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            Abstract
          
        

        
          To reduce carbon emissions, the maritime industry is transitioning to alternative low- or zero-carbon fuels, but this shift also introduces significant design, economic, and safety challenges. This paper focuses on safety, particularly the need to demonstrate equivalence to conventional fuels. A comparative Quantitative Risk Assessment (QRA) of a 15,000 TEU containership using fuel oil, LNG, methanol, and ammonia was conducted with the DeRiskbeta tool. The QRA evaluates both fuel-specific and overall risks, assessing key fuel-related hazards (fires, explosions, and toxic exposures) and other non-fuel-related hazards (collisions, contacts, groundings, and foundering). The results indicate that LNG increases fuel-specific risk fivefold due to explosion and jet fire hazards, though overall risk remains marginally higher. Methanol exhibits a risk level similar to fuel oil. Ammonia presents the highest risk, with a 22-fold increase in fuel-specific risk and a 23% rise in overall societal risk due to its toxicity. These findings highlight the need for additional risk mitigation for ammonia to achieve equivalent safety. The study provides valuable insights to support decision-making in safe ship design and fuel selection.

        

      

      
        Keywords: 
DeRiskbeta, Quantitative Risk Assessment (QRA), Alternative fuel, LNG, Methanol, Ammonia, Individual risk, Societal risk, Potential Loss of Life (PLL)

      

    

    

  
    
      1. Introduction
      
        1.1 Background
        To reduce carbon emissions, the maritime industry is exploring the transition to alternative fuels, such as Liquefied Natural Gas (LNG), methanol, and ammonia. This transition, however, introduces significant uncertainties related to alternative fuel availability, technology readiness, costs, regulatory compliance, and safety. Safety is a critical concern as these fuels introduce unique hazards and varying safety risks compared to conventional fuel.

        To better understand the safety risks associated with different alternative fuels, a Quantitative Risk Assessment (QRA) using the tool DeRiskbeta was undertaken for containerships with similar configuration but operating on different alternative fuels: LNG, methanol, and ammonia.

        Several studies have examined QRA for ships using alternative fuels. Davies (Lloyd’s Register) [1] proposed a QRA model for an LNG-fuelled ship, suggesting that the model can be used to identify potential safeguards and to better understand the safety risks to crews onboard. Jeong [2] conducted a QRA on high-pressure fuel gas supply system for an LNG-fuelled ship, highlighting a high explosion risk in the fuel preparation room. Franks (Lloyd’s Register) [3] performed a QRA on a feeder container and an MR tanker using ammonia as fuel to calculate the individual risk to crew and investigated various risk reduction measures to reduce the risk to a tolerable level. However, these studies did not provide the overall risk level of alternative fuelled ships, nor did they compare safety risks across different fuels.

        This comparative QRA calculated both the overall and fuel-specific risks associated with conventional fuel oil, LNG, methanol, and ammonia. This approach not only facilitates a comparison of safety risk levels and their primary risk contributors but also provides an opportunity to assess whether each alternative fuel can achieve an equivalent level of safety to conventional fuel. Such insights are valuable in helping decision-making in safe ship design and fuel selection.

      

      
        1.2 Additional Hazards presented by Alternative Fuels
        The principal hazard associated with conventional fuels, such as fuel oil, marine diesel oil, and related distillates, is fire, primarily pool fire and accompanying smoke. In contrast, alternative fuels, which are either gaseous or low flashpoint fuels, present a multitude of hazards, and these can result in consequences that are significantly different from those of traditional fuels. Table 1 summarises the hazards and potential consequences associated with conventional fuel oil, LNG, methanol, and ammonia [4].

        
          Table 1: 
				
          

          
            Main Hazards and Consequences of Fuel oil, LNG, Methanol, and Ammonia
          
          

        

        
          
            	Hazard / Consequence
            	Fuel oil
            	LNG
            	Methanol
            	Ammonia
          

          
            	 Fire & explosion
            	
            	
            	
            	
          

          
            	 Pool fire
            	O
            	O
            	O
            	O
          

          
            	 Smoke
            	O
            	-
            	-
            	-
          

          
            	 Jet fire
            	-
            	O
            	△
            	O
          

          
            	 Flash fire
            	-
            	O
            	O
            	O
          

          
            	 Explosion
            	-
            	O
            	O
            	O
          

          
            	 Boiling liquid expanding vapour explosion (BLEVE)
            	-
            	O
            	O
            	O
          

          
            	 Toxic / Toxicity
            	-
            	-
            	O
            	O
          

          
            	 Other hazards / consequences
            	
            	
            	
            	
          

          
            	 Asphyxiation
            	△
            	O
            	O
            	O
          

          
            	 Cryogenic / cold contact
            	-
            	O
            	-
            	O
          

          
            	 Expansion-pressure
            	-
            	O
            	-
            	O
          

          
            	 Low temperature embrittlement
            	-
            	O
            	-
            	△
          

          
            	 Rapid phase transition (RPT)
            	-
            	O
            	-
            	-
          

          
            	 Rollover
            	-
            	O
            	-
            	△
          

        

        
          
            O: indicates that the hazard/consequence applies
          

          
            △: indicates that the hazard/consequence can occur but is not expected
          

          
            -: indicates that the hazard/consequence does not occur
          

        

        

      

      
        1.3 Equivalent Level of Safety
        Ships employing alternative fuels, other than those covered under the International Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code), must demonstrate that their designs meet the safety goals and functional requirements within the IMO's International Code of Safety for Ships using Gases or other Low-flashpoint Fuels (IGF Code). The IGF code stipulates that the safety, reliability, and dependability of the systems shall be equivalent to that achieved with new and comparable conventional oil-fuelled main and auxiliary machinery [5][6]. Therefore, to help demonstrate compliance with the IGF code, it is useful to identify both the overall and fuel safety risk levels of conventional oil-fuelled ships and alternative-fuelled ships.

        It is important to note that ‘equivalent’ does not necessarily mean ‘equal’. ‘Equal’ suggests an identical level of risk, whereas ‘equivalent’ implies a comparable level of risk that is considered tolerable or acceptable. For designs using alternative fuels, it is a reasonable requirement that the safety risk is equivalent to fuel oil, but not necessarily equal.

      

    

    

  
    
      2. Safety Risk of Conventional Containerships
      
        2.1 Generic Vessel Design
        To compare the risks of ships using conventional fuel oil with those using alternative fuels, a specific vessel design was defined. Accordingly, a 15,000 TEU containership was selected as a basis for the comparison. The general arrangement of the vessel and main particulars are presented in Figure 1 and Table 2, respectively.

