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Abstract: This study develops system-level models of ammonia-fuelled powertrains that reflect the
characteristics of four oceangoing vessels to evaluate the efficacy of ammonia as an alternative fuel
in the marine environment. Relying on thermodynamics, heat transfer, and chemical engineering,
the models adequately capture the behaviour of internal combustion engines, gas turbines, fuel
processing equipment, and exhaust aftertreatment components. The performance of each vessel is
evaluated by comparing its maximum range and cargo capacity to a conventional vessel. Results
indicate that per unit output power, ammonia-fuelled internal combustion engines are more efficient,
require less catalytic material, and have lower auxiliary power requirements than ammonia gas
turbines. Most merchant vessels are strong candidates for ammonia fuelling if the operators can
overcome capacity losses between 4% and 9%, assuming that the updated vessels retain the same
range as a conventional vessel. The study also establishes that naval vessels are less likely to adopt
ammonia powertrains without significant redesigns. Ammonia as an alternative fuel in the marine
sector is a compelling option if the detailed component design continues to show that the concept is
practically feasible. The present data and models can help in such feasibility studies for a range of
vessels and propulsion technologies.

Keywords: ammonia; marine propulsion; shipping; decarbonisation; powertrain

1. Introduction

The Paris Climate Agreement and similar country-specific policies set targets for de-
carbonisation across numerous sectors [1,2]. According to the International Energy Agency
(IEA), international shipping emissions accounted for 9.3% of transport sector emissions
and 2.1% of total global emissions in 2019 [3,4]. Global shipping volume is increasing
at a rate of approximately 3% per year, indicating that by 2050, global shipping volume,
and therefore emissions, will exceed 2019 figures by a factor of 2.4 [5]. In 2008, the In-
ternational Maritime Organisation (IMO) set a framework for decarbonisation focusing
on short-, middle-, and long-term efforts [6]. Short- and middle-term efforts focus on
improving the hydrodynamics, steaming speeds, and fuel efficiency of both existing vessels
and the near-future fleet. Long-term efforts from 2030 onward focus solely on the uptake
of alternative fuels.

Strategies for decarbonisation vary by sector; however, marine and air transport
are widely regarded as two of the most difficult sectors to clean up. Marine vessels are
required to operate in remote locations and harsh conditions for long periods of time, often
without support. Merchant vessels derive value from their ability to transport cargo from
one location to another, while naval vessels derive their value from the service that they
provide: security. Attempts to decarbonise the marine sector must be compatible with the
operating environment and should minimise adverse impacts on the value potential of the
vessels in question.
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Many studies have evaluated the lifecycle emissions and global availability of am-
monia in anticipated future development scenarios to better understand its potential as
an alternative fuel [7,8]. Significant effort in both commercial and academic research has
also been dedicated to developing an understanding of ammonia’s combustion mechan-
ics [9–15]. The present study draws on this work and employs models informed by the
fundamental principles of thermodynamics, heat transfer, and chemical engineering to
evaluate the feasibility and practical application of ammonia-fuelled marine powertrains
at a system level. The system-level approach focuses on understanding powertrain per-
formance and fundamental design requirements without the need for a highly detailed
component analysis. The purposes of this study are to present a framework for modelling
the fundamental performance of alternatively fuelled powertrains and to present baseline
results for select ammonia-fuelled marine vessels.

In the next section, some background material on ammonia is presented that ex-
plains the choices and assumptions made in later subsections describing the methodology.
The results are presented and discussed before the paper closes with a summary of the
main conclusions.

2. Materials and Methods

In this section, the methods used to model ammonia powertrains are presented.
Some background information on ammonia is first presented to explain the choices and
assumptions made.

2.1. Background on Ammonia

Ammonia is an attractive energy vector for the marine sector because it is composed
of only nitrogen and hydrogen, indicating that its combustion is carbon neutral. Ammonia
acts as a “hydrogen carrier” because it remains a liquid at ambient pressure and a tempera-
ture of 239.75 K. Pure hydrogen would require temperatures below 20.25 K to remain a
liquid at the same pressure [16]. Ammonia can be dissociated into hydrogen and nitrogen
for the subsequent combustion of NH3-H2-N2 mixtures that closely mimic the combustion
characteristics of hydrocarbon fuels [12,13]. However, ammonia is not without flaws; its
production pathways can produce significant lifecycle CO2 emissions, and the substance
is both highly toxic and corrosive [8,16]. Ammonia production via fossil fuels is often
accomplished by combining hydrogen generated by steam methane reforming (SMR) and
pure nitrogen in the Haber–Bosch process. Green ammonia production typically takes
advantage of the Haber–Bosch process but uses hydrogen generated via electrolysis with
renewable electricity. Other novel methods for green ammonia production include algae
conversion, latent thermal energy recovery, and other new and innovative solutions [17,18].
Regardless of the method, the lifecycle emissions associated with ammonia production can
be significant and should be evaluated further [19].

2.2. Ammonia Combustion Characteristics

Compared to hydrocarbon fuels, ammonia has a high ignition energy, low laminar
flame speed, and tight flammability limits, each of which restrict its ability to combust
reliably. As early as the 1960s, research pertaining to the use of ammonia as an alternative
fuel established that the chemical is not well suited for combustion; see Table 1 [12].
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Table 1. The combustion properties of JP-4, ammonia, and hydrogen, adapted from [12]. The min-
imum quenching distance and minimum ignition energy are determined experimentally at 1 atm.
The laminar burning velocity is determined experimentally at 422 K (300° F) and 1 atm. The heat of
vaporisation is a referenced value, and the flame stability limits are generalised from the gas turbine
(GT) burner. JP-4 is no longer manufactured, but its properties are very similar to modern jet fuel [20].

Property Units JP-4 Ammonia Hydrogen

Min. quenching distance cm 0.203 0.699 0.0635
Min. ignition energy mJ 0.3 9.0 0.2

Laminar burning velocity cm/s 62.2 15.0 351
Heat of vaporisation kJ/kg 361 1180 449
Flammability limits Φ range 0.55–4.24 0.724–1.46 0.182–8.84

In bench tests with a small gas turbine (GT) burner, Verkamp et al. [12] found that in-
jected liquid ammonia cannot create self-sustaining flames because its heat of vaporisation
is approximately three times larger than jet fuel (JP-4). When injected as a gas, ammonia is
able to sustain a flame; however, the velocity of air moving through the burner must be
lowered to avoid blowout.

Conversely, Table 1 shows that hydrogen is very combustible. Verkamp et al. [12]
suggest that a mixture of hydrogen and ammonia could yield a fuel with properties similar
to conventional jet fuel. The study establishes that increasing the fraction of pure hydrogen
in the NH3-H2 mixture leads to improved flame stability limits. A mixture of 28% hydrogen
and 72% ammonia by volume yields combustion characteristics that are comparable to
methane combustion in air [12]. More recent studies by Valera-Medina et al. [13] confirm
these findings and suggest that mixing ammonia and hydrogen greatly improves the
combustion characteristics of the fuel.

Preliminary results produced during the early stages of the present study concur with
the work of Verkamp et al. [12] and Valera-Medina et al. [13] with respect to the combustion
properties of ammonia. Simulations of NH3-H2 combustion in air indicate that greater
proportions of hydrogen result in higher adiabatic flame temperatures and larger lower
heating values (LHVs) on a mass basis. The flame stability limits associated with each
mixture are shown with dashed vertical lines in Figure 1.

Figure 1. The adiabatic flame temperature of NH3-H2 mixtures as a function of equivalence ratio
and the associated flame stability limits [12,13]. The simulations use the Stagni et al. [21] combus-
tion mechanism.
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Ammonia “cracking” is a term that describes splitting an ammonia molecule into
hydrogen and nitrogen; see Equation (1).

2NH3 −→ 3H2 + N2 (1)

Figure 2 shows that as the percent of “cracked” ammonia, and therefore hydrogen
fraction, increases, the LHV of NH3-H2 mixtures increase nonlinearly towards the LHV of
pure hydrogen.

As it is crucial to this study, it is unlikely that a powertrain fuelled by ammonia alone
uses an NH3-H2 fuel mixture. Instead, hydrogen production is accomplished via ammonia
cracking. Excess nitrogen generated along with hydrogen is mixed into the fuel, resulting
in an NH3-H2-N2 mixture rather than an NH3-H2 mixture. The most popular methods
for nitrogen separation from mixed gas are cryogenic fraction distillation or pressure
swing adsorption—both of which are energy intensive processes that require additional
machinery [8]. Therefore, the ammonia-fuelled powertrains proposed in this study use an
NH3-H2-N2 fuel mixture instead of an NH3-H2 fuel mixture.

Figure 2 shows that the LHV of an NH3-H2-N2 mixture increases slightly as the crack-
ing fraction increases because the splitting process is endothermic (45.9 kJ/molNH3 ) [16].
NH3-H2-N2 mixtures combust in a manner similar to the NH3-H2 mixtures mentioned
previously, with the caveat that the associated nitrogen dilution could reduce peak temper-
atures or increase NOx production [12,13].

Figure 2. The lower heating values (LHVs) of NH3-H2 and NH3-H2-N2 mixtures as a function of the
percent of cracked ammonia [16,22].

2.3. Vessel Classifications

In 2020, the global fleet was comprised of just over 53,000 vessels, the majority of
which were merchant vessels [23]. In addition to merchant ships, naval vessels also make
up large portion of oceangoing ships.

2.3.1. New Panamax

The New Panamax container ship is the largest container ship that can pass through
the Panama Canal. With the capacity to carry 14,000 TEU (twenty-foot equivalent units,
38.5 m3), this ship uses a large marine internal combustion engine (ICEs) to produce a
maximum continuous rating (MCR) of 78 MW. For this study, a conventional New Panamax
vessel is defined such that it carries 7475 m3 of marine diesel. At MCR, the ship travels at
25 knots and can cover 12,000 nautical miles (nmi) in 20 days [24]. The conventional engine
is based on a MAN B&W 12G90ME-C10.5 and has an effective specific fuel consumption
(SFC) of 165 g/kWh at MCR [25].



Energies 2021, 14, 7447 5 of 41

2.3.2. Gas Carrier

Gas carriers often carry cryogenic, liquid fuels such as liquefied natural gas (LNG) and
are unique because they burn a small portion of their cargo as it evaporates due to natural
heat transfer from the environment. This study defines a generic gas transport ship using
data from Gaztransport Technigaz, a French LNG transport corporation [26]. The ship is
configured to carry 32,000 m3 of liquid fuel in three equal tanks. The ship’s engine is an
LNG-fuelled ICE with an MCR of 13.4 MW. Its operating characteristics are based on the
MAN B&W 5G60ME-C9.5 [27]. At MCR, the engine’s effective SFC is 147 g/kWh, and
the vessel’s speed is 17.5 knots. A conventional gas carrier has a range of 8400 nmi over
20 days and burns 1337 m3 of LNG (4.2% of its total carrying capacity).

2.3.3. Regional Ferry

Due to space limitations, regional ferries often employ compact marine diesel engines
rather than the “cathedral” engines used by the New Panamax and gas carrier vessels.
The regional ferry is based on the Cape May–Lewes Ferry, which traditionally moves
passengers from New Jersey to Delaware in the United States [28,29]. A conventional ferry
can carry 100 automobiles and 1000 passengers at maximum capacity (≈90 TEU). The ferry
is powered by an SEMT Pielstick 16PA6B ICE [30]. When burning marine diesel at MCR,
the engine has an effective SFC of 205 g/kWh, produces 6.48 MW, and propels the ship at
15.5 knots. With a full tank of fuel, 46.3 m3, these vessels can travel 446 nm, equivalent to
20 journeys over its “standard” route.

2.3.4. Naval Frigate

Naval frigates differ significantly from the three aforementioned vessels because they
employ GT engines for better volumetric power density at the cost of decreased efficiency.
The naval frigate is based on the Arleigh Burke class destroyer, which is conventionally
equipped with four GE LM2500 GTs that burn marine distillate kerosene [31]. The ship
has two driveshafts, each driven by two GTs. At MCR, each GT produces 22 MW for a
combined total of 88 MW and a corresponding maximum speed exceeding 35 knots [32].
When configured for maximum endurance, the ship uses “trail shaft” mode. This operating
regime dictates that one GT runs at MCR, while the other three spin idly, consuming no
fuel [33]. At MCR, a GE LM2500 has an effective SFC of 233 g/kWh [32]. To achieve a
maximum range of 4400 nmi at 20 knots in trail shaft mode, the vessel requires 1372 m3 of
marine distillate kerosene [31,33]. Unlike merchant vessels, naval vessels are not designed
to carry cargo. The naval frigate’s “cargo capacity” is derived from its ability to house two
helicopters in an aft hangar bay that accounts for approximately 3113 m3 (81 TEU) [31].

