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ARTICLE INFO ABSTRACT

Keywords: The decarbonization of the shipping industry is pushing towards the introduction of low-carbon fuels such as
Hydrogen carriers hydrogen carriers and towards the installation of cleaner propulsion systems. Among different hydrogen carriers,
Ammonia

ammonia (NH3) is considered a promising option due to its high volumetric energy density and to its easier
storage and transportation in comparison with pure hydrogen. Therefore, this study is focused on the design,
modeling, and feasibility assessment of ammonia-based propulsion systems for shipping applications. Two NH3-
based fuel cell power generation systems are analyzed: i) a NHs-based Proton exchange membrane Fuel Cell
(PEMFC) system and ii) a NH3-based Solid Oxide Fuel Cell (SOFC) system. These systems are designed to replace
a conventional diesel powertrain installed on board a container ship. The fuel consumption, according to the ship
load profile, is calculated and the analysis on the masses and volumes of the fuel storage tanks and of the
ammonia powertrain systems is performed. Results highlight that on board installation of the proposed
ammonia-based propulsion technologies causes greater masses and volumes with respect to the conventional
diesel system. This criticality, in the face of an advantage in terms of avoided CO, emissions per cruise, could be
overcome by accepting a cargo capacity reduction. It is estimated a cargo reduction in the range 3.3% — 4.8% for
the proposed fuel cell-based powertrain solutions. However, by valorizing the avoided CO» emissions, it is
possible to recover the economic penalty due the cargo reduction and break-even with the reference diesel
scenario.

Zero-emission vessels
Maritime industry
Shipping decarbonization

(MARPOL) has prohibited ships using HFO in ports [8]. In 2018, the
International Maritime Organization (IMO) adopted an initial strategy
aimed to reduce the GHGs emissions from seagoing ships, setting out a
vision for 2050 [9]. The proposed strategy is addressed to a reduction of

Introduction

Shipping accounts for 80-90 % of global trade, moving every year
over 10 billion tons of solid and liquid bulk cargo across the ocean all
over the world [1,2]. Currently, the world trade percentage is increased
by about 18 % compared to 2016, and this trend is expected to increase
up to 50 % by 2040 [3]. The use of fossil fuels, such as Heavy Fuel Oil
(HFO) and Marine Diesel Oil (MDO) is predominant in the maritime
sector [4]. This implies that, as trade by sea increases, greenhouse gases
emissions (GHG) due to the use of fossil fuels will significantly increase
[5]. GHG emissions growth from 1990 is foreseen to range from 50 % to
250 % by 2050 if more stringent policies and mitigation measures will
be not adopted [6,7]. In order to reduce pollution in maritime sector, the
International Convention for the Prevention of Pollution from Ships
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CO-, emissions by at least 40 % by 2030, pursuing efforts towards 70 %
by 2050, compared to 2008 level [10,11]. The transition towards the use
of zero or low carbon fuels, as well as the introduction of innovative
propulsion technologies are required actions to achieve these goals [12].
Hydrogen and hydrogen carriers-based technologies are seen as a
promising solution for shipping decarbonization [13,14]. Fuel Cell sys-
tems as primary ship power sources are considered the most promising
solutions for achieving carbon neutrality [15]. Renewable hydrogen
usage in fuel cells-based powertrain systems may contribute to signifi-
cant COy ¢q reductions compared to HFO and MDO, as well as a complete
elimination of criteria air pollutants (CAP) emissions (i.e., NOy, CO, SOy,
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Nomenclature

BoP Balance of Plant

CO- Carbon Dioxide

DWT Dead Weight Tonnage

Hy Hydrogen

LH, Liquid Hydrogen

LHVg,e Fuel Lower Heating Value
NHj3 Ammonia

PEMFC Polymer Electrolyte Membrane Fuel Cell
PSA Pressure Swing Adsorption
RO-RO  Roll-on Roll-off

SOFC Solid Oxide Fuel Cells
TEU Twenty-Foot Equivalent Unit
TFC Total Fuel Consumption

Wship Propulsion System Nominal Power
nPGS Power Generation System Efficiency
ndevice Electrical Devices Efficiencies

xf-ME Load Factor of Main Engine

xf-AUXs Load Factor of Auxiliary Engines

PM) [16]. Despite this, the main drawback that hinders its diffusion in
the shipping industry is related to its onboard storage and transportation
challenges. Because of its low volumetric energy density, a larger stor-
age space on board ships is usually required with respect to conventional
marine fuels. For this reason, ammonia, biogas, Synthetic Natural Gas
(SNG), and liquid organic hydrogen carriers (LOHCs, e.g., methanol)
[17,18] are higher energy density potential alternatives to be employed
as low/zero carbon fuels for ships [19,20]. Recently, there is a growing
recognition that ammonia as a renewable and sustainable zero-carbon
fuel has the potential to substitute conventional fossil fuels in modern
combustion systems [21,22].

For example, ammonia is easier and less expensive to be transported
than hydrogen, since it is stored in liquid form at ambient temperature,
and 8 bar vapor pressure [23].

The use of renewable hydrogen carriers, to abate both CO2 and CAP
emissions inherently implies changing the propulsive set-up of current
ships from thermal to electric [24]. This means replacing current main
and auxiliaries ICEs with electric motors, powered by batteries and/or
and fuel cell technologies [25]. The most mature and commercialized
fuel cell type is the Proton Exchange Membrane Fuel Cell (PEMFC),
which must be fed with high purity hydrogen. On the other hand, the
deployment of high temperature fuel cell systems, i.e., Solid Oxide Fuel
Cells (SOFCs), and Molten Carbonate Fuel Cells (MCFCs), is growing
motivated by their capability to operate directly with fuels like
ammonia, biofuels, and synthetic renewable carbonaceous fuels. In
particular, ammonia can be directly used as fuel for SOFCs and MCFCs,
since the high operating temperature (650-800 °C) allows achieving the
ammonia cracking into nitrogen and hydrogen directly on the anodic
electrode surface [26,27].