        
          
          

          Figure 1: 
				
          

          
            General arrangement of 15,000 TEU containership using conventional fuel oil
          
          

          

        

        
          Table 2: 
				
          

          
            Main particulars for the generic containership
          
          

        

        
          
            	
              
                Main particulars
              
            
            	
          

          
            	Length Overall (LOA)
            	366 m
          

          
            	Length Between Perpendiculars (LBP)
            	350 m
          

          
            	Breadth (B)
            	51 m
          

          
            	Depth (D)
            	30 m
          

          
            	Design Draught (TDesign)
            	14.5 m
          

          
            	Design Speed
            	21.5 knots
          

          
            	Persons on Board (PoB)
            	Crew: 23 persons
          

          
            	
              
                Main machinery
              
            
            	
          

          
            	Main Engine
            	1 x 46,360 kW*
          

          
            	Auxiliary Engine
            	2 x 3,500 kW*
          

          
            	
            	2 x 4,000 kW*
          

        

        
          
            *Output at Maximum Continuous Rating (MCR)
          

        

        

      

      
        2.2 Overall Safety Risk of Conventional Containerships
        
          2.2.1 IMO FSA on Containerships
          As part of an EU-funded research project titled SAFEDOR (Design, Operation, and Regulation for Safety), high-level Formal Safety Assessment (FSA) studies were conducted on various ship types, including containerships, in accordance with the FSA guideline [7]. The FSA is a structured and systematic methodology aimed at enhancing maritime safety through the assistance of risk assessment. It assists in evaluating new regulations or comparing existing and proposed regulations, providing a basis for the IMO’s decision-making.

          The FSA on containerships was undertaken and submitted by Denmark as MSC 83/21/2 and MSC 83/INF.8 [8][9]. The study developed a generic risk model to provide an overview of the risk and calculated that the risk can be considered to be within the As Low As Reasonably Practicable (ALARP) region. However, the casualty statistics and accident frequencies used are outdated (1993-2004) so it may not represent the safety risk of the vessels currently operating at sea. To update the IMO FSA risk model, the recent casualty data and ship data for containerships were analysed using Sea-Web [10], resulting in revised incident frequencies for the major accident categories.

          Table 3 summarises these updated incident frequencies for the period 2014-2023. The original event trees in the risk model and their branch probabilities were retained but, the model now reflects recent data. The number of crew was also adjusted to 23 to align with the vessels studied.

          
            Table 3: 
				
            

            
              Incident frequencies for containerships
              (>500 GT)

            
            

          

          
            
              
                	Incident category
                	Incident frequency1): 1993-2004
                	Incident frequency1): 2014-2023
              

            
            
              	Collision
              	1.61E-02
              	7.27E-03
            

            
              	Contact
              	3.65E-03
              	3.80E-03
            

            
              	Grounding
              	6.84E-03
              	2.50E-03
            

            
              	Fire/explosion
              	3.55E-03
              	2.57E-03
            

            
              	Heavy weather2)
              	2.64E-03
              	0.00E+00
            

          

          
            
              1)Incidents per ship-year
            

            
              2)Foundering resulted from heavy weather
            

          

          

          The updated FSA risk values are shown in Table 4, estimating the Potential Loss of Life (PLL) of a containership at 4.69E-03 fatalities per year per ship (i.e. per ship-year).

          
            Table 4: 
				
            

            
              Potential loss of life for containerships
            
            

          

          
            
              
                	Incident category
                	Potential Loss of Life (PLL): 1993-2004 1)
                	Potential Loss of Life (PLL): 2014-2023 2)
              

            
            
              	Collision
              	6.12E-03
              	2.94E-03
            

            
              	Contact
              	1.25E-04
              	1.41E-04
            

            
              	Grounding
              	1.23E-03
              	5.15E-04
            

            
              	Fire/explosion
              	1.51E-03
              	1.09E-03
            

            
              	Heavy weather
              	3.09E-05
              	0.00E+00
            

            
              	Overall
              	9.02E-03
              	4.69E-03
            

          

          
            
              1)Fatality per ship-year, PoB of 20 was assumed in IMO FSA.
            

            
              2)Fatality per ship-year, PoB of 23 was assumed to align with the generic vessel in this study.
            

          

          

        

        
          2.2.2 Individual Risk of Conventional Containerships
          Individual risk (IR) represents the annual likelihood of fatality for a specified individual. Based on the updated FSA risk model, the average individual risk for containership crew is approximately 1.02E-04 fatality per year, assuming uniform exposure to the incidents in Table 4, and a crew of 23 working on 50:50 rotation scheme (i.e. 4.69E-03/23*0.5). This figure is broadly comparable with those reported by EMSA for all ship types, which have varied between 4.5E-05 fatality per year and 9.7E-05 fatality per year over the period 2018-2022, with a five year average of 7.58E-05 [11].

          Figure 2 presents the individual risks for containership crew along with the individual risk criteria proposed in MSC 72/16 [12]. These criteria are consistent with those published by the UK Health & Safety Executive (HSE) [13] which are widely adopted by governments and other industries:

          
            
            

            Figure 2: 
				
            

            
              Individual risk for crews in containerships
            
            

            

          

          
            	• Maximum tolerable IR for crew member: 1E-03 per year


            	• Negligible IR for crew member: 1E-06 per year


            	• Target IR for crew member (new ships): 1E-04 per year


          

          Figure 2 shows that the individual risk for containership crew is within the ‘Tolerable (if ALARP)’ region and aligns well with the target individual risk for new ships.

        

        
          2.2.3 Societal Risk of Conventional Containerships
          Societal risk, also known as group risk, is the average risk experienced by a group of people exposed to accidents. It accounts for the number of people at risk and the potential for multiple fatalities from hazardous events. The societal risk is typically depicted using a Frequency-Number (FN) curve.

          The societal risk to the containership crew is presented in Figure 3 alongside the societal risk acceptance criteria proposed by the UK HSE. The UK HSE suggested that the risk of an accident causing 50 or more fatalities in a single event should be regarded as intolerable if it occurs more than once every 5,000 years [13]. Additionally, a risk of two orders of magnitude below the intolerable region is considered broadly acceptable [14][15]. These criteria provide a useful reference for illustrating societal risk.

