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The marine industry must reduce emissions to comply with recent and future regulations. Solid oxide fuel cells (SOFCs) are seen
as a promising option for efficient power generation on ships with reduced emissions. However, it is unclear how the devices can
be integrated and how this affects the operation of the ship economically and environmentally. This paper reviews studies that
consider SOFC for marine applications. First, this article discusses noteworthy developments in SOFC systems, including
power plant options and fuel possibilities. Next, it presents the design drivers for a marine power plant and explores how an
SOFC system performs. Hereafter, the possibilities for integrating the SOFC system with the ship are examined, also
considering economic and environmental impact. The review shows unexplored potential to successfully integrate SOFC with
thermal and electrical systems in marine vessels. Additionally, it is identified that there are still possibilities to improve marine
SOEFC systems, for which a holistic approach is needed for design at cell, stack, module, and system level. Nevertheless, it is
expected that hybridisation is needed for a technically and economically feasible ship. Despite its high cost, SOFC systems

could significantly reduce GHG, NOy, SOy, PM, and noise emissions in shipping.

1. Introduction

Currently, marine transport accounts for over 90% of global
trade in weight [1]. Although shipping is a very efficient and
cost-effective method of international transportation [2], it is
also associated with much pollutant emissions [3]. Conse-
quently, environmental regulations have been established
for the marine industry.

Between 2012 and 2018, the carbon efliciency of ship-
ping operations improved by approximately 11%. However,
this progress was surpassed by a growth in activity. In the
same period, carbon dioxide equivalent emissions (including
carbon dioxide, methane, and nitrogen oxide) from shipping
increased by 9.6% from 977 million tonnes to 1,076 million
tonnes IMO [4]. European shipping contributed 19% for
nitrogen oxides (NOy), 11% for sulphur oxides (SOy), and
8% for particulate matter (PM) to the total European emis-
sions in 2017 [5]. Consequently, in 2018, the International

Maritime Organisation (IMO) adopted an ambitious strat-
egy to reduce the greenhouse gases (GHG) and pollutants
emitted by the shipping industry. IMO is striving to reduce
carbon dioxide emissions by 40% by 2030 and 70% by
2050 (compared to 2008). They also introduced Emission
Control Areas (ECA) with stringent limits on NOy, SOy,
and PM emissions [6, 7].

Four areas can be defined for emission reduction in
marine applications. Firstly, the energy consumption can be
reduced, for instance, with hull and propeller optimization
[8, 9], routing optimization [10, 11], energy regeneration [12,
13], and grid optimization [14]. Secondly, alternative bunker
fuels can be applied, for example, natural gas [15], biodiesel
[16], and low-sulphur diesels [17]. CO, and sulphur emissions
mainly depend on the fuel composition and the conversion
efficiency. Methane, NOy, and PM emissions also depend
heavily on the conversion process, for instance, combustion
conditions [18]. Consequently, the selection of an alternative
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marine fuel should be combined with fuel conversion technol-
ogy. Thirdly, fuel conversion can be improved (e.g., two-stage
turbocharging, heat recovery, and late miller-timing).
Fourthly, exhaust gases can be treated. Scrubbers or selective
catalytic reduction can be used to reduce NOy and SOy emis-
sions [19]. Moreover, onboard carbon capture could offer a
transitional solution to reduce carbon emissions in the short
term [20]. Although remarkable improvements have been
made, ship operators and shipbuilders are indicating that rad-
ical changes in the power generation system and its fuel source
might be necessary to reach these future regulations and goals.
Battery-powered ships are an example of such a radical inno-
vation. Charging from the coastal power grid may achieve zero
emissions during sailing, and when renewable electricity is
used to charge the batteries, low life cycle emissions can be
guaranteed as well. So far, batteries have been applied in ships
with short mission requirements, for instance, tugs and ferries
[21]. However, due to their low energy density and high cost,
batteries are not considered a viable solution for large ocean-
going vessels [22].

Many researchers consider fuel cells a promising solu-
tion for low-emission power generation on ships [23-27].
Fuel cells convert chemical energy directly into electrical
energy, which makes it possible to reach high efficiencies.
Besides high efficiency, these devices have several advantages
for marine applications compared to diesel engines: low
emissions, good part-load characteristics, high redundancy,
low maintenance, and low noise and vibrations [24]. How-
ever, implementing fuel cells in combination with alternative
fuels still struggles with high capital expenses, large fuel stor-
age, lack of alternative fuel infrastructure, short lifetime, and
slow transient behaviour [24, 28].

The low-temperature proton exchange membrane fuel
cell (LT-PEMFC) is currently the most common fuel cell
in transport applications due to its relatively high power
density, low price, and quick response to load transients.
However, fuel flexibility is its main limitation [23]. LT-
PEMFC only tolerates low contamination concentrations
due to its low operating temperature of 60-80°C [29]. This
means it operates best on pure hydrogen, which requires
expensive and voluminous storage. On top of that, hydrogen
is currently very expensive. When using alternative fuels in
combination with LT-PEMFC, a large, complex, and expen-
sive fuel processing plant is necessary [24]. Consequently,
interest in high-temperature fuel cells in combination with
other bunker fuels has been increasing.

Solid oxide fuel cells (SOFCs) are characterized by a
higher fuel impurity tolerance than LT-PEMFCs [23, 24].
High-temperature PEMFCs operating at intermediate tem-
peratures (120-200°C) also inherit an increased impurity tol-
erance but, in general, it do not have internal reforming
capabilities [29]. Natural gas (NG) and ammonia can be
fed directly to SOFC systems [30], omitting the need for a
large and costly fuel processing plant. Moreover, SOFC has
demonstrated high system efficiencies of 50-65%, which
can be even increased to 70% with combined gas turbine
cycles [31, 32]. Currently, SOFC struggles with low power
density, high investment cost, limited lifetime, and slow
response to dynamic loads [23, 24]. Nevertheless, these four
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challenges can be mitigated. Firstly, high efficiency compen-
sates for the low power-to-volume ratio. This results in
lower fuel consumption, which leads to relatively smaller
fuel tanks [33]. Moreover, SOFC’s fuel flexibility makes it
possible to use a fuel with a higher energy density at high
efficiency, further decreasing the required ship volume
compared to LT-PEMFC. Secondly, investment costs are
expected to drop when production increases [34]. Thirdly,
the lifetime of SOFCs, 30000 to 60000 hours [35], is suffi-
cient to reach the typical five-year docking interval for most
ship applications. Fourthly, SOFCs can be combined with
batteries or internal combustion engines to ensure the
dynamic capabilities of the power plant [24, 36, 37]. For
these reasons, SOFCs are considered a promising power gen-
eration solution for long-haul marine applications [23-25,
38]. Nevertheless, a thorough review of SOFCs in marine
applications does not exist yet.

This paper reviews the literature and research projects
regarding SOFC in marine applications. We identify the
technical, economical, and societal challenges of SOFC
implementation. These insights support marine actors in
their consideration of applying SOFC to ships.

First, general developments in SOFC systems are exam-
ined, which cover SOFC stacks, combined cycles, power
plant components, and fuel possibilities. Next, previous
studies on SOFCs in ships are discussed, which include
marine power plant considerations, ship integration oppor-
tunities, and financial and environmental impacts. Finally,
gaps in the current literature are identified in the review.
This paper mainly covers system considerations and
developments that are relevant for the marinisation of
SOFC systems. Recent developments in cell materials, cell
manufacturing, and stack assembly are outside the scope
of this paper, as these are not specific to marine applica-
tions and are often reviewed.

2. SOFC Power Plants

The SOFCs provide electrical power, and many components
support the fuel cells in their operation. Moreover, there are
many options in system design and system integration for an
SOFC power plant. This section discusses the important
characteristics and developments in the main components
of SOFC systems to get an understanding of the possibilities
for a marine SOFC power plant. SOFC stacks, the balance of
plant components, and combined cycles are discussed.
Figure 1 shows the most relevant components in an SOFC
power plant.

2.1. SOFC Stacks. An SOFC is a full solid-state device with a
ceramic oxide ion-conducting electrolyte. SOFCs operate at
high temperatures (500-1000°C), which offers several advan-
tages. Firstly, precious metals are not required for the
catalyst. These usually form a large contribution to the
expenses of low-temperature fuel cells and reduce the toler-
ance to fuel impurities [39]. Secondly, high-temperature
exhaust gas can be utilized in combined cycles for heating
purposes or cooling purposes to increase efficiency [40].
Thirdly, some fuels such as methane and ammonia can be
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FIGURE 1: Schematic overview of SOFC power plants. AOG: anode off-gas; COG: cathode off-gas.

reformed internally [24]. Although the high operating tem-
perature of SOFC brings opportunities, it also introduces
large design challenges. All stack components need to be
mechanically and chemically stable while being compatible
in terms of thermal expansion for a large range of tempera-
tures [41]. The fuel cell stacks often form a large contribu-
tion to the fuel cell system cost, which Battelle Memorial
Institute [42] concluded to be 30% for a 250kW NG-
fuelled SOFC system.

Figure 2 shows that SOFC stack design is distinguished
into planar (PSOFC) and tubular (TSOFC); the former is
most often researched [44] and is dominantly used in com-
mercial products. PSOFC has a higher power density and is
easier to manufacture. Its challenges are the expensive gas-
tight interconnects and the mechanical stability of the cells.
TSOFC eliminates gas-tight interconnects since the fuel cell
itself seals the air from the fuel and has better mechanical
strength. However, the result is a lower power density and
a higher manufacturing cost [45]. Welaya et al. [38] indi-
cated the differences between PSOFC and TSOFC for
marine applications by means of a thermodynamic analysis
for hydrogen and LNG. Using tubular SOFC stacks resulted
in higher system efficiency and thermal efficiency compared
with planar stacks.

2.2. Balance of Plant Components. Components that support
the fuel cells in power generation are called balance of plant
(BoP) components. This includes fuel processing equipment,
airflow control, thermal management systems, water man-
agement systems, and power conditioning equipment [46].

These systems contain many different components (e.g.,
reformers, burners, blowers, evaporators, heat exchangers,
generators, sensors, and valves) and form a large part of
the whole system. The components have a significant effect
on system efficiency, power density, cost, and transient
capabilities.

When liquid fuels are applied, the fuel is transferred to
its gaseous phase with evaporators. Recuperators (i.e., coun-
terflow heat exchangers) are often deployed to preheat fuel
and air before these enter the SOFC by utilizing the thermal
energy in the SOFC outlets. This reduces carbon formation
and thermal gradients in the SOFC. The external air and fuel
are compressed up to the operating pressure of the fuel cell
before they enter the stack. Nonreacted fuel and unused air
are often combined and burned in a combustor to increase
the thermal energy in the exhaust stream. Diffusion or cata-
lytic burners are often deployed since the fuel is highly
diluted [47]. When anode recirculation is applied, the fuel
is recycled before combustion. The gas flows in the fuel cell
system are controlled with blowers, valves, and pressure
regulators.

2.2.1. Desulphurisation. Most fossil fuels contain sulphur
particles. For such fuels, desulphurisation must occur before
any fuel reforming steps (see Figure 1) because sulphur poi-
sons the catalysts used in reformers, shift reactors, and fuel
cells [40]. The most suitable desulphurisation method
depends on the fuel type and the sulphur tolerance of the
fuel cell. Researchers and suppliers state that SOFCs require
a sulphur content below 1 to 10 ppm, which is much more
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tolerant than LT-PEMFC. Hydrodesulphurisation (HDS) is
employed in refineries to reduce sulphur content. However,
this process is not desirable for marine applications due to
its size and cost [48]. Moreover, HDS is inconvenient for
internally reformed SOFC (see Section 2.2.2), since a
hydrogen-rich stream must be fed to the HDS reactor.
Another option is to use sorbents for the selective removal
of sulphur particles. van Rheinberg et al. [48] compared sev-
eral commercial sorbents with experiments and proposed
nickel-based selective adsorbents for fuel cell applications
to reach the desired <1 ppm sulphur content. Nevertheless,
the adsorbent requires regeneration and they criticized
adsorbents for high sulphur fuels since the sorbent would
not have sufficient capacity and the adsorption would
require much time.