Literature review

The transition towards alternative fuels and energy systems onboard
ships is deeply investigated in the scientific literature, with the aim of
reducing CO2 emissions. Rivarolo et al. [28] compared, by evaluating
different parameters (i.e. volume, weight, cost, emissions, etc) four
different vessels and by comparing for each of them different powertrain
solutions (i.e. PEMFC with liquid, compressed or MH stored hydrogen,
SOFC with LNG, ICE fueled by MDO, MEOH, LNG, NH3). Results high-
lighted that the H2-based solutions represented the best solution in case
of small ships (low power) and limited routes. Instead, for large ships
and long routes, the traditional solutions were the optimal ones due to
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the strong constrains related to the required volume for the fuel storage.
Moreover, the interest towards the use of ammonia as hydrogen
carrier for maritime transport decarbonization, is expanding rapidly.
Seddiek et al. [29] investigated the usage of blue/green ammonia as a
marine alternative fuel from environmental and economic perspectives.
They compared three different propulsion systems to be installed on
board a RO/RO vessel: a heavy fuel diesel engine, a blue/green ammonia
diesel engine and a blue/green solid oxide fuel cell (SOFC). The results
demonstrated the environmental effectiveness of the SOFC green
ammonia-fueled ship, with a reduction of greenhouse gas (GHG) emis-
sions of 93.4 % and 92 % compared with the traditional propulsion
system. Wu et al. [30] analyzed an ammonia based SOFC powertrain
system on board an ocean-going vessel from the economic and envi-
ronmental perspective. They demonstrated that the proposed system
was economically and environmentally viable for deep-sea shipping
applications. Ye et al. [31] investigated electric propulsion systems for a
water taxi and container ship powered by a hydrogen-based PEMFC in
terms of system energy and exergy efficiency, fuel consumption, mass
and volume, environmental impacts and cost. They studied onboard
gaseous hydrogen storage or liquid ammonia storage coupled with on-
board cracking. In absence of any carbon policy measures, the authors
demonstrated an increase in costs compared to conventional powertrain
systems of about 116 % and 105 %, respectively — despite showing a 91
% reduction of CO; emission. Percic et al. [32] analyzed the viability of
different fuel cell types fed by hydrogen and ammonia, i.e., a low-
temperature fuel cell (PEMFC) and a high-temperature fuel cell
(SOFCQ), used as powertrain option of three Croatian Ro-Ro passenger
ships. For the proposed systems, the authors carried out both a Life-
Cycle Assessment (LCA) and Life-Cycle Cost Assessment (LCCA), and
they compared the results with the existing diesel power systems. The
results of the research indicated that fuel cell systems have a lower
impact on the environment than a diesel-powered ship, with a reduction
of up to 84 % in CO2.eq emissions when green ammonia is used. From the
profitability perspective, they calculated that fuel cell systems fed with
blue ammonia involve an increase in costs of 27 %—43 %, for PEMFC and
SOFC systems respectively, with respect to the diesel-powered ship.

Contribution of the study and novelty

Despite the previous studies demonstrated the possibility of using
ammonia-based technologies as powertrain systems for commercial
ships, there is still a gap related to the evaluation of its applicability on
board ships. As matter of fact, few studies in the technical literature
described the viability of this solution from environmental and eco-
nomic perspectives, and no study deals with the feasibility in installing
these new powertrain systems considering the realistic ship’s
constraints.

In this context, the contribution of this study concerns a detailed
feasibility analysis devoted to evaluate the energy performances (i.e fuel
consumption) and the technical issues (i.e. the mass/volume of the
components) related to the replacement of conventional engines with
ammonia based-fuel cell systems for vessels propulsion.

The novelty consists of proposing a methodology for designing these
new powertrain systems to be installed on board ships by applying a
modelling approach based on the thermochemical and electrochemical
analyses carried out in Aspen Plus environment.

In this study, it is highlighted that in order to support the imple-
mentation of ammonia fuel cells systems, in accordance with the IMO’s
ambitious plans for zero carbon emissions, it is necessary not only to
evaluate the attended pertiformances of these technologies, but also to
investigate how their integration can affect the design of a new pro-
pulsion system on board a vessel.

Thus, this paper proposes the first study devoted to the feasible
design of ammonia-based fuel cells by presenting preliminary configu-
rations thought for a typical container ship.

The findings of this study will pave a support to the implementation
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of ammonia as an attractive hydrogen carrier, useful for replacing
conventional powering solutions for naval propulsion with new cleaner
technologies.

Materials and method

In this paper, ammonia-based power generation systems for the
propulsion of zero-CO, vessels are analyzed through a design and
modeling approach. Results, in terms of operating conditions and per-
formances, have allowed to carry out a feasibility assessment related to
the installation of the proposed powertrain systems on board vessel.

Powertrain system configurations

The first goal of this study concerns the design and the modeling of
two power generation systems for supplying a ship propulsion system.
Fig. 1 illustrates the proposed powertrain systems.

For both the systems, the propulsion system consists of an electric
motor which, through a gearbox (mechanical efficiency, n=95 %), ac-
tuates the propeller shaft. The electric motor is supplied with electric
power that comes from the PEMFC or SOFC, regulated with a AC/AC
frequency converter (power electronics efficiency, n = 97 %) [8]. In
each case, the electric power from the power generation systems can be
used to supply the electric utilities available onboard a ship. A DC/DC
converter (n = 97 %) and a DC/AC inverter (n = 97 %) are needed to
regulate the power generation systems output voltage and to supply
electricity in AC. Moreover, in order to distribute electricity to the
different utilities, an AC switchboard and a transformer are needed.

Design and modeling approach

The design and modeling approach consists of two main steps
(Fig. 2). In the first step, two NHs-based power generation systems are
defined and analyzed: i) a NHs-based Proton exchange membrane Fuel
Cell (PEMFC) system; and ii) the NHs-based Solid Oxide Fuel Cell
(SOFC) system. Each system and their Balance of Plant (BoP) is modelled
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in Aspen Plus™ environment. The second step consists in evaluating the
feasibility of installing the proposed powertrain systems on board a ship,
sizing the system according to the ship power requirements, calculating
the fuel consumptions according to the ship typical load profile and
defining the mass and the volume of the proposed power generation
systems in comparison with a conventional diesel powertrain system.
For this purpose, we use a container ship as a case-study.

