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Abstract 

With the aim to reduce emissions from marine transport, electric propulsion systems for a water taxi 

and container ship powered by a hydrogen polymer electrolyte membrane fuel cell system are 

designed and analysed compared to the current fuel-oil engine systems in terms of system energy and 

exergy efficiency, fuel consumption, mass and volume, environmental impacts and cost.  Hydrogen 

is stored either as a compressed gas (GH2), cryogenic liquid (LH2) or produced from liquid ammonia 

(LNH3) and can deliver 91%,91% and 88% greenhouse gas reductions, respectively. All hydrogen 

sources fit within ship volume and mass constraints apart from GH2 in the cargo ship. In the absence 

of carbon policy measures, the costs over a 25-year system life are 108%(GH2), 112%(LH2), 

116%(LNH3) greater for the container ship and 43%(GH2), 105%(LNH3) greater for the water taxi. 

A carbon tax of £75-191/tonne CO2-eq would equalise total cost over a 25-year lifespan.  
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1. Introduction 

Ships emit significant amounts of pollutants, including nitrogen oxides (NOx), sulfur oxides (SOx), 

particulate matter (PM) and carbon dioxide (CO2), to the atmosphere, which poses threats to human 
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health and leads to acid rain and global warming. According to the study by VIIKI (2019) and the 

study published by Sofiev et al. (2018), the SOx, NOx and CO2 emissions from marine traffic accounts 

for about 13%, 15% and 2.5% of the global emissions respectively [1], [2]. As global population 

grows, so does the maritime trade, and carbon dioxide emissions from the sector are expected to grow 

up to 250% by 2050 if no measure is taken [3].  

 

To mitigate the emission problems, the International Maritime Organization(IMO) have adopted 

some regulations and strategies. IMO’s MARPOL Annex VI states that from 1 January 2020, all the 

ships sailing in Emissions Control Areas (ECAs) can only use fuels with sulfur content lower than 

0.1% m/m (mass/mass) [4]. For ships outside ECAS, the sulfur cap is 0.5% m/m [4]. Based on the 

IMO’s NOx Tier III standard, the NOx emission limit is 2.0 -3.4 g/kWh for all new ships constructed 

after 1 January 2016 and sailing in the North American ECA and United States Caribbean Sea ECA, 

or constructed after 1 January 2021 and sailing in the Baltic Sea ECA and the North Sea ECA [5]. 

IMO implements measures toward carbon dioxide emission as well, such as Energy Efficient Design. 

By 2050, the IMO aims to reduce the total annual greenhouse gas (GHG) emissions from international 

shipping by 50% compared with the 2008 level [3]. 

 

Different options can be taken to reduce the shipping emissions, such as installing a scrubber to reduce 

SOx emission and selective catalytic reduction (SCR) reactor to remove NOx. Modifying the internal 

combustion engine (ICE) or completely changing the internal combustion propulsion system to the 

electric battery or fuel cell propulsion system can also reduce emissions. Using alternative fuel is 

another option. Ship owners can switch from Marine diesel oil (MDO) or heavy fuel oil (HFO) to 

marine gas oil (MGO), ultra-low sulfur fuel oil (ULSFO, fuel oil with sulfur content lower than 0.1 

mass%), liquified natural gas (LNG), biofuels, hydrogen and ammonia etc.  Examples of different 

possible fuels and their volumetric and gravimetric properties are provided in Table 1. 

Table 1- Heating values of different fuels [6]–[10].  

 Higher heating value Lower heating value Density 
 106J/kg 109J/m3 106J/kg 109J/m3 kg/m3 

HFO 41.8 41 39 38.2 980 
ULSFO - - 42 38.2 910 

MGO/LSMGO 45.9 39.2 42.7 36.5 855 
MDO 43 39 41 37 900 

Compressed hydrogen gas  
(288.15 K, 350 bar) 

142 3.3 120 2.8 23.7 

Compressed hydrogen gas  
(288.15 K, 700 bar) 

142 5.4 120 4.6 38 

Liquified hydrogen (20.28 K, 1 atm) 142 10 120 8.7 72.4 
Liquified ammonia (240.15 K, 1 atm) 22.5 15.3 18.6 12.7 683 
Liquified ammonia (298.15K, 10bar) 22.5 13.7 18.6 11.3 603 

HFO: heavy fuel oil; ULSFO: ultra-low sulfur fuel oil (0.1 mass % S); MGO: marine gasoil; LSMGO: low-sulfur marine gasoil (0.1 

mass % S); MDO: marine diesel oil. 
 

Among all these options, both hydrogen and ammonia fuel, have attracted increasing interest as zero 

carbon fuels due to their possibility to achieve zero emissions if generated from renewable sources, 

and can offer high power generation efficiency when utilised in fuel cell propulsion systems. 

Hydrogen is a carbon-free fuel with high mass energy density. It can be directly utilised in polymer 

electrolyte membrane fuel cells (PEMFCs). There have been several projects using hydrogen fuel 

cells on ships. For example, the MEMO H2 project by Alewijnse Marine Systems etc. successfully 

constructed and operated a PEMFC (60 kW) and battery hybrid ferry for 100 passengers [11].  



 

However, hydrogen still faces many issues, such as the low volumetric energy density and storage 

issues. To reduce the volume of hydrogen storage, the hydrogen is usually stored as high pressure 

compressed gas at 350 bar or 700 bar at 293.15 K or as liquid at 20.28 K under atmospheric pressure 

[12]. Safety is another issue. Hydrogen is highly flammable and easy to escape without attention. 

Ammonia is a hydrogen-carrier with a high hydrogen content. In contrast with hydrogen, ammonia 

has higher volumetric energy density and is easier to handle and store. According to the study by 

Valera-Medina et al. , ammonia can reduce the storage cost by at least three times compared with 

hydrogen[13]. Another advantage of ammonia over hydrogen is the mature supply chain and an 

existing infrastructure owing to the fertilizer industry. Moreover, ammonia has low fire and explosion 

risks[13]. However, the conversion between hydrogen and ammonia carries an energy penalty. There 

are already some studies working on reducing the energy requirement of the ammonia synthesis 

process. For example, Wijayanta and Aziz proposed an integrated system to convert algae to ammonia 

at energy efficiency of 38% [14]. Safety is another concern of ammonia due to its toxicity but well 

established measures already exist in place to handle it [15].  

 

There are many studies that investigate the potential application of ammonia in transportation, 

including ammonia used in internal combustion engines (ICEs) and in fuel cells. Reiter and Kong 

[16] established a study to investigate the characteristics of the ammonia-diesel dual fuel compression 

ignition (CI) engine. The study shows that the ammonia dual fuel engine can reduce NOx emissions 

compared with the diesel engine if less than 40% of the energy is supplied by ammonia, but that the 

ammonia emission by the diesel-ammonia dual fuel engine might reach 1000 to 3000 ppmv depending 

on the ammonia fueling rate. This ammonia emission level was higher than the U.S. Occupational 

Safety and Health Administration (OSHA) exposure limit of 50 ppmv. MAN Energy Solutions 

reported that the application of ammonia in two-stroke dual fuel engine could reduce SOx, PM and 

CO2 emission by around 90% and it has a plan to install the first two-stroke ammonia dual fuel engine 

in 2024 [17] [18].  Ezzat and Dincer introduced and thermodynamically analyzed a vehicular system 

powered by hydrogen-ammonia ICE integrated with thermoelectric generator and ammonia 

electrolyte cell[19]. The designed systems had energy and exergy efficiencies of 31.1% and 28.94%, 

respectively.   

