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Abstract

:

One of the main goals of the shipping industry is to decarbonize the fuels used in maritime transportation. Ammonia is thought to be a potential alternative for hydrogen storage in the future, allowing for CO2-free energy systems. Ammonia’s beneficial characteristics with regard to hydrogen storage include its high volumetric hydrogen density, low storage pressure, and long-term stability. However, ammonia is characterized by toxicity, flammability, and corrosiveness, making safety a challenge compared to other alternative fuels. In specific circumstances, leakage from ammonia bunkering can cause risks, dispersion, and unsafe areas due to its flammability and toxicity. Based on an analysis of 118 research papers and 50 regulations and guidelines, this review report evaluates various aspects of the hazards associated with the ammonia bunkering processes, considering both current and future implications. This report also includes the latest advancements and potential developments related to the safety of ammonia as a marine fuel. Several related regulations and standards for ammonia supply systems are discussed. This paper examines experiments and numerical investigations conducted using different methods of ammonia bunkering, such as terminal-to-ship, ship-to-ship, and truck-to-ship transfers. This review shows that the toxicity of ammonia is more relevant to the topics of vapor cloud dispersion and ammonia bunkering than its flammability. Finally, the main challenges and recommendations for the implementation of ammonia bunkering and further development of ammonia as a marine fuel are proposed. This review suggests new directions to overcome the disadvantages and research gaps associated with the leakage of ammonia during bunkering periods.
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1. Introduction


Maritime transportation is a primary contributor to the world economy, accounting for over 80% of global transport by volume [1,2]. Compared to other modes of transportation, marine transportation has the advantages of a large carrying capacity, high safety, and low operating costs. However, with the expansion of shipping and maritime activities, a significant and rising amount of greenhouse gas emissions (GHGs) is predicted to be released by maritime transportation activities in the coming years [3]. Thus, the maritime shipping sector is actively seeking opportunities to lower its global GHG emissions [4]. The International Maritime Organization (IMO) has established goals for decreasing greenhouse gas (GHG) emissions by a minimum of 50% by 2050, as well as reducing carbon dioxide (CO2) emissions per instance of transportation by 40% by 2030 and 70% by 2050, compared to 2008 [5,6]. To improve ship energy efficiency and reduce CO2 emissions, the IMO implemented MARPOL Annex VI [7], the Ship Energy Efficiency Management Plan (SEEMP), the Energy Efficiency Design Index (EEDI), and the Energy Efficiency Operational Indicator (EEOI), which went into effect on 1 January 2013 [8]. It is essential to find alternative fuel sources to meet the demands of marine transportation. Hydrogen is a carbon-free energy source with a high mass energy density [9]. It can be used as fuel in various technologies, such as internal combustion engines (ICEs), fuel cells, or gas turbines, to meet green emission targets [10]. However, hydrogen has low volumetric density, requiring large storage space and shorter ship voyage times when used as a marine fuel. This mainly causes economic and vessel management efficiency disadvantages. Thus, there is a need to find a hydrogen carrier fuel source that meets both emission reduction targets and vessel operation management requirements [11]. Ammonia is a potential marine fuel alternative attracting a great deal of interest due to its carbon-free chemical composition, which is in line with the IMO’s objectives [12,13]. Ammonia is also being considered as a hydrogen storage and transport medium because it allows for liquid-phase hydrogen storage at room temperature [6], and has greater hydrogen volumetric density [5] than liquid hydrogen [14]. Ammonia has a high-octane rating of 110–130 and a shallow flammability range, making it relatively safe in terms of explosion risk. It also has a relatively high power-to-fuel-to-power (PFP) efficiency and a wide distribution network already in place; these factors contribute to its use as a fuel [15]. The use of ammonia as fuel has increased over the years [16] and, subsequently, the demand for ammonia bunkering has also increased [17]. For maritime applications and ammonia-fueled ships, the ammonia bunkering process is necessary and unavoidable. Under ambient conditions, anhydrous ammonia is in the gas phase. Therefore, ammonia must be liquified for storage, transportation, and the bunkering process. Compared to conventional liquid fuel bunkering, ammonia bunkering is associated with possible risks related to cryogenic liquid/high-pressure liquid transfer and vapor return, which calls for particular attention to ensuring safe procedures. Significant risks could result from the unintentional release of such a dangerous material during the ammonia bunkering process [18,19]. This could take place in the following manner: after a series of failures, one or more safety systems that were in place to prevent the release of ammonia deactivate, and ammonia is released into the environment and distributed [19,20]. If the vapor is ignited, fire or explosion could result, disrupting the normal functioning of bunkering. Risk assessment models can be used to calculate the likelihood of an ammonia release and its effects [21,22]. Thus, the safety of ammonia bunkering should be considered [23,24].



In terms of risk assessment, there are two main approaches to defining the safety zone during the ammonia bunkering process: the deterministic approach and the risk-based approach. The appropriate approach should be selected based on the target bunkering scenario [25]. Normally, for standard scenarios, such as port-to-ship, ship-to-ship, truck-to-ship, and a portable ammonia fuel tank, a qualitative approach (deterministic approach) is employed [26]. A quantitative approach (risk-based approach) is preferred for other scenarios. The spirit and theory of these two approaches are described below in Figure 1. Considering that the ammonia facilities under discussion often use basic methods, the possibility of an ammonia leak during bunkering can be examined using a single scenario. The representative scenario is delineated using the worst-case or specified conditions, and the necessary safety distance surrounding the facility is then roughly computed, taking into account the flammability range and dispersion characteristics.



Currently, most safety zones associated with the bunkering operations of LNG-fueled ships are determined using qualitative methodology because these operations often run according to standard scenarios, during which additional activities are restricted.



In the case of ammonia-fueled ships, a risk-based approach would be more appropriate, as it allows for a comprehensive assessment of potential risks and their impacts. This approach considers the probability of various scenarios and their potential consequences, leading to a more accurate determination of the safety zone. The safety zone is then established based on the calculated risks and the level of acceptable risk.



For facilities with simultaneous operations (SIMOPs) of ammonia-fueled ships, additional factors, such as the proximity of other vessels or structures, weather conditions, and potential environmental impacts, should also be considered in the risk assessment. This approach ensures that all the potential risks are identified and addressed, reducing the likelihood of accidents and ensuring the safety of personnel, the facility, and the environment. This review aims to answer the following review research questions (RRQs):



RRQ1: What are the main risks associated with using ammonia as fuel?



RRQ2: Do the existing regulations and standards adequately cover all aspects of ammonia bunkering safety? Are there any gaps in the combination of safety regulations?



RRQ3: Are there any gaps in the scientific research and understanding of ammonia bunkering safety?



RRQ4: What are the challenges and recommendations for improving the safety of ammonia bunkering?



RRQ1 is addressed and discussed in the literature review. RRQ2 and RRQ3 are addressed by reviewing the relevant legislation, standards, guidelines, and scientific research publications. Based on these findings, challenges and recommendations are presented.



Overall, this paper not only provides a review of current regulations and guidelines, potential technologies to improve the safety of the ammonia bunkering process, and the important role of determining the safety distance to minimize harm and damage in the event of an ammonia leakage, but also proposes challenges and recommendations for good safety practices during the ammonia bunkering process.




2. Characteristics of Ammonia


2.1. General Information and Physical Properties of Ammonia


Ammonia is composed of one nitrogen and three hydrogen atoms (NH3). The calorific value of ammonia is 22.5 MJ/kg [27]. Ammonia is a colorless gas with a pungent odor [28] that consists of 17.6% hydrogen by weight [29]. The average unit price of ammonia is about USD 250–300 [30]. The contribution of the ammonia production process to the total GHG emissions of the world has been estimated as about 1% [31]. Ammonia is known to have a variety of advantageous properties as fuel, making it appealing as a possible medium for hydrogen storage. The volumetric hydrogen density of ammonia is 45% greater than that of liquid hydrogen. This suggests that there is more hydrogen in liquid ammonia than there is in an equivalent volume of liquid hydrogen [32]. Compared to ethanol, methanol, liquid hydrogen, and gasoline, ammonia is a hydrogen carrier with a higher volumetric hydrogen density [33]. The storage of ammonia is simpler than the storage of hydrogen, the other carbon-free fuel. The storage of ammonia takes place either at room temperature at 10 bars or at 33 °C at 1 bar [28]. The basic properties of ammonia are presented in Table 1.



