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Abstract: Fuel cells as clean power sources are very attractive for the maritime sector, which is
committed to sustainability and reducing greenhouse gas and atmospheric pollutant emissions
from ships. This paper presents a technological review on fuel cell power systems for maritime
applications from the past two decades. The available fuels including hydrogen, ammonia, renewable
methane and methanol for fuel cells under the context of sustainable maritime transportation and
their pre-processing technologies are analyzed. Proton exchange membrane, molten carbonate
and solid oxide fuel cells are found to be the most promising options for maritime applications,
once energy efficiency, power capacity and sensitivity to fuel impurities are considered. The types,
layouts and characteristics of fuel cell modules are summarized based on the existing applications
in particular industrial or residential sectors. The various research and demonstration projects of
fuel cell power systems in the maritime industry are reviewed and the challenges with regard to
power capacity, safety, reliability, durability, operability and costs are analyzed. Currently, power
capacity, costs and lifetime of the fuel cell stack are the primary barriers. Coupling with batteries,
modularization, mass production and optimized operating and control strategies are all important
pathways to improve the performance of fuel cell power systems.

Keywords: maritime transportation; shipping emissions; fuel cells; hydrogen energy; alternative
marine fuels; future power and propulsion; sustainability

1. Introduction

Marine diesel engines have driven the shipping industry for over a century. Owing
to the use of fossil fuels and particularly marine residual oils, greenhouse gases (GHG)
and air pollutants from ships, such as carbon dioxide (CO,), nitrogen oxides (NOy), sulfur
oxides (SOy) and particulate matters (PM), have become the key regulatory targets in
the maritime sector [1]. The International Maritime Organization (IMO) has adopted
a variety of regulations under Annex VI (titled Regulations for the Prevention of Air
Pollution from Ships) of the International Convention for the Prevention of Pollution from
Ships (MARPOL) [2-4]. As well as this, the phasing out of GHG emissions from ships
as soon as possible in this century has been set as a target [5]. Correspondingly, a series
of technological and operational measures have been employed to mitigate shipping
emissions and improve ship energy efficiency [6,7]. However, current measures are not
sufficient to make the shipping industry consistent with the global response to the threat of
climate change [8]. Hence, alternative fuels and energy sources are expected to play a vital
role as a synergistic solution for reductions of SOy, NOy, PM and CO, emissions. Apart
from innovative technologies and systems for traditional engines, fuel cell power systems
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are proposed to be an important option to improve the use of alternative marine fuels.
High energy efficiencies make fuel cells very attractive compared to marine combustion
engines and gas turbines (GTs), though the power capacities of fuel cells cannot cover all
maritime applications. However, the efficiencies and power capacities of fuel cells continue
to be a focal point of research and development, leading to constant improvements that
bring the technology closer to widespread adoption with every passing year.

Maritime fuel cells used onboard underwater vehicles can be traced back to the 1960s [9].
Possible applications of fuel cells onboard merchant ships include: low power demand main
propulsion; auxiliary power for hybrid propulsion; electricity generation; and emergency
power supply [10]. Several demonstration projects for fuel cell applications in the merchant
marine sector have been carried out since 2000 [11]. Through a literature review of existing
studies on fuel cells for maritime applications, three key aspects were identified:

(i) Economic and environmental analysis. To determine the feasibility of fuel cells for
maritime applications, an exergy analysis was carried out for both a methanol reforming
proton exchange membrane fuel cell (PEMFC) system and a direct methanol fuel cell
(DMEC) system, where the two systems exhibited similar power capacity and energy
efficiency figures [12]. However, weight, volume and unit cost should be considered for
further thermo-economic analysis. A hybrid solar photovoltaic (PV)-PEMFC-diesel gen-
erator power system was modelled and optimized for cruise ship trading in Stockholm,
Sweden [13]. The renewable energy system contributed 13.8% of the overall energy re-
quirement and achieved 9.8% emissions reduction compared to the conventional diesel
engine power system. A life cycle assessment of a molten carbonate fuel cell (MCFC) plant
for marine applications was conducted and compared to a conventional diesel engine
power plant [14]. The results showed that the operational phase is the major contributor to
climate change for both systems when hydrocarbons are used as fuels. The production of
raw materials and the manufacturing of MCFC components were shown to have higher
environmental impact compared to that of diesel engines. Hence, the recycling and re-use
of MCFC components are important to improve the overall environmental performance of
such systems. A testbed of a hybrid power source composed of a MCFC, a lead-acid battery
and a diesel generator was developed to simulate the fuel consumption of five types of
ships based on respective operating profiles [15]. Average CO, savings of 70-74% based on
different ship types and load scenarios were reported, compared to the standalone opera-
tion of the diesel generator. An integrated energy system was developed and evaluated,
which was composed of a hydrogen-fueled solid oxide fuel cell gas turbine (SOFC-GT)
hybrid system, a solar PV system, wind turbines and an absorption refrigeration plant. The
ship consumed renewable energy only and the overall energy efficiency was 41.5% [16].
A SOFC power system used for propulsion, electricity and heat generation onboard ships
was investigated and optimized in terms of energy, cost and emission savings [17]. The
abatement of GHG emissions was claimed to be up to 34% and SOFCs fed with liquefied
natural gas (LNG) were deemed to be the most cost-optimal solution for reducing GHG
emissions. A four-scheme energy management strategy for a hybrid fuel cell-battery driven
passenger ship was proposed with the aim of minimizing energy consumption [18]; the
simulation results showed that maximum energy savings of 8% could be achieved.

(ii) Safety and reliability analysis. A PEMFC stack operated under marine environ-
mental conditions was experimentally analyzed [19], from which it was concluded that sea
salt (sodium chloride) vapor was the major contaminant and caused a significant perfor-
mance decrement for the fuel cells. Based on SF-BREEZE projects, safety-related physical
and combustion properties of liquefied hydrogen (LH;) and LNG were evaluated and
compared [20]. The results showed that LH; and LNG pose similar safety risks, and several
countermeasures such as avoiding fuel leaks, providing adequate ventilation, monitoring
confined spaces, etc., are required to minimize the risks. A numerical calculation was
carried out to simulate the leakage and diffusion of hydrogen in a fuel cell ship to better
understand hydrogen safety issues [21]. The hydrogen concentration distributions and
the effects of different ventilation conditions were determined, providing guidance for the
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optimal positions for hydrogen sensors and ventilation. Risk assessment of a hydrogen
driven high speed passenger ferry was performed [22], with the results illustrating that
the estimated risk related to hydrogen systems is relatively low and within acceptable
limits. Based on a MCFC power system for a LH, tanker, the safety integrity levels for
an electric propulsion system were investigated [23]. Fire and explosion caused by fuel
overflows or a control failure in the stack were identified as the most severe potential
incidents. A failure mode and effects analysis (FMEA) approach was proposed to evaluate
the safety and reliability of a hybrid MCFC-GT system for LH, tankers [24]. A similar
approach was verified by successfully applying it to a hybrid power system composed of a
MCEFC, a battery system and a diesel engine [25].

(iii) Power system development. A PEMFC-battery hybrid propulsion system was
developed for a tourist boat [26], the reliable operation of which was successfully demon-
strated in the coastal waters of South Korea. A hybrid propulsion system coupling an
LNG-fueled combustion engine with a hydrogen-fueled PEMFC was proposed for an LNG
carrier [27]. To satisfy the required energy efficiency design index, the energy fractions
from hydrogen were determined. This allowed the cost competitiveness of the hydrogen
system to be evaluated against the conventional LNG propulsion system. A MCFC-based
marine auxiliary power unit (APU) fed with diesel oil was developed and modelled [28],
allowing the system efficiency under different reforming strategies and process configura-
tions to be assessed. A hybrid propulsion system coupling a MCFC with a bottoming cycle
was developed for a LH; tanker [29]. System efficiency, economic feasibility and exhaust
emissions were evaluated. Currently, the fuel cell systems are less economical than other
propulsion systems, but their environmental performance is brilliant. It was found that
the MCFC-GT system was preferable with regard to overall system efficiency. A SOFC-GT
tri-generation system was developed for marine applications [30]. An absorption chiller
could be employed to drive the heating, ventilation and air conditioning (HVAC), and thus
the overall system efficiency could be significantly improved considering different system
configurations. A hybrid diesel electric propulsion system coupled with two methanol-fed
250-kW SOFC systems was designed for an offshore platform supply vessel, where notable
reductions of pollutant emissions were observed [31]. A propulsion system composed of a
dual-fuel diesel generator and a SOFC-GT hybrid system was developed and optimized for
90,000 m® ethane carrier [32]. The optimal system configuration was determined and the
energy efficiency design index complied with all requirements set by the IMO regulations.

Very few research papers focus on the specific application of fuel cells for the mar-
itime sector. While there are a number of parallels to be drawn in terms of transferable
knowledge with stationary power, automotive and other land-based applications, the
unique challenges posed by the maritime sector (particularly for international deep sea
shipping) create a number of additional barriers to entry for fuel cell technology. These
will be explored in greater detail in the coming sections, but can broadly be attributed to a
harsh working environment and limitations relating to onboard energy storage (including
any fuel pre/post processing systems) that would ultimately encroach upon the payload
(and hence profitability) of a vessel.

The possibility of using fuel cells onboard ships was analyzed in ref. [33], which
reviewed some existing research and demonstration projects of fuel cells for maritime
applications. The costs and expected service lifetime of potential fuel cells were highlighted.
In addition, marine fuel cell systems were reviewed in terms of fuel cell types, potential
fuels and system characteristics in ref. [34]. The authors presented information on the
potential of fuel cell systems fueled by LH; and LNG. However, a summary of the specific
layouts and characteristics of different types of fuel cell modules is absent in the published
literature. Moreover, the topic of design and development of fuel cell hybrid power systems
for maritime applications is lacking a comprehensive review. Therefore, this paper aims to
address these shortcomings in the literature by conducting a comprehensive review on the
development of the fuel cell modules and systems, culminating in a summary of the most
promising pathways for future maritime applications.
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2. Fuel Cells and Available Fuels for Sustainable Shipping
2.1. Types of Fuel Cells

A fuel cell consists of an anode, a cathode and an electrolyte, and converts the chemical
energy from a fuel into electricity through an electrochemical reaction. A basic schematic
diagram of a hydrogen fuel cell is shown in Figure 1, where the two illustrations depict
the different possible ion transfer characteristics across the electrolyte depending on the
type of fuel cell. Only a very small electric potential, about 0.7 volts (V), is produced by
an individual fuel cell. Hence, cells are placed in series to create sufficient voltage to meet
the requirement of an application, resulting in a “fuel cell stack”. Fuel cells are usually
classified by the type of electrolyte they use. Typical fuel cells and their electrochemical
reactions are summarized in Table 1.