2.3.5. Conventional Vessel Comparison

Each of the four vessels vary greatly with respect to their size, power requirements,
and intended purpose. Table 2 gives relevant specifications for each classification. The
ammonia-fuelled variants have the same physical dimensions and power requirements as
the conventional vessels, but the cargo capacity or maximum range changes. These changes
are calculated by assuming a one-for-one powertrain and fuel tank swap with an existing
conventional vessel. Cargo capacity changes occur when the ammonia-fuelled powertrain
is configured to achieve the same maximum range as a conventional vessel. Changes to the
maximum range result from using the same fuel tank volume as a conventional vessel after
the powertrain has been “swapped” to ammonia.
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Table 2. The physical characteristics, engine requirements, capacity, and range of each of the four
classifications of vessel discussed in the present study [24–32] .

Quantity Units New Panamax Gas Carrier Regional Ferry Naval Frigate

Design draft m 14.5 7.4 2.1 9.1
Overall length m 368.0 176.0 98.0 153.6

Maximum breadth m 51.0 28.8 21.0 20.3
Displacement tonnes 154,200 37,400 2000 7595

Cargo capacity TEU 14,000 831 90 81
MCR speed knots 25 17.5 15.5 20

Maximum range nmi 12,000 8400 446 4400
MCR engine power MW 78 13.4 6.48 88

2.4. Proposed Ammonia Powertrain
2.4.1. System Overview

The layout of the proposed ammonia powertrain includes an engine, a waste heat
recovery (WHR) heat exchanger (HX), an exhaust aftertreatment system, a fuel tank, a fuel
heater, and an ammonia cracker; see Figure 3. The powertrain is designed around the
engine, which provides the propulsive power for the vessel. Hot exhaust gases immediately
flow through an exhaust aftertreatment device to scrub out NOx emissions. The reactions
are exothermic [34,35]; thus, the temperature of the exhaust increases before entering the
WHR HX. The WHR device uses the hot exhaust to preheat gaseous ammonia as it flows
towards the ammonia cracker. The cooled exhaust gases are vented to the atmosphere,
while the ammonia is routed towards the cracker.

The engine is fuelled by an NH3-H2-N2 mixture. Gaseous ammonia flows out the
fuel tank at a prescribed rate. A portion of the gas is routed for the cracker via the WHR
HX. Following the HX, the gas flows through an additional fuel heater to reach the critical
temperature required by the cracker. The cracker is a catalytic device that accelerates the
natural decomposition of ammonia at high temperatures [36]. As ammonia passes through
the device, it dissociates into hydrogen and nitrogen. The H2-N2 mixture exiting the cracker
mixes with a larger stream of pure ammonia before the mixed fuel is compressed and
injected into the engine.

The proposed powertrain ultimately requires detailed analyses for every component
if the concept is to be successful in practice. This study seeks to quantitatively establish
whether these powertrains are practically feasible for various vessel classifications. ICE
and GT are modelled with standard and established techniques, which are informed by
experimental data that consider mechanical and isentropic efficiencies. The WHR HX,
fuel preheater, ammonia cracker, and fuel tank rely on common heat-transfer models and
correlations. Furthermore, the exhaust aftertreatment device and ammonia cracker take
advantage of the principles of mass transfer and models of fundamental mass-transfer
behaviour to establish a reliable baseline for performance [37–39]. All pipes and mechanical
components are considered “well insulated” with respect to the environment; thus, heat
losses of this kind are ignored. Pressure losses in pipes are neglected because full pipe
layout diagrams are beyond the scope of this study. Additional assumptions are discussed
in the following sections. This study does not claim to produce optimal designs for
ammonia powertrains; instead, it produces flexible models that can be altered to reflect
new experimental data and presents baseline results that can be used to make predictions
and guide detailed design in the future.
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Figure 3. The layout of the proposed ammonia powertrain.

2.4.2. Engine Model

Two types of engines are discussed in the following sections, namely a four-stroke,
spark ignition ICE and an aeroderivative marine GT. The engine systems are modelled
using the literature values and are limited to a level of detail adequate for system level
analysis. Many marine ICEs are two-stroke, compression ignition engines [40]. However,
because relevant experimental data for ammonia-fuelled engines of this type are not
available, the ICE model is forced to adopt a four-stroke, spark ignition concept.

2.4.3. Internal Combustion Engine Model

Ammonia-fuelled ICEs have gained considerable popularity in the past decade. In July
of 2021, Wärtsilä, a marine engine manufacturer, announced that their ammonia research
program was successful and that an engine fuelled by blended ammonia could be available
before 2022. By 2023, the manufacturer expects a pure ammonia engine to be successful [15].
Beyond industry research, examples of ammonia-fuelled ICEs appear at select academic
institutions. Up to this point, most academic institutions working on ammonia combustion
have investigated the characteristics of the fuel in laboratory conditions [41]. Many insti-
tutions have generated robust chemical mechanism pathways and associated computer
simulations from these experiments [21,42–47]. A handful of studies have published results
related to ammonia and blended ammonia combustion in cooperative fuel research (CFR)
engines and modified automobile engines [9,10]. These studies form the basis of the ICE
model used during this study.

Lhuillier et al. used a modified 1.6 L PSA EP6DT engine to burn NH3-H2 mixtures
(80–20%, volume basis). The 1.6 L PSA EP6DT is a common small automobile engine
manufactured by Peugeot. The engine is a 4-stroke spark ignition engine and is modified
to inject gaseous fuel mixtures [10,48]. Significantly, the engine is turbocharged to 1.2 bar in
the intake manifold. Many large marine reciprocating engines are also turbocharged [25].
While L’Huillier et al. [10] use a spark ignition engine, it is worth noting that Lee and
Song [11] propose a novel compression ignition concept for an ammonia-fuelled ICE that
eliminates the need for an ammonia cracker or supplementary fuels by instead burning
pure ammonia in a dual-injection format. To date, this scheme has not been experimentally
validated; thus, it is not used for the present model. Given the relative nonavailability
of data pertaining to the performance of ammonia-fuelled ICE, the results generated by
Lhuillier et al. [10] make up the basis of the spark ignition, ammonia-fuelled ICE model.

The most important characteristics of the ICE model are the power output, fuel
consumption, and emissions. The useful power output is governed by the mechanical
and thermal efficiency of the engine. The thermal efficiency is given by the literature, and
data from a MAN B&W 6S50MC marine diesel engine are used to estimate the mechanical
efficiency, ηmech, of a large marine reciprocating engine. A conservative estimate for the
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mechanical efficiency of a large ICE is 92.85%, the average mechanical efficiency of the
MAN B&W 6S50MC [49].

The following methodology converts published data into measurements of SFC. In-
dicated power is calculated using the indicated mean effective pressure (IMEP), cylinder
volume (V), rotational speed of the engine in revolutions per second (N), and number of
revolutions per power stroke (nc). IMEP, and therefore indicated power, often changes
with equivalence ratio [37]. The equivalence ratio for all ICEs considered in this study is set
to 0.7. Lhuillier et al. [10] show experimentally that an ammonia-hydrogen-fuelled engine
can run with equivalence ratios as low as 0.6 and as high as 1.2. In this case, 0.7 is selected
rather than 1.0, a common operating point for traditional ICEs, because it exhibits similar
indicated efficiency compared to an equivalence ratio of 1.0 and less ammonia slip; see
Section 2.5 [10].

Pind =
(IMEP) V N

nc
(2)

The theoretical “power” contributed by the injected fuel is calculated using the in-
dicated thermal efficiency (ηind). Indicated thermal efficiency may vary slightly with
equivalence ratio.

Pfuel =
Pind
ηind

(3)

The fuel mass flow rate (ṁfuel) is calculated via the LHV of the fuel. The LHV changes
based on the ratio of hydrogen and ammonia in the fuel. Lhuillier’s experiments [10] were
carried out with NH3-H2 mixtures with a 4:1 molar composition ratio; thus, the NH3-H2
curve on Figure 2 is used rather than the NH3-H2-N2 curve. The LHV of an 80% ammonia
and 20% hydrogen mixture is 21.5 MJ/kg.

ṁfuel =
Pfuel
LHV

(4)

The indicated SFC (g/kWh) is calculated by comparing the amount of fuel supplied
to the engine in a given time to the amount of energy that the engine produces, based on
its indicated power, in the same amount of time; see Equation (6). Indicated SFC does
not account for mechanical losses; thus, it is more common to reference the effective SFC.
Effective power is always less than indicated power due to mechanical losses; therefore,
effective SFC is always greater than indicated SFC.

Peff =
Pind

ηmech
(5)

SFCind =
ṁfuel t
Pind t

(6)

SFCeff =
SFCind
ηmech

=
ṁfuel t
Peff t

(7)

The indicated and effective SFC values are calculated based the on experimental work
of Lhuillier et al. [10] and therefore reference the mass of an NH3-H2 mixture. The use
of an ammonia cracker results in the production of NH3-H2-N2 fuel mixtures rather than
pure NH3-H2 mixtures. To account for this difference, any additional nitrogen is treated
as a diluting gas with respect to combustion, and the effective SFC is mass adjusted,
as described below.
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Given a target for the effective output power of an engine and the indicated SFC
of the engine on an NH3-H2 mass basis, the mass flow rate of an NH3-H2 fuel mixture
is calculated using Equation (7). Note that indicated SFC values vary at specific engine
operating points as defined by the equivalence ratio. The molar and mass flow rates of air
through the engine are calculated using the equivalence ratio and the molar flow rate of
the NH3-H2 fuel mixture, respectively.

The molar flow rate of fuel is “corrected” to reflect additional nitrogen flowing through
the combustion chamber. For one mole of pure hydrogen flowing into the combustion
chamber in an NH3-H2 regime, an additional 1

3 of a mole of nitrogen flows into the
combustion chamber in the “corrected” NH3-H2-N2 regime, assuming that the hydrogen
is produced via ammonia cracking. The corrected fuel molar flow rate merely adjusts the
fuel composition and mass to account for the additional nitrogen, which is treated as a
diluting gas. The total mass flow rate through the engine is then the sum of the air mass
flow rate and the corrected fuel mass flow rate. The indicated and effective SFC values are
recalculated to reflect the mass of the nitrogen-diluted fuel. From this point forward, all
SFC values are referenced according to the corrected fuel composition (NH3-H2-N2) rather
than the published composition (NH3-H2), unless otherwise stated.

The corrected composition of the exhaust gases is calculated directly as a function
of the hydrogen percentage, x, expressed in the literature for NH3-H2 mixtures, see
Equation (8). This study adopts the same composition as Lhuillier et al. [10] and assumes
an NH3-H2 ratio of 4:1. The concentrations of minor species such as NOx have negligible
impact on the bulk properties of the exhaust.

(1− x)NH3 + (x)H2 +
( x

3

)
N2 +

(
25
21

3− x
Φ

)
(0.21O2 + 0.78N2) −→(

3− x
2

)
H2O +

(
1
2
+

39
14

1
Φ
− x
(

1
6
+

13
14

1
Φ

))
N2

(8)

The NOx and NH3 emissions, as well as the exhaust gas temperature, are given in the
literature [10]. The emissions data are measured at a specific operating point (equivalence
ratio). The additional nitrogen in the “corrected” fuelling scenario increases the amount
of nitrogen in the combustion zone by approximately 2% on a molar basis. This increase
is considered to have a negligible impact on the exhaust gas temperature and emissions.
The IMO regulates NOx emissions as a function of the mass of pollutant per unit energy
output, based on effective power. The IMO uses a sliding scale for the maximum allowable
NOx emissions based on ship size, engine type, and rotational speed, but this study opts
to look towards the future and aims to scrub NOx emissions from the exhaust stream to
the greatest extent possible [6]. See Section 2.5 for additional details.

Figure 4 shows that there is little agreement regarding the NOx emissions of ammonia-
fuelled ICEs [9–11]. Notably, the numerical simulations of Lee and Song [11] indicate
that there is no need for NOx scrubbing, while the experimental data suggest that NOx
emissions may exceed the IMO limits by factors greater than ten [6]. The scarcity of data
contributes to the lack of consensus surrounding the performance of these machines. Fur-
thermore, Lhuillier et al. [10] is the only relevant study that included the measured exhaust
gas temperatures (680–820 K) in the publication. Without additional data to challenge or
confirm the results, the current model assumes the same exhaust gas temperatures.
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Figure 4. The specific NOx emissions of various NH3-H2 engines as a function of equivalence
ratio [6,9–11].