Special safety precautions are necessary for the storage of ammonia given its toxic and corrosive nature. Compared to commonly used fuels such as methanol and diesel, the hazard level of ammonia is over three times higher [37]. The event of an ammonia leak into water can be harmful to aquatic life, but its natural degradation process and the nitrogen cycle can facilitate the regeneration of aquatic life. It should be noted that ammonia has a very low odor threshold (0.037 to 1.0 ppm), making it detectable by most individuals even in small amounts that do not pose a health risk.



Gaseous ammonia has a lower density than air (1.225 kg/m3 compared to 0.769 kg/m3 at STP), and under normal atmospheric conditions, it can quickly dissipate into the atmosphere, lowering the risk of explosion or fire in the event of a leak. In addition, compared to hydrogen, which has an auto-ignition temperature of 520 °C, ammonia’s higher auto-ignition temperature (650 °C) means a lower risk of fire. Liquid ammonia is highly toxic and has a vapor pressure relative to toxicity at atmospheric temperature that is roughly three orders of magnitude higher than those of gasoline and methanol.




2.2. Ammonia Bunkering Methods


Bunkering is a vital operation that supplies fuel to power the machinery of a ship. Ammonia bunkering, similar to that of alternative fuels such as LNG, LPG, and hydrogen, can be categorized into four main types: ship-to-ship (STS), terminal-to-ship (TTS), truck-to-ship (T-TS), and ammonia portable tank (APT). The suitable ammonia bunkering method is selected after considering the amount of ammonia bunkering required, operational circumstances, and time constraints. Figure 2 illustrates the three most common ammonia bunkering methods.



A comparison of the advantages and disadvantages of each ammonia bunkering method is shown below in Table 2.




2.3. Hazards of the Ammonia Bunkering Process


The dangers of ammonia can be grouped under three characteristics: (i) toxicity, (ii) corrosiveness, and (iii) flammability.



2.3.1. Toxic Effects of Ammonia on Humans


Ammonia is a gas that is colorless and poisonous, and it has a strong pungent smell at concentrations between 5 and 30 ppm. This gas has a lower density than air, and liquid ammonia can cause severe burns and injuries if it comes into contact with skin. There is a high risk of death when large quantities of ammonia are released, as it can form a toxic cloud that can be inhaled far away from the release site. Fatalities usually occur when people are exposed to high concentrations of the gas, or if they are trapped without an escape route, due to the strong odor of ammonia, which is intolerable at concentrations well below those that are harmful. Ammonia rapidly absorbs water and can cause dehydration upon contact with skin, while anhydrous ammonia can cause a loss of water from body tissues and chemical burns via the production of ammonium hydroxide. Additionally, frostbite can occur when liquid ammonia vaporizes, causing the removal of heat from body tissues within seconds. The effects of ammonia on human health are presented in Table 3.



The probability of human death due to the effects of an ammonia vapor cloud formed following a leak can be estimated by [39].


    P   d _ t o x i c   =   P   d    



(1)




where     P   d _ t o x i c     represents the probability of human death by exposure to toxic ammonia and     P   d     represents the probability of human death.


    P   d   = 0.5 [ 1 + erf (     P   r   − 5    2    ) ]  



(2)






    P   r   = − 15.6 ln ⁡ (   C   2   × t )  



(3)






    erf   ( x )   =   2    π      ∫  0   x      e   −   t   2       d t  



(4)







Here, t represents exposure time, C represents the cloud dispersion concentration (mg/m3), and erf(x) represents the Gaussian error.



It is important to note that the effects of ammonia toxicity can be cumulative, meaning that repeated exposure even to low concentrations of ammonia over a prolonged period can have significant health consequences. Therefore, it is essential to take appropriate precautions to prevent exposure to ammonia, such as wearing appropriate personal protective equipment (PPE) and working in well-ventilated areas.




2.3.2. Toxic Effects of Ammonia on the Environment


When ammonia leaks occur in seawater during bunkering, the absorbed ammonia can have a severe impact on aquatic life, as lethal levels are easily surpassed, causing death to most species in close proximity. Due to its exothermic reaction with water, ammonia quickly evaporates. As ammonia gas is lighter than air, it will rise to the top of the atmosphere in the form of a cloud. However, this ammonia gas cloud can pose a significant danger to creatures in its immediate vicinity, as it can expose them to deadly amounts of ammonia. This cloud remains a threat until it is completely diluted through the processes of cloud evaporation and continuous air mixing.



Overall, it is important to minimize the release of ammonia into the environment by taking appropriate precautions during storage, handling, and use. This includes proper ventilation, safe disposal methods, and the careful use of fertilizers and other ammonia-based products.




2.3.3. Flammability of Ammonia


The auto-ignition temperature of ammonia under atmospheric conditions is 651 °C, with a flammable range of 15.15–27.35%. Compared to other fuels, the likelihood of ammonia auto-igniting is extremely low due to its high minimum ignition energy of 680 mJ, which is 2000 times greater than that of CH4. However, if ammonia spills from a high-pressure storage container, it can cause severe harm since it is lighter than air and diffuses more quickly. Moreover, due to the increasing use of hydrogen as an alternative for fuel storage, refrigeration, and the post-treatment of combustion exhaust gas in industrial settings, it is important to implement fire protection measures.



Similar to other hydrocarbons, condensed ammonia does not burn continuously. The reason for this is that the heat emitted from the flames is not sufficient to reach the pool. If an external heat source such as the ground or water is present, enough ammonia can vaporize to keep the fire burning.



As presented in Figure 3, the primary dangers related to ammonia bunkering are fires and explosions, which may occur due to leaks and spills around ignition sources. Without ignition, ammonia dissipates by vaporization and forms a vapor cloud that disperses in the air. However, in the event of ignition, there are four potential risk scenarios for ammonia, including vapor cloud flash fire, jet fire, pool fire, and vapor cloud explosion. Additionally, the consequences of ammonia fires and explosions are dependent on factors such as the initial temperature and composition of the ammonia and the diameter of the pool fire. Compared to LNG and LPG, ammonia has a lower risk of fire due to its lower burning rate.



The use of water spray, fog, or foam can be effective in extinguishing large ammonia flames, while dry chemicals or CO2 are more appropriate for small ammonia fires. However, it is important to avoid directing a water jet directly towards a leak or liquid ammonia source as this may cause a hazardous reaction. Responders must always wear protective equipment with an oxygen supply, even if the ammonia concentration is as low as 25 ppm.




2.3.4. Corrosiveness


Ammonia is a substance that can cause corrosion and harm to various materials, such as metals, plastics, and rubber. The corrosive effect of ammonia is due to its ability to react with water and form ammonium hydroxide, which is strongly alkaline in solution. The following are some of the ways in which ammonia can cause corrosion:



Metals: Ammonia can cause the corrosion of metals, particularly those that are not resistant to alkaline substances. When ammonia comes into contact with metal surfaces, it can cause the metal to become pitted, corroded, or even discolored. This can lead to weakened structural integrity and the potential failure of metal components.



Plastics: Ammonia can also cause damage to certain types of plastics, particularly those that are not resistant to alkaline substances. When ammonia comes into contact with plastic surfaces, it can cause the plastic to become brittle, cracked, or even discolored. This can lead to the potential failure of plastic components, particularly those that are subjected to stress or pressure.