H2 Hz Hzo
! . | T,
Anode Anode
tons® Electrolyte tons’ or T Electrolyte '
\ yt \ lons y lons
Cathode i Cathode
T U T ¢
0, H,0 0,

Figure 1. Basic schematic diagram of a hydrogen fuel cell.

(i) AFC (alkaline fuel cell). The AFC is relatively low cost. The only product of the
reaction is water and there are no other emissions. However, CO, poisoning is a major
concern as CO; could react with the alkaline electrolyte. Hence, pure hydrogen and pure
oxygen (O,) are required, meaning that other fuels and air are not recommended owing to
the significant purification measures required [11].

(ii) PEMFC. The low operating temperature of PEMFCs allows flexible and safe
operation, less stringent material requirements and quick start-up. However, low tempera-
ture also leads to a lack of waste heat recovery options and a complex system for water
management [35]. The complexity of the latter issue is not to be underestimated, with
humidification of the air supply and removal of excess water from the cathode both posing
challenges. In addition, the platinum catalysts add to system cost and can be poisoned by
carbon monoxide (CO) and sulphur (S) with a medium sensitivity. Therefore, a reforming
and purification unit is necessary to obtain the required purity of hydrogen if hydrocarbons
rather than pure hydrogen are to be used as fuels.

(iii) HT-PEMFC. Apart from continuous development of PEMFC technology to im-
prove operational flexibility, extend lifetime and reduce cost, the development of high
temperature PEMFC systems is also an area of research interest [36]. Compared to PEMFC,
HT-PEMEFC uses a mineral acid electrolyte instead of a water based one. Thus, it can work
at a temperature up to 200 °C. Due to this higher temperature, HT-PEMFC is less sensitive
to CO and S poisoning, and there is no need for water management. In addition, a waste
heat recovery (WHR) system could be employed by using a bottoming cycle to enhance
overall system efficiency.

(iv) PAFC (phosphoric acid fuel cell). The PAFC has a moderate cost and works at
temperatures up to 200 °C. Due to the higher temperatures, fuels other than pure hydrogen
(hydrocarbons such as LNG and methanol) can be used, whilst both a reforming unit and a
WHR system (typically a steam turbine) might be included [11]. Consequently, while the
product of the electrochemical reaction is water, the reforming process generates CO,. The
higher operating temperature makes the platinum catalyst less sensitive to CO poisoning
and other contaminants.
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Table 1. Typical materials of electrodes and electrolyte, and the electrochemical reactions on electrodes. [11].

Typical Materials of Electrodes Electrochemical Reactions

Types Electrolyte Typical Fuels
yp Anode Cathode y yp Anode Cathode
AFC nickel silver potassium hydroxide H, 2H,; + 4OH~ — 4H,0 + 4e~ O+ 2H70 + 4e~ — 40H™
PEMFC platinum platinum water-based polymer H, 2H, — 4H* + de~ O, + 4H* + de~ — 2H,0
membrane
HT-PEMFC platinum platinum mineral acid-based H, 2H, — 4H* + de~ 0, + 4H* + 4e~ — 2H,0
polymer membrane
PAFC platinum-carbon platinum-carbon phosphoric acid H,, LNG and methanol 2H, — 4H* + 4e~ O, +4H* + 4e~ — 2H,0
DMEC platinum-ruthenium platinum-ruthenium watel;;:);;ebcifr(l);ymer methanol 2CH3O0H + 2H,0 — 12H* + 2CO, + 12¢~ 30, + 12H" + 12~ — 6H,0
MCEC nickel alloy nickel oxide-lithium molten carbonate salt Hp, methanol and 2H, +2C0O32~ — 2H,0 + 2CO; + 4e~ 0 +2CO;, +4e~ — 2CO52~
hydrocarbons
SOFC nickel alloy lanthanum strontium porous ceramic material Hy, methanol and 2H, + 202~ — 2H,0 + 4e~ Oy +4e~ — 20%~

manganite

hydrocarbons

AFC—alkaline fuel cell; PEMFC—proton exchange membrane fuel cell; HT PEMFC—high temperature PEMFC; PAFC—phosphoric acid fuel cell; DMFC—direct methanol fuel cell; MCFC—molten carbonate
fuel cell; SOFC—solid oxide fuel cell.
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(v) DMFC. Compared to PEMFC, DMEFC is slightly higher cost and lower efficiency,
but it has the benefit that liquid methanol is appreciably easier to handle than hydrogen.
Using methanol as fuel leads to CO, emissions but no NOy emissions. The major challenge
with DMFEC is that methanol crosses over the membrane to the cathode and reacts directly
with oxygen, leading to low efficiency [37]. Thus, the prerequisite of DMFC application is
to enhance membrane performance, which would facilitate increased efficiency and power
capacity of the resulting fuel cell stack.

(vi) MCFC. MCEFC is relatively high cost and operates at temperatures in the range
600-700 °C. Due to the higher temperature, LNG, methanol and hydrocarbons other than
pure hydrogen can be used as fuels. There are no CO, emissions if hydrogen is used
as fuel, CO; only circulates in fuel cells to regenerate carbonate in the electrolyte. In
addition, high operating temperatures dictate that a WHR system is also suitable for
MCEC. Using hydrocarbons as fuel leads to CO, emissions, but no NOx emissions exist
as no air is present when the reforming takes place at the anode. However, potential NOy
emissions might exist from the subsequent WHR systems. MCFC is a highly efficient
fuel cell, with low cost catalyst and electrolytes, and high flexibility towards fuels and
contaminants [38]. While the high operating temperature makes it suitable for energy
recovery systems, it also makes MCFC systems vulnerable to negative cycling effects
like corrosion and cracking of components. MCFC has a slow start-up, and is less flexible
towards changing power demands than low temperature fuel cells [11]. Combining MCFCs
with batteries/supercapacitors or an electrolyser to allow for more steady operation of the
fuel cell could significantly reduce the strain from thermal cycling. This could also allow
for more flexible operation with a faster start-up and the ability to cater to changing power
demands. MCFCs are commercially available, but still struggle with high cost, limited
lifetime and low power density [34,39].

(vii) SOFC. Unlike a MCFC, no CO, is required to be circulated to the cathode
of a SOFC. SOFCs are relatively high cost and work at temperatures ranging between
500-1000 °C. Due to the higher temperature, direct internal reforming of hydrocarbon
fuels, such as LNG and methanol, and direct thermal cracking of ammonia (NHj3) in a
SOFC stack are possible. Meanwhile, a WHR system is also suitable for SOFC, and like
MCEC, the high temperature makes SOFC vulnerable to negative cycling effects. In spite of
the stability of tubular SOFC in terms of thermal cycling effects, the planar SOFC is more
favorable due to higher energy density and easier manufacture [11]. Combining a SOFC
with a battery will reduce thermal strain and ensure a more flexible operation as well.

Regarding NH3-fed SOFCs, both oxygen ion-conducting and proton-conducting elec-
trolytes have been reported [40]. Where an oxygen ion-conducting electrolyte (namely
SOFC-O) is employed, the main reactions are same as reactions for either hydrogen or
hydrocarbon fuels. But if a proton-conducting electrolyte (namely SOFC-H) is employed,
the main reactions are as follows:

Anode reaction:

2H, — 4H" + 4e

Cathode reaction:
4H* + Oy + 4e~ — 2H,O

In the case of SOFC-O, water vapor is produced at the anode and the exhaust gases
at the anode include Nj, H,O, and the remaining NH3 and H;. As for SOFC-H, water
vapor is produced at the cathode and the exhaust gases at the anode include N; and the
remaining NH3 and Hp. Thus, one of the major advantages of SOFC-H is that hydrogen is
not diluted by the water vapor generated in the electrochemical reaction [41].

Key characteristics of different types of fuel cells are summarized in Table 2. Among
the seven types of fuel cell, differences in performance in terms of technical, environmental
and economic issues, as well as the applicability of the technology onboard ships, are
usually considered. However, it is difficult to choose the promising pathways based
on an individual indicator. Therefore, a multi-criterion decision-making approach, or
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the analytic hierarchy process, are usually employed [42], whereby PEMFC/HT-PEMFC,
MCEFC and SOFC are thought to be the most promising types of fuel cells for maritime
applications [11,43].

2.2. Potential Marine Fuels

Although most of the fuel cell technologies have higher energy efficiency than tradi-
tional marine diesel engines or dual-fuel engines, the advantages are not overwhelming
when costs and technical maturity are taken into account [34]. Considering low carbon
or zero carbon future shipping, the scenario of fuel cell applications in the maritime in-
dustry is assumed to utilize zero carbon or carbon-neutral fuels. That is to say, there is a
basic assumption in this paper that carbon capture and storage (CCS) is regarded as being
unavailable onboard ships. Therefore, conventional marine fossil fuels are excluded due
to limited long-term prospects, but hydrogen, ammonia and synthetic natural gas (SNG,
predominantly methane) and methanol from renewable sources are regarded as marine
fuels with long-term prospects and will be investigated in this section. As a transition,
short-term applications of fossil raw materials being used as feedstocks for hydrogen,
ammonia, SNG and methanol are assumed to be acceptable.

2.2.1. Hydrogen

Hydrogen is the most abundant element on earth, but due to its high reactivity, it
is only found in usable quantities within chemical compounds. Consequently, in order
to obtain hydrogen in its pure form, energy must be expended for the purposes of ex-
traction. The feedstocks of hydrogen include fossil fuels, biomass and water. However,
natural gas (NG) and coal are currently the primary feedstocks. The typical production
processes of hydrogen include thermochemical conversion and electrolysis at present, as
well as photoelectrochemical and biological conversion in the future [45,46]. Currently,
thermochemical conversion is the primary process of hydrogen production from fossil and
biomass feedstocks, and it can be classified into steam reforming, partial oxidation, au-
tothermal reforming and coal/biomass gasification [34,46]. The product of thermochemical
conversion of hydrocarbon fuels is known as syngas, a mixture of Hy and CO.

