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SUMMARY

Ships have been, are, and will be crucial in transporting materials, goods, energy, and
people. 90% of the things people directly or indirectly use in their daily lives once were
on a ship, may it be a fish for dinner, a wind turbine blade that converts wind to electric
energy, or the hydrogen that fuels a car. All these ships contribute significantly to the
global emissions of greenhouse gases and toxic airborne pollutants. Consequently, the
International Maritime Organisation sets stringent limits on sulphurous and nitrous ox-
ide emissions, especially in sensitive areas, and aims to reach net-zero greenhouse gas
emissions by 2050.

Solid oxide fuel cell (SOFC) systems are a high-potential solution for reducing emis-
sions. Compared to marine diesel engines, SOFC systems convert fuel with a higher
efficiency, which results in a substantial decrease in carbon emissions. Furthermore,
SOFCs emit negligible amounts of toxic airborne pollutants. Other benefits for marine
use include high system redundancy, along with the absence of noise and vibrations.
State-of-the-art systems are fuelled with natural gas, which has been adopted across
many ship types in recent years. Further decarbonisation is achievable with bio- or syn-
thetic methane, or by transitioning to SOFC systems powered by hydrogen, methanol
or ammonia, for which systems are under development. In short, significant emission
reductions are already possible with the existing fuel infrastructure and carbon neutral-
ity can be achieved as SOFC technologies and renewable fuel infrastructure continue to
advance.

In this dissertation, it is evaluated how SOFC systems can be effectively integrated
into ships to reduce emissions. Marine SOFC research and industry projects are exten-
sively reviewed, covering the characteristics and challenges of SOFC power plants, fuel
possibilities, and ship integration opportunities. Subsequently, the influence of ship mo-
tions on the operation, safety, and lifetime of SOFC systems is studied experimentally.
The electric and heat efficiency of SOFC systems are compared for several fuels using
thermodynamic analysis and it is investigated how SOFC modules can be scaled to a
megawatt-size marine power plant. Such a power plant, including SOFCs, generators,
batteries and boilers is simulated for different hybrid scenarios. Finally, a qualitative
analysis discusses the applicability of SOFC systems for a wide variety of ship types.

The review identifies that using SOFCs in ships introduces challenges compared
to land-based systems, such as exposing the system to inclinations, accelerations, and
highly varying load profiles. A comparison with state-of-the-art marine power plants
shows that power density, capital cost, and lifetime improvements are necessary to
compete with marine combustion engines. Cathode off-gas recirculation is proposed as
a research topic to reduce the system’s footprint by decreasing the primary process air
requirements. The hybridisation of SOFC systems with generator sets and batteries is
suggested to reach feasibility in terms of cost, size and transient capabilities.
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Xii SUMMARY

A 1.5 kW SOFC module is operated on an inclination platform to evaluate the influ-
ence of ship motions. There were no detectable gas leakages or safety hazards during all
test conditions. Nevertheless, dynamic inclinations resulted in forced oscillations in sys-
tem parameters such as power supply and electric efficiency. This was caused by the nat-
ural frequency of a plunger in the fuel supply and was solved by changing the valve. The
following is proposed for design practices and regulations: besides the stack technology,
balance of plants components and their interaction with the stacks should also be eval-
uated on inclinations. Furthermore, the control feedback should be designed such that
potential periodical deviations in operational parameters do not propagate through the
system. All in all, SOFC systems can be exposed to ship motions after relatively simple
design modifications.

The thermodynamic performance of an SOFC system is compared for methane,
methanol, diesel, ammonia, and hydrogen. The highest net electrical efficiency is
achieved with methane, in which the parasitic losses of the air blower have a major
influence. The highest heat efficiency is found for ammonia. Fuels operating on a lower
oxygen utilisation (methanol, diesel, and hydrogen) require significant exhaust heat to
warm the process air, resulting in exhaust temperatures insufficient to produce steam
for high-temperature applications on the ship. To conclude, ammonia yields the highest
fuel efficiency if the dedicated ship has a significant heat demand, otherwise, methane
is preferable. Cathode off-gas recirculation is also examined as a potential system
configuration, which leads to a reduction in primary airflow and an improvement in
thermal efficiency.

A concept design of a megawatt-size SOFC system is developed, with the aim of im-
proving the power density by smartly centralising components. The preference for han-
dleable stack replacement forces a limitation in scaling the SOFC system to a high-rated
power. By using a large stack footprint and centralising BOP components on different
levels, it is possible to significantly improve the power density.

A power plant simulation model is developed to evaluate different hybrid scenarios
on size, weight, fuel efficiency and emissions. The results show that using SOFCs for
the auxiliary consumers significantly reduces emissions of greenhouse gas and toxic air-
borne pollutants. This satisfies the greenhouse gas emission reduction target of 30% by
2030 with limited consequences for the size of the power plant.

Finally, the applicability of SOFCs on different ship types is discussed based on range
requirements, load profile, and auxiliary and heat demand. Ships with high range re-
quirements and stable, predictable propulsion or auxiliary loads offer the greatest po-
tential for significant efficiency gains, for instance: container ships, gas carriers, bulk
carriers, tankers, cruise ships, and research vessels.

This dissertation highlights several integration concepts and opportunities for an ef-
fective SOFC system, focusing on size, weight, fuel efficiency and emissions. Using the
SOFC system solely for the auxiliary load contributes to large emission reduction while
requiring limited battery capacity and space. This is possible with currently available
technology and infrastructure. However, to achieve further emission reductions, the de-
velopment of SOFC systems using alternative fuels is essential, alongside improvements
in power density and transient capabilities.



SAMENVATTING

Schepen waren, zijn, en zullen essentieel zijn voor het transporteren van grondstoffen,
producten, energie en mensen. 90% van alles wat men dagelijks gebruikt was ooit op een
ship, van een vis die we bereiden, een wind turbine blad die energie genereert, tot de wa-
terstof die we tanken voor onze auto. Al deze schepen dragen significant bij aan de glo-
bale emissie van broeikasgassen en schadelijke stoffen. In reactie heeft de International
Maritime Organisation een plan opgesteld om emissies te reduceren. Ze introduceerden
strenge limieten op zwavel- en stikstofoxiden en streven dat de scheepsvaartindustrie
emissieneutraal vaart in 2050.

Solid oxide fuel cell (SOFC) systemen hebben potentie om scheepsemissies drastisch
te reduceren. Vergeleken met scheepsmotoren, converteren SOFC systemen brandstof
met hoge efficiéntie, wat leidt tot een reductie in koolstofdioxide emissies. Bovendien
stoten SOFC systemen erg weinig schadelijke emissies uit. Andere voordelen voor de
scheepstoepassing zijn een hoge systeem redundantie, samen met een laag geluids- en
trillingsniveau. Commerciéle SOFC system worden aangedreven door aardgas, wat de
laatste 10 jaar is veel schepen is toegepast. Verdere decarbonisatie is mogelijk met bio-of
synthetische methaan, of door over te schakelen naar waterstof, methanol, of ammo-
niak. Kortom, aanzienlijke emissie reductie is binnen bereik met bestaande infrastruc-
tuur, en voor koolstofneutraliteit is verdere ontwikkeling van SOFC technologie nodig
gepaard met alternatieve brandstof productie en distribute.

Deze dissertatie behandeld de integratie van SOFC systemen in schepen. De huidige
staat in onderzoek en industriéle projecten wordt eerst uitgebreid besproken, waarbij
de kenmerken en uitdagingen van SOFC systemen, brandstof opties en integratie moge-
lijkheden aan bod komen. Vervolgens wordt met behulp van een inclinatie testopstelling
onderzocht hoe scheepsbewegingen de operatie, veiligheid en levensduur van SOFC sys-
temen beinvloeden. De brandstof efficiéntie wordt vergeleken voor SOFC systemen met
vijf verschillende brandstoffen, waarvoor thermodynamische modellen zijn ontwikkeld.
Gebaseerd op deze analyse wordt er een concept ontwerp gepresenteerd waarbij mo-
dules van enkele kilowatt worden geschaald naar een megawatt schaal machine ruimte
voor schepen. De operatie van het hele energy systeem, wat generatoren, SOFC'’s, bat-
terijen en boilers bevat, wordt vervolgens gesimuleerd voor verschillende hybride ar-
chitecturen. Tot slot wordt de toepasbaarheid van SOFC systemen voor verschillende
scheepstypes besproken.

Uit het literatuuronderzoek blijkt dat het gebruik van SOFC’s in schepen nieuwe uit-
dagingen met zich meebrengt vergeleken met systemen op land, bijvoorbeeld blootstel-
ling aan hellingen en versnellingen en sterk variérende belastingprofielen. Een verge-
lijking met huidige scheepsgeneratoren laat zien dat verbeteringen in vermogensdicht-
heid, aanschafprijs en levensduur nodig zijn om te kunnen concurreren. Kathode recir-
culatie wordt voorgesteld als een onderzoeksonderwerp omdat het de benodigde lucht
toevoer verminderd. Hybridisatie van SOFC systemen met generatoren en batterijen
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wordt aanbevolen om tot een haalbaar systeem te komen op het gebied van kosten, om-
vang en het voldoen aan variérende belastingen.

Een 1,5 kW SOFC-module is getest op een inclinatieplatform om de invloed van
scheepsbewegingen te evalueren. Er werden geen detecteerbare gaslekken of veilig-
heidsrisico’s waargenomen tijdens de verschillende testen. Dynamische inclinaties leid-
den echter tot oscillaties in systeemparameters, zoals stroom en elektrische efficiéntie.
Dit werd veroorzaakt door de eigenfrequentie van de klep in de brandstoftoevoer en was
voorkomen door de klep aan te passen. Voor de ontwerpfase en regelgeving wordt het
volgende aanbevolen: naast de stacktechnologie moeten ook ondersteunende compo-
nenten en hun interactie met de stacks op inclinaties worden geévalueerd. Daarnaast
moet het regelsysteem zodanig worden ontworpen dat periodieke afwijkingen in opera-
tionele parameters niet door het systeem propageren. Al met al kunnen SOFC-systemen
na relatief eenvoudige ontwerpaanpassingen worden blootgesteld aan scheepsbewegin-
gen.

De thermodynamische prestaties van een SOFC systeem worden vergeleken voor
methaan, methanol, diesel, ammoniak en waterstof. De hoogste netto elektrische effici-
éntie wordt bereikt met methaan, waarvoor de energie consumptie van de ventilator een
grote invloed hebben. De hoogste warmte-efficiéntie is gevonden bij ammoniak. Brand-
stoffen met een lagere zuurstofgebruik factor (methanol, diesel en waterstof) vereisen
een aanzienlijke hoeveelheid warmte om de proceslucht op temperatuur te brengen, wat
resulteert in uitlaattemperaturen die onvoldoende zijn om warmte terug te winnen voor
het stoom net van het schip. Samenvattend levert ammoniak de hoogste brandstofef-
ficiéntie als het schip een aanzienlijke warmtebehoefte heeft; anders heeft methaan de
voorkeur. Kathode recirculatie is ook onderzocht als een potentiéle systeemconfigura-
tie, wat resulteerde in een lagere primaire luchtstroom, een kleinere warmtewisselaar en
verbetering van de thermische efficiéntie.

Er is een conceptontwerp ontwikkeld voor een SOFC-systeem van megawatt for-
maat, met als doel de vermogensdichtheid te verhogen door bepaalde componenten te
centraliseren. Het ontwerpproces toonde aan dat het vermogen van de SOFC modules
gelimiteerd is door de voorkeur om het vervangen van modules hanteerbaar te houden.
Door een groot cel oppervlak te gebruiken en de ondersteunende componenten op ver-
schillende niveaus te centraliseren, is de vermogensdichtheid aanzienlijk verbeterd.

Een simulatiemodel wordt gebruikt om verschillende hybride scenario’s te beoorde-
len op basis van volume, gewicht, brandstofefficiéntie en emissies. De resultaten tonen
aan dat als SOFC’s worden ingezet om alleen te voldoen aan de hulp vermogensvraag,
de uitstoot van broeikasgassen en verontreinigende stoffen al aanzienlijk verminderen.
Dit voldoet het reductiedoel van 30% minder broeikasgasemissies in 2030, met een over-
zienbare impact op de grootte van het systeem.

Tot slot wordt de toepasbaarheid van SOFC’s voor verschillende scheepstypes be-
sproken, gebaseerd op de vereisten voor actieradius, het belastingprofiel, en de behoefte
aan hulpvermogen en warmte. Schepen met een grote actieradius, en stabiel en voor-
spelbaar voortstuwings- of hulpvermogensvraag bieden het meeste potentieel voor effi-
ciéntiewinst, bijvoorbeeld containerschepen, gastankers, bulkschepen, tankers, cruise-
schepen en onderzoeksschepen.

Deze dissertatie belicht verschillende integratieconcepten die bijdragen aan een
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effectief SOFC-systeem, met een focus op omvang, gewicht, brandstofefficiéntie en
emissies. Het inzetten van het SOFC-systeem voor de hulp vermogensvraag draagt al
sterk bij aan emissiereductie, terwijl dit slechts een beperkte batterijcapaciteit en ruimte
vraagt. Dit is binnen bereik met de huidige technologie en bestaande infrastructuur.
Voor verdere emissiereducties is echter de ontwikkeling van SOFC-systemen op alterna-
tieve brandstoffen noodzakelijk, gepaard met verbeteringen in vermogensdichtheid en
de capaciteit om belasting te volgen.






NOMENCLATURE

In this dissertation, symbols and parameters are consistently defined in the text when
applied. Abbreviations are explained per chapter and common abbreviations are
summarised below:

AC
AOGR

BAT
BOP
CHP
Co
COGR
DC
DFG
DG
DME
DOD
ECA
ER
FT
GG
GHG
GPR
GT
HDS

alternating current

anode off-gas recirculation
auxiliary power unit
battery

balance of plant

combined heat and power
carbon monoxides

cathode off-gas recirculation
direct current

dual-fuel generator

diesel generator

dimethyl ether

depth of discharge
emission control area
external reforming
Fischer-Tropsch

gas generator

greenhouse gases

gaussian process regression
gas turbine

hydrodesulphurisation
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xviii NOMENCLATURE
HRSG heat recovery steam generator

HT high temperature

HVAC heating, ventilation and air conditioning
HW hot water

ICE internal combustion engine

IMO International Marine Organisation
IR internal reforming

LCA life cycle analysis

LHV lower heating value

LNG liquefied natural gas

LT low temperature

MeOH methanol

MGO marine gas oil

NOx nitrous oxides

PEMFC proton exchange membrane fuel cell
PM particulate matter

RE reciprocating engine

RR recirculation ratio

S/C steam to carbon ratio

SOx sulphurous oxides

SOC state of charge

SOFC solid oxide fuel cell

SOH state of health

ST steam (turbine)

TRL technological readiness level

TTE tank-to-electricity

TTW tank-to-wake

WGS water gas shift



NOMENCLATURE

WHR

WTIT

WTW

waste heat recovery
well-to-tank

well-to-wake






INTRODUCTION

The journey of a thousand miles begins with one step.

Lao Tzu

Parts of this chapter have been published in the International Journal of Energy Research 2023, 5163448 [1].



2 1. INTRODUCTION

1.1. EMISSIONS IN THE MARINE INDUSTRY

Currently, marine transport accounts for over 90% of global trade in weight [2]. Although
shipping is a very efficient and cost-effective method of international transportation [3],
it is also associated with much emission of greenhouse gases and toxic airborne pol-
lutants [4]. Between 2012 and 2018, the carbon efficiency of shipping operations im-
proved by approximately 11%. However, this progress was surpassed by a growth in ac-
tivity. In the same period, carbon dioxide equivalent emissions (including carbon diox-
ide, methane, and nitrogen oxide) from shipping increased by 9.6%, from 977 million
tonnes to 1,076 million tonnes [5]. More recently, in 2022, international shipping ac-
counted for approximately 2% of global CO;, emissions [6]. Besides greenhouse gasses,
European shipping contributed 19% for nitrogen oxides (NOx), 11% for sulphur oxides
(SOx) and 8% for particulate matter (PM) to the total European emissions in 2017 [7].

Consequently, in 2018, the International Maritime Organisation (IMO) adopted an
ambitious strategy to reduce the greenhouse gases (GHG) and toxic airborne pollutants
emitted by the shipping industry. The targets had been set to reduce carbon dioxide
emissions by 40% by 2030 and 70% by 2050 (compared to 2008) [8]. In 2023, this strat-
egy was revised. IMO now strives to reduce GHG emissions by 30% by 2030 and 80% by
2040 and reach net-zero GHG emissions by 2050 [9]. Importantly, the targets now adopt
a well-to-wake approach to GHG emissions, accounting for the entire fuel lifecycle from
production to combustion. Moreover, since 1 January 2023, all ships must report their
Energy Efficiency Existing Ship Index (EEXI) and Carbon Intensity Indicator (CII) [10].
This forces shipbuilders and shipowners to monitor and gradually reduce carbon emis-
sions from their ships. Furthermore, stringent limits restrict the NOx and PM emissions
from ships, especially in specific emission control areas where only 0.1% m/m is allowed
[11]. Furthermore, a global sulphur cap of 0.5% for marine fuels was implemented on
January 1, 2020.

1.2. DEVELOPMENTS TOWARDS EMISSION REDUCTION

Four areas can be defined for emission reduction in marine applications. Firstly, the
energy consumption can be reduced, for instance, with hull and propeller optimisation
[12, 13], routing optimisation [14, 15], energy regeneration [16, 17], and grid optimisa-
tion [18]. Secondly, alternative bunker fuels can be applied, for example, natural gas [19],
bio-diesel [20], and low sulphur diesels [21]. CO» and sulphur emissions mainly depend
on the fuel composition and the conversion efficiency. Methane, NOx, and PM emis-
sions also depend heavily on the conversion process, for instance, combustion condi-
tions [22]. Consequently, the selection of an alternative marine fuel should be combined
with the fuel conversion technology. Thirdly, fuel conversion can be improved (e.g., two-
stage turbocharging, heat recovery, late miller-timing). Fourthly, exhaust gases can be
treated. Scrubbers or selective catalytic reduction can be used to reduce NOx and SOx
emissions [23]. Moreover, onboard carbon capture could offer a transitional solution to
reduce carbon emissions in the short term [24].

Although remarkable improvements have been made, ship operators and ship-
builders indicate that radical changes in the power generation system and its fuel source
might be necessary to reach these future regulations and goals. Battery-powered ships
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are an example of such a radical innovation. Charging from the coastal power grid may
achieve zero emissions during sailing, and when renewable electricity is used to charge
the batteries, low life cycle emissions can be guaranteed as well. So far, batteries have
been applied in ships with short mission requirements, for instance, tugs and ferries
[25]. However, due to their low energy density and high cost, fully battery-powered
propulsion is not considered a viable solution for large ocean-going vessels [26], and
will not be considered in this disseration.

1.3. FUEL CELLS FOR MARINE APPLICATIONS

Many researchers consider fuel cells a promising solution for low-emission power gen-
eration on ships [27-31]. Fuel cells convert chemical energy directly into electrical en-
ergy, enabling high efficiencies compared with combustion technology (see Figure 1.1).
Besides high efficiency, these devices have several advantages for marine applications
compared to diesel engines: low emissions, good part-load characteristics, high redun-
dancy, low maintenance, and low noise and vibrations [28]. However, implementing fuel
cells in combination with alternative fuels still struggles with high capital expenses, large
fuel storage, lack of alternative fuel infrastructure, short lifetime, and slow transient be-
haviour [28, 32].

The low-temperature proton exchange membrane fuel cell (LT-PEMFC) is currently
the most common fuel cell in transport applications, due to its relatively high power den-
sity, low price, and quick response to load transients. However, fuel flexibility is its main
limitation [27]. LT-PEMFC only tolerates low contamination concentrations, due to its
low operating temperature of 60-80 °C [33]. This means it operates best on pure hydro-
gen, which requires expensive and voluminous storage, which makes it impractical for
ships with high range requirements. On top of that, hydrogen is currently very expen-
sive. Alternatively, using hydrogen carriers in combination with LT-PEMFC, requires a
large, complex, and expensive fuel processing plant [28]. Therefore, the interest in high-
temperature fuel cells in combination with other bunker fuels has been increasing.