Rubber: Ammonia can cause damage to rubber materials, particularly those that are not resistant to alkaline substances. When ammonia comes into contact with rubber surfaces, it can cause the rubber to become soft, swollen, or even disintegrate. This can lead to the potential failure of rubber components, particularly those that are subjected to pressure or friction.



Overall, it is important to handle ammonia carefully and take appropriate precautions to prevent its exposure to materials that are vulnerable to its corrosive effects. This includes proper storage and handling procedures, as well as the use of protective coatings and materials that are resistant to alkaline substances.




2.3.5. Other Hazards


Ammonia is highly susceptible to hydraulic shock due to its high boiling point and expansion rate. Hydraulic shock is the result of a sudden change in liquid flow velocity, causing a localized pressure surge that may lead to severe damage to equipment, valves, and piping. When a refrigerated system is exposed to a defrosted system, this may cause hydraulic shock.



Additionally, the release of pressurized ammonia into the environment poses another risk. About 8–9% of the ammonia in a container will vaporize and expand rapidly once released, continuing to do so even after the pressure is brought down. Ammonia can expand up to 710 times from its liquid state to a vapor state, and it can continue to evaporate even after it rains out. A catastrophic tank failure at room temperature could result in a significant release of ammonia.



A BLEVE (boiling liquid expanding vapor explosion) is a type of physical explosion that can occur when a pressurized liquid boils rapidly due to a loss in pressure. For a BLEVE to occur, the temperature of the liquid at the time of pressure loss must be higher than its superheating level (TSL). The critical temperature for ammonia is 89.8 °C, which is significantly higher than its recommended ambient and storage temperatures. Therefore, it can be assumed that the risk of a BLEVE is low.




2.3.6. Accidents in Ammonia Bunkering


Ammonia is denser than air and can cause harm to humans when it is released into the environment, especially to the eyes, nose, and respiratory system. At a temperature of −33.33 °C, liquid ammonia is less dense than seawater with a density of 0.696 g/cm3, which makes it float in seawater [40]. It is difficult to ignite ammonia due to its high auto-ignition temperature of approximately 651 °C and narrow flammable range between 15.75% and 27.35%. In the case of a leak, ammonia has the potential to corrode various metals and compounds, including copper and zinc. Hence, it is vital to have a venting mechanism in place that can safely release ammonia during an emergency. Table 1 provides additional information on the properties of ammonia.



The widespread application of ammonia in the industrial sector has led to significant consequences for society, property, the environment, and facilities, particularly during unexpected incidents. According to statistics, from 1985 to 2019, there were approximately 71 accidents involving anhydrous ammonia. The primary causes of deaths and injuries were identified as inhalation of the gas or fires [41]. Chemical-based hazards have a high percentage of injuries, fatalities, and evacuations, which is in line with the alarming number of serious incidents caused by ammonia leaks. Accidents involving ammonia explosions and dispersion can be caused by various factors, such as mechanical failures, operational difficulties, and human error.



There have been numerous incidents where ammonia leaked and negatively impacted the ecosystem. Typical accidents caused by released ammonia are described in Table 4.



Based on the analysis of typical accidents in ammonia plants and operations, we determined that ammonia can be released due to various reasons, such as human error, operational mistakes, and maintenance and inspection failures during storage tank operations, the bunkering process, and pipeline operations. A release of ammonia may pose a threat to nearby areas, and its level of toxicity depends on the extent of diffusion, which can be estimated based on the release grade.



The key method to prevent unforeseen incidents and reduce the negative impact of ammonia release on people and facilities is to conduct a risk and consequence analysis for potential ammonia leakage. Therefore, it is essential to create a safety zone that prohibits unauthorized individuals and vehicles from operating within the ammonia bunkering area.






3. Regulations on Ammonia Bunkering


This section provides a discussion and analysis of the current regulations and safety standards related to the process of ammonia bunkering. Additionally, the guidelines for safe procedures during bunkering are also examined. The typical regulatory framework of ammonia utilization in the maritime sector is summarized and presented in Table 5.



Due to the potential toxicity and severe health risks associated with ammonia, ensuring the safety of the bunkering process is crucial. Obtaining approval from classification societies and administration authorities is necessary to ensure compliance with safety standards. Several organizations, such as ISO/TS 18683, ClassNK, the Korean Register, DNVGL, Lloyd’s Register (LR), the Norwegian Maritime Authority, and the Society for Gas as a Marine Fuel (SGMF), have established regulations and guidelines for safe ammonia bunkering. It is recommended that a safety zone be designated to strictly limit access to personnel not involved in the bunkering process.



To this end, significant classification societies and organizations have released safety guidelines for bunkering procedures and equipment. It is crucial to follow these regulations, guidelines, and standards to avoid leakage caused by unexpected incidents and to control ignition sources during the operation of ammonia and bunkering processes. It is important to understand and comply with all domestic and international regulations regarding ammonia safety and apply them to the bunkering process while considering all possible scenarios that may arise. To contribute to the development of safety regulations and guidelines, Luo et al. [58] searched for ammonia leak accidents in China in the period from 2010 to 2020 and analyzed their causes. The results show that human factors and failure of equipment were the two main causes of accidents. It is necessary to develop detailed regulations for safe decision making.



According to the established definitions, risk is the combination of the likelihood that a recognized hazard will occur and the severity of its impact. Risk is determined by the frequency of accidents in a given time period. During the bunkering process, risk factors are classified and evaluated through risk assessment for approval. In the marine industry, various methods are used for risk evaluation, including HAZID/HAZOP, FTA, and FMEA. HAZID/HAZOP is a critical first step for identifying abnormalities and hazards in a risk assessment. Table 6 provides a detailed classification framework for risk assessment [59].



As for the ammonia bunkering process, the accidents that may occur as a result of ammonia leakage and release are shown below in Figure 4. In the case of ammonia leakage or a spill, the accident outcomes consist of vapor cloud explosion (VCE), flash fire, pool fire, jet fire, and explosion [60]. When released, ammonia that has been kept at a pressure that is significantly higher than the atmospheric pressure will partly flash (rapidly evaporate) [61]. Additional event outcomes, such as fireballs, rocket fires, and BLEVE (boiling liquid expanding vapor explosion) are expected as a result [62]. Further developments include dispersion without fire, fire, and explosion. These three possible scenarios, identified from the literature review and field experiments, are reflected in each of the following trees [63]. The materials cited in this article may contain actual instances of these occurrences.



In this event tree, the initial event is an ammonia release. Leakage of ammonia can be caused by a failure in navigation or the storage tank, compressor, or pump events. The release can either be small or large. If the release is small, it can either have no impact or have a localized or widespread impact. The localized impact can result in minor injury, major injury, or fatality. The same consequences can occur with a widespread impact. Similarly, if the release is large, it can either have no impact or have a localized or widespread impact. Again, the localized or widespread impact can result in vapor cloud dispersion, flash fire, explosion, or pool fire. This event tree can be used to evaluate the potential consequences of an ammonia release and develop mitigation strategies to prevent or minimize harm.



It was estimated that approximately 71% of the published literature on ammonia risk analysis uses conventional methods of risk assessment, as opposed to the 29% that employ a dynamic risk assessment. The trend is steadily moving towards the development of more efficient integrated risk analysis tools (combining techniques) to evaluate the risk of complex and dynamic assets, such as ammonia plants.




4. Safety Assessment of the Ammonia Bunkering Process


Ammonia bunkering is the process of transferring ammonia fuel from a supply vessel to a receiving vessel for use as fuel. As with any bunkering process, safety is a primary concern, and there are several aspects to consider when assessing the safety of the ammonia bunkering process:




	(i)

	
Ammonia storage and handling: Strict safety regulations must be followed for the storage and handling of ammonia due to its hazardous nature. Storage containers for ammonia must be specifically designed and certified for this purpose. Trained personnel who wear suitable protective gear are responsible for handling and transferring ammonia.




	(ii)

	
Bunkering procedures: It is crucial to plan and carry out the bunkering process meticulously with trained personnel. The crew of the receiving vessel should be notified about the procedure and any necessary safety precautions. The process should be monitored closely to ensure it is executed safely.