2.2.2. Reforming Strategy. A fuel cell converts the chemical
energy that is stored in hydrogen into electrical energy. Fuel
cells are fuelled with pure hydrogen or with a fuel that con-
tains hydrogen. There are several methods to convert hydro-
gen carriers to a hydrogen-rich mixture, of which steam
reforming is the most efficient for SOFC [49]. Steam reform-
ing is an endothermic reaction that needs a constant supply
of heat and steam.

The conversion can occur in an external reformer. Alter-
natively, the heat and steam produced by the electrochemical
reaction in the SOFC can be used to reform the fuel inter-
nally. Internal reforming significantly decreases system cap-
ital cost and system complexity since no external reformer is
needed [32]. For internal reforming, a distinction is made
between direct and indirect reforming; see Figure 3. Indirect
internal (IIR) reforming only makes use of the heat released
from the fuel cells. With direct internal reforming (DIR), the
fuel is directly fed to the anode, where the reforming occurs.
DIR simplifies the system and lowers the capital cost [40].
An increased risk of carbon deposition on the anode and
larger temperature gradients in the stacks (i.e., deterioration
of the ceramic cell material) are challenges of direct internal
reforming [32]. A prereformer is used in some studies to
accelerate the electrochemical reactions in the fuel cell,
improving power production [31, 50].
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F1GURE 3: SOFC reforming types [own images based on Choudhury
et al. [40]].

2.2.3. Anode Off-Gas Recirculation. Steam is often necessary
for the reforming process. The steam demand can be sat-
isfied with a heat recovery steam generator (HRSG),
driven by the exhaust heat and using demineralised water
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[51, 52]. However, the anode off-gas of an SOFC already
contains steam since water is produced at the anode during
the electrochemical reaction. The anode off-gas (AOG) can
be recirculated using blowers or ejectors, mixed with new
fuel, and fed back into the fuel cell. This lowers the steam
generator requirements, leading to lower capital cost [53].
Recycling the fuel also leads to lower local fuel utilisation
[54] and a more homogeneous temperature and particle
concentration distribution through the stack [55], which
are beneficial for the cell lifetime [56]. In addition, a fuel
cell does not utilize all the fuel that is fed to its anode.
By recycling the fuel, nonreacted fuel is utilized, slightly
enhancing the overall system efficiency [57-59]. There are
other advantages to anode recirculation. Firstly, less pre-
heating of the fuel is needed. Secondly, the fuel that enters
the fuel cell is already partially reformed, which reduces
the stress on the reformation catalyst [60]. In the studies
by Jia et al. [53] and Peters et al. [61], it was found that
an SOFC system with internal reforming and anode off-
gas recirculation results in a 16-20% higher system effi-
ciency compared with an externally reformed SOFC system
without AOG recirculation. However, steam-to-carbon
ratio control, which is required to prevent carbon deposi-
tion, might be less accurate [50]. On top of that, the high
operating temperature adds challenges to the blower or
injector design in the recirculation system. Peters et al.
[58] and Hollmann et al. [62] proposed to reduce the
temperature of the recirculation loop to enable the use of
commercial blowers, which are available at operating tem-
peratures up to 300°C.

2.2.4. Power Conditioning. Fuel cells deliver direct current,
and their voltage varies, among others with current and
age. On top of that, fuel cells do not handle reverse currents
and ripple currents well [63]. Consequently, power condi-
tioning equipment is necessary for an adequate and stable
power source. Power converters are used to boost and regu-
late voltage. Transformers are often incorporated into these
converters to protect the fuel cells from substantial voltage
differences. Next, DC/AC inverters (three-phase inverters
for nonresidential applications) are used when AC power
is required. Diodes can be used to prevent reverse current
flow to the fuel cell, but they introduce additional losses
[64]. Capacitors can be used to filter current ripple, but they
increase the size and cost of the system [65].

2.2.5. Start-Up and Cool-Down. During start-up, the SOFC
needs to heat up to its operating temperature. There are
two common methods for heating the SOFC. Firstly, the
heating elements of the bipolar plate can be connected to
an electrical power source. Secondly, the cathode air can be
preheated by an electric burner and channelled through
the stack, during which the inlet pressure needs to be tuned
during heat-up since the flow resistance in the stack
increases with temperature. For both methods, the heating
rates should be limited to the allowable thermal stress of
the SOFC stack, and both require similar heating energy
[66]. During a shutdown, the stacks must be gradually
cooled. The SOFC stack can be cooled over its cathode with

air. A smaller thermal mass of the hot components decreases
the start-up and cool-down times [67]. During start-up and
shutdown, no air may reach the anode to prevent oxidation.
This can be ensured by using a nitrogen supply system that
flushes the anode or with advanced flow control. However, a
nitrogen supply adds additional piping and mixing compo-
nents to the system [68].

2.3. Combined Cycles. The anode oft-gas contains unused
fuel and thermal energy. Even when anode recirculation is
applied, not all fuel fed to the anode can be converted. To
improve the electrical efficiency of the SOFC system,
researchers have investigated the utilisation of this exhaust
gas for combined cycles (see heat regeneration in Figure 1).
A variety of systems have been proposed. Earlier studies
focused on integration with gas or steam turbines [32],
which leads to a significant increase in efficiency accompa-
nied by poor performance at part load. Next, research
increased on combined cycles with Stirling engines or recip-
rocating engines. These offer a significant increase in effi-
ciency at better economics and part-load performance.
Baldi [69] and Tan et al. [70, 71] studied an integration con-
cept where purified anode off-gas of the SOFC is fed to the
LT-PEMEFC. The aim of this concept is to decrease the cost
per kW, increase SOFC lifetime, and increase transient capa-
bility. The concept was positively evaluated and is recently also
introduced by Hagen et al. [72] for marine applications. The
combined cycles that have more often been investigated for
marine applications will be discussed in the following sections.

2.3.1. SOFC-GT. SOFC-gas turbine (GT) is the most studied
combined cycle plant. In this concept, the SOFC generates
electrical power with high efficiency, while the anode-off
gas is combusted and expanded in a gas turbine to generate
additional power. Most of the analyzed SOFC-GT plants
operate under pressure, which couples the operation of the
SOFC and GT. This has the negative consequence that the
transient behaviour of the slowest component depends on
the overall system dynamics. A pressurized SOFC system
also decreases system simplicity and reliability [32]. Never-
theless, pressurized operation increases the efficiency of the
SOFC by increasing its cell voltage [38, 73]. Combined cycle
research shows an electrical efficiency of 58% to 76% for
SOFC-GT systems [31]. Kawabata et al. [74] published the
testing evaluation of the first commercially available SOFC-
GT system. They tested the load-following behaviour, SOFC
degradation, emissions, noise, and vibrations. Safety was also
evaluated for emergency shutdown events, such as internal
errors, electricity blackouts, or earthquakes. Safe outdoor
operation was demonstrated at 53.6% electrical efficiency
(LHV), and a practical durability of 10 years was concluded.
Despite the promising numbers, off-design and part-load
performance have resulted in a significant efficiency drop.
Many studies concluded that high efficiency can only be
reached when the turbomachinery is operating at the design
condition [32, 75-77]. An absolute decrease in electrical effi-
ciency of 23% was reported by Chen et al. [78] at 50% load
with simple fuel flow control. Consequently, sustaining high
efficiency requires complex control strategies [79].



2.3.2. SOFC-ST. The combusted anode-oft gas can also be
used to drive a steam turbine (SOFC-ST). Similar to the
SOFC-GT system, the steam turbine can be used to increase
SOFC system efficiency [80]. van Biert et al. [31] concluded
that gas turbine integration is more attractive for SOFCs
operating at relatively low fuel utilisation, moderate cell volt-
ages, and high stack temperatures. A steam turbine is the
better choice for relative low stack temperatures and high
voltage. They also concluded that the average stack power
densities for a pressurized SOFC-GT and SOFC-ST are,
respectively, 75% and 25% higher compared with a stand-
alone system of similar electrical efficiency. However, it is
not known how this relates to the power density of the total
system. Arsalis [81] mentions that steam turbines (and gas
turbines to a lesser extent) are inefficient for relatively small
power plants. A significant efficiency difference was found
between a 1.5 MW and a 5 MW application.

2.3.3. SOFC-RE. 1t is also possible to integrate an SOFC stack
with a reciprocating engine (RE). These generally have better
part-load, cost, and durability characteristics than gas tur-
bines [73]. On top of that, the operation of the engine can
be decoupled by bypassing the fuel directly into the engine.
Rapid load transients cause degradation in the fuel cells,
decreasing the SOFC lifetime. Engines can quickly respond
to load changes, whereas SOFCs and turbines respond
slower. Consequently, integrating SOFC and RE improves
the dynamic capability of the total system and thus the life-
time of the SOFCs. All in all, SOFC-RE leads to a more cost-
effective combined cycle than SOFC-GT and SOFC-ST [79].

Research by van Biert et al. [31] shows lower efficiencies
for SOFC-RE than for SOFC-GT and SOFT-ST for a similar
system at nominal operation. Nevertheless, they mention
that this may be outweighted by the advantages of transient
capability and simplicity in control strategies.

Sapra [73] investigated the optimal power split for a
SOFC-RE system (RE fuelled with AOG) for three naval
applications. A higher power split towards SOFC resulted
in higher efficiency, but increased the total volume and
weight of the total system. An optimal value was found at
28% SOFC load share, which corresponds to a combined
system efficiency of 52%. This resulted in a system with
twice the size, similar weight, an efficiency improvement of
9% to 11%, and a NO, reduction of 36% to 43%, compared
with a conventional system. Sapra et al. [27] further vali-
dated the power split with engine experiments.

Wu et al. [82] investigated the dynamic behaviour of an
integrated SOFC-engine system and concluded that the slow
dynamics of the SOFC dominate the overall system dynam-
ics, but they did not use a fuel bypass. They proposed to add
a metal hydride reactor for H, addition, which improved the
overall dynamic capabilities.

Although high system efliciencies were projected for
SOFC-combined cycle plants in theoretical studies, most
physical demonstrators have not reached the predicted effi-
ciencies [32]. Moreover, combined cycles result in more
complex plants with bigger control challenges. On the other
hand, stand-alone SOFC systems have been demonstrating
higher efficiency than expected [31]. Consequently, recent
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research has been reconsidered SOFC systems without com-
bined cycles.

2.4. Fuel Possibilities for SOFC. Several fuel types are possible
in combination with SOFCs, although several reforming and
purification processes are needed for some fuels. This sec-
tion discusses fuels that have been considered for SOFCs in
the marine industry. While considering fuels for marine
applications, attention must be paid to the associated costs
and emissions in the production and distribution phases of
fuels and their feedstocks. However, this comparison is out-
side the scope of this paper.

2.4.1. Diesel. Currently, diesel-type fuels are dominantly
used in ships. They are relatively cheap and energy-dense
compared to alternative fuels. In the past, heavy fuel oil
(HFO), a residual from the refinery process, was mostly used
in deep-sea shipping. Since 2015, its yearly usage has
decreased and is partly replaced by cleaner distillates, such
as marine gas oil (MGO) or blends of MGO and HFO called
marine diesel oil (MDO). The sulphur content limit
decreased from 3.0% for HFO to 0.1% for ultralow sulphur
fuel oil (ULSFO) and MGO [83]. Because of its high energy
density, common availability wide use in the marine indus-
try, diesel has also often been investigated for SOFC systems.
Fuels with low sulphur content are easier to handle for SOFC
systems since it reduces the stress on the desulphuriser.
SOFCs may even be able to operate stably on ULSFO without
desulphurization, albeit with a small performance drop
caused by sulphur poisoning [84]. However, low-sulphur
fuels are more expensive since additional catalysts and chem-
ical additives are used in the refining process [85]. Biodiesel
has also been successfully used in SOFCs, externally and
internally reformed [86]. However, it is expected that biodie-
sel will not be widely available since its production competes
with food production [3, 87]. The production and distribu-
tion infrastructure, as well as regulations for diesel fuels, are
in place. Due to these advantages, diesel-type fuels were often
considered for SOFCs in marine applications [25, 26, 88, 89].
However, diesel is inconvenient for SOFCs since it requires a
complex and large fuel processing plant [24], which lowers
the power density and efficiency of the SOFC system.