Power generation system based on polymer electrolyte membrane fuel cell
technology

The model flowsheet of the power generation system based on the
PEMFC technology is depicted in Fig. 3. The system’s BoP performs the
NHj cracking, Hy production and purification processes. The Hy purifi-
cation is carried out by means of a Pressure Swing Adsorption (PSA). The
PEMFC system is modeled following a modular architecture in which
each sub-model is conceived as a plant section that interacts with
components by means of mass and energy fluxes. A brief description of
the components employed in the Aspen model is reported in Table 1.

In order to define the PEMFC electrical performance, the available
single cell polarization curve (the polarization curve is obtained by the
manufacturer, and it is a confidential and non-disclosable data) is
implemented in a block run calculator.

The NHjg, stored in liquid state al 20 °C and 8.8 bar, is separated in
two fluxes. The first one (stream #1) is sent to the catalytic burner (C.
BURNER) which, together with the purge gas (stream #12) from the PSA
unit and pre-heated air (stream #19) at 190 °C, ensures the production
of the required heat for the NHj3 cracking reaction. The second one
(stream #2) is vaporized and superheated in the heat exchanger HE-1
(21 °C) and HE-2 (155 °C), respectively. After expanding down to the
cracker unit (1.1 bar) by means of a throttling valve, it is sent to the
cracking reactor where it is split into nitrogen and hydrogen at 550 °C.
The syngas (stream #7) is cooled down to 102 °C in the heat exchanger
HE-2 before entering the NHg adsorber, in which the residual ammonia
(part per million) is removed. In order to reach the operating conditions
(pressure and temperature) of the PSA that works with a Hydrogen
Recovery Factor equal to 0.9, stream #9 is compressed by means of an
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Fig. 3. Layout of NH3-based PEMFC power generation system.

intercooled compressor up to 9 bar (the membrane operating pressure in
the feeding side), at 40 °C. The pure hydrogen (stream #13) heated up to
60 °C, expands down to the PEMFC operating pressure (8 bar) by means
of a valve. The water-cooling process allows recovering low-temperature
heat, which could be useful to supply a thermal load.

The PEMFC electrical performances (current, voltage and electric
power) are estimated by using a Fortran block calculator in which the

empirical equation, proposed by Kim et al. [34] is implemented. The
empirical equation is:

Ver =Vo—beln(J) —ReJ—meexp(—nelJ) e))
where V (V) is the reversible cell potential, J is the current density

(A cm’z), b (V/dec) is the Tafel slope, R (Q cm?) is the ohmic resistance,
m (V) and n (cm A™Y) are parameters that account for the mass transport
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Table 1
Description of the components used in Aspen Plus for the NH3-based PEMFC
flowsheet.

Block Name Block Type Description

CRACKER RGIBBS The cracker is modeled by using
the RGibbs unit operator block
where no reaction kinetics are
applied. The RGibbs uses the
Gibbs free energy minimization
to calculate the equilibrium and
does not require specified
reaction stoichiometry.

The cracking reaction is:

2NH3 < 3H; + N3

The Gibbs free energy of the
reaction system (for k species)
is:

G = Zleni o y;where n; is the
moles number of species i, and
y; is its chemical potential. The
conversion of the NH3 is equal
to 99 % (by assuming Ni-based
catalyst) at a fixed temperature
equal to 550 °C. The specific
energy for cracking reaction is
46 kJ/molxys.

The heat exchangers are
modeled by using the HeatX that
can perform shortcut or detailed
rating calculations for most
types of four-stream heat
exchangers. For a two-stream
exchanger the set of equations
is:

Q = Tgoiq ® AheigQ = Mg @
Ahpo:Q = U e A o LMTDwhere U
(kW/m? K) is the heat transfer
coefficient, A (m?) is the heat
exchange area and LMTD is the
log-mean temperature
difference.

The PSA is modeled by means of
Sep, that is a separator which
splits the entering fuel into two
fluxes, according to an assigned
split fraction, which
corresponds to the selected
purifier system efficiency, set
equal to 90 % according to ref.
[33].

The intercooled compressor is
modelled by using the Mcompr
block, which changes stream
pressure and temperature by
means of different stages
compression. The polytropic
efficiency of the compressor is
assumed equal to 80 % and the
cooling temperature is 40 °C.
The compression ratio is 9.
This component is modeled by
means of RStoic that is a reactor
in which the stoichiometry is
known. The combustion

HE-n HEATX

PSA SEP

INTERCOOLED
COMPRESSOR

MCOMPR

CATALYTIC
BURNER

RSTOIC

reactions are:

H, + 0.50,—~H,04NH3 +
302—6H>0 + 2N;

The anode (A) is modeled as a
separator unit in which purge
hydrogen is separated from the
reactant hydrogen (the H2
utilization factor is 97 %) of the
outlet that is sent to the
stoichiometric reactor that is
used to model the cathode side
(C) in which the oxygen reacts
with hydrogen producing water.

PEMFC UNIT ANODE SIDE
(SEPARATOR)
CATHODE SIDE
(RSTOIC) QMIXER/

QSPLITTER
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Table 1 (continued)

Block Name Block Type Description

1
Hy + 502 —H,0The basic

model assumptions are: (i)
steady-state, (ii) isothermal
conditions, (iii) ideal gas
mixtures, (iv) negligible
pressure drop.
Two specific block calculators
are used to solve the energy
balance of the PEMFC system:
the thermal Mixer block
(QMIXER) and the thermal
Splitter block (QFSPLIT). The
thermal Mixer block is used to
carry out the energy balance,
considering the sensible
enthalpy changes of the feeding
streams at the anode and the
cathode sides and the heat of
electrochemical reactions. The
thermal Splitter block
(QFSPLIT), instead, is used to
separate the output energy flux,
in terms of work (W, the
electrical power), and heat (Q,
the thermal power).
The operating temperature and
pressure of the PEMFC unit are
fixed equal to 60 °C and 8 bar,
respectively.

Equation of State:

Peng-Robinson

overpotential. These coefficients are calculated by applying a regression
technique on the polarization curve obtained by the manufacturer,
which is a confidential and non-disclosable data.