The proposed powertrain dictates that exhaust gases pass through a selective catalytic
reduction (SCR) system immediately following the engine to scrub out NOx emissions.
Section 2.5 shows that the SCR reactions are exothermic; thus, the exhaust gases experience
a temperature increase. At the exit of SCR, the exhaust reaches its peak temperature and
flows through the WHR HX to preheat ammonia destined for the cracker. Section 2.6
elaborates on this process. Despite pressure losses in the SCR and temperature losses in
the WHR HX, the exhaust gases are still energetic enough to power the ICE turbocharger.

Both the turbine and the compressor associated with the turbocharger are assigned
overall isentropic efficiencies of 67.5% [50]. Exhaust gas pressure loss in the HX is consid-
ered negligible. The work required by the turbocharger compressor is calculated via the air
mass flow rate and the change in specific enthalpy between the ambient conditions at the
inlet and the inlet manifold pressure of 1.2 bar at the outlet. Conventional marine engines
may see inlet manifold pressures as high as 4 bar after turbocharging; however, this study
is restricted by available experimental data [51]. The isentropic compressor efficiency fixes
the outlet state point, from which the required work is calculated [37].

The turbine work is equal to the compressor work because the two are linked by a
shaft. The turbine exhausts by ambient pressure, and the turbine inlet temperature is set by
the exhaust temperature following the WHR HX. Accounting for the SCR backpressure and
using the isentropic turbine efficiency, the turbine inlet and outlet state points are fixed via
an iterative process until the turbine work matches the compressor work, thereby closing
the loop on the engine model.

This model is primarily based on the work of Lhuillier et al. [10]. However, the method-
ology is developed such that the engine characteristics and performance data can be up-
dated quickly, given new input parameters. The current model “runs” an NH3-H2-N2 fuel
with composition ratios of 4:1 for ammonia and hydrogen and 3:1 for hydrogen and nitro-
gen. The hydrogen to nitrogen ratio indicates that the mixture is produced via ammonia
cracking. The equivalence ratio is set to 0.7; see Table 3. A Python script with Cantera [52]
support follows the above framework and uses the published values of indicated SFC
(prior to mass correction), desired output power, equivalence ratio, exhaust temperature,
mechanical efficiency, NOx concentration, and NH3 concentration to output relevant en-
gine performance values such as air mass flow rate, corrected fuel mass flow rate, NOx
and NH3 mass flow rate, and specific NOx emissions.

For the purpose of this study, large marine cathedral engines (MAN B&W type
at 78 and 13.4 MW) were assigned an indicated SFC of 430 g/kWh (mass corrected to
≈487.5 g/kWh) based on Lhuillier et al. [10]. The Pielstick SEMT engines were assigned an
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indicated SFC of 533.2 g/kWh (mass corrected to≈603.5 g/kWh) because they are compact
rather than cathedral engines and therefore have lower fuel efficiency. When burning
diesel, the indicated SFC of the compact engine is 24% greater than that of the cathedral
engine; thus, the same scale factor was applied to ammonia consumption [25,27,30].

Table 3. The input parameters for the internal combustion (ICE) model based on data from Lhuil-
lier et al. [10]. The primary input variable is the desired effective power, but all parameters can be
changed to reflect new experimental data. * The effective power should match the power require-
ments from Section 2.3. † Indicated specific fuel consumption (SFC) values are the published values
prior to mass correction due to nitrogen dilution. The code corrects these values itself.

Input Parameter Units Value

Effective power MW *
Mechanical efficiency — 92.85%
Exhaust temperature K 720

Equivalence ratio — 0.7
Indicated SFC † g/kWh 430/533.2
NOx at exhaust ppm 5000
NH3 at exhaust ppm 5000

Ammonia/hydrogen ratio — 4:1

2.4.4. Gas Turbine Model

Unlike the ICE discussed in Section 2.4.3, no robust experimental studies pertain-
ing to the emissions characteristics and exhaust temperature traits of ammonia-fuelled
GT combustors have been published to date. Instead, the present study is forced to rely
on numerical models and simulated data. To further complicate the model, no relevant
numerical studies have investigated the combustion of NH3-H2 mixtures in proportions
relevant to the engine systems discussed above. Instead, the published studies investi-
gate the combustion of either pure ammonia or NH3-H2 mixtures with large hydrogen
fractions (≈50%). Section 2.8 shows that cracking ammonia is energy intensive; thus, it is
advantageous to minimise the hydrogen fraction in the fuel mixture. However, it is worth
noting that the simulated combustion of pure ammonia in a GT burner by Okafor et al.
and others [53–55] is challenged by Verkamp et al. and others [12,13], who conclude that
pure ammonia mixtures cannot burn reliably in GT combustors. In the future, it may be
possible to reliably burn pure ammonia in a GT; however, to reconcile these differences for
the present study, a number of conservative assumptions are made based on the available
literature.

Characteristics of interest for an ammonia-fuelled GT include the NOx concentration,
NH3 concentration, and exhaust temperature at the combustor outlet. All other quantities
can be reliably calculated or referenced from databooks [37,56]. Figure 5 gives various
combustor outlet temperature predictions from the literature [53–55]. Each published
simulation models the combustion of pure ammonia. Section 2.2 establishes that mixtures
of ammonia and hydrogen experience higher adiabatic flame temperatures than pure
ammonia. A conservative estimate for the GT combustor outlet temperature, assuming an
NH3-H2-N2 fuel composition of 75% ammonia, 18.75% hydrogen, and 6.25% nitrogen (4:1,
NH3:H2 and 3:1, H2:N2) is 1400 K. Once again, the hydrogen to nitrogen ratio indicates
that the mixture is produced via ammonia cracking. An NH3-H2-N2 mixture is used rather
than pure ammonia to expand the flame stability limits of the GT burner and establish
consistency between the ICE and GT models, which use the same fuel composition. While
the current model is conservative, hotter combustor exit temperatures may be achievable
in the future and could result in more efficient GT engines [37].
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Figure 5. The combustor exhaust temperature ranges from various studies modelling the combustion
of pure ammonia in a GT burner [53–55]. For the current study, 1400 K was ultimately selected as the
combustor exhaust temperature.

The studies discussed above consider GT combustors that are purpose built to reduce
NOx emissions from pure ammonia combustion. NH3-H2-N2 mixtures burn hotter and
with more excess nitrogen, which could lead to the formation of more thermal and prompt
NOx, respectively. Section 2.4.3 establishes that numerical simulations of ICEs yield NOx
predictions far below the experimental results; see Figure 4. To keep the current model
conservative, this study applies scale factors to the published emissions characteristics.
The highest published NOx and NH3 emissions are 630 and 4 ppm [53–55]. To account for
the combustion of an NH3-H2-N2 mixture rather than pure ammonia, the concentrations
of each species are increased by 30%. The final parameters associated with the NOx and
NH3 emissions are 820 and 5.2 ppm, respectively. The NH3 concentration is deemed small
enough to be considered negligible; thus, additional NH3 from the fuel tank is injected into
the SCR to promote the NOx reduction reactions [34,35]. While this is not a rigid treatment
of emissions characterisation, it represents a method to capture the general behaviour of
the engine. Given new input values from future experimental work or detailed numerical
simulations, the present model can adapt quickly.

The first stage of the GT compresses ambient air based on a specified compression
ratio. In this case, the compression ratio is set to 18, a common value for aeroderivative
marine GTs [32,56]. The model initially assumes isentropic compression and subsequently
applies the principles of isentropic efficiency to fix the state of the gas after “real” compres-
sion [37,56]. The component efficiencies of most industrial GTs are not publicly available.
Instead, a realistic estimate for the isentropic efficiency of a GT compressor sets the value
to 89% [56].

From the compressor, high-pressure air enters the combustion chamber where it
mixes with compressed gaseous fuel. The current model does not directly simulate the
combustion of the air–fuel mixture and instead relies on published data. The combustor
exit state point is fixed via the combustion chamber exit temperature, combustor pressure
loss, and exhaust gas composition. The exhaust gas composition is again calculated using
Equation (8). The pressure loss in a modern GT combustor is approximately 5% of the inlet
pressure [56].

The fuel mass flow rate directly impacts the effective output power of the engine and
remains a user-defined variable in this model. No mass correction is necessary because the
fuel is defined directly with the correct proportions of ammonia, hydrogen, and nitrogen.
The fuel mass flow rate is readily converted to a molar flow rate, which, in conjunction
with the global equivalence ratio, yields the required air molar and mass flow rates.

While this model does not rely on a detailed simulation of the combustor, much
of the literature suggests that a rich-quench-lean (RQL) concept best reduces NOx emis-
sions [42,55]. RQL schemes are often implemented in hydrocarbon burning GTs to avoid
excessive NOx formation; see Figure 6. The literature indicates, and basic simulations
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produced during this study concur, that NOx production peaks around stoichiometric
compositions for NH3-H2-N2 mixtures; see Figure 7 [55]. RQL burners have a lean “global”
equivalence ratio to promote efficient combustion without excessive NOx production [55].

Figure 6. A diagram of a rich-quench-lean (RQL) burner. Fuel and primary air mix prior to entering
the rich region. NOx is not formed in the rich region due to chemical phenomena. The exhaust
gases from the rich region are quenched to yield a lean mixture for the final stage of the combustor.
The quenching air lowers the temperature of the combustion gases to limit the formation of thermal
NOx. The flow of combustion gases through the burner is continuous.

Figure 7. The NOx molar fraction at various equivalence ratios for pure methane, ammonia, and hy-
drogen, each burning in dry air. The results represent chemical equilibrium in a well-stirred reactor.
Methane combustion is modelled using the GRI-Mech 3.0 mechanism [57]. Ammonia and hydrogen
combustion is modelled using the Stagni et al. [21] combustion mechanism.

Research pertaining to the combustion of ammonia and NH3-H2 mixtures in GTs indi-
cates that liquid fuel injection is all but impossible, even with modern technology [12,13].
Liquid fuel injection is difficult to sustain due to the high heat of vaporisation of ammonia,
the endothermic characteristics of its decomposition, and its low laminar flame speed [12].
As a result, this model assumes gaseous fuel injection.

The pressure in the combustion chamber exceeds 18 bar, based on the specified
compression ratio. Fuel injection must occur at an even higher pressure, 20 bar in this
case. Compressing gases often requires more energy than compressing liquids, and in
this case, the fuel compression work is significantly relative to the output power of the
engine [37]. Rather than drawing power from the GT itself, the energy required for fuel
compression is supplied by auxiliary means; see Section 2.10. Because of this formulation,
fuel compression work is accounted for when calculating the overall cycle efficiency, but
it is ignored when calculating the thermal efficiency of the engine. The fuel compressor
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itself, much like the air compressor, is modelled as an axial machine with an isentropic
efficiency of 89% [56].

Hot exhaust gases from the exit of the combustor flow into the turbine at 1400 K,
as discussed above [53–55]. Modern GTs with blade cooling can withstand turbine inlet
temperatures of up to 2000 K [56]. Higher inlet temperatures often yield greater power
outputs; however, the current model is constrained to 1400 K due to available data [37].
Published data from General Electric describing the performance of their LM2500 GT
suggest that the turbine inlet temperature hovers around 1600 K when burning marine
distillate kerosene [32].

The turbine is modelled using an isentropic efficiency formulation. The exhaust gases
undergo isentropic expansion to a specified exit pressure before the isentropic efficiency is
applied to fix the “real” state of the gas at the turbine exit. The exit pressure is determined in
an iterative fashion based on the backpressure induced by the SCR discussed in Section 2.5.

The GT model is written in Python with Cantera [52] support, see Table 4. The specific
work of the air compressor, combined with the air mass flow rate, yields the net work input
associated with the cycle. The specific work of the turbine and the exhaust mass flow rate
yield the gross work output. The net work output of the GT and the engine’s mechanical
efficiency yield the effective work output of the machine. The mechanical efficiency of a
modern GT is approximately 99% [56]. The heating rate is defined using the fuel mass flow
rate and the LHV of the fuel. The LHV is taken from the NH3-H2-N2 curve in Figure 2, and
it is equal to 19.0 MJ/kg in its defined composition.

Peff =
(wturbine)ṁexhaust − (wcompressor)ṁair

ηmech
(9)

Given these inputs, the GT model yields relevant engine specifications such as exhaust
gas temperature, indicated and effective SFC, NOx concentration, NH3 concentration,
and specific NOx emissions. The fuel mass flow rate is the primary variable used to alter
the effective power output of the cycle.

ṁfuel α Peff (10)

Table 4. The input parameters for the GT engine model based on the literature values [53–55].
The desired fuel flow rate is the primary variable, but all values can be changed to reflect new
experimental data. * The fuel flow rate is altered until the effective power output is equal to the
required power as defined by Section 2.3.