2.4.2. Hydrogen. Recently, the many initiatives by companies
and governments have illustrated an increasing interest in
hydrogen for marine applications. The most common stor-
age options for hydrogen are compressed or cryogenic.
Cryogenic storage (at -253 C) is currently the most energy-
dense option [90], making it most suitable for marine appli-
cations [24] and will be referred to as LH2 in this study.
However, cryogenic storage requires insulation to keep the
fuel in the liquid phase at a low temperature, and it requires
cylindrical tanks to handle pressure gradients. Both increase
the required ship volume for fuel storage; the volumetric
energy density of LH2 storage is the lowest compared with
other alternative fuels. The cooling of hydrogen to a cryo-
genic stage also requires much energy [90]. Liquid hydrogen
is currently the most expensive alternative fuel for marine
applications [33].
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Although hydrogen can be used in SOFCs with satisfac-
tory efficiency [91], it is not a straightforward choice. The
main advantages of SOFC compared with LT-PEMFC are
the possibility of internal reforming as well as its high tol-
erance to carbon monoxide (CO) and CO,, which become
obsolete for hydrogen. Moreover, CO is even used as fuel
in SOFCs, further increasing efficiency. On top of that,
internal reforming cools the SOFC stack since heat is
needed for the reaction. When using hydrogen, a larger air-
flow is needed to cool the stack, which increases the para-
sitic blower power. Although it seems counterintuitive,
hydrogen-fuelled SOFCs often lead to lower system efficien-
cies than hydrocarbon-fuelled SOFCs [92, 93]. Due to the
lower power density, lower dynamic capability, and higher
cost per kW of SOFCs, LT-PEMFC would be the preferred
option for hydrogen.

2.4.3. Natural Gas. Natural gas’s most common storage for
marine applications is in cylindrical tanks at -162 C, also
called liquefied natural gas (LNG). The volumetric and
gravimetric energy density of stored LNG is significantly
lower than that of diesel but higher than that of hydrogen.
Natural gas is increasingly being used in the marine indus-
try, meaning its fuel infrastructure and production capacity
are expanding [94, 95]. Initially, it was concluded that
LNG-fuelled marine engines can meet Tier III NOy and
SOy emission regulations without emission abatement, as
well as achieve significant CO, reduction [96]. However,
more recently, methane slip in natural gas-fuelled engines
is recognized as a serious concern due to its high global
warming potential [4].

Most SOFC research and commercially available SOFC
systems use natural gas as the main fuel, and high efficiency
has been demonstrated [32, 80, 97]. Natural gas can be
directly used in an SOFC after desulphurization, but a prere-
former is often applied to promote steam methane reform-
ing to reduce the stress on the fuel cell catalyst. Opposed
to an LNG-fuelled engine, methane slip is negligible [98].
Biogas-fuelled SOFC has shown comparable performance
to hydrogen in terms of power production [99].

2.4.4. Methanol. Methanol can be stored in liquid form at
room temperature, omitting the need for insulation and
cylindrical tanks. Consequently, methanol is stored at a
higher energy density than gaseous fuels. Liquid storage
is even more beneficial for marine applications since irreg-
ular ship volumes can be used to store fuel. Moreover, die-
sel infrastructure can be used for methanol after slight
adjustments [100].

Few studies examined SOFC performance fuelled with
methanol [24]. In contrast with natural gas, methanol has
a relatively low reforming temperature, making it conve-
nient to reform the fuel externally [101]. Since internal
reforming is usually beneficial for the cells in terms of effi-
ciency and thermal balance, Rechberger et al. [102] added
a methanator before the anode outlet to allow internal
reforming of methane in the stacks. Methanol has been
investigated for use directly in SOFCs [103], demonstrating
high performance without notable cell degradation [104],

but direct methanol SOFC systems are still in the research
phase [105].

2.4.5. Dimethyl Ether. Within the last five years, dimethyl
ether (DME) has received increasing attention as a fuel for
the marine industry since implementation would lead to a
reduction in NOy, SOy, and PM emissions [24, 106, 107].
Above 700 C, DME can be easily reformed to methane, car-
bon monoxide, and hydrogen, making it a convenient fuel
for high-temperature fuel cells [108]. Murray et al. [109]
concluded a high power density for SOFC systems directly
fuelled with DME. One practical problem of directly supply-
ing DME to SOFC is coke formation. This can be suppressed
by adding fuel at high temperatures, but this adds extracom-
plexity to the system [108]. Sato et al. [110] investigated the
potential of steam-reformed DME for SOFC. It was found
that DME was easily reformed using a commercial catalyst;
no coke was formed, and nominal power level and electrical
efficiency were reached using DME.

2.4.6. Ammonia. Ammonia (NH,) is a much-produced
chemical commodity that recently received more interest
in the marine industry since it can be used in modified
engines and fuel cells [111]. Ammonia can be stored in its
liquid form at -33 C or at a pressure of 10 bar [112, 113],
and its storage is characterized by a moderate volumetric
energy density compared with the other discussed fuels.
Because it contains no carbon, ammonia can be used in
SOFC without the risk of carbon monoxide poisoning or
coke formation. Ammonia can be directly fed to the anode,
where ammonia is cracked internally, which is beneficial
for the heat efficiency of the SOFC system [114]. Carbon
dioxide and methane are not emitted because no carbon is
present in the fuel. An ammonia-fuelled engine produces
NOy during the combustion, whereas an SOFC system
fuelled by ammonia avoids most NOy formation by produc-
ing N, as the main nitrogen-containing product [112]. Sev-
eral investigations concluded that an SOFC running
directly on ammonia shows similar [114-116] or even
higher [30, 117, 118] efficiency than hydrogen. Frandsen
et al. [119] demonstrated with a multiphysics 3D stack
model and cell experiments that internal cracking is very
fast at typical operating conditions, anode recirculation
appears feasible, and only negligible reforming in heat
exchangers will occur. Ammonia contains no sulphur, so
the desulphurization component is not necessarily for an
ammonia-fuelled SOFC.

2.4.7. Fuel Comparison. Several fuel possibilities for marine
SOFC systems have been presented, and a comparison is
shown in Table 1. The production capacity of DME and
LH2 is still very low and would require a large scale-up for
marine applications. Hydrogen performs very badly in ship
storage, which makes it inconvenient for long-haul applica-
tions (see Figure 4). For marine applications, the fuel cost
is often a large contributor to the total cost of ownership,
and current hydrogen prices are very high. Fuel cost for
LNG, MeOH, and DME is similar or even less compared
with MGO after compensating for the efficiency difference
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FIGURE 4: Energy density of future fuels including the storage system of the concerned fuel. The benchmark (MGO) has been compensated
for the efficiency difference between diesel generators (43%) and SOFC (55%). Based on the LHV of fuels, the blue bars show the data ranges
found in literature, projects, and supplier specifications [24, 73, 120, 121].

between diesel generators (DGs) and SOFCs. For conven-
tional fuels, the cost of the fuel storage system is not a large
economic driver. However, LH2, LNG, and DME require
cylindrical or spherical tanks, which significantly increases
the cost of the storage system. Especially hydrogen is very
costly to store; see Table 1. Many ships are powered by
diesel-type fuels or LNG, ensuring high technological readi-
ness for marine use. Since hydrogen, methanol, and ammo-
nia are often applied in other industries, there is much
knowledge about storage, distribution, system control, and
safety; however, they have not been applied at large scale
in commercial vessels. Most of these fuels have also been
investigated for marine engines, but research points out
lubrication, cooling, ignition, knocking, and fuel slip prob-
lems [90, 122]. Moreover, the engine efficiency is often not
as good as with diesel-type fuels [123, 124]. Consequently,
alternative fuels could be used in combination with marine
engines to reduce emissions, but the gain is larger with
SOFC systems. SOFC research has focused on LNG-fuelled
systems, and most commercially available systems are
LNG-fuelled, resulting in high technological readiness. Most
alternative fuels have been theoretically verified or simulated
for SOFC cells, stacks, and systems; however, modifications
to the reforming process and the system control are often
necessary and not yet commercialized. When comparing
the different fuels, no clear favourable candidate appears,
and the choice would depend on the ship type and opera-
tional profile and should be considered in combination with
the power generation system. When considering SOFC sys-
tems for long-haul ships, hydrogen seems an unfavourable
option, and LNG is, in the current situation, most econom-
ically and technically feasible.

3. SOFC in Marine Applications

SOFC systems are mostly investigated for onsite power gen-
eration, for instance, in data centres and residential applica-
tions, and were initially not considered suitable for mobile

applications [60]. Although an SOFC system would be too
large and too complex to fit in automotive applications, its
research in marine applications has increased. This means
the SOFC system must comply with the operational require-
ments of a marine power plant, which differ much from a
residential application. This section explores the require-
ments of a marine power plant and explores the possibilities
to integrate SOFCs in marine power plants. Lastly, the prac-
tical lessons from noteworthy research projects on SOFC in
marine applications will be discussed. An overview of SOFC
research in marine applications is provided in Tables 2 and
3. These tables show that most marine literature considers
SOFC systems using internal reforming, that methanol is
not often considered as fuel for marine SOFC applications,
and that recently, stand-alone cycles are more often investi-
gated than combined cycles.

3.1. Marine Power Plants. A marine power plant must be
assessed on the following criteria [24, 27]:

(i) Efficiency of marine power plant
(ii) Size and weight
(iii) Load transients and start-up time
(iv) Safety and reliability

(v) Economics

(vi) Environmental impact

An SOFC power plant performs better than conven-
tional marine engines on some of the criteria and worse on
others; the technologies are compared in Table 4.

SOFC power plants generate energy at high electrical
efficiency; suppliers state 43-65% for natural gas-fuelled
systems. Additionally, SOFCs maintain high efficiency at
partload conditions, in contrast to diesel engines. SOFC sys-
tems generally show a broad optimum between 50% and
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TaBLE 4: Performance comparison between off-the-shelf SOFC systems (planar stacks, nonpressurized system and without combined cycles
or batteries) and medium-speed 4-stroke marine diesel generators (derived from [23, 24, 26, 28, 42, 131, 254, 256, 257], and supplier

information (Table 6)).

Criteria Unit SOFC DG
Electrical efficiency % 43%-65% 30%-45%
Vol. power density kW/m3 2-28 30-60
Grav. power density kW/ton 5-30 45-75
Start-up time (cold-start) h 12-24 0.2-0.3
Start-up time (hot start) h 0.1-0.2 0.02-0.04
Load change rate %/min 2%-10% 10%-20%
Noise dB (A) 40-70 80-110
Current system CAPEX (2021) €/kW 1,500-7,000 250-400
Expected system CAPEX (2030) €/kW 500-2,000 300-500
System lifetime 1000 h 100-150 120-200
Major maintenance interval 1000 h 30-90 (stack replacement) 40-60 (engine overhaul)

80% load [125]. This is especially interesting for many
marine applications, where the maximum installed power
is only occasionally used [126].