1.4. POTENTIAL OF SOFCS FOR MARINE APPLICATIONS

Solid oxide fuel cells (SOFCs) are characterized by a higher fuel impurity tolerance than
LT-PEMFCs [27, 28]. High-temperature PEMFCs operating at intermediate temperatures
(120 - 200 °C) also inherit an increased impurity tolerance, but in general, do not have in-
ternal reforming capabilities [33]. Natural gas (NG) and ammonia can be fed directly to
SOFC systems [34], omitting the need for a large and costly fuel processing plant. More-
over, SOFCs have demonstrated high system efficiencies of 50-65%, which can be even
increased to 70% with combined gas turbine cycles [35, 36]. Currently, SOFC systems
struggle with low power density, high investment cost, limited lifetime, and slow re-
sponse to dynamic loads [27, 28]. Nevertheless, these four challenges can be mitigated.
Firstly, a high efficiency compensates for the low power-to-volume ratio. This results
in lower fuel consumption, which leads to relatively smaller fuel tanks [37]. Moreover,
SOFC's fuel flexibility makes it possible to use a fuel with a higher energy density at high
efficiency, further decreasing the required ship volume compared to LT-PEMFC. Sec-
ondly, investment costs are expected to drop when production increases [38]. Thirdly,
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Figure 1.1: Schematic diagram of losses in fuel cell and combustion technology.

the lifetime of SOFC stacks, 30000 to 60000 hours [39], is sufficient to reach the typical
five-year docking interval for most ship applications. Using a modular system design
and stacks of manageable sizes the relatively short lifetime poses no significant chal-
lenge. Fourthly, SOFCs can be combined with batteries or internal combustion engines
to ensure the dynamic capabilities of the power plant [28, 40, 41]. Hence, SOFCs are
considered a promising power generation solution to reduce emissions from long-haul
shipping.

1.5. RESEARCH OBJECTIVES

This dissertation aims to contribute to the scientific challenges of applying SOFCs in
ships. Effectively integrating SOFCs in ships must result in a propulsion system with
high fuel efficiency, low emissions (greenhouse gas and airborne toxic pollutants),
adequate transient performance, and a sufficient operational lifespan. This is covered
by the following research question:

How can SOFC systems be effectively integrated in ships in order to reduce emissions?

To identify the integration challenges already addressed and those unresolved at
the outset of this doctoral research, the research field of SOFCs in marine applications
was explored. This is tackled with research objective one. The subsequent research
objectives emerged from this gap analysis. While the research objectives are briefly
introduced below, it is recommended to read the literature review in Chapter 2 for
comprehensive understanding.
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1. Identify the main technical challenges of integrating SOFCs in ships.

Marine SOFC research and industry projects are extensively reviewed in Chapter 2,
covering the characteristics and challenges of SOFC power plants, fuel possibilities, and
ship integration opportunities. To compare SOFC systems with other technologies they
need to be evaluated on efficiency, size, weight, load-following capability, maintenance
intensity, safety, reliability, economics and environmental impact. Although SOFC sys-
tems perform well on efficiency and emissions, compared with state-of-the-art power
generation in ships, they lack volumetric and gravimetric power density, lifetime, tran-
sient capability and cost competitiveness. Moreover, compared to land-based systems,
the marinisation of SOFC systems introduces new challenges in design and integration:

* The SOFC systems must be able to withstand inclinations and accelerations, which
most commercial systems are currently not designed for.

* To compete with a marine engine on fuel efficiency, an SOFC system must have the
highest possible electrical efficiency and sufficient heat recovery capability. Vari-
ous bunker fuels are being considered in the marine industry, and it is important
to evaluate the electrical and thermal efficiency that SOFC systems can achieve
with these fuels.

* The low oxygen utilisation of SOFCs leads to large air and exhaust flows. Reducing
these flows would save ship space. Cathode off-gas recirculation has been sug-
gested as a possible method as it improves the overall oxygen utilisation of the
system and thus the primary airflow.

e Current SOFC systems must be scaled to high-power modular marine systems
with increased power density while ensuring system redundancy.

* For a feasible system, SOFCs are expected to be coupled with batteries to ensure
transient capability. Alternatively, a power plant hybridised with engines would
limit the impact on the size and cost.

* The degradation of the stacks should be included in the system sizing and system
operation.

These integration challenges are covered by the five research objectives below.

2. Evaluate the influence of marine conditions in terms of static and dynamic inclina-
tions on the operation, safety, and lifetime of SOFC systems.

Most SOFC systems are designed for static land-based applications and the effect
of inclinations and accelerations is not widely studied. A 1.5 kW SOFC module is
operated on an inclination platform that emulates ship motions. The conditions and
regulations of marine power plants have been used to define the test conditions. The
test campaign consists of a static inclination test, a dynamic test, a degradation test, and
a high acceleration test. Although the SOFC module does not fail in any test condition,
dynamic inclinations result in forced oscillations in the fuel regulation. These variations
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propagate through the system by different feedback loops in the control architecture,
leading to significant deviations in the operational parameters of the system. Several
enhancements are recommended to improve the design of SOFCs and marine fuel cell
regulations to ensure their safe operation on ships.

3. Evaluate the electric and heat efficiency of a marine SOFC power plant using
alternative fuels and COGR.

It is often reported that SOFC systems operate on a high fuel efficiency and can cater
for the electrical and heat demand in ships. Nevertheless, in an integrated system, the
supporting components also use heat and electricity. Moreover, the used fuel also de-
termines which supporting components are necessary. To compare the fuel efficiency, a
100 kW SOEFC stack and its balance of plant components have been thermodynamically
modelled for LNG, methanol, FT-diesel, ammonia and hydrogen. Although, the highest
net electrical efficiency was found for methane (58.1%), when including heat efficiency,
ammonia results in the highest fuel efficiency. In addition, COGR is investigated to
tackle low oxygen utilisation, which greatly improves heat efficiency. Moreover, the pri-
mary airflow was reduced significantly. This is beneficial for the SOFC system because it
decreases the size and cost of the air pre-heater. It is also beneficial for the ship because
it reduces the space required for ducting.

4. Identify the scale advantages of high-power modular SOFC systems for ships.

Most commercial systems are not available on the power scale required for large
ships. There is a need to scale SOFC systems from kW to MW scale marine power plants
while exploiting scale effects to improve the power density and specific cost of these
systems. A concept of a modular 125kW SOFC unit and a 1.125 MW SOFC room has
been developed. This includes centralising certain components such as fuel treatment
and air blowers to increase the space and cost efficiency of the system. It is found that
the high weight of SOFC stacks, combined with their regular replacement interval, has a
significant impact on the sizing of the modular parts in the system. Moreover, applying
COGR significantly decreases the space needed for process air and exhaust piping.

5. Evaluate the volume, mass, fuel consumption, and emissions of hybrid SOFC power
plants while taking into account component degradation.

SOFC systems compete with conventional combustion technologies. To assess
its advantages and shortcomings, different hybrid SOFC power plants are compared
in terms of volume, mass, fuel consumption, and emissions. The scope of emissions
includes greenhouse gases and airborne toxic pollutants NOy, SOk, CO, and PM. A
component sizing model and a dynamic power plant simulation model are developed
to estimate these performance metrics. An energy management strategy based on the
battery state of charge allocates the power between the fuel cells, engines, batteries, and
boilers. The electric and heat balance are simulated for five operational years of a cruise
ship, including part-load operation and component degradation. The results emphasise
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the importance of dynamic simulation for accurate battery sizing. Moreover, significant
emission reduction can be achieved with a limited amount of installed SOFC power,
minimising the impact on ship design and cost.

6. Identify which ship applications match the technical specifications of SOFC systems.

The ship type and its operational profile dictate which power-generating device and
fuel type are best applied to its propulsion system. SOFCs are typically most suitable
for long-range applications, primarily due to the limitations of other low-emission solu-
tions. Moreover, a predictable load profile with little variations is beneficial for SOFCs.
Lastly, ships with significant heat demand can benefit from the heat recovery capacity
of SOFC systems. The applicability of SOFCs on different ship types is discussed on the
range requirements, predictability of load profile, and size of auxiliary and heat demand.
Container ships, gas carriers, bulk carriers, tankers, cruise ships, and research vessels are
identified as suitable applications for SOFC systems.

1.6. THESIS OUTLINE

The research objectives are addressed in separate chapters, as shown in Figure 1.2.
Chapter 2 extensively examines the research field and this understanding is used to
define the remaining research objectives. First, in Chapter 3, it is assessed whether
SOFCs can handle the inclinations and accelerations that a ship power plant is exposed
to. A wide scalar of ship motions is considered to ensure applicability to a wide range of
ship types. The potential conversion efficiency of the system is assessed in Chapter 4,
where an SOFC system is thermodynamically evaluated for five different fuel types. After
proving that an SOFC system can convert fuel very efficiently. The SOFC system is scaled
to a high-power marine plant in Chapter 5. A concept design is presented for a SOFC
cabinet with replaceable stacks, which can be scaled to a high-power solution. This
concept is integrated into the ship in Chapter 6, where the SOFC system is hybridised
with batteries and engines, and dynamically simulated. Different design scenarios are
evaluated based on volume, mass fuel consumption and emissions. In Chapter 7, it is
discussed for which ship types SOFC systems are best applicable and finally in Chapter
8, the conclusions are presented and future research directions are proposed.
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Discovery consists of seeing what everybody has seen and thinking what nobody has
thought.

Albert Szent-Gyo6rgyi

Parts of this chapter have been published in the International Journal of Energy Research 2023, 5163448 [1].
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2.1. INTRODUCTION

SOFCs are considered a promising power generation solution for long-haul marine ap-
plications [27-29, 42]. This chapter contains a review of literature and research projects
regarding SOFC in marine applications. The technical, economical, and societal chal-
lenges of SOFC implementation are identified and are used to form a guidance for future
research. These insights support marine actors in their consideration of applying SOFCs
in ships.

First, general developments in SOFC systems are examined, which covers SOFC
stacks, combined cycles, power plant components, and fuel possibilities. Next, previous
studies on SOFCs in ships are discussed, which includes marine power plant con-
siderations, ship integration opportunities, and financial and environmental impact.
Finally, gaps in the current literature are identified from the review and propositions
are made for future research. This chapter mainly covers system considerations and
developments relevant for the marinisation of SOFC systems. Recent developments in
cell materials, cell manufacturing, and stack assembly are outside the scope as these are
not specific to marine applications and are often reviewed.

2.2. SOFC POWER PLANTS

The SOFCs provide electrical power and many components support the fuel cells in their
operation. Moreover, there are many options in system design and system integration
for an SOFC power plant. This section discusses the important characteristics and de-
velopments in the main components of SOFC systems, to get an understanding of the
possibilities for a marine SOFC power plant. SOFC stacks, balance of plant components,
and combined cycles are discussed. Figure 2.1 shows the most relevant components in
an SOFC power plant.

2.2.1. SOFC sTACKS

An SOFC is a full solid-state device with a ceramic oxide ion-conducting electrolyte.
SOFCs operate at high temperatures (500-1000°C), which offers several advantages.
Firstly, precious metals are not required for the catalyst. These usually form a large con-
tribution to the expenses of low-temperature fuel cells and reduce the tolerance to fuel
impurities [43]. Secondly, high-temperature exhaust gas can be utilised in combined
cycles, heating purposes or cooling purposes to increase efficiency [44]. Thirdly, some
fuels such as methane and ammonia can be reformed internally [28]. Although the high
operating temperature of SOFCs brings opportunities, it also introduces large design
challenges. All stack components need to be mechanically and chemically stable while
being compatible in terms of thermal expansion, for a large range of temperatures [45].
The fuel cell stacks often form a large contribution to the fuel cell system cost, which
Battelle Memorial Institute [46] concluded to be 30% for a 250 kW NG-fuelled SOFC
system.
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Figure 2.2 shows that SOFC stack design is distinguished in planar (PSOFC) and tubu-
lar (TSOFC); the former is most often researched [48] and is dominantly used in commer-
cial products. PSOFC has a higher power density and is easier to manufacture. Its chal-
lenges are the expensive gas-tight interconnects and mechanical stability of the cells.
TSOFC eliminates gas-tight interconnects, since the fuel cell itself seals the air from the
fuel and has a better mechanical strength. However, the result is a lower power density
and higher manufacturing cost [49]. Welaya et al. [42] indicated the differences between
PSOFC and TSOFC for marine applications by means of a thermodynamic analysis for
hydrogen and LNG. Using tubular SOFC stacks resulted in higher system efficiency and
thermal efficiency compared with planar stacks.

2.2.2. BALANCE OF PLANT COMPONENTS

Components that support the fuel cells in power generation are called balance of plant
(BOP) components. This includes fuel processing equipment, airflow control, thermal
management systems, water management systems, and power conditioning equipment
[50]. These systems contain many different components (e.g., reformers, burners, blow-
ers, evaporators, heat exchangers, generators, sensors, and valves) and form a large part
of the whole system. The components have a significant effect on system efficiency,
power density, cost and transient capabilities.

When liquid fuels are applied, the fuel is transferred to its gaseous phase with evap-
orators. Recuperators (i.e., counterflow heat exchangers) are often deployed to preheat
fuel and air before these enter the SOFC by utilising the thermal energy in the SOFC out-
lets. This reduces carbon formation and thermal gradients in the SOFC. The external
air and fuel are compressed up to the operating pressure of the fuel cell before they en-
ter the stack. The non-reacted fuel and unused air are often combined and burned in a
combustor to increase the thermal energy in the exhaust stream. Diffusion- or catalytic
burners are often deployed since the fuel is highly diluted [51]. When anode recircu-
lation is applied, the fuel is recycled before combustion. The gas flows in the fuel cell
system are controlled with blowers, valves, and pressure regulators.

DESULPHURISATION
Most fossil fuels contain sulphur particles. For such fuels, desulphurisation must occur
before any fuel reforming steps (see Figure 2.1), because sulphur poisons the catalysts
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used in reformers, shift reactors and fuel cells [44]. The most suitable desulphurisation
method depends on the fuel type and the sulphur tolerance of the fuel cell. Researchers
and suppliers state that SOFCs require a sulphur content below 1 to 10 ppm, which is
much more tolerant than LT-PEMFC. Hydrodesulphurisation (HDS) is employed in re-
fineries to reduce sulphur content. However, this process is not desirable for marine
applications due to its size and cost [52]. Moreover, HDS is inconvenient for internally
reformed SOFC (see section 2.2.2), since a hydrogen-rich stream must be fed to the HDS
reactor. Another option is to use sorbents for the selective removal of sulphur particles.
Rheinberg et al. [52] compared several commercial sorbents with experiments and pro-
posed nickel-based selective adsorbents for fuel cell applications to reach the desired <1
ppm sulphur content. Nevertheless, the adsorbent requires to be regenerated and they
criticized adsorbents for high sulphur fuels, since the sorbent would not have sufficient
capacity and the adsorption would require much time.

REFORMING STRATEGY

A fuel cell converts the chemical energy that is stored in hydrogen to electrical energy.
Fuel cells are fuelled with pure hydrogen or with a fuel that contains hydrogen. There
are several methods to convert hydrogen carriers to a hydrogen-rich mixture, of which
steam reforming is the most efficient for SOFC [53]. Steam reforming is an endothermic
reaction that needs a constant supply of heat and steam.

The conversion can occur in an external reformer. Alternatively, the heat and steam
produced by the electrochemical reaction in the SOFC can be used to reform the fuel in-
ternally. Internal reforming significantly decreases system capital cost and system com-
plexity, since no external reformer is needed [35]. For internal reforming, a distinction
is made between direct and indirect reforming, see Figure 2.3. Indirect internal (IIR)
reforming only makes use of the heat released from the fuel cells. With direct internal
reforming (DIR), the fuel is directly fed to the anode, where the reforming occurs. DIR
simplifies the system and lowers the capital cost [44]. An increased risk of carbon depo-
sition on the anode and larger temperature gradients in the stacks (i.e., deterioration of
the ceramic cell material) are challenges of direct internal reforming [35]. A pre-reformer
is used in some studies to accelerate the electrochemical reactions in the fuel cell, im-
proving the power production [36, 54].

ANODE OFF-GAS RECIRCULATION

Steam is often necessary for the reforming process. The steam demand can be satis-
fied with a heat recovery steam generator (HRSG), driven by the exhaust heat and using
demineralised water [55, 56]. However, the anode off-gas of an SOFC already contains
steam, since water is produced at the anode during the electrochemical reaction. The
anode off-gas (AOG) can be recirculated using blowers or ejectors, mixed with new fuel
and fed back into the fuel cell. This lowers the steam generator requirements, leading to
lower capital cost [57]. Recycling the fuel also leads to lower local fuel utilisation [58] and
a more homogeneous temperature and particle concentration distribution through the
stack [59], which are beneficial for the cell lifetime [60]. In addition, a fuel cell does not
utilise all fuel that is fed to its anode. By recycling the fuel, non-reacted fuel is utilised,
slightly enhancing the overall system efficiency [61-63]. There are other advantages of
anode recirculation. Firstly, less preheating of the fuel is needed. Secondly, fuel that
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Figure 2.3: SOFC reforming types [own images based on Choudhury et al. [44]].

enters the fuel cell is already partially reformed, which reduces the stress on the refor-
mation catalyst [64]. In the studies by Jia et al. [57] and Peters et al. [65] it was found
that an SOFC system with internal reforming and anode off-gas recirculation results in
a 16-20% higher system efficiency compared with an externally reformed SOFC system
without AOG recirculation. However, steam-to-carbon ratio control, which is required
to prevent carbon deposition, might be less accurate [54]. On top of that, the high op-
erating temperature adds challenges to the blower or injector design in the recirculation
system. Peters et al. [62] and Hollmann et al. [66] proposed to reduce the temperature
of the recirculation loop to enable the use of commercial blowers, which are available at
operating temperatures up to 300 °C.

POWER CONDITIONING

Fuel cells deliver direct current and their voltage varies among others with current and
age. On top of that, fuel cells do not handle reverse currents and ripple currents well [67].
Consequently, power conditioning equipment is necessary for an adequate and stable
power source. Power converters are used to boost and regulate voltage. Transformers
are often incorporated in these converters to protect the fuel cells from substantial volt-
age differences. Next, DC/AC inverters (three-phase inverters for non-residential appli-
cations) are used when AC power is required. Diodes can be used to prevent reverse
current flow to the fuel cell, but introduce additional losses [68]. Capacitors can be used
to filter current ripple, but increase the size and cost of the system [69].
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START-UP AND COOL-DOWN

During a start-up, the SOFC needs to heat up to its operating temperature. There are two
common methods to heat the SOFC. Firstly, the heating elements of the bipolar plate can
be connected to an electrical power source. Secondly, the cathode air can be preheated
by an electric burner and channelled through the stack, during which the inlet pressure
needs to be tuned during heat-up, since the flow resistance in the stack increases with
temperature. For both methods, the heating rates should be limited to the allowable
thermal stress of the SOFC stack and both require similar heating energy [70]. During a
shutdown, the stacks must be gradually cooled. The SOFC stack can be cooled over its
cathode with air. A smaller thermal mass of the hot components decreases the start-up
and cool-down time [71]. During start-up and shutdown, no air may reach the anode to
prevent oxidation. This can be ensured by using a nitrogen supply system that flushes
the anode or with advanced flow control. However, a nitrogen supply adds additional
piping and mixing components to the system [72].