Input Parameter Units Value

Fuel flow rate kg/s *
Compression ratio — 18

Mechanical efficiency — 99.0%
Combustor exit temperature K 1400

Global equivalence ratio — 0.4
ηc — 89%

ηc, f uel — 89%
ηt — 89%

Combustor pressure loss — 5.0%
NOx at exhaust ppm 820
NH3 at exhaust ppm 5.2

Ammonia/hydrogen ratio — 4:1

2.5. Exhaust Aftertreatment
2.5.1. Aftertreatment Device Design

Immediately following the ICE or GT, exhaust gases flow through an exhaust af-
tertreatment device to reduce NOx emissions. This model assumes that the device uses an
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SCR scheme. The SCR is modelled using both the “standard” and “fast” SCR reactions—the
two most relevant for an approximation of SCR behaviour. The “standard” reaction reduces
NO, and the “fast” reaction reduces NO2 [34,35,58–60].

NOx conversion is accelerated via a catalyst. This model assumes that the concen-
tration of NH3 is always stoichiometric with respect to the concentration of NOx (via
NH3 injection into the exhaust stream when necessary) and that the water content in the
exhaust stream does not impact the performance of the SCR. Each of these are optimistic
assumptions. In practice, additional catalysts could be used prior to the SCR to increase
the NO2/NO ratio, thereby accelerating the overall conversion rate and improving NOx
conversion efficiency. Similar schemes are used in the automotive industry via diesel oxida-
tion catalysts [61]. Performance losses due to thermal cycling and catalyst poisoning from
residual lube oil in the exhaust are ignored, but these effects could become significant as
the SCR ages [62–65]. This model assumes that the SCR reactions are mass transfer limited
because the high temperatures at the engine outlet (720–780 K) often yield mass transfer
residence times that are larger than chemical kinetics-driven residence times [34,35,58–60].
The effects of chemical kinetics tend to decrease as temperature increases; however, there is
evidence to suggest that at very high temperatures, the effects of chemical kinetics resurface
in SCR reactors [64,65]. Therefore, a mass transfer limited model is also optimistic. A full-
scale model of an SCR system that takes into account the complex interaction of chemical
kinetics, mass transfer, and temperature variation is beyond the scope of this investigation;
however, the optimistic model presented below is adequate for first-order approximations.

This model assumes a baseline design for the SCR with “tuneable” characteristics to
size the device for each application. To increase the surface area over which the exhaust
gases can interact with the catalyst surface, the device is designed as a honeycomb lattice.
The lattice is coated with a catalyst-laden washcoat that adheres to the inside of each
channel, yielding a network of approximately circular, catalytic channels. The length of the
channels, and therefore the entire SCR, is determined by the interaction of chemical kinetics
and mass transfer phenomena. This study focuses on SCR devices with V2O5 catalysts.
These catalysts are well known and used extensively in the automotive industry; thus, their
performance is well documented in the literature and practice [34,35,58–60]. Additional
materials such as TiO2, WO3, or carbon nanotubes could also be used to improve the
performance of the SCR over time [66]. The conversion efficiency of the device is nominally
99.9%, but in reality, the value would be much less due to the optimistic assumptions
discussed above.

The following methodology describes the design of a mass-transfer-limited SCR.
The equations are derived from heat- and mass-transfer fundamentals [35,38,39]. Recall
that the assumption is made that a small stream of gaseous ammonia from the fuel tank
is used to inject additional ammonia, when necessary, into the device to ensure that the
NH3-NOx ratio is always stoichiometric at the inlet.

Each channel in the SCR is defined by three diameters and a wall thickness. The wall
thickness is defined as s

2 . The outer channel diameter is defined as da, while the inner
channel diameter and circular diameter are defined as di and dh; see Figure 8.
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Figure 8. A single channel is the selective catalytic reduction (SCR) device with the outer channel
diameter, inner channel diameter, circular diameter, and wall thickness labelled.

The outer channel diameter is determined by the number of lattice cells per square
meter (CPSM). Greater CPSM values result in a tighter lattice and a greater catalyst surface
area, at the expense of increased backpressure [67].

da =

√
1

CPSM
(11)

di = da − s (12)

The void fraction without the washcoat, ε, is the square of the ratio of the inner and
outer diameters.

ε =

(
di
da

)2

(13)

Once the washcoat is applied, a new void fraction, εw, is defined as the difference
between the void fraction without the washcoat and the ratio of the washcoat loading,
wload, to the washcoat density, wdensity. “Washcoat loading” is a measurement of the
mass of catalytic material per volume of washcoat. The “washcoat density” is the density
of the washcoat solution after the catalyst is added.

εw = ε−
(

wload
wdensity

)
(14)

dh = da
√

εw (15)

The estimated specific surface area of the catalyst, Ga, is defined by the circular
diameter and the CPSM.

Ga = 4 dh (CPSM) (16)

Unrelated to Ga or the physical dimensions of the SCR, the required NTU (number
of transfer units) is based solely on the effectiveness of the SCR, η. The effectiveness
defines what percent of NOx entering the device remains present at the outlet. Higher
effectiveness values increase the length of the device, assuming all other quantities are held
constant. The IMO regulates specific NOx emissions based on a tiered system that currently
allows vessels to emit between 2 and 17 g/kWh of NOx depending on the age of the ship,
its engine type, and its engine speed [6]. Rather than designing the proposed ammonia
powertrain for current regulations, this study opts to look forward and models a system
that produces as few specific NOx emissions as possible. Therefore, the effectiveness of the
SCR is set to 99.9%. Note that due to the assumptions discussed at the beginning of this
subsection, the actual effectiveness is lower than the prescribed value.

NTU = −ln(1− η) (17)
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The mass transfer coefficient associated with NOx diffusing to the catalytic surface,
kNOx, is defined by the Sherwood number, the mass diffusivity of NOx in air, and the
circular diameter. Mass diffusivity is the function of the kinetic properties of the species
involved, their relative concentrations, and the temperature of the mixture. A constant
value for the mass diffusivity of NOx in air is selected for simplification [68,69]. Flow
through each of the channels is laminar as long as the Reynolds number falls below
2100 [67]. If this condition is satisfied, the Sherwood number is 2.976.

kNOx =
Sh DNOx

dh
(18)

The active surface area of the catalyst, F, is a function of the required NTU, the mass
flow rate of the exhaust, the NOx mass transfer coefficient, and the density of the exhaust
gas.

F =
NTU ṁexhaust
kNOx ρexhaust

(19)

The required volume of the SCR is then given as the quotient of the active surface area
and the specific surface area of the catalyst.

Vcat =
F

Ga
(20)

The required length of the SCR is determined by accounting for the total cross-sectional
area of the device.

lSCR =
Vcat

Aoutlet
(21)

The number of cells in the device, the total volumetric flow rate, the single-channel
volumetric flow rate, and the single-channel mean velocity are also calculated using the
equations below.

cells = CPSM Aoutlet (22)

Q =
ṁexhaust
ρexhaust

(23)

Qcell =
Q

cells
(24)

ucell =
Qcell(
dh
s

)2
π

(25)

To simplify the current analysis and create a baseline for comparison between vessels,
the CPSM, wall thickness, washcoat loading, and washcoat density are each fixed according
to Table 5. The washcoat loading and washcoat density reflect values similar to those used
by automotive SCRs [34,35]. The length of the device, its volume, and the amount of
catalyst change based on the specifications of each specific powertrain. This analysis
proposes one SCR design per vessel to demonstrate that the devices are compatible with
an ammonia powertrain. However, this analysis makes no claims that these suggestions
are optimal.
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Table 5. The fixed characteristics of marine SCR devices considered in this analysis. The washcoat
loading and washcoat density values are similar to those used in automotive SCRs [34,35].

Quantity Units Value

Active catalyst — V2O5
CPSM cells/m2 465,000

Wall thickness mm 0.15
Washcoat loading gcat/Lwash 120
Washcoat density g/Lwash 1500

2.5.2. SCR Ammonia Slip

The SCR functions most effectively when the ratio of ammonia to NOx is approxi-
mately stoichiometric [34,35,58,59]. This may occur naturally based on the performance of
the engine, or ammonia may be added to the exhaust stream. However, once the NOx is
absorbed, any remaining ammonia must be scrubbed from the exhaust because it is both
toxic and corrosive. Ammonia scrubbers use different catalysts than those associated with
the de-NOx portion of the SCR. These catalysts are often added near the end of an existing
SCR without significantly impacting the size of the device [34,35]. This condition holds
only for small concentrations of NOx and ammonia. If an ammonia engine runs with a rich
global equivalence ratio, it is likely that the NOx and ammonia concentrations are high
enough to necessitate an SCR redesign that prevents ammonia slip [34,35].

2.5.3. SCR Backpressure

The backpressure induced by the SCR is modelled using the Hagen–Pouiselle equation.
This equation describes the pressure drop of an incompressible, Newtonian fluid as it flows
through a pipe or circular channel, such as those in the SCR. The channel must have a
constant, circular cross-section and should be sufficiently long, such that the entry length is
insignificant compared to the length of the fully developed region. Furthermore, the flow
regime through the channel must be laminar (Re ≤ 2100) [67]. If each of the above
conditions are met, the pressure drop is defined by Equation (26) [67]. The volumetric flow
rate defined by Equation (26) is the flow rate through a single channel rather than the entire
SCR.

∆P =
8µLQ
πR4 (26)

2.6. Waste Heat Recovery Heat Exchanger

Hot exhaust gases represent an energy source that can be exploited. WHR is particu-
larly important for ammonia powertrains because dissociating ammonia is an endothermic
process (45.9 kJ/molNH3

) that occurs at elevated temperatures (700–900 K) [16]. Any
degree of WHR represents an improvement to the overall efficiency of the system because
it reduces additional energy inputs. The proposed system calls for a counterflow, shell,
and tube HX to act as the WHR device; see Figure 9. Hot exhaust gases flow through the
shell, and gaseous ammonia en route to the cracker passes through the tubes. The outer
shell diameter is determined by the anticipated diameter of the engine exhaust trunk; see
Table 6 [25,30,32].
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Figure 9. A diagram of a counterflow shell and tube heat exchanger (HX).

Table 6. Shell and tube diameters for the waste heat recovery (WHR) device based on effective output
power [25,27,30,32,70,71].

Power [MW] Engine Shell Diameter [m] Tube Diameter [m]

78 ICE 2.0 0.05315
13.4 ICE 1.0 0.02657
6.48 ICE 0.5 0.01329
22 GT 2.0 0.05315

The number of tubes in the HX is set to a constant value of 300 in order to improve
the comparison between the vessels. There exists an ideal packing scheme for 300 circles
within a larger circle [70]. The large circle represents the “shell”, and the smaller circles
within represent the “tubes.” To ensure equal and adequate separation between all tubes,
the outer diameter of each individual tube is set to half of the diameter of the small circles
from the ideal packing scheme. Therefore, each tube is separated from the next closest tube
by its own diameter. The tube diameters for each case are also given in Table 6. The tubes
are made of stainless steel with a wall thickness of 1 mm. Stainless steel is necessary to
reduce corrosion due to ammonia.

The HX is sized using the “effectiveness-NTU” method. This method relates the NTU
number of the HX to its effectiveness using an empirical correlation, which in this case
corresponds to a counterflow shell and tube HX with an even number of tube passes [38].
For a detailed explanation, please refer to Appendix A.

The WHR HXs are sized such that their effectiveness is equal to 0.8 for ICEs and 0.6
for GTs. GTs have hotter exhaust gases and often have less space in the exhaust trunk; thus,
a lower effectiveness is deemed acceptable. In industry, these specific effectiveness values
represent moderately sized HXs at a reasonable cost. More effective HXs can be realistic;
however, they are larger and often more expensive [38].

2.7. Fuel Heater

The WHR HX discussed in Section 2.6 elevates gaseous ammonia from 298 K to
temperatures between 585 and 685 K. Section 2.8 shows that in order for the ammonia
cracker to function effectively, the inlet temperature must reach approximately 900 K.
Therefore, to further heat the gas, the tubes exiting the HX are wrapped in electrical trace
heaters. The gas flow remains separated in individual tubes to promote better heat transfer.
The entire device remains highly insulated to reduce heat loss to the environment.

Electrical trace heaters are common in industry to heat fluids flowing through
pipes [72–74]. The trace heaters produce a constant surface heat flux and are powered by
an electrical current. This is one example of a noncombustion technology that could be
used to heat the gas as it flows towards the cracker, but no claims are made that this is
the optimal solution. Electrical heating is advantageous because it is a noncombustion
technology; however, there may be alternatives.
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Electrical trace heaters are manufactured in many varieties, with the most common
ones being used to keep pipes and valves from freezing in cold environments. These
heaters generally do not exceed 500 K. However, series-connected, “mineral-insulated”
trace heating cables can exceed 1080 K and provide a constant power output along their
length [74]. The design of the cables is a complex material selection and an electrical
engineering problem that is beyond the scope of the present study; however, Table 7
gives the general data used to characterise the general performance of a series-connected,
mineral-insulated trace heating elements [74,75].