          
            
            

            Figure 3: 
				
            

            
              Societal risk for a containership with risk criteria proposed by UK HSE
            
            

            

          

          IMO MSC 72/16 [12] also proposed societal risk acceptance criteria, however, the criteria incorporated (unlike most criteria) the financial value of activities. This study chose not to adopt IMO MSC 72/16, as these criteria are not widely adopted by industry and regulators.

        

      

      
        2.3 Risk of Conventional Fuel Oil
        The primary risks associated with conventional fuels stem from fire and explosion incidents. The recent accident records (2014-2023), summarised in Table 5 [10], indicate 5 fatal incidents in engine rooms out of 150 fire and explosion incidents. Additionally, studies on engine room fires [16][17] suggest that approximately 60% of engine fires and explosions are related to fuel oil systems. Assuming this percentage, the fuel-specific risk (PLL) is estimated to be approximately 5.13E-05 fatalities per ship-year. This figure represents only about 1.1% of the total risk of 4.69E-03 fatalities per ship-year.

        
          Table 5: 
				
          

          
            Fire and explosion casualties in Engine Room with fatalities in 2014-2023
            (Containerships above 500 GT)

          
          

        

        
          
            
              	Year
              	Description
              	Number of fatalities
            

          
          
            	2015
            	Sustained explosion in main engine crankcase whilst on voyage.
            	1
          

          
            	2017
            	Sustained auxiliary boiler explosion in engine room whilst berthing. Build-up of waxy deposits in the fuel supply filter were a contributing factor to the incident.
            	1
          

          
            	2021
            	Caught fire in engine room and disabled. Auxiliary engines damaged by fire.
            	1
          

          
            	2022
            	Sustained explosion and caught fire in the aft section whilst anchored. A pipe exploded onboard.
            	1
          

          
            	2023
            	Sustained explosion and caught fire in the engine room whilst anchored.
            	1
          

        

        

      

    

    

  
    
      3. Quantitative Risk Assessment (QRA)
      
        3.1 QRA Methodology
        QRA uses expert judgement to select a representative set of events, numerical models to estimate potential consequences, operational and empirical data to estimate likelihood, and numerical models to calculate and aggregate the risk, providing measures that can be compared against established criteria [18][19][20]. This approach enables the systematic estimation of risks associated with alternative fuels by evaluating the likelihood and consequences of critical hazardous events. These events include jet fires, pool fires, flash fires, vapour cloud explosions and toxic gas releases.

        The main steps in the QRA and subsequent risk evaluation and decision making, are as follows:

        
          	• Hazard identification - identifies potential hazards and selects hazardous events for analysis;


          	• Likelihood analysis - estimates the likelihood of hazardous events;


          	• Consequence analysis - determines the potential outcomes resulting from the hazardous events;


          	• Risk determination - combines the likelihood and consequences of the hazardous events to provide numerical risk values. All the calculated risks are summed to determine both individual and societal risks;


          	• Risk evaluation - compares the overall risk against acceptance criteria. The risk can be acceptable, tolerable if reduced to As Low as Reasonably Practicable (ALARP), or unacceptable; and


          	• Decision making - considers potential risk control options and makes decisions based on the risk evaluation results.


        

      

      
        3.2 Scope of QRA
        This QRA focuses on the safety risks associated with alternative fuels during seagoing operations and excludes bunkering operations. Bunkering operations are excluded because they involve additional considerations beyond the scope of this study, such as risks to third party personnel, including bunker operators, shoreside workers, crew on nearby vessels, and local residents. Additionally, this study assumes that traditional fuel or shore power is used for power generation while the vessel is berthed in port.

        To estimate the overall risk of the vessel, the QRA results are combined with the updated IMO FSA risk model, as illustrated in Figure 4.

        
          
          

          Figure 4: 
				
          

          
            Overall risk estimated by IMO FSA risk model and QRA.
          
          

          

        

        To support the QRA, the tool DeRiskbeta was developed and used to support likelihood analysis, consequence analysis, and risk calculation and evaluation for both fuel-specific and overall risks.

      

      
        3.3 Hazard Identification
        The QRA considered major hazardous events associated with fuel releases, modelled using the event tree shown in Table 6. These events encompassed:

        
          Table 6: 
				
          

          
            Event tree used to estimate fuel risks
          
          

        

        
        
          
            1 LNG and fuel oil: no effect, ammonia and methanol: toxic effect
          

        

        

        
          	• jet, pool and flash fires;


          	• vapour cloud explosions; and


          	• toxic gas dispersion/impact.


        

      

      
        3.4 Likelihood analysis
        
          3.4.1 Fuel release frequency
          Historical data on fuel leaks in the maritime industry are limited. Consequently, data from the oil and gas industry were utilised, following Moon [21], who concluded that such data provide a reasonable basis for initial risk calculation. Leak frequency data from the International Association of Oil & Gas Producers (IOGP), covering events from 1992 to 2015 [22], were used.

          While the IOGP offers two data sets—1992–2015 and 2006–2015—the more conservative data set (1992–2015) was selected to address uncertainty in leak frequency.

          The alternative fuel system was divided into isolatable sections, and the fuel release frequencies estimated for each section based on the following leak hole size ranges, using the IOGP data:

          
            	• hole diameter: 1–3 mm;


            	• hole diameter: 3–10 mm;


            	• hole diameter: 10–50 mm; and


            	• hole diameter: 50 mm to full-bore rupture.


          

          For the components with double barriers, such as double walled pipes, the leak frequencies were adjusted with reduction factors of 100, 75, and 10 for the respective ranges of 1–3 mm, 3–10 mm and over 10 mm hole diameters [23][24].

          Collision and grounding incidents at the fuel tank location can also lead to fuel releases. The likelihood of such occurrences has been derived by rearranging the collision and grounding event trees from the IMO FSA containership study [9]. In addition to the likelihood of critical damage by collisions and groundings, the likelihood of collision within the vicinity of the fuel tank was assumed to be 10%, considering the ratio of the fuel tank length and vessel length. This resulted in 1.8% of collisions and 2.2% of groundings leading to a fuel release.