The endothermic reaction of steam reforming can be expressed as follows:

CoHm +n HyO=(n+m/2)H; +nCO
The exothermic reaction of partial oxidation can be expressed as follows:
CoHm +n/20, - m/2H, +n CO

Autothermal reforming is a combination of steam reforming and partial oxidation,
and the chemical reaction can be expressed as follows:

2CyHpy +n/2 0y + n HoO — (n + m) Hy + 2n CO
The endothermic reaction of coal/biomass gasification can be expressed as follows:
C+H,O— H, + CO

The purification of hydrogen from syngas is usually achieved by water gas shift. Thus,
the CO produced during the above thermochemical conversions reacts further with steam,
resulting in the production of hydrogen and CO,:

CO+ HQO — Hz + C02

where higher hydrogen yields and lower CO concentrations are obtained. Meanwhile,
combining CO, separation technologies and CCS technologies, high purity hydrogen is
obtained with no CO, emissions.
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Table 2. Key characteristics of fuel cells. [11,17,34-39,44].

Efficiency
Types Operating Temperature, °C  Power Capacity - Drawbacks Waste Heat Recovery  Relative Cost  Lifetime Size
Electric Overall
AFC 60-200 <500 kW 50-60% - CO, poisoning - Low Medium Small
PEMEC 65-85 <120 kW 50-60% - CO + S poisoning - Low Medium Small
HT-PEMFC 160-220 - 50-60% 80% CO + S poisoning HEx/ST Medium Medium Small
PAFC 140-200 100-400 kW 40-55% 80% CO + S poisoning HEx/ST Medium Good Large
DMEFC 75-120 <5 kW 20-30% - methanol crossover - Medium Medium Small
MCFC 650-700 120kW-10MW  50-55% 85% S poisoning, cycling effects, HEx/GT/ST High Good Large
long start-up time
S poisoning, cycling effects,
SOFC 500-1000 <10 MW 50-60% 85% mechanically fragile, long HEx/GT/ST High Medium  Medium

start-up time

HEx-heat exchanger; ST-steam turbine; GT-gas turbine.
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The electrolysis process splits water into hydrogen and oxygen in an electrolyser.
Alkaline electrolysers are the most technically mature, but polymer electrolyte membrane
electrolysers and solid oxide electrolysers show potential for future applications due
to offering higher efficiency values [47]. During the electrolysis process, electricity is
consumed and pure hydrogen is obtained, which is particularly ideal for low temperature
fuel cells. With the increasing proportion of renewable electricity in the world energy mix,
sustainable hydrogen production is an increasingly viable prospect, and would also be
beneficial as an energy storage medium to deal with the fluctuations and demand mismatch
inherent to most renewable technologies. In addition, photoelectrochemical conversion, or
the photolysis/photolytic process, splits water into hydrogen and oxygen by using solar
energy, and biological processes can convert biomass to hydrogen. These two conversion
routes are also regarded as having great potential in the future. In the near to mid-term
future, the deployment of sustainable hydrogen depends greatly on the costs of CCS and
renewable electricity.

Regarding the transportation and storage of hydrogen, low volumetric energy density
is a big challenge. Even discounting the energy requirement for liquification at —253 °C
or compression at either 350 bar or 700 bar, it is notable that a larger storage space is still
required compared to conventional marine fuels. Therefore, hydrogen as a marine fuel
is not ideal for long distance shipping. However, hydrogen’s excellent environmental
performance always attracts industrial attention. Accordingly, further development for
better hydrogen carriers is necessary. Ammonia, SNG and liquid organic hydrogen carriers
(LOHCs, e.g., methanol) [48] are potential options.

2.2.2. Ammonia

Ammonia is one of the most abundant synthetic chemicals in the world. The Haber-
Bosch process is the most typical method of ammonia production. At 300-500 °C and
200-350 bar over a Fe-, Ni- or Ru-based catalyst, the chemical reaction could be expressed
as follows [49-51]:

N> + 3H, = 2NHj;

The air is usually used for nitrogen production by the pressure swing absorption or
membrane filtration method, whilst hydrogen production is as discussed in Section 2.2.1.
The ammonia is stored at ambient temperature and 8 bar vapour pressure. Due to the
toxicity of liquid ammonia, ammonia storage in solid form such as metal amine salts,
ammonium carbonates or urea has been proposed [49,50]. However, the slightly increased
storage mass and additional energy consumption for ammonia release would result in
extra costs. In spite of this, ammonia is easier and less expensive to transport and store
than hydrogen, and it is feasible to use ammonia as a hydrogen carrier [51]. As a hydrogen
carrier, ammonia could be decomposed or cracked to release the products of hydrogen
and nitrogen. Since no carbon and sulphur are contained, there is no the risk of CO or S
poisoning [34]. Ammonia could be used as direct fuel for fuel cells, where ammonia-fuelled
SOFC arouses significant research interest due to the decomposition of ammonia under
high operating temperature and over catalysts [40,41,52]. Direct ammonia alkaline/alkaline
membrane fuel cells and direct hydrazine/ammonia borane fuel cells are also possible
options [40,50].

2.2.3. Synthetic Natural Gas

NG has already seen use as an alternative marine fuel to reduce SOx and NOy emis-
sions. In parallel with this, NG also has the potential to reduce CO, emissions owing to its
minimum carbon emissions per unit of energy release among hydrocarbon and alcoholic
fuels. NG can be synthesised from syngas using the thermochemical conversion of fossil
raw materials. The exothermic reactions can be expressed as follows:

3H, + CO = CH4 + H,O
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Apart from fossil-based NG, SNG from renewable sources could have a more favourable
climate impact. Carbon-neutral SNG can be synthesised from biomass or power-to-gas
systems [53]. Anaerobic digestion is the predominant process for SNG production from
biomass compared to thermal gasification of organic biomass or the Sabatier reaction [54].
Power-to-gas systems produce SNG through a catalytic or biological methanation reac-
tion, where hydrogen produced by water electrolysis from renewable energy and CO,
captured from industrial processes are combined together [55]. The SNG production from
power-to-gas systems can be expressed as follows [56]:

4H, + CO, = CHy + 2H,O

SNG is stored below —163 °C in liquefied state or above 200 bar in compressed state.
Hence, transportation and storage of SNG in a cryogenic or pressurized state are costly
and relatively inefficient, which are the main challenges for the widespread applications
of SNG. Currently, NG is an important source of hydrogen and methanol. Although the
volumetric energy density of NG is twice that of hydrogen, the synthesis of SNG on land
and then reforming for hydrogen onboard requires more capital for equipment, as well as
the corresponding increased energy consumption. Hence, except for high temperature fuel
cell power systems, there are no significant advantages for SNG compared to hydrogen.

2.2.4. Renewable Methanol

Methanol is traditionally produced from NG and coal, but oil, biomass, wastes and
even CO, can also be taken as feedstocks [57]. The chemical reactions of fossil methanol
synthesis from syngas can be expressed as follows:

2H; + CO = CH30H

3H, + COZ — CH3OH+ H,O

Renewable methanol is mainly produced from second generation biomass, such as
forest residues, agriculture residues, municipal solid waste and black liquor produced from
pulp and the paper industry. The production process is the same as fossil methanol produc-
tion, where syngas production, methanol synthesis and processing of crude methanol are
covered. Renewable methanol could be regarded as carbon-neutral if renewable energy is
used for the production processes [57]. Methanol can be produced by catalytic synthesis of
CO; captured from industrial processes and hydrogen electrolysed by renewable electricity,
so called power-to-liquid (PtL) [58]. Methanol is liquid at ambient temperatures, making it
easier to transport and store than NG, hydrogen and ammonia. The methanol industry is
global and fuel methanol could be available in major port terminals globally with minimal
infrastructure changes. Hence, as an important hydrogen carrier, renewable methanol has
several advantages with regard to transportation, storage and energy density.

2.3. Onboard Pre-Processing of Marine Fuels

The electrochemical reaction of fuel cells happens between hydrogen and oxidizing
agents. Hence, pre-processing is required for marine fuels other than hydrogen. Although
several marine fuels could be converted into hydrogen, a complex pre-processing system
installed onboard a ship means complicated operation and probably expensive operational
costs. Moreover, fossil fuels supplied onboard ships mean that an onboard CCS system is
required for low carbon or zero carbon shipping. Therefore, only hydrogen, ammonia, SNG
and renewable methanol are suggested to be supplied onboard ships directly in this paper.
However, large-scale fuel conversions from fossil raw materials, biomass or renewable
energy sources are suggested to be conducted on land. Meanwhile, sulphur would poison
the catalysts used for steam reforming, water gas shift and the electrochemical reaction of
fuel cells. Hence, a desulphurization process is suggested to be conducted on land as much
as possible, before the fuels are supplied onboard ships. However, onboard pre-processing
for converting ammonia, SNG and renewable methanol into hydrogen is still required.
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Apart from conversion to a hydrogen-rich mixture, there are requirements for hydrogen
purity, especially for low temperature fuel cells.

2.3.1. Hydrogen Pre-Processing for Low Temperature Fuel Cells

Low temperature fuel cells are very sensitive to CO. High purity hydrogen from land
industry is required to be supplied onboard ships. Otherwise, CO clean-up processes
are required. Commonly, if the hydrogen is from the conversions of hydrocarbon fuels,
the CO concentrations in hydrogen after the water gas shift reaction probably exceed the
allowable limits (e.g., 0.2 ppm) of low temperature fuel cells [59]. At that point, selective
oxidation, selective methanation, membrane separation or pressure swing adsorption could
be employed to remove CO or purify Hy [34].

Selective oxidation:

2CO + Oy — 2CO,

Selective methanation:
CO + 3H; = CH4 + H,O

2.3.2. Ammonia Pre-Processing for SOFC

Ammonia fuel cells include direct ammonia alkaline and alkaline membrane fuel cells,
direct hydrazine and ammonia borane fuel cells and direct ammonia SOFC [40]. However,
an ammonia-fed SOFC has better performance and direct catalytic thermal decomposition
of ammonia over catalysts at the anode is possible. Direct thermal cracking of ammonia
occurs at 400-1000 °C and the equilibrium reaction can be expressed as follows:

2NH;3; = N, + 3H;

The rate of NH3 decomposition is influenced by different catalysts and different
operating conditions. High partial pressure of NH3 and high operating temperatures could
increase the decomposition of NHj [41]. However, both the SOFC-H and SOFC-O might
achieve a lower efficiency and change of external voltage as the temperature increases [40].
Therefore, there is an optimal operating temperature relating to NH3; decomposition,
theoretical efficiency and external voltage of a SOFC.

