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Section S1. Reference ship fuel systems 

S1.1 E-methanol with internal combustion engine (ICE) 

The reference fuel system illustrated in Figure 3a of the main text employs e-methanol in a dual-fuel 

engine, with hydrotreated vegetable oil (HVO) used as pilot fuel. The fuel storage system consists of 

atmospheric tanks retaining e-methanol (D01-D05) and HVO (T01-T02) at ambient temperature. 

Dedicated transfer pumps (G01-G02) move e-methanol from the atmospheric tanks to intermediate 

service tanks (D06-D07), which operate at approximately 2 bar. These service tanks act as a buffer, 

stabilising the fuel supply to ensure uninterrupted engine operation while accommodating variations in 

transfer rates or engine fuel demand. Their size is determined based on a residence time of 8 hr, 

calculated from the fuel flow rate required by the main engines during navigation (Rachow et al., 2018). 

From the service tanks, the pressure of the fuel supply is increased to approximately 12 bar by sequential 

pumping units (supply pumps G03-G04 and circulation pumps G05-G06) before the fuel is sent to 

utilisation (Rachow et al., 2018). Similarly, a system of supply (G07-G08) and circulation (G09-G10) 

pumps collects HVO for pilot-aided e-methanol combustion. A fuel utilisation efficiency of 45% was 

assumed for the dual-fuel engine (Korberg et al., 2021; Thaler et al., 2022). Table S1 reports the main 

operating parameters and features of the units constituting the reference fuel system based on e-

methanol.  

Table S1. Process operating parameters assessed for the reference ship fuel system based on e-methanol. The constituting 

units are depicted in Figure 3a of the main text. 

 Unit 

Parameter 

e-MeOH 

storage 

tank 

(D01-

D05) 

e-MeOH 

transfer 

pump 

(G01-

G02) 

 

e-MeOH 

service 

tank 

(D06-

D07) 

e-MeOH 

supply 

pump 

(G03-

G04) 

e-MeOH 

circulation 

pump 

(G05-

G06) 

HVO 

storage 

tank 

(T01-

T02) 

HVO 

supply 

pump 

(G07-

G08) 

HVO 

circulation 

pump 

(G09-

G10)  

Nominal 

volume (m3) 

450 - 32 - - 12 - - 

Inventory (t) 312.6 - 21.7 - - 7.78 - - 

Flow rate 

(kg/s) 

- 1.03 - 1.03 1.03 - 0.01 0.01 

Pressure 

(bar) 

1.2 2.0 2.0 8.0 12.0 1.2 7.2 11.2 

Temperature 

(°C) 

25.0 25.0 25.0 25.1 25.2 25.0 25.1 25.2 

Physical 

state 

Liquid Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

 

S1.2 Hydrogen with proton exchange membrane fuel cell (PEMFC) 

In the reference ship fuel system reported in Figure 3b in the main text, liquid hydrogen from cryogenic 

tanks (D01-D03) is first pressurised (G01) and then subject to vaporisation (E01) and heating (E02) 

before being fed to proton exchange membrane fuel cells (PEMFCs) at 3.5 bar and 70 °C (DNV, 2021). 

Hydrogen losses due to boil-off gas (BOG) generation are prevented by recovering the evaporated 

hydrogen from cryogenic tanks and conveying it to the fuel cell system after being heated (E03) and 

compressed (P01). Once fed to the fuel cell system, the pre-treated hydrogen permeates the intermediate 

membrane from the anode to the cathode, where almost 80% of the fuel reacts with oxygen to form 

water (Sinurat et al., 2020). An energy conversion efficiency of 57% was assumed for the PEMFC-

based utilisation system (Ballard Power, 2023). A main switchboard collects the electrical power 

produced by the fuel cells and distributes it to propulsion and other onboard secondary users. Batteries 

are installed to shave peaks of power demand possibly occurring during ship operation. Table S2 

summarises the main process operating parameters assessed for the liquid hydrogen-powered PEMFC 

system. 
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Table S2. Process operating parameters assessed for the reference ship fuel system based on liquid hydrogen. The constituting 

units are depicted in Figure 3b of the main text.  