	(iii)

	
Ventilation: Proper ventilation is essential during the bunkering process to avoid the accumulation of ammonia vapors. The area where the bunkering is carried out must have adequate ventilation to disperse any leaks or spills swiftly.




	(iv)

	
Emergency response: In the event of an accident or spill during bunkering, there must be emergency response plans in place. The crew should be trained to handle an ammonia spill, and necessary equipment, such as personal protective gear and spill containment equipment, should be easily accessible.




	(v)

	
Regulatory compliance: The ammonia bunkering process should conform to applicable regulations and guidelines. The International Maritime Organization (IMO) has established safety guidelines for the proper utilization of ammonia as a marine fuel. These guidelines comprise specifications for the design of ammonia bunkering systems and training requirements for the personnel involved in the bunkering process.









Thus, a safety assessment of the ammonia bunkering process involves several critical aspects, such as ammonia storage and handling, bunkering procedures, ventilation, emergency response, and regulatory compliance. All these aspects must be taken into consideration to ensure the safety of the bunkering process.



Data gathering, scenario analysis, frequency analysis, outcome analysis, and risk assessment contribute to the common risk assessment process for finding a vessel’s safety zone. Thus, a comprehensive risk assessment procedure for the ammonia bunkering process includes identifying hazards, determining consequences, evaluating risks, identifying control measures, implementing them, and monitoring and reviewing the entire process regularly. This procedure helps minimize the risk of accidents and ensure that the bunkering process is carried out safely. The flow chart of the general risk assessment procedure for the ammonia bunkering process is summarized and presented in Figure 5 below.



4.1. CFD and Theorical Analysis


It is obvious that some level of social cost will be incurred during the ammonia bunkering process. Humans might suffer blindness, lung injury, or even death as a result of exposure to deadly ammonia gas, which also causes burning of the eyes, nostrils, throat, and respiratory system. In addition, it is important to note the dangers posed by ammonia’s flammability. Ammonia is being investigated as a maritime propellant, but not much information is available as of yet. There have been few studies investigating the dangers of using ammonia as fuel for transportation. Figure 6 presents a computational algorithm and procedure of risk assessment.



According to typical studies on the modeling of ammonia leakage and release [64,65,66,67,68,69,70,71,72,73,74,75,76,77], the common algorithmic diagram for the computational analysis of ammonia leakage is shown in Figure 5, and the computational algorithm and procedure are presented in Figure 6. The six steps required to use computational fluid dynamics (CFD) for the modeling and consequence analysis of ammonia leakage or accidents include the following:




	(i)

	
Identify the simulation case: This step is to clarify the purpose of the simulation and which leakage/release case will be addressed.




	(ii)

	
Software selection: Depending on the situation and output requirements of the analyzed case, a suitable simulation tool is selected. Typical 2D simulation software products include EFFECTS (Gexcon) and Safeti (DNV), while 3D simulation software products include FLACS (Gexcon), Phast and KFX (DNV), and ANSYS Fluent (Ansys).




	(iii)

	
Software validation and verification.




	(iv)

	
Pre-processing: At this stage, the boundary conditions are selected. Grid validation needs to be carried out to estimate the optimal grid size for the simulation. The larger the number of grids, the higher the calculation accuracy, but computational cost is also high. Therefore, the grid number should be selected while keeping the simulation time, computational cost, and simulation accuracy balanced.




	(v)

	
Post-processing: Scenarios are established with various influencing factors in ammonia leakage and release. The theories of leakage and dispersion are compared, and the results are considered.




	(vi)

	
Result validation: The results are analyzed and compared with theories in the literature.









The algorithm in Figure 7 below describes a procedure for risk analysis using risk-based methods similar to those seen in [78,79,80,81,82,83].



To prevent unexpected damage due to the leakage and release of ammonia during the bunkering process, the establishment of a safety zone where ignition sources are limited and only authorized persons and activities are allowed is essential.



Ammonia leakage and dispersion have heavy gas dispersion characteristics [84,85,86,87]. As presented in Figure 8, the ammonia leakage process can be roughly divided into four stages [88,89,90]. First, leakage occurs from the ammonia storage tank, piping, hoses, etc. At this time, the ammonia is in contact with the air, and since ammonia in a low-temperature state is heavier than air, it forms a low-temperature pool [91]. In the second stage, the ammonia collected in the low-temperature pool on the ground or on a water surface spreads widely [92,93]. Third, since the atmospheric temperature is generally higher than the boiling point of ammonia, the ammonia is evaporated by the surrounding heat. As a result, a wide, low-temperature vapor cloud is formed. Finally, it undergoes a process of diffusion by wind.



A schematic diagram of the ammonia leakage and diffusion process is shown in Error! Reference source not found.; there are differences in the state of the leaked ammonia, the amount of leakage, and the degree of diffusion in each step of the process. In addition, since it takes time for ammonia to leak, absorb heat, evaporate, and diffuse, the leakage time and CFD analysis time are two important factors for establishing safety zones.



However, in previous studies conducted on the topic of safety zones, the difference between the leakage time and analysis time is not large. Due to this, it may be difficult to include various changes occurring in the ammonia leakage process. When performing an analysis to establish a safety zone, we recommend analyzing the leakage trends and the lower flammable limit range according to the analysis time and reflecting the results in the designation of the safety zone range.



The safety zone procedure established in this study is an improved version of the quantitative risk assessment method recommended by [87,94,95]. Our procedure contains five main steps in accordance with the purpose and scope of this study: (i) review of legal documents and historical cases, (ii) data collection, (iii) scenario and consequence analysis, (iv) risk assessment, and (v) results analysis and conclusion.



	∗

	
Step 1: Review of legal documents and historical cases







In the first step, the regulations and rules from classification societies and management authorities are reviewed. The lessons from each are used as foundations to build and determine safety zones for specific cases.



	∗

	
Step 2: Data collection







A field survey at the bunkering area is carried out to gather and measure the geometry, weather, and other potential influencing factors. The wind speed and wind direction in the designated area are measured. In the following steps, the probability of occurrence and the consequent impact of all accidental scenarios determined during scenario analysis are evaluated.



	∗

	
Step 3: Scenario and consequence analysis







Various bunkering scenarios are designed and considered. The effects of ship size, environmental conditions, loading conditions, and bunkering conditions are estimated and transformed into bunkering scenarios. The frequency of each accidental scenario can be calculated by multiplying the probability of each variable under the given conditions.



	∗

	
Step 4: Risk assessment







The likelihood of each accidental scenario associated with initial gas dispersion behavior is represented by the results of a frequency analysis. Meanwhile, the outcome of the consequence analysis is expressed in critical distances and the number of casualties within critical areas.



	∗

	
Step 5: Simulation results and analysis







A detailed analysis is performed to determine the safety zone for a particular instance of ammonia bunkering.



Table 7 below summarizes some of the theoretical research regarding safety assessments for the ammonia bunkering process.



There are several other quantitative analysis studies that we referred to [21,106,107,108,109]. However, the practice of using simulation software to analyze ammonia leakage scenarios, as mentioned above, still has some shortcomings.



CFD models are used to simulate ammonia leakage and dispersion in a designated area, such as an engine room or ammonia storage room. Due to the software limitations of these models, the door, ventilation tube, equipment, and barrier dimensions are modified to suit the simulation. Furthermore, each simulation software uses a specific turbulence model such as   k − ε , k − ω  , LES Smagorinsky, etc. The results change depending on which turbulence model is used, thus affecting accuracy. Additionally, we present the following considerations:




	
Some simulations model congested areas. Therefore, in reality, the dispersion characteristics are affected by walls and barriers.



	
However, interior modeling does not take into account barriers or room ventilation. These are only simulated in the case of outdoor gas distribution.



	
Leakage characteristics, such as the leak rate, leak duration, and leak direction that affect the critical distance of vapor cloud dispersion are not fully considered.