Current SOFC systems perform poorly in terms of
power density (see Table 4), resulting in a large and heavy
power plant. This is a big challenge for marine applications
because high installed power is often required to satisty the
operational profile of a ship. Most vessels (e.g., container
ships, cargo ships, and cruise ships) are volume critical,
although some vessel design (e.g., high-speed crafts, naval
support vessels) is driven by weight requirements [127].
Sapra [73] compared the required space and weight for a
hybrid SOFC-RE system with the original diesel-electric
architecture for three different ships. The SOFC-RE system
was 2 to 3.7 times larger and 1.1 to 2 times heavier with a
system efficiency improvement of 9% to 11% and an emis-
sion reduction of 35% to 43%.

SOFC systems are characterized by poor transient capa-
bilities [27] because the high temperature requires the heat-
ing of a large thermal mass [24]. Their relative long startup
times (12-24 hours) and slow response in operational power
(2-10% load/min) form a challenge for marine applications,
where significant changes in power demand are required, for
instance during manoeuvring or crane operations [128]. The
transient power requirements surely depend on the ship type
and the operational profile, but it is certain that the transient
capabilities are not sufficient for most marine applications.
Complementary technologies can be used to supply addi-
tional power during peak loads [24, 36, 129, 130]. These
technologies can be divided into energy storage devices (bat-
teries, supercapacitors, and flywheels) and power generation
technologies with better transient capabilities (PEMFC or
diesel generators).

SOFC power plants are costly, compared with diesel gen-
erators; see Table 4. However, these prices are expected to
decrease with technological advances and production scale-
up. Within 10 years, the prices of SOFC systems are
expected to be in the range of 500-2000 €/kW at high pro-
duction capacities above 250 MW/year [42, 131]. On the

other hand, the prices of diesel generators are expected to
increase. Stricter emission regulations require the addition
of complex aftertreatment systems, which increase the capi-
tal cost of marine diesel generator systems.

A fuel cell degrades over time, decreasing its power out-
put [132]. Fuel cell suppliers have to tackle this by installing
overcapacity, since regulations define that the life of a fuel
cell is over when it is not able to deliver its rated power
[60]. Although not often stated by suppliers, the electrical
efficiency also decreases over the lifetime of the fuel cell
stacks, incrementally increasing the fuel consumption. This
is important to consider in the early stages of ship design,
since it means the size of the required fuel storage increases
during the lifetime of the SOFC system. SOFC suppliers
demonstrated lifetimes of 30,000 to 90,000 hours at nominal
load with a relative system efficiency decrease of 10 to 15%
over the lifetime of the fuel cell system [35, 133]. Conse-
quently, the stacks must be replaced regularly, which further
drives up the already high price of SOFC systems. Neverthe-
less, operating the SOFCs at part-load conditions increases
the stack lifetime, as stated by several fuel cell system sup-
pliers. To put the SOFC lifetime into perspective, medium-
speed diesel generators also need major maintenance after
40,000 to 60,000 operational hours [134, 135]. However,
such an engine overhaul is not as expensive as a stack
replacement.

Figure 5 compares the nominal emissions for MGO-
fuelled diesel generators, LNG-fuelled engines, and LNG-
fuelled SOFCs. The figure is based on the data in Appendix
A Table 8. The reduction in carbon dioxide emissions from
LNG engines to SOFCs is mainly attributed to efficiency
gains. Methane slip does not happen in SOFC, so the CH,
emissions are virtually zero. In total, the application of SOFC
leads to a large decrease in greenhouse gas emissions. In
engines, soot (C), CO, NOy, and PM emissions originate
from incomplete combustion. Since the main principle of
SOFCs is not combustion (only in the afterburner), these
emissions are much lower compared to diesel generators.
To prevent damaging the stacks, most sulphur is extracted
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FiGure 5: The normalized CO,, NOy, SOy, and tank-to-electricity
(TTE) emissions with their targets and regulations by the IMO. The
colored bars indicate a range of emissions that are dependent on
fuel composition and the fuel conversion processn, based on data
in Table 8.

from the fuel before it enters the SOFC, so the SOy emis-
sions are also virtually zero. As can be derived from the fig-
ure, the application of SOFC easily satisfies all emissions
regulations and meets the reduction target of 2030. The fig-
ure also shows that just LNG-fuelled SOFC systems could
not reach the 70% CO, reduction target of 2050. Combining
SOFCs with other energy-saving innovations, renewable fuels,
or carbon CO, capture technologies would be necessary.

Besides exhaust emissions, marine power plants also
produce sound emissions, propagating not only to the cabins
but also to the underwater marine life. The consequences of
the growing anthropogenic acoustic footprint on marine life
are getting more known and are with no doubt negative
[136]. Compared with engines, SOFCs strongly reduce the
noise radiation from the power plant; see Table 4. Quantifi-
cation of the positive impact on the aquatic environment of
noise reduction by SOFCs is still necessary to evaluate how
significant this advantage is.

Rivarolo et al. [137] designed an algorithm to effectively
compare volume, weight, cost, CO, emissions, and NOy
emissions for different marine power plant and fuel storage
solutions. The relevance of these criteria differed per ship
application, and their case study for cruise ships showed that
with the current marine regulations and SOFC prices, MGO
or LNG-fuelled internal combustion engines still result in
the most feasible power plant. However, it also showed,
when SOFC cost can be further reduced and more stringent
emission regulations will emerge, LNG-fuelled SOFC sys-
tems will become the favoured candidate.

3.2. SOFC Ship Integration

3.2.1. Hybrid Strategies. Table 4 shows that an SOFC power
plant is large, heavy, expensive, and not able to quickly
change its power supply. Consequently, it is expected that
some degree of hybridization is necessary to reach a techni-
cally and economically feasible SOFC system [138]. The
areas in which SOFC performs poorly can be partly compen-
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sated with other technologies. This leads to a wide range of
hybridization strategies in which the ratio between installed
fuel cell power and total installed power is an important
design driver, strongly influencing the dynamic capability,
capital cost, overall system efficiency (and thus fuel cost),
and reduction in emissions. Evidently, hybridisation reduces
the relative efficiency gains and emission improvements
[139]. Tables 2 and 3 show which hybrid SOFC power plants
have been investigated for marine applications. The second
last column also shows that many researchers do not con-
sider a fully SOFC power ship.

Figure 6 illustrates a generic hybrid power plant for an
SOFC-powered ship. The total power plant must satisfy
the following three operational boundary conditions of
the ship while performing optimally on the criteria pre-
sented in Section 3.1.

(1) Maximum thermal and electrical energy demand to
complete the voyage

(2) Maximum thermal and electrical power demand for
propulsion and auxiliaries

(3) Transient capabilities of power supply

van Veldhuizen [33] investigated two fuel cell hybridiza-
tion strategies for an expedition cruise ship using various
fuels. The marine power plant consists of SOFC and diesel
generators, further supported by batteries to increase tran-
sient capability. In the first strategy, the fuel cell is only used
to supply power for auxiliary and hotel purposes.

This lowered the transient requirements of the fuel cell
system and thus the number of required batteries. In the sec-
ond strategy, the fuel cells were used for main operation
(auxiliary and propulsion), and diesel generators were used
as range extenders during long transits. This reduced the
required size of the fuel storage tanks for the fuel cell, which
is especially beneficial when using fuels that require more
space in the ship to store, like hydrogen or LNG. It was con-
cluded that the second hybrid strategy results in a smaller
ship, a lower ship cost, and fewer emissions than the first
hybrid strategy.

Diaz-de Baldasano et al. [88] hybridized diesel genera-
tors with methanol fed SOFC in a platform supply vessel.
SOFC modules contributed 7% of the total installed power,
and during normal operation, the SOFC supplied 12.5% of
the total power. The SOFC modules only supply power to
auxiliary consumers, due to the different voltage require-
ments of the thrusters. It was concluded that the plant can
be implemented without limiting ship performance or oper-
ating capabilities.

Archetti et al. [138] investigated a power plant with
SOFCs and combustion engines for a fixed CO, reduction
of 20% in a passenger ship case study. To realize this reduc-
tion using LNG as fuel, it was estimated that 57% of the
power should be supplied by the SOFCs. Although the anal-
ysis showed a potential solution, it was pointed out that this
was not suitable for a simple retrofit, because it would load
the existing engines under 40%, which is not desirable for
longer periods.
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FIGURE 6: Generic hybrid SOFC power plant for marine applications, based on Baldi et al. [23].

Haseltalab et al. [139] researched the SOFC as a primary
energy source for a dredger ship. An optimisation-based
energy management approach was used to investigate the
power split of LNG-fuelled SOFCs, gas engines, and batteries
for a DC power plant. They showed that energy efficiency
can be increased by 28% and CO, emissions can be reduced
by 32% if the size and weight of the engine room remain
unchanged compared with a conventional diesel power
plant. This corresponded to a SOFC-engine power split of
17% versus 83%, respectively. A fully SOFC-powered ship
resulted in a power plant size and weight increase of 70%
and a CO, emission reduction of 53%.

Instead of separately generating power with SOFCs and
diesel generators, these could also be integrated into a com-
bined cycle by fueling the engine with anode off-gas from the
SOFC (see also Section 2.3). Sapra et al. [27] performed
experiments on a marine quality engine and recommended
a 33-67% SOFC-ICE power split for marine applications,
based on the following marine-design drivers: efficiency,
space and weight, dynamic capabilities, economics, environ-
mental impact, and noise reduction.

Evrin and Dincer [91] even explored a power plant
where an LH,-fuelled SOFC is used in combination with
solar panels and wind turbines on a small passenger ship.
An electrolysis plant is installed to refill the hydrogen stor-
age when the power of solar panels and wind turbines is
excessive, which leads to a ship that is powered 100% with
sustainable energy. The power plant also supplies potable
water to the ship. However, the proposed power plant is said
to only be feasible for ships with a refuelling interval of up to
10 hours.

3.2.2. Fuel Flexibility. SOFC systems are particularly attrac-
tive for marine applications due to their fuel flexibility
[23]. Currently, actors in the marine industry are not sure
about the main future fuel, which is problematic since ships
are built for a long lifespan. SOFC systems offer resilience
and offer the option for a fuel-flexible ship, with the follow-
ing two options:

(i) A ship that stores and uses two or more fuels, similar
to ships with dual-fuel engines. Although this offers
operational flexibility, it leads to many redundant
components, since fuel bunkering, storage, and fuel
handling must be present in the ship for different
applied fuels

(ii) A ship design that is adaptive to two or more fuels.
This can be integrated into the design by applying
modular concepts at the component level [140,
141]. For an adaptive design, it is convenient to com-
bine fuels that have similar properties in fuel storage
and fuel handling, for instance, LNG and ammonia.
Both fuels are gases at ambient temperature, and
ammonia can be stored in LNG tanks without major
design changes [142]. Another convenient option is
MGO and methanol. Both fuels are stored as liquid
and can be stored in irregular ship volumes such as
the double bottom [143]. An adaptive design makes
it possible to use a widely used fossil fuel in the short
term and a cleaner alternative fuel in the future,
when it becomes more widely available

Most marine research projects consider several fuels, but
it is unclear which fuel is most effective for an SOFC-
powered ship in terms of availability, technical feasibility,
economics, and environmental impact. Moreover, a fuel-
flexible ship powered by SOFCs has not been researched yet.