        

        
          3.4.3 Ignition probability
          If a fuel release is to escalate into a fire or explosion, ignition must occur. The probability of ignition is a critical factor. However, there are a limited number of ignition probability models that can cover the alternative fuels considered in this study. In this study, the ignition probability model proposed by CCPS [25] was adopted as it accounts for different characteristics of fuels and release locations. The CCPS level 3 model provides the probabilities of immediate ignition, delayed ignition, and explosion given delayed ignition, considering the following factors:

          
            	• immediate ignition


            	 o Minimum Ignition Energy (MIE)


            	 o Pressure


            	 o Temperature


            	 o Auto Ignition Temperature (AIT)


          

          
            	• delayed ignition


            	 o Ignition strength


            	 o MIE


            	 o Release rate and duration


            	 o Phase (gas / liquid)


            	 o Flash / boiling point


            	 o Degree of enclosure (open / enclosed)


            	 o Room volume


            	 o Ventilation rate


          

          
            	• explosion given delayed ignition


            	 o Fundamental burning velocity


            	 o Release location


            	 o Release rate


          

        

      

      
        3.5 Consequence Analysis
        
          3.5.1 Fuel release rate
          Fuel release rates were estimated using formulas from IEC 60079-10-1 [26] for liquid, gas, and evaporating pool scenarios. Conservatively, the fuel release rate was assumed constant at the maximum flow rate.

          The geometric mean diameter of each leak size range was selected as a representative hole size for calculating the release rate as recommended by IOGP [22].

          The fuel piping in the tank connection spaces and fuel preparation rooms was assumed to have drip trays [5][6] and that released fuel could overflow onto the floor if drip tray volumetric capacity was exceeded.

          For releases of superheated liquid, the flash and spraying fraction were calculated using Equation (3) [18] and Equation (4) [27] to estimate the total air born mass.
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          Fflash flash fraction of released liquid (unitless).
Cp average heat capacity of the liquid over T to Tb (J/kg⋅oC).
T initial temperature (oC).
Tb atmospheric boiling temperature (oC).
hfg latent heat of vaporisation of the liquid at Tb (J/kg).
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          Fspray spraying fraction of released liquid (unitless).

          In the calculations, fuel properties from CoolProp library [28] were used.

        

        
          3.5.2 Isolation Time
          For fuel leakages in enclosed spaces, it was assumed the isolation valve closed within 30 seconds after the average gas concentration reached shutdown limits, indicating gas detection activation. In open spaces, the isolation time was assumed to be 2 minutes, and the fuel inventory within the isolated section was assumed to continue releasing until fully depleted.

          An isolation failure probability of 3.16E-02 was used, assuming that the isolation system has safety integrity equivalent to Safety Integrity Level (SIL) 1 [29][30]. This value is the geometric mean of the average probability of dangerous failure on demand (PFDavg) values of 0.1 and 0.01, which are boundary limits for SIL 1. Given isolation failure, operators were assumed to manually isolate the leak within 30 minutes.

        

        
          3.5.3 Consequence Modelling
          The effects of jet fires, pool fires, flash fires, explosions, and toxic gas dispersions in open spaces were modelled using GEXCON RiskCurves software (version 12.2.0) [31][32]. The results were then imported into DeRiskbeta to estimate fatality probabilities. The fatality probabilities were calculated based on the size and direction of the lethal effect zone, the proportion of the receptor’s area affected, and whether people were indoors or outdoors.

          For jet fires and pool fires in enclosed spaces, the fatality probabilities were estimated based on the ratio of the room area to the lethal effect zone area.

          When determining the lethality and boundary failure by fires, the heat radiation levels recommended by IOGP [33][34] were adopted.

        

        
          3.5.4 Gas Concentration in Enclosed Spaces
          Typically, fuel handling equipment is located within enclosed spaces. Gas releases in enclosed spaces behave differently compared to those in open environments, necessitating a distinct modelling approach. Gas concentration in enclosed spaces was calculated using Equations (5) and (6) from Harris [35], which assumes perfect and instantaneous mixing of the released gas with air.

          For gas concentration at time (t) after a leak,
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          For gas concentration at time (t) after leak isolation,
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          C(t) gas concentration in an enclosure at time, t (s).
C0 gas concentration at the isolation (unitless).
Qg release rate of flammable gas (m3/s).
Q2 flow rate of air-gas mixture leaving the room (m3/s).
f ventilation inefficiency factor, assumed 1.5.
V effective volume of the enclosure (m3).

          For dense gas, the effective volume from the ‘bottom’ of the space to 5 m height was assumed.

        

        
          3.5.5 Explosion Overpressure in Enclosures 
          Explosion overpressure in enclosed spaces is primarily due to the expansion of burned gases, rather than a blast wave. The maximum overpressure at any boundary was estimated using Equation (7) [36]. This calculation assumes a well-sealed enclosure without explosion relief panels and the maximum gas concentration observed during fuel releases was used to determine the amount of fuel (from Equations (5) and (6)).
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          ∆p peak overpressure at walls.
P0 atmospheric pressure.
V volume of the enclosure (m3).
VFuel expanded volume of the released fuel (m3).
VStoich volume of the stoichiometric mixture of the fuel (m3).
σ expansion ratio of the stoichiometric mixture of the fuel.
γ specific heat ratio of air.

          It was assumed that the enclosures are designed to withstand a maximum overpressure of 0.5 bar and where an explosion scenario exceeds this limit, escalation to adjacent spaces was assumed.

        

        
          3.5.6 Toxic Effects
          Fatality probabilities from toxic gas releases were estimated using a probit function, given in Equation (8) [20][37].
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          Pr probit value.
C gas concentration (mg/m3).
t exposure time (minutes).
a -15.6 for ammonia and -20.83 for methanol.
b 1 for both ammonia and methanol.
n 2 for both ammonia and methanol.

          For open spaces, the size of a 50% lethal toxic dose zone was calculated using RiskCurves and then imported into DeRiskbeta to estimate the number of fatalities. For indoor receptors, the fatality probability was recalculated based on the average toxic concentration in the room, using Equation (9) [38] over the release period and the associated toxic dose.
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          CIndoor(t)	concentration at time, t (s).
nv ventilation frequency of the room (s-1).

          For enclosed spaces, the gas concentrations from Equations (5) and (6) were used to calculate the toxic dose and the corresponding fatality probability was derived using Equation (8). It was assumed that crew members have a 40% chance of failing to escape Error! Reference source not found. with complete escape impairment if a 1% lethal toxic dose occurs within two minutes.

          Toxic gas release through ventilation outlets was also modelled as an open-space gas release with average concentration determined by in Equations (5) and (6) along with the relevant ventilation rate.

        

      

      
        3.6 Risk Determination
        Based on the likelihood and consequence analyses for each hazardous event involving alternative fuels, the risk was calculated and aggregated using the following measures:

        Individual risk for each crew group, expressed in fatality per year;

        Societal (or group) risk for crew members, expressed in Potential Loss of Life (PLL) per year and as an FN curve.

