering is conducted by trucks carrying the ammonia storage tank. As
pointed out by Global Centre for Maritime Decarbonisation (2023), this required road access to
the berth, and vehicle access near the storage tank area. Leveraging existing ammonia tanks and
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supporting infrastructure could reduce the impact on the current operations and development
costs.

The ammonia pipeline transportation is via carbon steel pipelines about 0.15-0.25 m diameter
and with a pressures of around 17 bar (Papavinasam (2014)). According to Fertilizers EU
(2013), the ammonia pipeline has been operating for decades for the agricultural fertilizer in
America. In Europe only short pipeline systems were in operational at that time, the largest
being 74km in Italy. According to a simulation result of Schotman (2023), pipe to ship indicates
a higher bunkering efficiency and a lower operating cost in medium and large sized port.

Summarizing, facilities for storage and bunkering can take different combined forms. The most
suitable solution depends on port storage and bunkering demand and site-specific factors. The
size and amount of large storage units should be calibrated to ensure sufficient inventory for
the bunkering and cracking demand. The flexible storage are strategically located nearby the
bunker site to ensure a short bunker time. bunkering facilities should meet the volume of fuel
demand, being accessible at the chosen bunkering methods, and fitting into existing
infrastructures. The site of storage and bunkering are the originals and destinations of inter
terminal fuel transportations, the distance among which directly affects the operating time and
cost. Meanwhile their sites selection can be restricted to land availability and hazardous
exclusion zones.

2.2. Ammonia Risks

Ammonia is characterized by flammability (Park et al. (2023)), toxicity (Duong et al. (2023),
Ng et al. (2023), Park et al. (2023)), corrosiveness (Duong et al. (2023)), and odor (Machaj et
al. (2022), Park et al. (2023)), making safety a challenge. To address these risk, we provide an

review of the corresponding literature, industry reports and regularities.

Ammonia does not burn readily thanks to its narrow flammability range, high ignition
temperature and low laminar burning velocity. The risk of an ammonia fire is lower compared
to other fuels. The corrosive effect of ammonia is due to possible reaction with water and form
ammonium hydroxide. It can cause damage to various materials, such as metals, plastics, and
rubber. Corrosivity can be avoided by cautious handling and appropriate precautions to prevent
materials’ exposure. This includes proper storage and handling procedures, as well as the use
of protective coatings and materials that are resistant to alkaline substances.

Toxicity was regarded as the greatest risk for liquid ammonia storage (Yang et al (2023), Zhang
et al. (2023)) and bunkering (Ng et al. (2023), Yang and Lam (2023), Fan et al. (2022)). In this
regard, special safety precautions are necessary to prevent leakage and subsequent dispersion.
Ng et al. (2023) simulated how key operational parameters affect ammonia dispersion. Yang
and Lam (2023) also studied the environmental impacts of ammonia bunkering. The effects of
large spills of ammonia on people and ecosystems are still relatively unknown and based on
limited case studies.

There are several risk prevention and mitigation methods against the leakage during the storage
and bunkering process. Those methods involve double-walled storage tanks, implementing a
safe zone, and completing safety regulations for the storage and bunkering. Ammonia in large
quantities is refrigerated in cylindrical double-walled storage tanks (Ikaheimo et al. (2018)). Ng
et al. (2023) stated that it was the safest to store ammonia fuel in fully-refrigerated tanks as an
atmospheric pressure saturated liquid. Figure 2 shows a typical storage tank. Recommendations
of Duong et al. (2023) based on a review of a number of research papers, emphasized the
importance of regulations and guidelines, setting a safety zone, and completing safety
regulations. The safety zone during the ammonia bunkering process refers to the designated
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area surrounding the bunkering operation, with restricted access and the implementation of the
necessary safety measures. These observations indicate that the safety zone is not a static
concept, rather, it may need to be adjusted based on changing circumstances or the ongoing risk
assessments. Similarly, Ng et al. (2023) suggested no simultaneous operations such as
inspection or maintenance while bunkering. This separation from time dimension blocks human
access and other activities. The authors also suggested the bunkering heights would be lower
than 5 meters, and should consider the wind direction to prevent a serious dispersion.

P Pump eolumn
N
x ——————— Suspended deck
«- — - = = = Outer container
<} - = = = = = Insulation

Ammonia

j«—f- - = = - = = Primary container

Dike

+

|
Concrete foundation

Figure 2: Double walled ammonia storage and safety zone surrounded by dike

As for the bunkering time, there is currently no revealed data yet regarding the real bunkering
time duration, but it can be estimated based on similarities. Machaj et al. (2022) reviewed
characteristic of ammonia and similarities, which led to a solution that LNG storage tanks and
bunkering had great potential for ammonia storage. The simulation of Schotman (2023) also
cited the LNG bunkering time duration from Park and Park (2019) and EMSA(2017).