Table 7. The generic characteristics of a series-connected, mineral-insulated, flat cross-section heat
trace cable [74,75].

Quantity Units Value

Width m 0.0131
Thickness m 0.0056

Power W/m 262.5
Maximum temperature K 1088

The amount of additional heat required to elevate the temperature of the ammonia to
900 K is given by the following equation [38]. The mass flow rate is the total mass flow rate
of the fuel destined for the cracker. The specific enthalpy change is computed between the
mean inlet and outlet temperatures via Cantera [52]. The outlet temperature is defined as
900 K by Section 2.8.

qadd = ṁ(hm,o − hm,i) (27)

The heat required per tube is simply qadd divided by the total number of tubes.
Depending on the diameter of the tubes, a discrete number of 13.1 mm wide trace heating
cables can be affixed to the outer surface; see Figure 10. Tubes with diameters of 5.315,
2.657, and 1.329 cm can accommodate twelve, six, and three trace heaters around their
circumference, respectively. The length of the device is given by the following equation,
where 262.5 W/m is the power generation characteristic of the cables and ncable is the
number of cables affixed to each tube [38,74,75]. The result of this calculation is the length
of the fuel heating section of the powertrain.

L =
qadd/ntube
262.5 · ncable

(28)

Figure 10. The cross-sections of one fuel heating tube. The head-on view (left) shows a notional
arrangement of heat tracing cables around the outer surface of the tube. The side-view (right) shows
the mean inlet and outlet temperatures. Heat trace cables are denoted in blue, insulation in grey,
and the fuel in white. Not to scale.

2.8. Ammonia Cracker

From the fuel heater, gaseous ammonia at 900 K enters the ammonia cracker. The two
most common methods of ammonia cracking are thermal cracking and catalytic cracking.
Thermal cracking induces the dissociation of ammonia at very high temperatures and
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is accompanied by additional combustion [36]. This method, while effective, is deemed
less likely to be featured in a marine powertrain due to the requirement for additional
combustion-based processes. Instead, elevated temperatures and catalytic reactors are used
to dissociate ammonia. These reactors are modelled using the fundamentals of heat and
mass transfer, similar to the SCR discussed in Section 2.5.

The dissociation of ammonia (see Equation (1)) occurs naturally at elevated tem-
peratures as the mixture reaches chemical equilibrium; see Figure 11. By Le Chatelier’s
principle, higher pressures result in higher concentrations of pure ammonia at equilibrium
compared to lower pressures, given a constant temperature [37]. As a result, pressurised
ammonia crackers are not advantageous to achieve complete dissociation. Apart from in-
creased temperatures in the reactor, catalysts are helpful to increase the rate of dissociation.
Catalyst selection is a multifaceted investigation that should consider catalyst performance,
sustainability, availability, and economic implications. A generic catalyst is selected for
this study based primarily on the availability of data pertaining to its performance as an
ammonia cracking catalyst.

Figure 11. The equilibrium molar fractions of ammonia and its constituents as a function of tempera-
ture. Produced using the Stagni et al. [21] combustion mechanism.

Examples of common catalysts used for ammonia cracking include anodised alu-
minium, Ru-Al2O3, Ni-Al2O3, Ni-CeO2-Al2O3, and Na-NaNH3, among others [36]. This
study considers a nickel-platinum catalyst on an alumina (Al2O3). Known in industry as
“G43”, the catalyst is commercially available and consists of 0.1% platinum, 3% nickel,
and 96.9% alumina [76]. Chellappa et al. [77] studied this catalyst extensively and es-
tablished a chemical rate law for the dissociation of ammonia over G43 as a function of
temperature and the space velocity of the reactor. Space velocity, W/F, is defined as the
mass of active catalyst divided by the molar flow rate of the gas through the cracker.

W/F =
gcat h

molNH3

(29)

Chellappa et al. [77] show that with a space velocity of 5 gcat h/mol, a G43 catalyst
bed achieves nearly 100% ammonia conversion at a temperature of 780 K. Above this
temperature, the reaction is mass transfer limited [77]. Therefore, the ammonia cracker
is designed using the same methodology as the SCR; see Section 2.5. The key differences
between the two components are the nature and scale of the reaction. In the SCR, a small
fraction of the exhaust undergoes an exothermic reaction. Alternatively, the cracker requires
that the entire gas stream undergoes an endothermic reaction. Every mole of ammonia
flowing into the cracker requires 45.9 kJ of energy to sustain the dissociation process [16].
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Intermediate results show that if this amount of energy is absorbed from the gas itself,
the temperature drop is severe enough to slow down the dissociation reaction significantly,
resulting in incomplete cracking. To avoid this issue, the cracker is equipped with em-
bedded electrical trace heaters to maintain a constant temperature over its length that is
equal to the inlet condition. The constant gas temperature is set to 900 K as a conservative
value to assist the dissociation reaction with remaining mass transfer limited. It is worth
noting that even with a space velocity of 5 gcat h/mol and a temperature of 900 K, this
model is still optimistic; thus, a full-scale analysis of the chemical kinetics, mass transfer
phenomena, and temperature variations in a catalytic ammonia cracker is necessary for
more detailed design.

The length of the cracker is determined in the same manner as the SCR in Section 2.5.
Once again, many of the characteristics of the cracker are fixed in order to promote mean-
ingful comparison; see Table 8. The CPSM of the cracker is smaller than the SCR, and the
washcoat is more dense and catalyst laden. The washcoat loading and density are based
on the physical properties of the catalyst and assume that the washcoat is a viscous paste
with a high Al2O3 content [76]. The Ni-Pt doping in the catalyst may be higher than that
of standard G43 in order to balance the demands of the required space velocity with the
physical properties of the washcoat [77]. The walls are sufficiently thick to allow for the
trace heaters to be placed in between the catalyst tubes.

Table 8. The fixed characteristics of the marine ammonia cracking devices considered in this study.

Quantity Units Value

Active catalyst — G43 (Ni-Pt)
CPSM cells/m2 6200

Wall thickness mm 5.75
Washcoat loading gcat/Lwash 1130
Washcoat density g/Lwash 3950

The length of the cracker is determined via mass transfer phenomena. The heating
requirements are determined via the chemistry of the reaction. Each tube touches the
equivalent of one electrical trace heater as defined in Section 2.7. The maximum potential
heating capacity of the cracker is determined via Equation (30), where each trace heating
cable produces 262.5 W/m [74]. The required heating is given by Equation (31), which
uses the mass flow rate of ammonia through the cracker, mean molecular weight (MMW),
and the enthalpy of formation of ammonia (45.9 kJ/mol) [16]. As long as the potential heat-
ing capacity of the cracker is greater than the heating requirements, the design is deemed
feasible. A detailed layout of the trace heating cables needed to achieve appropriate and
balanced heat transfer is beyond the scope of this model. Figure 12 shows a notional layout
of electrical trace heaters embedded in the ammonia cracker cell walls.

Qpot = 262.5 · (total cells) · L (30)

Qreq =
∆Hform mfuel,crack

MMW
(31)

Qreq ≤ Qpot (32)
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Figure 12. A notional cross-section of the catalytic ammonia cracker proposed in Section 2.8 with cell
walls thick enough to accommodate electrical trace heaters.

The backpressure associated with the cracker is calculated using Equation (26).
The length of the cracker, its heating requirements, and the amount of washcoat and
the associated catalyst are each quantities of importance for evaluating the effectiveness of
ammonia-fuelled marine powertrains.

2.9. Fuel Tank

The proposed powertrain is fuelled by large ammonia tanks. At atmospheric pressure,
ammonia is a liquid at 239.75 K [16]. In ambient conditions, ammonia evaporates from the
fuel tank due to natural heat transfer from the environment. Ideally, such a system allows
boil-off gas (BOG) to fuel the ship.

BOG is a complex thermodynamic phenomena that is related to the geometry of the
ship, ambient conditions, ship motion, and heat-transfer phenomena [78,79]. This study
seeks to distill a model of the fuel tank that adequately captures its behaviour to understand
how the natural boil-off rate (BOR) compares to the demands of the engine.

Heat transfer into the tank, Q, is calculated using the overall heat-transfer coefficient,
the surface area, and the temperature difference between the liquid ammonia and the
environment. See Appendix B for additional detail. The heat evaporates the ammonia into
gas at a constant temperature. The heat of vaporisation of ammonia is 23.4 kJ/mol [16].
The following equation calculates the BOR based on the heat of vaporisation of ammonia
and the heat transfer into the tank from the environment [38]. This approach is very
similar to the preliminary calculations used by LNG carrier companies such as Maran Gas
Maritime Incorporated [80].

Q = UA ∆T = ṁBOR

(
1

MMW

)
∆Hvap (33)

The model iterates to determine the surface temperatures, convection coefficients,
and BOR. Ammonia flow out of the tank results in a loss of volume, which in turn affects
the height of liquid in the tank for the next iteration, yielding an “emptying tank” model.
The instantaneous mass flow out of the tank decreases as the journey progresses; therefore,
the maximum natural BOR occurs at the outset of the journey when the tank is laden with
fuel. This result concurs with the literature [78,79]. The effects of tank sloshing and heat
transfer from the evaporated gas back into the ammonia are neglected.

The engine models in Sections 2.4.3 and 2.4.4 assume steady operation. Over an entire
journey, the steady operation assumption yields a reasonable approximation for fuel use.
The thickness of the fuel tank insulation is directly related to the BOR. For the purpose
of this study, the laden BOR (highest BOR at journey outset) is set to half of the engine’s
required fuel mass flow rate by altering the thickness of the insulation. The laden BOR is
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set to half of the required mass flow rate because it is unlikely that the vessel runs at full
load at all times. Furthermore, the cooling capacity of the liquid ammonia may be useful to
chill certain areas of the ship and provide refrigeration capabilities that would otherwise
require dedicated machinery.

Multiple proposals are considered to increase the BOR from its passive value. An ad-
ditional WHR HX could be added to the exhaust trunk to evaporate ammonia. Results
in Section 4 indicate that such a device is thermodynamically feasible, and based on the
space available and cost of various HXs, would remain feasible for HX effectiveness values
between 0.3 and 0.9. Alternatively, liquid ammonia could be used as a source of refrig-
eration and cooling. Most ships have cooling requirements, and rather than adding a
dedicated refrigeration plant, liquid ammonia could be used to satisfy these needs. Ad-
ditional boil-off tanks without insulation could also be placed in hot areas of the engine
room to artificially increase the BOR. A combination of these strategies may be necessary
to achieve the desired effect in a consistent, yet flexible, manner; however, each provides a
viable option for fuelling the ship.

2.10. Electrical Power Generation

As alluded to in previous sections, ammonia powertrains require additional power
to function properly. The additional power is used to run fuel compressors and supply
power to the electrical trace heaters in both the fuel heater and ammonia cracker. This
model chooses electrical power to meet the additional demands, though there may be other
methods to supply this power using mechanical, chemical, or thermal means.

This model assumes that electrical power is supplied by a separate generator rather
than an integrated alternator. The generators run on the same basic principles as the
proposed ammonia powertrains and use the same fuel. The additional fuel mass flow rate
required by these generators is a function of the additional power required, the efficiency
of the generators, and the LHV of the fuel. Generator efficiency is based on the results
of this study. Ships powered solely by an ICE are equipped with ICE generators. Ships
with GT capabilities are equipped with GT generators. The ICE and GT generators have
thermal efficiency values of 36.8% and 34.6%, respectively, based on the results of this study.
Electrical conversion efficiency accounts for losses in the generator and is set to 98% [81].

ηgen = ηgen,thermal · ηelectrical (34)

2.11. Powertrain Performance Metrics

Before accounting for any additional electrical loads as discussed in Section 2.10,
the thermal efficiency of each engine is calculated using the engine’s effective output power,
the mass flow rate of NH3-H2-N2 fuel mixtures into the engine, and the fuel’s LHV on a
mass basis.

ηthermal =
Peff

ṁfuel LHV
(35)

The overall efficiency of the powertrain is calculated in a similar manner but instead
uses the total mass flow rate of fuel. The total fuel mass flow rate is the sum of the fuel
consumed by the engine itself and the fuel used to generate auxiliary electrical power.

ηoverall =
Peff

ṁtotal LHV
(36)

ṁtotal = ṁfuel +
Padd
ηgen

1
LHV

(37)

The total mass flow rate of the fuel and the effective engine output power yield an
“overall” SFC. As discussed in Section 2.4.3, effective SFC is always larger than indicated
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SFC. Similarly, overall SFC is the largest SFC value due to the additional fuel mass flow
rate now associated with the same effective output power.