 

As well as its use in ICEs, ammonia has been applied in onboard fuel cells – an area drawing 

increasing interest.  Zhao et al. [20] conducted a technoeconomic analysis over several carbon-neutral 

transport fuels and concluded that green ammonia could be 31% cheaper than green hydrogen on a 

source-to-tank basis. With this result, they then conducted an experimental study to investigate the 

performance of a hydroxide exchange membrane direct ammonia fuel cell with a precious-metal-free 

catalyst. Al-Hamed and Dincer proposed and thermodynamically analyzed a 3100kW-locomotives 

power system based on the ammonia solid oxide fuel cell and gas turbine (SOFC-GT) integrated with 

an ammonia dissociation and separation unit (ADSU) and PEMFCs[21]. They concluded that the 

ADSU-PEMFC integrated SOFC-GT system could reach overall energy and exergy efficiency of 

61.2% and 66.3%, which were 13% and 10% higher than that of the simple SOFC-GT system. Kim 

et al. analyzed and compared different ammonia systems, including ICE, ammonia cracker with 

PEMFC, and solid oxide fuel cell (SOFC) for ship propulsion[6]. Based on the study, the SOFC 

system was the most environmentally friendly but was the most expensive and had the lowest power 

density and dynamic response. Chu et al. proposed an extended-range design for electric vehicles 

based on the ammonia electrolysis and PEMFC, then the application of the design on a trunk case 

study was analysed[22] . Ezzat and Dincer  introduced and conducted energy and exergy analysis for 



 

 

two liquid ammonia power systems for vehicles [15]. The first system is powered by the ADSU and 

ICE and the second system is powered by the ADSU and PEMFC supplemented with ICE. In their 

other study [23], an exergoeconomic analysis of the designed ADSU and PEMFC with ICE system 

for a 118kW vehicle was conducted and the overall exergy efficiency and the cost rate of the system 

were found to be 36.2% and 29.16 £/hr. Other researchers have focussed on the onboard hydrogen 

production from ammonia for PEMFCs. Wang et al. developed a miniature ammonia cracker with 

CeO2-promoted Ni/Al2O3 catalysts for portable hydrogen fuel cells. The ammonia cracker developed, 

which has a weight of 195g and a volume of 50cm3, could reach ammonia conversion of 99.9% at 

600 °C and produce H2 equivalent to 158W fuel cell power output at an ammonia feed rate of 1100 

sccm [24]. Pochari Technologies invented a commercial ammonia cracker with Cs promoted Ru/CNT 

catalyst for vehicular applications, which could crack ammonia at a flow rate of  12kg/hr and the 

ammonia conversion can reach 99.95% at 600°C [25]. Hunter et al. experimentally demonstrated a 

system consisting of a lithium imide ammonia cracker and an anhydrous MgCl2 gas purification 

device to power a 100 kW PEMFC stack [26].  CSIRO developed a Ru/Al2O3 catalyzed ammonia 

cracker and Pd-V separation membrane (0.3 m2 membrane area) integrated system, which can 

produce hydrogen at a rate of 15 kg/day and with an outlet ammonia concentration lower than 10 

ppbv and nitrogen concentration lower than 1 ppmv [27]. Van Hassel et al. conducted an experimental 

study to prepare and characterize ammonia sorbents made by metal chlorides on activated carbons, 

which was used to purify hydrogen onboard and could reduce the ammonia concentration from 500 

ppmv to under 0.1 ppmv [28]. 

 

The motivation of this study is to undertake a design and analysis study of a marine propulsion system 

that does not have any harmful impacts on the environment. Based on the literature [6], [15]–[23], 

compared with the hydrogen or ammonia internal combustion engine, the hydrogen or ammonia fuel 

cells can offer greener, more efficient and silent operation. Therefore, this study will focus on the 

marine fuel cell system, and mainly on the marine PEMFC system due to its relatively high technical 

and commercial maturity in mobile applications. To the best of the author’s knowledge, most of the 

studies about onboard ammonia application in PEMFCs have focussed on experimental investigations 

of the ammonia decomposition and purification technology to produce hydrogen for PEMFCs [24]–

[28]. There are only a few system design studies [15], [22], [23], and most of these are about PEMFCs 

with ICE or battery for vehicular application and they mainly focussed on a thermodynamic analysis. 

None of them provide detailed system design and comprehensive performance analysis of the 

ammonia decomposition and PEMFC system, specific for marine transport at different scales, which 

could provide insight into the feasibility and competitiveness of hydrogen compared to ammonia as 

a fuel in marine transport.  

 

In this study, a clean ammonia marine propulsion system consisting of an ammonia cracking unit and 

PEMFC is introduced and analyzed thermodynamically. Gaseous and liquid hydrogen fuelled 

PEMFC marine propulsion system, are also studied, and compared to the ammonia option. 

 

 The specific objectives for the study are listed below:  

•To design an ammonia cracker plus PEMFC system, a gaseous hydrogen PEMFC system and a 

liquid hydrogen PEMFC system suitable for ships at different scale. 

•To build scalable thermodynamic models for the designed hydrogen systems and liquid ammonia 

system.  

•To apply the thermodynamic models on two case studies - 12-passenger water taxi and 2600 twenty-



 

foot equivalent unit (TEU) container ship, respectively.  

And based on the results, assess the performance of the hydrogen and ammonia systems for the two 

case studies with respect to the following performance indicators: fuel consumption, system energy 

and exergy efficiency (include exergy destruction rate analysis), mass and volume, environmental 

impact, and cost. The performance of the conventional marine engine and ammonia-fuel oil dual fuel 

engine from literature are used as base-cases for comparison to the designed hydrogen and ammonia 

fuel cell systems. The ammonia dual fuel engine system requires the use of some diesel to provide 

5%-45% of the engine power depending on the ship scale and load factor [16], [29]–[34].  

 

2. System description 

This section describes the proposed liquid ammonia (LNH3) PEMFC power system, gaseous 

hydrogen (GH2) PEMFC power system, and liquid hydrogen (LH2) PEMFC power system. As shown 

in Figure 1, all the three systems are powered by PEMFC, but they have different fuel provision units.  

2.1 Fuel provision unit 

This subsection introduces the fuel provision unit of the GH2 PEMFC system, LH2 PEMFC system 
and LNH3 PEMFC system separately.  

 

2.1.1 GH2 PEMFC system fuel provision unit 

The fuel for the GH2 PEMFC system is the hydrogen gas stored in the compressed gas tank at 350bar 

and 288.15 K as seen in Figure 1.The hydrogen from the tank enters the pressure regulation valves to 

reduce the pressure to 120kPa before feeding to the PEMFC unit. 

 

2.1.2 LH2 PEMFC system fuel provision unit 

The LH2 PEMFC system works similarly to the GH2 PEMFC system, except that the fuel used is the 

cryogenic liquid hydrogen stored at 20.28K and 101.325kPa as shown in Figure 1. The liquid 

hydrogen is evaporated through a heat exchanger, which uses the waste heat from the fuel cell as the 

heat source, before feeding to the PEMFC unit. Due to the heat transfer from the surrounding to the 

cryogenic hydrogen tank, the liquid hydrogen will continuously evaporate with a boil-off ratio of 

around 1%/day [35]. The boil-off hydrogen gas can be controlled by a valve and directed to the fuel 

cell as shown in Figure 1.   

 

Both GH2 and LH2 have the potential to be applied as marine fuels. Liquid hydrogen has higher 

volumetric energy density than gaseous hydrogen, but the compressed hydrogen gas storage is more 

popular than the cryogenic liquid hydrogen storage in the area of transportation because of the decent 

reliability, reasonable efficiency and technological simplicity[36]. In this study, the liquid hydrogen 

system is only considered for the case where the onboard space is not sufficient for the GH2 tanks.  