      

      
        3.7 Verification of the QRA
        To verify the QRA methodology, the safety risk of conventional fuel was calculated using DeRiskbeta (with the QRA methodology discussed in Sections 3.1 to 3.6) and results compared with the risk values derived from the historical accident records in Section 2.3. For these QRA calculations, Marine Diesel Oil (MDO) was chosen as the conventional fuel (for illustrative purposes). During the ignition probability estimation, the minimum ignition energy of MDO was assumed to be 5 mJ, acknowledging that high-flashpoint liquids, when leaking under pressure, have the potential to create a flammable mist that may ignite for spark energies less than 5 mJ [39][40].

        The QRA results for the 15,000 TEU containership using conventional fuel oil are summarised in Table 7. The calculated fuel-specific (MDO) risk in Potential Loss of Life (PLL) is 4.97E-05 fatalities per year, which closely aligns with the historical record for conventional fuel of 5.13E-05 fatalities per year.

        
          Table 7: 
				
          

          
            Fuel-specific risk for MDO estimated by the QRA (using DeRiskbeta) and from historical records
          
          

        

        
          
            
              	Category
              	Fuel-specific risk (PLL)
              	%
            

          
          
            	Historical fuel-specific risk of conventional fuel oil
            	5.13E-05
            	100
          

          
            	Fuel-specific risk for MDO estimated by the QRA
            	4.97E-05
            	97
          

        

        

        Figure 5 and Figure 6 illustrate the individual and societal fuel-specific (MDO) risks, respectively. The primary risk is concentrated among engine department crew members, with pool fire events in the engine room identified as the dominant contributors, leading to one to two fatalities.

        
          
          

          Figure 5: 
				
          

          
            Fuel-specific individual risk: MDO
          
          

          

        

        
          
          

          Figure 6: 
				
          

          
            Fuel-specific societal risk: MDO
          
          

          

        

        The QRA results provide a reasonable estimate to the historical evidence. However, it is important to acknowledge that QRA provides indicative estimates, particularly when operating experience is limited. Its primary role is to support decision-makers in understanding the risk profile and evaluating and selecting risk control options (i.e. design/safeguard options).

      

    

    

  
    
      4. Risks of Ships using Alternative Fuels
      
        4.1 Vessel Designs for QRA
        Based on the conventional containership design described in Section 2.1, alternative fuel designs for LNG, methanol, and ammonia were developed. These designs maintained the same general arrangement, with modifications limited to the fuel systems and associated arrangements. Figure 7, Figure 8, and Figure 9 show the general arrangements for LNG, methanol, and ammonia designs, respectively.

        
          
          

          Figure 7: 
				
          

          
            General arrangement of LNG fuelled containership
          
          

          

        

        
          
          

          Figure 8: 
				
          

          
            General arrangement of Methanol fuelled containership
          
          

          

        

        
          
          

          Figure 9: 
				
          

          
            General arrangement of Ammonia fuelled containership
          
          

          

        

        The fuel tank sizes differ due to the calorific value of each fuel: 12,000 m³ for LNG, 18,000 m³ for methanol, and 21,000 m³ for ammonia. The ammonia-fuelled vessel is 4 m longer to accommodate its larger tank. The location of the Fuel Preparation Room (FPR) also varies; for LNG the FPR is below the accommodation block and in the methanol/ammonia designs, near to the engine room. The Bunker Station (BS) for the ammonia design was relocated to meet toxic zone requirements, as per LR Rules [6].

        The Tank Connection Spaces (TCSs) and FPRs have forced mechanical ventilation at 30 air changes per hour (ACH) in accordance with LR Rule requirements [6]. The LNG and methanol BSs are in open spaces, but the ammonia BS is enclosed and fitted with mechanical ventilation at 30 ACH. The accommodation and engine room are assumed to have ventilation rates of 6 and 10 ACH, respectively. For the ammonia design, the accommodation air intake is equipped with an automatic closing device that activates upon ammonia detection [6].

        Figure 10, Figure 11, and Figure 12 provide simplified schematics for the LNG, methanol, and ammonia fuel systems respectively. Detailed drawings of the fuel systems were used to estimate leak frequencies (i.e. likelihoods) during the QRA process.

        
          
          

          Figure 10: 
				
          

          
            Schematic diagram of LNG fuel system
          
          

          

        

        
          
          

          Figure 11: 
				
          

          
            Schematic diagram of Methanol fuel system
          
          

          

        

        
          
          

          Figure 12: 
				
          

          
            Schematic diagram of Ammonia fuel system
          
          

          

        

        The enclosed spaces containing fuel handling equipment were assumed equipped with gas detection systems with limits summarised in Table 8, as per LR Rule requirements [6].

        
          Table 8: 
				
          

          
            Gas detection limits
          
          

        

        
          
            
              	Fuel type
              	Alarm
              	Automatic shutdown1)
            

          
          
            	LNG
            	20% LEL2)
            	40% LEL
          

          
            	Methanol
            	20% LEL
            	40% LEL
          

          
            	Ammonia
            	25 ppm3)
            	220 ppm
          

        

        
          
            1) Automatic shutdown of fuel supply to consumers
          

          
            2) LEL: Low Explosive Limit
          

          
            3) ppm: parts per million
          

        

        

      

      
        4.2 Manning Distribution
        Table 9 details the crew composition and their time allocation across different vessel areas, forming the basis for individual risk calculations [3].

        
          Table 9: 
				
          

          
            Crew manning, time onboard and time distribution
          
          

        

        
          
            
              	Group
              	No. of people
              	Annual onboard time (%)
              	Time distribution onboard (%)
            

            
              	Bridge
              	Accom
              	ECR
              	E/R
              	Fwd. deck
              	Aft
deck
              	BS
              	FPR
              	TCS
            

          
          
            	Master
            	1
            	50
            	30
            	58
            	2
            	0
            	5
            	5
            	0
            	0
            	0
          

          
            	Deck Officers
            	4
            	50
            	30
            	40
            	0
            	5
            	12.5
            	12.5
            	0
            	0
            	0
          

          
            	Deck Ratings
            	6
            	75
            	20
            	40
            	0
            	0
            	25
            	15
            	0
            	0
            	0
          

          
            	Engine Officers1
            	5
            	50
            	0
            	40
            	10
            	38.2
            	5
            	5
            	0.1
            	1.7
            	0
          

          
            	Engine Ratings1
            	5
            	75
            	0
            	40
            	5
            	48.2
            	0
            	5
            	0.1
            	1.7
            	0
          

          
            	Support Crew
            	2
            	75
            	0
            	100
            	0
            	0
            	0
            	0
            	0
            	0
            	0
          

        

        
          
            Accom: Accommodation, E/R: Engine Room, BS: Bunker Station, FPR: Fuel Preparation Room, TCS: Tank Connection Space
          

          
            1 Time distribution for the Engine Officer or Rating responsible for the alternative fuel system.
          

        

        

        Table 10 summarises the crew distribution for each operating scenario that is used to calculate the societal risks. It is assumed that the vessel operates at sea on alternative fuel for 70% of the time, with the remaining 30% spent in port using either conventional fuel oil or shore power [41]. The presented data are indicative and will vary depending upon the operator’s practices and the crew’s composition and roles.