3.2.3. Ship Design. Fuel cells are modular, meaning the
intrinsic performance of a single cell is not different from a
big stack [24]. When well designed, SOFC systems have no
single point of failure, as is the case with internal combus-
tion generator sets. This results in high redundancy and thus
high availability, which is an important design driver for
marine applications. Ahn et al. [144] used a fault tree analy-
sis to investigate the system availability in a large ethane car-
rier powered by SOFC-GT and dual fuel DG systems. A high
system availability was concluded (98%) of which the
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turbomachinery was identified as the critical component.
Availability could be further increased by increasing redun-
dancy in turbomachinery, but this was deemed unnecessary.
The modularity and low noise and vibrations of fuel cells
also make it possible to spread energy production through-
out the ship with minor scale losses. This decreases the grid
size and decreases energy transmission losses because of
shorter electricity cables [145, 146]. Decentralized power
generation also makes it easier to reach high system redun-
dancy in ships [147], because power generation can be dis-
tributed over different fire-tight compartments. This brings
new opportunities to the general arrangement of the ship.
Leites et al. [148] installed the SOFCs decentralized, which
enhanced the safety and availability of the ship in case of
damage. Weidle et al. [149] designed a concept for an Arctic
patrol vessel using SOFC to generate power. The SOFCs are
located near the bow to easily satisfy air intake demands and
allow easy access for repair or stack replacement. The SOFCs
are placed in an enclosed and isolated area to be able to shut
off the room in case of hydrogen or carbon monoxide leaks.
Cohen et al. [150] added that fuel cell rooms must be
unmanned and separated from diesel spaces and spaces with
electric equipment. They also identified ducting as an
important design driver, since the air intake of SOFC is large
compared to diesel generators and must be distributed to
many modules. It is recommended to arrange the modules
in such a way that centralized ducting is possible. Rivarolo
et al. [28] studied different operating strategies for SOFC
energy management on cruise ships. A distributed energy
generation approach is proposed, in which the installed
power of the SOFC is equally divided over the main vertical
zones in the ship, meaning energy is produced close to the
end-users. This offered advantages in energy efficiency and
reliability but introduced challenges in control strategy,
space usage, and safety requirements. In actual marine
power plants, redundancy requirements often lead to over-
sized ICEs, especially for passenger ships, which have to
comply with safe return to port regulations [151]. Kistner
et al. [146] state that a decentralized fuel cell plant could
minimise this oversizing and even omit the requirement of
emergency power generators. They optimised the spatial lay-
out of decentralized power generation with SOFCs on cruise
ships and concluded that the economic cost of transmission
losses decreased by 55% compared to a centralized configu-
ration. Nevertheless, it is questioned whether the operational
cost savings of a decentralized power system may justify the
additional shipbuilding expenses of multiple machine rooms.

Micoli et al. [152] examined the possibility of an SOFC
plant to supply the entire hotel load of a large cruise ship,
which corresponded to 27.5% of the electrical balance. They
proposed to install all fuel cells in the back of the ship, sep-
arated from the engine room, to be compliant with safe
return to port regulations. An increase in the weight and vol-
ume of the power plant forced them to investigate the float-
ing and stability capacity of the ship. They concluded that
their solution meets the weight and stability requirements
and could reduce CO, emissions by 11%. They did not
include heat regeneration, which could further improve the
power plant efficiency.
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SOFCs produce no noise and vibrations since they con-
tain no moving parts. Moving parts in the balance of plant
components produce some, but this is much less than the
noise and vibrations produced by diesel engines. This is an
especially big advantage for ships that require comfort
(e.g., cruise ships) or silent operation (e.g., naval ships).

3.2.4. Electric Integration. To integrate fuel cells into current
marine systems, SOFC modules must be linked to the main
switchboards via a transformer to adjust the voltage and
possibly an inverter to convert the power to the required
output [150]. Cohen noted that inverter modules can be
combined for several fuel cell modules. This reduces the sys-
tem’s size and cost but also reduces redundancy.

Currently, most large ships use an alternate current (AC)
electric grid [153], because generators provide AC power
and the majority of available power electronics components
are AC ([154]). However, when the majority of power is sup-
plied by fuel cells or batteries, it can be beneficial to apply a
direct current (DC) grid. Fewer transformers and switch-
boards are needed to supply fuel cell power to a DC grid,
saving 1 to 2 % electrical loss per component [155]. More-
over, in current system architectures, many DC auxiliary
loads are connected to an AC grid using converters, which
are also additional power conditioning components. Conse-
quently, employing a DC network increases the electrical
system efficiency and lowers the size, weight, and cost of
the system [156]. Even for a hybrid concept with major
DG and minor SOFC power generation, a DC distribution
could be considered. In contrast to an AC grid, synchronisa-
tion of generation units at a specific frequency (50/60 Hz) is
not required for a DC grid, enabling the diesel generators to
operate at their optimal speeds and reducing fuel consump-
tion [153]. Zahedi et al. [156] estimated 15% fuel savings for
offshore supply vessels with energy storage using a DC grid
compared with a conventional AC system. Kanellos et al.
[157] estimated space and weight savings of 30%, mainly
due to smaller high-speed generators and the elimination
of bulky low-frequency transformers. The implementation
of DC networks on MW-scale ships is limited [158], and a
new design philosophy for circuit architecture would be
required to ensure reliability and safety [159]. Nevertheless,
there is significant potential to increase the overall electric
efficiency. The automotive industry experienced the same
trend and had already demonstrated significant reductions
in the size, weight, and cost of DC system components and
an increase in their availability [160].

A power management system is required that success-
fully distributes the power of the fuel cells, energy storage
devices, and any other power generators over the electrical
consumers. Since SOFCs have higher efficiency and lifetime
at partload, smart control in the start-up, cool-down, and
power modulation of the many installed modules gives the
opportunity to operate at optimal efficiency at different
energy demands, although it is well known that modulation
is not desirable for the lifetime of the cells. Bassam et al.
[161] compared different control strategies for a hybrid fuel
cell power plant in a passenger ship to reduce energy usage
and thus reduce fuel consumption. It was concluded that
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fuel consumption can be reduced by 4% over an eight-hour
voyage, compared with a classical proportional integral con-
troller. This reduction was achieved by effectively charging
the battery pack with the fuel cell by controlling the power
plant with a multischeme energy management system.

In most marine SOFC studies, a standard electrical loss
is assumed, and not much attention is paid to the design
of the power electronics and power and energy management
systems. However, a DC power supply, modularity, and high
efficiency at part-load add opportunities to reduce electric
losses and increase the total system efficiency.

3.2.5. Thermal Integration. SOFC makes it very appealing for
cogeneration and trigeneration purposes. In marine applica-
tions, there is often a significant heating and cooling demand
(e.g., heating ventilation and air conditioning (HVAC) sys-
tem, hot water net, chilled water net, and steam production),
which is usually met with boilers and refrigeration plants.
Since these systems consume energy, the total efficiency
can be significantly improved by using the exhaust gas for
hot water or steam production [88]. Fang et al. [162] inte-
grated the SOFC power plant with the thermal management
system of a combatant ship. For each SOFC-GT module, a
thermal port is established on the fresh water network. A
total system efficiency of 67.9% was simulated. Tse et al.
[163] considered different configurations of electric power,
heat, and cooling generation from a methane-fuelled
SOFC-GT system for the HVAC system in yachts. In the
conventional configuration, the SOFC-GT system generates
electricity and supplies it to the air conditioning unit and
fan. In an integrated configuration, an absorption chiller
cooled the air in the HVAC system. Since the cooling was
not sufficient, an extradirect expansion coil was needed to
condense the water to saturation. Increases in efficiency of
the combined SOFC-GT and HVAC systems by 204% for
a single-effect absorption chiller and 241% for a double-
effect absorption chiller were reported. Duong et al. [164]
use SOFCs for the propulsion of a general cargo ship and
extend the system with a gas turbine, Rankine cycle, and
exhaust gas boiler to provide auxiliary power for machinery
and heating for crew accommodation. Their thermodynamic
analysis simulates an integrated system efficiency of 64.5%.
Although several methods of thermal integration have been
investigated, Baldi et al. [23] identified that few SOFC stud-
ies in marine applications include, besides electrical energy
demand, thermal energy demand. There seems to be a gen-
eral assumption that SOFC systems can easily fulfil all the
thermal demands of the ship, because the stack operates at
such high temperatures. However, in an SOFC system, a
large portion of the heat is already used to bring the air
and fuel to the operating temperature of the fuel cell. Conse-
quently, the outlet temperature of the SOFC system is usu-
ally in the range of 80-220 °C, dependending on the
amount of heat used in the SOFC system. Ship designers
should match the heat demand of the ship with the heat sup-
ply of the SOFC power plant.

3.2.6. Safety and Regulations. Although under development,
clear regulations for fuel cells in marine applications are not
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yet available. ABS [165] published a guide for the implemen-
tation of marine fuel cell-powered systems, covering fuel
storage, reforming equipment, fuel cell stacks, safety systems
(e.g., venting, fire protection, and monitoring), testing, and
certification. DNV GL [166] assigned a class notation to fuel
cell-powered ships. This covers required documentation,
ventilation, fire safety, and electrical systems. Overall, the
current requirements are still generic and not specific to fuel
type, fuel cell type, or ship type. Gianni et al. [167] compared
the current regulations by classification societies. Although
most regulations cover the same topics, some are contradic-
tory regarding the necessity of double pipes, the categorisa-
tion of fuel cell spaces as machinery spaces, and the
categorisation of fuel cell rooms as hazardous zones. Fur-
thermore, none of the regulations state a particular fire
extinguishing system for fuel cell rooms. Tronstad and
Langfeldt [43] identified leakage in fuel cell modules and
failure of electrical conditioning systems as the most critical
scenarios. Sharifzadeh et al. [168] pointed out that safety and
energy efficiency are competing objectives in SOFC system
design. They found a strong trade-off between profitability
and the range of the safe operating window. Taking into
account the toxicity and flammability of potential SOFC
fuels, gas-tight enclosures of pipelines and fuel stacks,
redundant leakage detection, emergency shutdown systems,
and high venting capacity are paramount in ensuring a safe
system [169]. Although SOFC systems can handle minor
contamination, fire smoke could disable the operation of
the cells. We identified that the influence of fire smoke
intake on the operation of SOFC systems has not been cov-
ered in research and regulations.

3.3. SOFC Impact. For sustainable power generation technol-
ogies, there is a clear trade-off between cost and emission
reduction.

3.3.1. Economics. Earlier studies show that technologies with
relatively low investment cost are generally favoured over
solutions with high initial cost and long-term benefits
[170]. This has two main reasons. Firstly, larger loans are
harder to acquire, and more equity is required. Secondly,
the future value of money is higher than the current value
of money. When shifting to higher initial costs, this money
is not available for other investments, resulting in higher
opportunity costs. This slows down the introduction of
SOEC power plants in marine applications, which are char-
acterized by very high investment costs and savings in oper-
ational costs, although the latter is very dependent on the
used fuel [33].

Geertsma and Krijgsman [127] executed a case study for
the application of fuel cells in navy support ships. They pro-
posed a methodology to review alternative power system
designs based on mass, volume, capital and operational
expenditure, technological readiness, fuel availability, and
emissions. They concluded that for commercial use, improve-
ments in technological readiness, efficiency, and cost of the
fuel cell are necessary.

Baldi et al. [23] optimised an SOFC propulsion plant
towards two competing objectives: total cost of ownership
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and emitted greenhouse gases. The power plant was applied
to a cruise ship where it supplied a large share of the total
power. A clear trade-off between cost and emissions was
identified. It was concluded that LNG is the most cost-
optimal fuel for SOFCs, but a significant total cost increase
(33%) is required compared with a diesel-electric cruise ship
power plant, as was also concluded by van Veldhuizen [33].
A 34% GHG emissions reduction was estimated, which is on
top of the drastic reduction in NOy and CO emissions. The
sensitivity analysis showed that insecurities and develop-
ments in SOFC investment cost, SOFC lifetime, and fuel
prices of the fuel cells have the largest influence on the eco-
nomic feasibility of an SOFC-powered ship.

The additional weight or volume of an SOFC power
plant practically results in a larger ship, a deterioration
of the operational profile, a reduction in cargo, or a com-
bination of those, which all have an economic cost.
Micco et al. [171] estimated a 3% cargo reduction for ret-
rofitting a commercial vessel with an ammonia-fuelled
SOFC powertrain.