The risks study should be used in the layout design of bunkering facilities, berth allocation and
bunkering schedule planning. Certain safety measures can lead to higher construction cost (e.g.,
double wall storage tank and safety zone around), or higher operating cost (e.g., personnel
training) or longer operating cost (e.g., no simultaneous operations, specific bunkering
location). An inadequate guidance may compromise safety in construction and logistics
operations, but an over-conservative safety measures could result in unnecessary higher costs
and longer operating time. A balance between safety handling and efficient inter terminal
logistics is vital for the ammonia transition.

2.3. Research gaps

The adoption of ammonia as a maritime fuel is challenging due to it hazard risks and safety
concerns. The current applications are in the initial stages, and are predominantly led by the
industry, primarily through pilot or demonstration scales at limited ports. There are several
European commission projects are pushing the border of ammonia application, such as
MAGPIE(Smart Green Port). The natural next steps are the upscaling of the usage volume or
replication from one port to other ports. These technology solutions provide valuable insights,
which necessitates case analysis, and requires summarizing the lessons learned.

Regarding the risks and safety operations, most data on risk analysis originate directly or
secondarily from various sources. These include simulation results, international databases such
as websites, regional standards by industry companies, and reports from ammonia or LNG-
related organizations (DNV GL Group, the Port of Rotterdam, the Port of Singapore). This data
leans towards the chemistry side instead of guidance to port authorities or terminal operators.
Therefore, comprehensive interpretation is essential to ensure its understanding and application
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by port planners and operators. Beyond safety considerations, the port stakeholders also concern
investment costs, operating cost, operating capacity and efficiency.

The ammonia transition at ports entails an involved cycle of interpretation, trial and calibration.
Risk assessment can guide the ammonia storage site selection, and storage and bunkering
infrastructures construction, material choices and others. This must be planned well in advance
due to the construction lead time. Furthermore, risks assessment affect the operational
processes, such as the berth allocation to those ammonia-powered ships, scheduling of
ammonia bunkering activities, and other related tasks. Additionally, port authority should be
full aware on the kind of accidents that can occur, in which part of the operations these may
take place, understand it consequences in terms of related losses in subsequent stages. Last but
not least, what effective actions can be undertaken to prevent or mitigate these risks. This
demands a dynamic closed-loop assessment instead of a static approach. Based on these four
interpretation requirements, we propose a risk assessment framework regarding the ammonia
usage as a marine fuel, i.e., the storage and bunkering at the port.

3 Risk Assessment Methodology

The risk assessment and its methodology are not new, whose forming as a scientific field can
be tracked back to 1970s (Aven , 2016). But content-wise it is to our knowledge not yet
explored regarding the ammonia as a maritime fuel. The assessment methods have a big impact
to the assessment results, the level of details to the decision support (Abbasi Kharajou et al.
(2024)). The focus of this work is on overall framework construction and the choice of proper
assessment methods therein, instead of developing new assessment method. In the following
we briefly describe the chosen risk assessment in this work together with the choice reasons.

3.1. The assessment framework

Hazard Defination

- L

BT BN
Accident causes, conseguences Analysis on probabilities, estimation
logical relationship severity of consequences

Decision support to Port
(such as safety zones or operational
regulations)

Yes

hanges by port acc.
fo suggestions

Figure 3 the proposed risk assessment framework, by authors

Based on the described gaps and the fundamental objectives in section 2, we build the risk
assessment framework, as described in Figure 3. There are two approaches, qualitative and
guantitative assessment. The qualitative approach usually concerns subjective evaluation to
draw rough, but quick, conclusions. The quantitative assessment, on the other hand, resorts to
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numerical data and mathematical models to estimate probabilities and consequences. We
choose the Bow Tie (BT) Diagram and Bayesian Network (BN) as the qualitative and
quantitative assess tools, respectively.

To selection of the assessment tools lies in the assessment goal and methods themselves. The
Bow Tie diagram offers a direct cause-effect visual expression that facilitates effective
communication with the audience, whereas the Bayesian network provides a quantitative
insight into the causality of the events. Moreover, Bayesian network allows for updating the
event probabilities after the prevention or mitigation measures have been implemented. This is
important for the cost benefit analysis of the prevention and mitigation. The BT and BN are
described briefly in the following subsections.

3.2. Bow Tie diagram

BT is a graphical tool that illustrates an accident scenario, starting from accident causes and
ending with its consequences (Khakzad et al. (2012)). Figure 4 presents the structure of the BT.
It is centred around a critical event, which is connected by Fault tree on the left-hand side, and
event tree on the right. The Fault Tree (FT) describes the top event influenced by risk factors.
The Event Tree (ET) identifies its consequences. Safety Barriers in the FT act as the prevention
mechanisms that reduce the probabilities of an accident. Furthermore, the Safety Barrier in the
ET is the control process after the accident that aims to lower the impacts of the consequences
of accidents (de Ruijter and Guldenmund (2016)).