        
          Table 10: 
				
          

          
            Crew distribution assumed for operating scenarios
          
          

        

        
          
            
              	Operating mode
              	Time (%)
              	Number of crew at each location
            

            
              	Bridge
              	Accom
              	ECR
              	E/R
              	Fwd. deck
              	Aft deck
              	BS
              	FPR
            

          
          
            	At sea (Day1)
            	15
            	2
            	4
            	1
            	9
            	3
            	4
            	0
            	0
          

          
            	At sea (Night2)
            	31.3
            	2
            	21
            	0
            	0
            	0
            	0
            	0
            	0
          

          
            	At sea - FPR visit (Day)
            	1.7
            	2
            	4
            	1
            	7
            	3
            	4
            	0
            	2
          

          
            	At sea - Night watch (Night)
            	2.1
            	2
            	19
            	0
            	2
            	0
            	0
            	0
            	0
          

          
            	At sea (Day, weekend)
            	3.3
            	2
            	11
            	1
            	9
            	0
            	0
            	0
            	0
          

          
            	At sea (Night, weekend)
            	15.8
            	2
            	21
            	0
            	0
            	0
            	0
            	0
            	0
          

          
            	At sea - Night watch (Night)
            	0.8
            	2
            	19
            	0
            	2
            	0
            	0
            	0
            	0
          

        

        
          
            1 Day refers to the period when the engineering department is on duty.
          

          
            2 Night refers to the period when the engineering department is off duty.
          

        

        

      

      
        4.3 QRA Results: LNG fuelled 15,000 TEU Containership
        
          4.3.1 Fuel-Specific Risk: LNG
          Figure 13 illustrates the individual risk from LNG as fuel. Engineering Officers and Engineering Ratings have the greatest fuel risk. Compared to the conventional fuel, the individual risks for these personnel have increased more than three times. Other crew members are also exposed to the fuel risk due to potential explosion events in the FPR, which is located beneath the accommodation.

          
            
            

            Figure 13: 
				
            

            
              Fuel-specific individual risk for LNG as fuel
            
            

            

          

          Figure 14 presents the societal risk from LNG as fuel. The FN curve shows the cumulative frequencies (F) of accidents involving N or more fatalities and that LNG introduces a greater chance of multiple fatalities compared to conventional fuel.

          
            
            

            Figure 14: 
				
            

            
              Fuel-specific societal risk for LNG as fuel
            
            

            

          

          Table 11 compares the risk levels between LNG and conventional fuel oil in terms of PLL. LNG fuel risk is approximately five times greater than for conventional fuel oil and is attributable to potential explosions and jet fires.

          
            Table 11: 
				
            

            
              Fuel-specific risk for LNG as fuel
            
            

          

          
            
              
                	Category
                	Fuel-specific risk (PLL)
                	%
              

            
            
              	LNG fuel risk
              	2.58E-04
              	502
            

            
              	Conventional fuel risk
              	5.13E-05 1)
              	100
            

          

          
            
              1) Estimated by historical records
            

          

          

          Figure 15 illustrates the risk profile for LNG as fuel. The greatest PLL is associated with explosion events, suggesting that potential explosion events require priority for risk mitigation. Although the likelihood of an explosion is less than that of fire events, such incidents can involve multiple fatalities, resulting in a relatively ‘high’ PLL. Jet fires also pose a significant risk due to the presence of high-pressure LNG piping (up to 300 bars in the fuel supply system).

          
            
            

            Figure 15: 
				
            

            
              Fuel risk profile for LNG as fuel
            
            

            

          

        

        
          4.3.2 Overall Risk: LNG
          Figure 16 presents the overall individual risks to crew members in the LNG-fuelled containership. Although all crew groups face greater fuel risks than for a conventionally fuelled vessel, the overall increase in individual risk is marginal with a maximum increase of 14% for Engineering Officers.

          
            
            

            Figure 16: 
				
            

            
              Individual risk (overall) for LNG as fuel
            
            

            

          

          Figure 17 presents the overall societal risk for LNG. The five-fold increase in fuel-specific risk, discussed in Table 11, results in a 4.4% increase in the overall societal risk (PLL), as shown in Table 12.

          
            
            

            Figure 17: 
				
            

            
              Societal risk (overall) for LNG as fuel
            
            

            

          

          
            Table 12: 
				
            

            
              Overall risk for LNG
            
            

          

          
            
              
                	Category
                	Overall risk (PLL)
                	%
              

            
            
              	LNG fuelled 15,000 TEU containership
              	4.89E-03
              	104
            

            
              	Conventional 15,000 TEU containership
              	4.69E-03
              	100
            

          

          

        

      

      
        4.4 QRA result: Methanol fuelled 15,000 TEU containership
        
          4.4.1 Fuel-specific risk: Methanol
          Figure 18 and Figure 19 display the fuel-specific individual and societal risks for the methanol-fuelled containership. As detailed in Table 13, the adoption of methanol as a fuel has led to a 19% increase in the fuel risk for PLL. Compared to conventional fuel oil, methanol exhibits higher ignition probabilities and a greater explosion potential, which could lead to multiple fatalities. However, additional safety measures, such as use of double-walled pipework and ignition source control, help manage these risks.

          
            
            

            Figure 18: 
				
            

            
              Fuel-specific individual risk for Methanol as fuel
            
            

            

          

          
            
            

            Figure 19: 
				
            

            
              Fuel-specific societal risk for Methanol as fuel
            
            

            

          

          
            Table 13: 
				
            

            
              Fuel-specific risk for Methanol as fuel
            
            

          

          
            
              
                	Category
                	Overall risk (PLL)
                	%
              

            
            
              	Methanol fuel risk
              	Conventional fuel risk
              	119
            

            
              	Conventional fuel risk
              	5.13E-05
              	100
            

          

          

          As depicted in Figure 20, the main risk contributors for methanol as fuel are pool fires in the FPR and engine room. Although methanol also presents explosion and toxic risks, their contribution to the overall fuel risk is relatively minor. Since methanol remains in a liquid state under normal conditions, only evaporated vapour from the methanol pool and aerosolised particles during a release contribute to the formation of a flammable or toxic atmosphere. Consequently, explosions or toxic effects are expected only in the event of large methanol spills. This also indicates that gas detection may be challenging, highlighting the importance of liquid leakage detection measures for early warning of a leak.