SFCoverall =
ṁtotal t

Peff t
(38)

3. Results

Each of the four vessels are evaluated using the methodology described in Section 2.4.
The process flow diagrams of both ICE and GT powertrains are given by Figure 13. The state
points corresponding to those labelled by the diagrams are given by Tables 9–12. In addition
to the state points, the results also include relevant specifications regarding component
sizes, required catalysts, and BOR.

Figure 13. The process flow diagrams of an ammonia-fuelled ICE powertrain (left) and GT powertrain (right).

Table 9. The state points corresponding to the process flow diagram given by Figure 13 for an ICE 78 MW New Panamax
vessel at maximum continuous rating (MCR).

Quantity Units 1 2 3 4 5 6 7 8 9 10 11 12 13

Temperature K 288.2 309.2 720.0 782.6 772.0 757.1 298.0 298.0 686.7 900.0 900.0 423.9 451.1
Pressure bar 1.01 1.20 1.24 1.14 1.14 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.30

Mass flow kg/s 98.7 98.7 110.1 110.1 110.1 110.1 9.8 1.6 1.6 1.6 1.6 11.4 11.4
Molar flow mol/s 3406 3406 4235 4240 4240 4240 572 95 95 95 190 763 763

O2 mol. frac. 0.21 0.21 0.05 0.05 0.05 0.05 — — — — — — —
N2 mol. frac. 0.78 0.78 0.7 0.7 0.7 0.7 — — — — 0.25 0.06 0.06

NOx mol. frac. — — 0.01 — — — — — — — — — —
NH3 mol. frac. — — 0.01 — — — 1.00 1.00 1.00 1.00 — 0.75 0.75
H2 mol. frac. — — — — — — — — — — 0.75 0.19 0.19

H2O mol. frac. — — 0.23 0.24 0.24 0.24 — — — — — — —



Energies 2021, 14, 7447 26 of 41

Table 10. The state points corresponding to the process flow diagram given by Figure 13 for an ICE 13.4 MW gas carrier
at MCR.

Quantity Units 1 2 3 4 5 6 7 8 9 10 11 12 13

Temperature K 288.2 309.2 720.0 782.6 771.6 756.7 298.0 298.0 685.8 900.0 900.0 423.9 451.1
Pressure bar 1.01 1.20 1.18 1.14 1.14 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.30

Mass flow kg/s 17.0 17.0 18.9 18.9 18.9 18.9 1.7 0.3 0.3 0.3 0.3 2.0 2.0
Molar flow mol/s 585 585 727 728 728 728 98 16 16 16 33 131 131

O2 mol. frac. 0.21 0.21 0.05 0.05 0.05 0.05 — — — — — — —
N2 mol. frac. 0.78 0.78 0.7 0.7 0.7 0.7 — — — — 0.25 0.06 0.06

NOx mol. frac. — — 0.01 — — — — — — — — — —
NH3 mol. frac. — — 0.01 — — — 1.00 1.00 1.00 1.00 — 0.75 0.75
H2 mol. frac. — — — — — — — — — — 0.75 0.19 0.19

H2O mol. frac. — — 0.23 0.24 0.24 0.24 — — — — — — —

Table 11. The state points corresponding to the process flow diagram given by Figure 13 for an ICE 6.48 MW regional ferry
at MCR.

Quantity Units 1 2 3 4 5 6 7 8 9 10 11 12 13

Temperature K 288.2 309.2 720.0 782.6 771.6 756.6 298.0 298.0 689.3 900.0 900.0 423.9 451.1
Pressure bar 1.01 1.20 1.41 1.14 1.14 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.30

Mass flow kg/s 10.2 10.2 11.3 11.3 11.3 11.3 1.0 0.2 0.2 0.2 0.2 1.2 1.2
Molar flow mol/s 351 351 436 437 437 437 59 10 10 10 20 79 79

O2 mol. frac. 0.21 0.21 0.05 0.05 0.05 0.05 — — — — — — —
N2 mol. frac. 0.78 0.78 0.7 0.7 0.7 0.7 — — — — 0.25 0.06 0.06

NOx mol. frac. — — 0.01 — — — — — — — — — —
NH3 mol. frac. — — 0.01 — — — 1.00 1.00 1.00 1.00 — 0.75 0.75
H2 mol. frac. — — — — — — — — — — 0.75 0.19 0.19

H2O mol. frac. — — 0.23 0.24 0.24 0.24 — — — — — — —

Table 12. The state points corresponding to the process flow diagram given by Figure 13 for a single 22 MW GT used by a
naval frigate running in trail shaft mode. The naval frigate is equipped with 4 GTs, but these data describe the performance
of a single GT at MCR.

Quantity Units 1 2 3 4 5 6 7 8 9 10 11 12 13

Temperature K 288.2 691.2 1400.0 778.1 788.6 784.1 298.0 298.0 593.0 900.0 900.0 423.9 817.5
Pressure bar 1.01 18.24 17.33 1.04 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 20.00

Mass flow kg/s 55.3 55.3 58.8 58.8 58.8 58.8 2.9 0.5 0.5 0.5 0.5 3.4 3.4
Molar flow mol/s 1911 1911 2163 2164 2166 2166 172 29 29 29 58 230 230

O2 mol. frac. 0.21 0.21 0.11 0.11 0.11 0.11 — — — — — — —
N2 mol. frac. 0.78 0.78 0.73 0.73 0.73 0.73 — — — — 0.25 0.06 0.06

NOx mol. frac. — — 0.001 0.0004 — — — — — — — — —
NH3 mol. frac. — — — 0.0004 — — 1.00 1.00 1.00 1.00 — 0.75 0.75
H2 mol. frac. — — — — — — — — — — 0.75 0.19 0.19

H2O mol. frac. — — 0.15 0.15 0.15 0.15 — — — — — — —

4. Discussion

The results from Section 3 are synthesised, presented, and compared in the follow-
ing subsections.

4.1. New Panamax Container Ship

In this study, the New Panamax vessel runs a single, 78 MW marine ICE at MCR.
The equivalence ratio is set to 0.7, and the design speed is 25.0 knots. The thermal efficiency
of the ammonia-fuelled engine is related to input data from a Peugeot EP6DT and is
predicted as 36.2% [10]. A traditional 78 MW marine diesel engine operating under similar
circumstances has a thermal efficiency of 48.8% [25]. A one-to-one comparison between
these figures is somewhat misleading, as the ammonia-fuelled powertrain is limited by
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its input data, which is scaled up from a small automobile engine. Typically, large marine
engines are more efficient than small automobile engines by nature of their constructions
and operation [82]. This indicates that the present study is conservative, and additional
experimental data are crucial for future evaluation of the efficacy of ammonia-fuelled
powertrains.

However, there is a meaningful comparison between the thermal and overall efficiency
of the engine and powertrain. The overall efficiency of the powertrain decreases to 33.5%
from 36.2% due to the additional 6.2 MW of electrical power required. The electrical loads
are supplied by ammonia-fuelled marine generators with a thermal efficiency of 36.9% and
an electrical conversion efficiency of 98%.

Compared to a conventional engine with the same specifications, the ammonia-fuelled
vessel takes up 1.0% more volume due to fuel processing and exhaust aftertreatment
devices. The exhaust trunk length is 7.7 m at a 2 m diameter to accommodate the SCR and
WHR HX. The fuel processing components span 2.8 m with a maximum diameter of 2 m.
The engine itself measures 22.6 m by 10.0 m by 14.3 m.

The indicated SFC is 487.2 g/kWh, while the effective and overall SFC values increase
to 524.8 and 566.4 g/kWh, respectively. A conventional marine diesel engine of the same
design has an effective SFC of 165.0 g/kWh. With a design speed of 25 knots and 20 days
of range, the conventional vessel can travel a maximum distance of 12,000 nmi. With a
conventional 78 MW large marine ICE, this journey burns 7475 m3 of marine diesel. Using
an ammonia-fuelled engine would increase the required fuel volume to 31,100 m3 of
cryogenic, liquid ammonia at atmospheric pressure (316% increase). A conventional New
Panamax vessel has a shipping capacity of 14,000 TEU (530,000 m3). If the same vessel
is converted to ammonia-fuelled powertrain and expected to traverse the same distance,
the additional fuel and engine volume required to maintain a constant range yield a 4.4%
loss of capacity to 13,386 TEU.

In an alternate scenario, if the converted ship is designed to maintain cargo capacity,
the original fuel tanks can be filled with liquid ammonia rather than marine diesel. Un-
der this operating regime the range of the ship decreases by 76% to 2885 nmi at 25 knots
over 4.8 days. It is more likely that designers accept a loss of shipping capacity rather
than a reduction in range because the former still allows the ship to accomplish its main
objective, while the latter does not.

Over the course of the journey, the natural BOR decreases from 5.7 to 4.8 kg/s. Recall
that the BOR is determined by the thickness of the insulation, which is selected to supply
half of the engine’s MCR fuel demand. In this case, the insulation is modelled as 1.4 mm
of glass wool. The engine requires a fuel mass flow rate of 11.4 kg/s not to mention the
needs of the marine generators. As stated above, there are many methods to increase
the BOR. As a cooling source, the ammonia tank can provide between 7.8 and 9.1 MW
of refrigeration capacity at temperatures as low as 239.6 K. WHR HXs with effectiveness
values between 0.9 and 0.3 remain feasible options for this vessel.

Prior to the SCR, the Panamax powertrain produces over 29 g of NOx per kWh
of propulsive power. Current IMO limits allow for between 2 and 17 g/kWh of NOx
emissions [6]. To model the powertrain for a future scenario where IMO limits continue to
shrink, the SCR has been designed to eliminate 99.9% of NOx; see Section 2.5. The result is
a NOx emission characteristic of 0.029 g/kWh. The SCR requires 220 kg of V2O5-based
catalyst, and the ammonia cracker, which handles a larger volume chemical reaction,
requires 1713 kg of the G43 catalyst.

4.2. Gas Carrier

The gas carrier is a unique vessel because its cargo doubles as its fuel. The range of the
vessel is largely unaffected by the introduction of an ammonia powertrain, but instead, the
volume of product delivered decreases. The gas carrier runs a single, 13.4 MW marine ICE
at MCR to achieve its design speed of 17.5 knots. The equivalence ratio of the engine is 0.7.
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The thermal efficiency of the engine is calculated as 36.2%, which is the same as
the New Panamax vessel because the two are based on the same input data. Similarly,
the overall efficiency remains at 33.5%. The engine draws an additional 1.1 MW of electrical
power from dedicated marine generators. The indicated, effective, and overall SFC values
are 487.2, 524.8, and 566.4 g/kWh, respectively.

The engine volume increases by 0.7% due a 4.4 m long, 1 m diameter exhaust trunk
and a fuel processing section that covers 1.5 m and a maximum diameter of 1 m. The engine
itself is 8.6 m by 6.8 m by 11.8 m.

The gas carrier holds 32,000 m3 of liquid cargo, split into three tanks of equal volume. It
is assumed that fuel for the engine is siphoned equally from each tank. The range of the ship
is 20 days at the design speed, yielding a traverse distance of 8400 nmi. If the ship carries
LNG, the journey requires 2368 m3 of fuel, assuming that the engine has an effective SFC
of 147 g/kWh. To cover the same distance at the same speed, the ammonia regime requires
5343 m3 of liquid fuel, a 126% increase in consumption volume. This increase represents a
9.3% loss of shipping capacity compared to the conventional powertrain. If instead the ship
conserves delivered volume at the expense of range, the distance travelled would decrease
by 56% to 3723 nmi over 8.9 days. A 9.3% loss in delivered volume to maintain a constant
range is double the relative cargo loss experienced by the New Panamax vessel. The loss of
range associated with maintaining cargo capacity is significant for both.

The gas carrier has the same NOx characteristics as the New Panamax vessel (29.4 and
0.029 g/kWh before and after the SCR). The SCR requires 37.8 kg of V2O5-based catalyst,
and the ammonia cracker requires 294 kg of the G43 catalyst.

4.3. Regional Ferry

The regional ferry differs from the aforementioned ships because it employs a compact
marine ICE rather than a large marine ICE. The ferry runs a single 6.48 MW engine at MCR
with an equivalence ratio of 0.7. The design speed is 15.5 knots.

The thermal efficiency of the 6.48 MW ammonia engine is 29.2%, far less than the
efficiency of the aforementioned engines. This value is still directly related to the EP6DT
data but is made less efficient by the performance scaling in Section 2.4.3 [10]. The overall
efficiency of the engine is calculated as 27.0% due to the additional 0.6 MW of electrical
power required to run the engine. The indicated, effective, and overall SFC values are 604.2,
650.7, and 702.2 g/kWh, respectively. The conventional diesel engine has an effective SFC
of 205 g/kWh.