	
CFD modeling is performed on a full-scale model, while wind tunnel testing is performed on a scaled-down model. Although the findings are convincing, CFD modeling should be repeated on a smaller scale to obtain more precise results.








Ultimately, prior theorical research has not yet attempted to create safety zones for ammonia bunkering zones, therefore it is still unclear what regulations should be set for the ammonia-fueled ships currently being developed or planned.




4.2. Experimental Studies


Bouet et al. [110] experimented with releasing ammonia at the Centre of Scientific and Technical Studies of Aquitaine in France. Three 12 m3 units of liquified ammonia were installed in the testing area. In this test, one of these tanks was linked with release equipment to represent an accident in the bunkering process. Sensors and thermocouples were arranged downwind of the leak to record data related to ammonia leakage and dispersion. The experiment’s results show that ammonia dispersion behaves similarly to a heavy gas. Of the more than 2 tons of ammonia released, it was observed that more than 50% of the leakage was in liquid form, with a temperature of around −60 °C. This liquid pool did not evaporate quickly. Thus, the leakage time and leakage diameter (leak amount) are the most important factors to determine the safety zone during the bunkering process. However, this experiment had fixed wind conditions. Therefore, further assessment of safety zones should be performed with changing weather conditions.



Tan et al. [111] tested ammonia leakage and dispersion in a food factory to estimate the ammonia dispersion law. Their sensors were installed at different heights throughout the area to record the ammonia concentrations at different wind speeds and leakage flow rates. The experiments revealed that after increasing the mass flow rate of ammonia leakage, the ammonia concentrations at the measuring sensors increased accordingly. However, with increasing wind speed, the ammonia concentrations first increased and then decreased. In this experiment, the effect of wind speed on the ammonia concentration was bigger than the effect of the mass flow rate.



Witlox et al. [112] used an experimental database and a model built using Phast software version 8.1 to consider more factors affecting dispersion characteristics. The simulation results show good alignment with data from accidental releases.



Additionally, there have been several more experimental studies of ammonia leakage and dispersion, which are summarized below in Table 8.



As per our review of the literature, comprehensive analyses and criteria to determine the vapor cloud dispersion of ammonia during the ammonia bunkering process are still lacking. Accidents involving dispersion and explosion that may occur during the bunkering process were one of the motivations for this work and will also motivate future studies on the establishment of safety zones. The other motivation for this study came from the limitations of prior studies and the present rules.




4.3. Safety Zone during Ammonia Bunkering Process


The safety zone during the ammonia bunkering process refers to the designated area surrounding the bunkering operation where access is restricted and the necessary safety measures are implemented. The size of the safety zone should be determined by a risk assessment that takes into account factors such as the quantity and properties of the ammonia being bunkered, the configuration of the bunkering operation, and the potential consequences of an accidental release.



In general, the safety zone should be large enough to protect personnel, property, and the environment from harm in the event of an ammonia release. It should also be clearly marked and its boundaries communicated to all personnel involved in the bunkering operation and others working nearby. Depending on the specific circumstances, the safety zone may include physical barriers or other safety measures to prevent unauthorized access. It is important to note that the safety zone is not a static concept and may need to be adjusted based on changing circumstances or the results of ongoing risk assessments. Regular training and drills can also help ensure that all personnel are familiar with the safety measures in place and know what to do in the event of an emergency.



Regarding ammonia-fueled ships, the process of refueling with ammonia is mandatory and unavoidable. However, due to the hazardous nature of ammonia, including its toxicity and flammability, extreme caution must be taken to ensure safe ammonia bunkering operations. Therefore, the risks associated with ammonia bunkering need to be thoroughly considered and analyzed. As previously mentioned, the regulations that provide detailed and quantified guidelines for establishing safety zones during the ammonia bunkering process are currently limited and inadequate. Therefore, it is crucial to provide step-by-step risk assessment guidance for ammonia bunkering aimed at minimizing harm to people and equipment, as well as reducing the possibility of ignition sources.



Establishing a safety zone during the ammonia bunkering process requires a thorough assessment of the associated risks. The safety zone should be determined based on potential hazards, such as the release of ammonia gas or the risk of fire or explosion. The safety zone should be established in consultation with relevant authorities, including the port authority, local emergency responders, and other stakeholders.



Two approaches are available for establishing a safety zone during ammonia bunkering: deterministic and risk-based methods. To prevent unauthorized access, it is necessary to place clear signs and barriers. Equipping personnel with personal protective equipment (PPE) and providing proper training in emergency response procedures is also crucial. It is recommended to conduct regular safety drills and exercises to ensure that everyone involved is familiar with the emergency procedures. These measures, when implemented, can create a secure and safe zone for the ammonia bunkering process.



Kim et al. [120] estimated the safety zone area for the bunkering process of a 30 GT class ammonia-fueled ship. This research describes a new method of assessing the risks involved in ammonia bunkering that utilizes two different types of assessment methods to determine the appropriate safety zones. The findings of the study indicate that, for the ship under consideration, a safety zone of 10 m can be established when the 5.0 × 10−5/year safety criterion is used. However, a zone of 57 m is required for the 1.0 × 10−5/year criterion, and 373 m is required for the 5.0 × 10−6/year criterion. Additionally, this study provides general guidance on establishing proper safety zones for ammonia bunkering and sheds light on the risks associated with using ammonia fuel in the maritime industry, which are not yet fully understood.



Clara et al. [121] simulated the influencing factors affecting ammonia release and dispersion. According to this study, there are significant differences in how ammonia spreads over a sea’s surface compared to land-based dispersion. To investigate this, the researchers analyzed the dispersion of ammonia over both land and sea surfaces in Singapore, taking into account the region’s unique weather conditions. The research evaluated ammonia dispersion following both day and night releases. They found that when ammonia is released from a height exceeding 5 m, the lethality footprint substantially increases. Releasing ammonia in a downward or diagonal direction from the horizontal position has the potential to decrease its lethality footprint. It is important to prevent ammonia from being released upwards, as this can increase its lethality footprint by 3.8 times during the day and 17 times at night compared to a horizontal release.



Previous studies have not furnished clear instructions and measurable techniques for creating safety zones for ammonia bunkering. Therefore, it is uncertain what safety measures should be adopted for ammonia-powered vessels either under development or in their planning stages. When creating safety zones for ammonia bunkering, particular factors and concerns must be considered:




	(i)

	
Under the deterministic approach, the extent of flammable gas dispersion and the corresponding safety zone boundary can vary based on the particular leak scenario being examined, resulting in different safety zones. The Society for Gas as a Marine Fuel (SGMF) has established guidelines for industry practice that suggest using a leak size equal to 6% of the transfer line diameter for modeling purposes. Following this guideline could help in applying the deterministic approach to ammonia leak scenarios in a more general manner.




	(ii)

	
The method of creating a safety zone layout that considers the probability and consequences of ammonia leaks during bunkering is inspired by quantitative risk assessment (QRA) methods. This process involves evaluating different leak scenarios and their frequencies and integrates their impacts into a single safety zone layout. This approach enables a more comprehensive and accurate assessment of the associated risks.




	(iii)

	
The feasibility of a hybrid approach was demonstrated through the creation of a safety zone plan for ammonia bunkering. The relevant study revealed that the hybrid approach yielded a more consistent safety zone design compared to the deterministic approach across various bunkering situations. This highlights the usefulness of combining deterministic and risk-based elements in safety zone planning to create a more adaptable and robust approach.




	(iv)

	
Establishing a safety zone between the ammonia-fueled ship and the bunkering vessel is crucial for improving the safety of ship-to-ship ammonia bunkering. However, the industry lacks clear guidelines and detailed instructions for specific cases.