Kim et al. [172] extensively compared the lifetime cost of
an ammonia-fuelled SOFC power plant with HFO-fuelled
engines for a container ship. They concluded that an
ammonia-fuelled SOFC power plant would increase the life-
time cost 5.2 times even without considering the loss of
cargo but could also reduce GHG emissions by 92.1% when
ammonia is produced via a sustainable pathway. For the
SOFC ship, despite the high cost of the SOFC, the fuel cost
remained dominant (57.8%). They concluded that when
SOFCs become more cost- and space-efficient, ammonia-
fuelled SOFC systems would be a good long-term solution
to decrease greenhouse gases. Kistner et al. [173] did a sim-
ilar comparison for an LNG-fuelled SOFC system. They
included the emissions as a societal financial cost and con-
cluded that, despite the larger capital and maintenance cost,
an SOFC plant is economically viable.

For the LNG-fuelled SOFC plant, they also identified the
fuel cost as the largest contributor to the lifetime cost.

3.3.2. Environment. The main purpose of SOFC implemen-
tation is emission reduction. However, only some of the con-
sidered studies actually indicate emission reduction. Exhaust
gas sample measurements of a 50kW SOFC demonstrator
running on ultralow sulphur diesel (ULSD) indicate that
NOy emissions are far below the limits for ECA zones and
that neither sulphur nor hydrocarbons were detected [89].
The research results of Baldi et al. [23] indicated that the
absence of methane slip in the SOFC system is the strongest
driver in reducing GHG emissions, compared with LNG-
fuelled engines. In their study, applying an SOFC system
reduced the GHG emissions twice as much as the CO, emis-
sions. van Veldhuizen [33] concluded that an LNG-fuelled
SOFC-powered expedition cruise ship, hybridized with die-
sel generators to support it during long transits, can meet
the CO, goal of 2030 and the ECA restrictions on NOy,
SOy, and PM emissions. This was concluded at a 20%
increase in total costs over the lifetime of the ship. An
ammonia-fuelled SOFC system could also reach these tar-
gets; however, the total cost of ownership increases by
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69%. For a methanol-fuelled SOFC ship, the carbon dioxide
emissions did not reduce sufficiently.

It is evident that the implementation of SOFC reduces
ship emissions and makes it possible to comply with upcom-
ing regulations, albeit at a very high cost. However, to judge
whether SOFCs are more environmentally friendly than
conventional solutions, the environmental impact over the
tull life cycle of the fuel as well as the fuel cell system must
be taken into account. Strazza et al. [174] executed an exten-
sive life cycle analysis (LCA) for SOFC in marine applica-
tions, considering hydrogen, LNG, and methanol. The
study concluded that the environmental impact of SOFC in
marine applications is dominated by the fuel production
phase. From a life cycle perspective, bio-methanol and
hydrogen (produced from cracking and electrolysis, respec-
tively) are the best options to fuel SOFC in marine applica-
tions. Finally, SOFCs are recommended over conventional
diesel generators, just as the life cycle study of Altmann
et al. [175] concluded. Lee et al. [176] and Mehmeti et al.
[177] concluded from their life cycle analyses that the
manufacturing and disposal of the fuel cell contribute little
to the total environmental impact (2-10%), while operating
the SOFCs has a large impact (90-98%), driven by the fuel
consumption. Bicer and Khalid [178] investigated the envi-
ronmental impact of heat and power generation with SOFCs
for hydrogen, natural gas, methanol, and ammonia. The life
cycle analysis included all phases, from raw material extrac-
tion to operation (only end-of-life scenarios were not
included). It was concluded that NG-fuelled SOFCs have a
less negative environmental impact than hydrogen, metha-
nol, and ammonia, because these fuels are mostly produced
from natural gas, requiring additional conversion processes.
However, when hydrogen or ammonia are produced from
wind energy, the environmental impact was lower than with
natural gas. Per¢i¢ et al. [179] did an LCA for SOFCs in
ferries, considering hydrogen and ammonia, taking into
account different production pathways. They considered
the manufacturing phase, the well-to-pump phase, and the
pump-to-wake phase and used global warming potential,
acidification potential, aerosol-forming potential, and fossil
depletion as environmental indicators. They concluded that
SOFC-powered ferries using blue or green hydrogen or
ammonia have a lower environmental impact than an equiv-
alent diesel-powered ship. By also including the cost over its
lifetime, the authors conclude that the blue ammonia-fuelled
SOFC option is the most feasible option. It provides a 65%-
72% reduction in GHG emissions at a cost increase of 37%-
43%, where the range represents three different passenger
ship case studies. Most LCAs do not consider any disposal
or recycling phase, mainly because there is no information
regarding the required methods. Sarner et al. [180] made
the first efforts to review which recycle methods are applica-
ble for SOFCs, but more research is needed to evaluate the
environmental footprint after its lifetime.

3.4. Research Projects. Over the last 30 years, several research
projects on fuel cells in marine applications have emerged.
Different ship types, fuels, and fuel cell types have been
investigated. At first, most research projects focused on
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diesel as bunkering fuel, due to the low cost, high availability,
and developed infrastructure. However, problems emerged
with sulphur contamination of the fuel cells and the effi-
ciency of the whole system [24]. In the last 15 years, research
projects have emerged that are focused on solid oxide fuel
cells. An overview of the most noteworthy research projects
on SOFC in marine applications is shown in Table 5. This
section describes these projects and their practical lessons
for SOFC marinisation.

3.4.1. FELICITAS. In the FELICITAS project, a methane-
fuelled 250 kW SOFC system was marinised. Several power
plant integration concepts were investigated, such as gas
turbine trigeneration, HVAC integration, and the use of fly-
wheels [163]. A high system efficiency (>60%) was simulated
and verified with experiments, and it was noted that the
SOFCs should be operated at constant load while being
supported with energy storage devices. The harsh marine
conditions proved to be a great challenge for SOFC imple-
mentation. SOFC power output and lifetime were adversely
affected when operating under high humid and saline condi-
tions, resulting in the research advice to develop cathode
materials with higher tolerance to Cr species. An additional
investigation into marine vibrations and shocks was con-
ducted. It was concluded that the mechanical integrity of
the ceramic stack can be guaranteed with oft-the-shelf
damped mounting and shock resistance. Furthermore, a 1
MW SOFC plant was developed for an existing yacht design.
Since the necessary pipes for fuel and ventilation conflicted
with bulkhead positions, it is advised to newly design
SOFC-powered ships [181].

3.4.2. METHAPU. The METHAPU project focused on vali-
dating and innovating a methanol-fuelled SOFC system for
cargo vessels. Another major aim was to introduce regula-
tions regarding methanol bunkering, distribution, and stor-
age for commercial vessels. A 20kW prototype was
marinised and tested for five months on the car carrier
“Undine” while sailing. The SOFC unit, methanol tank,
and fuel reforming system were placed on an open deck
because this made it easier to ensure safe operation. The pro-
ject was technically successful and succeeded in running the
SOEC for 700 hours with methanol. From their experience,
the consortium established design guidelines, an SOFC
installation manual, an SOFC user manual, and a methanol
bunker checklist METHAPU [182].

3.4.3. SchiBZ. SchIBZ aimed to develop a diesel-fuelled
500kW SOFC system for oceangoing ships. The reforming
process and a system concept are developed. The researchers
paid extra attention to minimising the pressure drop
between anode and cathode, for which they used an uncom-
mon anode recirculation architecture. They designed a
cooled recirculation loop because commercial blowers could
not operate at high temperatures. A 27kW containerised
demonstrator was tested in the multipurpose vessel “MS
Forester”, which demonstrated an electrical efficiency of
50% on low sulphur diesel [148, 183]. In 2016, the project
continued with SchIBZ2 to test the seaworthiness of the
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individual components, optimise them, and further develop
them for operation with LNG [26, 184, 185]. The follow-
up project MultiSchiBZ aims to scale up to a 300 kKW system.
The diesel- or LNG-fuelled system combines 12 fuel cell
modules with one central fuel processing module in a 40-
foot container. Low-temperature anode recirculation and a
model-predictive control strategy are positively evaluated
to increase the performance of the SOFC system [186].

3.4.4. GasDrive. The GasDrive consortium proposed a novel
NG-fuelled power generation system, where SOFCs are inte-
grated with an internal combustion engine. The anode off-
gas of the SOFC fuels the internal combustion engine. The
optimal power split between the SOFC and the engine is
investigated by Sapra et al. [27]. Carbon deposition indica-
tion is researched as a diagnostic tool to define safe operating
conditions and appropriate control strategies for the SOFC
system. Additionally, the effect of different prereforming
concepts on the electrochemistry and temperature gradients
in a commercial stack was investigated. The highest system
efficiency was obtained with a system using allothermal pre-
reforming and water recirculation. They learned that both
stack and system operation need to be simultaneously con-
sidered to design the most efficient SOFC system.

3.4.5. Nautilus. The Nautilus Project aims at developing,
evaluating, and validating a highly efficient and dynamic
integrated marine energy system fuelled by LNG for long-
haul passenger ships. This energy system, responsible for
catering all the heat and power needs of a vessel, consists
of a SOFC-battery hybrid system and internal combustion
engine- (ICE-) based generators [187]. During the SOFC
system design, the target efficiency could not be reached with
a simple system architecture. 40% anode off-gas recircula-
tion is applied to increase the projected electric efficiency
from 59% to 64% [188]. The consortium develops a com-
plete design concept and digital demonstrator of a fully inte-
grated onboard energy system for cruise ships. It was learned
that combining several off-the-shelf SOFC products into a
marine power plant brings many new considerations. Cen-
tralising air supply, fuel supply, reforming, exhaust streams,
and power electronics could improve the power density and
cost when scaling a kW plant to a MW plant, but there are
technical limits to the size of these components and using
combined components decreases reliability. Furthermore,
extra-analysis was necessary to design the exhaust ducting
because it was not known whether the backflow of exhaust
gas (for instance, when one operational module is shut
down) would cause issues in the SOFC modules. Addition-
ally, a 60kW containerised proof-of-concept demonstrator
will be developed and tested to validate the design and oper-
ational strategies. A direct current busbar (400 V) is used to
combine ten 6 kW SOFC modules and one 20kW battery,
because this required less power conditioning equipment,
resulted in lower electric losses, and ensured scalability and
modularity. This project is still in progress [189].

3.4.6. ShipFC. The ShipFC consortium is going to demon-
strate the first marine ammonia-fuelled SOFC system.
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Instead of an afterburner, they intend to use a catalytic con-
verter to decrease the emission of nitrogen oxides. Offshore
vessel “Viking Energy” will be retrofitted with a 2 MW SOFC
system, aiming at a carbon-free operation of 3000 hours
annually. The biggest challenge will be scaling the 100 kW
Prototech module to an ammonia-fuelled 2000 kW power
plant, which is aimed to be installed in 2023. Additionally,
the consortium aims to develop certification schemes for
the use of green ammonia to prevent carbon emissions in
the supply chain [190]. From the first lab experiment, it
was concluded that a high operational temperature should
be chosen to promote ammonia cracking and thus prevent
ammonia slip.

3.4.7. FuelSOME. Building on the insecurity of the future
fuel mix, the project FuelSOME steps into the demand for
fuel-flexible power plants and aims at the development and
demonstration of a multifuel SOFC system. The system will
be designed to operate with ammonia, methanol, hydrogen,
and mixtures of those. Their focus is on long-distance ship-
ping. This project still has to start.

3.4.8. HELENUS. HELENUS is a recently accepted European
Union Horizon research project. It strives to enable full
integration of SOFCs in ship design using co-generation
and combined cycle solutions for increased efficiency with
multiple fuels. A 500kW fully integrated SOFC will be
demonstrated on an ocean cruise vessel. The project also
aims to improve fuel flexibility by demonstrating operation
with renewable maritime fuels (e.g., ammonia, methanol,
Fischer-Tropsch diesel, or hydrogen). A technological and
regulatory roadmap will be created to scale up the SOFC
capacity to 20 MW [191].