2.3.3. NG Pre-Processing for High Temperature Fuel Cells

When NG is fed to fuel cells, steam reforming is commonly used to convert it into
hydrogen. The reforming reactions of NG are as follows:
Steam reforming:
CH4 + Hzo =CO+ 3H,

Water gas shift:
CO +H,O=CO, + Hy

Total reaction from reforming;:
CH4 + 2H20 = C02 + 4H,

Steam reforming usually takes place at 500-1000 °C in the presence of a catalyst, e.g.,
nickel. Following the reforming reaction, a water gas shift reaction is usually conducted
to improve hydrogen yield and lower CO concentration. An external reforming system is
viable by using a suitable catalyst, external heat and steam. However, due to the availability
of waste heat from the electrochemical reaction in a high temperature fuel cell, NG can
be reformed internally by an independent reforming unit, known as indirect internal
reforming. By mixing a part of the anode tail gas with the fresh fuel, heat and steam are
supplied to sustain the reforming reaction. However, decreased fuel utilization reduces
the overall system efficiency. To increase the fuel-to-electricity conversion efficiency, NG is
reformed directly on the anode, known as direct internal reforming. The high temperature
released and water vapor produced in the anode promote the reforming reactions, and



Sustainability 2021, 13, 1213

12 of 34

the overall system efficiency is improved by enhanced system integration [60]. However,
a series of problems, such as thermal stress and inhomogeneous current distributions, limit
the extent of direct internal reforming [40].

2.3.4. Methanol Pre-Processing

When methanol is fed to fuel cells, steam reforming is also used to convert it into
hydrogen. The reforming reactions of methanol are as follows:
Steam reforming:
CH30H = CO + 2H,

Water gas shift:
CO + Hzo — C02 + Hz

Total reaction from reforming;:
CH3;0H + H,O = CO; + 3H,

As for methanol, steam reforming can take place at temperatures as low as 200 °C
in the presence of a catalyst, e.g., nickel. Similarly, external reforming, indirect internal
reforming or direct internal reforming could be employed for medium or high temperature
fuel cells.

3. Fuel Cell Modules

A fuel cell power system consists of a hydrogen storage subsystem, a fuel cell module
subsystem, a control subsystem and an energy management subsystem. Considering the
energy efficiency, power capacity and sensitivity to fuel/oxidant impurities, AFC, PAFC
and DMFC are excluded when discussing fuel cell modules in maritime applications below.
For low temperature applications, PEMFC/HT-PEMEFC is recommended as the power
source and hydrogen is recommended as fuel. For high temperature applications, MCFC
or SOFC are recommended as the power source and all kinds of hydrogen carriers or
renewable fuels are recommended as fuels, where a reforming unit and a WHR system
might be employed simultaneously to enhance system efficiency.

3.1. PEMFC Modules

A PEMFC module subsystem consists of a stack, a hydrogen delivery unit, an air
delivery unit and a cooling unit [26,61]. A schematic diagram of a PEMFC module is
shown in Figure 2. The hydrogen is stored in the storage tank in a cryogenic liquefied
state, or in a compressed state with pressure of 350-700 bar. The pressure of hydrogen is
regulated by the pressure regulator. After the fuel cell stack, a purge valve at the outlet
of the anode chamber is periodically opened to prevent the cell voltage from decreasing
below a certain limit [26]. A humidifier and a water separator may be installed before the
pressure regulator and after the purge valve, to humidify the hydrogen and to remove the
water from the purge gas respectively [19,26]. In addition, auxiliary components between
the fuel inlet and outlet of the stack might be employed for hydrogen recirculation [61]. The
filtered air is pressurized by an air blower and then humidified to maintain the performance
of the polymer membrane within the fuel cells. For maritime applications, degradation
of the polymer membrane may occur due to the cathode being exposed to the sea-air
conditions [19]. Therefore, appropriate pretreatment of the inlet air to remove sodium
chloride vapor might be required. The air blower not only maintains sufficient air flow to
the stack, but also facilitates reduced stack size by increasing the inlet air density and eases
the humidification process by increasing intake air temperature. Water in the residual air
is separated by a condenser before being discharged to the outside of the module. The
heat generated by the stack is removed by a cooling module, which comprises a water
tank, a water pump and a heat exchanger. The heat exchanger transfers the heat to chilled
water or sea water outboard [62]. The temperature of the cooling water at the stack inlet is
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controlled by adjusting the flow of the chilled water and at the stack outlet is regulated by
adjusting the flow of the cooling water through the stack [26].
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Figure 2. Schematic diagram of a PEMFC (proton exchange membrane fuel cell) module.

As for HT-PEMFC, there is no need for strict water management, but thermal man-
agement is required for the fuel cell stack. Coolant oil is commonly used for the coolant
fluid instead of water since the operating temperature is 140-200 °C. This higher operating
temperature opens up the possibility of incorporating a WHR system to enhance energy
efficiency. For instance, thermally activated absorption chillers directly utilize the heat
of the hot coolant exiting the fuel cell stack, and the low temperature coolant exiting the
absorption chiller is fed back to the fuel cell to repeat the process. The components of
the absorption chiller refrigeration cycle include a generator, absorber, condenser and
evaporator [63]. The total system efficiency is claimed as being up to 87% depending on
the operational mode.

3.2. MCFC Modules
3.2.1. Overview

MCEC is a potential alternative to conventional marine power plants due to its high
efficiency and power capacity. As discussed in Section 2.3.3, when NG, methanol and liquid
hydrocarbons are used as fuels for a MCFC, an external reforming or internal reforming
unit is required. Moreover, a WHR system is commonly employed and the overall system
efficiency could be more than 80% [64]. The layout of a MCFC module can exhibit a number
of different configurations depending on the required design parameters [65].

(i) An atmospheric system or a pressurized system. An atmospheric MCFC system
operates at a near ambient pressure. However, a pressurized MCFC system is designed to
operate at an elevated pressure, where the pressurized oxidant is delivered to the MCFC
and the exiting gas is at a pressure of 3-4 bar. The pressurized MCFC system is more
competitive due to higher efficiency and increased power density.

(ii) A standalone system or a hybrid system. A standalone MCFC system means that
the MCEFC stack is the only component outputting the electrical power. However, the
electrical or mechanical work of a hybrid MCFC system is output by both the MCFC stack
and the expander used for WHR purposes. The standalone MCFC system is simple and
reliable. However, the hybrid MCFC system has significant advantages for large-scale
applications because the highly exothermic electrochemical reaction and high operating
temperature make it suitable for driving a bottoming cycle (Rankine cycle, Brayton cycle
or a tri-generation system for the cooling, heat and power demands of a ship). Conse-
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quently, higher overall efficiency and larger power outputs can be obtained in the hybrid
configuration.

(iii) An indirect hybrid system or a direct hybrid system. Regarding hybrid MCFC
systems, either a ST or GT can be combined with the MCFC module. Indirect hybrid
systems use the fuel cell exhaust gas to heat the working fluid of a bottoming cycle,
where the power turbine is driven by the steam or the air heated by the energy from the
combustion of the unreacted anode gas and the cathode gas, probably along with the
auxiliary fuel. However, a direct hybrid system uses the energy from the combustion of the
exiting gas of the MCFC stack to drive a GT directly. The indirect hybrid system is simple
and reliable, and the operation of the MCFC is independent from the GT, which allows
a safe and robust operation for both the fuel cell and the GT. However, the direct hybrid
system is more attractive for large-scale applications.

3.2.2. Standalone MCFC System

The first marine MCFC system was installed onboard the offshore supply ship “Viking
Lady” as an APU. The MCFC module consisted of a MCFC stack, an LNG supply unit, an
air supply unit, a water supply unit, a catalytic combustion burner (CCB), a reforming unit
and a fuel/steam heater for fuel humidification and water evaporation, as well as several
auxiliary elements to fulfil regulation, measurement, safety and control functions [66,67].
A schematic illustration of the configuration is shown in Figure 3. Pre-heated fuel and
water vapor flowed into the reforming unit, which was in thermal contact with the CCB
to obtain the reforming heat. The reformed fuel products including Hy, CO,, CO and
H,O entered the anode chamber. The residual fuels were mixed with the air from the
mechanical blower in the CCB, along with part of the residual air exiting from the cathode.
Hot COs-enriched air was fed to the cathode inlet for the electrochemical reactions of the
fuel cell stack. The rest of the hot exhaust gas exiting from the cathode was used to pre-heat
the mixtures of the fuel and water vapor, and then discharged to the atmosphere after
evaporating the water supply.

Fuel cell module .
Electricity
(<5}
S| Mcrc |8
£ stack g
Fuel | Fuel/steam Reforming CCB
heater
Water Blower -@
Evaporator
L 1
Exhaust Air

Figure 3. Schematic diagram of a standalone MCFC (molten carbonate fuel cell) module.

3.2.3. Indirect Hybrid MCFC System

In Figure 3, the exhaust gas could be used to heat the working fluid of a bottoming
cycle (either ST or GT are possible). The hybrid system coupling a MCFC with a ST or GT
is called an indirect hybrid system [65,68,69]. Both the standalone MCFC system and the
indirect hybrid MCFC system operate at atmospheric pressure.
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Combined MCFC-ST System

A ST may be used in a bottoming cycle for WHR [29,67]. The water supply is changed
into superheated steam by the exhaust gas from the cathode of the fuel cell stack through
a cascade of pre-heater, evaporator and superheater after the fuel/steam heater. The
superheated steam operates a ST for power generation. The residual steam along with
the fuel is then pre-heated in the fuel/steam heater. Other components and processes are
similar to those of the standalone MCFC system.

Combined MCFC-GT System

In some indirect hybrid systems, a power turbine is driven by air heated by energy
from the combustion of the unreacted anode gas and the cathode gas, possibly along with
auxiliary fuel [29]. This kind of indirect system might be preferred for a small-scale system.
In some configurations [69], the exiting gas from the combustor heats the inlet air of the
power turbine and then flows into the cathode; the exhaust gas from the cathode heats the
pressurized air, the fuel and the water one by one before leaving the module. The fuel and
water are reformed in an internal reformer and then enter into the anode. The residual
fuels from the anode react with the exiting air from the power turbine in the combustor.
The applications of these configurations are limited due to the relatively low efficiencies
and the incompatibility of current commercial GT units.

3.2.4. Direct Hybrid MCFC System

If the exhaust gas of the MCFC stack is used to drive a GT directly, this kind of
WHR system is called a direct hybrid system, where the operating pressure is usually
3—4 bar [65,70-72]. In the direct hybrid system, the power turbine is driven by the exhaust
gas from the combustion of the unreacted anode gas and the cathode gas, probably along
with the auxiliary fuel. The significant feature of the direct system is that without the
heat exchanger present in the indirect system, it produces turbine inlet gas with higher
temperature and pressure. This offers a greater variety of options for system layouts
compared to the indirect system and increases the potential of the system to more efficiently
exploit the heat released from the MCFC [65]. The direct hybrid system is suitable for
large-scale systems.