 

 



 

 

 
Figure 1- Simplified flow diagram of the GH2 PEMFC system, LH2 PEMFC system and LNH3 PEMFC system  



 

2.1.3 LNH3 PEMFC system fuel provision unit 

The fuel provision unit of the LNH3 PEMFC system is more complicated than the H2 PEMFC systems 

as shown in the lower section (LNH3 PEMFC system fuel provision unit) of Figure 1 with operating 

conditions provided in Table 2. The liquid ammonia fuel of the system is stored at 1005kPa and 

298.15K in the stainless-steel tank. As with the liquid hydrogen tank, the ammonia tank experiences 

a boil-off ratio of 0.04%/day and the boil-off gas can be directed to the fuel cells. A Mag-drive 

ammonia pump is used to pump the ammonia liquid out of the tank. Then a pressure regulation valve 

is used to reduce the pressure of the ammonia liquid to 350kPa. The liquid ammonia is partially 

evaporated after the valve. Three heat exchangers (HX1, HX2, HX3) are applied to further evaporate 

and heat up the ammonia by using the hot stream after the ammonia cracker and burner. Ammonia 

cracking (Reaction 1) is an endothermic reaction, therefore, part of the ammonia fuel from the fuel 

tank (stream 11) and hydrogen produced from the cracker (stream 16) is combusted in the burner to 

provide sufficient heat to the cracker. The ammonia to hydrogen volume ratio to the burner (Reaction 

2 - 5) is assumed to be 1.5. The high temperature outlet stream (stream 22) from the burner then goes 

through the ammonia cracker and provides heat to the cracker. The burner is surrounded by a 3cm 

Morgan ceramic fibre insulator with thermal conductivity of 0.44 W/m K to prevent heat loss [37]. 

Unlike the LH2 PEMFC system, where part of the waste heat from the fuel cells is reused to evaporate 

the liquid hydrogen, the fuel cell waste heat is discarded in the LNH3 PEMFC system. Because if the 

low-grade fuel cell heat is reused in the LNH3 system, the medium-grade heat from the membrane 

separator or SCR reactor cannot be utilized due to the temperature restriction of the heat exchangers. 

Additional electrical cooling would then be required to cool down the outlet stream from the separator 

or SCR reactor to meet the operational temperature of the fuel cell or ammonia sorption column, 

which occupies extra space and consumes extra energy that outweighs the energy saved by reusing 

the fuel cell waste heat. 

 
NH3(g)→ 0.5N2(g) + 1.5H2(g)  ΔH° = +46.19 kJ mol−1 Reaction 1 

 

4NH3(g) + 3O2(g) → 6H2O(l) + 2N2(g)  ΔH° = -1530.22 kJ mol−1 Reaction 2 

 

4NH3(g) + 5O2(g) → 6H2O(l) + 4NO(g)  ΔH° = -1169.06 kJ mol−1 Reaction 3 

 

4NH3(g) + 7O2(g) → 6H2O(l) + 4NO2(g)  ΔH° = -1397.82 kJ mol−1 Reaction 4 

 

H2 (g) + 0.5O2(g) → H2O(l)  ΔH° = -285.83 kJ mol−1 Reaction 5 

 

The ammonia cracker produces output (stream 13) of around 75 vol% hydrogen, 25 vol% nitrogen 

and 250-500ppmv trace ammonia[24], [38]. According to ISO 14687-2, the ammonia concentration 

and nitrogen concentration for the PEMFC in the fuel cell vehicle should be lower than 100ppbv and 

100ppmv, respectively [39]. A palladium membrane separator is used to purify the hydrogen from 

the cracker. After the membrane separator, the nitrogen and ammonia concentration in the hydrogen 

stream (stream 15) are reduced to 1ppmv and 10ppbv,  respectively and can be fed to the PEMFC to 

generate power [40].  

 

In order to achieve low emissions from the system, a vanadium pentoxide (V2O5) selective catalytic 

reactor is used to remove the NOx produced by the ammonia burner. Part of the unreacted ammonia 

from the cracker (stream 24) is used as the reactant for NOx removal in the SCR (Reaction 6 - 7). The 

NOx conversion of the SCR can reach 90% but the ammonia slip from the SCR is around 120ppmv 



 

 

[41], [42]. An ammonia sorption column with Calgon Carbon Ammonasorb™, which is a phosphoric-

acid- impregnated activated carbon based sorbent, is applied to lower the ammonia concentration to 

0.1 ppmv in the outlet (point 28) [25]. 

 

4NO(g) + 4NH3(g) + O2(g) → 4N2(g) + 6H2O(l) ΔH° = -891.22 kJ mol−1 Reaction 6 

 

2NO2(g) + 4NH3(g) + O2(g) → 3N2(g) + 6H2O(l) ΔH° = -1596.42 kJ mol−1 Reaction 7 

 

Table 2-Operating condition of the main components in the LNH3 PEMFC system fuel provision unit[24], [27], [38], [41]–[45] 

Equipment Operating 

temperature 

Operating 

pressure 

Conversion 

 K  103 Pa  

Ru/Al2O3 ammonia cracker for water taxi 873.15 350 99.95% 

Ni/Al2O3 ammonia cracker for cargo ship 873.15 350 99.9% 

Ammonia/hydrogen Burner 1873.15-

1973.15 

205 Concentration in the outlet: 30ppmv H2 

400ppmv NO;0.2ppmv NO2 ;85ppmv NH3 

Membrane separator 623.15 343 - 

SCR reactor 533.15 205 90% 

 

2.2 PEMFC unit  

All three systems are powered by PEMFCs (PEMFC unit) as shown in Figure 1. In the PEMFC unit, 

the hydrogen from the fuel provision unit is fed to the fuel cell with a stochiometric ratio of 1.2 to 

prevent anode starvation. To increase hydrogen utilization, the unused hydrogen (stream 5 in the 

PEMFC unit) is recirculated back to the anode by the hydrogen recirculation pump. The water 

droplets in the anode outlet at point 5 are eliminated by the anode demister and a dynamic purge valve 

is used to prevent the build-up of impurities and inert gases at the anode. At the cathode, air at the 

atmospheric condition (298.15K, 101.325kPa) is delivered to the fuel cell at a stochiometric ratio of 

2 after purification by an air filter.  

 

The PEM stack operates at 328.15K and 110kPa to 120kPa. Although PEMFCs operate at relatively 

high efficiency (40%-65%), a signification amount of waste heat is released. De-ionized Water (DI 

H2O) is used as the coolant and fed to the fuel cell (stream 21) at a temperature of  323.15K  to 

338.15K  [46]. The coolant removes the stack waste heat and flows out of the stack (stream 17) at the 

temperature of 323.15K  to 348.15K [46]. The hot coolant outlet from the stack is cooled by a keel 

cooler, which works like a heat exchanger and uses the bulk seawater to cool down the hot stream. 

The cooling rate can be controlled by the coolant pump and the coolant inlet temperature to the fuel 

cell can be controlled by the 3-way bypass valve. Compared with the air radiator and fan used in the 

conventional land vehicle PEMFC system, the seawater keel cooler has better heat transfer 

characteristics because of the higher heat capacity of the water than the air. The more-efficient heat 

transfer results in smaller size of the keel cooler than the radiator.  
 

3. Case studies  

Two case studies, a 12-passenger water taxi and a 2600 TEU container ship, are considered in this 

study.  

 

3.1 12-passenger water taxi  

Water taxi services have expanded quickly in recent years. To reduce the transportation emissions 



 

and provide a quieter experience to passengers, there is an increasing trend of moving from internal 

combustion engine powered water taxis to cleaner electric powered boats. Hence, a typical 12-

passenger water taxi is used as a case study. 

 

The specification and the load profile of a typical 12-passenger water taxi are shown in Table 3 and 

Table 4. The water taxi has a full propulsion load of 25kW and runs at full load for 75% of its service 

time.  Except for the propulsion load, the power system must be able to provide the hotel load (e.g. 

lighting loads) for the boat.  In the conventional diesel engine system, the propulsion load is provided 

by a diesel engine while the hotel load can be supplied by an alternator and a battery. For the designed 

hydrogen or ammonia systems, both propulsion and hotel loads are provided by the fuel cells or the 

back-up battery. The water taxi is assumed to operate for 8 hours per day and 320 days per year. If 

the water taxi can be refilled every day, the systems designed must at least be able to operate 

continuously for 8 hours.  