3.4.9. Lessons Learned. LNG is dominantly researched in
demonstrator projects, since it is the most used fuel in avail-
able systems, but methanol and diesel have also been suc-
cessfully demonstrated. Recent projects such as Nautilus
and HELENUS also include many alternative fuels in their
theoretical evaluation and the attention for ammonia-
fuelled SOFC demonstrators is increasing.

SOFC demonstration experiments showed that the heat
losses in the SOFC system are very relevant. Heat losses in
different system components are often inaccurately taken
into account in theoretical analysis, which causes deviations
between theoretical and demonstrated efficiency. This topic
requires more attention in future research.

Although several projects demonstrated a marine SOFC
system and contributed to identifying the practical chal-
lenges of marinising SOFC systems, no large-scale SOFC
system has been physically integrated with shipboard sys-
tems yet. The biggest challenges for SOFCs to achieve this
are reaching higher power density, lower capital cost, and
manufacturing capacity. It is also not known how the power
density and cost scale when going from a kW-scale plant to a
MW-scale plant. However, there is an increase in the rated
power of demonstrators and the degree of ship integration
for current and planned projects.
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4. Addressing Marine Challenges

This section provides an overview of possible developments
in marine SOFC power plants that can address its main chal-
lenges, which are operation in marine conditions, low power
density, limited lifetime, low transient capability, and high
capital cost. The purpose is to indicate the prospects of
SOEFCs for marine applications from the technical and eco-
nomic perspective. This section discusses possible improve-
ments separated on cell level, stack level, module level, and
marine power plant level. To relate possible improvements
to the current status, an overview of all commercially avail-
able SOFC systems is provided in Table 6. Most are fuelled
with natural gas and have a relatively small rated power.
Figure 7 shows which manufacturers perform best on volu-
metric power density and electric system efficiency, which
are considered important parameters for ship applications.

4.1. SOFC Operation. Thus far, SOFC systems have mainly
been applied in stationary applications, such as residences
and centralized power generation. In contrast to these appli-
cations, the power plant of a ship is exposed to sea wave-
induced inclinations and accelerations. These could lead to
lower accuracy of level sensors by sloshing of liquids, pres-
sure variations in gas streams, increased mechanical stress
in stacks and structural components, and failure of rotor
pumps and compressors. Moreover, the propeller and inter-
nal combustion engines produce vibrations, which travel
through the ship structures. It has not been extensively
researched whether current SOFC systems can be safely
operated when exposed to these conditions and how these
conditions influence the operation and durability.
Moreover, the saline and humid air conditions introduce
challenges for SOFCs. The influence of air humidity on the
performance and durability of state-of-the-art cathodes
(LSM and LSCF) has been researched by Liu et al. [192].
The cathodes were stable when feeding air with typical water
vapor concentrations (3 vol%) and even concluded to be bet-
ter than using dry air, because the surface exchange reaction
rate increased. However, cell degradation greatly increased
for higher water vapor concentrations (5-20 vol%). In a
1500 h durability test, Hagen et al. [193] showed that humid
air (4 vol%) makes LSM cathodes perform worse and less
durable when the polarisation is sufficiently large. For seas
and oceans, humidity of 0.5% to 3% is common, imposing
no large performance or durability reductions on the SOFC.
However, humidity in the air stream will accelerate corro-
sion from Cr and Si to the cathode. For this reason, Yang
et al. [194] recommend to supply the cathode with dry air.
Liu et al. [195] investigated the influence of salt content in
the air feed for the same cathode materials. At 30 mg/L
NaCl, the increase in cell degradation was negligible for
LSM cathodes, while LSCF cathodes showed decomposition
of the cathode material. Thambiraj et al. [196] performed
single-cell experiments with 1.6 and 250 mg/L NaCl content
in the cathode air. 1.6 mg/L salt content during 850 opera-
tional hours leads to a 200mV drop because of delamina-
tion, whereas clean air only leads to a voltage drop of
25mV in 660 hours. They conclude that air filters are
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FiGure 7: Rated efficiency and volumetric power density of
commercially available SOFC systems.

needed to avoid NaCL reaching the cathodes. Besides effects
on the fuel cell itself, salinity also corrodes other parts in the
SOEFC system, such as metal cell interconnects or compres-
sors [197]. Luckily, air desalinisation is not new for marine
applications, since it has been used for many years for
marine gas turbines [198].

The long start-up and cool-down times of the SOFCs
introduce challenges for practical operation. In applications
where much unanticipated power is needed, a backup sys-
tem should deliver the required power when the SOFC is still
heating up. From this perspective, it would be favourable to
use SOFC systems in applications with very constant opera-
tional profiles that are known in advance. The design ratio-
nale of the operational requirements for marine power
plants might be reconsidered when applying SOFC power
plants. A defined amount of power might be continuously
delivered by SOFCs to reduce start-up and cool-down times
in order to limit cell degradation. Many ships always require
some power for auxiliary functions, even when berthed. In
port, this could offer low-emission energy usage, where cur-
rently high-investment shore power infrastructure is needed.
When the energy demand of the auxiliaries is low, the excess
power can be used to charge the support batteries or even
delivered to the electricity net.

4.2. Power Density. Power density can be improved at each
level of an SOFC system, for example, starting from the
improvement of the active layers in a single cell up to
reducing the size of or omitting specific BoP components.
Moreover, not all system weights and volumes scale pro-
portionally to the rated power; hence, a scaling effect
may be expected: large SOFC systems may achieve higher
power densities than smaller systems employing the same
technology [199].

The power density achieved at cell level is determined
primarily by the electrolyte and electrode materials selected,
their conductivity and thicknesses, active electrode and cata-
lyst area, operating temperature, and pressure [200]. While
the majority of commercially available systems rely on
robust, thick electrolyte supported cell types, designs with
thin electrolytes-supported on anode or metal substrates fea-
ture potential power density improvements. The potential
power density improvements may be significant. For exam-
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ple, metal-supported designs achieve 2.8 A/cm* at 0.7V
and 650°C [201] which is a factor 10 higher than the first
generation based on the same concept. However, structural
integrity remains a challenge for anode-supported designs,
as is the use of metals at high operating temperature [202].

Flat-tubular SOFCs have the tubular stack advantages of
easy gas-tight sealing, thermal robustness, and ease of fabri-
cation while also profiting from planar advantages such as
low ohmic resistance and high power density. The fuel flows
through anode-supported, extruded channels. Parameters
such as the number of air channels, wall thickness, width,
and height of these air channels can be varied to optimise
cell performance and mechanical strength. A review of Khan
et al. [203] showed that the performance of these cells
increased three to four times since their introduction in
Kim et al. [204] by using different materials and architec-
tures. Ilbas et al. [205] proved a 20% increase in power den-
sity compared with tubular stacks using a 3D cell model.
Although this cell build is still in the research phase, its
developments are also being put into practice by Kyocera,
Japan, and KIER, South Korea [203].

Large power density improvements may be achieved
through stack design as well. The Compact Solid Oxide
Architecture (CSA) stack by Fuel Cell Energy, for example,
is reported to achieve up to six times the power to weight
and eight times the power to volume compared with previ-
ous stack design, achieving 467 kW/ton and 778 kW/m” at
only 0.29 A/cm” [206]. Although the power density of even
today’s stack technology is sufficiently high for most applica-
tions, the relatively large BoP of SOFC systems paints a very
different picture. In fact, the BoP can easily make up as
much as 90% of the total system mass and volume. For
example, a 200 kW proof of concept built by Fuelcell Energy
is reported to fit in a 20-foot container, thus achieving a
power density of about a factor 10 lower than the power
density reported at stack level [206]. Nevertheless, power
density has not been as large of a design driver for most
commercial SOFC systems as it would be for marine applica-
tions. It would be beneficial to tailor the design process to
the marine requirements, rather than adapt existing designs
with different initial requirements to the marine conditions.

For large-scale marine power plants, the desulphurisers,
filtering equipment, blowers, and control architectures could
be centralized for a multitude of SOFC modules, which
would positively influence the power density and specific
cost of the system with a slight reduction in system reliabil-
ity. Moreover, air ducting is expected to require much ship
volume. The specific air flows required for SOFCs are four
to six times higher than those of diesel engines, because of
the high air excess ratio that is required to cool the stack
internally. Cathode air recirculation may reduce overall oxy-
gen utilisation and thus limit the primary airflow and, con-
sequently, the size of air ducting channels [49]. Cathode air
recirculation could also increase the heat recovery capacity
due to a higher flue gas temperature [207]. A more novel
concept to reduce air intake uses SOFC stacks with liquid
cooling, which has the additional advantage of a smaller par-
asitic power consumption. This was researched by Promsen
et al. [208] for tubular and planar cells, who concluded that
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liquid cooling improved the temperature distribution inside
the stack, improving the electrochemical performance. Nev-
ertheless, this requires a completely new stack and system
design, new operating principles, and a coolant suitable for
high-temperature operation.

While sometimes overlooked, it is indispensable to con-
sider the entire system when designing a compact and light-
weight SOFC system. This calls for a holistic design
approach, since choices at the system level affect stack and
cell performance, and vice versa. For example, the removal
of a preheater or prereformer may reduce the size of the
BoP but reduce both the power density and the lifetime
achieved by the stack [209].

4.3. Lifetime. Lifetime is an important aspect of maritime
power generation, as the number of annual operational
hours is typically high on many ship types. In contrast to
the low-temperature fuel cell types, SOFCs are primarily
considered for stationary applications and uninterrupted
power supply, for example, data centres [210]. As these
applications require the system to deliver for many hours
per annum, lifetime and reliability have been major aspects
of product development. First of all, high temperatures
increase sintering speeds, creep, and crack growth, which
alter the microstructural morphology of the cells and affect
their electrochemical performance. In addition, high operat-
ing temperatures affect the chemical stability of the mate-
rials, including the electrolyte, the electrodes, and especially
the interconnect. Therefore, material selection and micro-
structural design play a key role in reducing degradation at
the cell level [211]. The development of new materials for
SOFC:s is continuously evolving, for example, bilayer electro-
lytes and new electrode morphologies [212].

Secondly, large internal temperature gradients are estab-
lished over the stack to avoid a large airflows for cooling.
These temperature gradients may be even higher locally,
due to the differences in the magnitude of the exothermic
electrochemical reaction. The presence of internal endother-
mic fuel reforming or cracking reactions may worsen the sit-
uation even further [213]. Temperature gradients result in
thermal stress and potential delamination of the individual
layers in the cells. Matching of thermal expansion coeffi-
cients helps to mitigate this issue, for which interlayers and
composite electrodes may be applied [214]. In addition,
researchers have proposed to adjust the catalyst loading spa-
tially to control internal fuel conversion rates [215].

Carbon deposition may be encountered in case hydro-
carbon fuels are used due to unwanted side reactions on
the anode catalyst. Although carbon deposition may be
suppressed through the supply of excess reforming agents,
this generally negatively impacts cell life and efficiency.
Alternatives for the nickel catalysts that have a low selec-
tivity for solid carbon formation may be used instead,
such as ceria-based anodes [216]. Both fossil fuels and bio-
fuels typically contain small quantities of contaminants
that may poison or react with SOFC electrodes, such as
sulphur, chlorine, and potassium [217]. In addition, poi-
sonous substances may migrate or evaporate from other
parts of the system.
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Chromijum evaporation is commonly encountered in
high-temperature alloys, which leads to irreversible perfor-
mance loss at the cathode [218]. This issue can be
addressed by applying surface coatings or modifications
to the used alloys [219]. Ammonia, seen as a potential
future fuel in the marine industry [220], does not contain
carbon or these other contaminants. However, recent stack
experiments showed that ammonia causes nitridation of
the separator steel and the nickel catalyst. Although initial
nitridation did not negatively influence cell performance,
long-term nitridation deforms the stack components and
causes local alternations or even blockage of the fuel chan-
nels [114]. Methods should be investigated to reduce or
prevent nitridation.