2.2.3. COMBINED CYCLES

The anode off-gas contains unused fuel and thermal energy. Even when anode recircu-
lation is applied, not all fuel fed to the anode can be converted. To improve the electrical
efficiency of the SOFC system, researchers have investigated the utilisation of this ex-
haust gas for combined cycles (see heat regeneration in Figure 2.1). A variety of systems
have been proposed. Earlier studies focused on integration with gas or steam turbines
[35], which leads to a significant increase in efficiency accompanied by poor perfor-
mance at part load. Next, research increased in combined cycles with Stirling engines or
reciprocating engines. These offer a significant increase in efficiency at better economics
and part-load performance. Baldi [73] and Tan et al. [74, 75] studied an integration con-
cept where purified anode off-gas of the SOFC is fed to the LT-PEMFC. The aim of this
concept is to decrease the cost per kW, increase SOFC lifetime, and increase the transient
capability. The concept was positively evaluated and is recently also introduced by Ha-
gen et al. [76] for marine applications. The combined cycles that have more often been
investigated for marine applications will be discussed in the following sections.

SOFC-GT

SOFC-Gas Turbine (GT) is the most studied combined cycle plant. In this concept, the
SOFC generates electrical power with high efficiency, while the anode-off gas is com-
busted and expanded in a gas turbine to generate additional power. Most of the ana-
lyzed SOFC-GT plants operate under pressure, which couples the operation of the SOFC
and GT. This has the negative consequence that the transient behaviour of the slow-
est component depends on the overall system dynamics. A pressurized SOFC system
also decreases system simplicity and reliability [35]. Nevertheless, pressurized opera-
tion increases the efficiency of the SOFC by increasing its cell voltage [42, 77]. Combined
cycle research shows an electrical efficiency of 58% to 76% for SOFC-GT systems [36].
Kawabata et al. [78] published the testing evaluation of the first commercially available
SOFC-GT system. They tested the load-following behaviour, SOFC degradation, emis-
sions, noise, and vibrations. The safety was also evaluated for emergency shutdown
events, such as internal errors, electricity blackout, or earthquakes. Safe outdoor op-




16 2. SOLID OXIDE FUEL CELLS FOR MARINE APPLICATIONS

eration was demonstrated at 53.6% electrical efficiency (LHV) and a practical durability
of 10 years was concluded. Despite the promising numbers, off-design and part-load
performance have resulted in a significant efficiency drop. Many studies concluded that
high efficiency can only be reached when the turbomachinery is operating at the design
condition [35, 79-81]. An absolute decrease in electrical efficiency of 23% was reported
by Chen et al. [82] at 50% load with simple fuel flow control. Consequently, sustaining
high efficiency requires complex control strategies [33].

SOFC-ST

The combusted anode-off gas can also be used to drive a steam turbine (SOFC-ST). Sim-
ilar to the SOFC-GT system, the steam turbine can be used to increase SOFC system
efficiency [84]. Biert et al. [36] concluded that gas turbine integration is more attractive
for SOFCs operating at relatively low fuel utilisation, moderate cell voltages, and high
stack temperatures. A steam turbine is the better choice for relative low stack tempera-
tures and high voltage. They also concluded that the average stack power densities for
a pressurized SOFC-GT and SOFC-ST are, respectively, 75% and 25% higher compared
with a stand-alone system of similar electrical efficiency. However, it is not known how
this relates to the power density of the total system. Arsalis [85] mentions that steam tur-
bines (and gas turbines to a lesser extent) are inefficient for relatively small power plants.
A significant efficiency difference was found between a 1.5 MW and 5 MW application.

SOFC-RE

Itis also possible to integrate an SOFC stack with a reciprocating engine (RE). These gen-
erally have better part-load, cost, and durability characteristics than gas turbines [77].
On top of that, the operation of the engine can be decoupled by bypassing the fuel di-
rectly into the engine. Rapid load transients cause degradation in the fuel cells, decreas-
ing the SOFC lifetime. Engines can quickly respond to load changes, where SOFCs and
turbines respond slower. Consequently, integrating SOFC and RE improves the dynamic
capability of the total system and thus the lifetime of the SOFCs. All in all, SOFC-RE leads
to a more cost-effective combined cycle than SOFC-GT and SOFC-ST [83].

Research by Biert et al. [36] shows lower efficiencies for SOFC-RE than for SOFC-GT
and SOFT-ST for a similar system at nominal operation. Nevertheless, they mention this
may be out-weighted by the advantages in transient capability and simplicity in control
strategies. Sapra [77] investigated the optimal power split for a SOFC-RE system (RE fu-
elled with AOG) for three naval applications. A higher power split towards SOFC resulted
in higher efficiency, but increased the total volume and weight of the total system. An
optimal value was found at 28% SOFC load share, which corresponds to a combined sys-
tem efficiency of 52%. This resulted in a system with twice the size, similar weight, an
efficiency improvement of 9% to 11%, and a NO; reduction of 36% to 43%, compared
with a conventional system. Sapra et al. [31] further validated the power split with en-
gine experiments. Wu et al. [86] investigated the dynamic behaviour of an integrated
SOFC-engine system and concluded that the slow dynamics of the SOFC dominates the
overall system dynamics, but they did not use a fuel bypass. They proposed to add a
metal hydride reactor for H, addition, which improved the overall dynamic capabilities.

Although high system efficiencies were projected for SOFC-combined cycle plants
in theoretical studies, most physical demonstrators have not reached the predicted effi-
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ciencies [35]. Moreover, combined cycles result in more complex plants with bigger con-
trol challenges. On the other hand, stand-alone SOFC systems have been demonstrating
higher efficiency as expected [36]. Consequently, recent research has been reconsidering
SOFC systems without combined cycles.

2.2.4. FUEL POSSIBILITIES FOR SOFCs

Several fuel types are possible in combination with SOFCs, although several reforming
and purification processes are needed for some fuels. This section discusses fuels that
have been considered for SOFCs in the marine industry. While considering fuels for ma-
rine applications, attention must be paid to the associated costs and emissions in the
production and distribution phases of fuels and their feedstocks. However, this compar-
ison is outside the scope of this research.

DIESEL

Currently, diesel-type fuels are dominantly used in ships. They are relatively cheap and
energy-dense compared to alternative fuels. In the past, heavy fuel oil (HFO), a resid-
ual from the refinery process, was mostly used in deep-sea shipping. Since 2015, its
yearly usage decreased and is partly replaced by cleaner distillates, such as marine gas
oil (MGO) or blends of MGO and HFO, called marine diesel oil (MDO). The sulphur con-
tent limit decreased from 3.0% for HFO to 0.1 % for ultra-low sulphur fuel oil (ULSFO)
and MGO [87]. Because of its high energy density, common availability wide use in the
marine industry, diesel has also often been investigated for SOFC systems. Fuels with
low sulphur content are easier to handle for SOFC systems, since it reduces the stress
on the desulphuriser. SOFCs may even be able to operate stably on ULSFO without
desulphurization, albeit with a small performance drop caused by sulfur poisoning [83].
However, low sulphur fuels are more expensive, since additional catalysts and chemical
additives are used in the refining process [89]. Biodiesel has also been successfully used
in SOFCs, externally and internally reformed [90]. However, it is expected that biodiesel
will not be widely available since its production competes with food production [4, 91].
The production and distribution infrastructure, as well as regulations of diesel fuels, are
in place. Due to these advantages, diesel-type fuels were often considered for SOFCs in
marine applications [29, 30, 92, 93]. However, diesel is inconvenient for SOFCs, since it
requires a complex and large fuel processing plant [28], which lowers the power density
and efficiency of the SOFC system.

HYDROGEN

Recently, the many initiatives by companies and governments illustrate an increasing
interest in hydrogen for marine applications. The most common storage options for
hydrogen are compressed or cryogenic. Cryogenic storage (at -253 °C) is currently the
most energy-dense option [94], making it most suitable for marine applications [28] and
will be referred to as LH2 in this study. However, cryogenic storage requires insulation
to keep the fuel in liquid phase at low temperature and it requires cylindrical tanks to
handle pressure gradients. Both increase the required ship volume for fuel storage; the
volumetric energy density of LH2 storage is the lowest compared with other alternative
fuels. The cooling of hydrogen to cryogenic stage also requires much energy [94]. Liq-
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uefied hydrogen is currently the most expensive alternative fuel for marine applications
[37].

Although hydrogen can be used in SOFCs with satisfactory efficiency [95], it is not a
straightforward choice. The main advantages of SOFC compared with LT-PEMFC are the
possibility of internal reforming as well as its high tolerance to carbon monoxide (CO)
and CO,, which become obsolete for hydrogen. Moreover, CO is even used as fuel in
SOFCs, further increasing efficiency. On top of that, internal reforming cools the SOFC
stack, since heat is needed for the reaction. When using hydrogen, a larger airflow is
needed to cool the stack, which increases the parasitic blower power. Although it seems
counter intuitive, hydrogen-fuelled SOFCs often lead to lower system efficiencies than
hydrocarbon-fuelled SOFCs [96, 97]. Due to the lower power density, the lower dynamic
capability, and the higher cost per kW of SOFCs, LT-PEMFC would be the preferred op-
tion for hydrogen.

NATURAL GAS

Natural gas’s most common storage for marine applications is in cylindrical tanks at -162
°C, also called liquefied natural gas (LNG). The volumetric and gravimetric energy den-
sity for stored LNG is significantly lower than for diesel but higher than for hydrogen.
Natural gas is increasingly being used in the marine industry, meaning its fuel infras-
tructure and production capacity is expanding [98, 99]. Initially, it was concluded that
LNG-fuelled marine engines can meet Tier III NOx and SOx emission regulations with-
out emission abatement, as well as achieving significant CO, reduction [100]. However,
more recently, methane slip in natural gas-fuelled engines is recognized as a serious con-
cern due to its high global warming potential [5].

Most SOFC research and commercially available SOFC systems use natural gas as
the main fuel, and high efficiency has been demonstrated [35, 84, 101]. Natural gas can
be directly used in an SOFC after desulphurization, but a pre-reformer is often applied
to promote steam methane reforming to reduce the stress on the fuel cell catalyst. Op-
posed to an LNG-fuelled engine, methane slip is negligible [102]. Biogas-fuelled SOFC
has shown comparable performance to hydrogen in terms of power production [103].

METHANOL

Methanol can be stored in liquid form at room temperature, omitting the need for insu-
lation and cylindrical tanks. Consequently, methanol is stored at a higher energy density
than gaseous fuels. Liquid storage is even more beneficial for marine applications, since
irregular ship volumes can be used to store fuel. Moreover, diesel infrastructure can be
used for methanol after slight adjustments [104].

Few studies examined SOFC performance fuelled with methanol [28]. In contrast
with natural gas, methanol has a relative low reforming temperature, making it conve-
nient to reform the fuel externally [105]. Since internal reforming is usually beneficial
for the cells in terms of efficiency and thermal balance, Rechberger et al. [106] added
a methanator before the anode outlet, to allow internal reforming of methane in the
stacks. Methanol has been investigated to use directly in SOFCs [107], while demon-
strating high performance without notable cell degradation [108], but direct methanol
SOFC systems are still in the research phase [109].
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DIMETHYL ETHER

Within the last five years, dimethyl ether (DME) has received increasing attention as a
fuel for the marine industry, since implementation would lead to a reduction in NOx,
SOx and PM emissions [28, 110, 111]. Above 700 °C, DME can be easily reformed to
methane, carbon monoxide, and hydrogen, making it a convenient fuel for high- tem-
perature fuel cells [112]. Murray et al. [113] concluded a high power density for SOFC
systems directly fuelled with DME. One practical problem of directly supplying DME
to SOFC is coke formation. This can be suppressed by adding CO; to the fuel at high
temperatures, but this adds extra complexity to the system [112]. Sato et al. [114] investi-
gated the potential of steam reformed DME for SOFC. It was found that DME was easily
reformed using a commercial catalyst, no coke was formed and nominal power level and
electrical efficiency were reached using DME.

AMMONIA

Ammonia (NHj3) is a much produced chemical commodity that recently received more
interest in the marine industry, since it can be used in modified engines and fuel cells
[115]. Ammonia can be stored in its liquid form at -33 °C or at a pressure of 10 Bar [116,
117] and its storage is characterized by moderate volumetric energy density, compared
with the other discussed fuels. Because it contains no carbon, ammonia can be used in
SOFC without the risk of carbon monoxide poisoning or coke formation. Ammonia can
be directly fed to the anode, where ammonia is cracked internally, which is beneficial for
the heat efficiency of the SOFC system [118]. Carbon dioxide and methane are not emit-
ted, because no carbon is present in the fuel. An ammonia-fuelled engine produces NOx
during the combustion, whereas an SOFC system fuelled by ammonia avoids most NOx
formation by producing N, as the main nitrogen-containing product [116]. Several in-
vestigations concluded that an SOFC running directly on ammonia shows similar [118—
120] or even higher [34, 121, 122] efficiency than hydrogen. Frandsen et al. [123] demon-
strated with a multi-physics 3D stack model and cell experiments that internal cracking
is very fast at typical operating conditions, anode recirculation appears feasible, and that
only negligible reforming in heat exchangers will occur. Ammonia contains no sulphur,
so the desulphurization component is not necessarily for an ammonia-fuelled SOFC.
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FUEL COMPARISON

Several fuel possibilities for marine SOFC systems have been presented and a compari-
son is shown in Table 2.1. The production capacity of DME and LH2 is still very low and
would require a large scale-up for marine applications. Hydrogen performs very badly
in ship storage, which makes it inconvenient for long-haul applications (see figure 2.4).
For marine applications, the fuel cost is often a large contributor to the total cost of own-
ership and current hydrogen prices are very high. Fuel cost for LNG, MeOH, and DME
is similar or even less compared with MGO after compensating for the efficiency differ-
ence between diesel generators (DGs) and SOFCs. For conventional fuels, the cost of
the fuel storage system is not a large economic driver. However, LH2, LNG and DME re-
quire cylindrical or spherical tanks, which significantly increases the cost of the storage
system. Especially hydrogen is very costly to store, see Table 2.1. Many ships are pow-
ered by diesel-type fuels or LNG, ensuring high technological readiness for marine use.
Since hydrogen, methanol, and ammonia are often applied in other industries, there is
much knowledge about storage, distribution, system control, and safety, however, they
have not been applied at large scale in commercial vessels. Most of these fuels have also
been investigated for marine engines, but research points out lubrication, cooling, igni-
tion, knocking, and fuel slip problems [94, 146]. Moreover, the engine efficiency is often
not as good as with diesel-type fuels [147, 148]. Consequently, alternative fuels could
be used in combination with marine engines to reduce emissions, but the gain is larger
with SOFC systems. SOFC research has focused on LNG-fuelled systems and most com-
mercially available systems are LNG-fuelled, resulting in a high technological readiness.
Most alternative fuels have been theoretically verified or simulated for SOFC cells, stacks
and systems, however, modifications to the reforming process and the system control
are often necessary and not yet commercialized. When comparing the different fuels,
no clear favourable candidate appears and the choice would depend on the ship type
and operational profile, and should be considered in combination with the power gen-
eration system. When considering SOFC systems for long-haul ships, hydrogen seems
an unfavourable option and LNG is in the current situation most economically and tech-
nically feasible.

2.3. SOFC IN MARINE APPLICATIONS

SOFC systems are mostly investigated for on-site power generation, for instance, data
centres and residential applications, and were initially not considered suitable for mo-
bile applications [64]. Although an SOFC system would be too large and too complex to
fit in automotive applications, its research in marine applications has increased. This
means the SOFC system must comply with the operational requirements of a marine
power plant, which differ much from a residential application. This section explores the
requirements of a marine power plant and explores the possibilities of integrating SOFCs
into marine power plants. Lastly, the practical lessons from noteworthy research projects
of SOFCs in marine applications will be discussed. An overview of SOFC research in ma-
rine applications is provided in Tables 2.2 and 2.3. These tables show that most marine
literature considers SOFC systems using internal reforming, methanol is not often con-
sidered as fuel for marine SOFC applications and that recently, stand-alone cycles are
more often investigated than combined cycles.
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Figure 2.4: Energy density of future fuels including the storage system of the concerned fuel. The benchmark
(MGO) has been compensated for the efficiency difference between diesel generators (43%) and SOFC (55%).
Based on LHV of fuels. The blue bars show the data ranges found in literature, projects, and supplier specifica-
tions [28, 77, 149, 150].
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Table 2.2: Chronological overview of research in SOFC for marine applications part I. The SOFC power ratio
indicates the power contribution by the SOFC with respect to the total supplied power to the ship at nominal
conditions.

Study type Source Ship Fuel SOFC Marine power SOFC System
type system plant power effi-
ratio ciency
Challenge [151] Several Several
identification
Electrothermal [152] Navy Diesel SOFC-GT 11% S: 68%
simulation
Life cycle analysis [153] General  Several SOFC
Thermodynamic [154] Yacht Methane IR Pr. SOFC-GT & DG 25% S: 68%
analysis
FC comparison [155] General  Several
FC system design [156] Seagoing ULSD
Ship design [157] Arctic Diesel ER SOFC & DG 14%
SOFC integration [158] Naval Diesel SOFC+FW & DG 0-100%
Thermodynamic [29] Naval Diesel ER Amb. SOFC+BAT 100% S:55%
analysis
Thermodynamic [42] General LNG IR Pr. SOFC-GT S: 66%
analysis
Thermodynamic [84] General LNG IR Pr. SOFC-ST S:59%
analysis
Concept design [92] Oosv Methanol  ERPr. SOFC-GT & DG 13% A:47%
Review [159] General  Several
Fuel cell review [28] General Several
SOFC demonstrator [93] Multi- Diesel ER Amb. SOFC D: 55%
purpose
Comparison [47] General  Several
Techno-economic [160] Cruise Hydrogen SOFC & 16-29% S:
optimisation & LNG HT-PEMFC & GT 70-73%
& BAT
Thermodynamic & [161] Carrier Ethane IR Pr. SOFC-GT & DG 30-53% S:61%
availability analysis
Energy management [32] Cruise Hydrogen IR Amb. SOFC & DG APU A: 55%
strategy & LNG
Thermodynamic [95] Passenger Hydrogen Pr. SOFC-GT 66% S:41%
analysis
Thermodynamic [30, Seagoing Diesel ER Pr. SOFC APU S:55%
analysis 162] AOGR
Techno-economic [144] Naval Several ER SOFC 100% A: 45%
analysis
Techno-economic [27] Cruise LNG IR SOFC & DG & GG A:53%
optimisation & & BAT
carrier
Environmental- [163] Container Ammonia IR SOFC+BAT 100% A:59%
economic analysis
SOFC integration [77] Naval LNG IR SOFC-RE 7-100% A:
AOG-RE 45-60%
Techno-economic [37] Cruise Several IR SOFC+BAT & DG 62%, A: 60%
analysis 100%
Fuel cell review [164] General Several
Case study [165] Cruise LNG IR SOFC & DG 41% A:55%
Comparison [166] Ferry LNG IR SOFC 100% A:55%

Fuel: LNG = Liquefied Natural Gas and ULSD = Ultra Low Sulphur Diesel.

SOFC system: IR/ER/PR = Internally/Externally/Pre Reformed, Amb. = Ambient, Pr. = Pressurized.
Power plant: DG/GG = Diesel/Gas Generator, RE = Reciprocating Engine, FW = Fly Wheel, BAT = Battery.
SOFC power ratio: APU = Auxiliary Power Unit.

System efficiency: A = Assumed, S = Simulated and D = Demonstrated.
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Table 2.3: Chronological overview of research in SOFC for marine applications part II.

Study type Source Ship Fuel SOFC Marine power SOFC System
type system plant power efficiency
ratio
Feasibility study [167] Passenger LNG IR SOFC 100% A:55%
Techno-economic [168] Cruise LNG ER SOFC+BAT 100%
analysis
Component sizing & [169] Dredging LNG IR SOFC+BAT & DG 17- S:42-59%
energy management 100%
Case study [170] Cruise LNG IR SOFC & DG 27.5% A: 60%
SOFC integration [31] General LNG IR SOFC-RE
AOG-
RE
Feasibility study [171] General ~Ammonia IR SOFC+BAT 100%
LCA & LCCA [136] Ferry Hydrogen SOFC+BAT 100% A: 65%
&
Ammonia
SOFC integration [172] Passenger HFO & ER SOFC & DG 80%
LNG
Spatial optimisation [173 Cruise LNG IR SOFC+BAT & DG 35% A: 54-58%
Thermodynamic [174] General Ammonia IR SOFC-GT 100% S: 65%
analysis cargo
Thermodynamic & [175] River LNG IR SOFC-GT 72% S:61%
control analysis cargo
Thermodynamic [176] General Several PR SOFC S: 47-58%
analysis
System design [177] General LNG& PR SOFC S:47-58%

diesel
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Table 2.4: Performance comparison between off-the-shelf SOFC systems (planar stacks, non-pressurized sys-
tem and without combined cycles or batteries) and medium-speed 4-stroke marine diesel generators. Derived
from [27, 28, 30, 32, 46, 159, 178-180] and supplier information (Table 2.6).