Table 3- Ship specification of the 12-passenger water taxi [47], [48] and feeder container ship [49], [50] 

 Water taxi Feeder container ship 

Capacity  12 passengers 2600 TEU 
Deadweight, max/tonne 3.25  33000  
Design draught/m 1 11.4 
Length overall/m  10 200 
Breadth/m  4 29.8 
Rated shaft power/kW 25  21770  
Average speed/knot  13.5  22  

TEU: twenty-foot equivalent-unit 

 

Table 4- Load profile of the 12-passenger water taxi [51] and feeder container ship [49] 

Water taxi Feeder container ship 

Propulsion load 
factor 

Propulsion 
Power  
(103 W) 

Auxiliary 
Power 
(103 W) 

Time spent 
(%) 

Propulsion load 
factor 

Propulsion 
Power  
(103 W) 

Auxiliary 
Power 
(103 W) 

Time spent 
(%) 

100% 25 0.8 75% 100% 21770 700 1% 
15% 3.75 0.8 25% 65% 14150.5 700 32% 

    55% 11973.5 700 15% 
    35% 7619.5 700 24% 
    25% 5442.5 700 15% 
    15% 3265.5 700 10% 
    5%(manoeuvring) 1088.5 1700 1.75% 

    2%(Idle) 435.4 600 1.25% 

 

The overview diagram of the 12-passenger water taxi system consisting of the main power unit and 

the electrical circuit is shown in Figure 2 (a). The power is assumed to be provided by the Hydrogenics 

HyPM HD-30 fuel cell stack with rated power of 31kW. A battery is used to assist the fuel cell stack 

when the stack is insufficient for power supply and to provide the start-up power for the PEMFC and 

the ammonia cracker. The start-up time of the PEMFC is below 15s at 293.15K and that for the 
cracker is around 10 mins [25], [52]. According to the studies [25], [53], [54], the PEMFC and 

ammonia cracker could provide sufficient load response without the aid of the energy storage system. 

 

The fuel cell stack output voltage is in the range of 60 – 120 VDC [46]. A converter is used to boost 

the voltage from the fuel cell to 250 – 350 VDC, which can be supplied to the motor propulsion system. 

The water taxi is assumed to operate on a 12/24 VDC onboard electrical system for the hotel power. 



 

 

Therefore, a DC/DC converter is applied to convert the 250-350 VDC power to 12/24 VDC. 

 

3.2 2600TEU container ship 

The container ships, which transport around 90% of the non-bulk goods globally, contributes 

significantly to the marine traffic emissions [55]. About 56% of the existing container ships are feeder 

container ships with capacity of below 3000TEU and these feeder container ships account for about 

65% of the total container ships’ emissions in the ECAs [2]. As a result, a typical 2600TEU feeder 

container ship is chosen as another case study.  

 

The specification of a typical 2600TEU container ship and the load profile at sea and at berth are 

shown in Table 3 and Table 4. The 2600TEU container ship is originally powered by a diesel engine 

for propulsion and two diesel gensets with 1800kW each for auxiliary power [49]. The auxiliary 

power includes the electric hotel loads onboard and loads for manoeuvring. The average hotel load 

for the feeder container is assumed as 700kW at sea [49]. In addition to the hotel loads, extra 

manoeuvring power of about 1000kW is required for situations such as port-in/out [54]. The ship is 

assumed to be at sea for 75% of time per year (273 days). For the rest of the time, the ship is at berth, 

when the main engine stops working, but the auxiliary engines are still on to supply the necessary 

auxiliary power, such as the power for cargo operations. The total auxiliary power required at berth 

is assumed as 650 kW [56]. 

 

In this case study, the ammonia and hydrogen electric propulsion systems are applied on the target 

2600TEU cargo ship that travels across the Pacific Ocean (PRD–SPB corridor) with a nonstop voyage 

leg of 6,600nm[50]. 

  



 

 
Figure 2-Electrical system of a) Water taxi and b) Cargo ship  



 

 

Figure 2 (b) presents the overview diagram of the 2600 TEU container ship electric system. The 

propulsion and auxiliary power for the container ship are assumed to be provided by a number of 

Hydrogenics HyPM HD-180 fuel cell stacks with continuous power of 198 kW. The container ship 

is assumed to run on a DC system with 690V main DC bus. The Hydrogenics HD-180 fuel cell stacks, 

which provide voltage of 180 to 360 VDC, are connected in parallel to the 690V DC bus through DC-

DC converters. This architecture makes sure that the fuel cell stacks can be controlled independently 

and can provide redundancy for the system.  

 

The DC bus can supply voltage to the variable frequency drives (VFD), which are used to drive and 

control the electric motors. The motors convert the electrical power to mechanical power for the two 

propellers or the transverse thruster. The propellers are the main source for the ship’s propulsion and 

the thruster is used for manoeuvring. The equipment for the power system, such as compressors and 

pumps, and the onboard appliances, such as lights, usually require AC voltage (e.g. 110VAC or 

220VAC). Hence, DC-AC inverters and transformers are used to convert the 690V voltage from the 

DC bus before supplying to the onboard devices.  

 

 

4. System Analysis 

4.1  Thermodynamic Model 

Thermodynamic models are developed to analyse the introduced hydrogen and ammonia systems, 

which could identify and determine the mass flow rates, enthalpies, exergies, pressures and 

temperatures of the flows entering and leaving the systems to meet the power requirement of the ship.  

 

The assumptions of the thermodynamic model are listed below:  

• The reference temperature and pressure are 298.15K and 1 atm. 

• All processes are assumed steady state.  

• The blower, compressor and pump are assumed as adiabatic equipment with negligible 

kinetic energy and potential energy.   

• The gases in the system are assumed as ideal gases.  

• The heat loss of the heat exchangers is neglected.  

• The activation loss and concentration loss of the fuel cell stacks are dominated by the cathode.  

According to the first law and second law of thermodynamics, the mass balance (1), energy balance 

(2) and exergy balance (4) for steady-state processes can be expressed as follow,  

 
∑ 𝑚i̇𝑖𝑛  = ∑ 𝑚i̇𝑜𝑢𝑡   ( 1 ) 
 

𝑄̇ −  𝑊̇ = ∆𝐸̇𝐾𝐸 + ∆𝐸̇𝑃𝐸 + ∆𝐻̇  ( 2 ) 
 

∆𝐻̇ =  𝐻̇𝑜𝑢𝑡 − 𝐻̇𝑖𝑛 =  ∑ 𝑛𝑖̇ 𝐻𝑖̂𝑜𝑢𝑡 − ∑ 𝑛𝑖̇ 𝐻𝑖̂𝑖𝑛     ( 3 ) 
 

𝑄̇ (1 −
𝑇0

𝑇
) + ∑  𝑖𝑛 𝑚̇𝑖𝑒𝑥𝑖 = ∑  𝑜𝑢𝑡 𝑚̇𝑖𝑒𝑥𝑖 + 𝑊̇ + 𝐸̇𝑋𝑑  ( 4 ) 

 

The detail of the mass, energy and exergy balance of the main components and the parameters ([24], 

[27], [38], [41]–[46], [57]–[60]) used are provided in the supplementary material A.  

 



 

4.1.1  Power Demand 

This subsection analyses the power required to be generated by the fuel cell stack to meet the 

propulsion and auxiliary power requirements. 

 

The power given by the fuel cell stacks should cover the main propulsion power 

(𝑃𝑊𝑅𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑠ℎ𝑎𝑓𝑡), and auxiliary power (𝑃𝑊𝑅𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 ). The auxiliary power includes the hotel 

loads (𝑃𝑊𝑅ℎ𝑜𝑡𝑒𝑙 ), additional power for manoeuvring (𝑃𝑊𝑅𝑚𝑎𝑛𝑜𝑒𝑢𝑣𝑟𝑖𝑛𝑔 ) if any, and the power for 

the equipment (𝑃𝑊𝑅𝑝𝑜𝑤𝑒𝑟 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 ) in the power generation system, such as the pumps, controller, 

and sensor. The power required for the controller and sensor are assumed as 200W for the water taxi 

PEMFC system and 175 kW for the cargo ship PEMFC system (if all stacks are at work) [46]. In 

some cases, when the fuel cell power is insufficient, the battery can be used to assist the fuel cell stack 

for auxiliary power provision.   