 Unit 

Parameter 

Storage tank 

(D01-D03) 

Pump 

(G01) 

Vaporiser 

(E01) 

Heater 

(E02) 

Boil-off 

gas heater 

(E03) 

Boil-off gas 

compressor 

(P01) 

Nominal volume 

(m3) 

1200 - - - - - 

Inventory (t) 74.5 - - - - - 

Flow rate (kg/s) - 0.29 0.29 0.29 4.9 × 10-5 4.9 × 10-5 

Pressure (bar) 1.0 3.5 3.5 3.5 1.01 3.5 

Temperature (°C) -252.8 -252.6 -247.7 70 -50.6 70 

Physical state Liquid Liquid Vapour Vapour Vapour Vapour 

 

S1.3 Ammonia with solid oxide fuel cell (SOFC) 

The reference ammonia-based ship fuel system (see Figure 3c in the main text) requires the fuel to be 

stored as a liquid at ambient temperature and at a pressure of ca 10 bar (D01-D02) (Zincir, 2020). In 

order to power solid oxide fuel cells (SOFCs), ammonia is required to be conditioned upstream to gas 

at ca 600 °C by a proper vaporising (E01) and heating (E02) system. Fuel utilisation by SOFCs is then 

realised by thermally cracking gaseous ammonia at about 750 °C to produce hydrogen and reacting the 

latter with oxygen for electrical energy production (Di Micco et al., 2022). SOFCs were assumed to 

operate with an energy conversion efficiency of 73% (Ballard Power, 2023). Excess heat produced 

during ammonia utilisation is recovered by a dedicated unit (WHR) which converts it into additional 

power for ship propulsion (Sekkesaeter, 2019). The electrical power obtained by the SOFC technology 

is ultimately distributed to the propellers and the other onboard secondary users. Fluctuations in the 

shipping power demand are handled by a dedicated system of auxiliary batteries. The process operating 

parameters assessed for the reference ship fuel system based on ammonia are reported in Table S3. 

Table S3. Process operating parameters assessed for the reference ship fuel system based on liquid ammonia. The constituting 

units are depicted in Figure 3c of the main text. 

 Unit 

Parameter 
Storage tank 

(D01-D02) 

Vaporiser 

(E01) 

Heater (E02) 

Nominal volume 

(m3) 

1200 - - 

Inventory (t) 551.17 - - 

Flow rate (kg/s) - 1.44 1.44 

Pressure (bar) 10.0 10.0 10.0 

Temperature (°C) 25.0 25.0 601.0 

Physical state Liquid Vapour Vapour 

 

S1.4 E-diesel/marine diesel oil (MDO) with internal combustion engine (ICE) 

The utilisation of diesel-like fuels, i.e., e-diesel and conventional marine diesel oil (MDO) in the present 

study, for maritime propulsion is performed according to the reference fuel system depicted in Figure 

3d in the main text. A system of atmospheric tanks (D01-D03) is installed for the onboard storage of 

liquid diesel at about 45 °C. Fuel supply is pressurised (G01-G06) and heated (E01-E04) in order to 

obtain a liquid with reduced viscosity suitable for final combustion at ca 8 bar (Iannaccone et al., 2020). 

Settling tanks (D04-D05) are included as part of fuel pre-treatment to separate solids and other 

impurities. The treated diesel is then retained in intermediate service tanks (D06-D07) and ultimately 

supplied to combustion engines. Similarly to methanol-based internal combustion engines (see Section 

S1.1), both service and settling tanks are sized to guarantee a maximum residence time of 8 h with 

respect to the fuel supply to main engines during navigation. The energy conversion efficiency was 

assumed to be 45% for diesel-based combustion (Korberg et al., 2021). Table S4 summarises the main 

process operating parameters assessed for the diesel-based system. 
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Table S4. Process operating parameters assessed for the reference ship fuel system based on diesel. The constituting units are 

depicted in Figure 3d of the main text. 