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

2.3.1. MARINE POWER PLANTS
A marine power plant must be assessed on the following criteria [28, 31]:

» Efficiency of marine power plant
* Size and weight

* Load transients and start-up time
* Safety and reliability

* Economics

e Environmental impact

SOFC power plants performs better than conventional marine engines on some of
the criteria and worse on others; the technologies are compared in Table 2.4.

SOFC power plants generate energy at high electrical efficiency; suppliers state 43-
65% for natural gas-fuelled systems. Additionally, SOFCs maintain high efficiency at
part-load conditions, in contrast to diesel engines. SOFC systems generally show a broad
optimum between 50% and 80% load [181]. This is especially interesting for many ma-
rine applications, where the maximum installed power is only occasionally used [182].

Current SOFC systems perform poorly in terms of power density (see Table 2.4), re-
sulting in a large and heavy power plant. This is a big challenge for marine applications,
because high installed power is often required to satisfy the operational profile of a ship.
Most vessels (e.g., container ships, cargo ships, and cruise ships) are volume critical, al-
though some vessel design (e.g., high-speed crafts, naval support vessels) is driven by
weight requirements [144]. Sapra [77] compared the required space and weight for a
hybrid SOFC-RE system with the original diesel-electric architecture for three different
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ships. The SOFC-RE system was 2 to 3.7 times larger and 1.1 to 2 times heavier with a
system efficiency improvement of 9% to 11% and an emission reduction of 35% to 43%.

SOFC systems are characterized by poor transient capabilities [31], because the high
temperature requires heating of a large thermal mass [28]. Their relative long startup
times (12-24 hours) and slow response in operational power (2-10 % load/min) form a
challenge for marine applications, where significant changes in power demand are re-
quired, for instance during manoeuvring or crane operations [183]. The transient power
requirements surely depend on the ship type and the operational profile, but it is certain
that the transient capabilities are not sufficient for most marine applications. Comple-
mentary technologies can be used to supply additional power during peak loads [28, 40,
155, 160]. These technologies can be divided in energy storage devices (batteries, su-
percapacitors and flywheels) and power generation technologies with better transient
capabilities (PEMFC or diesel generators).

SOFC power plants are costly, compared with diesel generators, see Table 2.4. How-
ever, these prices are expected to decrease with technological advances and production
scale-up. Within 10 years, the prices of SOFC systems are expected to be in the range of
500-2000 €/kW at high production capacities above 250 MW/year [46, 179]. On the other
hand, the prices of diesel generators are expected to increase. Stricter emission regula-
tions require the addition of complex aftertreatment systems, which increase the capital
cost of marine diesel generator systems.

A fuel cell degrades over time, decreasing its power output [184]. Fuel cell suppliers
have to tackle this by installing overcapacity, since regulations define that the life of a fuel
cell is over when it is not able to deliver its rated power [64]. Although not often stated by
suppliers, the electrical efficiency also decreases over the lifetime of the fuel cell stacks,
incrementally increasing the fuel consumption. This is important to consider in the early
stages of ship design, since it means the size of the required fuel storage increases dur-
ing the lifetime of the SOFC system. SOFC suppliers demonstrated lifetimes of 30,000 to
90,000 hours at nominal load with a relative system efficiency decrease of 10 to 15% over
the lifetime of the fuel cell system [39, 185]. Consequently, the stacks must be replaced
regularly, which further drives the already high price of SOFC systems. Nevertheless, op-
erating the SOFCs at part-load conditions increases the stack lifetime, as stated by sev-
eral fuel cell system suppliers. To put the SOFC lifetime into perspective, medium-speed
diesel generators also need major maintenance after 40,000 to 60,000 operational hours
[186, 187]. However, such an engine overhaul is not as expensive as stack replacement.

Figure 2.5 compares the nominal emissions for MGO-fuelled diesel generators, LNG-
fuelled engines, and LNG-fuelled SOFCs. The figure is based on the data in Appendix A
Table A.1. The reduction in carbon dioxide emissions from LNG engines to SOFCs is
mainly attributed to efficiency gains. Methane slip does not happen in SOFC, so the CHy
emissions are virtually zero. In total, the application of SOFC leads to a large decrease in
greenhouse gas emissions. In engines, soot (C), CO, NOx and PM emissions originate
from incomplete combustion. Since the main principle of SOFCs is not combustion
(only in the afterburner), these emissions are much lower compared to diesel genera-
tors. To prevent damaging the stacks, most sulphur is extracted from the fuel before it
enters the SOFC, so the SOx emissions are also virtually zero. As can be derived from the
figure, the application of SOFC easily satisfies all emissions regulations and meets the
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Figure 2.5: Normalized GHG, NOy, SOy, tank-to-electricity (TTE) emissions with their targets and regulations
by IMO. A range is given based on fuel composition and conversion efficiency of different products. 0.1% S
m/m fuel is used to determine the SOy emissions.
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GHG reduction target of 2030. The figure also shows that just LNG-fuelled SOFC systems
could not reach the 80% GHG reduction target of 2040. Combining SOFCs with other
energy-saving innovations, renewable fuels, or carbon capture technologies would be
necessary.

Besides exhaust emissions, marine power plants also produce sound emissions,
propagating not only to the cabins but also to the underwater marine life. The con-
sequences of the growing anthropogenic acoustic footprint on marine life are getting
more known and are with no doubt negative [188]. Compared with engines, SOFCs
strongly reduce the noise radiation from the power plant, see Table 2.4. Quantification
of the positive impact on the aquatic environment of noise reduction by SOFCs is still
necessary to evaluate how significant this advantage is.

Rivarolo et al. [167] designed an algorithm to effectively compare volume, weight,
cost, CO, emissions, and NOx emissions for different marine power plant and fuel stor-
age solutions. The relevance of these criteria differed per ship application and their case
study for cruise ships showed that with the current marine regulations and SOFC prices,
MGO or LNG-fuelled internal combustion engines still result in the most feasible power
plant. However, it also showed, when SOFC cost can be further reduced and more strin-
gent emission regulations will emerge, LNG-fuelled SOFC systems will become the fa-
vored candidate.

2.3.2. SOFC SHIP INTEGRATION

Table 2.4 shows that an SOFC power plant is large, heavy, expensive, and is not able to
quickly change its power supply. Hybridisation with internal combustion engines can
improve the technical and economic feasibility of the power plant by compensating the
areas in which the SOFC performs poorly [172]. Moreover, hybridisation often serves
as a bridge between established and emerging technologies, with hybrid electric vehi-
cles as a clear example. It familiarises the users and limits the risks to the owners, while
also allowing time for manufacturers to further improve their systems. Consequently,
hybridisation is suggested, meaning the SOFCs are to be integrated with the current sys-
tems onboard. This means it must be connected to the fuel supply, electric systems, and
thermal systems. Furthermore, there are new possibilities for the spatial layout, because
of the modularity of the SOFCs and the option of decentralisation. Also, the ship regu-
lations might need adaptation for SOFCs. These integration aspects are discussed in the
following sections.

HYBRID STRATEGIES
There is a wide range of hybridisation strategies, in which the ratio between installed fuel
cell power and total installed power is an important design driver, strongly influencing
the dynamic capability, capital cost, overall system efficiency (and thus fuel cost), and
reduction in emissions. Evidently, hybridisation reduces the relative efficiency gains and
emission improvements [169]. Tables 2.2 and 2.3 show which hybrid SOFC power plants
have been investigated for marine applications. The second last column also shows that
many researchers do not consider a fully SOFC power ship.

Figure 2.6 illustrates a generic hybrid power plant for an SOFC powered ship. The
total power plant must satisfy the following three operational boundary conditions of
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Figure 2.6: Generic hybrid SOFC power plant for marine applications, based on Baldi et al. [27].

the ship while performing optimally on the criteria presented in Section 2.3.1.

1. Maximum thermal and electrical energy demand to complete the voyage.
2. Maximum thermal and electrical power demand for propulsion and auxiliaries.

3. Transient capabilities of power supply.

Veldhuizen [37] investigated two fuel cell hybridisation strategies for an expedition
cruise ship using various fuels. The marine power plant consists of SOFC and diesel
generators, further supported by batteries to increase transient capability. In the first
strategy, the fuel cell is only used to supply power for auxiliary and hotel purposes. This
lowered the transient requirements of the fuel cell system and thus the number of re-
quired batteries. In the second strategy, the fuel cells were used for main operation (aux-
iliary and propulsion) and diesel generators were used as range extenders during long
transits. This reduced the required size of the fuel storage tanks for the fuel cell, which
is especially beneficial when using fuels that require more space in the ship to store, like
hydrogen or LNG. It was concluded that the second hybrid strategy results in a smaller
ship, lower ship cost, and fewer emissions than the first hybrid strategy.

Diaz-de-Baldasano et al. [92] hybridised diesel generators with methanol fed SOFCin
a platform supply vessel. SOFC modules contributed to 7% of the total installed power
and during normal operation, the SOFC supplied 12.5% of the total power. The SOFC
modules only supply power to auxiliary consumers, due to different voltage require-
ments of the thrusters. It was concluded that the plant can be implemented without
limiting ship performance or operating capabilities.




30 2. SOLID OXIDE FUEL CELLS FOR MARINE APPLICATIONS

Archetti et al. [172] investigated a power plant with SOFCs and combustion engines
for a fixed CO» reduction of 20% in a passenger ship case study. To realize this reduction
using LNG as fuel, it was estimated that 57% of the power should be supplied by the
SOFCs. Although the analysis showed a potential solution, it was pointed out that this
was not suitable for a simple retrofit, because it would load the existing engines under
40%, which is not desirable for longer periods.

Haseltalab et al. [169] researched the SOFC as a primary energy source for a dredger
ship. An optimisation-based energy management approach was used to investigate the
power split of LNG-fuelled SOFCs, gas engines, and batteries for a DC power plant. They
showed that the energy efficiency can be increased by 28% and CO» emissions can be
reduced by 32% if the size and engine and weight of the engine room remain unchanged
compared with a conventional diesel power plant. This corresponded to a SOFC-engine
power split of 17% versus 83%, respectively. A fully SOFC powered ship resulted in a
power plant size and weight increase of 70% and a CO, emission reduction of 53%.

Instead of separately generating power with SOFCs and diesel generators, these
could also be integrated into a combined cycle by fueling the engine with anode off-gas
of the SOFC (see also Section 2.2.3). Sapra et al. [31] performed experiments on a
marine quality engine and recommended a 33-67% SOFC-ICE power split for marine
applications, based on the following marine design drivers: efficiency, space and weight,
dynamic capabilities, economics, environmental impact and noise reduction.

Evrin and Dincer [95] even explored a power plant where an LH,-fuelled SOFC is
used in combination with solar panels and wind turbines on a small passenger ship.
An electrolysis plant is installed to refill the hydrogen storage when the power of solar
panels and wind turbines is excessive, which leads to a ship that is powered 100% with
sustainable energy. The power plant also supplies potable water to the ship. However,
the proposed power plant is said to only be feasible for ships with a refuelling interval up
to 10 hours.

FUEL FLEXIBILITY

SOFC systems are particularly attractive for marine applications due to their fuel flexi-
bility [27]. Currently, actors in the marine industry are not sure about the main future
fuel, which is problematic since ships are built for a long lifespan. SOFC systems offer
resilience and offer the option for a fuel-flexible ship, with the following two options:

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

* A ship design that is adaptive to two or more fuels. This can be integrated into
the design by applying modular concepts on component level [189, 190]. For an
adaptive design, it is convenient to combine fuels that have similar properties in
fuel storage and fuel handling, for instance, LNG and ammonia. Both fuels are
gases at ambient temperature and ammonia can be stored in LNG tanks without
major design changes [191]. Another convenient option is MGO and methanol.
Both fuels are stored as a liquid and can be stored in irregular ship volumes such
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as the double bottom [192]. An adaptive design makes it possible to use a widely
used fossil fuel in the short term and a cleaner alternative fuel in the future, when
more widely available.

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

SHIP DESIGN

Fuel cells are modular, meaning the intrinsic performance of a single cell is not differ-
ent from a big stack [28]. When well designed, SOFC-systems have no single-point-of-
failure, as is the case with internal combustion generator sets. This results in high re-
dundancy and thus high availability, which is an important design driver for marine ap-
plications. Ahn et al. [161] used a fault tree analysis to investigate the system availability
in a large ethane carrier powered by SOFC-GT and dual fuel DG systems. A high sys-
tem availability was concluded (98%) of which the turbomachinery was identified as the
critical component. Availability could be further increased by increasing redundancy
in turbomachinery, but this was deemed unnecessary. The modularity and low noise
and vibrations of fuel cells also make it possible to spread energy production through-
out the ship with minor scale losses. This decreases the grid size and decreases energy
transmission losses because of shorter electricity cables [173, 193]. Decentralised power
generation also makes it easier to reach high system redundancy in ships [194], because
power generation can be distributed over different fire tight compartments. This brings
new opportunities in the general arrangement of the ship. Leites et al. [195] installed the
SOFCs decentralised, which enhanced the safety and availability of the ship in case of
damage. Weidle et al. [157] designed a concept for an Arctic Patrol Vessel using SOFC to
generate power. The SOFCs are located near the bow to easily satisfy air intake demands
and allow easy access for repair or stack replacement. The SOFCs are placed in an en-
closed and isolated area to be able to shut off the room in case of hydrogen or carbon
monoxide leaks. Cohen et al. [158] added that fuel cell rooms must be unmanned and
separated from diesel spaces and spaces with electric equipment. They also identified
ducting as an important design driver, since the air intake of SOFC is large compared to
diesel generators and must be distributed to many modules. It is recommended to ar-
range the modules in such a way that centralised ducting is possible. Rivarolo et al. [32]
studied different operating strategies for SOFC energy management on cruise ships. A
distributed energy generation approach is proposed, in which the installed power of the
SOFC is equally divided over the main vertical zones in the ship, meaning energy is pro-
duced close to the end-users. This offered advantages in energy efficiency and reliability
but introduced challenges in control strategy, space usage, and safety requirements. In
actual marine power plants, redundancy requirements often lead to oversized ICEs, es-
pecially for passenger ships, which have to comply with safe return to port regulations
[143]. Kistner et al. [173] state that a decentralised fuel cell plant could minimise this
over-sizing and even omit the requirement of emergency power generators. They opti-
mised the spatial layout of decentralised power generation with SOFCs in cruise ships
and concluded that the economic cost of transmission losses decreased with 55% com-
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pared to a centralised configuration. Nevertheless, it is questioned whether the opera-
tional cost savings of a decentralised power system may justify the additional ship build-
ing expenses of multiple machine rooms.

Micoli et al. [170] examined the possibility of an SOFC plant to supply the entire hotel
load of a large cruise ship, which corresponded to 27.5% of the electrical balance. They
proposed to install all fuel cells in the back of the ship, separated from the engine room
to be compliant with safe return to port regulations. An increase in weight and volume
of the power plant forced them to investigate the floating and stability capacity of the
ship. They concluded that their solution meets the weight and stability requirements
and could reduce CO, emissions by 11%. They did not include heat regeneration, which
could further improve the power plant efficiency.

SOFCs produce no noise and vibrations since they contain no moving parts. Moving
parts in the balance of plant components produce some, but this is much less then the
noise and vibrations produced by diesel engines. This is an especially big advantage for
ships that require comfort (e.g., cruise ships) or silent operation (e.g., naval ships).

ELECTRIC INTEGRATION

To integrate fuel cells into current marine systems, SOFC modules must be linked to the
main switchboards via a transformer to adjust the voltage and possibly an inverter to
convert the power to the required output [158]. Cohen noted that inverter modules can
be combined for several fuel cell modules. This reduces the system size and cost, but
also reduces redundancy.

Currently, most large ships use an alternate current (AC) electric grid [196], because
generators provide AC power and the majority of available power electronics compo-
nents is AC [197]. However, when the majority of power is supplied by fuel cells or bat-
teries, it can be beneficial to apply a direct current (DC) grid. Fewer transformers and
switchboards are needed to supply fuel cell power to a DC grid, saving 1 to 2 % electrical
loss per component [198]. Moreover, in current system architectures, many DC auxil-
iary loads are connected to an AC grid using converters, which are also additional power
conditioning components. Consequently, employing a DC network increases the elec-
trical system efficiency and lowers the size, weight, and cost of the system [199]. Even for
a hybrid concept with major DG and minor SOFC power generation, a DC distribution
could be considered. In contrast to an AC grid, synchronisation of generation units at a
specific frequency (50/60 Hz) is not required for a DC grid, enabling the diesel genera-
tors to operate at their optimal speeds, reducing fuel consumption [196]. Zahedi et al.
[199] estimated 15% fuel savings for offshore supply vessels with energy storage using a
DC grid compared with a conventional AC system. Kanellos et al. [200] estimated space
and weight savings of 30% mainly due to smaller high-speed generators and elimination
of bulky low-frequency transformers. The implementation of DC networks on MW-scale
ships is limited [201] and a new design philosophy for circuit architecture would be re-
quired to ensure reliability and safety [202]. Nevertheless, there is significant potential
to increase the overall electric efficiency. The automotive industry experienced the same
trend and already demonstrated significant reductions in the size, weight, and cost of DC
system components and an increase in their availability [203].

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

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

THERMAL INTEGRATION

The highly exothermic electrochemical reaction in SOFC makes it very appealing for co-
generation and trigeneration purposes. In marine applications, there is often a signifi-
cant heating and cooling demand (e.g., heating ventilation and air conditioning (HVAC)
system, hot water net, chilled water net, steam production), which is usually met with
boilers and refrigeration plants. Since these systems consume energy, the total efficiency
can be significantly improved by using the exhaust gas for hot water or steam production
[92]. Fang et al. [152] integrated the SOFC power plant with the thermal management
system of a combatant ship. For each SOFC-GT module, a thermal port is established on
the fresh water network. A total system efficiency of 67.9% was simulated. Tse et al. [154]
considered different configurations of electric power, heat, and cooling generation from
a methane-fuelled SOFC-GT system for the HVAC system in yachts. In the conventional
configuration, the SOFC-GT system generates electricity and supplies it to the air condi-
tioning unit and fan. In an integrated configuration, an absorption chiller cooled the air
in the HVAC system. Since the cooling was not sufficient, an extra direct expansion coil
was needed to condense the water at saturation. Increases in efficiency of the combined
SOFC-GT and HVAC system by 204% for a single-effect absorption chiller and 241% for
a double-effect absorption chiller were reported. Duong et al. [174] uses SOFCs for the
propulsion of a general cargo ship and extends the system with a gas turbine, Rankine
cycle and exhaust gas boiler to provide auxiliary power for machinery and heating for
crew accommodation. Their thermodynamic analysis simulates an integrated system
efficiency of 64.5%. Although several methods of thermal integration have been inves-
tigated, Baldi et al. [27] identified that few SOFC studies in marine applications include,
besides electrical energy demand, also thermal energy demand. There seems to be a
general assumption that SOFC systems can easily fulfil all thermal demand of the ship,
because the stack operates at such high temperatures. However, in an SOFC system, a
large portion of the heat is already used to bring the air and fuel to the operating temper-
ature of the fuel cell. Consequently, the outlet temperature of the SOFC system is usually
in the range of 80-220 °C, dependent on the amount of heat used in the SOFC system.
Ship designers should match the heat demand of the ship with the heat supply of the
SOFC power plant.
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SAFETY AND REGULATIONS

Although under development, clear regulations for fuel cells in marine applications are
notyet available. ABS [205] published a guide for the implementation of marine fuel cell-
powered systems, covering fuel storage, reforming equipment, fuel cell stacks, safety sys-
tems (e.g., venting, fire protection, and monitoring), testing and certification. DNV GL
[206] assigned a class notation to fuel cell-powered ships. This covers required docu-
mentation, ventilation, fire safety, and electrical systems. Overall, the current require-
ments are still generic and not specific on fuel type, fuel cell type, or ship type. Gianni et
al. [165] compared the current regulations by classification societies. Although most reg-
ulations cover the same topics, some are contradictory regarding the necessity of double
pipes, categorisation of fuel cell spaces as machinery spaces, and categorisation of fuel
cell rooms as hazardous zones. Furthermore, none of the regulations state a particu-
lar fire extinguishing system for fuel cell rooms. Tronstad and Langfeldt [47] identified
leakage in fuel cell modules and failure of electrical conditioning systems as the most
critical scenarios. Sharifzadeh et al. [207] pointed out that safety and energy efficiency
are competing objectives in SOFC system design. They found a strong trade-off between
the profitability and the range of the safe operating window. Taking into account the
toxicity and flammability of potential SOFC fuels, gas-tight enclosures of pipelines and
fuel stacks, redundant leakage detection, emergency shutdown systems, and high vent-
ing capacity are paramount in ensuring a safe system [164]. Although SOFC systems can
handle minor contamination, fire smoke could disable the operation of the cells. More-
over, the influence of fire smoke intake on the operation of SOFC systems has not been
covered in research and regulations.