	(v)

	
This study focuses on the variables associated with the risks of ammonia bunkering. This review also identifies general trends and relationships among these variables. Our research findings are expected to serve as a starting point for obtaining valuable information, particularly because there are no established industry practices for determining safety zones in ammonia bunkering. However, to practically establish safety zones, a probabilistic analysis should be conducted using a range of plausible scenarios that reflect all potential events and relevant changes in critical factors.











5. Challenges and Recommendations


Although ammonia technology is more advanced in terms of commercialization compared to other hydrogen storage methods, such as complex metal hydrides, its use as a potential hydrogen carrier is still limited due to various concerns. Despite extensive research on carbon-based hydrogen carriers, such as light hydrocarbons and methanol, problems related to CO2 for end-users still exist. To satisfy the key requirements for hydrogen storage material, including fast kinetics, high storage capacity, availability, and low cost, storing ammonia in metal ammines appears to be a promising alternative.



To mitigate the impact of an accidental release of ammonia, strategies to reduce the leakage rate and duration during bunkering should be developed. It is crucial to carefully plan the loading of cargo during bunkering, as the ship’s design and environmental factors can affect the extent of gas spread. Additionally, when establishing the safety zone for ammonia bunkering, the wind direction and speed should be considered to minimize the risks related to leaked gas dispersion.



In summary, establishing a safety zone for ammonia bunkering can be a challenging task due to several factors. Following are some of the challenges that may arise:




	(i)

	
Lack of detailed industry guidelines: Due to the fact that ammonia bunkering is a fairly new technology, there are currently no well-defined industry guidelines, regulations, or standards in place regarding safety zones. As a result, this can create ambiguity and discrepancies in the requirements for safety zones.




	(ii)

	
The management of dangerous materials is crucial, as ammonia is an extremely hazardous substance that demands specific safety protocols and handling procedures. When establishing a safety zone for ammonia bunkering, it is imperative to prioritize the safety of workers and the surrounding environment.




	(iii)

	
Technical limitations: When determining a safety zone, it is important to take into account the vessel’s size, shape, and bunkering infrastructure. The technical constraints of the bunkering equipment and vessel design should be considered to effectively establish a safety zone.




	(iv)

	
Local regulations: The creation of a safety zone for ammonia bunkering can be complicated due to the possible influence of local regulations, such as zoning laws, environmental regulations, and safety standards. The inconsistency of these regulations across different regions may pose a challenge in establishing a standardized safety zone for ammonia bunkering.




	(v)

	
Public perception: The hazardous nature of ammonia bunkering may lead to concerns from the public about its safety. To establish a safety zone, it may be necessary to address these concerns and effectively communicate the safety measures in place to ensure transparency and promote public confidence.









The following general recommendations can be implemented to improve safety during the ammonia bunkering process:



Firstly, it is essential to adhere to both international and local regulations, guidelines, and standards that pertain to ammonia safety during bunkering.



Secondly, a comprehensive risk assessment should be conducted utilizing established methods, such as HAZID/HAZOP, FTA, FMEA, and ETA, to identify and mitigate any potential hazards or risks during bunkering.



Thirdly, a safety zone should be established that restricts access to personnel not involved in the bunkering process.



Fourthly, it is important to provide thorough training to all personnel involved in the bunkering process, covering topics such as ammonia safety, emergency response protocols, and risk mitigation measures.



Additionally, all equipment, pipelines, and storage tanks used during bunkering should be properly maintained and inspected.



An effective emergency response plan should be implemented that includes procedures for detecting and responding to ammonia leaks or spills, evacuating personnel, and minimizing the impact of a potential ammonia release on the environment.



Furthermore, appropriate sensors and monitoring systems should be used to monitor ammonia levels and conditions during bunkering.



Finally, during bunkering, appropriate personal protective equipment (PPE) and safety equipment, such as gas detectors, respirators, protective clothing, and eye and face protection, should be used.




6. Conclusions


The maritime sector is preparing to use ammonia as an alternative power source to meet its decarbonization objectives. Based on our comprehensive review of safety during the bunkering process, the four main review questions stated in Section 1 are well answered and discussed. The use of ammonia as fuel poses safety issues that are different from those of traditional fuels since ammonia is toxic, corrosive, and flammable. To avoid corrosion, the appropriate materials must be chosen. However, a comprehensive risk evaluation is required because of the lack of clarity about the consequences of toxic gas dispersion and fire. Factors related to the release and dispersion of ammonia, including weather conditions, leak characteristics, outside structure, and traffic conditions, must be discussed and ranked in terms of relevance. The existing ammonia bunkering safety guidelines are insufficient. To avoid dispersion, fire, and explosion hazards on ships, it is crucial to conduct thorough risk analyses. Detailed theorical research and simulations should be carried out to examine the influences of individual factors on ammonia dispersion. Five challenges and eight recommendations to improve the safety of ammonia bunkering are reviewed and discussed in this report.



One of the studies in our review introduced a methodical technique for determining the appropriate size of the safety zone, and the findings indicate that the volume of the ammonia leakage, the duration of the leak, and weather conditions have the most significant impact on the safety zone, as anticipated. However, this study also emphasized the crucial role of external variables, such as the direction of the leak, leak area configuration, wind direction, ship structure, and cargo state, in determining the safety zone. By addressing the constraints of the current approach, which tends to disregard or undervalue these variables, this proposal is expected to increase the safety of ammonia bunkering.



Creating a safety zone and determining the distance between the bunkering vessel and the receiving vessel are crucial to improve the safety of ammonia bunkering. We reviewed case studies that illustrate the extent of flammable gas dispersion that may arise during various methods of ammonia bunkering and provide valuable results. Ship designers, owners, and regulators can utilize this information to develop improved safety zone guidelines for accidental ammonia leaks during bunkering.



According to studies from the literature, factors affecting the flow influence the safety of the ammonia bunkering process:



The dispersion of an ammonia vapor cloud is influenced by its density, leak characteristics, weather conditions, and surroundings. A comprehensive assessment of these variables is essential to comprehend the dispersion of an ammonia vapor cloud.



When ammonia leaks occur, a circular pool of liquid is formed that releases heat into the environment and evaporates into low-temperature steam. The area surrounding the storage tank is the primary target for early warning predictions since it has a high concentration of fuel and a prolonged duration of exposure.



The size of the leakage opening affects the heat transfer between the ammonia and the environment, and methods must be developed to minimize the rate and duration of a leakage to decrease the impact of accidental ammonia discharge.



The dispersion time of an ammonia leak is impacted by the direction of the breach and the location of the grounded leak. When establishing the safety zone for bunkering, it is essential to consider the fuel’s toxicity. This study provides recommendations for comprehending worst-case scenarios, preventing leaks, and creating safety zones for ammonia bunkering. These findings can be utilized to develop guidelines and regulations for the safety zone during ship-to-ship ammonia bunkering.



The proposals put forward for examining the safety of ammonia bunkering have the potential to tackle current knowledge gaps and improve the current research framework.
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	American Bureau of Shipping



	BLEVE
	Boiling liquid expanding vapor explosion



	CFD
	Computational fluid dynamics



	EEOI
	Energy Efficiency Operational Indicator



	ETA
	Event tree analysis



	EMSA
	European Maritime Safety Agency



	EEDI
	Energy Efficiency Design Index



	FTA
	Fault tree analysis



	FMEA
	Failure mode and effect analysis



	GHG
	Greenhouse gas emission



	IMO
	International Maritime Organization



	ICE
	Internal combustion engine



	IGF Code
	The International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels



	IGC Code
	International standard for the safe carriage by sea in bulk of liquefied gases



	IACS
	International Association of Classification Society



	KR
	Korean Register



	LNG
	Liquefied natural gas



	LPG
	Liquefied petroleum gas



	LR
	Lloyd’s Register



	MARPOL
	The International Convention for the Prevention of Pollution from Ships



	PFP
	Power-to-fuel-to-power



	RRQ
	Review research questions



	SOLAS
	International Convention for the Safety of Life at Sea



	SEEMP
	Ship energy efficiency management plan



	SIMOPS
	Simultaneous operation



	STS
	Ship-to-ship



	SGMF
	Society for Gas as a Marine Fuel



	SIGTTO
	The Society of International Tanker and Terminal Owners



	TTS
	Terminal-to-ship



	T-TS
	Truck-to-ship



	VCE
	Vapor cloud explosion
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Figure 1. Main approaches for risk and safety assessment of ammonia bunkering. 
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Figure 2. Ammonia bunkering methods. 
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Figure 3. Main hazards of the ammonia bunkering process. 
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Figure 4. Event tree of ammonia risk assessment. 
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Figure 5. Risk assessment outline. 
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Figure 6. A typical framework of deterministic approach. 
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Figure 7. A typical framework of quantitative risk assessment. 
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Figure 8. Ammonia leakage process. 
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Table 1. Basic physical properties of ammonia [34,35,36].