 

After considering the electrical system (Figure 2) and the electrical efficiencies (η) (Table 5), the 

required power produced by the stacks (and battery) for the water taxi and cargo ship systems can be 

expressed as, 

 
𝑃𝑊𝑅𝑤𝑎𝑡𝑒𝑟 𝑡𝑎𝑥𝑖 =

𝑃𝑊𝑅𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑠ℎ𝑎𝑓𝑡,𝑤𝑎𝑡𝑒𝑟𝑡𝑎𝑥𝑖

ηconverter ∙ ηmotor ∙ηmotor controller 
+ 

𝑃𝑊𝑅ℎ𝑜𝑡𝑒𝑙,𝑤𝑎𝑡𝑒𝑟𝑡𝑎𝑥𝑖 

ηconverter ∙ ηconverter 
+

𝑃𝑊𝑅𝑝𝑜𝑤𝑒𝑟 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡,𝑤𝑎𝑡𝑒𝑟𝑡𝑎𝑥𝑖 

ηconverter ∙ ηconverter 
  ( 5 ) 

 

𝑃𝑊𝑅𝑐𝑎𝑟𝑔𝑜 𝑠ℎ𝑖𝑝 =  
PWRpropulsion shaft,  cargo ship

ηconverter ∙ ηmotor ∙ηdrive∙ ηgearbox  
+ 

PWRthruster 

ηcoverter ∙ ηmotor ∙ηdrive
+

PWRhotel, cargo ship+𝑃𝑊𝑅𝑝𝑜𝑤𝑒𝑟 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡,𝑐𝑎𝑟𝑔𝑜 𝑠ℎ𝑖𝑝 

ηcoverter  ∙ηinverter∙ ηtransformer  
   ( 6 ) 

 

Table 5-Efficiencies for the main electrical components[6], [61] 

Electrical Components Efficiency (η) 

Converter/Inverter 97% 

Motor 96% 

Transformer 95% 

Gearbox 94% 

Motor controller/Drive 97% 

Battery (include battery charger) 91% 

 

The detailed calculation of the power given by the fuel cell stacks and the parameters ([46], [57], 

[62]–[64]) used are provided in the supplementary material B. 

 

4.1.2 Model block  

The system model structure of the designed hydrogen systems and ammonia system are summarized 

in Figure 3. 

 



 

 

 
Figure 3-Model block of (a) H2 PEMFC systems (b) NH3 PEMFC system (2 column) 

 

4.2 Performance Analysis 

According to the mass flow rates, enthalpies, pressure and temperature obtained from the 

thermodynamic model, the performance of the systems respect to the following performance 

indicators: system energy efficiency, fuel consumption, volume and mass of the system, cost, 

environmental impacts, can be analysed.  

 

4.2.1 Energy and exergy efficiency 

The system energy efficiency is defined as   

 

𝜂𝑒𝑛,𝑠𝑦𝑠𝑡𝑒𝑚 =
𝑃𝑊𝑅𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑠ℎ𝑎𝑓𝑡+ 𝑃𝑊𝑅ℎ𝑜𝑡𝑒𝑙  + 𝑃𝑊𝑅𝑚𝑎𝑛𝑜𝑒𝑢𝑣𝑟𝑖𝑛𝑔 

𝑚̇𝑓𝑢𝑒𝑙∙ LHVfuel 
  ( 7 ) 

 



 

where LHVfuel  is the low heating value of the fuel and 𝑚̇𝑓𝑢𝑒𝑙 is the required mass flow rate of the 

fuel flowing into the system.  

 

The system exergy efficiency is defined as 

 

𝜂𝑒𝑥,𝑠𝑦𝑠𝑡𝑒𝑚 =
𝑃𝑊𝑅𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 𝑠ℎ𝑎𝑓𝑡+ 𝑃𝑊𝑅ℎ𝑜𝑡𝑒𝑙  + 𝑃𝑊𝑅𝑚𝑎𝑛𝑜𝑒𝑢𝑣𝑟𝑖𝑛𝑔 

𝑚̇𝑓𝑢𝑒𝑙∙ exfuel,in 
   ( 8 ) 

 

where exfuel,in is the specific exergy of the fuel into the system.  

 

 

4.2.2 System fuel consumption and tank volume calculation 

The system fuel consumption for the target ships to complete the journey is given by,  

 
𝑚𝑓𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =  ∑ 𝑚̇𝑓𝑢𝑒𝑙,𝑖  ∙  𝑡𝑖𝑖    ( 9 ) 

 

where i represents the load factor shown in load profile table (Table 4);  𝑚̇𝑓𝑢𝑒𝑙,𝑖 is the mass flow 

rate of the fuel required for the load factor i; 𝑡𝑖 is the time spent by the ships on each load factor i. 

After obtaining the amount of fuel required, the volume and mass of the fuel tank can be calculated 

using the method presented in Ref.[65]. The detail of the tank calculation is also provided in 

supplementary material C (see Table 6 for summary of tank properties).  

 
Table 6-Properties of the tanks applied in the GH2 system, LH2 system and LNH3 system [66]–[68] 

 Temperature (K) Pressure (105 pa) Tank-wall material 

GH2 system 288.15 350 T700S carbon fibre 
LH2 system 20.28 1.013 Al alloy 2219 

LNH3 system 298.15 10.05 stainless steel 316 

 

4.2.3 Environmental impacts 

The lifecycle greenhouse gas (GHG) emissions (well to propeller emissions) of the power systems 

are calculated from the GHG emission factor (EFlifecycle,GHG) of the fuels (g CO2eq emitted /kg fuel 

consumed),  

 
𝐿𝐶𝐸𝐺𝐻𝐺 =  𝑚 𝑓𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 ∙  EFlifecycle,GHG  ( 10 ) 

 

The ammonia system and hydrogen system can reach zero GHG emission during operation, however, 

they might emit significant GHGs during production, distribution, and storage stages. The emissions 

can be lowest if the hydrogen and ammonia are green hydrogen produced from electrolysis using 

renewable energy and green ammonia produced from that green hydrogen, which is assumed in this 

study (see Table 7).  

 
Table 7-Lifecycle GHG emissions of different fuels [6], [69]–[72] 

 Lifecycle GHG Emission Factor (𝐄𝐅𝐥𝐢𝐟𝐞𝐜𝐲𝐜𝐥𝐞,𝐆𝐇𝐆)  * 

 kg CO2eq /kg fuel 

ULSFO (for cargo ship ICE system) 3.613 
 MGO/LSMGO (for water taxi ICE system) 2.677 

Green hydrogen  0.967 
Green ammonia 0.605 

*100-year time frame global warming potential is used to convert the CH4 and N2O emissions to CO2 equivalent.  



 

 

 

Except for the lifecycle GHG emissions, the operational emissions (OE) of the NOx, SOx, PM and 

NH3 are used as another indicator for the systems environmental impacts. The operational emissions 

from the designed hydrogen and ammonia systems can be obtained from the thermodynamic models. 

For comparison, the operational emissions from the conventional marine engine and ammonia-fuel 

oil dual fuel engine are determined from the operational emission factors (g emission/kWh delivered 

to the shaft):  

 
𝑂𝐸𝑘 = EFmain engine,k ∑ 𝐿𝑓,𝑖  𝑅𝑃 𝑡𝑖𝑀𝐸,𝑖 + EFAuxiliary engine,k ∑ 𝐿𝑓,𝑖  𝑅𝑃 𝑡𝑖𝐴𝐸,𝑖  ( 11 ) 

  

where EF𝑘 (g/kWh) is the average operational emission factor of the pollutant k over different load 

levels, 𝐿𝑓,𝑖 is the load factor i, 𝑅𝑃𝑖 is the rated power of the engine. The operational emission factors 

for different systems are shown in Table 8. 