The engine is nominally 6.8 m by 2.3 m by 3.2 m. The ammonia-fuelled engine sees
an increase of approximately 3.2% with respect to engine volume. With a diameter of
0.5 m, the exhaust trunk spans 5.1 m. The fuel processing devices span 3.2 m and have a
maximum diameter of 0.5 m.

A conventionally fuelled ferry carries 46.3 m3 of diesel to travel 446 nmi at 15.5 knots.
Using the same volume of fuel with an ammonia powertrain yields a range of 107 nm,
a 76% loss. To maintain the original range, the required fuel volume increases from 46.3 m3

of marine diesel to 194 m3 of liquid ammonia. This increase results in a loss of carrying
capacity of 4.3%. The ferry can carry 1000 passengers and 100 automobiles during normal
operations; thus, a 4.3% loss of capacity is equivalent to approximately 97 people, 8 vehicles,
or a combination of the two. The ferry is based on the Cape May–Lewes Ferry, which runs
a 23 nmi route between destinations. A conventionally fuelled ferry is capable of making
twenty journeys before refuelling. An ammonia-fuelled ferry could maintain maximum
capacity and use only the existing fuel tanks; however, the vessel would need to refuel
after only four journeys.

The regional ferry uses a less efficient engine than the New Panamax or gas carrier.
While the NOx production characteristics of the engines are similar, the diminished power
output due to lower thermal efficiency results in higher specific NOx emissions prior to
the SCR, namely 36.4 g/kWh. With an SCR that is still 99.9% effective, the specific NOx
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emissions decrease to 0.036 g/kWh. The SCR requires 23 kg of V2O5-based catalyst, and
the ammonia cracker requires 176 kg of the G43 catalyst.

4.4. Naval Frigate

The naval frigate is unlike any of the aforementioned vessels because its value is not
tied to cargo carrying capacity, but instead to manoeuvrability, top speed, and endurance.
The Arleigh Burke class destroyer uses four General Electric LM2500 GTs. For maximum
endurance, the ship runs in trail shaft mode. The single GT in use runs at MCR, while the
other three sit idle. The range calculations in this scenario are calculated by assuming trail
shaft operation with one 22 MW GT running at MCR with a global equivalence ratio of 0.4.
The change in engine volume takes into account the fact that there are four engines aboard
the ship.

The GT model discussed in Section 2.4.4 relies on published data to establish the
turbine inlet temperature. This temperature is fixed at 1400 K, which is comparable to,
if not slightly lower than, hydrocarbon-burning GTs [56]. When the Python simulation
is run as a conventional GT, the engine yields a thermal efficiency of 36.4% and agrees
with published values [32,56,71]. The ammonia powertrain thermal efficiency is calculated
as 34.2%, and the overall efficiency is recorded as 27.1%. For a 22 MW ammonia engine,
the additional electrical power required reaches 5.5 MW. The majority of this power is used
to compress gaseous fuel prior to its injection into the combustion chamber at 20 bar. The
electrical power is provided by ammonia-fuelled generators, which operate at a thermal
efficiency of 34.6% and have an electrical conversion efficiency of 98%.

Each GT requires an exhaust trunk that is 4.2 m long and 2 m in diameter. The fuel-
processing device requires an additional 1.0 m of space with a maximum diameter of 2 m.
The additional exhaust and fuel treatment components increase the engine volume by
32.7% compared to conventional operation. GT engines are compact by nature (8.0 m by
2.4 m by 2.6 m), and the associated increase in total engine volume accounts for only a 2.1%
loss of capacity for the entire ship. The cargo capacity on a naval frigate is limited to the aft
hangar, which is normally used for embarked helicopters.

The effective SFC of a conventional GT is 233.0 g/kWh compared to indicated, effec-
tive, and overall SFC values of the ammonia powertrain of 554.3, 559.9, and 700.4 g/kWh,
respectively. When operating for maximum endurance, a conventionally fuelled ship uses
trail shaft mode to travel at 20 knots for 9.2 days to cover 4400 nmi using 1372 m3 of marine
distillate kerosene. The same journey with an ammonia powertrain would require 4971 m3

of liquid ammonia. With an excess capacity of only 3100 m3, it is not possible for the
ship to achieve its conventional range without a significant expansion or redesign. If the
ship uses only its existing fuel tanks but employs an ammonia powertrain, it achieves a
maximum range of 1215 nmi over 2.6 days (28% of original range). If the ship converts all
of its available cargo capacity (3100 m3) into a fuel tank, its maximum range in trail shaft
mode is 3958 nmi in 8.3 days (90% of original range).

The loss of cargo capacity associated with installing an ammonia powertrain on a
naval frigate is significant because it eliminates the vessel’s ability to launch and recover
aircraft. However, the alternative option of maintaining the ability to conduct air operations
severely limits the vessel’s range to less than 30% of its conventional range. It is likely that
naval forces find both a 72% loss of range or a total loss of air operations capabilities as
incompatible with the vessel’s mission. A significant redesign to expand the volume of the
ship to accommodate additional fuel space may be required.

The NOx emissions of the GTs discussed in this study are far less than the NOx
emissions of the ICEs. This is attributed to the RQL burner concept, which is designed to
reduce NOx emissions [55]. The engine emissions prior to the SCR are 8.52 g/kWH and are
reduced to 0.009 g/kWh following the SCR. Each SCR needs 138 kg of V2O5-based catalyst
(553 kg, total), and each ammonia cracker requires 515 kg of the G43 catalyst (2061 kg,
total).
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4.5. Vessel Comparison

Merchant classifications are favourable candidates for the uptake of ammonia as
an alternative fuel. Each is powered by an ICE, which is a promising technology for
ammonia combustion [14,15]. Results indicate that the overall system efficiency of an
ICE ammonia powertrain is approximately 33.5%, compared to the 27.1% associated with
a GT ammonia powertrain. This is not particularly surprising because the same trend
is often observed when comparing conventional ICE and GT powertrains in the marine
environment [25,27,30–32,71]. In addition to system efficiency, Table 13 shows that per
effective output power, ammonia ICE powertrains consistently outperform ammonia GT
powertrains in key areas.

Table 13. A comparison of the average performance of ammonia-fuelled ICEs and GTs per effective
output power.

Quantity Units ICE GT

Thermal efficiency % 36.2 34.2
Overall efficiency % 33.5 27.1

Effective SFC g/kWh 524.8 559.9
Overall SFC g/kWh 566.4 700.4

Exhaust mass flow per output effective power kg/s·MW 1.5 2.7
Additional power input per output effective power MW/MW 0.08 0.25
Mass of V2O5 catalyst per output effective power kg/MW 2.8 6.3
Mass of G43 catalyst per output effective power kg/MW 22.0 23.4

The ICE has a lower exhaust mass flow per output power than the GT, which has
a significant effect on NOx emissions. While the amount of NOx in ICE exhaust gases
is higher than in GT exhaust gases (5000 versus 820 ppm), the quantity of exhaust per
output power is nearly doubled in a GT. The increased exhaust mass flow rate contributes
to the need for more V2O5-based catalysts per effective output power in GT exhaust trunks
compared to ICEs. Both engine types use approximately the same mass of G43 catalyst per
unit output power in the ammonia cracker. Catalysts are a significant expense and will
likely see increased demand in future decarbonising scenarios; thus, efforts to reduce their
use are advantageous.

Ammonia-fuelled ICE powertrains require 68% less additional input power per output
power compared to the GT. The GT spends a large portion of energy on gaseous fuel
compression, which significantly detracts from its overall efficiency. Fewer requirements
for additional input power result in smaller generators, which each require their own
catalysts if they are designed using the same concepts from Section 2.4. Minimising
generator requirements and the need to supply additional power is helpful to reduce
volume losses, fuel requirements, and catalyst quantity, each of which make ammonia
powertrains more attractive.

The merchant vessels are well suited for ammonia powertrains because they have large
cargo capacities that can mask the volumetric losses associated with installing ammonia
powertrains. Figure 14 shows that larger merchant vessels lose smaller amounts of relative
cargo carrying capacity compared to smaller ships. Any loss of capacity is likely to be
detrimental to profit margins. Designers and operators may be able to sacrifice some
top-end endurance range to save cargo space that would otherwise be used for liquid
ammonia storage. Furthermore, these ships could employ energy saving strategies such
as slow-steaming and drag-reducing hulls to further cut down on energy expenditure,
thereby saving more shipping capacity.
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Figure 14. The cargo carrying capacity of the vessels considered in this study and the associated
absolute and relative loss of cargo carrying capacity compared to conventional vessels.

The regional ferry is an interesting case because its range limitations are related to
refuelling frequency rather than distance requirements. The conventionally fuelled ferry
has the capacity to make twenty voyages on a single tank of fuel, while an ammonia-
fuelled vessel could only make four voyages using the same fuel tank. If refuelling is not
a logistical issue, the ferry could maintain its full cargo capacity in an ammonia-fuelled
scenario. On the other hand, to maintain the same range, the vessel loses only 4.3% of its
capacity, which is the smallest loss observed by any classification. A compromise between
refuelling frequency and capacity loss is likely to result in success, making the ferry a
reasonable candidate for an ammonia powertrain.

Conversely, naval frigates are unlikely to adopt ammonia powertrains without sig-
nificant redesigns, as the loss of range is significant and the cargo carrying capacity of the
ship is small by design; see Figure 15. Assuming that the ship operates with its current fuel
tanks and standard operating modes, the loss of range accompanied by a move to ammonia
from conventional fuel is approximately 72%. This loss of range is likely unacceptable for
naval forces because it severely detracts from the usefulness of the vessel as an escort.

Figure 15. A scale comparison of the original and adjusted range of the vessels after adopting
ammonia-fuelled powertrains.

On the other hand, any loss of cargo capacity on a naval frigate is subtracted from
hangar bays, which negatively impacts mission readiness. The naval frigate is faced with
the decision to abandon its ability to carry air assets or reduce its range. In a compromise
scenario, the vessel could maintain the ability to carry one helicopter, but its maximum
range would still decrease by 41% to 2587 nmi. It is unlikely that these compromises would
be acceptable; thus, rather than retrofitting current vessels, purpose-built, ammonia-fuelled
naval frigates with additional volume for fuel storage are more likely in the future.

The naval frigate uses four engines for propulsion. In order for each engine to have the
capability to operate independently, each is designed with its own ammonia fuelling and
exhaust aftertreatment system. In total, the ship would require approximately 2.5 tonnes
of catalytic material, which could be a significant economic burden. While this analy-
sis does not claim to produce the most efficient catalytic devices nor the most efficient
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design, the preliminary results indicate that adapting multiengine, volume-limited, GT
ships to an ammonia-fuelled concept would be challenging without significant design or
operation modifications.

4.6. Sensitivity Analysis

The accuracy of the results presented in Section 3 is directly related to the quality
of the input data. The input indicated SFC, on an NH3-H2 mass basis, and the input
exhaust gas temperature are evaluated for sensitivity with respect to ICE performance; see
Figure 16. As indicated SFC increases, almost all relevant outputs show a proportional
increase. Notably, the thermal efficiency and overall efficiency are inversely proportional
and nonlinear with respect to changes in input indicated SFC.

Figure 16. The relative change in relevant output values with respect to the relative change of one
input value, in this case, the input indicated SFC on an NH3-H2 mass basis (left) and the ICE exhaust
temperature (right). A horizontal line represents the case that changing the input has no impact on
the output variable. A line with a slope of 1.0 represents direct proportionality between changes to
the input and changes to the output.

Changes to the ICE exhaust gas temperature have little to no effect on cracker perfor-
mance; see Figure 16. Increasing the exhaust gas temperature results in small, proportional
increases in system efficiency and small, proportional decreases in the WHR HX length
and SFC. The SCR length, and therefore catalyst mass, is directly proportional to increases
in exhaust gas temperature because the mass transfer phenomena is directly impacted by
increases in temperature. The specific auxiliary power is inversely proportional to increases
in exhaust gas temperature, because more heat is recovered by the WHR HX.

Figure 17 indicates that the key variable associated with the GT model is the combustor
outlet temperature. Increasing the combustor outlet temperature results in proportional
increases in efficiency and SCR length due to changes to mass transfer behaviour at
higher temperatures. Conversely, SFC, fuel mass flow rate, and auxiliary power decreases
nonlinearly with increases to combustor outlet temperature.
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Figure 17. (left) The relative change in relevant output values with respect to the relative change
of one input value, in this case, the GT combustor exit temperature. (right) A comparison of how
changes to ICE input indicated SFC and GT combustor exit temperature impact the loss of range and
capacity of an ICE-powered New Panamax vessel (top) and a GT-powered naval frigate (bottom).