A basic configuration of a combined system of MCFC and WHR is shown in Figure 4.
A MCFC module consists of a stack, a fuel delivery and reforming unit, two CCBs (CCB1
and CCB2) and a GT unit. The main fuel (renewable NG or methanol) and water vapor
are heated in the recuperator and then enter into the indirect internal reforming unit [70].
The reformed fuel compositions, including Hy, CO,, CO and H,O, enter into the anode
chamber. The residual fuels (all combustible components) exiting from the anode react
with the residual air exiting from the cathode in the CCB1, providing heat to sustain the
reactions in the reforming unit and CO, required by the cathode. The air pressurized
by the compressor and the exiting gas from the CCB1 enters the cathode to sustain the
electrochemical reactions of the stack. The temperature of the exiting gas from the MCFC
cathode is not enough to sustain the work of the GT. Typically 900-1050 °C of the turbine
inlet temperature is required, so auxiliary fuel and a combustion burner are required. Thus,
CCB2 is arranged to sustain the operation of the GT and to separate the operations of the
FC stack and the GT as well. The supply of auxiliary fuel is dependent on the turbine
inlet temperature required. The bypass air from the outlet of the compressor is controlled
according to the load of the stack. The residual heat of the exhaust gas from the turbine is
recovered by an evaporator to heat the water supply.
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Figure 4. Schematic diagram of the basic configuration of a MCFC-GT (molten carbonate fuel cell
gas turbine) system.

If no auxiliary fuels are fed into the CCB2, a turbocharger, such as those commonly
used in the application of internal combustion engines, could be employed to pressurize
the air [70]. In such circumstances, the total power output and the efficiency of the MCFC
system is limited. Accordingly, hybrid MCFC systems using GT are relatively common
and several configurations have been investigated. The residual fuels exiting from the
anode and the residual air from the cathode were recycled to either CCB1 or CCB2, or
both of them. In addition, auxiliary fuels were fed to either CCB1 or CCB2, and a heat
exchanger (regenerator) was used to pre-heat the pressurized air from the compressor by
the exhaust gas from the turbine [70]. In some configurations, in addition to generating
mechanical power for the air compressor, the turbine might generate extra electrical power
through a generator [70]. Thus, both electrical power and efficiency increase. CCB2 could
be a direct combustor and part of the reformed fuel products might be used for hydrogen
separation in a pressure swing absorption system. The extracted hydrogen could be stored
or mixed with the residual fuels exiting from the anode and the residual air exiting from
the cathode [73]. In addition, the main fuel might be reformed by an external reformer
using the waste heat from the system; the pressurized air is heated by the exhaust gas from
the turbine, and reacts with part of the residual fuels from the anode in the CCB1, then
entering into the cathode. Meanwhile, the exiting gas from the cathode reacts with the
auxiliary fuel and the remaining part of the residual fuel from the anode in the CCB2 to
drive the turbine [71]. It is clear therefore that the hybrid MCFC system efficiency, power
output, complexity of the layout, power ratio of the stack to WHR system, power ratio of
electricity to heat and plant costs are heavily influenced by system configuration factors
such as post-combustion and operating pressure of the stack. [70].

3.3. SOFC Modules
3.3.1. Overview

The basic components of a SOFC module consist of a SOFC stack, a fuel supply unit,
an air supply unit, a reforming unit, an after combustor and a WHR unit, as well as several
auxiliary elements serving regulation, measurement, safety and control functions [74,75].
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The operating temperature of the SOFC stack affects the layout of a SOFC module, in
terms of fuel reforming, fuel preheating, air preheating and WHR system. SOFC modules
can also have a number of distinct layouts, e.g., external reforming or internal reforming,
atmospheric system or pressurized system, standalone system or hybrid system, indirect
hybrid system or direct hybrid system [75-77]. Internal reforming is more attractive
than external reforming due to higher efficiency and lower capital cost. However, the
endothermic reaction of the fuel reforming process may lead to significant temperature
gradients and inhomogeneous current distributions inside the cells [40,74,76,77], so indirect
internal reforming is preferable due to reduced thermal stress. In addition, depending on
the source of steam for fuel reforming, there may be recirculation of water from the anode
or external water supply. Anode recirculation provides the steam for the fuel reforming
process through recirculating part of the exiting gas from the anode. Anode recirculation is
normally performed by a blower or an ejector. However, if there is no anode recirculation
arrangement, an external water supply is heated by a heat recovery steam generator
to provide the steam for the fuel reforming process [75]. Anode recirculation seems to
be more attractive for marine applications since it is typically less expensive and more
efficient. In addition, the limited fresh water storage available onboard a ship is another
consideration. However, it is difficult to control the steam-to-carbon ratio inside the stack
accurately [75-77].

3.3.2. Standalone SOFC System

A standalone SOFC system consists of a SOFC stack, a fuel supply unit, an air supply
unit, a reforming unit, a catalytic burner and a WHR system [75], as shown in Figure 5.
Anode recirculation and indirect internal reforming are supposed to be employed for the
SOFC modules discussed in Section 3.3. Therefore, water supply and steam generation
from the WHR system are not needed. The reformer is thermally coupled with the SOFC
stack, i.e., the heat used for the fuel reforming process is from the electrochemical reactions
and is transferred to the reforming unit either by heat radiation or by direct physical
contact between the reforming unit and the SOFC stack. Part of the exiting gas from the
anode is recirculated for fuel reforming. Another part of the anode exiting gas reacts with
the residual air from the cathode in an after catalytic combustor. The exhaust gas from
the combustor flows through the air preheater, the fuel preheater and the economizer
before discharging to the atmosphere. Other options of the layout include: the air being
preheated by the residual air from the cathode; the fuel being preheated by the exiting
gas from the anode; the catalytic combustor providing heat for an external fuel reforming
unit; and the economizer generating steam for the fuel reforming. [74,78,79] Depending
upon the operating temperature, varying grades of waste heat can be recovered for distinct
applications, which can significantly impact the system economics and environmental issues.

3.3.3. Indirect Hybrid SOFC System
Combined SOFC-ST System

An indirect hybrid SOFC-ST system consists of a SOFC stack, a fuel supply unit, an air
supply unit, a reforming unit, an after catalytic combustor and a WHR system [74,80].
The high temperature exhaust gas from the SOFC stack can be utilized for pre-heating
the fuel, the air and for the reforming unit. When the operating temperature of the SOFC
stack is lower, Rankine cycles could be considered to generate steam. Thus, additional
electrical energy could be generated by a ST and the overall efficiency of the system could
be increased to more than 80% [74,80]. The common working fluid of Rankine cycle is
water. However, when the temperature of the heat source is lower, organic fluids are
typically utilized to substitute water due to their low critical temperature. The combination
of a SOFC system and an organic Rankine cycle (ORC) has been investigated and verified
by many researchers in recent years [81-84].
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Figure 5. Schematic diagram of an atmospheric SOFC (solid oxide fuel cell) module.

Combined SOFC-GT System

The indirect hybrid SOFC-GT system consists of a SOFC stack, a fuel supply unit, an
air supply unit, a reforming unit, an after catalytic combustor, a heat exchanger, turboma-
chinery (in the form of a GT) and an economizer [74,75,85], as shown in Figure 6. In an
indirect hybrid SOFC-GT system, the air from the compressor is heated by the exhaust gas
from the combustor through the heat exchanger, which then drives the air turbine before
it flows into the cathode. To improve the turbine inlet temperature for a higher pressure
ratio, an auxiliary combustor may be arranged before the turbine [74,75,85,86].
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Figure 6. Schematic diagram of an indirect SOFC-GT (solid oxide fuel cell gas turbine) module.

A more complex indirect hybrid SOFC-GT-ST system has been investigated, where
additional fuel is supplied to the combustor to provide the GT cycle with required heat;
subsequently, the hot gas exiting from the heat exchanger is used to drive a ST cycle [75,87].
The heat exchanger has to be operated at very high temperatures and pressure differences.
Hence, the applications of the indirect hybrid SOFC-GT system are limited by material
requirements [74,85].
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3.3.4. Direct Hybrid SOFC System

A direct hybrid system uses the energy from the combustion of the exiting gases of
the SOFC stack to drive a GT directly, as shown in Figure 7. Consequently, the exhaust
gas exiting from the GT is used to preheat the air and the fuel, and then an economizer is
used to recover the residual heat. The operating range of a GT, in terms of pressures and
mass flow rates, is very restricted due to the intrinsic characteristics of the turbomachinery.
Thus, auxiliary fuel is supplied to the combustor to maintain the necessary turbine inlet
temperature. Meanwhile, the SOFC and GT work separately through the combustor.
A large number of distinct configurations have been investigated. Examples include using
the GT to drive both the air compressor and a generator, which means both mechanical
and electrical energy are generated from the GT, and also using the GT to drive the air
compressor, which is followed by a power turbine driving a generator to output additional
electrical energy [30,74,75,88,89].
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Figure 7. Schematic diagram of a direct SOFC-GT module.

4. Marine Fuel Cell Power Systems

The basic components of a marine fuel cell power system consist of fuel storage, a fuel
cell module and control unit, DC-DC converter, battery banks and charger, DC-AC inverter
and DC/AC loads, as shown in Figure 8. Depending upon the operating temperature of the
fuel cells, varying grades of waste heat may be recovered for heating, cooling, co-generation
or tri-generation application purposes. As discussed in Section 3, WHR systems could be
incorporated into the fuel cell module, which can significantly impact the system efficiency,
economics and environmental issues [74].

4.1. Fuel Storage

As discussed in Section 2.3, hydrogen, ammonia, NG and methanol are promising
fuels for marine fuel cell power systems under the context of low/zero net carbon maritime
transportation. Due to the low volumetric energy density of hydrogen and limited power
range of PEMFCs, PEMFC power systems are only available for small-scale ships operating
for domestic and short-sea shipping. Correspondingly, hydrogen storage is typically
achieved in a compressed state at a pressure of 350 bar or 700 bar rather than in a liquefied
state at a temperature of —253 °C. The storage tanks for compressed hydrogen usually
comprise a thin aluminum liner and carbon fiber-plastic composite materials [90]. However,
10-15-times larger storage space is required for compressed hydrogen compared to that
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for conventional marine fuel oils; even for LHj, 4-5-times larger storage space is required.
Ammonia as a hydrogen carrier has 3-5-times higher volumetric energy density than
compressed hydrogen, and may be stored in stainless steel spheres at ambient temperature
and 8 bar vapor pressure.
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Figure 8. Schematic diagram of a marine fuel cell power system. (BMS-battery management system).