2.3.3. SOFC IMPACT
For sustainable power generation technologies, there is a clear trade-off between cost
and emission reduction, which is discussed in the two sections below.

EcoNOMICS
Earlier studies show that technologies with relatively low investment cost are generally
favoured over solutions with high initial cost and long-term benefits [208]. This has two
main reasons. Firstly, larger loans are harder to acquire and more equity is required.
Secondly, the future value of money is higher than the current value of money. When
shifting to higher initial costs, this money is unavailable for other investments, resulting
in higher opportunity costs. This slows down the introduction of SOFC power plants in
marine applications, which are characterized by very high investment costs and savings
in operational costs, although the latter is very dependent on the used fuel [37].
Geertsma and Krijgsman [144] executed a case study for the application of fuel cells
in navy support ships. They proposed a methodology to review alternative power sys-
tem designs based on: mass, volume, capital and operational expenditure, technological
readiness, fuel availability, and emissions. They concluded that for commercial use, im-
provements in technological readiness, efficiency, and cost of the fuel cell are necessary.
Baldi et al. [27] optimised an SOFC propulsion plant towards two competing objec-
tives: total cost of ownership and emitted greenhouse gases. The power plant was ap-
plied to a cruise ship where it supplied a large share of the total power. A clear trade-off
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between cost and emissions was identified. It was concluded that LNG is the most cost-
optimal fuel for SOFCs, but a significant total cost increase (33%) is required compared
with a diesel-electric cruise ship power plant, as was also concluded by Veldhuizen [37].
A 34% GHG emissions reduction was estimated, which is on top of the drastic reduction
of NOx and CO emissions. The sensitivity analysis showed that insecurities and devel-
opments in SOFC investment cost, SOFC lifetime, and fuel prices of the fuel cells have
the largest influence on the economic feasibility of an SOFC powered ship.

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

Kim et al. [163] extensively compared the lifetime cost of an ammonia-fuelled SOFC
power plant with HFO-fuelled engines for a container ship. They concluded that an
ammonia-fuelled SOFC power plant would increase the lifetime cost 5.2 times even
without considering the loss of cargo, but could also reduce GHG emissions by 92.1%
when ammonia is produced via a sustainable pathway. For the SOFC ship, despite the
high cost of the SOFC, the fuel cost remained dominant (57.8%). They concluded that
when SOFCs become more cost and space-efficient, ammonia-fuelled SOFC systems
would be a good long-term solution to decrease greenhouse gasses. Kistner et al.
[168] did a similar comparison for an LNG-fuelled SOFC system. They included the
emissions as a societal financial cost and concluded that, despite the larger capital and
maintenance cost, an SOFC plant is economically viable. For the LNG-fuelled SOFC
plant, they also identified the fuel cost as the largest contributor to the lifetime cost.

ENVIRONMENT

The main purpose of SOFC implementation is emission reduction. However, only some
of the considered studies actually indicate the emission reduction. Exhaust gas sam-
ple measurements of a 50 kW SOFC demonstrator running on Ultra Low Sulphur Diesel
(ULSD) indicate that NOx emissions are far below the limits for ECA zones and no sul-
phur nor hydrocarbons were detected [93]. The research results of Baldi et al. [27] in-
dicated that the absence of methane slip in the SOFC system is the strongest driver in
reducing GHG emissions, compared with LNG-fuelled engines. In their study, apply-
ing an SOFC system reduced the GHG emissions twice as much as the CO, emissions.
Veldhuizen [37] concluded that an LNG-fuelled SOFC powered expedition cruise ship,
hybridised with diesel generators to support during long transits, can meet the CO, goal
0f 2030 and the ECA restrictions on NOy, SOx and PM emissions. This was concluded at
a 20% increase in total costs over the lifetime of the ship. An ammonia-fuelled SOFC sys-
tem could also reach these targets, however, the total cost of ownership increases with
69%. For a methanol-fuelled SOFC ship, the carbon dioxide emissions did not reduce
sufficiently.

It is evident that the implementation of SOFC reduces ship emissions and makes it
possible to comply with upcoming regulations, albeit at a very high cost. However, to
judge whether SOFCs are more environmentally friendly than conventional solutions,
the environmental impact over the full life cycle of the fuel as well as the fuel cell system
must be taken into account. Strazza et al. [153] executed an extensive life cycle analysis




36 2. SOLID OXIDE FUEL CELLS FOR MARINE APPLICATIONS

(LCA) for SOFC in marine applications considering hydrogen, LNG, and methanol. The
study concluded that the environmental impact of SOFC in marine applications is dom-
inated by the fuel production phase. From a life cycle perspective, bio-methanol and
hydrogen (produced from cracking and electrolysis respectively) are the best options to
fuel SOFC in marine applications. Finally, SOFCs are recommended over conventional
diesel generators, just as the life cycle study of Altmann et al. [209] concluded. Lee et al.
[210] and Mehmeti et al. [211] concluded from their life cycle analyses that the manu-
facturing and disposal of the fuel cell contribute little to the total environmental impact
(2-10%), while operating the SOFCs has a large impact (90-98%), driven by the fuel con-
sumption. Bicer and Khalid [212] investigated the environmental impact of heat and
power generation with SOFCs for hydrogen, natural gas, methanol, and ammonia. The
life cycle analysis included all phases from raw material extraction to operation (only
end-of-life scenarios were not included). It was concluded that NG-fuelled SOFCs have
aless negative environmental impact than hydrogen, methanol, and ammonia, because
these fuels are mostly produced from natural gas, requiring additional conversion pro-
cesses. However, when hydrogen or ammonia are produced from wind energy, the en-
vironmental impact was lower than with natural gas. Percic¢ et al. [136] did an LCA for
SOFCs in ferries considering hydrogen and ammonia, taking into account different pro-
duction pathways. They considered the manufacturing phase, the well-to-pump phase,
and the pump-to-wake phase and used global warming potential, acidification poten-
tial, aerosol-forming potential, and fossil depletion as environmental indicators. They
concluded that SOFC powered ferries using blue or green hydrogen or ammonia have a
lower environmental impact than an equivalent diesel-powered ship. By also including
the cost over its lifetime, the authors conclude that the blue ammonia-fuelled SOFC op-
tion is the most feasible option. It provides a 65% - 72% reduction in GHG emissions at
a cost increase of 37% - 43%, where the range represents three different passenger ship
case studies. Most LCAs do not consider any disposal or recycle phase, mainly because
there is no information regarding the required methods. Sarner et al. [213] made the first
efforts to review which recycle methods are applicable for SOFCs, but more research is
needed to evaluate the environmental footprint after its lifetime.

2.3.4. RESEARCH PROJECTS

Over the last 30 years, several research projects of fuel cells in marine applications have
emerged. Different ship types, fuels, and fuel cell types have been investigated. At first,
most research projects focused on diesel as bunkering fuel, due to the low cost, high
availability, and developed infrastructure. However, problems emerged in sulphur con-
tamination of the fuel cells and efficiency of the whole system [28]. In the last 15 years,
research projects emerged that are focused on solid oxide fuel cells. An overview of the
most noteworthy research projects of SOFC in marine applications is shown in Table 2.5.
This section describes these projects and their practical lessons for SOFC marinisation.

FELICITAS

In the FELICITAS project, a methane-fuelled 250 kW SOFC system was marinised.
Several power plant integration concepts were investigated, such as gas turbine tri-
generation, HVAC integration, and the use of flywheels [154]. A high system efficiency
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Table 2.5: Chronological overview of research projects of maritime SOFC applications. GT = Gas Turbine, RE =
Reciprocating Engine.

Project Year Fuel type Fuel cell Ship type Capacity of Reference
type demonstra-
tor [kW]
FELICITAS 2005-2008 LNG SOFC-GT Yacht 250 [214]
METHAPU 2006-2010 MeOH SOFC RoRo 20 [215]
SchiBZ 2009-2016 Diesel & NG SOFC Multipurpose 100 [156]
GasDrive 2016-2022 LNG SOFC-RE Ship - [77,117]
SchiBZ 2 2017-2020 Diesel SOFC Multipurpose 100 [30, 162]
Nautilus 2020-2024 LNG SOFC Cruise 60 [216, 217]
ShipFC 2020-2025 Ammonia SOFC Offshore 2000 [218, 219]
Fuel]SOME 2022-2026 Ammonia, SOFC Cruise 500 [220]
MeOH, H2

HELENUS 2022-2027 LNG SOFC Cruise, 500 [221]

Dredger,

Offshore

(>60%) was simulated and verified with experiments, and it was noted that the SOFCs
should be operated at constant load while being supported with energy storage devices.
The harsh marine conditions proved to be a great challenge for SOFC implementation.
SOFC power output and lifetime were adversely affected when operating under high hu-
mid and saline conditions, resulting in the research advice to develop cathode materials
with higher tolerance to Cr species. Additional investigation into marine vibrations and
shocks was conducted. It was concluded that the mechanical integrity of the ceramic
stack can be guaranteed with off-the-shelf damped mounting and shock resistance.
Furthermore, a 1 MW SOFC plant was developed for an existing yacht design. Since the
necessary pipes for fuel and ventilation conflicted with bulkhead positions, it is advised
to newly design SOFC powered ships [214].

METHAPU

The METHAPU project focused on validating and innovating a methanol-fuelled SOFC
system for cargo vessels. Another major aim was to introduce regulations regarding
methanol bunkering, distribution, and storage for commercial vessels. A 20 kW proto-
type was marinised and tested for five months on the car carrier 'Undine’ while sailing.
The SOFC unit, methanol tank, and fuel reforming system were placed on open deck
because this made it easier to ensure safe operation. The project was technically suc-
cessful and succeeded in running the SOFC for 700 hours with methanol. From their
experience, the consortium established design guidelines, an SOFC installation manual,
an SOFC user manual, and a methanol bunker checklist METHAPU [215].

SCHIIBZ

SchIBZ aimed to develop a diesel-fuelled 500 kW SOFC system for oceangoing ships.
The reforming process and a system concept are developed. The researchers paid extra
attention to minimising the pressure drop between anode and cathode for which they
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used an uncommon anode recirculation architecture. They designed a cooled recircula-
tion loop because commercial blowers could not operate at high temperatures. A 27 kW
containerised demonstrator was tested in the multipurpose vessel 'MS Forester’, which
demonstrated an electrical efficiency of 50% on low sulphur diesel [195, 222]. In 2016, the
project continued with SchIBZ2 to test the seaworthiness of the individual components,
optimise them, and further develop them for operation with LNG [30, 162, 223]. The
follow-up project MultiSchiBZ aims to scale-up to a 300 kW system. The diesel or LNG-
fuelled system combines 12 fuel cell modules with one central fuel processing module in
a 40-foot container. Low temperature anode recirculation and a model predictive con-
trol strategy are positively evaluated to increase the performance of the SOFC system
Hollmann et al. [177].

GASDRIVE

The Gasdrive consortium proposed a novel NG-fuelled power generation system, where
SOFCs are integrated with an internal combustion engine. The anode off-gas of the
SOFC fuels the internal combustion engine. The optimal power split between the SOFC
and the engine is investigated by Sapra et al. [31]. Carbon deposition indication is re-
searched as a diagnostic tool to define safe operating conditions and appropriate con-
trol strategies for the SOFC system. Additionally, the effect of different pre-reforming
concepts on the electrochemistry and temperature gradients in a commercial stack was
investigated. The highest system efficiency was obtained with a system using allother-
mal pre-reforming and water recirculation. They learned that both stack and system
operation need to be simultaneously considered to design the most efficient SOFC sys-
tem.

NAUTILUS

The Nautilus Project aims at developing, evaluating, and validating a highly efficient and
dynamic integrated marine energy system fuelled by LNG for long-haul passenger ships.
This energy system, responsible to cater for all heat and power needs of a vessel, consists
of a SOFC-battery hybrid system and Internal Combustion Engine (ICE) based genera-
tors [224]. During the SOFC system design, the target efficiency could not be reached
with a simple system architecture. 40% anode off-gas recirculation is applied to increase
the projected electric efficiency from 59% to 64% [217]. The consortium develops a com-
plete design concept and digital demonstrator of a fully integrated onboard energy sys-
tem for cruise ships. It was learned that combining several off-the-shelf SOFC prod-
ucts into a marine power plant brings many new considerations. Centralizing air supply,
fuel supply, reforming, exhaust streams, and power electronics could improve the power
density and cost when scaling a kW plant to a MW plant, but there are technical limits
to the size of these components and using combined components decreases reliabil-
ity. Furthermore, extra analysis was necessary to design the exhaust ducting because it
was not known whether the backflow of exhaust gas (for instance, when one operational
module is shut down) would cause issues in the SOFC modules. Additionally, a 60 kW
containerized proof-of-concept demonstrator will be developed and tested to validate
the design and operational strategies. A direct current busbar (400 V) is used to com-
bine ten 6 kW SOFC modules and one 20 kW battery, because this required less power



2.3. SOFC IN MARINE APPLICATIONS 39

conditioning equipment, resulted in lower electric losses, and ensured scalability and
modularity. This project is still in progress [216].

SHIPFC

The ShipFC consortium is going to demonstrate the first marine ammonia-fuelled SOFC
system. Instead of an afterburner, they intend to use a catalytic converter to decrease the
emission of nitrogen oxides. Offshore vessel 'Viking Energy’ will be retrofitted with a 2
MW SOFC system, aiming at a carbon-free operation of 3000 hours annually. The biggest
challenge will be to scale the 100 kW Prototech module to an ammonia-fuelled 2000
kW power plant, which is aimed to be installed in 2023. Additionally, the consortium
aims to develop certification schemes for the use of green ammonia to prevent carbon
emissions in the supply chain [218]. From the first lab experiment was concluded that a
high operational temperature should be chosen to promote ammonia cracking and thus
prevent ammonia slip.

FUELSOME

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

HELENUS

HELENUS is a recently accepted European Union Horizon research project. It strives
to enable full integration of SOFCs in ship design using co-generation and combined
cycle solutions for increased efficiency with multiple fuels. A 500 kW fully integrated
SOFC will be demonstrated on an ocean cruise vessel. The project also aims to im-
prove fuel flexibility by demonstrating operation with renewable maritime fuels (e.g.,
ammonia, methanol, Fischer-Tropsch diesel, or hydrogen). A technological and regula-
tory roadmap will be created to scale-up the SOFC capacity to 20 MW [221].

LESSONS LEARNED

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

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

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

2.4. ADDRESSING MARINE CHALLENGES

This section provides an overview of possible developments in marine SOFC power
plants that can address its main challenges, which are operation in marine conditions,
low power density, limited lifetime, low transient capability, and high capital cost.
The purpose is to indicate the prospects of SOFCs for marine applications from the
technical and economic perspective. This section discusses possible improvements
separated on cell level, stack level, module level, and marine power plant level. To
relate possible improvements to the current status, an overview of all commercially
available SOFC systems is provided in Table 2.6. Most are fuelled with natural gas and
have a relatively small rated power. Figure 2.7 shows which manufacturers perform
best on volumetric power density and electric system efficiency, which are considered
important parameters for ship applications.
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60% ° v & la ¢ Doosan | | Osaka gas
()
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Figure 2.7: Rated efficiency and volumetric power density of commercially available SOFC systems.
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2.4.1. SOFC OPERATION

Thus far, SOFC systems have mainly been applied in stationary applications, such as res-
idences and centralised power generation. In contrast to these applications, the power
plant of a ship is exposed to sea wave-induced inclinations and accelerations. These
could lead to lower accuracy of level sensors by sloshing of liquids, pressure variations in
gas streams, increased mechanical stress in stacks and structural components, and fail-
ure of rotor pumps and compressors. Moreover, the propeller and internal combustion
engines produce vibrations, travelling through the ship structures. It has not been exten-
sively researched whether current SOFC systems can be safely operated when exposed
to these conditions, and how these conditions influence the operation and durability.

Moreover, the saline and humid air conditions introduce challenges for SOFCs. The
influence of air humidity on the performance and durability of state-of-the-art cathodes
(LSM and LSCF) has been researched by Liu et al. [242]. The cathodes were stable when
feeding air with typical water vapour concentrations (3 vol%) and even concluded to be
better than using dry air, because the surface exchange reaction rate increased. However,
cell degradation greatly increased for higher water vapour concentrations (5-20 vol%).
In a 1500h durability test, Hagen et al. [243] showed that humid air (4 vol%) makes LSM
cathodes perform worse and less durable when the polarization is sufficiently large. For
seas and oceans, humidity of 0.5% to 3% is common, imposing no large performance or
durability reductions of the SOFC. However, humidity in the air stream will accelerate
corrosion from Cr and Si to the cathode. For this reason, Yang et al. [244] recommend
to supply the cathode with dry air. Liu et al. [245] investigated the influence of salt con-
tent in the air feed for the same cathode materials. At 30 mg/L NaCl, the increase in cell
degradation was negligible for LSM cathodes while LSCF cathodes showed decomposi-
tion of the cathode material. Thambiraj et al. [246] performed single cell experiments
with 1.6 and 250 mg/L NaCl content in the cathode air. 1.6 mg/L salt content during
850 operational hours leads to a 200 mV drop because of delamination, whereas clean
air only leads to a voltage drop of 25 mV in 660 hours. They conclude that air filters
are needed to avoid NaCL reaching the cathodes. Besides effects on the fuel cell itself,
salinity also corrodes other parts in the SOFC system, such as metal cell interconnects or
compressors [247]. Luckily, air desalinisation is not new for marine applications, since it
has been used for many years for marine gas turbines [248].

The long start-up and cool-down times of the SOFCs introduce challenges for prac-
tical operation. In applications where much unanticipated power is needed, a back-
up system should deliver the required power when the SOFC is still heating up. From
this perspective, it would be favorable to use SOFC systems in applications with very
constant operational profiles that are known in advance. The design rationale of the
operational requirements for marine power plants might be reconsidered when apply-
ing SOFC power plants. A defined amount of power might be continuously delivered
by SOFCs to reduce start-up and cool-down in order to limit cell degradation. Many
ships always require some power for auxiliary functions, even when berthed. In port,
low-emission energy could be delivered, where currently high investment shore power
infrastructure is needed. When the energy demand of the auxiliaries is low, the excess
power can be used to charge the support batteries or even delivered to the electricity
net.
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2.4.2. POWER DENSITY

Power density can be improved at each level of an SOFC system. For example, start-
ing from improvement of the active layers in a single cell, up to reducing the size of or
omitting specific BOP components. Moreover, not all system weights and volumes scale
proportionally to the rated power, hence a scaling effect may be expected: large SOFC
systems may achieve higher power densities than smaller systems employing the same
technology [249].