          
            
            

            Figure 20: 
				
            

            
              Fuel risk profile for Methanol as fuel
            
            

            

          

        

        
          4.3.2 Overall risk: Methanol
          Since the methanol fuel risk shows only a marginal increase compared to conventional fuel, it does not result in significant changes to individual and societal risks, as shown in Figure 21 and Figure 22.

          
            
            

            Figure 21: 
				
            

            
              Individual risk (overall) for Methanol as fuel
            
            

            

          

          
            
            

            Figure 22: 
				
            

            
              Societal risk (overall) for Methanol as fuel
            
            

            

          

          As indicated in Table 14, the calculated overall risk is 4.70E-03 fatalities per year in PLL, which is comparable to 4.69E-03 fatalities per year for the conventionally fuelled containership, clearly demonstrating an equivalent level of safety.

          
            Table 14: 
				
            

            
              Overall risk for Methanol as fuel
            
            

          

          
            
              
                	Category
                	Overall risk (PLL)
                	%
              

            
            
              	Methanol fuelled 15,000 TEU containership
              	4.70E-03
              	100
            

            
              	Conventional 15,000 TEU containership
              	4.69E-03
              	100
            

          

          

        

      

      
        4.4 QRA Result: Ammonia fuelled 15,000 TEU Containership
        
          4.4.1 Fuel-Specific Risk: Ammonia
          Ammonia as a fuel exhibits a significantly elevated risk profile. As shown in Figure 23, the fuel-specific individual risk exceeds the target for new ships of 1.00E-04 fatality per year for engineering department personnel. Although it is assumed that engineering personnel spend less than 25 minutes per day on average in the FPR, this significantly contributes to the elevated risk. Minimising time spent in the FPR is therefore crucial. This could be achieved through increased automation (i.e. remote monitoring and operation) of the fuel supply system. The individual risk would also reduce with rigorous safety procedures for FPR entry. Additionally, the risk reduction measures suggested by Franks [3] could be considered, such as subdivision of the FPR and increased ventilation rates in the FPR.

          
            
            

            Figure 23: 
				
            

            
              Fuel-specific individual risk for Ammonia as fuel
            
            

            

          

          Figure 24 shows a significant increase in the frequency of accidents involving one or more fatalities compared to conventional fuel. This is because ammonia poses an immediate threat upon release, unlike conventional fuels that primarily require ignition to create fatal consequences. As a result, ignition source control, a common mitigation measure for flammable hazards, is ineffective in reducing ammonia-related risks. Furthermore, ammonia poses a substantial risk of multiple fatalities, particularly with potential leaks in the engine room. As summarised in Table 15, ammonia as fuel presents a PLL that is more than 22 times higher than that of conventional fuel oil.

          
            
            

            Figure 24: 
				
            

            
              Fuel-specific societal risk for Ammonia as fuel
            
            

            

          

          
            Table 15: 
				
            

            
              Fuel-specific risk for Ammonia as fuel
            
            

          

          
            
              
                	Category
                	Fuel-specific risk (PLL)
                	%
              

            
            
              	Ammonia fuel risk
              	1.15E-03
              	2231
            

            
              	Conventional fuel risk
              	5.13E-05
              	100
            

          

          

          As shown in Figure 25, the predominant contributors to this increased fuel risk are ammonia releases and subsequent toxic effects. Leaks from the pressurised liquid segments resulted in ‘high’ fatality probabilities regardless of leak sizes due to the dense gas behaviour of the released ammonia.

          
            
            

            Figure 25: 
				
            

            
              Fuel risk profile for Ammonia as fuel
            
            

            

          

          Upon release of ammonia in the FPR, toxic gas clouds formed by vented ammonia can spread to other parts of the vessel, potentially affecting those in the engine room or accommodation. However, fatalities from these releases were rare due to safety measures, such as the assumed automatic closing devices at the accommodation air intakes, the separation between the ammonia handling spaces and accommodation areas, and the mitigating effects of indoor conditions.

        

        
          4.3.2 Overall risk: Ammonia as fuel
          Figure 26 highlights a substantial increase in individual risks for Engineering Officers and Ratings. These individual risk levels significantly exceed the target criterion for new ships, approaching the ‘unacceptable risk’ threshold. This emphasises the necessity for additional risk mitigation measures to achieve the target criterion.

          
            
            

            Figure 26: 
				
            

            
              Individual risk (overall) for Ammonia as fuel
            
            

            

          

          Figure 27 illustrates the societal risk for ammonia as fuel. There is a notable increase in the likelihood of incidents involving more than one to two fatalities compared to conventional fuel use.

          
            
            

            Figure 27: 
				
            

            
              Societal risk (overall) for Ammonia as fuel
            
            

            

          

          As summarised in Table 16, the overall risk (PLL) has risen by more than 20%. Although the estimated risk, both in individual and societal terms, remains within the tolerable region, substantial efforts are required to ensure onboard safety through adequate ALARP demonstration, application of inherently safer design and provision of additional meaningful protection [42].

          
            Table 16: 
				
            

            
              Overall risk for Ammonia as fuel
            
            

          

          
            
              
                	Category
                	Overall risk (PLL)
                	%
              

            
            
              	Ammonia fuelled 15,000 TEU containership
              	5.78E-03
              	123
            

            
              	Conventional 15,000 TEU containership
              	4.69E-03
              	100
            

          

          

        

      

    

    

  
    
      5. Discussion: Comparison of Risks
      
        5.1 Individual Risks of 15,000 TEU Containerships using Conventional Fuel, LNG, Methanol, and Ammonia
        Figure 28 presents the individual risks for 15,000 TEU containerships using conventional fuel oil (MDO), LNG, methanol, and ammonia. The analysis indicates that the individual risks for fuel oil and methanol are relatively comparable, with LNG slightly greater. However, ammonia as fuel presents substantially greater individual risks, particularly for Engineering Officers and Ratings. As discussed earlier, the individual risk level for ammonia significantly exceeds the risk target for new ships, underlining the necessity for further risk reduction.