 Unit 

Parameter 

Storage 

tank 

(D01-

D03) 

Transfer 

pump 

(G01-

G02) 

 

Settling 

tank 

(D04-

D05) 

Feed 

pump 

(G03-

G04) 

Heater 

(E01-

E02) 

Service 

tank 

(D06-

D07) 

Booster 

pump 

(G05-

G06) 

Heater 

(E03-

E04) 

Nominal 

volume (m3) 

400 - 20 - - 20 - - 

Inventory (t) 268.0 - 15.2 - - 15.2 - - 

Flow rate 

(kg/s) 

- 0.53 - 0.53 0.53 - 0.53 0.53 

Pressure 

(bar) 

1.2 3.5 3.5 5.0 5.0 5.0 8.0 8.0 

Temperature 

(°C) 

45.0 45.1 45.1 45.1 60.0 60.0 60.1 100.0 

Physical 

state 

Liquid Liquid Liquid Liquid Liquid Liquid Liquid Liquid 

 

Section S2. Economic assumptions 

The specific capital and operating cost components used as inputs for the economic assessment of the 

reference ship fuel systems were obtained from the technical literature and are presented in Table S5. 

O&M costs are expressed as a percentage of CAPEX. For fuel-cell systems (H2, NH3), a rate of 6% per 

year is applied, following Korberg et al. (2021). This value is treated as an annualised representation of 

routine maintenance and component replacement over the system lifetime. In comparison, combustion-

based systems are assigned lower O&M rates of 2.5% per year, with no replacement included since 

their 30-year lifetime (Korberg et al., 2021) exceeds the 25-year analysis horizon. Fuel price 

assumptions for e-fuels account for the use of renewable electricity in their synthesis and, for carbon-

based e-fuels, CO2 supplied via direct air capture (DAC). 

Table S5. Cost parameters evaluated for the ship fuel systems of interest for the analysis. 

 Ship fuel system 

Parameter e-MeOH H2 NH3 e-diesel MDO 

CAPEX      

Storage (€/kgfuel) 0.78a 37c 0.57e 1.20a 1.20a 

Utilisation (€/kW) 305a 716d 1790d 276a 276a 

Generators and electric system (€/kW) 276b - - 276b 276b 

DeNOx system (€/kW) 52b - - 52b 52b 

Waste heat recovery (M€) - - 4.5d - - 

OPEX      

Fuel price (€/kgfuel) 0.76a 5.87a 0.63a 2.11a 0.70f 

Operations and maintenance (% of 

CAPEX/yr) 

2.5a 6.0a 6.0a 2.5a 2.5a 

a) (Korberg et al., 2021); b) (Iannaccone et al., 2020); c) (Papadias et al., 2019); d) (Sekkesaeter, 2019); e) 

(Hansson et al., 2020); f) (Ship and Bunker, 2024). 
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Section S3. Pollutant emission factors 

Table S6 reports the pollutant emission factors, expressed per unit of fuel energy (gpollutant/kWhfuel), for 

the reference ship fuel systems considered in this study. In the case of e-fuels (e-methanol, e-diesel, 

hydrogen, and ammonia), the GHG emission factors correspond to weighted averages of the values 

reported by IEA (2023a), which differ by renewable electricity source. To ensure a prospective outlook, 

the weighting factors were derived from the projected 2030 renewable electricity generation mix 

reported by IEA (2024). For carbon-based e-fuels, CO2 is assumed to be supplied via direct air capture 

(DAC), which is non-fossil and therefore regarded as climate neutral with respect to the carbon 

embedded in the fuel.  