The power density achieved at cell level is determined primarily by the electrolyte
and electrode materials selected, their conductivity and thicknesses, active electrode
and catalyst area, operating temperature, and pressure [250]. While the majority of com-
mercially available systems rely on robust thick electrolyte supported cell types, designs
with thin electrolytes supported on anode or metal substrates feature potential power
density improvements. The potential power density improvements may be significant.
For example, metal-supported designs achieve 2.8 A/ cm? at 0.7 Vand 650 °C [251] which
isafactor 10 higher than the first generation based on the same concept. However, struc-
tural integrity remains a challenge for anode-supported designs, as is the use of metals
at high operating temperature [252].

Flat-tubular SOFCs have the tubular stack advantages of easy gas-tight sealing,
thermal robustness, and ease of fabrication while also profiting from planar advan-
tages such as low ohmic resistance and high power density. The fuel flows through
anode-supported, extruded channels. Parameters such as the number of air channels,
wall thickness, width, and height of these air channels can be varied to optimise cell
performance and mechanical strength. A review of Khan et al. [253] showed that the
performance of these cells increased three to four times since their introduction in Kim
et al. [254] by using different materials and architectures. Ilbas et al. [255] proved a 20%
increase in power density compared with tubular stacks using a 3D cell model. Although
this cell build is still in the research phase, its developments are also put into practice by
Kyocera, Japan, and KIER, South Korea [253].

Large power density improvements may be achieved through stack design as well.
The Compact Solid Oxide Architecture (CSA) Stack by Fuel Cell Energy, for example, is
reported to achieve up to six times the power to weight and eight times power to volume
compared with previous stack design, achieving 467 kW/ton and 778 kW/m? at only 0.29
A/cm? [256]. Although the power density of even today’s stack technology is sufficiently
high for most applications, the relatively large BOP of SOFC systems paints a very dif-
ferent picture. In fact, the BOP can easily make up as much as 90% of the total system
mass and volume. For example, a 200 kW proof of concept built by Fuelcell Energy is
reported to fit in a 20-foot container, thus achieving a power density of about a factor 10
lower than the power density reported at stack level [256]. Nevertheless, power density
has not been as large of a design driver for most commercial SOFC systems as it would be
for marine applications. It would be beneficial to tailor the design process to the marine
requirements, rather than adapting existing designs with different initial requirements
to the marine conditions.

For large-scale marine power plants, the desulphurisers, filtering equipment, blow-
ers, and control architectures could be centralised for a multitude of SOFC modules,
which would positively influence the power density and specific cost of the system with
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a slight reduction in system reliability. Moreover, air ducting is expected to require much
ship volume. The specific air flows required for SOFCs are four to six times higher than
those of diesel engines, because of the high air excess ratio that is required to cool the
stack internally. Cathode air recirculation may reduce overall oxygen utilisation and thus
limit the primary airflow and consequently the size of air ducting channels [53]. Cathode
air recirculation could also increase the heat recovery capacity due to a higher flue gas
temperature [176]. A more novel concept to reduce air intake uses SOFC stacks with
liquid cooling, which has the additional advantage of a smaller parasitic power con-
sumption. This was researched by Promsen et al. [257] for tubular and planar cells, who
concluded that liquid cooling improved the temperature distribution inside the stack,
improving the electrochemical performance. Nevertheless, this requires a completely
new stack and system design, new operating principles, and a coolant suitable for high-
temperature operation.

While sometimes overlooked, it is indispensable to consider the entire system when
designing a compact and lightweight SOFC system. This calls for a holistic design ap-
proach, since choices at system level affect stack and cell performance, and vice versa.
For example, the removal of a pre-heater or pre-reformer may reduce the size of the BOP,
but reduce both the power density and the lifetime achieved by the stack [258].

2.4.3. LIFETIME
Lifetime is an important aspect of maritime power generation, as the number of an-
nual operational hours is typically high in many ship types. In contrast to the low-
temperature fuel cell types, SOFCs are primarily considered for stationary applications
and uninterrupted power supply, for example data centres [259]. As these applications
require the system to deliver for many hours per annum, lifetime and reliability have
been major aspects of product development. First of all, high temperatures increase sin-
tering speeds, creep, and crack growth, which alter the microstructural morphology of
the cells and affects their electrochemical performance. In addition, high operating tem-
peratures affect the chemical stability of the materials, including the electrolyte, the elec-
trodes, and especially the interconnect. Therefore, material selection and microstruc-
tural design play a key role in reducing degradation at cell level [260]. The development
of new materials for SOFCs is continuously evolving, for example bilayer electrolytes and
new electrode morphologies [261].

Secondly, large internal temperature gradients are established over the stack to avoid
a large airflow for cooling. These temperature gradients may be even higher locally, due
to the differences in the magnitude of the exothermic electrochemical reaction. The
presence of internal endothermic fuel reforming or cracking reactions may worsen the
situation even further [262]. Temperature gradients result in thermal stress and potential
delamination of the individual layers in the cells. Matching of thermal expansion coef-
ficients helps to mitigate this issue, for which interlayers and composite electrodes may
be applied [263]. In addition, researchers have proposed to adjust the catalyst loading
spatially to control internal fuel conversion rates [264].

Carbon deposition may be encountered in case hydrocarbon fuels are used due to
unwanted side reactions on the anode catalyst. Although carbon deposition may be sup-
pressed through the supply of excess reforming agents, this generally negatively impacts
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cell life and efficiency. Alternatives for the nickel catalysts that have a low selectivity for
solid carbon formation may be used instead, such as ceria-based anodes [265]. Both fos-
sil fuels and biofuels typically contain small quantities of contaminants that may poison
or react with SOFC electrodes, such as sulphur, chlorine, and potassium [266]. In addi-
tion, poisonous substances may migrate or evaporate from other parts of the system.

Chromium evaporation is commonly encountered in high-temperature alloys, which
leads to irreversible performance loss at the cathode [267]. This issue can be addressed
by applying surface coatings or modifications to the used alloys [268]. Ammonia, seen
as a potential future fuel in the marine industry [269], does not contain carbon or these
other contaminants. However, recent stack experiments showed that ammonia causes
nitridation of the separator steel and the nickel catalyst. Although initial nitridation did
not negatively influence cell performance, long-term nitridation deforms the stack com-
ponents and causes local alternations or even blockage to the fuel channels [118]. Meth-
ods should be investigated to reduce or prevent nitridation.

Itis generally acknowledged that dynamic operation influences the lifetime of SOFCs
negatively [270, 271]. Effectively controlling SOFCs and other power generation com-
ponents can stabilize the operation of the fuel cells, reducing cell degradation [164].
Parhizkar and Hafeznezami [272] optimised the operation of SOFC systems taking into
account several degradation mechanisms and simulated a 7.4% increase in system pro-
ductivity. Lai et al. [273] compared a stand-alone dynamic operated SOFC plant with
a steady-state operated SOFC supported with combined cycles delivering power to the
transient loads. They concluded that steady-state operation of the SOFCs is beneficial for
the levelized cost of energy because of the reduced number of stack replacements. Mar-
zooghi and Raoofat [274] proposed to use a Fuzzy-PI controller to reduce SOFC degrada-
tion of dynamically operated SOFC systems, which turned out to be a satisfactory control
strategy. Although research in control of SOFC systems to increase lifetime has been in-
creasing, very few degradation experiments have been performed on system level [275].
Moreover, most degradation experiments were executed in steady-state on nominal con-
ditions. For marine implementation, it would be beneficial to investigate the differences
in lifetime when the stacks are operated at part-load or with transient loads.

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

2.4.4. TRANSIENT CAPABILITIES

SOFC systems that are designed for stationary applications are optimised for load
profiles with small and few load changes. However, most marine applications require
quicker load changes. The transient response of electrochemical cells is inherently
fast due to the small timescales of the electrochemical reactions. Still, the transient
response times of SOFC systems are notoriously long, for which the large thermal mass
of the system and response times of BOP components are often identified as the culprit
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[276]. While these explain the long times required for a cold start, neither provides a
satisfactory explanation for the slow response once the system has reached its operating
temperature.

Transient limitations in a hot and operating system originate primarily from ther-
mal management challenges. SOFCs are usually cooled by cathode air, thus avoiding
the need for high-temperature coolants. Although this simplifies the system, it leads to
large airflows and thermal gradients due to the limited heat capacity of air [277]. The ac-
tual amount of cooling needs to be carefully controlled during transients to prevent local
subcooling, overheating, or thermal stresses. However, the combination of solid materi-
als with a high thermal mass and gaseous coolant with a low thermal mass causes long
stabilisation times. Consequently, the point of operation needs to be changed slowly to
give the airflow controller time to respond to the delayed change in the air outlet tem-
perature [278].

The transient response may be improved by increasing the safety margin against
thermal overloading, for example, by operating the SOFC well below the maximum tem-
perature and maximum temperature gradient. However, both compromise the power
density and efficiency as the stack resistance or air stoichiometry are increased. Alter-
natively, the transient response may be improved through algorithms that control the
airflow proactively, for instance, using model predictive control [279]. Wang et al. [175]
managed to increase the thermal response time with 50% by using a fuzzy PID controller
for power regulation and a feedforward controller for the thermal regulation. Hollmann
et al. [177] used a controller that considers electro-chemical and transport character-
istics to predict the system behavior over several minutes. The controller successfully
increased the transient capability during testing on the operational profile of a cruise
and cargo ship.

2.4.5. CAPITAL COST

While the fuel costs will be reduced by SOFC-based power generation, these savings are
still not sufficient to justify the high capital cost. The current price of SOFC power plants
may vary from 1500 up to as much as 22,000 €/kW depending on the system configura-
tion and size. Although this is at least one order of magnitude higher than heavy-duty
diesel generator sets, the cost may be substantially reduced by advanced manufacturing
and scale-up. A detailed cost analysis by Scataglini et al. [179] reveals that the expected
system cost of SOFC combined heat and power generation products may be reduced
from 13000 €/kW for an annual production volume of 100 units of 1 kWe, to 500 €/kW
for 50,000 units of 250 kWe. However, the challenge lies in attaining such production
volumes at the current price level.

The capital cost of SOFCs may be further reduced through the adoption of more af-
fordable materials or increasing the power density and, thus, reducing the cost of mate-
rials (see Section 2.4.2). Harboe et al. [38] identified that optimising the structural design
of SOFC stacks to obtain a minimum contact resistance between the stack contacting ar-
eas is a key element in achieving cost-efficient stack design by reducing material usage.
Various research groups are, for example, working on reducing the operating tempera-
ture of SOFCs as this would allow the introduction of cheaper materials, easier assem-
bling methods, and the use of off-the-shelf components [280]. The latter is important as
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the balance of plant can make up a large part of the total system size, weight, and cost,
while the low production volume of SOFCs today makes the development of dedicated
BOP components particularly expensive, for instance, high-temperature anode recircu-
lation blowers. Cost analyses point out that stack manufacturing, control architecture,
and power conditioning equipment contribute the most to the cost of SOFC systems [46,
281], so cost reduction should initially be aimed at these components.

2.5. OVERVIEW OF SUGGESTED RESEARCH DIRECTIONS

Section 2.3 discussed the integration challenges associated with the efficient and safe
operation of SOFCs. Additionally, despite their low emissions, the environmental im-
pact of SOFC systems, particularly regarding the use of alternative fuels and the recy-
cling phase, warrants further investigation. Section 2.4 offered research directions on
cell, stack, system and ship levels to improve the operation, power density, lifetime, tran-
sient capabilities and capital cost of SOFC systems. An overview of the main challenges
and corresponding research directions that were discussed in these sections is provided
in Table 2.7, which is offered to guide future endeavours in the marinisation of SOFC
systems.

Research objectives 2 to 6 presented in Section 1.5 are selected from the proposed
research directions in Table 2.7, with those addressed in this dissertation highlighted in
bold. Chapter 3 examines the safe operation of SOFCs on ships by assessing the effects of
inclinations and accelerations and offers system improvements to make SOFC systems
more resilient to marine conditions. Chapter 4 establishes the potential of SOFC systems
across different fuels by evaluating the net electric efficiency and heat recovery capacity,
including system improvements with COGR. Chapter 5 addresses the scaling of commer-
cial SOFC systems to higher power ratings and improves power density by centralizing
BOP components. Chapter 6 evaluates the size, fuel consumption and emissions of hy-
brid SOFC systems with gensets and batteries, while taking into account the effect of
part-load operation and component degradation. Direct current architectures are im-
plemented where feasible to reduce conversion losses. Finally, Chapter 7 discusses the
most suitable ship applications for SOFC systems based on their operational and tech-
nical specifications. Together these research objectives evaluate the effective integration
of SOFC into ships. This aids researchers and engineers in making informed decisions
regarding fuel selection, SOFC system layout, hybridization with other components, and
the development of a robust energy management strategy.
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2.6. CONCLUSION

Research regarding SOFCs for marine applications has been reviewed. These electro-
chemical devices could be used to reduce NOx, SOx, PM, and GHG emissions. Develop-
ments in SOFC power plants and fuel possibilities are discussed, followed by the research
efforts regarding ship integration, which cover hybrid strategies, fuel flexibility, spatial
layout, thermal and electric connection, operating strategies, and safety. Compared to
land-based systems, the marinisation of SOFC systems introduces new challenges in de-
sign and integration. The SOFC systems must be able to withstand accelerations and
inclinations which most commercial systems are not designed for. Moreover, air salinity
and humidity potentially deteriorate power production and increase degradation. On
top of that, ships often require higher load transients. Thus, SOFCs should be combined
with energy storage devices or components with higher transient capabilities.

Implementing SOFC in ships is currently difficult because of low power density, short
lifetime, slow transient behaviour, and high capital cost. However, these disadvantages
could be outweighed by the high efficiency of SOFCs and the reduced emissions, which
would be even more favourable in case an emission tax is introduced. Nevertheless,
hybridisation with internal combustion engines and batteries is suggested to increase
the feasibility in terms of size, cost, and transient capabilities.

On SOFC system level, several developments are indicated that can potentially ad-
dress the challenges for marine implementation, such as cathode off-gas recirculation.
When considering whole marine power plants, DC grid architectures, centralised BOP
components, and decentralised power generation can offer improvements in efficiency
and power density. The matching of heat supply and demand, the matching of transient
capabilities and the ship’s operational profile, hybridisation strategies, and the effects
of marine conditions on SOFC operation are suggested as important topics for further
research. These topics are addressed in the remaining chapters.

LNG-fuelled SOFCs allow ship owners to meet the IMO regulations for NOx and SOx
emissions and the 2030 GHG target, when SOFCs deliver the majority of shipboard en-
ergy. Renewable fuels and other energy-saving technologies would be necessary to reach
the IMO’s GHG target of 2040 using SOFC systems. Carbon-free ship operation should
not be the main goal; converting renewable fuels with high efficiency over the whole life
cycle should gain the focus. Although implementing SOFC in ships still faces technical,
economic, and design challenges, it is a promising solution for the marine industry to
decrease NOg, SOx, and PM emissions while benefiting from noise reduction and in-
creased reliability.
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In the middle of difficulty lies opportunity.

Albert Einstein

This chapter has been published in the Journal of Power Sources 585, 5163448 (2023) [282].
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3.1. INTRODUCTION
Many ships make deep-sea itineraries with the possibility of encountering large waves
and heavy weather. However, most SOFC systems are designed for stationary applica-
tions such as domestic, power plants or data centres [44]. All shipboard equipment and
machinery must be designed to function properly even when exposed to these inclina-
tions and motions. The conditions the equipment might be exposed to and the regula-
tions currently in place for shipboard machinery are summarised in Appendix A.2. This
is particularly relevant for SOFC systems because one of the benefits is their ability to
be installed in a decentralised manner, reducing the size and losses of the power grid,
and increasing system reliability [173]. However, this also increases the distance of the
SOFC from the centre of rotation of the ship, resulting in increased accelerations that the
SOFC system may experience. Despite the growing interest in using SOFCs as a power
source for marine vessels, to our knowledge, no other researchers published regarding
the effect of ship motions on SOFC systems. There is a need to assess the impact of tilted
movements on SOFC systems in order to safely and effectively integrate them into ships.
An initial inclination test campaign was performed to develop solid test procedures
[283]. A 1.5 kW SOFC system was inclined statically and dynamically up to angles of
30 degrees. The dynamic inclination test resulted in forced oscillation behaviour of the
operational parameters of the SOFC stack. It was concluded that a larger range of test
conditions and longer test durations are needed to determine the cause and the poten-
tial harm of the forced oscillation behaviour. The findings of the initial test campaign are
used to define an improved second test campaign, which is presented in this chapter.
The goal of this chapter is to evaluate the influence of marine conditions in terms of
static and dynamic inclinations on the operation, safety and lifetime of SOFC systems.
The results will be used to identify safety risks, in order to propose design improvements
for SOFC systems and develop well-founded class rules. Using a one-axial oscillation
platform, ship motions are emulated up to 30 degrees of inclination. The main contri-
butions can be summarised as follows:

 This chapter introduces a design for a test bench capable of evaluating inclinations
and accelerations for fuel cell systems across a wide spectrum of seagoing ship

types.

* To the best of our knowledge, this study is a first-of-its-kind assessment of the op-
erability of SOFC systems under inclinations and accelerations.

 This chapter gives insight into the possible consequences for the SOFC technology
and its Balance of Plant (BOP) components and identifies which components are
most critical for inclined operation.

* The present study provides evidence that SOFCs can operate successfully in the
marine environment after minor design adjustments and indicates that ship mo-
tions have no significant impact on the system’s lifetime.

First, the test set-up, test procedures and data acquisition are explained in Section
3.2. Next, the results and their interpretation for the different tests are shown in Section
3.3. Then, improvements are proposed for the design of SOFC systems, and for fuel cell
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regulations in Section 3.4. Finally, conclusions and recommendations further investiga-
tion are given in Section 3.5.

3.2. METHODOLOGY

3.2.1. TESTED SOFC SYSTEM

The tests are conducted with a 1.5 kW SOFC system manufactured by SolydEra S.p.A.
The fuel cell module comprises of a stack composed of 70 anode-supported planar cells,
an integrated heat exchanger, a pre-reformer, and a combustor. The cold balance of
plant is made up of a desulphurizer, an air supply system, a water treatment system,
power conditioning equipment, and a waste heat recovery unit, see Figure 3.1. The fuel
channels through the stack follow the negative Y direction, while the gas, water, and air
channels follow various directions towards the stack. It is an integrated independent
system, meaning that the control architecture and safety mitigation are included in the
module. The main characteristics of the module can be found in Table 3.1. The system
is designed for stationary applications and was not yet operated before while exposed to
dynamic inclinations.

CHIMNEY

* DESULFURIZER
WATER TREATMENT SYSTEM
AIR BLOWER

Figure 3.1: Visualisation of main components in tested SOFC system and the defined X, Y and Z axes.

3.2.2. EXPERIMENTAL SET-UP

A uniaxial harmonic oscillation platform induces both static or dynamic inclinations,
enabling a wide range of ship motions to be simulated by adjusting the inclination and
oscillation period. The SOFC system is secured to the inclination platform using a steel
frame and lashing straps. Fuel, water, electricity, and exhaust piping are mounted flexi-
bly. The process air is directly extracted from the environment. The hydraulic platform is
electrically controlled, and the operating data of the SOFC module and BOP components
are recorded every second. An inclination sensor is installed to also record the instan-
taneous angle every second. The SOFC module and its connections can be rotated with
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Table 3.1: Main characteristics of tested SOFC system.

Characteristic Value Unit
Width 1200 mm
Depth 550 mm
Height 1014 mm
Mass 250 kg
Electrical output 0.5to 1.5 kw
Nominal net electric efficiency 57 %
Heat loss to environment 0.1 kw
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Figure 3.2: Schematic overview of used test setup.

respect to the platform to be able to test rotations around the X and Y-axis of the module.
The experimental setup is illustrated in Figure 3.2.

3.2.3. TEST CONDITIONS

Table 3.2 shows the conditions that are used for the different tests. The test conditions
are based on an analysis of possible ship motions and, although not limited to, current
regulations on motions and accelerations of shipboard equipment, see Appendix A.2.
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Table 3.2: Test conditions of different experiments.