MCEFC and SOFC power systems are expected to use SNG and renewable methanol
as fuels for future shipping, which will share similar fuel processing units for these two
fuels. SNG is stored either in a compressed state at 200-250 bar or in a liquefied state
at —163 °C. For ships trading on short routes, compressed NG may be employed and
stored in hard containers, which are usually cylindrical or spherical in shape; for long
distance international shipping, LNG may be employed and stored in horizontal or vertical,
vacuum-jacketed, pressure vessels. Despite efficient insulation, some heat leakage would
result in the production of boil-off gas, which is exported to the fuel cell module or is
re-liquefied and returned to LNG storage tank. Methanol is a low flashpoint liquid alcohol
fuel, and may be stored in the same way as conventional liquid marine fuels with minor
modifications to the storage systems. It is worth noting however that approximately double
the storage space is required compared to that for conventional marine fuel oils. For the
storage of distinct marine fuels, the pressure and temperature of the fuel storage tank are
monitored constantly to ensure safety. Emergency ventilation valves may be fitted to empty
the tanks when they are exposed to fire. The fuel exiting the storage tanks is regulated
by a pressure-reducing valve or pressurized by a fuel pump before entering the fuel cell
module.

4.2. Fuel Cell Module

As discussed in Section 3, PEMFCs, direct hybrid MCFC-GT systems and direct
hybrid SOFC-GT systems are the promising options for power modules. Lower costs,
longer lifetimes and higher power density and efficiency are the primary requirements for
maritime applications.

4.3. Battery Banks

Fuel cells are commonly combined with battery banks to take advantage of the superior
energy density of fuel cell systems and the transient response capabilities of batteries [91].
Especially for high temperature fuel cells, battery banks could balance the load change
and allow for a more stable operation of the fuel cells, which may significantly reduce the
strain due to thermal cycling. The capacities of the battery banks vary depending upon the
distinct control strategies. During normal operation, when the external load increases, the
battery banks are instantly connected to the power distribution network. Then the power
output of the fuel cell module can be increased to the required power level slowly within a
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short period of time after load increase, followed by the adjustment of the GT. Conversely,
when the external load decreases, the excess power generated by the fuel cell module can
charge the battery banks.

4.4. Power Electronics and Loads

(i) Battery management system. According to the state of charge (the level of charge of
an electric battery relative to its capacity, SoC), the power output of the fuel cell module is
adjusted automatically. A battery management system is equipped to monitor the voltage,
temperature and state of charge of the battery banks to ensure safe operation. The battery
charger is developed to charge the battery banks using either the fuel cell module or an
external power source [26].

(ii) DC-DC converter. An individual fuel cell produces a DC voltage of 0.5-1.0 V
at rated load, which decreases as current increases. Hence, only a few or as many as
hundreds of individual cells could be placed in series (known as stacking) to yield a higher
voltage, the maximum limit of which is usually constrained by the manufacturing process.
Meanwhile, to output the desired power, a higher current is achieved by increasing the
surface area of the cells, or by combining the fuel cells in parallel. The DC-DC converter is
used to increase the voltage of the fuel cell module to meet the requirements of industrial
applications, e.g., 240-370 V or more [26]. Due to the release of heat from the converter
circuits and the use of cooling fans, the efficiency of the converter is less than 100%. As
input power increases, the efficiency of the converter also increases because the proportion
of the basic power consumed by the cooling fans is decreased. The DC-DC converter
normally has an efficiency greater than 90%.

(iif) DC-AC inverter. A DC bus is used to collect power from the DC-DC converter of
the fuel cell module and distribute the power to the DC loads. An AC bus is used to collect
power from the turbine generators (if fitted) of the fuel cell module, the diesel generators
(if fitted) and a shore power supply. A DC-AC inverter is installed to convert the DC
power from the fuel cell module to the desired current types and voltage levels, which are
supplied to power AC loads.

(iv) Loads. The AC bus distributes the power to the AC loads, such as auxiliary
pumps and blowers of fuel cell module, and onboard auxiliary equipment including
radiocommunication, navigation, lighting and air conditioners. DC and more often AC
electric motors could be used for propulsion directly through driving a propeller or waterjet

pump.

5. Marine Applications of Fuel Cell Power Systems
5.1. Fuel Cells for Maritime Demonstrations

Fuel cells have been used for military submarines since the 1960s, but civil applications
of the technology did not arise until this century. Up to now, a large number of research and
demonstration projects have verified the viability of fuel cells for maritime applications.
Some noticeable demonstration projects of marine fuel cells since 2000 are shown in Table 3.
Reduced emissions, increased efficiency and quiet operation make fuel cells attractive for
future low carbon shipping. In particular, PEMFC, including HT-PEMFC, as well as MCFC
and SOFC, are the most promising types of marine fuel cells.
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Table 3. Noticeable demonstration projects of marine fuel cell systems since 2000. [9,11,34,92].
Types Vessel/Project Capacity Fuel Types Vessel/Project Capacity Fuel
Hydra 6.9 kW Metal hydride Pa-X-ell MS Mariella 2 x 30 kW Methanol
AFC Hydrocell Oy 30 kW Metal hydride RiverCell 250 kW Methanol
Elding 10 kW H, HT-PEMFC MF Végen 12 kW H,
Alffe‘?viziszer 96 kW H, RiverCell ELEKTRA 3 x 100 kW H,
Nemo H, 60 kW H, MC WAP 150/500 kW Diesel
PEMEC Hornblower Hybrid 32 kW H, MCEC FellowSHIP Viking Lady 320 kW LNG
Hydrogenesis 12 kW H, US SSEC 625 kW Diesel
SF-BREEZE 120 kW H, METHAPU Undine 20 kW Methanol
Cobalt 233 Zet 50 kW H, SOFC SchIBZMS Forester 100 kW Diesel
US SSFC 500 kW Diesel FELICITAS subproject 2 250 kW LNG
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5.2. Marine PEMFC Power Systems

The early applications of PEMFC power systems in the maritime sector include: A 12-
m-long yacht with a maximum cruising range of 225 km at a speed of 8 knots, which
utilized 6 kg of hydrogen stored in three storage tanks at a pressure of 300 bar, and was
powered by four 1.2 kW PEMFC modules combined with nine lead-gel batteries, generating
a total power output of up to 20 kW [93]; a canal boat using the hydrogen stored in a five-
cylinder metal hydride storage system, powered by a 5 kW PEMFC module together with
a lead-acid battery [94]; and a small boat with a maximum operating time of 10 h at a
maximum speed of 7 knots, which utilized 5 kg of hydrogen onboard and was powered
by an 8 kW PEMFC module [95,96]. However, the installed power of these applications is
usually less than 10 kW [9,26].

5.2.1. FCS Alsterwasser

FCS Alsterwasser was the first passenger ship powered by hydrogen fuel cells with a
maximum power up to 100 kW. Based on the Zemships project, a PEMFC power system was
developed for FCS Alsterwasser, which was about 25 m long and designed to accommodate
up to 100 passengers at a maximum speed of 8 knots [97]. The power system consisted of
twelve storage tanks with 50 kg of hydrogen at a pressure of 350 bar, two 48 kW PEMFC
modules, 7 lead-gel battery packs with total capacities of 234 kWh and total voltage of
560V, a 100 kW propulsion electric motor and a 20 kW bow thruster. The PEMFC power
system was used to power the propulsion motor directly or charge the lead-gel battery
packs. The battery packs, used as a back-up option if the fuel cells failed, not only delivered
power to the propulsion motor at peak load but also lightened the load on the fuel cells
during docking and casting-off procedures, which prolonged the life cycle of the fuel cells.
The operation of the battery packs was determined by an energy management system. The
hydrogen stored onboard allowed the ship to operate for 2-3 days without refueling, while
it took only 12 min to fill up the hydrogen storage tanks.

5.2.2. Nemo Hj

A PEMEFC power system was developed for Nemo H;, which was about 22 m long
and designed to accommodate about 88 passengers at a maximum speed of 8.6 knots [98].
The power system consisted of six storage tanks with 24 kg of hydrogen at a pressure of
350 bar, two 30 kW PEMFC modules, 55 lead-acid battery packs with total capacities of
70 kWh, a 75 kW propulsion electric motor and a 11 kW bow thruster. The PEMFC power
system was used to power the propulsion motor directly or charge the lead-acid battery
packs. The battery packs were used as a back-up option and to improve the performance of
the fuel cells as well. An energy management system was used to determine the operation
of the battery packs. The refueling process happened once a day.

5.2.3. SF-BREEZE

SF-BREEZE was a concept hydrogen-powered passenger ferry, which was developed
to accommodate 150 passengers at a maximum speed of 35 knots [99]. The power system
consisted of a single Type C (pressurized vessel) storage tank on the top deck with 1200 kg
of LHj, 41 120 kW PEMFC modules containing four 30 kW PEMFC stacks each, DC-DC
converters, DC-AC inverters and two waterjet propulsion systems driven by AC motors
with a power of 2000 kW each. In addition, 120 kW of power was used for auxiliary systems
such as HVAC and 400 kW was retained for a working margin. No additional battery
packs were installed and the endurance was up to 100 nautical miles before refueling. The
shoreside refueling facility needed to be able to provide fuel to the vessel twice a day.

5.2.4. A Tourist Boat

A PEMFC power system was developed for a 20-m-long tourist boat, which had a
light weight of 20 tons and accommodated a maximum of 50 passengers [26]. Fuel storage
consisted of fourteen storage tanks with 74 L hydrogen each at 350 bar, resulting in a
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total hydrogen capacity of 25 kg onboard. The power system consisted of two 28 kW
PEMFC modules, two 25 kW DC-DC converters with input voltages of 82-170 V and
output voltages of 240-370 V, three 15.7 kWh Li-ion battery packs, a battery charger and
a waterjet propulsion system with a maximum power of 86 kW. The total volume of the
system was 7.41 m? and the total weight was 2190 kg, where the storage tanks including
hydrogen were 4.25 m® and 712 kg respectively. The hydrogen stored onboard allowed
the PEMFC modules to operate at the maximum power output of 50 kW for about 8 h.
When the boat was propelled by the PEMFC modules only, the speed of the boat was
4.5-5.6 knots at power outputs of 38-51 kW. However, when the PEMFC modules and the
Li-ion battery packs delivered power to the boat together, the speed reached 6.6-7.8 knots
at a total power output of about 85 kW. For a higher speed, the PEMFC power system
would need to be several times the volume and weight of installed version. Therefore, there
were some technical and economic limitations for the widespread maritime application of
PEMEC power systems due to the relatively low power densities of PEMFCs and the low
volumetric energy density of hydrogen storage systems.