In the e-MeOH system, a 1% pilot fuel share of HVO was included (see main text). Accordingly, the 

pollutant emission factors for e-methanol were adjusted by weighting them with those of HVO to reflect 

this contribution. The GHG emission factor for HVO was obtained from Vourliotakis and Platsakis 

(2022), while non-GHG emissions factors were sourced from Gilbert et al. (2018).   

Hydrogen was assigned a well-to-wake GHG emission factor of zero, consistent with IEA (2023b).  

For the ammonia-based system, utilisation can lead to N2O emissions, representing an additional GHG 

pollutant of concern. In this study, however, ammonia is assumed to be used in SOFCs, where it is 

cracked into hydrogen and nitrogen prior to electrochemical conversion (Huang et al., 2025). Under 

these conditions, N2O formation can be considered negligible compared with combustion-based 

utilisation, as indicated by experimental evidence (Barelli et al., 2020; Hagen et al., 2019; Kim et al., 

2024).  

Table S6. Pollutant emission factors for the reference ship fuel systems. 

 Pollutant emission factor (g/kWhfuel) 

Ship fuel system NOx SOx PM 
GHGs 

 (CO2, CH4) 

e-MeOH 1.43a 0.00a 0.00a 32.41b 

Hydrogen 0.00c 0.00c 0.00c 0.00d 

Ammonia 0.00c 0.00c 0.00c 27.57b 

e-diesel 6.67a 0.00e 0.07a 42.12b 

MDO 6.67a 0.14a 0.07a 326.52f 

a) (Gilbert et al., 2018); b) (IEA, 2023a); c) (Zanobetti et al., 2023); d) (IEA, 2023b); e) (Speight, 2014); f) 

(European Parliament, 2023). 

 

Section S4. Assumptions for inherent safety assessment 

The release modes (RM) and credit factors considered in this study, defined for equipment units 

typically used in ship fuel systems, are presented in Table S7. Fuel utilisation technologies (e.g., fuel 

cells, internal combustion engines) were excluded from the equipment categories in this analysis due to 

a lack of detailed design specifications and leak frequency data required for inherent safety assessment. 

The threshold values used to evaluate damage distances are reported in Table S8. These threshold values 

correspond to the intensity of the physical effect associated with a given accident scenario that results 

in a 1% probability of fatality (Tugnoli et al., 2007). 
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Table S7. Release modes (RM) and credit factors assessed for the equipment categories of interest for the analysis (n.a., not 

available; n.c., not considered). 

Release mode Pressurised 

vessel 

Atmospheric 

vessel 

Heat 

exchanger 

Compressor Pump 

RM1 - small leak, 

continuous release from a 

10 mm equivalent 

diameter hole 

1 × 10-5 1 × 10-4 1 × 10-3 n.a. n.a. 

RM2 - catastrophic 

rupture, release of the 

inventory in 600 s 

5 × 10-7 5 × 10-6 5 × 10-5 n.a. n.a. 

RM3 - catastrophic 

rupture, instantaneous 

release of the inventory 

5 × 10-7 5 × 10-6 5 × 10-5 n.a. n.a. 

RM4 - pipe leak, 

continuous release from a 

hole having 10% of pipe 

diameter 

n.c. n.c. n.c. 1 × 10-3 5 × 10-4 

RM5 - pipe rupture, 

continuous release from 

the full-bore pipe 

n.c. n.c. n.c. 1 × 10-4 1 × 10-4 

 

Table S8. Threshold values adopted for the calculation of damage distances (Tugnoli et al., 2007). 

Accident scenario Physical effect Parameter for damage 

distance assessment 

Threshold value 

Flash fire Transient radiation Concentration ½ LFLa 

Fireball Transient radiation Radiation 7 kW/m2 

Pool fire, Jet fire   Stationary radiation Radiation 7 kW/m2 

Vapour cloud explosion, 

physical explosion 

Overpressure Overpressure 14 kPa 

Toxic cloud Toxic exposure Concentration IDLHb 

a LFL, lower flammability limit [vol%]. b IDLH, immediately dangerous to life and health concentration [ppmv]. 
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