        
          
          

          Figure 28: 
				
          

          
            Fuel-specific individual risk for MDO, LNG, Methanol, and Ammonia
          
          

          

        

      

      
        5.2 Fuel-specific societal risks of 15,000 TEU container-ships using conventional fuel, LNG, Methanol, and Ammonia
        As shown in Figure 29 the frequency of incidents involving one or more fatalities is significantly greater for ammonia; over an order of magnitude greater than for the other fuels. This is primarily due to ammonia releases in the FPR and to a lesser extent releases in the engine room. LNG also presents a ‘high’ societal risk, mainly due to potential jet fires (in lower fatalities ranges) and explosions (in multiple fatalities ranges). Notably, LNG has the greatest potential for catastrophic consequences, involving more than 5 fatalities, driven by potential explosions in the FPR.

        
          
          

          Figure 29: 
				
          

          
            Fuel-specific societal risk for MDO, LNG, Methanol, and Ammonia
          
          

          

        

        Methanol exhibits the ‘lowest’ risk amongst LNG, ammonia, and methanol, and is relatively comparable to fuel oil. Although there is a potential for multiple fatalities due to explosions or large pool fires, the likelihood is remote. Therefore, the overall methanol fuel risk is relatively ‘low’ as shown in Table 17.

        
          Table 17: 
				
          

          
            Comparison of fuel-specific risks in PLL
          
          

        

        
          
            
              	Category
              	Overall risk (PLL)
              	PLL compared to fuel oil
            

          
          
            	Conventional fuel oil
            	5.13E-05 1)
            	1.00
          

          
            	LNG
            	2.58E-04
            	5.03
          

          
            	Methanol
            	6.11E-05
            	1.19
          

          
            	Ammonia
            	1.15E-03
            	22.42
          

        

        
          
            1) Estimated by historical records
          

        

        

      

      
        5.3 Risk Profile of Conventional Fuel, LNG, Methanol, and Ammonia
        Figure 30 illustrates the comparative risk profiles of four fuel types: MDO, LNG, methanol, and ammonia across a range of events. The large-scale incidents refer to events involving prolonged fuel releases caused by isolation failure.

        
          
          

          Figure 30: 
				
          

          
            Risk profile for MDO, LNG, Methanol, and Ammonia
          
          

          

        

        The toxic risk from ammonia is the greatest among all consequence scenarios for different fuels, with a PLL of 1.14E-03 fatalities per year. The explosion risk of LNG is also significant, with a PLL of 1.81E-04 fatalities per year. Jet fires related to LNG pose a notable risk as well, with a PLL of 7.01E-05 fatalities per year.

      

      
        5.4 Overall Societal Risks of 15,000 TEU Containerships using Conventional Fuel, LNG, Methanol, and Ammonia
        The overall risks of 15,000 TEU containerships using fuel oil, LNG, Methanol, and Ammonia are presented in Figure 31 and Table 18. The methanol-fuelled containership demonstrates an equivalent level of safety to that of the containership using conventional fuel oil, while a slight increase in risk is observed for the LNG-fuelled containership. Conversely, the ammonia-fuelled containership shows a considerable increase in overall risk.

        
          
          

          Figure 31: 
				
          

          
            Overall societal risk for MDO, LNG, Methanol, and Ammonia
          
          

          

        

        
          Table 18: 
				
          

          
            Comparison of overall risks in PLL
          
          

        

        
          
            
              	Category
              	Overall risk (PLL)
              	PLL compared to conventional design
            

          
          
            	Conventional design
            	 5.13E-05 1)
            	1.00
          

          
            	LNG design
            	 2.58E-04
            	1.04
          

          
            	Methanol design
            	 6.11E-05
            	1.00
          

          
            	Ammonia design
            	 1.15E-03
            	1.23
          

        

        
          
            1) Estimated by historical records
          

        

        

      

      
        5.5 Sensitivity Study
        QRA involves inherent uncertainties, particularly when operating experience is limited. To address these uncertainties, this study adopted conservative approaches, assumptions, and parameters. Sensitivity studies were conducted to assess the impact of these factors, with the results summarised in Table 19. The findings indicate a significant reduction in PLL—approximately 30–40%—underscoring the importance of reliable data and thorough validation of assumptions and approaches. Although the QRA results may be conservative, this approach is considered reasonable given the limited operational experience and data for alternative fuels.

        
          Table 19: 
				
          

          
            Sensitivity study results
          
          

        

        
          
            
              	Parameter
              	Change made
              	Fuel risk, PLL
(Fatality per year)
            

          
          
            	Base case
            	-
            	1.15E-03
          

          
            	Leak frequency
            	IOGP 1992-2015 to IOGP 2006-2015
            	6.53E-04
          

          
            	Probit function
            	RIVM (2009) to RIVM (2017, interim) [43]
            	7.87E-04
          

          
            	Time spent in the FPR
            	1.7% (24 min/day) to 0.8% (12 min/day)
            	7.04E-04
          

        

        

      

    

    

  
    
      6. Conclusion
      This study conducted a Quantitative Risk Assessment (QRA) of generic containerships using conventional fuel oil, LNG, methanol, and ammonia with the tool DeRiskbeta, to analyse their safety risk profiles and calculate both fuel-specific and overall risks.

      LNG exhibited a noticeable increase in fuel-specific risk compared to conventional fuel oil (5 times higher in PLL), with explosion and jet fire scenarios as dominant contributors. However, the overall risk remained comparable to conventional fuel oil, with an increase of less than 5% (PLL).

      Methanol showed a slightly higher but still comparable fuel-specific risk to conventional fuel oil (1.2 times higher in PLL). Consequently, the overall risk level also remained comparable to conventional fuel oil.

      Ammonia, by contrast, posed substantially higher fuel-specific risks. Its unique challenges are primarily driven by its toxic nature with individual risks significantly exceeding the IMO safety target for new vessels of 1.00E-04 per year. Societal risk of the ammonia fuel was also markedly higher, with a PLL 22 times greater than that of fuel oil. Furthermore, the overall societal risk of ammonia-fuelled containerships showed more than a 20% increase in PLL. It remains within the tolerable if ALARP region; however, it appears that additional efforts are essential to achieve an equivalent level of safety to conventional fuel oil.

      This study contributes to a broader understanding of the safety risks associated with alternative fuels by systematically quantifying and comparing their risk profiles. The findings emphasise the distinct challenges posed by each fuel type and the necessity for further research and innovation, particularly for ammonia, to address its unique hazards.
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