Table 1. Basic physical properties of ammonia [34,35,36].










	Properties
	Unit
	Value





	Energy density
	MJ/L
	12.7



	Density at standard pressure and temperature
	Kg/m3
	0.769



	Latent heat of vaporization
	MJ/kg
	188



	Vapor pressure at 20 °C
	kPa
	858



	Heat of vaporization
	kJ/kg
	1371



	Autoignition temperature
	°C
	651



	Heat capacity at constant pressure
	kJ/mol.°C
	0.037



	Minimum ignition energy
	mJ
	680



	Heat capacity at constant volume
	kJ/mol.°C
	0.028



	Liquid density
	kg/m3
	600



	Adiabatic flame temperature at 1 bar
	°C
	1800



	Molar mass
	g/mol
	17.031



	Melting point
	°C
	−77.7



	Condensation pressure at 25 °C
	MPa
	0.99



	Boiling point at 1 bar
	°C
	−33.6



	Critical temperature
	°C
	132.25



	Critical pressure
	bar
	113



	Adiabatic flame temperature
	°C
	1800



	Flammable range in dry air
	%
	15.15 to 27.35



	Max. laminar burning
	m/s
	0.07



	Cetane number
	
	0



	Octane number
	
	~130
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Table 2. Comparison of ammonia bunkering methods.
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	Bunkering Methods
	Advantages
	Disadvantages





	STS
	Suitable for medium and large ammonia vessels.

Quick, saving bunkering time.
	High degree of investment required.

Bunkering procedure affected by weather and sea conditions.



	TTS
	Quick ammonia bunkering.

Available for all kinds of ammonia vessels, especially large-scale vessels.
	Investment and construction cost of ammonia bunkering terminal is high.

Bunkering only available for designated ports.



	T-TS
	Low cost of construction and operation.

Suitable for small-scale ammonia bunkering.
	Speed of ammonia bunkering is slow.

Limited for large ammonia vessels.



	APT
	Quick ammonia bunkering speed.

Flexible bunkering location.

Simple process.
	High costs for tank operation and maintenance.

Suitable for small-scale ships only.
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Table 3. Effects of ammonia on humans [38].
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	Ammonia Content

(ppm)
	Impacts to Humans





	5–10
	Odor-based detection



	20–50
	Mild discomfort



	50–100 ppm for 2 h
	Annoyance and inconvenience



	140 ppm for 2 h
	Some irritation



	200–300
	Effects on throat and eyes



	300–500
	Bearable for 20–60 min



	2500–5000
	Rapidly fatal (life-threatening around 30 min)



	5000–10,000
	Promptly lethal
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Table 4. Records of ammonia incidents.
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	Reference
	Time
	Place
	Accident Description
	Results





	Junior et al. [42]
	2007
	Brazil
	Ammonia was released from a fish cooperative in Brazil (around 40 kg of AA released).
	There were 2 deaths and 18 persons presenting symptoms.



	Ojha et al. [43]
	1973
	South Africa
	An ammonia tank rupture resulted in 38 tons of ammonia leaked.
	This accident caused 18 deaths. The ammonia cloud formed by dispersion had a diameter of about 150 m and a depth of 20 m.



	U.S. CSB [44]
	23 August 2010
	Theodore, Alabama
	The catastrophic rupture of a 12-inch pipe caused around 32,000 pounds of ammonia to be released.
	The dispersion cloud of ammonia reached about 0.25 miles in size. About 800 contractors at a nearby shipyard were affected. Inside the facility, the ammonia concentration was recorded as about 500 to 600 ppm.



	Reuters [45]
	31 August 2013
	Shanghai, China
	Liquid ammonia leaked from a refrigeration plant. The reason was reported as pipe/valve failure.
	There were about 15 deaths and 25 injured.

The ammonia dispersion affected residents 15 km downwind from the leakage point.



	Jain et al. [41]
	7 July 2017
	Elk Grove Village, Illinois
	Ammonia leaked from a room (80 × 40 × 20 feet) under a pressure of 150 psi.
	About 100 employees were affected. The building was damaged by the explosion.
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Table 5. Regulatory frameworks for ammonia in the maritime sector.
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	Organization
	Content





	IMO
	Regulates the safety of ships using low-flashpoint fuels (below 60 °C). The IGF code [46] also provides specific requirements for the design and installation of ammonia supply systems. Hazard identification and risk assessment are also required for the initial design phase.

The international standard for the safe carriage by sea of bulk liquefied gas (IGC code) [47] is useful for designing ammonia storage systems. ISO 8217:2017 standardizes the requirements for ammonia as a marine fuel suitable for onboard systems. The International Convention for the Safety of Life at Sea (SOLAS) regulates the use of low-flashpoint fuels for marine vessels.



	Korean Register (KR) [48]
	Provides general application and arrangement requirements for ships using ammonia as fuel, focused on the safe design, installation, and operation of ammonia-fueled ships. The KR also sets standards for ventilation systems to prevent the toxic and corrosive effects of ammonia in the case of leakage.



	DNV GL [49,50]
	Covers the specific requirements for the design of ammonia fuel gas supply systems as stated in the IGF Code. The DNV GL serves as a technical reference for the safety of ammonia-fueled ships for designers, ship owners, and operators.



	American Bureau of Shipping (ABS) [51]
	Provides a guide for both existing and new construction vessels using ammonia and other low-flash point fuels. These regulations provide a safety handling plan and training schedule to prevent accidents caused by humans.



	International Association of Classification Society (IACS) [52]
	Focuses on survey, repair, and maintenance procedures during the voyage and berthing of ammonia-fueled vessels.



	European Maritime Safety Agency (EMSA) [53]
	Provides standards relevant to elements of ammonia supply chain systems, including production, transportation, storage, and end-user utilization.



	The Society of International Tanker and Terminal Owners (SIGTTO) [54]
	Provide detailed guidelines for bunkering procedures with low-flashpoint fuels, specifically for the planning and implementation of ship-to-ship, port-to-ship, and truck-to-ship bunkering.



	Society for Gas as a Marine Fuel (SGMF) [55,56]
	Provides overall guidelines and detailed implementations for the aforementioned safety zones, as well as best practices for utilizing gases as fuel for marine vessels.



	Singapore Quantitative Risk Assessment Technical Guidance [57]
	Presents the primary reference document for choosing location-specific input parameters and for presenting the outcomes.
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Table 6. Classification framework for risk analysis with regard to ammonia bunkering.






Table 6. Classification framework for risk analysis with regard to ammonia bunkering.





	
Risk of Ammonia Bunkering

	
Approach

	
Quantitative




	
Qualitative




	
Deterministic




	
Probabilistic




	
Semi-quantitative




	
Combined deterministic and probabilistic




	
Analysis tools

	
HAZID




	
HAZOP




	
Bayesian network




	
Software modeling (CFD)




	
Fuzzy set theory




	
Output/strategy

	
Risk assessment




	
Safety evaluation (consequence analysis)




	
Safety zone determination




	
Hazard ranking




	
Maintenance optimization




	
Data sources

	
Historical




	
Experiential




	
Software




	
Handbook




	
Authoritative database
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Table 7. Ammonia release risk assessment research.
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	Author(s)
	Methods
	Bunkering Facility
	Process
	Main Contribution





	Fan et al. [96]
	Quantitative risk assessment
	02 IMO type C tank.