5.2.5. Others

Based on the E4Ships Pa-X-ell project, a 60 kW modularized HT-PEMFC power system
fueled by methanol was developed for the auxiliary power supply onboard the passenger
ship MS Mariella [100,101]. The power system included two 30 kW HT-PEMFC units, each
of which comprised six 5 kW modules. The fuel cell stack, the reformer, the afterburner, the
in-process heat exchanger, the DC-DC converter and the control units were integrated in
one module housing with an exhaust as well as fuel and cooling water piping. In addition,
a methanol tank was installed.

Based on the RiverCell project [11], a 250 kW modularized HT-PEMFC power system
fueled by methanol was developed as a part of a hybrid power supply for river cruise
vessels. Meanwhile, the feasibility of a 192 kW HT-PEMFC power system fueled by
hydrogen combining with 1250 kWh fully charged battery packs was conducted. The ship
had six storage tanks with 740 kg of hydrogen at a pressure of under 500 bar.

Compared to PEMFC power systems, HT-PEMFC power systems improved the fuel
flexibility and avoided complex water management. WHR was also possible with the
HT-PEMEFC system.

In addition, a hybrid power system was developed to provide the main and auxiliary
power of a cruise ship in Stockholm [13]. Solar PV, PEMFC and diesel generators were
taken as power sources, and a DC-bus, an AC-bus and a DC-AC inverter were used to
collect, distribute and convert power. However, the energy production from the PEMFC
was extremely low since the hydrogen production for the PEMFC mainly depended on the
surplus electrical power from the solar PV.

5.3. Marine MCFC Power Systems

The offshore supply vessel Viking Lady, which utilized fully electric propulsion
powered by dual fuel engines, was the first ship using a MCFC power system onboard as
an APU [66]. The newly installed MCFC and existing power plant used the same LNG
fuel and supply system. The 320 kW MCFC module was newly developed and comprised
of a stack of 500 fuel cells, as well as an internal reforming unit and a WHR system. The
MCFC module delivered a DC voltage varying between 380-520 V depending on its load
condition and age (expected operational lifetime of 24,000 h). The electrical system had
been designed to compensate for the slow response of the fuel cells in order to keep stable
conditions to protect against harmful dynamic load changes which could diminish the
lifetime of the fuel cells. When the FellowSHIP project entered into the third phase, marine
lithium ion battery packs were integrated into the ship power system. When the ship
operated at low loads, such as maneuvering or berthing, the fuel cells and its batteries
operated alone and relieved the concern of methane slip from the LNG-fueled engines,
which would reduce emissions, noise and vibrations significantly.
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Apart from the Viking Lady, a 28 MW MCFC-based propulsion system, which con-
sumed both LNG and hydrogen boil-off gas as fuel, was developed for a 140,000 m> LH,
tanker [24,29,102]. In addition, a 625 kW MCFC power system and a 500 kW (concept
design)/150 kW (final design) MCFC power system were developed based on the US SSFC
project and the MC-WAP project, respectively [11], both of which were fueled by diesel; no
application demonstrations were carried out onboard ships.

5.4. Marine SOFC Power Systems

Based on the METAPHU project, the conceptual study of a 250 kW SOFC APU using
methanol was finished, and practical operation of a 20 kW SOFC unit onboard car carrier
MYV Undine has been carried out [103]. This 20 kW SOFC unit, which was independent of
the ship’s propulsion source or main electric system, just aimed at testing the performance
and emissions under real-life conditions onboard a ship and at assessing the maturity of
methanol-based technology in the shipping sector. The SOFC system comprised a methanol
tank, a reformer, the SOFC stack, a catalytic combustion afterburner and in-process heat
exchangers [104,105]. The SOEC stack ran on hydrogen and the methanol (or NG in other
SOFC applications) was reformed prior to entering the stack. Part of the anode gas was
recirculated for methanol reforming and another part was burned with the cathode exit
gas in a catalytic burner. The stack operated at the temperature of 600-900 °C. The air was
preheated by the cathode exit gas through a heat exchanger. The heat of the exhaust gas
from the catalytic burner was absorbed by the methanol prior to entering the reformer
through a heat exchanger and was further absorbed by an economizer.

Based on E4Ships SchIBZ project, a hybrid power system combining a 50 kW con-
tainerized SOFC unit with lithium-ion battery packs was developed for the auxiliary power
supply onboard the general cargo ship MS Forester [101]. The hybrid power system com-
prised a diesel tank, a water tank, a reformer, the SOFC stack, a catalytic combustion
afterburner operating at a temperature of 750 °C, a heat exchanger for WHR, lithium-ion
battery packs to compensate the fluctuations of the electrical loads and power electronics.
The SOFC module fueled by low-sulphur diesel (maximum 15 ppm sulphur) was expected
to provide 25-50% of the onboard power demand. In addition, the power output of the
SOFC stack could be scalable up to 500 kW. The module operated at a temperature of
around 800 °C, and the heat recovery of exhaust gases and the integrated reforming process
made it possible to achieve a higher overall efficiency [11].

6. Challenges and Perspectives

The future prospects of fuel cells can be assessed and analyzed based on a multidi-
mensional framework considering technological indexes, economic costs, environmental
performance and social effects. The excellent performance from climate change and local
emissions perspectives are the most outstanding advantages of fuel cells, and there are no
significant public concerns to speak of. Consequently, environmental and social factors are
not the main considerations limiting the widespread uptake of fuel cell technology in the
marine sector. As a marketable marine power system, power capacity, safety, reliability,
durability, operability and costs are important factors that need more attention.

6.1. Power Capacity

The power demands for marine power systems range from a few kW to tens of MW.
Currently, the maximum power output of fuel cells is only several MW. The potential
uses within merchant marine applications are therefore limited in terms of power output.
As a result, the advantages of fuel cells are being realized through use in APUs, as well
as propulsion power plants for inland and short-sea shipping. The maximum power
capacity and total performances could be further improved by combining with batteries,
according to the existing operational experience [11]. However, through creating hybrid
systems by coupling with turbomachinery, high temperature fuel cells, such as MCFC and
SOFC, also exhibit the potential to provide propulsive power for larger maritime vessels
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rather than just contributing auxiliary power. Although a GT itself has no competitiveness
for propulsion in a merchant marine setting due to relatively low efficiency, the overall
system efficiencies of the co- and tri-generation schemes combining high temperature
fuel cells, GT units and HVAC installations are claimed to be up to 70-85%. Optimizing
the power distribution between fuel cells and the GT, deriving suitable control strategies
and operating condition-dependent power distribution between fuel cell modules and
batteries are the feasible pathways to increase the power output without compromising
total efficiency. In addition, modularization is an important pathway to increase the total
power of the plants, which is similar to battery banks. Several projects have demonstrated
the potential of modularized fuel cells, such as the RiverCell project [11], the E4Ships
Pa-X-ell project [100], and the E4Ships SchIBZ project [101].

6.2. Safety

Safe operation of power systems onboard ships is of paramount importance. The
safety of fuel cell power systems depends primarily on the choice of fuel, key considerations
related to which are fuel density, flashpoint, auto-ignition temperature, flammability limits
and toxicity, etc. In addition, different working scenarios including bunkering, onboard
storage, daily service and emergency response should be covered when managing the
risks. Focusing on hydrogen, ammonia, methane and methanol discussed in this paper,
gas-tight enclosures of pipelines and fuel cell stacks, redundant monitoring for leakage,
emergency shutdown for systems and rapid venting of leaking fuels into the atmosphere
are indispensable risk-mitigating measures for these gaseous or low flashpoint fuels. This
is especially the case for ammonia and methanol which can be slightly toxic and dangerous
for humans to some extent. International maritime regulations and classification rules
surrounding fuel cell power systems are currently absent. Although the International Code
of Safety for Ships Using Gases or Other Low-flashpoint Fuels (IGF Code) provides some
reference, detailed regulations, classification rules and operational guidelines targeting fuel
cell power plants are dependent on the accumulation of lots of testing and demonstration
experience. Formal safety assessment and risk-based safety management are the important
tools and principles for system designers, rule makers and ship operators.

6.3. Reliability

The reliability of fuel cell power systems depends on trouble-free operation on the
one hand; on the other hand, it depends on the availability of fuels. An absence of primary
mechanical moving parts makes fuel cells relatively reliable, especially for low temperature
fuel cells coupled with moderate working conditions. For MCFC and SOFC power systems
however, high operating temperatures and cycling effects due to load changes make the
fuel cell stack vulnerable, with the probability of failure further increased when introducing
integrated fuel reforming units and WHR units. Therefore, the design of redundant systems
and components could be employed to avoid a complete loss of power due to single point
failures. Apart from improving the reliability of systems and components, battery banks
are viable options to buffer the load fluctuations of fuel cells to avoid negative cycling
effects. In addition, adequate control strategies are key to ensure reliability of complex
systems.

The fuel availability depends on infrastructure, which is one of the primary barriers of
low carbon shipping. Purely considering economic interests, there is no market motivation
for infrastructure since there are very few ships fueled by eco-friendly fuels in operation;
in turn, there is little motivation for fuel-cell-powered ships since there is very little infras-
tructure for fuel bunkering available. Therefore, legal frameworks and policy incentives in
the maritime community, globally, regionally or locally, should be implemented. At the
present time, this remains a significant barrier to widespread fuel cell adoption; however,
increasingly stringent targets being levied by the IMO and the ultimate goal of net-zero
carbon emissions will drive change in the years to come.
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6.4. Durability

Durability primarily means the lifetime of a fuel cell stack. The lifetimes of a PEMFC
for stationary and transportation applications are expected to be 40,000 and 5000 h, re-
spectively, by the U.S. Department of Energy [44]. Some MCFC and SOFC plants have
achieved a lifetime of more than 30,000 h [17,33,106]. The lifetime of a fuel cell stack is
mainly dependent on the degradation of electrolyte, electrode and bipolar plate [107,108].
For instance, the degradation mechanisms of PEMFC include loss of catalyst, reduced
conductivity of electrolyte, corrosion, poisoning and flooding. [109,110]; the degradation
mechanisms of SOFC include loss of catalyst and electrolyte, cracking or corrosion. [111]
Based on the degradation mechanisms of a fuel cell stack, novel materials and technologies
have been employed to improve performance and durability. However, for large-scale
commercialization, the focus also includes maintaining the performance throughout the
operational life or mitigating the degradation rates to an acceptable level [108]. The realistic
operating conditions include load cycling, thermal cycling and impurities in the fuel and
air, which will influence the chemical and mechanical stability of the fuel cell systems
and components. Maintaining steady-state operation is important to obtain prolonged
durability, and can only be achieved through appropriate system design and an optimized
control strategy encompassing all elements of the power system. In addition, marine fuel
cell power systems operate in a sea water environment. Accordingly, some precautions
need to be taken to prevent ingression of salt mist in the cathode air since the performance
of the fuel cells is proved to be degraded by the sea mist [19].