By considering the cells number, the stacks number and the oper-
ating current, the electric power generated is calculated as:

Werpv = Nytack ® Ncer1 ® Veen 1 (2

Power generation system based on solid oxide fuel cell technology

The second analyzed power generation system consists of a NHgs-
based SOFC system. This fuel cell system does not require the fuel to be
cleaned by energy-intensive external cracking and extensive purification
since their high operating temperature provides the flexibility to crack
the ammonia inside the anode electrode [29]. The model flowsheet of
the power generation system based on the SOFC technology is depicted
in Fig. 4 and refers to the plant BoP in which the NHj cracking process
occurs on the anode side. Also in this case, the SOFC system is modeled
by following a modular architecture in which each sub-model is
conceived as a plant section that interacts with components by means of
mass and energy fluxes. A brief description of the components employed
in the Aspen model is reported in Table 2.

The NHs, stored at 20 °C and 8.8 bar, is vaporized (HE-1) and pre-
heated (HE-2) by using the exhaust gasses (stream #25) coming from the
catalytic burner (C. BURNER). In the throttling valve the ammonia ex-
pands before entering the anode side of the fuel cell. The exhaust gases,
before being vented to the atmosphere, are used both to preheat (HE-3)
the cathodic air (AIR) and to generate (HE-4) steam for thermal loads
onboard the vessel. In order to simulate the SOFC behavior from a
thermodynamic point of view, the anode and the cathode have been
modeled by using different components, as suggested in [35]. All the
components employed in the model are widely described in Table 2.

The SOFC electrical performances (current, voltage and electric
power) are estimated by using a Fortran block calculator in which the
equation of the single cell polarization curve, obtained from experi-
mental data, is implemented.
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Fig. 4. Layout of NH3-based SOFC power generation system.

Modeling assumptions
The main modelling assumptions are:

e The nominal power capacity (size of the FC power unit) for each
power generation system (PEMFC and SOFC units) are assigned
equal to the nominal power of the reference main diesel engine
For both fuel cell-based powertrain systems, the auxiliary engines
have been eliminated. Thanks to the modular nature of fuel cells and
their flexible performance at partial load, it is possible to envisage a
control strategy in which only some fuel cell modules operate at full
load, while others remain in hot stand-by. Alternatively, each fuel
cell module could operate at partial load, to supply the power nor-
mally requested to the auxiliary ICE. The development of the control
strategy to perform such operation is out of the scope of this work,
but it would demonstrate a more flexible operation.
e The estimation of the fuel consumption has been carried out
considering the ship mission profile and the efficiency curves of the
selected power generation systems.

Case study

In order to verify the feasibility of installing the proposed powertrain
systems on board a ship, the example of a container ship as case-study is
considered. The vessel specification, the fuel cell modules characteris-
tics, as well as the ammonia storage technologies are defined as follows.

Vessel

The layout of the container ship considered in this analysis is
depicted in Fig. 5.

It shows a length overall (LOA) of 134.4 m, a breath extreme of 22.5
m, a draught of 8.7 m and shows a Dead Weight Tonnage (DWT) of about
11,271 tons. The reference ship is equipped with 8.4 MW main Diesel
engine (ME) and uses 3.5 MW auxiliary engines (AEs), which charac-
teristics in terms of mass and volume are reported in Table 3 [37].

Once selected the ship, the feasibility analysis is performed by sizing
each powertrain system according to the ship power requirements,
calculating the fuel consumptions according to the ship typical load
profile and defining the mass and the volume of the proposed power
generation systems.

The selected ship usually operates medium-distance voyages; in
particular, for this study we consider a typical voyage, characterized by
a cruise duration of 172 h, and an average speed of 18.5 knots. Fig. 6

illustrates the typical container ship mission profile considering the load
factors (the ratio between the operating power and the installed power)
of the main engine (x¢-vg) as well as the load factors of the auxiliary
engines (Xf-Auxs)-

It is important to underline that, for safety reasons, the size of the
main marine diesel ICE installed on board (8.4 MW) is bigger with
respect to the maximum power demand (mission profile) required dur-
ing the navigation (the peak required power is 5.46 MW). This choice
allows to meet every load variation according to every probable weather
condition.

Taking into account the ship mission profile and considering the
specifics of each analyzed power generation system, the total fuel con-
sumption (TFC) in each load condition (i) to comply the ship voyage has
been calculated according to ref [40] as:

(.Xf,ME(t) Wue + Xf—AUXs (t) WAUXx)
TFC=1f [0 : ~ dt )
U / LHVpuepcs (l)deviﬁe.\ (l)

where, Wy is the installed power of the main engine devoted to the
propulsion and Wyyy; is the total installed power of the aux. engines,
LHVpy represents the fuel lower heating value and (17.7 and 120.0 MJ/
kg for ammonia and hydrogen, respectively),nPGS is the power gener-
ation system efficiency, and nDevicesre fers to the electrical devices
efficiencies. The term t; represents the cruise time-end (172 h).

Knowing the amount of fuel needed to satisfy the vessel’s power load
profile, the systems’ net efficiencies are calculated according to the
following equations:

o Z:f:() (X_[—ME(t) Wiie + Xr—avxs () Wauxs + Weompressor )
enet — TFC

4

Fuel cell modules

The NHs-based PEMFC power generation system is characterized by a
100 kW PEMFC system [41]. Each FC module is fed with pure hydrogen
at 8 bar and its operating temperature is 60 °C. The system shows a
power density (@ 280 V and 360 A) and volumetric power density of
256 kW/ton and 99 kW/m?, respectively.

For the NH3-based SOFC power generation system, the technical
specifications of the commercial system developed by Bloom Energy are
considered [42]. Each FC module shows an operating temperature of
750 °C and a cumulative electrical efficiency (LHV net AC) ranging
between 65 and 53 %. The system shows a power density and volumetric
power density of 18.4 kW/ton and 10.1 kW/m?>, respectively. Table 4
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Table 2
Description of the components used in Aspen Plus for the NH3-based SOFC
model.

Block Name Block Type Description

HE-n HEATX The heat exchangers are modeled
by using the HeatX that can
perform shortcut or detailed rating
calculations for most types of four-
stream heat exchangers.