Ammonia storage capacity: 2 × 1250 (m3).

Bunkering time: 5 h, 24 times per year.
	Ship-to-ship bunkering (at anchorage).
	Proposed a Bayesian network to investigate the potential risks relating to toxicity and LFL of ammonia. Compared with flammability, toxicity was found to have higher risk.

Bunkering location was analyzed using risk profile analysis.



	Yadav et al. [97]
	Deterministic (simulation of ammonia dispersion area using ANSYS and SolidWorks)
	LNG carriers with overall length of 298 m, breadth of 46m and draft design of 11.9 m.

Leakage diameter is assumed to be 50 mm.

Temperature and pressure at leakage point are 35 °C and 15 bar, respectively.
	Shore-to-ship bunkering. Leakage accidents in engine room.
	In comparison with LNG, ammonia is a lower risk in terms of flammability, but a higher risk in terms of toxicity.

Dispersion of ammonia leakage is influenced by the presence of ammonia inside bunkering boundaries, position of leak, and arrangement of surrounding areas.



	Rosa et al. [98]
	Quantitative risk analysis using PHAST software
	Ammonia leak in a refrigeration plant in Rio de Janeiro and subsequent damage to humans and the environment.
	Seven scenarios of ammonia leaks and evaluation of dispersion generated by ammonia plume.
	The determined distances of ammonia release in worst-case scenarios were 2677 m and 665 m.



	Pomonis et al. [99]
	AutoCAD for designing an engine room model and PyroSim for modeling fire dispersion of ammonia
	Bulk carrier with 50,000 DWT, 191 m length, 17.3 m depth, and 500 m3 tank capacity.
	Leakage in engine room.
	A spread would take some time because of the thermal and flammability constraints of ammonia, which lower the risk of an ammonia fire and make it controllable.

A method for reducing the negative effects of ammonia fire in the engine room by improving air conditioning and ventilation.



	Orozco et al. [100]
	ALOHA simulation software
	Ammonia fuel tank with capacity of 120 tons, operating pressure from 12 to 14 kg/cm2, and a tank made of carbon steel.
	Ammonia released due to unexpected accidents.
	Estimated the human and environmental effects of ammonia release at Matanzas.

Toxicity was found to be the main risk of ammonia release.



	Pandya et al. [101]
	PHAST simulation software
	Jet release of ammonia.
	60-min continuous release of ammonia.
	Scenarios were made with different release conditions to predict the physical phenomena and dispersion behavior of ammonia release.



	Mastellone et al. [102]
	Qualitative analysis
	Ammonia pipe diameter is 100 mm, mass flow rate of release is 9.26 kg/s with a total amount of 6160 kg, release time of 665 s, release height of 6 m.
	Risk identification and analysis of ammonia refrigeration system.
	The larger dangerous areas of released ammonia were found outdoors.

Water flow rate of absorption of ammonia leakage can be calculated using the two-phase character of ammonia dispersion.



	Petrou et al. [66]
	ADMS 05 modeling software
	Ammonia plant located in the industrial zone of Northern Greece with a capacity of 165 tons/year; the diameter of the ruptured pipe is 0.3 m and it is 20 m high.
	Ammonia released due to failure of TK-901 tank (1000 g in 300 s).
	Under moderate wind speed and weather conditions, ammonia dispersion was stable and moderate throughout the simulation, whereas in the other conditions, the stability was reached after 600 s.

Under unstable conditions, the lowest ground concentration of ammonia dispersion was established.



	Salamonowicz et al. [103]
	Ansys Fluent software
	Ammonia tank (1 × 3 m) located in engine room (9 m length, 4 m height and 5 m width), leakage rate of 0.1 kg/s.
	Ammonia leaked and released in engine room.
	Ammonia spread widely after release and covered the building. Ammonia usually accumulated in the ceiling areas and chimneys. Thus, ventilation affects the dispersion area of ammonia.



	Galeev et al. [104]
	Ansys Fluent software
	Ammonia spill in unexpected situation.
	Determination of toxic effect area of ammonia.
	Pool characteristics of ammonia were analyzed.

The effect of wind on dispersion is also mentioned.



	Danasa et al. [74]
	ALOHA simulation software
	Ammonia tank belonging to urea fertilizer company X of Indonesia.
	Ammonia released from storage facility.
	The dispersion and impact zone were established as 41.7 km2. Proposed plans to establish an emergency response procedure.



	Salamonowicz et al. [105]
	Ansys Fluent software
	Ammonia released in urban space of Warsaw (30 ha).
	Dispersion modeling and prediction of the danger area.
	Examined dispersion characteristics of ammonia release. Concentration zones were established.
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Table 8. Experimental studies of ammonia leakage.
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	Author(s)
	Category
	Experimental Targets
	Facility
	Main Contribution





	Hanna et al. [113]
	Field experiment
	Seven experiments, each performed three times for different downwind and distance scenarios
	Desert Tortoise and Goldfish field tests, USA
	The results did not reach a 95% confidence interval.

Of the experiments, only eight instances had good performance.



	Bauer et al. [114]
	Field trial
	Comparison of concentrated release of ammonia and chlorine
	Department of Homeland

Security and Transportation Security Administration
	One instance of chlorine release was extensively analyzed, and it was found that 37% of the concentration values were under a factor of two. However, it cannot be assumed that this analysis is applicable to all experiments. Predicting harmful effects at a distance of 200 m is only significant for situations involving one-ton chlorine tanks, which are frequently used in various regions of the United States and globally.



	Ineris [110,115]
	Technical report
	Risk analysis of ammonia leakage

Atmospheric dispersion characteristics of ammonia
	Large-scale test at CEA-CESTA from 1996 to 1997
	Fifteen scenarios were investigated, and 200 sensors were arranged.

The cloud behaviors of ammonia were observed, with similar behavior to heavy gas.

The temperature of the ammonia jet was approximately −70 °C.

More than 50% of the total mass was released as a liquid.



	Weber et al. [116]
	Study of accidental ammonia leakage
	Unexpected leakage incidents at refrigeration plant using ammonia as a working fluid

Leakage effects for about 30 min
	Rupture during ammonia transfer process from cylinder to receiver

Nine workers were injured and affected
	Some main reasons for the rupture and methods to reduce the negative effects of ammonia leakage were suggested:



	-

	
A water sprinkler should be placed in the ammonia operating area;




	-

	
Ventilation tubes and doors must be properly planned;




	-

	
Breathing apparatuses should be provided.









	Yarandi et al. [117]
	Study of previous accident and modeling of worst case
	Chemical accident at slaughterhouse in 2019

Remodeling using PHAST 7.2 software
	Ammonia was leaked from a reservoir and dispersed nearby
	The maximum vapor cloud dispersion was found to be 203.48 to 748.28 m from the leakage source.

The probability of human death from ammonia leakage was also predicted.



	Shen et al. [118]
	Experimental research
	Organic acids were added to a water curtain to increase the effectiveness of chemical decontamination of ammonia
	C6H8O7, CH3OOH, and C4H6O5 were added to a water curtain to combat ammonia leakage
	Surface tension was reduced.

Chemical and physical efficiency were increased.

The optimal additive component ratio was found to be 50:50.

The corrosive effects of ammonia were significantly reduced by this method.



	Nielsen et al. [119]
	Experimental study with released ammonia
	Ammonia dispersion test in all stages of leakage

To determine and analyze concentration levels
	Fladis Field Experiments

Mass flow rate of ammonia from 0.25 to 0.5 kg.s−1
	Approximately 90–98% of ammonia was observed in the gas phase.

The distance of released ammonia was estimated to be 20 m from the leak source.

The balance of enthalpy between the jet release and aerosol components was estimated.
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