6.5. Operability

Operability could be reflected by start-up time and transient dynamic response. Con-
sidering the fuel cell stack, the start-up time ranges from a few seconds for a PEMFC to
tens of minutes for a SOFC since high temperature fuel cells need more time for stack and
reformer preheating [106]. However, for maritime applications, a long start-up time is not a
significant flaw and could be accepted to some extent. After all, several hours are normally
required for engine standby of large maritime ships powered by diesel engines at present.
Dynamic response characteristics reflect the response of fuel cell power systems to external
load changes. The transient response time ranges from less than 10 s for PEMFC to 15 min
for SOFC [106]. Meanwhile, the transient response time of reforming systems is typically a
few minutes. Therefore, for standalone fuel cell systems, batteries or supercapacitors are
required to offset the sudden changes of external loads since the transient response time of
batteries or supercapacitors is normally less than 10 s [112]. When the working conditions
of the fuel cell stack adapt to the external loads, the batteries or supercapacitors no longer
contribute power to the grid.

6.6. Economic Costs

The application of any new technology onboard a ship has a cost associated with it, which
can of course act to inhibit the transition to novel power and propulsion systems. However,
estimating the premium of innovation of a ship by applying the net present value formula is an
effective tool which could assist in the evaluation of the financial performance on acquisition and
operational decisions [113]. The development of fuel cells for maritime applications commenced
half a century ago, but high costs are commonly regarded as the primary factor restricting their
widespread use. High costs emanate from the following aspects:

(i) High stack costs. The unit prices of fuel cell stacks are more than 50 $/kW for
PEMFC and about 4000-9000 $/kW for MCFC and SOFC at present [34], which are signifi-
cantly more expensive than conventional diesel engine power plants. Achieving reduced
stack costs depends on the use of cheaper electrode materials rather than precious metal
catalysts. In addition, with increasing annual production volume, the unit prices would
decrease gradually due to economies of scale. For example, the SOFC stack cost is ex-
pected to reduce to a competitive price, 170 $/kW, through mass production and cell
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scale-up [114,115]. In addition, increased system efficiency with cell scale-up will also
decrease operational cost.

(ii) Shorter plant lifetime. The maximum stack lifetime of MCFC and SOFC is com-
monly about 40,000 h [17,106]. In any case, stack lifetimes are significantly shorter than the
lifetime of 20-30 years of conventional diesel engine power plants, which further increases
the plant investment cost. Fuel pretreatment, electrode material technologies and stable
operating conditions are helpful to mitigate stack degradation.

(iii) Higher cost of auxiliary systems and components. Fuel storage units, reforming
units, WHR units, monitoring systems and power electronics are more expensive than
that for conventional diesel engine power plants. However, mass production would lower
the component costs and the increased energy efficiencies witnessed with fuel cell hybrid
systems would save some operational cost.

(iv) Investment cost for onshore infrastructure. Currently, the infrastructure for pro-
duction, transport, storage and bunkering of renewable fuels is insufficient, and without
regulatory intervention, the huge investment required would manifest itself in increased
fuel prices. The prices of renewable fuels discussed in this paper are commonly higher
than conventional marine fuels. However, with increasingly stringent regulations on local
emissions in Emission Control Areas and near port areas, infrastructure for eco-friendly
fuels is gradually becoming indispensable.

(v) Operational cost. During the operating phase, fuel consumption is the main cost.
Other operational costs include repair and maintenance, educational and training cost for
special professional skills and higher wages for crews with higher skill levels. Fuel cost
depends on fuel consumption and fuel price. The former is related to energy efficiency
and the latter is linked to infrastructure investment as well as market supply and demand.
Fuel cell stacks have higher electrical efficiencies than conventional power plants. If a GT
or power turbine are installed to recover waste heat, the overall efficiency of the system
will be increased [17]. However, auxiliary systems and components such as reforming,
cooling, recirculating and controlling are associated with pumps, fans/blowers, sensors and
controllers (usually referred to as the balance of plant, BoP), which will consume parasitic
power [34]. Thus, the net system efficiency will decrease significantly. Moreover, the net
system efficiency is further reduced when the plant operates at partial load conditions.
Overall, energy efficiency is associated with system design [75], predetermined control
strategies [75], stack degradation [116] and operating conditions [72,75]. Research and
development on tailored system designs for specific maritime applications, identifying
degradation mechanisms and optimized operating and control strategies are required for a
higher system efficiency.

7. Conclusions and Implications

Fuel cell power systems for maritime applications were reviewed in terms of their
types, characteristics, potential zero carbon or carbon-neutral fuels and notable demonstra-
tion projects. The challenges with regard to power capacity, safety, reliability, durability,
operability and costs were analyzed. The following conclusions and implications can be
summarized and are expected to provide useful reference for research communities and
industrial organizations in the maritime sector.

(1) Existing demonstration projects were originally aimed at reducing NOy and SOy
emissions, meaning CO, emissions were not the main consideration. This led to diesel,
LNG and fossil-based methanol being the chosen fuel options for several projects. However,
with the goal of achieving low or zero carbon maritime transportation, the prospects for
carbon-containing fossil fuels onboard ships are not particularly optimistic due to the extra
space and energy demands for carbon capture and conditioning and for the temporary
storage of captured CO,. Therefore, the selection of marine fuel cell power systems and
marine fuels should be considered simultaneously. The demonstration projects to date
show that the refueling interval for power systems with hydrogen storage could not extend
beyond 2-3 days due to the low volumetric energy density of hydrogen, otherwise the
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necessary increase in space utilized for hydrogen storage would significantly decrease the
power density of onboard power systems and the payloads of ships. Consequently, direct
hydrogen storage is probably only viable for domestic or short-sea shipping. Deep-sea
shipping, by comparison, requires marine fuels with higher volumetric energy density,
such as ammonia, renewable methane and methanol.

(2) Considering energy efficiency, power capacity and sensitivity to fuel/oxidant
impurities, PEMFC/HT-PEMFC, MCFC and SOFC are the most promising options for
maritime applications. Due to the existence of reforming units and WHR units, MCFC and
SOFC power systems have lower power densities but higher energy efficiencies compared
to a PEMFC power system. Therefore, for the maritime sector, quantifying the power
density of different fuel cell power systems (including their storage volume for different
marine fuels), determining specific fuel consumption and comparing with conventional
marine power systems are important research issues at present. Moreover, the advantages
of each power system are dependent upon their application scenarios, and the guidelines
for design and applications need to be addressed.

(3) Due to the possible integration of reforming units and WHR units, MCFC and
SOFC power systems can be characterized by a number of layout options. These include
the choice of a standalone or hybrid system, indirect hybrid system or direct hybrid system,
atmospheric system or pressurized system, external reforming or internal reforming, etc.
A large number of system design and optimization parameters must be considered to
maximize performance depending on the specific applications. In addition, optimized
operating and control strategies should be employed to improve energy efficiency, reliability
and durability. Moreover, hybrid systems coupling fuel cells with batteries, solar PV or
diesel generators could effectively improve reliability and durability of fuel cell stacks,
and consequently decrease the costs; due to localized cooling, heat and power demands
onboard ships, a co- and tri-generation system coupling fuel cells with GT and HVAC is a
key consideration to maximize fuel efficiency. An overall system optimization and energy
management scheme study, which is clearly ship specific and application dependent, is an
important future research requirement.

(4) The technical feasibility of fuel cell power systems for maritime applications, in
terms of power capacity, safety, reliability, durability and operability, has been verified
by significant amounts of research and existing demonstration projects. The significant
advantages are mainly characterized by reduced emissions, increased efficiency and quiet
operation, which are all attractive for the sustainability of future shipping. However, the
disadvantages in terms of power capacity, durability and economic costs are noteworthy
as well. The maximum power output of the demonstration projects conducted within the
maritime industry is only a few hundred kW, which is far from meeting the requirements of
ocean shipping. In addition, the durability tests of practical application scenarios onboard
ships are scarce. More convincing results are dependent on the accumulation of more real-
world data. Currently, short plant lifetime, high initial investment and operational costs are
the main obstacles preventing widespread use of fuel cells in the maritime sector. However,
large-scale applications in transport sectors in future are expected to significantly reduce
the costs to an acceptable level. In addition, strict regulatory requirements, investment
in infrastructure for fuel bunkering and development of design rules and operational
guidelines should simultaneously accompany the development of this technology.
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Abbreviations

AFC Alkaline Fuel Cell

C Carbon

CCB Catalytic Combustion Burner

CCs Carbon Capture and Storage
CH;O0OH Methanol

CHy Methane

CnHm Hydrocarbons

CcO Carbon Monoxide

CO, Carbon Dioxide

DMEFC Direct Methanol Fuel Cell

GHG Greenhouse Gases

GT Gas Turbine

H, Hydrogen

H,O Water

Hex Heat Exchanger

HT-PEMFC  High Temperature Proton Exchange Membrane Fuel Cell
HVAC Heating, Ventilation and Air Conditioning
IMO International Maritime Organization
LH, Liquefied Hydrogen

APU Auxiliary Power Unit

LNG Liquefied Natural Gas

MCEC Molten Carbonate Fuel Cell

N, Nitrogen

NG Natural Gas

NH;3 Ammonia

NOy Nitrogen Oxides

O, Oxygen

ORC Organic Rankine Cycle

PAFC Phosphoric Acid Fuel Cell

PEMFC Proton Exchange Membrane Fuel Cell
PM Particulate Matters

PV Photovoltaic

S Sulphur

SNG Synthetic Natural Gas

SOFC Solid Oxide Fuel Cell

SOy Sulphur Oxides

ST Steam Turbine

A% Volts

WHR Waste Heat Recovery
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