The nominal values for input indicated SFC, exhaust gas temperature, and combustor
outlet temperature were selected based on the available literature. The nominal input
indicated SFC value for an New Panamax ICE is 430 g/kWh and results in a loss of capacity
of 4.4% or a loss of range of 76%. Varying this input from 300 to 700 g/kWh results in a loss
of capacity between 2.6% and 8.0% and a loss of range between 66% and 85%; see Figure 17.

Similarly, the exhaust gas temperature of a New Panamax ICE defaults to 720 K,
yielding a 4.4% loss of capacity or a 76% loss of range. Varying the exhaust gas temperature
from 600 to 900 K results in small changes in capacity loss from 4.4% to 4.3% and small
changes in range loss from 76% to 75%. The exhaust gas temperature has no significant
impact on the overall performance of the vessel.

The GT has a nominal combustor exit temperature of 1400 K, which results in a 114%
loss of capacity or a 72% loss of range. Varying the exit temperature between 1200 and
1700 K results in capacity losses between 183% and 64% or corresponding range losses
between 81% and 59%.

4.7. Future Work

This study uses an active-cracking scheme whereby ammonia is cracked and immedi-
ately consumed by the engine. It may be possible to crack ammonia more efficiently in a
device that is not directly linked to the engine, allowing it to operate independently. One
could also eliminate the concept of ammonia cracking entirely and substitute the device for
a hydrogen fuel tank.

Ammonia is anticipated to cost more than conventional fuels. The engines, auxiliary
equipment, and catalysts also incur significant costs. A full economic analysis to evaluate
the feasibility of ammonia as an alternative marine fuel should take place prior to the
technology’s uptake.
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The fuel tank model is simplified to capture basic behaviour. A more complex model to
better capture the liquid–vapour interaction, tank sloshing, and refrigeration plant integra-
tion for BOR increase would be useful to improve this model. The use of pressurised tanks
to decrease volume loss, at the expense of additional heating and compression work, could
present new opportunities for small volume crafts adopting ammonia-fuelled powertrains.

An energy and exergy analysis of each of the powertrain components may be useful
to identify where the system incurs efficiency losses. These analyses are crucial for future
work because they establish which components impact the overall performance of the
powertrain the most.

5. Conclusions

This study develops system-level models of ammonia powertrains to evaluate the
use of ammonia as an alternative fuel in the marine sector. The results indicate that
ammonia-fuelled ICE powertrains are better suited for implementation than ammonia-
fuelled GTs. Per unit power output, ammonia-fuelled ICE systems are more efficient,
require less catalytic material, and have fewer auxiliary power demands than GTs. Large
container ships and cargo vessels are well suited to implement ammonia powertrains
if operators can overcome cargo capacity losses between 4% and 9%. A portion of this
capacity loss can be avoided by sacrificing some maximum range. This study establishes
that regional ferries are well suited to adopt ammonia powertrains if challenges associated
with refuelling frequency can be resolved. Naval vessels are much less likely to adopt
ammonia powertrains in the near future because such changes would result in significant
cuts to capacity or a significant loss of range—both of which are incompatible with the
mission of small-capacity naval vessels. While this study does not claim to produce optimal
powertrain designs, it demonstrates that, ammonia-fuelled powertrains are viable options
for marine propulsion. Implementing ammonia powertrain concepts in current and near-
future vessels would of course require redesign and reconfiguration efforts; however,
a successful actualisation of these ideas is well within the grasp of modern technology and
engineering practice. If further detailed design of ammonia-fuelled powertrains continues
to prove that the concept is practically and commercially viable, ammonia-fuelled ships
may represent a compelling option for decarbonising certain vessels in the marine sector.
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IEA International Energy Agency
IMEP Indicated mean effective pressure
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LHV Lower heating value
LNG Liquefied natural gas
MCR Maximum continuous rating
MMW Mean molecular weight
nmi Nautical mile
NTU Number of transfer units
RQL Rich-quench-lean
SCR Selective catalytic reduction
SFC Specific fuel consumption
SMR Steam methane reforming
TEU Twenty-foot equivalent unit
WHR Waste heat recovery

Appendix A. Effectiveness-NTU Method for Heat Exchangers

The overall heat-transfer coefficient, U, accounts for heat transfer within the HX to
include convection on the outside of the tubes, conduction through the tubes, and convec-
tion within the tubes. Radiation is ignored because peak temperatures are anticipated to be
well below 900 K [38]. The device is well insulated; thus, heat loss to the surroundings is
considered negligible. The overall heat-transfer coefficient as a function of the total external
surface area of the ammonia tubes, Ao, is defined by Equation (A1) [38]. L represents the
length of the HX, and ro and ri represent the outer and inner radius of the stainless steel
tubes, respectively.

1
UAo

=
1

hoAo
+

ln( ro
ri
)

2πLksteel
+

1
hiAi

(A1)

To solve for U, both the external and internal convection coefficients are calculated.
The external convection coefficient, ho, is governed by correlations that describe heat
transfer between a fluid flowing across a tube bank and the tube bank itself. Given that
each tube is spaced equally from its nearest neighbour and all tubes have the same diameter,
the Nusselt number is defined as follows [38].

NuD = C1Rem
DPr0.36

(
Pr
Prs

) 1
4

(A2)

The aforementioned equation holds only for cases when the Prandtl number, Pr, falls
between 0.7 and 500 and the Reynolds number, Re, falls between 10 and 2,000,000. For the
case of equidistant, staggered tubes, C1 is equal to 0.40, and m is equal to 0.60 [38].

The Reynolds number and Prandtl number are defined using the flow characteristics
of the exhaust gas. The velocity of exhaust gas, uex, is defined as the velocity through the
shell as if there were no tubes to impede progress. All thermal properties are evaluated at
the mean temperature of the exhaust flow between the inlet and the outlet, except for Prs,
which is the Prandtl number evaluated at the tube surface temperature. The diameter, D,
refers to the diameter of the exhaust trunk [38].

ReD =
ρexD uex

µex
(A3)

The Nusselt number is converted to the external convection coefficient where kex is
the thermal conductivity of the exhaust at the mean exhaust temperature [38].

ho =
NuD kex

D
(A4)
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The internal convection coefficient is defined by one of two correlations that corre-
spond to laminar or turbulent flow. A pipe flow regime is laminar if the Reynolds number
is less than 2100; all other flow regimes are considered turbulent. The Reynolds number is
defined by the fluid flowing within the tubes; thus, the mass flow rate is that which through
a single tube and Din represents the inner diameter. All thermal properties are evaluated
at the mean temperature of the ammonia flowing through the tubes [38]. While some
ammonia dissociation may occur at the elevated temperatures inside the HX, the residence
time is short enough, and the temperatures are not high enough to dissociate a significant
fraction of the ammonia; thus, the effect is deemed negligible.

ReD =
4 ṁ

Din π µNH3

(A5)

If the flow regime is laminar, the Nusselt number is defined as follows [38].

NuD =

3.66
tanh(2.264 Gz1/3+1.7 Gz−2/3)

+ 0.0499 Gz tanh(Gz−1)

tanh(2.432Pr1/6Gz−1/6)
(A6)

The Prandtl number, Pr, and Graetz number, Gz, are evaluated at the mean temper-
ature of the ammonia flowing through the HX. The length, L, refers to the length of the
HX [38].

Gz =

(
Din

L

)
ReDPr (A7)

For the case of turbulent internal flow, the Nusselt number is defined below [38].

NuD =
( f /8)(ReD − 1000)Pr

1 + 12.7( f /8)
1
2 (Pr

2
3 − 1)

(A8)

The friction factor for smooth pipes in the turbulent regime is defined as follows [38]:

f = (0.790 ln(ReD)− 1.64)−2 (A9)

Given either the laminar or turbulent Nusselt number, the internal convection coeffi-
cient is defined as follows where kNH3 is the thermal conductivity of the ammonia gas at
its mean temperature [38]:

hi =
NuD kNH3

Din
(A10)

With Equation (A1) satisfied, the effectiveness-NTU method is now a straightforward
calculation. For each inlet, the heat capacity rate, C, is defined as the product of the mass
flow rate and the specific heat of the fluid [38]. This model does not assume constant
specific heats and uses the average of the inlet and outlet quantities to define cp.

Cc = ṁNH3
cp,NH3

(A11)

Ch = ṁex cp,ex (A12)

The NTU of the HX is defined by the overall heat-transfer coefficient, the total external
surface area of the tubes within the shell, and the lower of the two C values [38].

NTU =
UAo

Cmin
(A13)

The ratio of the C values, along with the NTU of the HX, is used to calculate the
effectiveness of the HX using an empirical correlation, see Equation (A15). The effective-
ness indicates what fraction of the maximum heat transfer, qmax, is actually transferred
within the device [38]. This methodology is written in Python with Cantera [52] support
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and run in an iterative fashion until the HX converges. Recall that the NTU number
and some heat-transfer coefficients are dependent upon the surface area of the device,
which depends on its length. Therefore, the length of the HX is set at the beginning of
the calculation, and the solver outputs the relevant flow temperatures and HX effectiveness.

Cr =
Cmin
Cmax

(A14)

ε = 2

1 + Cr +
√
(1 + C2

r) ·
1 + e−(NTU)

√
(1+C2r)

1− e−(NTU)
√
(1+C2r)

−1

(A15)

qmax = Cmin(Th,i − Tc,i) (A16)

q = qmax ε (A17)

Appendix B. Heat-Transfer Calculations for Fuel Tanks

Consider a fuel tank that sits below the waterline of a vessel. The width and depth
of the tank are equal to the beam and draft of the ship, respectively, less any insulation
thickness. The length of the tank is calculated based on the fuel volume requirements and
is once again insulated. This model assumes a single fuel tank except for the case of the gas
carrier, where the fuel doubles as the cargo and the total volume is split into three large
tanks [26].

The tank is modelled as a cuboid, submerged in seawater, and exposed to air on its top
surface; see Figure A1. The tank is made of a stainless steel liner, an insulation layer, and a
steel hull. Convection from the seawater to the sides and bottom of the tank, conduction
through all three materials, and convection within the tank on the sides and bottom are
accounted for. Convection and conduction are also accounted for on the top of the tank
between the air and the tank’s contents.

Figure A1. A diagram of a large cuboid tank submerged in water on all sides except the top, which
is exposed to air. Heat transfer due to the convection of fluids is denoted using blue arrows and
conduction zones are denoted using red patches.

A thermal resistor network is used to model the heat transfer through all six sur-
faces [38]. Figure A2 shows the resistor network for one side of the tank. Conduction terms
require only the thickness of the materials and their thermal conductivity; see Table A1.
Conduction is modelled as a one-dimensional phenomenon with edge effects and corners
ignored. The hull is modelled as mild steel, the insulation material is glass wool, and the
tank is made of stainless steel [83].

Table A1. The thickness and thermal properties of materials used to model the fuel tank [38,83].

Material Thickness [mm] Thermal Conductivity [W/m·K]

Mild steel hull 16.5 45.0
Glass wool insulation — 0.033

Stainless steel tank 6.0 14.0
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Convection on the inside and outside of the tank is modelled as free convection. Free
convection on vertical plates is modelled using the surface temperature, Ts, the bulk tem-
perature of the fluid, Tbulk, and thermal properties of the fluid. The Rayleigh number,
given below, and the Churchill and Chu correlation are used to generate a Nusselt num-
ber [38]. The length term associated with the Rayleigh number is the height of the plate.
The Nusselt number is converted to a convection heat-transfer coefficient and is added to
the resistor network in Figure A2.

Figure A2. The thermal resistor network used to model the fuel tank.

Ra = Gr Pr =
gβ(Ts − Tbulk)L3

ν2 Pr (A18)

Nu =

(
0.825 +

0.387Ra1/6(
1 + (0.492/Pr)9/16

)8/27

)2

(A19)

The horizontal surfaces on the top and bottom of the tank use two correlations.
The tank lid is modelled as the upper surface of a cold plate with respect to heat transfer
from the air to the tank and as the bottom surface of a hot plate with respect to heat transfer
from the tank to the liquid. Both cases fall under the correlation given below [38].

Nu = 0.52Ra1/5 (A20)

The bottom of the tank is modelled as the lower surface of a cold plate with respect
to the seawater, and the upper surface of a hot plate with respect to the liquid ammonia.
The Nusselt number is governed by the following correlation [38]:

Nu = 0.15Ra1/3 (A21)

The length term associated with the Rayleigh number for all flat plate cases is deter-
mined using the surface area of the plate and its perimeter [38].

L =
As
P

(A22)
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