Table 8- Operational Emission factors of the marine diesel engine and ammonia-fuel oil dual fuel engine [16]–[18], [34], [72]–[74]  

 EFNOx EFSox  EFPM  EFNH3  
 g/kWh g/kWh g/kWh g/kWh 

LSMGO diesel engine for water taxi 6 0.3 0.3 0 
ULSFO diesel engine for cargo ship ME:14 

AE:9 
ME:0.3 
AE:0.4 

ME:0.4 
AE:0.4 

0 

NH3-LSMGO dual fuel engine for water taxi 2.4-15 0.03 0.04 20 
NH3-ULSFO dual fuel engine for cargo ship ME&AE: 14.4 ME&AE: 0.03 ME&AE: 0.04 ME&AE: 20 

Note: ME is main engine; AE is auxiliary engine; LSMGO is low-sulfur marine gasoil (0.1 mass% S) ; ULSFO is ultra-low sulfur fuel oil 

(0.1 mass% S); All the emission factors are for the marine propulsion systems without aftertreatment, such as SCR and ammonia sorption 
column.  

 

4.2.4 Cost 

The total cost of the designed systems can be divided into Capital Expenditures (CAPEX), which is 

mainly the purchasing cost of equipment in this study, and Operating Expenses (OPEX), which 

consist of the operating and maintenance cost (O&M cost) of the equipment and the fuel cost.  

 

With a view to compare the costs of different systems, cumulative costs are calculated over a life-

time of 25 years:  

 

𝐶𝑜𝑠𝑡𝑐𝑢𝑚 =  𝐶𝐴𝑃𝐸𝑋 +  ∑
𝑂𝑃𝐸𝑋

(1+𝑟)𝑛
25
𝑛=1   ( 12 ) 

 

where r is the discount rate, which is assumed to be 5% and n is the age of the ship.   

 

The predicted fuel prices over the ship lifetime are shown in Table 9. Driven by expected reductions 

of electrolyser prices and renewable energy costs, the price of green hydrogen and green ammonia 

are expected to fall in the future. The fuel oil prices are volatile and difficult to predict. In this study, 

the fuel oil prices are predicted based on the crude oil prices projection published by US Energy 

Information Administration (EIA) [75]. Assuming steady economic growth, increasing oil demand 

and decreasing oil production rate, the oil prices will rise in the future [75].  

 

 

 

 

 



 

Table 9- Predicted fuel prices over the ship lifetime 

Predicted Price (£/103 kg) 

Year 2020-2024 2025-2029 2030-2034 2035-2039 2040-2044  

ULSFO 380 536 648 715 760 [75], [76] 
LSMGO 420 593 716 791 840 [75], [76] 

Green gaseous hydrogen 4104 3040 1976 1710 1444 [77]–[79] 
Green liquid hydrogen 4712 3648 2584 2280 1976 [77]–[80] 

Green ammonia 771 584 396 350 304 [77]–[79], [81] 

Note: The fuel costs include the fuel production cost and preparation cost (i.e. Liquefaction and compression cost) and are based on the 
average renewable conditions. The green ammonia cost is estimated based on the green hydrogen cost. 

 

5. Results and discussion 

This section analyses the results from the model for the water taxi and the cargo ship. According to 

the results, assessing and comparing the H2 PEMFC systems and NH3 PEMFC system for each case 

study with respect to different performance indicators. The performance of the conventional marine 

engine and ammonia-fuel oil dual fuel engine from literature are used as base cases to compare with 

the designed hydrogen and ammonia PEMFC systems.  

 

5.1 Results from the thermodynamic model 

Based on the modelling, a single Hydrogenics HD-30 fuel cell stack (31kW rated power) is sufficient 

to power the water taxi at each load factor. Conversely, 141 and 142 Hydrogenics HD-180 fuel cell 

stacks (198kW rated power) are required to power the cargo ship H2 PEMFC systems and LNH3 

PEMFC system, respectively. For the cargo ship, the power generated by all the stacks is assumed to 

be equal. But in reality, each stack can generate different amounts of power to reach the highest 

overall system efficiency. The idle power (i.e. minimum operating power) of the heavy-duty PEMFC 

stack is about 5% of the rated power [82]. Hence, when the cargo ship is at the idle stage or at berth, 

only 30-50 stacks are at work for the H2 PEMFC systems and 12-18 stacks are at work for the LNH3 

PEMFC system to reach the minimum power requirement of the stacks and at the same time, 

maximize the system efficiency (explained more in section 5.2.1).  To provide the start-up power for 

the equipment, a battery of 1000 kWh, 1100 kWh and 2000 kWh are required for the cargo ship GH2, 

LH2 and LNH3 PEMFC system while a battery of 1 kWh and 3 kWh are required for the water taxi 

GH2 and LNH3 PEMFC system. The fuel mass flow rate and power generated at different propulsion 

load factors for the designed water taxi systems and cargo ship systems are presented in 

supplementary information D. 

 

5.2 Performance analysis 

5.2.1 Energy efficiency, exergy efficiency and exergy destruction rate distribution  

Figure 4 compares the system LHV energy efficiencies of different water taxi and cargo ship systems. 

The efficiency of the diesel engine system and the ammonia-diesel dual fuel engine system are 

estimated according to the studies [16], [29]–[34]. As shown in Figure 4, the H2 and NH3 PEMFC 

systems’ efficiency for both case studies increases from full load to a lower load factor, owing to the 

lower overpotential of the fuel cell stack at lower current density, which results in higher stack 

efficiency. At propulsion load factors higher than 8%-10% for the H2 (GH2 or LH2) PEMFC systems 

or higher than 36%-43% for the LNH3 PEMFC systems, the stack efficiency dominates the system 

efficiency, but as the propulsion load factor reduces below this value, the power loss related to the 

balance of plant contributes increasingly significantly. Although most of the components (e.g. pumps) 

can adjust their power demand based on the output from the fuel cell, some components, such as 

controllers, require constant power supplied by the fuel cell stack regardless of the stack’s output. 



 

 

This constant power percentage will increase as the load factor reduces, which results in decreasing 

system efficiency. As shown in Figure 4, the optimum propulsion load factor for the H2 PEMFC 

systems is about 8-10%, while that for the LNH3 PEMFC system is about 36-43% due to the higher 

proportion of the balance of plant’s power loss. For the cargo ship PEMFC systems operated at 

propulsion load factors lower than the optimum load factor, it would be beneficial if only some of the 

stacks are on-line to reduce the balance of plant power loss, which could maximize the system’s 

efficiency. 

 

For the water taxi, the GH2 PEMFC system is the most efficient among the four systems at all 

propulsion load factors owing to the high thermal LHV efficiency of the stack. The LNH3 system is 

also powered by the stack but around 14% (by volume) of the ammonia fuel and around 7% (by 

volume) of the hydrogen produced are used in the burner to provide sufficient heat to the cracker, 

which leads to lower system efficiency compared with the H2 PEMFC system. The water taxi LNH3 

PEMFC system has higher LHV efficiency than the water taxi diesel engine system and the ammonia-

fuel oil dual fuel engine system at all load factors. Owing to the low revolution rate, high air to fuel 

ratio and long stroke, the two-stroke engine for the cargo ship can operate at higher LHV efficiency 

than the four-stroke engine for the water taxi [83]. Therefore, for the cargo ship, the GH2 PEMFC 

system has the highest LHV efficiency only if the propulsion load factor is below 48%, otherwise the 

ULSFO diesel engine system is the most efficient. Among the five cargo ship systems, the LNH3 

PEMFC system is the least efficient because of the extra power required by the ammonia cracker. 

The detail of power loss distribution of the designed system is provided in supplementary material E. 

 

 
Figure 4- The system energy efficiency (%LHV) of the water taxi and cargo ship at different propulsion load factors. Note: No ammonia-
diesel engine efficiency for two-stroke marine ship is stated, the ammonia-fuel oil dual fuel engine efficiency is estimated based on the 

Man LGIP (liquified petroleum gas) marine dual fuel engine. Based on the document by Man, the ammonia dual fuel engine is a modified 

version of LGIP dual fuel engine and the engine efficiency can reach above 50% [32], [33]. 
 