This component is modeled by
means of RStoic that is a reactor in
which the stoichiometry is known.
The combustion reaction is:

H, + 0.502—H>0

Gibbs reactor (A1): in this reactor
the ammonia cracking (46 kJ/mol
NHS3) occurs:

2NH3—3H, + NIt is assumed that
NH3 is totally converted into H2
and N2 (by considering the high
SOFC operating temperature and
the Ni-catalyst used in the anode
side).

Stoichiometric reactor (A2): in this
reactor the hydrogen oxidation is
carried out:

C.BURNER RSTOIC

SOFC UNIT ANODE SIDE
(GIBBS REACTOR,
STOICHIOMETRIC

REACTOR, SEPARATOR)

CATHODE SIDE
(SEPARATOR, MIXER)

Q MIXER

1
Hy + EOzaHZOSeparator (A3):

the unreacted oxygen is separated
to be again mixed to nitrogen.
Separator (C1): the oxygen is
separated by nitrogen and sent to
the anode side for reacting with
hydrogen
Mixer (C2): the unreacted oxygen
is mixed with the nitrogen to get
the right cathode off-gas
composition.
The thermal mixer block is used to
solve the energy balance of the
SOFC taking into account the
sensible enthalpy changes of the
feeding streams at the anode and
the cathode sides and the heat of
electrochemical reactions [36].
The operating temperature and
pressure are 750 °C and 1.1 bar,
respectively.
The H2 utilization factor is set
equal to 0.8 (according to
experimental data [35]).
Equation of
State: Peng-
Robinson

Fig. 5. Typical layout of the container ship.

summarizes the technical data for the considered PEMFC and SOFC
modules. The reader should consider that the commercial SOFC system
is not designed for maritime applications, but rather for stationary high
efficiency power generation applications. Consequently, the BoP is not
optimized to minimize weight or footprint; hence the gravimetric and
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Table 3
Main and Auxiliary engines technical characteristics.

Equipment Volume (m>) Weight (tons)

Main Diesel Engine [38] 137.3 126.0
Auxiliary Diesel Engines [39] 116.0 83.0
Total 253.3 209.0
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Fig. 6. Container ship mission profile.

Table 4

PEMFC and SOFC technical data.
Equipment PEMFC SOFC
Voltage and Current (V/A) 280/360 480
Efficiency (%) 37-56 54.0
Power Density (kW/ton) 256 18.4
Volumetric Power Density (m®/ton) 99 10.1

volumetric energy density values should not be interpreted as a standard
for the shipping sector. Our choice of reference system is simply a
reflection of the availability of complete information for a commercial
unit.

Ammonia storage system
The ammonia is stored onboard at 8.8 bar and ambient pressure,
hence in liquid form [43]. Table 5 summarizes the ammonia storage

Table 5
Storage technologies main characteristics.
Liquid NH3

Ref. [43]
External Diameter (m) 2.5
Length (m) 4.5
Empty Mass (ton) 11.5
Internal Volume (m®) 22.0
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tanks characteristics.
Results

This section illustrates the technical results of the proposed power-
train systems in terms of: i) thermodynamic performances, ii) feasibility
assessment and iii) economic issues.

Powertrain system based on proton exchange membrane fuel cells

The needed Hy amount for feeding the PEMFC is calculated consid-
ering the PEMFC average efficiency and the trend variation of the load
profile factors and the PEMFC operating condition under these load
variations (depicted in Fig. 7). The Hy consumption is calculated by
taking into account eq. (1) and by matching the trend variation of the
load profile with the system’s power output, as reported in the Appen-
dix. The PEMFC model is validated as reported in Ref. [44].

The overall Hy consumption for the selected cruise is 32 tons,
including the hydrogen needed to generate the electric power that the
PEMFC must provide to operate the intercooled compressor.

The overall NH3 consumption is then calculated to completely satisfy
the Hj required by the PEMFC. Considering that 8.24 kg of NHj3 are
needed to produce 1 kg of Hy, the total NH3 consumption is equal to 310
tons. Assuming a safety fuel margin of 10 %, the NH3 amount that must
be stored on board is 340 tons.

Table 6 lists the thermochemical properties of each stream in the
NHgs-based 8.4 MW PEMFC power generation system, and Table 7
summarizes its thermodynamic performance results.

Powertrain system based on solid oxide fuel cells

The NHj3 consumption is calculated starting from the SOFC average
efficiency, considering the trend variation of the load profile factors and
the SOFC operating condition, as depicted in Fig. 8.

For the selected cruise, the overall ammonia consumption is 196.7
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Table 6
Thermochemical properties of each stream in the NH3z-based 8.4 MW PEMFC
system.
Flows  Mass flow rate T (°C) P Composition
(ton/h) (bar)
NH3 4.57 20 8.8 100 %-NH3
1 0.97 20 8.8 100 %-NH3
2 4.21 20 8.8 100 %-NH3
3 4.21 40 1.1 100 %-NH3
4 4.21 155 1.1 100 %-NH3
5 4.21 155 1.1 100 %-NH3
6 4.21 550 11 74.8 %-H2, 24.9 %-N2, 0.3 %—
NH3
7 4.21 177.2 1.1 74.8 %-H2, 24.9 %-N2, 0.3 %—
NH3
8 4.21 102.3 11 74.8 %-H2, 24.9 %-N2, 0.3 %—
NH3
9 4.18 102.3 1.1 75 %-H2, 25 %-N2
10 0.02 102.3 11 100 %-NH3
11 4.18 40 9 75 %-H2, 25 %-N2
12 3.54 40 9 23 %-H2, 77 %-N2
13 0.78 60 9 100 %-H2
14 0.78 60 8 100 %-H2
16 27.82 211 1.1 78.7 %-N2, 15.2 %-02, 6.1 %
H20
17 27.82 74.9 11 78.7 %-N2, 15.2 %-02, 6.1 %
H20
18 23.70 20 1.1 75 %-N2, 25 %-02
19 23.70 190 1.1 75 %-N2, 25 %-02
20 27.82 761.6 11 78.7 %-N2, 15.2 %-02, 6.1 %
H20
21 839.50 20 1.1 75 %-N2, 25 %-02
22 841.85 70 1 100 %-H20
23 841.85 58 1 100 %-H20

tons. Assuming a safety fuel margin of 10 %, the ammonia amount that
must be stored on board is 216.5 tons. The thermochemical properties of
each stream in the 8.4 MW NH3-SOFC system process flow diagram are
summarized in Table 8, and Table 9 shows the thermodynamic perfor-
mance results. The SOFC model has been validated as reported in
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Fig. 7. PEMFC efficiency curve.
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Table 7
Simulation results.