Axes Inclination Roll period OR Steps Duration Total
Setting COG acceleration perstep  duration

[-] [’ [-] [-] (min] thi
Static test XY -30to 30 - 13 12 5.2
Dynamic tests
- Fullload test (100%) X, Y 15, 22.5, 30 ~8t080s 19 10 19
- Part load test (50%) X, Y 30 ~8to80s 19 10 6.3
- Degradation test X 30 8s - - 190
- Acceleration test X 30 0.16 to 0.88 m/s? 12 3 0.6

Room temperature during testing varies from 15-20 °C.

Pressure of natural gas line is 17 mbarg.

Volumetric composition of used natural gas: 94.3% CHy, 3.2% CpHg, 0.8% C3Hg, 0.2% C4Hjo,
0.5% CO32, 1.0% N3

The static test subjects the SOFC system to an inclination range spanning from -30°to
30°, with a step size of 5°, with each inclination lasting 12 minutes. The static inclination
test is performed around the X and Y axis.

The dynamic testing employs harmonic oscillations, as an electric motor with a crank
connection drives the platform. For the full load and part-load test 19 oscillation periods
between 8 and 80 seconds are used, to include a wide variety of ship types (see Appendix
A.2 Table A.2). The full-load test is conducted at inclinations of 15°, 22.5°, and 30°, while
the part-load test is solely performed at an inclination of 30°. The SOFC is operated
for a duration of 10 minutes at each distinct combination of test conditions. Because
power modulation is time intensive, solely one part-load condition is taken into account,
namely 50% power production. The full-load and part-load tests are also executed for
two rotational axes.

In order to investigate the impact of dynamic inclinations on the lifetime of the SOFC
system, the module is operated under nominal conditions for a total of 190 hours, of
which 64 hours are under dynamic inclinations. The dynamic inclinations are solely per-
formed around the X-axis, with an outer inclination setting of 30 degrees. The shortest
motion period of 8 seconds is used because this results in the highest number of cycles
and impose the highest structural loads.

When the SOFC system is positioned far from the centre of rotation on a ship, roll and
pitch motions can expose the system to significant accelerations. To assess the suitabil-
ity of the system for decentralised power production, it is subjected to high acceleration
testing. It is noteworthy that current regulations for fuel cell testing do not mandate any
acceleration tests. Consequently, the acceleration test parameters are based on prior
studies that reported simulated or measured accelerations, as indicated in Appendix A.2
Table A.3, although the maximum acceleration was limited by the capability of the plat-
form. The accelerations range from 0.1 to 0.88 m/s?, distributed over 12 discrete steps.

3.2.4. DEGRADATION RATE PREDICTION

The SOFC module is designed to maintain constant power output. Therefore, as voltage
decreases due to degradation, the current increases to compensate and deliver the same
power output. This in turn further decreases voltage along the polarization curve of the
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SOFC stack. Hence, the absolute degradation rate (as expressed by Equation 3.1) is de-
termined based on the decrease in system efficiency and not voltage, as this is a more
representative parameter for system-level testing [284].

1000
deg [Mnet! khl = (Tlnet,smrt - nnet,end) P — (3.1

Lend = Ustart

Accurate estimation of the degradation rate in the SOFC module requires extensive
testing hours, owing to small variations in its operation, continuous deviations by con-
trol feedback, and noise generated by sensors. According to Gemmen and Johnson [284],
operation for at least 10,000 hours is required for reliable results when the experimen-
tal noise is 1% and the nominal voltage degradation rate is 0.5 %/kh, which is typical
for commercial stacks. In this research, Gaussian process regression (GPR) is used to
predict the net electric efficiency to estimate the range of degradation rates that can
be concluded from this relatively short degradation experiment. GPR makes use of a
probability distribution over an infinite number of functions that coincide with the used
data points. The mean and covariance of all these functions form the prediction, which
makes it possible to reflect the uncertainty in the prediction. GPR has also been success-
fully used by Zhu and Chen [285] and Deng et al. [286] to predict the degradation of fuel
cells. The net electric efficiency is estimated by f(x) and a noise term:

Nner = f(X) +€ (3.2)

of which the signal term f(x) is a collection of functions, following a Gaussian process:

f(x) ~ 42 (m(x), k(xi,x;j)) 3.3)

The noise term reflects the inherent randomness in the observations, which is assumed
to be normally distributed:

€~N(u,o?) 3.4

The kernel is a function that measures the similarity of two inputs. A suitable kernel
needs to be selected to calculate the covariance matrix of the Gaussian process. Because
cell degradation is often simplified to a quasi-linear process over time, a combined lin-
ear and constant kernel is used for the GPR model, as expressed by Equation 3.5. Some
other composite kernels were also tested, such as RBF (Radial basis function) + periodic
+ linear and linear + RBF-periodic + RBE but these combined kernels matched the mea-
surement data less well.

k=kc(x,-,xj)+kL(xi,xj):azxiij+C (3.5)

where x; and x; are input vectors. The variance 0% and constant C form the hyper-
parameters of the model, which are used to tune the kernel. These are optimised using
maximum likelihood estimation to achieve an accurate fit of the measurement data. The
measurement data during the 190 hours of the degradation experiment are used to train
the model to estimate a 95% confidence interval for the net electric efficiency after 10,000
hours of operation, from which the expected degradation rate can be derived.
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Figure 3.3: Normalised delivered AC power during static test.

3.3. RESULTS & DISCUSSION

The SOFC module delivers power over the full test duration, and no gas leakages or safety
hazards are detected. Moreover, there is no indication of cell defects or delamination of
the air electrodes. Nevertheless, small water leakages occur at inclined positions, possi-
bly due to the overflowing of the condensate discharge system. Furthermore, some level
sensors measure values that differ from the actual values due to the inclined or sloshing
level surface.

3.3.1. STATIC INCLINATION TEST

In the static experiment, no extraordinary observations are made, and the system oper-
ation does not significantly differ from non-inclined operation. Figure 3.3 illustrates the
power production measurements taken during the experiment at various static inclina-
tion angles. The power production remains highly stable and shows minimal variance
for higher inclination angles.

3.3.2. DYNAMIC INCLINATION TESTS

Dynamic inclinations have a significant influence on the operational parameters of the
SOFC module. Figure 3.4(a) illustrates that upon the onset of platform oscillations (indi-
cated by the blue vertical line), the stack voltage shows forced oscillation with the same
period as the platform. The magnitude of these oscillations surpasses the noise level
observed during normal operational conditions.

FULL LOAD

The stack voltage measurements in full load under varying test conditions are presented
in Figure 3.5(a). The deviations are most prominent at a combination of large inclina-
tions and rotation around the X-axis. This forced oscillation behaviour is also observed
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Figure 3.4: Effect of oscillation motion and cause forced oscillation behaviour.

for stack current, burner temperature, fuel utilisation, fuel flow, and steam flow. Conse-
quently, these variations also occur in power production and electric efficiency. This also
results in significant changes in the steam-to-carbon ratio, ranging from 1.6 to 2.2, al-
though no carbon deposition is observed. Ultimately, it is discovered that the forced os-
cillation behaviour in system parameters is caused by the fuel regulation valve. The used
proportional solenoid valve acts as a mass-spring-damped system as shown in Figure
3.4(b). The forced oscillation of the plunger leads to variations in the fuel feed. Accord-
ing to the Nernst equation below, variations in yg, n and yn,0,4n have a direct effect
on the reversible cell voltage at position x along the fuel channel. Because the module’s
control architecture is aimed at producing a constant power, these voltage fluctuations
result in a response by the before-mentioned system parameters.

RT vV :
Vrev,x = VreU,O +—In —J’Oz,ca Yez.an

vV Peell (3.6)
2F YH,0,an Pee

where V.., is the standard reversible voltage, R the universal gas constant, T the tem-
perature, F is the Faraday constant, y; the molar concentration of species j, and pce;
the cell pressure.

During rotation around the X-axis, the plunger experiences the largest acceleration,
hence the larger deviations for this direction. Figure 3.5(b) illustrates that the deviations
in stack voltage are largest in the 16 to 26-second period range, which indicates that the
natural frequency of the valve is in this range. It is confirmed that the valve causes the
forces oscillation behaviour by temporarily positioning the valve such that the plunger
has no acceleration component during oscillations. This completely eliminates the en-
hanced deviations in fuel flow and consequently in all operational parameters.

For the motion periods with high deviations (16 to 26 seconds), the forced oscillation
in operational parameters results in a gradual but significant power decrease. The oscil-
lations in fuel flow result in changes in the fuel utilisation of +2%. As excessive fuel util-
isation could oxidise the nickel catalyst, this is undesirable in the SOFC system. There-
fore, a safety mechanism is built into the system to prevent high fuel utilisation. The
stack current is promptly reduced whenever the fuel utilisation limit is surpassed, as
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Figure 3.5: Main results of full load static and dynamic test.
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shown by the red line in Figure 3.6. However, during oscillations, the limit is periodically
exceeded, allowing insufficient time for the current to recover. As a result, the current
and subsequently the power gradually decline. Given that the necessary stack current
regulates the amount of fuel supplied to the stack, the reduction in current does not
alleviate the fuel utilisation quickly enough, leading to a continued decrease in power.
Moreover, the effect was tested over a 40-minute period, demonstrating a sustained re-
duction in power, albeit at a diminishing rate of decline up to a decrease in power of
7%.

PART-LOAD

To investigate whether the oscillation effects are similar or whether new phenomena
emerge under partial load conditions, the 30°dynamic inclination experiment is also
conducted at 50% part load. Regulation valves typically exhibit non-linear responses
to changes in their opening, which can also alter their response to different periods.
Therefore, the absolute deviations in fuel flow and air flow are not expected to reduce
proportionally with the power. Subsequently, partload conditions may yield distinct be-
haviour. The deviations in fuel utilisation (+3%) are larger than in full load (+2%), as is
visualised with density plots of the measurement data in Figure 3.7. This phenomenon
can be attributed to the fact that an absolute deviation in fuel flow would represent a
larger proportion of the fuel utilisation at lower fuel flow rates. This is especially relevant
since it was pointed out in the previous section that changes in fuel utilisation can have
a significant impact on the operation of the system. Nevertheless, the power reduction
observed in Figure 3.6 is absent under part-load conditions. This is the case because,
at 50% load, the SOFC system operates at 75% fuel utilisation (see Figure 3.7) instead of
85% fuel utilisation. This strategy is used by the SOFC system manufacturer to increase
the amount of fuel in the anode off-gas flowing into the afterburner. This ensures that
the burner receives sufficient fuel to maintain the temperature of the stack, which can
be a challenge at 50% part-load operation. At 75% fuel utilisation with deviations of +3%,
the fuel utilisation limit is never exceeded.

3.3.3. DEGRADATION TEST

Repositioning the fuel regulation valve to eliminate acceleration components during
platform motion prevents the oscillation behaviour of system parameters in this par-
ticular experimental setup. However, ship motions are more intricate, and accelerations
may arise in various directions. Consequently, it is necessary to evaluate whether ex-
tended exposure to forced oscillation behaviour results in SOFC damage or accelerated
degradation.

During the 190h of the degradation test the module produced power stably and noth-
ing extraordinary is observed besides the forced oscillation behaviour. Figure 3.8 shows
the prediction of the net electric efficiency from the degradation experiment using GPR.
The estimated net electric efficiency after 10,000 hours of operation is 53.55% * 1.37%,
corresponding to a degradation rate of 0.30 + 0.14 %./kh. The figure also shows the antic-
ipated net electric efficiency in red according to the nominal degradation of this system,
which is roughly 0.2%./kh. Nevertheless, the nominal degradation also varies slightly
per SOEC stack, especially at the beginning of the lifetime of the stack. Consequently, it
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Figure 3.7: Fuel utilisation at full load and part load for two rotation directions and different outer angles.

can only be concluded from this test that the degradation during oscillations with a fast
period of 8 seconds and an outer angle of 30° is in the same order of magnitude as in nor-
mal operation. Nevertheless, there is an indication of enhanced degradation. Thus, it is
recommended to do long-term dynamic inclination experiments to accurately quantify
the degradation rate to make sure the lifetime of the system will not be shorter when the
system is operated on a ship.

3.3.4. ACCELERATION TEST

For this test, the platform is oscillated at high speeds to let the SOFC system experience
high accelerations. The acceleration test is completed without noticeable safety hazards.
The frequency of the oscillations in voltage becomes high for high acceleration speeds,
because of the forced oscillation behaviour of the fuel regulation valve. However, the
amplitude of the deviations in voltage and power production remains steady at high ac-
celerations, see Figure 3.9. At high accelerations, the deviations in power production are
smaller than at slower accelerations. This is the case because, at high accelerations, the
motion frequency deviates more from the natural frequency of the fuel regulation valve,
resulting in a smaller amplitude for the variations in fuel feed.

3.3.5. COMPARING NORMAL AND INCLINED OPERATION

As indicated in the preceding sections, the oscillations of the platform cause deviations
in several system parameters. In normal operation, there are also small fluctuations in
system parameters due to the noise of the sensors and continuous feedback from the
control system. Figure 3.10 compares the amplitude of the fluctuations during normal
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operation with those observed during the presented test conditions. The figure shows
that the static inclinations do not lead to a significant increase in the amplitude of the
fluctuations compared with normal operations for most system parameters. However,
dynamic inclinations result in a substantial amplification of the amplitude in all of the
shown system parameters.

3.4. GUIDANCE FOR DEVELOPMENT AND REGULATIONS

The results of the inclination experiments are used to propose design improvements for
SOFC systems and develop well-founded class rules. First, it is discussed how represen-
tative the testing of this specific SOFC system is for SOFC systems in general. Following,
guidance is given to stack developments to withstand inclinations and accelerations.
Next, improvements to the design and control of SOFC systems are proposed to make
them less prone to marine inclination conditions. Finally, the test results are compared
with current marine fuel cell regulations to identify current gaps. The recommendations
are summarised in Table 3.3.

3.4.1. GENERALIZABILITY OF EXPERIMENT

The presented results are specific to the tested system and its operational and control
strategies. For instance, the natural frequency period of fuel oscillations observed in
the system could manifest differently in other systems. However, the test methods and
design recommendations are applicable to SOFC systems in general, because the system
components are very similar. This holds as well for larger high-power systems, which are
expected for marine applications. Although, it might be more difficult to expose the
whole system to dynamic inclinations.



3.4. GUIDANCE FOR DEVELOPMENT AND REGULATIONS 65

3.4.2, IMPLICATIONS FOR STACK DEVELOPMENT

The exposure of SOFCs to inclinations and accelerations presents opportunities for the
development of cell materials and SOFC stacks. It becomes essential to design materials
that can withstand these dynamic conditions while maintaining their electrochemical
performance. Optimising the microstructure of the anode material can enhance its sta-
bility and prevent the formation of cracks or degradation during inclination or accelera-
tion conditions [288]. The interconnect, which connects individual fuel cells in a stack,
should also be designed to withstand increased mechanical stresses. Anode materials
with enhanced mechanical properties, such as higher fracture toughness and resistance
to mechanical deformation, can help withstand the stresses.

Because the ship motions can result in fuel feed fluctuations, the tolerance of high
fuel utilisation in SOFCs could be enhanced. For instance, Futamura et al. [289] achieved
high performance and stability at fuel utilisation up to 95% by co-impregnating noble
metal catalyst nanoparticles with a conventional cermet anode. Moreover, this stimu-
lates the development of anodes that are less prone to re-oxidation, such as perovskite
oxide supported cells [290]. The fluctuations in fuel utilisation also offer an interesting
topic for future research. Extensive understanding and modelling of the effect of fluctu-
ations in oxidants and fuel flow fields in stack models are necessary to predict the effect
of fuel feed fluctuations. The effect of recurring variations in fuel utilisation on the mi-
crostructure of SOFCs is to the knowledge of the authors not yet investigated and could
be tested with SOFC cells and short stacks.
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Table 3.3: Recommendations on stack, system and ship level for reducing negative consequences of marine
inclinations conditions to SOFC systems.

Level Aim Recommendation

Improve resistance to  Development of anode materials with higher fracture
motions toughness and resistance to mechanical deformation

Co-impregnating noble metal catalyst nanoparticles with a

Improve tolerance to conventional cermet anode

temporary increased
Stack fuel utilisation Use of anodes that are less prone to re-oxidation such as
development perovskites
Improve knowledge Including fluctuations in fuel reactants and oxidants in flow
on effect of fuel field modelling for stacks
utilisati(?n Stack testing on the effect of fuel utilisation fluctuations on
fluctuations SOFC microstructure
Tune natural frequency of fuel regulation valve
Prevent fuel flow
fluctuations Use valve that is not affected by accelerations, such as
stepper motor valve
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3.4.3. IMPLICATIONS FOR SYSTEM OPERATION
FORCED OSCILLATION BEHAVIOR
Although the tests did not result in experimental evidence that the instability of the fuel
regulation causes direct damage to the cells, the degradation test did indicate the possi-
bility of an enhanced degradation rate. Fuel fluctuations and stack instabilities are often
concluded as causes of accelerated degradation [291]. Fluctuations in fuel utilisation
and current result in increased local temperature variations. Moreover, fuel starvation
and nickel oxidation can subsequently increase mechanical stress in the cells. In case of
fuel overconsumption, it can lead to a significant drop in cell potential, possibly mod-
ifying the anode microstructure irreversibly by re-oxidisation. Irreversible damages in
the microstructure often result in an accelerated degradation rate. In short, it would be
preferred to prevent or limit fluctuations in the fuel feed as much as possible.

During the experiment, forced oscillation behaviour in the system parameters is
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eliminated by repositioning the fuel regulation valve. However in a ship, completely
removing the acceleration component may not be feasible due to its motions in different
directions. As an alternative, the spring stiffness of the fuel regulation valve could be
modified, changing the natural frequency to prevent a response at the motion periods
in the dedicated ship applications. Alternatively, a fuel regulation mechanism that is
unaffected by any accelerations, such as a motor stepper valve, could be used. This
was tested at the end of the test campaign for different dynamic inclination conditions.
During this test, there were no increased fluctuations in operational parameters com-
pared to normal operation, meaning that the fluctuations in fuel feed were completely
resolved.

GRADUAL POWER DECREASE

The gradual power decrease that results from periodical exceedance of fuel utilisation is
induced by the system’s control software. In the case periodical fluctuations in system
parameters by ship motions cannot be prevented, there should be a robust control sys-
tem in place that ensures the effects do not propagate through the whole system. In this
specific case, there are several possibilities to prevent this:

* Increase the fuel utilisation limit for which the current is reduced. It is commonly
acknowledged that 85% single-pass fuel utilisation is a feasible limit for the opera-
tion of planar SOFC stacks. At 90% fuel utilisation, there is a much higher contribu-
tion of concentration polarization and a significant risk of fuel starvation, causing
oxidation mainly at the end of the fuel channel [292]. In practice, SOFC systems
have a fuel utilisation limit between 85% and 90% at which the current is reduced
to prevent damage to the cells. However, the consequence of shortly exceeding
this limit might not be that high, meaning there is some leeway in the setting of
the fuel utilisation limit when experiencing quick fuel flow deviations, as in this
experiment. Especially when combined with anode with materials that tolerate
higher fuel utilisation (as discussed in section 3.4.2), the fuel utilisation limit could
be increased.

» Use of more sophisticated control strategies for fuel utilisation. A time-delayed
feedback control would make sure that a very short exceedance of the fuel util-
isation limit does not immediately lead to a change in the operation of the fuel
cell system. Time-delayed feedback is an easy and effective method to maintain
stability and prevent unnecessary actions in systems with complex dynamics and
disturbances. Alternatively, feedforward control or model predictive control could
be used to limit the fluctuations by using the ship motions to predict fuel feed fluc-
tuations. However, this would lead to complex control architecture and it might be
easier to prevent the fuel feed fluctuations.