 

 
Figure 5- The system exergy efficiency (% fuel exergy) of the water taxi and cargo ship at different propulsion load factors. (1 column) 
 

Beside the energy analysis, an exergy analysis is conducted for the designed PEMFC systems as a 

supplement to measure how close the systems are to ideality and to determine the sources of 

irreversibility, which could help to enhance the system energy utilization. Figure 5 compares the 

system exergy efficiencies of the designed water taxi and cargo ship PEMFC systems at different load 

factors. The exergy efficiencies follow similar trend as the energy efficiencies. Due to the 

irreversibility incurred by the extra ammonia cracker (with burner), the ammonia PEMFC systems 

have lower exergy efficiencies than the hydrogen PEMFC systems. Moreover, the exergy efficiencies 

of the cargo ship PEMFC systems are lower than that of the water taxi PEMFC systems owing to the 

higher destruction rate from the electrical circuitry.  

 

The exergy efficiencies and the system energy utilization could be improved by reducing exergy 

destruction rates (𝐸̇𝑋𝑑). The overall exergy destruction rates of the water taxi GH2 PEMFC systems, 

LNH3 PEMFC system and the cargo ship GH2 system, LH2 system and LNH3 system at full load are 

26 kW, 36 kW and 26600 kW, 26800 kW and 35900 kW, respectively and their distributions are 

shown in Figure 6. The PEMFC contributes most significantly to the exergy destruction rate of all the 

designed PEMFC systems. Therefore, reducing the fuel cell destruction rate could lead to significantly 

improvement in the system exergy efficiencies, which might be achieved by increasing the PEMFC 

operating temperature and pressure, reducing membrane thickness etc. Improving the efficiency of 

the electric devices, such as inverters, will also improve the system exergy efficiency. For the GH2 

PEMFC system, the pressure reduction valve contributes significantly to the irreversibility because 

of the large pressure drop and replacing the valves with expanders might recover the pressure energy 

and improve the energy utilization. For the LH2 and LNH3 systems, the liquid fuel evaporators and 

heaters are significant exergy destroyers, and their destruction rate could be lowered by reducing the 

temperature difference. Moreover, in the LNH3 PEMFC systems, the ammonia cracker and burner 

occupy 16%-17% of the exergy destruction rate. The high burner destruction rate is associated with  

the high entropy generation, which could be reduced by improving burner design and operation 

conditions (e.g., equivalence ratio). While the destruction rate of the ammonia cracker could be 

reduced by lowering the operating temperature of the cracker through improving cracker design or 

cracking catalyst. Overall, there is room to further improve the efficiency and energy utilization of 

the designed PEMFC systems.  



 

 

 
Figure 6- The exergy destruction rate distribution under full propulsion load condition for the (a) water taxi GH2 systems (b) cargo ship 
GH2 systems (c) cargo ship LH2 system (d) water taxi LNH3 system (e) cargo ship LNH3 system. Note: (a) and (b) share the same legend, 

(d) and (e) share the same legend; other components include ammonia sorption column, SCR and valve; electrical circuit includes the 

controller, sensor, converter, inverter, transformer, drive, gearbox, motor.  
 

5.2.2 System volume and mass analysis  

Figure 7 (a) compares the volume and mass of different water taxi power systems, including the mass 

and volume of the fuel tanks with fuel to support the water taxi for 8-hour operation, all the equipment 

in Figure 1 (e.g. pumps, cracker and fuel cell stacks) and the batteries, converters, drive and motor in 

Figure 2. The diesel engine systems’ volume and mass are estimated from the study [16], [29]–[34], 

[47]. In term of the mass and volume of the fuel tanks, the gaseous hydrogen tank has the highest 

volume and mass among the four systems due to the low volumetric energy density of the gaseous 

hydrogen and the heavy and bulky tanks required to withstand the high gaseous pressure. The fuel 

tank for the LNH3 PEMFC system has smaller mass and volume than the GH2 system but is 2.5 times 

larger in mass and 3.2 times larger in volume compared with the LSMGO diesel engine system. 

According to the studies by several researchers and companies, such as Enviu and  Alewijnse Marine 

Systems [11], the GH2 PEMFC system can meet the space and mass constraints of the small-scale 

vessels, such as the water taxi. In this study, Figure 7 (a) indicates that the LNH3 PEMFC system has 

comparable mass and 42% lower system volume with respect to the hydrogen system. It is noted that 

the ammonia cracker with burner and purifier contribute only slightly to the water taxi LNH3 PEMFC 

system’s mass and volume (3.6 % and 3.0%, respectively). The water taxi LNH3 PEMFC system is 

smaller and lighter than the ammonia-fuel oil dual fuel engine system because of the high efficiency 

and power density of the PEMFC but it is still 46% heavier and 5% bulkier than the LSMGO diesel 

engine system. 

 

Figure 7 (b) compares the volume and mass of different 2600TEU cargo ship power systems, 

including the mass and volume of the fuel tanks with fuel to support the cargo ship traveling across 



 

the Pacific Ocean with a nonstop voyage leg of 6,600nm and system equipment (all the equipment in 

Figure 1 and the batteries, converters, drive and motor in Figure 2). The volume and mass of the cargo 

ship diesel engine systems are estimated from the Ref. [6], [84], [85]. According to the study by Mao 

et al. [50], the available space of fuel storage (i.e. maximum fuel tank volume) of the 2000 – 2999 

TEU cargo ship is 3330 to 4700 m3. Therefore, as seen in the Figure 7 (b), the GH2 PEMFC system 

(350bar), which requires fuel tank with volume of 9100 m3 is too bulky for the long-distance and 

large-scale shipping application. Even if increasing the pressure of the tank to 700bar, the volume of 

gaseous hydrogen tank, which is around 6695 m3, is still not within the volume limit. Conversely, the 

LH2 PEMFC system, LNH3 PEMFC system and ammonia dual fuel engine system can all meet the 

constraint. The LNH3 PEMFC system is less beneficial than the LH2 PEMFC system in term of the 

mass due to the lower fuel mass energy density and the additional ammonia cracker required. 

However, the LNH3 is easier to handle, and has a more mature supply chain compared with the LH2, 

which enhances its potential to be applied as the ship fuel at large scale.  

 

The detailed mass, volume and cost of the GH2, LH2 and LNH3 systems’ components is provided in 

supplementary material F. 

 

 

 
 
Figure 7-Overall system volume and mass analysis of the (a) 12-passenger water taxi (b) 2600TEU cargo ship 



 

 

 

 

5.2.3 Environmental impacts  

The lifecycle GHG emissions of the water taxi and cargo ship based on different power systems are 

shown in Figure 8. The hydrogen and ammonia are assumed to be green hydrogen and green ammonia 

produced from electrolysis using renewable energies. In contrast with the fuel oil diesel engine 

system, the H2 PEMFC system, LNH3 PEMFC system and ammonia-fuel oil dual fuel engine system 

can reduce the life cycle GHG emissions by 91%, 88% and 72%, respectively for the water taxi and 

by 91%, 88% and 80%, respectively for the cargo ship. 

 

Instead of just the lifecycle GHG emissions, the operational emissions of different marine systems 

are also analysed. The GH2 and LH2 PEMFC system can reach zero emissions during operation while 

the LNH3 system can also prevent the PM and SOx emissions but will emit some NOx (2103 kg NOx 

/year for cargo ship and 1.6 kg NOx /year for water taxi) due to the combustion of hydrogen and 

ammonia in the burner. Nevertheless, the LNH3 system (with SCR) can reach operational NOx 

reduction of 95% and 98% compared with the fuel oil diesel engine systems with SCR for the water 

taxi and cargo ship, respectively. Switching the fuel oil diesel engine to an ammonia-fuel oil dual fuel 

engine could curtail the operational PM emissions by 87%-90% and operational SOx emissions by 

90%. However, the ammonia-fuel oil dual fuel engine suffers from significant ammonia slip and NOx 

emissions. The detail of the operational emissions of different water taxi and cargo ship power 

systems is provided in supplementary material G.  