Components Technical Data

Cracker
Temperature (°C) 550
Heat Duty (MW) 5.7
Int.Compressor
Size (MW) 1.5
Heat Exchanger HE-2
Heat Duty (kW) 349.4
Min Temperature Approach (°C) 22
Effectiveness, ¢ (%) 83.8
C. Burner
Outlet temperature (°C) 613.6
Heat Exchanger HE-3
Heat Duty (MW) 1.9
Min Temperature Approach (°C) 15.4
Effectiveness, & (%) 91.5
PSA
Heat Duty (kW) 123.5
PEMFC system
Size (MW) 8.4
Performance
TFC (tons) 310.0
Average net efficiencynenet (%) 43
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Fig. 8. SOFC efficiency curve vs the operating power.

Ref. [35].

It can be noticed that the available heat from the catalytic burner
allows having ammonia vaporizations and pre-heating, assuming a good
heat exchange effectiveness (73.5 %). Moreover, the high temperature
of ammonia exiting the HE-2, allows pre-heat air in entrance the cath-
ode, assuming a high heat exchange effectiveness (83.4 %).
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Table 8
Energy and mass balances of 8.4 MW NHj-based SOFC system.
Flows Mass flow rate  T(°C) P Composition
(ton/h) (bar)
NH3 3.19 20 8.8 NH;3-100 %
2 3.19 600 8.8 NH3-100 %
3 3.19 750 1.1 H-75 %, N»-25 %
4 115.67 807 1.1 N3-76.9 %, 02-16.5 %, HyO-
6.6 %
5 3.19 600 1.1 NH3-100 %
6 3.19 21 8.8 NH3-100 %
7 22.01 750 1 05-100 %
9 25.70 750 1.1 05-100 %
10 115.67 152 1.1 N2-76.9 %, 05-16.5 %, H,0-
6.6 %
11 110.12 650 1.1 N3-79 %,
0,21 %
12 84.42 750 1.1 N»-100 %
20 28.90 750 1.1 05-65.5 %, Hy0-20.7 %, No-
8.6 %, Hy-5.2 %
25 115.67 833.6 1.1 N3-76.9 %, 05-16.5 %, H,0O-
6.6 %
27 115.67 773.7 1.1 N3-76.9 %, 02-16.5 %, H,0-
6.6 %
28 115.67 215.7 1.1 N3-76.9 %, 05-16.5 %, H,0-
6.6 %
AIR 110.12 20 1.1 N3-79 %, 02-21 %
AIR-2 2.27 20 1.1 N3-79 %, 05-21 %
ANODE OUT 6.47 750 1.1 N3-25 %, H,-15 %, H,0-60
%
CATHODE 106.51 750 1.1 N,-81.3 %, 0,-18.7 %
OouT
H,0 2.77 20 1.1 H,0-100 %
STEAM 2.77 120 1.1 H>0-100 %
Table 9

Simulation results.

NHj3-based SOFC system

Components Technical Data

Heat Exchanger HE-2

Heat Duty (MW) 1.3
Min Temperature Approach (°C) 209.9
Effectiveness, ¢ (%) 73.5
Heat Exchanger HE-3

Heat Duty (MW) 20.2
Min Temperature Approach (°C) 125.3
Effectiveness, ¢ (%) 83.4
C. Burner

Temperature (°C) 837.0
SOFC system

Size (MW) 8.4
Performances

TFC (tons) 196.7
Average Net efficiencynenet (%) 57.0

Powertrain system feasibility assessment

The feasibility assessment is performed by comparatively accounting
masses and volumes for the two fuel cell-based powertrains and the
reference diesel ICE scenario. As far as the NHz-based PEMFC system is
concerned, the mass and volume of the PEMFC power generation system
are calculated by taking into account the PEMFC technical data
(Table 4). The total volume and mass of the stored NHj is calculated
taking into account the storage technologies characteristics. Table 10
lists the mass and volume of each component of the plant in the engine
room and the total mass and volume of the stored NH3 in the fuel room.
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Table 10
Volume and Mass for the NH3-based PEMFC Configuration [33,41].
Volume (m®) Mass (ton)

Engine Room
PEMFC 84.7 32.8
Purifier 27.3 11.2
Cracker 8.7 4
Converter 2.7 1
Inverter 4 3
Propulsion Motor 30 20
Heat Exchangers 3.8 6.4
Installation, instrum., control etc. 1.8 0.8
Total 163.0 78.2
Fuel Room
Stored NH3 681.4 696.8

Comparing the total volume and mass of the proposed power gen-
eration system in the engine room with the reference diesel configura-
tion (with a total mass and volume of 209 tons and 253 mS,
respectively), the new power unit occupies 35.5 % less space and 62.5 %
less mass, creating additional space in the engine room to store fuel.

On the other hand, in the fuel room, considering that for the same
cruise the diesel fuel amount equals 99 tons (i.e., 118.8 m3), the stored
NHj3 exceeds the diesel reference case both in terms of volume and mass.

As far as the NH3z-based SOFC power generation system is concerned,
the feasibility assessment is performed considering the SOFC technical
data reported in Table 4. The total volume and mass of the stored NHj is
calculated considering the storage technologies characteristics. Table 11
lists the mass and volume of each component of the plant in the engine
room and the total mass and volume of the stored NHj in the fuel room.

The results show that the required volumes and masses needed to
install the proposed powertrain system exceed the ones of the diesel
system (243 m® in volume and 209 tons in weight) both in the engine
room and in the fuel room.

Discussion

From the analysis of the results of each power generation system, it is
highlighted that the SOFC-based propulsion system reaches the highest
efficiency (57 %) with respect to the PEMFC one (43 %) as well as with
respect to the reference case (50 %). Moreover, both the proposed
configurations require higher volume and mass for their installation on
board.