3.3. Bayesian Network

Similar to BT, Bayesian Network (BN) method has been widely used in risk and safety analysis
based on probabilistic and uncertain knowledge. BN is composed of two parts: graphical
structure in the form of a Directed Acyclic Graph (DAG), and probabilistic structure in the form
of conditional probability tables (CPT). Figure 5 shows a general DAG. The nodes represent
the cause (node A and node H in Figure 5) and corresponding consequences (nodes D, F, G in
Figure 5) of a chain event. Arcs between nodes signify direct causal relationships between the
linked nodes, this is one important reason for choosing BN as the assessment tool.

~{ Safety barriers g
N
2~ OO
A E
: S :
S U
T BoE e
s Critical Event N
Cc
E
S
- ) 1 0
Fault tree Event tree

Figure 5: Generic example of a
Directed Acyclic Graph by
Bayesian Network, taken from
Jensen and Nielsen (2007).

Figure 4: Generic example of a Bow Tie,
taken from de Dianous and Fievez (2006).

The quantitative contribution of BN originates from the probabilistic structure. It consists of
two parts: (i) prior probabilities indicating the probability value of a certain basic node; and
(i1) conditional probabilities predicting the probability value of one event based on the
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condition of another event. The prior probabilities can be obtained from historical accidents,
failure records, or via an intensive literature collection. Furthermore, the conditional
probabilistic can be calculated and expressed in Conditional Probability Tables (CPTSs). This
is the second reason for choosing BN is its advantages in checking the effectivity of preventing
regularity or mitigating an event. This is referred to as the Roots to Bayes theorem. Given the
information of prevention or mitigation information, BN re-evaluates from the original failure
probabilistic (prior occurrence) to the reduced probabilistic or relieved accidents (posteriors).

3.3. BT and BN application to ammonia risk assessment

Using BT and BN, we describe the leakage or release of ammonia and the possible results
during the bunkering process, see Figures 6 and 7. The consequence described in these Figures
are based on the dispersion simulations of Ng et al. (2023).

leakage barrier ignition barrier

______ material
el Fool fire F-----.
Ammaonia
Release
_____ improper
handling Vapor cloud F------

dispersion barrier

Figure 6: A bow tie description of ammonia leakage and possible results, resource: authors

material
failure

improper
handeling

vapaorization ammonia
leakage

Figure 7: A Bayesian network description of ammonia leakage and possible results, the
probabilistic information to be added from the next step, resource: authors

The next step is to design an interview or focus group in order to get input from chemical experts
and Port of Rotterdam. Afterwards, the input (linguistic terms) will be converted to failure
possibilities (numeric format). This can be achieving via methods such as linear opinion pool
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or max-min Delphi. On the other hand, the output, for example the suggested safety zones or
regularities, will be validated with simulations, and calibrated by the port.

Hereby we answer the question regarding the safety consideration of site selection, which is
mentioned at the end of section 2.1. The sites for storage tanks and bunkering berths can be
firstly screened using the Bow Tie based on a set of safety requirements and expert opinions.
Secondly, the sites will be evaluated by Bayesian Network to rank potential sites based on the
probabilities together with the risk and mitigation costs. In the end, the port authorities and
terminal operators will be aligned to verify the suitability of the sites.

4 Summary and outlook

The maritime industry is preparing itself to adopt new energy to realize its decarbonization goal.
This work comprehensively reviews the ammonia storage and bunkering operations at the port,
and provides a risk analysis of using ammonia as a fuel. Through this analysis, we identify
research gaps that show the importance that the port should understand of ammonia risks, and
should implement measures to prevent and mitigate possible risks in the infrastructure planning
and daily operations.

Building on these findings, we propose a risk assessment framework aiming at interpreting the
hazardous characteristics guided by safety protocols. The risk assessment consists of both a
qualitative and quantitative assessment. Based on the assessment goal and available
information, we select Bow Tie diagram and Bayesian network as assessment tools.

We note here, this is an ongoing work, the next step is to get input experts of both academic
and industry. The experts opinion will be quantified and further used as input into the assess
framework. The goal of this risk assessment framework aims to interoperate the risks into the
regulations in port operations. The assessment output aims to provide the port authorities a clear
overview of the different levels of risk, the corresponding probabilities the possible results and
to what extend the regulations can avoid or mitigate the risk, together with the corresponding
effects on the bunkering costs and time.

In the future, the proposed assessment will undergo calibration with the aid of industrial
partners and chemical enterprises. The framework proposed in this study expands to other new
sources of energy by examining the associated hazard characteristics.
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