 

For the cargo ship, the PEMFC system offers another advantage over the diesel engine system because 

it could replace the diesel genset for the auxiliary power generation. The replacement of the HFO 

gensets by fuel cells for auxiliary power can reduce the operational SOx, NOx and PM emissions by 

around 7400 kg/year, 5500 kg/year and 900 kg /year, respectively. Although the genset emissions are 

small compared with the main engine emissions, they lead to significant health impacts on coastal 

residents. The gensets are used to provide the auxiliary power for the ships when they are berthing or 

in the harbour, therefore, can cause direct emissions to the closed coastal area. 



 

 
Figure 8- Lifecycle GHG emissions of different (a) 12-passenger water taxi power systems (b) 2600TEU cargo ship power systems 

5.2.4 Cost  

The cumulative cost of different water taxi power systems and cargo ship power systems with a 

lifetime of 25 years are compared in Figure 9. The system cost includes the cost of the fuel over the 

system lifetime (Table 9) and the cost of the system equipment (all the equipment in Figure 1 and the 

batteries, converters, drive and motor in Figure 2). For the water taxi case study, the GH2 PEMFC 

system is more cost-efficient than the LNH3 PEMFC system owing to the lower fuel consumption 

and lower CAPEX. The water taxi LNH3 PEMFC system has similar cost to the ammonia dual fuel 

engine but is 44% and 105% more costly than the GH2 PEMFC system and LSMGO diesel engine. 

For the cargo ship case study, the GH2 PEMFC system, LH2 PEMFC system and LNH3 PEMFC 

system have comparable costs, which are around 108%, 112% and 116% higher than the ULSFO 

diesel engine system, respectively. Owing to the high cost of the large gaseous hydrogen tank required 

for the cross-ocean voyage, the cost difference between the LNH3 PEMFC system and GH2 PEMFC 

system for the cargo ship is smaller than that for the water taxi.  

 

The above cumulative cost analysis is based on the case with no carbon tax or similar policy measure. 

Based on the lifecycle GHG emissions in section 5.2.3, a carbon tax of  75 £/tonne CO2-eq and 191 

£/tonne CO2-eq, respectively, would make the costs of the water taxi GH2 and LNH3 PEMFC systems 

competitive to the conventional fuel oil heat engine system. While the carbon tax needed for the cargo 

ship GH2, LH2 and LNH3 PEMFC systems are 145, 149, 159 £/tonne CO2-eq, respectively. The carbon 

taxes needed are 50%-280% higher than the current carbon price level in UK (50£/tonne CO2-eq) 
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Figure 9-Cumulative cost analysis of different (a) 12-passenger water taxi power systems and (b) 2600TEU cargo ship power systems 

over a lifetime of 25 years (1.5 column) 

6. Conclusions  

 

In this paper, pure gaseous hydrogen, and liquid hydrogen PEMFC propulsion systems and an 

integrated ammonia cracker with PEMFC propulsion system are designed. A model is developed for 

the designed systems and applied to two case studies, a 25kW water taxi and a 2600TEU container 

ship, to access their performances in term of the fuel consumption, efficiency and exergy destruction 

rate, mass and volume occupation, environmental impacts and the costs. The performance of the 

conventional marine engine and ammonia-fuel oil dual fuel engine from literature are used as base-

cases for comparison. 

 

In this regard, the main findings of the study are listed below:  

• The LHV energy efficiency of the GH2 PEMFC system is 45.2% - 58.3 %, which is around 

22%-85% more energy-efficient than the LNH3 PEMFC system depending on the ship scale 

and the load factor. Compared with the conventional fuel-oil engine, the LNH3 PEMFC 

system has higher LHV efficiency for the water taxi but has lower efficiency for the cargo 

ship. 



 

• The PEMFCs contribute most significantly to the exergy destruction rate for all the designed 

PEMFC systems. Hence, improving the stack exergy efficiency would lead to a significant 

improvement in the system energy utilization.  

• The GH2 PEMFC system, which requires a fuel tank with volume of 9100 m3 cannot meet 

the space constraint of 4700m3 for the 2600TEU cargo ship while the LH2 PEMFC system 

and the LNH3 PEMFC system, whose fuel tank volume is 2754 m3 and 2748 m3, respectively, 

are within the volume limits. Therefore, in term of mass and volume, the GH2 PEMFC system 

might not be suitable for the large-scale and long-distance shipping marine application. 

• The designed GH2, LH2, LNH3 PEMFC systems using green hydrogen and ammonia can 

reach nearly zero operational emissions. Compared to the conventional fuel oil engine 

system, the GH2 system, LH2 system and LNH3 system could reduce lifecycle GHG 

emissions by around 91%, 91% and 88%, which all meet the IMO target of 50% GHG 

reduction by 2050. 

• Taking into account the predicted fuel prices over the ship system life of 25-year, the cargo 

ship GH2, LH2 and LNH3 system have cumulative costs of 280M£, 284M£ and 289M£, 

respectively, while the water taxi GH2 system and LNH3 system have cumulative costs of 

184k£ and 265k£, respectively. Further carbon policy measures and cost reduction in green 

fuels and fuel cells are required to bring the designed PEMFC systems down by 31%-54% to 

make them cost competitive to the fuel oil engine system.  

 

 

 

  



 

 

Nomenclature 
Symbols 

GH2  Gaseous Hydrogen 

LH2 Liquid Hydrogen 

LNH3 Liquid Ammonia 

CP Specific heat (J/kg∙K) 

n Number of electrons 

I Current (A) 

i Current density (A/m2) 

F Faraday Constant (s 
∙A/mol) 

E Potential (V) 

V Potential loss (V) 

R Resistance () 

𝛾  Water content 

N Number 

PWR Power (W) 

𝑚̇  Mass flow rate (mol/s) 

𝑛̇  Molar flow rate 
(mol/s) 

P Pressure (Pa), pump 

𝑄̇  Heat transfer rate (W) 

𝑊̇  Work done (W) 

∆Ḣ  Enthalpy change rate 
(W) 

Hî  Specific enthalpy 
(J/mol) 

𝑆î  Specific entropy (J/mol 
K) 

ex Specific exergy (J/mol) 

∆𝐸̇𝐾𝐸    Kinetic energy change 
rate (W) 

∆𝐸̇𝑃𝐸   Potential energy 
change rate (W) 

𝐸̇𝑋𝑑 Exergy destruction 
rate (W) 

R Gas constant (J/mol 
K) 

T Temperature (K) 

k Heat capacity ratio 

w   Specific work done     

            (J/g) or (J/mol) 

v  Specific volume (m-3) 

h Heat transfer 
coefficient (W/m2 K) 

RP Rated power (W) 

Lf Load factor 

Greek letters 

Ƞ Efficiency 

ƺ  Stochiometric 
coefficient 

σ Stefan-Boltzmann 
constant              

ε  Emissivity 

Acronyms 

ECAs   Emissions Control 
Areas  

PM Particulate Matters 

HFO Heavy Fuel Oil 

ULSFO Ultra-low Sulfur Fuel 
Oil 

MGO Marine Gasoil  

PEMFC Proton exchange 
membrane fuel cell 

SCR Selective Catalytic 
Reduction 

 

SOFC Solid oxide fuel cell 

EF Emission factor 

GHG Greenhouse gas 

CAPEX Capital expenditure 

OPEX Operating 
expenditure 

O&M Operating and 
maintenance 

Subscripts 

FC Fuel cell  

oc open circuit 

0 Reference 
temperature  

amb ambient 

act activation 

conc concentration 

ohm Ohmic 

m membrane 

i species or component  

f formation 

in inlet 

out outlet 

Superscripts 

0 Standard state value 
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