Comparison with the state of art

The possibility of using fuel cells on board ships has been analyzed in
ref. [45], in which some research and demonstration projects, based on
the development of fuel cells systems for maritime applications, are
presented. In [45] it was highlighted that the most common type for
installation in maritime applications is the PEMFC system fueled by

Table 11
Volume and Mass for the NH3-based SOFC system [33,42,45].

Volume (m*®) Weight (tons)

Engine Room

SOFC 821.8 451.1
Propulsion Motor 30 20
Converter 2.7 1
Inverter 4 2
Heat Exchangers 27.1 19.2
Inst., instrum., control 8.9 4.9
Total 894.5 498.2
Fuel Room

Stored NH3 355.4 402.2
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hydrogen for small-medium size applications (i.e tourist boats, canal
boats, and passenger/car ferries). The SOFC technology is mainly pro-
posed for bigger vessels (i.e. cruise ships and cargo ships). Table 12 il-
lustrates the available information on research projects related to
PEMFC and SOFC fed by different fuels and used as propulsion systems.

This table gives a clear idea that the number of projects on the
ammonia usage is very limited and details on performances are not
already available (or not disclosed).

As matter of fact, the EU-funded ShipFC project [57], is the first NHz—
powered fuel cell on a vessel. This project is devoted to the installation of
an offshore vessel retrofitted with a 2 MW NHg SOFC, allowing to sail
with a cleaner fuel for up to 3000 h annually.

Moreover, in the technical literature few studies on the NH3 usage in
fuel cell power systems for vessel propulsion, are available for energy
and a size-based benchmark. Table 13 illustrates and compares the re-
sults of the proposed study with some data related to the available
research papers.

It is worth noticing that the estimated efficiencies for the proposed
PEMFC and SOFC based systems are in accordance with results obtained
in other studies.

Preliminary economic evaluation

By considering the results of each power generation system, it is
highlighted that higher volume and mass are required in comparison
with the diesel engine system. It means that installing the proposed
systems involves having a vessel’s mass carrying capacity reduction.
Since the carrying capacity of a commercial ship such as a container ship
is accountable in terms of transportable TEU (twenty-foot equivalent
unit) [61]. Fig. 9 shows the calculated carrying capacity reduction
expressed in TEU.

The best solution is represented by the NH3-based PEMFC powertrain
system, for which the vessel carrying capacity in terms of transported
TEU is reduced by about 3.3 %. The worst solution, instead, is repre-
sented by the NHs-based SOFC powertrain system, for which the vessel
carrying capacity reduction increase to 4.8 %. The difference is mainly
due to the higher volume and mass required in the engine room for
installing the SOFC powertrain system, which is characterized by a
much lower volumetric and gravitational power density compared to the
PEMFC system. This entails the need of bulkier components, including
heat exchangers, which become the second largest contribution to the
increased volume and mass requirements for the SOFC-based scenario.
This underlines the importance of increasing the power density of SOFC
stacks and systems for heavy-duty transportation applications, lest
eliminating the advantages associated with the higher energy conver-
sion efficiency and fuel flexibility.

It is important to underline that, the reduction in vessel cargo ca-
pacity can represent a critical issue since it translates in an economic loss
for the ship owners. As matter of fact, assuming a specific TEU cost of
$1000/TEU [62], the economic loss associate with the respective cargo
reduction for each powertrain system is readily found, as reported in
Table 12.

€However, each fuel cell-based system is characterized by zero CO4
direct emission. As matter of fact, the proposed systems allow avoiding
258.5 ton/CO; per each cruise (considering that 1 L of diesel produces
2.61 kg of CO3 [63]). Considering that the EU Emission Trading System
has been recently extended to the maritime sector the carbon tax (129
€/toncpzeq), an avoided cost for the emitted CO, equal to €33,332.0
must be considered. This means that, both the proposed solutions
represent a valid option form an economic perspective.

Conclusion
This study concerns the design, modeling, and assessment of feasi-

bility installation for two ammonia-based power generation systems for
the decarbonization of the shipping industry: i) a NHs-based PEMFC
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Table 12
Overview of international research project on FC technologies for shipping.
Projects Time Country Vessel FC FC Power Fuel type Fuel
Period Type Storage
TecBIA [46,47] 2018-2022 Italy Research vessel (ZEUS) PEMFC 140 kW H2 48 kg MH
HI-SEA[48] 2017-2022 Italy Experimental plant PEMFC 250 kW H2 NA
Nemo H, [49] 2008-present Netherlands Passenger boat PEMFC 65 kw H2 24 kg CH2@350 bar
(Nemo H2)
HYSEAS III [50,51] 2018-2022 Scotland RoPax ferry PEMFC 600 kW H2 600 kg CH2@350 bar
FlegShip [45] 2019-2023 Netherlands/ Self-propelledBarge PEMFC 400 kW H2 350 kg CH2@350 bar
France/ (ZULU)
Norway
Maranda[52] 2017-2022 European Union Arctic research ship Aranda PEMFC 165 kW H2 CH2@300 bar
PaXell 2[53] 2019-2022 Germany Cruise ship (AIDAnova) PEMFC 60 kW MeOH NA
RiverCell[54] 2015-2022 Germany Inland passenger ship PEMFC 250 kW MeOH NA
192 kW H2 750 kg CH2@500 bar
ZEMSHIP[55] 2007-2014 Germany Passenger ship FCS Alsterwesser PEMFC 96 kW H2 50 kg CH2@350 bar
METHAPU [45] 2006-2010 SOFC 120 kW H2 1200 kg LH2
Nautilus -[56] 2020-2024 European Union Cruise ship SOFC 60 kW LNG
ShipFC [57] 2020-2024 Norway Offshore vessel (Viking Energy) SOFC 2 MW NH3 NA
SchIBZ MS|[58] 2009-2018 Germany General cargo ship, yachts Forester SOFC 100 kW Diesel NA
(NA: not assigned, CH2: compressed hydrogen, LH2: liquid hydrogen, MH: Metal Hydride, LNG: Liquid Natural Gas).
Table 13
Comparison among NH3 based FC technologies for shipping in the technical literature.
Research Year Vessel FC FC Fuel System
papers type power system efficiency
Yeetal [31] 2022  Passenger water PEMFC 31 kw NH3 cracking 36 %-43 % (in the operating range)
taxi
This study 2023  Container ships PEMFC 8.4 MW NH3 cracking 43 %
Wu et al. [30] 2022  Ocean-going SOFC 56.4 NHS3 cracking 60 %
vessel MW
Louvros [59] 2023 Container ship SOFC 1.5 MW NH3 60 %
Duong [60] 2023  General cargo Hybrid power system (SOFC + PEMFC + other power 5.4 MW  NH3 direct FC 60.7 %
subsystems) feeding (SOFC produces the 69.9 % of the total
power)
This study 2023  Container ships SOFC 8.4 MW NH3 direct FC 57 %
feeding
NH3-based SOFC Container ship 583 TEU
NH3-based PEMFC Container ship 592 TEU
Conventional Container ship 612 TEU
560 570 580 590 600 610 620