It is generally acknowledged that dynamic operation
influences the lifetime of SOFCs negatively [69, 221]. Effec-
tively controlling SOFCs and other power generation com-
ponents can stabilize the operation of the fuel cells,
reducing cell degradation [169]. Parhizkar and Hafeznezami
[222] optimised the operation of SOFC systems, taking into
account several degradation mechanisms and simulated a
7.4% increase in system productivity. Lai et al. [223] com-
pared a standalone dynamically operated SOFC plant with
a steady-state-operated SOFC supported by combined cycles
delivering power to the transient loads. They concluded that
steady-state operation of the SOFCs is beneficial for the leve-
lized cost of energy because of the reduced number of stack
replacements. Marzooghi and Raoofat [224] proposed using
a fuzzy-PI controller to reduce SOFC degradation of dynam-
ically operated SOFC systems, which turned out to be a sat-
isfactory control strategy. Although research in the control
of SOFC systems to increase lifetime has been increasing,
very few degradation experiments have been performed at
the system level [225]. Moreover, most degradation experi-
ments were executed in steady-state on nominal conditions.
For marine implementation, it would be beneficial to inves-
tigate the differences in lifetime when the stacks are operated
at part-load or with transient loads.

Improving lifetime remains an important aspect of
SOFC development. There is a large number of mechanisms
affecting degradation at the cell, stack, and system level.
Consequently, the lifetime can be improved through a large
variety of developments, but often there is a trade-off versus
system efficiency and power density. The lifetime of existing
SOEC products is already sufficient for replacement intervals
that are comparable to major overhauls of marine internal
combustion engines, but further improvement of SOFC
durability will be beneficial for commercialisation.

4.4. Transient Capabilities. SOFC systems that are designed
for stationary applications are optimised for load profiles
with small and few load changes. However, most marine
applications require quicker load changes. The transient
response of electrochemical cells is inherently fast due to
the small timescales of the electrochemical reactions. Still,
the transient response times of SOFC systems are notori-
ously long, for which the large thermal mass of the system
and the response times of BoP components are often identi-
fied as the culprits [226]. While these explain the long times
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TaBLE 7: Overview of identified research gaps or research directions in marine SOFC research.

Target Research gap or direction Level

Metal-supported SOFCs Cell

Flat-tubular SOFCs Stack

Increase power density Liquid cooling of SOFCs Stack
Centralising balance of plant components System & ship

Hybridisation with diesel generators Ship

Spatial catalyst loading to control fuel conversion and thermal gradients Cell

Increase lifetime

Quantification of lifetime enhancement at part-load operation

Long-term degradation behaviour for transient operation

Cell & stack
Cell & stack

Energy management system optimised towards SOFC lifetime System
Low-temperature operation Cell
Improved flow field design Stack
Increase transient capabilities Advanced thermal management and control System
PEMEFCs fuelled with anode off-gas of SOFC System
Hybridisation with batteries Ship
. Development of new materials and manufacturing methods Cell & stack
Decrease capital cost . .
Decrease cost of control architecture and power electronics System
Anode off-gas recirculation to increase electric efficiency System
Cathode off-gas recirculation to increase heat efficiency System
. i Smart control to operate at optimal efficiency for different energy demands System & ship
Efficient operation . . .
Efficient waste heat recovery for ship consumers Ship
Direct current architectures Ship
Decentralized power generation Ship

Effect of fire smoke on SOFC operation
Effect of salinity and humidity on SOFC operation

Cell & stack
Cell & stack

Safe operation Effect of inclinations and accelerations on SOFC technology System
Effect of propeller or equipment vibrations on SOFC technology System
Marine fuel cell regulations specific for SOFCs Ship
Operation of SOFC system with renewable fuels All
Low environmental impact Disposal and recycling methods of SOFCs Cell & stack
Environmental impact of reduction in sound emissions Ship

TaBLE 8: Tank-to-electricity (TTE) emission comparison between off-the-shelf SOFC systems and medium-speed 4-stroke marine diesel

generators fuelled with MGO (1.5% S) or LNG. Derived from [23, 123, 174, 175, 277-280], and supplier information.

TTW emission

Targets and regulations

Emissions per system

2030 target 2050 target DG (MGO) DG (LNG) SOFC (LNG)
CO2 g/kWhe 60% 30% 600-660 500-530 350-450
CH4 g/kWhe — — 0 2-4 0
CO2-eq g/kWhe — 50% 600-660 530-550 350-450
Non-ECA 2020 ECA 2020 DG (MGO) DG (LNG) SOFC (LNG)
0.1-1.5% S
NOx g/kWhe <7.7 <1.96 9.5-12 1.2-2 0.025-0.045
SOx g/kWhe <2 (0.5 %m/m) <0.4 (0.1 %m/m) 0.4-6 0.008-0.016 0
PM g/kWhe <2 (0.5 %m/m) <0.4 (0.1 %m/m) 1.6 0.007-0.0018 0

required for a cold start, neither provides a satisfactory
explanation for the slow response once the system has
reached its operating temperature.

Transient limitations in a hot and operating system orig-
inate primarily from thermal management challenges.
SOEFCs are usually cooled by cathode air, thus avoiding the
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need for high-temperature coolants. Although this simplifies
the system, it leads to large airflows and thermal gradients
due to the limited heat capacity of air [227]. The actual
amount of cooling needs to be carefully controlled during
transients to prevent local subcooling, overheating, or ther-
mal stresses. However, the combination of solid materials
with a high thermal mass and gaseous coolant with a low
thermal mass causes long stabilisation times. Consequently,
the point of operation needs to be changed slowly to give
the airflow controller time to respond to the delayed change
in the air outlet temperature [228].

The transient response may be improved by increasing
the safety margin against thermal overloading, for example,
by operating the SOFC well below the maximum tempera-
ture and maximum temperature gradient. However, both
compromise the power density and efficiency as the stack
resistance or air stoichiometry are increased. Alternatively,
the transient response may be improved through algorithms
that control the airflow proactively, for instance, using
model predictive control [229]. Wang et al. [230] managed
to increase thermal response time by 50% by using a fuzzy
PID controller for power regulation and a feedforward con-
troller for the thermal regulation. Hollmann et al. [186] used
a controller that considers electrochemical and transport
characteristics to predict the system behaviour over several
minutes. The controller successfully increased the transient
capability during testing on the operational profile of a
cruise and cargo ship.

4.5. Capital Cost. While fuel costs will be reduced by SOFC-
based power generation, these savings are still not sufficient
to justify the high capital cost. The current price of SOFC
power plants may vary from 1500 up to as much as
22,000 e/kW depending on the system configuration and
size. Although this is at least one order of magnitude higher
than heavy-duty diesel generator sets, the cost may be sub-
stantially reduced by advanced manufacturing and scale
up. A detailed cost analysis by Scataglini et al. [131] reveals
that the expected system cost of SOFC combined heat and
power generation products may be reduced from 13000 e/
kW for an annual production volume of 100 units of
1kWe to 500 e/kW for 50,000 units of 250 kWe. However,
the challenge lies in attaining such production volumes at
the current price level.

The capital cost of SOFCs may be further reduced
through the adoption of more affordable materials or by
increasing the power density and, thus, reducing the cost
of materials (see Section 4.2). Harboe et al. [34] identified
that optimising the structural design of SOFC stacks to
obtain a minimum contact resistance between the stack con-
tacting areas is a key element in achieving cost-efficient stack
design by reducing material usage. Various research groups
are, for example, working on reducing the operating temper-
ature of SOFCs, as this would allow the introduction of
cheaper materials, easier assembling methods, and the use
of off-the-shelf components [231]. The latter is particularly
important as the balance of plant can make up a large part
of the total system size, weight, and cost, while the low pro-
duction volume of SOFCs today makes the development of
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dedicated BoP components particularly expensive, for
instance, high-temperature anode recirculation blowers. Cost
analyses point out that the stack manufacturing, control archi-
tecture, and power conditioning equipment contribute the
most to the cost of SOFC systems [42, 232], so cost reduction
should initially be aimed at these components.

5. Conclusion and Future Outlook

This paper reviews solid oxide fuel cells (SOFCs) for marine
applications. These electrochemical devices could be used to
reduce NOy, SOy, PM, and GHG emissions. Developments
in SOFC power plants and fuel possibilities are discussed,
followed by the research efforts regarding ship integration,
which cover hybrid strategies, fuel flexibility, spatial layout,
thermal and electric connection, operating strategies, and
safety. Compared to land-based systems, the marinisation
of SOFC systems introduces new challenges in design and
integration. The SOFC systems must be able to withstand
accelerations and inclinations which most commercial
systems are not designed for. Moreover, air salinity and
humidity can potentially deteriorate power production and
increase degradation. On top of that, ships often require
higher load transients. Thus, SOFCs should be combined
with energy storage devices or components with higher tran-
sient capabilities.

Implementing SOFC in ships is currently difficult
because of its low power density, short lifetime, slow tran-
sient behaviour, and high capital cost. However, these disad-
vantages could be outweighed by the high efficiency of
SOFCs and the reduced emissions, which would be even
more favourable in case an emission tax is introduced. Never-
theless, it is expected that hybridisation with internal combus-
tion engines and batteries is needed to design a marine power
plant with feasible size, cost, and transient capabilities.

On the SOFC system level, several developments are
indicated that can potentially address the challenges of
marine implementation, such as cathode off-gas recircula-
tion, model predictive control, and liquid cooling. When
considering whole marine power plants, DC grid architec-
tures, centralized BoP components, and decentralized power
generation can offer improvements.

We suggest the matching of heat supply and demand,
the matching of transient capabilities and the operational
profile of the ship, hybridisation strategies, and the effects
of marine conditions on SOFC operation as important
topics for further research. A full overview of the identi-
fied research directions is shown in Table 7.

LNG-fuelled SOFCs allow ship owners to meet the IMO
regulations for NOy, and SOy emissions and the 2030 CO, tar-
get, when SOFCs deliver the majority of shipboard energy. To
reach the IMO ., target of 2050 using SOFC systems, renew-
able fuels and other energy-saving technologies would be nec-
essary. Carbon-free ship operation should not be the main
goal; converting renewable fuels with high efficiency over the
whole life cycle should gain the focus. Although implementing
SOFC in ships still faces technical, economic, and design chal-
lenges, it is a promising solution for the marine industry to
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decrease NOy;, SOy, and PM emissions while benefiting from
noise reduction and increased reliability.

Appendix
Data for Emissions Graph

The data used to generate Figure 5 is shown in Table 8. For
this data, SOFC systems fuelled with LNG and without com-
bined cycles are used since these are mainly commercially
available. The emissions of DG are without after treatment.
The presented emissions are just tank-to-propeller emissions
and are calculated with 55% SOFC efliciency and 43% DG
efficiency.

Nomenclature

AOG:  Anode off-gas

APU:  Auxiliary power unit

BAT: Battery

BoP: Balance of plant

COG:  Cathode oft-gas

DME:  Dimethyl ether

ECA: Emission control area

ER: External reforming

GHG:  Greenhouse gases

GT: Gas turbine

HDS:  Hydrodesulphurisation
HRSG: Heat recovery steam generator
HT: High temperature

HVAC: Heating, ventilation, and air conditioning
ICE: Internal combustion engine
IR: Internal reforming

LCA: Life cycle analysis

LH2: Liquefied hydrogen

LHV:  Lower heating value

LNG:  Liquefied natural gas

LT: Low temperature

MeOH: Methanol

MGO:  Marine gas oil

PEMEC: Proton exchange membrane fuel cell

PM: Particulate matter

RE: Reciprocating engine

SOFC:  Solid oxide fuel cell

ST: Steam turbine

TRL: Technological readiness level.
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