Fig. 9. Container ship TEU reduction for the considered powertrain systems.

system and ii) a NHz-based SOFC system. From the design perspective,
the power generation systems are conceived considering the integration
of several commercial components, by defining the sizes, the masses,
and the volumes. From a thermodynamic perspective, both systems are
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modeled in Aspen Plus™ environment following a modular architecture
in which each sub-model is conceived as a plant section that interacts
with components by means of mass and energy fluxes.

In order to assess the installation of the proposed powertrain systems
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on board vessels, a specific container ship, as case-study, is considered
and the sizing of the systems according to the ship power requirements,
the fuel consumptions according to the ship typical load profile, and the
masses and the volumes of the proposed power generation systems in
comparison with a conventional diesel powertrain system are evaluated.
Results highlight that a lower NH3 consumption (196.7 tons vs 310 tons)
and a higher average net electric efficiency (57 % vs 43 %) are achieved
for the SOFC-based propulsion system with respect to the PEMFC based
one.

Form a feasibility perspective, the results demonstrate that for both
the power generation systems higher volumes and masses are required
in comparison with the reference diesel engine system. This means that
the installation of the proposed systems involves having a vessel’s mass
carrying capacity reduction, expressed in terms of TEU.

The NH3-based PEMFC represents the best solution in terms of lower
percentage of cargo reduction, equal to 3.3 %; the NH3-based SOFC,
instead, requires a cargo reduction of 4.8 %.

Therefore, by comparing the proposed systems it is possible to notice
that, the SOFC technology allows achieving better performance from the
technical perspective, with lower fuel consumption and higher net
electric efficiency with respect to the PEMFC one; however, this result is
not confirmed from the feasibility perspective, since its higher volume
and weight involves having a higher cargo reduction in comparison with
the PEMFC system.

The reduction in vessel cargo capacity represents a critical issue for
the implementation of low-carbon powertrains onboard ships since it
directly translates in an economic loss for the ship owners. It is estimated
that the cargo reduction for the NH3-based PEMFC and the NH3-based
SOFC powertrain systems corresponds to an economic loss of 20,000 €
and 30,000 €, per cruise, respectively. Finally, considering that each fuel
cell-based system allows curbing direct CO, emissions to zero, and
considering the current cost of carbon in the European Trading Scheme
(129 €/toncozeq), an avoided cost for the emitted CO; (€33,332.0) must
be considered. This means that the avoided cost for the emitted CO3¢q

Appendix
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may compensate the economic loss for the cargo reduction for both the
proposed solutions. Next research activities will be focused on the eco-
nomic assessment of the proposed systems, by evaluating investment
costs, operating costs, maintenance costs and all the incentive strategies
for assuring the economic competitiveness of these systems with respect
to the traditional one.
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A script in MATLAB environment has been implemented to calculate the fuel consumptions during the cruise for each configuration. It matches the
trend variation of the load profile factors and the systems’ operating condition under these load changes. The time step of the integration is 300 s, since
the time interval of the chemical tanker load profile is 5 min. The interpolation between the power generation systems efficiencies and the load profile

points has been realized using the spline function in MATLAB.

close all

x = Load_Power_Generation_System;

y = etal*100;
x1 = 10:10:100;
XX =x1;

YY = spline(x.y.XX);

figure %%Efficiency curve with load profile
plot(x.y.’0’);

hold on

plot(XX.YY);

% Fuel Consumption Calculation

for i = 1:length(powernormalized)

if powernormalized(i)==0 && powernormalized(i) < 0.09

eta(i) = 0;
C@) = 0;

elseif powernormalized(i) > 0.09 && powernormalized(i)<=0.1

eta(i) = eta_nominal;

C(i) = powernormalized(i)/eta(i);

else

eta(i) = spline(x.y.powernormalized(i))/100;
C(i) = powernormalized(i)/eta(i);

end

Cf(i) = C(>1)*8400;

end

(continued on next page)
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(continued)
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close all

time = 0:300:(172*3600-300);
Fuel_Consumption kW = cumtrapz(time.Cf);

Fuel_Consumption_ton = Fuel Consumption_kW(end)/LHV_fuel

figure

plot(time/3600.Fuel_Consumption_kW)
%%CONSUMPTION OF AUXILIARY ENGINES

for i = 1:length(aux_normalized)

eta2(i) = 0 eta_nominal;

P_aux(i) = aux_normalized(i)/eta2(i)*3524;

end

time = 0:300:(172*3600-300);

AUX Fuel_consumption kW = cumtrapz(time.P_aux);

AUX Fuel_consumption_ton = AUX_Fuel_consumption_kW(end)/LHV_fuel

%%CONSUMPTION OF COMPRESSOR
for i = 1:length(powernormalized)

if eta(i)==0;

P_compressor(i) = 0;

else %altrimenti

eta(i) > 0;

P_compressor(i)=(1.5*(H2consumption_kW(i)/120000000))/(0.08333*eta(i));

end
time = 0:300:(172*3600-300);

H2consumption_kW_compr = cumtrapz(time,P_compressor);
H2consumption_ton_compr = H2consumption_kW_compr(end)/120000000
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