° Maintain fuel flow rate when current is reduced as a response to the fuel utilisation
exceedance. This approach would marginally lower fuel utilisation, thereby avoid-
ing repeated breaches of the fuel utilisation limit. Nevertheless, such an approach
would result in a decrease in the nominal system efficiency during scenarios where
the stack current is reduced. In order to address this issue, a distinct control loop
could be established that identifies instances where current reduction occurs as a
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safety mechanism rather than intentional power regulation. However, implement-
ing such a control loop would generally be complex, as it would require handling
special cases where the loop is always active.

FLOW OF LIQUIDS

Liquid flows and tanks should be designed such that they do not overflow or backflow
during inclined operation. Especially gravity-based components to prevent backflow,
such as air gaps or siphons can cause problems when the system is inclined. Level sen-
sors and their control architecture should be designed such that they work properly for
inclined or sloshing level surfaces. For large inclinations, the low-level sensor could be
positioned higher than the high-level sensor, which the control architecture should be
able to understand. Moreover, intakes should be designed such that the inflow of the
liquid is guaranteed under the inclination conditions.

STRUCTURAL SUPPORT

The implications of static and dynamic inclinations should be integrated early in the
design process of the system. Although there were no structural failures in the tested
system, the SOFC stack is a heavy component which can exert significant forces on
the structural components during accelerations. The supporting structural components
should be designed for these loads, especially if the direction of these loads change to
the lateral direction.

3.4.4. IMPLICATIONS FOR SHIP DESIGN AND REGULATIONS

Although there are static and dynamic inclination regulations in place for marine fuel
cell systems, the results of this research show that they need further development. Ac-
cording to the regulations, a single motion period is prescribed for dynamic inclination
testing. Nonetheless, our experiment reveals that the system’s response is significantly
influenced by the motion period. Therefore, it is advisable to conduct the dynamic incli-
nation test with the motion periods present in the dedicated application or to perform
the test within the range of 8 to 50 seconds for type approval purposes, thus encompass-
ing a broad spectrum of seagoing ships.

Given the expected high power output of marine solid oxide fuel cell (SOFC) power
plants, the imposition of static and dynamic inclinations presents a challenge due to the
potential size and weight of the systems. As a consequence, recent regulations man-
date inclination tests solely for the stack technology [293]. Nevertheless, the experiment
results prove that the BOP components and their interface with the stack have a con-
siderable influence on the operational performance of the stack. Hence, it is suggested
that type approval testing includes the response to marine conditions by the SOFC stack
and BOP as well as their mutual influence. Further development of marine fuel cell reg-
ulation could include guidelines for the design of the system including suitable compo-
nents, regulators and materials to withstand marine inclination conditions.

Finally, although high accelerations did not result in direct damage or operational
troubles to the SOFC system, locating the SOFC system far away from the centre of rota-
tion of the ship might result in even larger accelerations than are tested in this study. The
position of SOFC systems in the ship should be evaluated with respect to the experienced
and allowable accelerations of the SOFC system.
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3.5. CONCLUSION

SOFC systems could reduce emissions from seagoing ships, but, it is unknown whether
motions from waves or other sources influence the safety, operability, and lifetime of
SOFC systems. In this research, a 1.5 kW SOFC module is operated on an inclination
platform that emulates ship motions, to evaluate the influence of marine conditions in
terms of static and dynamic inclinations on the safety, operation and lifetime of SOFC
systems. The module is inclined statically and dynamically around two horizontal axes
of rotation up to an outer angle of 30°, including motion periods between 8 to 50 seconds.

The module is tested successfully without any notable hazards during all different
test conditions. Furthermore, there is no indication of cell defects or cathode delamina-
tion. While static inclinations do not impact the operation of the SOFC module, dynamic
inclinations result in adverse effects. The fuel regulation valve acts as a mass-spring sys-
tem, causing significant fluctuations in fuel flow to the fuel stack and resulting in devi-
ations in fuel utilisation, power production, and efficiency. These deviations are largest
at motion periods between 16 and 26 seconds, where fuel utilisation deviations of +2%
cause a gradual decrease in power output as the fuel utilisation limit is periodically ex-
ceeded. From the 190-hour degradation test, the degradation rate is estimated to be 0.32
+ 0.14 %./kh. This degradation rate indicates an enhanced degradation rate when com-
pared to the nominal degradation rate (0.2 %./kh), although long-term testing is needed
to accurately determine how much the degradation increases.

Based on the experimental results, the following recommendations are proposed for
the design and regulation of marine SOFC systems:

* Besides the stack technology, the exposure of BOP components to static and dy-
namic inclinations and their influence on the SOFC system should be evaluated.
The use of flow regulation valves that are affected by accelerations should be
avoided or, alternatively, verify that their natural frequency is adequately distant
from the anticipated periodic motion that can occur at the application site.

* Control feedback should be designed to mitigate expected forced periodical devia-
tions in operational parameters from affecting the proper operation of the system.

* Liquid-containing systems should be designed to prevent overflow or leakage dur-
ing inclination, and level sensors should take into account any inclined or sloshing
surface level.

* Power producing systems should be tested over a wide range of dynamic motions
with periods between 8 and 50 seconds.

Some practical engineering solutions are proposed to prevent the negative conse-
quences on SOFC systems by ship motions. Nevertheless, future research is needed to
understand the effect of fluctuations in oxidants and fuel reactants on the microstruc-
ture of the cells and stack. Furthermore, it should be confirmed whether motions result
in an amplified degradation rate by exposing the system to motions for a long contin-
uous period. For accurate degradation tests, it is recommended to do this testing on
stacks instead of an integrated SOFC system. Additionally, forthcoming demonstration
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projects of SOFC systems on ships present an opportunity to collect data to evaluate the
SOFC system’s performance under actual ship motions in six degrees of freedom.

Although dynamic inclinations affect the operation of the tested SOFC module, these
issues can be addressed through relatively simple design changes. Therefore, inclina-
tions and ship motions do not pose a significant challenge to the integration of SOFCs in
seagoing vessels.
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FUEL EFFICIENCY OF SOFC
SYSTEM WITH COGR FOR
ALTERNATIVE FUELS

Necessity is the mother of invention.

Translated from Plato

This chapter has been published in Energy Conversion and Management 276, 116598 (2023) [294].
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4.1. INTRODUCTION

Many alternative fuels (e.g., LNG, methanol, FT-diesel, ammonia, and hydrogen) are un-
der consideration to reduce ship emissions [94]. However, using alternative fuels in ma-
rine engines is not a straightforward choice. Firstly, there are still significant NOx emis-
sions due to the combustion process. Secondly, the use of alternative fuels in internal
combustion engines can cause lubrication, cooling, ignition, and knocking problems,
introducing new challenges to combustion engine design [99, 146]. The high operating
temperature of SOFCs offers flexibility in terms of fuel choice [295], which is perceived
as a key aspect for the transition from fossil to renewable fuels in ships [296]. State-of-
the-art SOFC systems can be fuelled with natural gas or hydrogen, but the conversion of
ammonia, methanol, and diesel has also been positively evaluated with cell experiments
[295]. However, it is not known which fuel could be converted most efficiently in marine
applications.

4.1.1. HEAT INTEGRATION OF SOFC SYSTEMS

Many researchers investigated use of the high temperature outlets streams of SOFCs to
further increase the conversion efficiency, for instance, with gas turbines [297], steam
turbines [298], or ranking cycles [299]. Although many combined cycle studies predict
high efficiency, it results in a more complex power plant with large control challenges
and reduced part-load performance [36]. Ships often have a significant heat demand,
which is usually met with exhaust gas recovery supported by fuel or electric boilers.
Baldi et al. [160] demonstrated the significance of the heat demand in passenger ships,
which can be over 25% of the total yearly energy demand. The exhaust streams of SOFCs
contain much heat. Moreover, the waste heat recovery from conventional diesel gen-
erators is limited by a minimum exhaust gas temperature. The exhaust gas of sulphur-
containing fuels should not be cooled below 150 °C, because the formation of sulphuric
acid would corrode the exhaust system [300]. This means significant heat is present in
the emitted exhaust gas. Allin all, applying SOFC systems to ships fuelled with a sulphur-
free fuel has the potential for high heat recovery. However, the heat integration is barely
covered in studies into marine SOFC power plants [27].

4.1.2. CATHODE OFF-GAS RECIRCULATION

Cathode recirculation can be used to increase the heat efficiency of SOFC systems. Mehr
et al. [301] and Chen et al. [302] proposed cathode off-gas recirculation (COGR) to pre-
heat the inlet air of the SOFC, thus increasing the heat efficiency. Liso et al. [53] men-
tioned that the recycle loop reduces the primary airflow and thus reduces the air pre-
heater dimensions. Air blowers can be used to recirculate the air and overcome the pres-
sure loss of the SOFC [303]. However, the use of a high-temperature air blower intro-
duces design challenges [30], and are not commercially available at operational temper-
atures above 300 °C [66]. Nevertheless, Tomberg et al. [304] recently demonstrated suc-
cessful operation of a high-temperature blower in an anode recirculation configuration.
Wang et al. [97] applied a low-temperature cathode recirculation loop to avoid the HT-
COGR challenges, but cooling and reheating add to the thermal losses and system size.
Alternatively, ejectors can recirculate the cathode off-gas [302], but they are difficult to
control [59]. In the system analyses of Kazempoor et al. [96] and Jia et al. [57], the lower
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primary airflow due to COGR increased the net electric efficiency due to a decrease in
blower power, but no blower was used in the recirculation loop.

In this chapter, COGR is investigated to enhance the heat quality of the exhaust
stream to improve the heat regeneration capacity for ship auxiliary systems. COGR re-
duces the primary airflow, which limits the amount of heat needed for air preheating
and improves the air-fuel ratio in the combustor. This subsequently increases the tem-
perature of the flue gas, which is beneficial for heat regeneration. Moreover, a smaller
primary airflow is desirable in ships since it decreases the volume required for air and
exhaust piping.

4.1.3. OBJECTIVE & OUTLINE

This study compares the performance of a marine SOFC power plant for methane,
methanol, diesel, ammonia, and hydrogen in terms of electrical and thermal effi-
ciency. COGR is investigated with the aim of increasing the amount and quality of heat
regeneration. The main contributions are as follows:

1. One of the main novelties of this chapter is applying cathode off-gas recirculation
to increase the heat recovery capacity in an application where heat can be used
efficiently. The effects of COGR on oxygen utilisation and flue gas temperature
are quantified. The study shows that COGR strongly increases the magnitude and
quality of heat recovery and reduces the size of the air pre-heater. Evaluation of
COGR for five different fuels showed that the benefits are the largest for methanol
and hydrogen.

2. This chapter provides a systematical comparison of the conversion efficiency of
an SOFC power plant for five alternative marine fuels. Comparing existing studies
with different fuels was not sufficient, because the results of other studies depend
much on the system architecture and operational parameters of the SOFC.

3. Suitable system architectures for a marine SOFC power plant are generated for
different fuels, taking into account the reforming process and efficient heat regen-
eration.

4. The validation includes an extensive comparison of the present study with ther-
modynamic analyses of comparable systems. Besides validating the present study;,
this gives insight into what assumptions other researchers used and how it influ-
enced their results.

The system designs for the selected fuels are described in Section 4.2. Potential fu-
els for marine SOFC systems have been selected in earlier research based on production
capacity, stored energy density, technological readiness, safety, fuel cost, cost of the fuel
storage system, and environmental impact [305]. Section 4.3 explains the thermody-
namic modelling of the SOFC system. The results are presented in Section 4.4 with and
without COGR. Verification and validation are provided in Section 4.5, by reflecting on
the model limitations, analysing the model sensitivity, and comparing the results with
comparable thermodynamic analyses. Conclusions are drawn in Section 4.6.
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Figure 4.1: Reference SOFC systems.

4.2, DESCRIPTION OF SELECTED SOFC SYSTEMS

A general reference model is defined based on system configurations by Jia et al. [57],
Kazempoor et al. [96], and Liso et al. [53], see Figure 4.1(a). The fuel is supplied by a
pump, compressor, or blower and is preheated before entering the anode. Air is supplied
with a blower and preheated. Co-flow planar SOFCs converts the fuel into power and
flue gas. The anode and cathode outlets flow directly into a combustor. Its exhaust leads
through the counterflow heat exchangers that preheat the fuel and air. The flue gas flow
is split to make sure the fuel and air can both reach the required temperature at the SOFC
inlets. This is especially relevant for the carbon fuels, because additional heat is required
at the fuel side, since steam is necessary to prevent carbon deposition and additional
heat is needed for the reforming process. Finally, the remaining heat is recovered from
the exhaust stream to the saturated steam net (180 °C at 9 bar) and the hot water net
(90 °C at ambient pressure). These are common temperatures and pressures for ship
applications [300, 306]. Additional components for the specific fuels (e.g., evaporators,
reformers, and heat exchangers) are added in the order of required heat quality. For the
COGR configuration, a variable air blower is used in the recirculation loop to control the
recirculation ratio, see Figure 4.1(b).
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4.2.1. METHANE SYSTEM

The methane system layout is very similar to the configuration presented by Jia et al.
[57], see Figure 4.2(a). Methane steam reforming and the water gas shift (WGS) reaction
convert part of the methane to a hydrogen-rich gas (Equations 4.1 and 4.2). An adiabatic
pre-reformer is applied to reduce stress on the fuel catalyst in the SOFC. The pre-reform
ratio is defined in Equation 4.3 [72]. Much internal reforming results in a higher net
electric efficiency since less blower power is required for air cooling. For this reason, the
minimum pre-reform ratio as stated by the SOFC supplier is used, which is 20%. The
anode supply contains CHy4, H»O, Hp, CO, and CO»,. Water is required for the reforming,
which is heated and added as steam. A constant steam to carbon ratio (S/C) of 2.3 is used
to prevent carbon deposition.

CHy+ H,O0O=CO+3H; 4.1)

CO+H,O=H,+COy (4.2)

(XCH4 ’ M)?g;ormer

(XCH4 ’ M) erformer

where y is the molar fraction and M the molar flow rate. An additional heat exchanger
is added to the exhaust stream after the reformer, because the adiabatic pre-reformer
reduces the fuel temperature. The exhaust stream is also used to generate the required
steam. Since the fuel is usually stored cryogenically at -162 °C, remaining heat in the
exhaust stream is used to evaporate and preheat the fuel.

4.2.2,. METHANOL SYSTEM

Methanol is stored as a liquid at ambient temperature, so the methanol is supplied with
a pump and evaporated by using heat of the exhaust stream, see Figure 4.2(b). Xu and Ni
[109] positively evaluated direct feed of methanol to SOFC, however, it is often concluded
that extremely high temperatures are necessary for adequate methanol conversion [107,
307]. In order to use comparable operational conditions to the other fuels, the methanol
is decomposed in an external reformer (Equations 4.4 and 4.2), similar to the configura-
tion by Cocco and Tola [105]. It is assumed that the gaseous methanol is fully converted
to Hy, Hy, CO, and CO». After the exhaust stream of the combustor preheats the fuel and
air, heat is fed into the methanol reformer. Subsequently, heat is used for steam genera-
tion, hot water generation and finally to evaporate the methanol. The generated steam
is fed to the methanol reformer.

CH3 OH = H2 +CO (4.4)

4.2.3. DIESEL SYSTEM

A diesel pump feeds preheated diesel into an allothermal reformer, see Figure 4.2(c).
Although, autothermal reformers are often considered in combination with SOFCs for
being relatively compact in terms of size and weight, higher electric efficiencies can be
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reached with an allothermal reformer [308, 309]. In this reformer, the diesel is converted
to a hydrogen-rich gas with steam reforming (Equation 4.5) and WGS reaction. Similar
to the methanol model, steam and exhaust heat are fed to the reactor.

C Hp + nHy O — (n+%)HZ+nCO (4.5)

4.2.4, AMMONIA SYSTEM

The ammonia layout is based on the configurations of Farhad and Hamdullahpur [310]
and Barelli et al. [121] and is shown in Figure 4.2(d). The ammonia is evaporated, pre-
heated and fed directly into the SOFC stack, where the ammonia is internally cracked
(Equation 4.6). Direct feed of ammonia is mostly assessed at single cell level [255, 311,
312], but recently Barelli et al. [121] showed with stack experiments that external ammo-
nia decomposition has a minimum influence on electric efficiency and is disadvanta-
geous for the system size. They concluded that internal cracking is a feasible solution.
All ammonia is converted because the operational temperature of the SOFCs is above
590 °C, the temperature of complete conversion [103]. Since ammonia is stored as a lig-
uid at -33 °C, remaining heat is used to evaporate and heat up the fuel.

2NH3z = N>, +3H>» (4.6)

4.2.5. HYDROGEN SYSTEM

The hydrogen system is similar to the basic system layout of Peters et al. [62]. The dif-
ference is that their configuration preheats the fuel with the anode off-gas instead of the
flue gas, as was done by Sadeghi et al. [313]. Naturally, hydrogen is fed directly to the
SOFC, see also Figure 4.2(d). Similar to the ammonia system, remaining heat is used to
evaporate and preheat the fuel from its liquid storage temperature (-253 °C).

4.3. METHODOLOGY

A flow-sheet software (Cycle-Tempo) is used for thermodynamic analysis of the fuel cell
systems. Cycle-Tempo contains models for the relevant system components, such as
pump, compressor, evaporator, reformer, fuel cell, combustor, and heat exchanger. To-
gether, these components form a system matrix of mass and energy equations, which is
used to calculate the mass flow, pressure, temperature and composition in all compo-
nents. The ideal gas law and no losses in piping are assumed. The used parameters for
the thermodynamic simulation are shown in Table 4.1.

4.3.1. SOFC MODEL

The fuel cell and combustor use a Gibbs free energy minimisation routine to calculate
the chemical equilibrium composition. In the SOFC model, the equilibrium composi-
tions of the inlet gasses determine the electrical current and electrical power output, for
which the internal temperature and pressures are assumed constant. Next, the required
fuel flow for this current is calculated with the following equation [314]:
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Table 4.1: Used parameters for thermodynamic analysis.

General Symbol Value  Unit
Environment temperature Pamb 25 °C
Environment pressure Tamb 1.013 bar
SOFC

Temperature both inlets ng FC 680 °C
Temperature both outlets T, It, c 760 °C
Average cell temperature TCcELL 720 °C
Pressure difference anode APanode 0.02 bar
Pressure difference cathode APcathode  0.015  bar
Nominal fuel utilisation Uy 80% -
Nominal cell voltage \’ 0.8 \%
Heat dissipation Dsorc 1.5 kw
DC-AC conversion NDCIAC 0.96 -
Nominal AC power output Psorc,ac 100 kw
Equipment

Pressure loss across equipment Ap 0.01 bar
Isentropic compressor efficiency Nis,comp 0.7 -
Mechanical compressor efficiency — nm,com p 0.8 -
Isentropic pump efficiency Nis,pump 0.85 -
Mechanical pump efficiency Nm,pump 0.6 -
Methane system

Storage temperature Tstorage -162 °C
Pre-reform ratio apr 0.2 -
Steam reforming temperature Treform 725 °C
Steam to carbon ratio S/c 2.3 -
Methanol system

Reformer outlet temperature T;’e’jfor m 500 °C
Diesel system

Reforming temperature Treform 540 °C
Ammonia system

Storage temperature Tstorage -33 °C
Hydrogen system

Storage temperature Tstorage -253 °C
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; I-M,
mil = i (4.7)

2F (y};; + yé’b +4yg}{4) Ur

where mi, is the mass flow of the anode inlet, My, is the molar mass of the anode gas, F
is the Faraday constant and yj.” the molar concentration of species j at the anode inlet,
and Up the fuel utilisation. A 1D model is used to calculate the current density, voltage
and electrical power. This imposes the assumption that temperature, pressure and gas
composition are constant over the cross-section perpendicular to the fuel flow. Higher
dimension models are more accurate, but they strongly increase the computational time
and are most relevant for estimating the dynamic response of SOFCs [270]. Since this
research focuses on steady-state operation, a 1D model is sufficient. The particle con-
centration, reversible voltage, and current density are calculated through the fuel cell
stack as a function of position x. The reversible voltage at x is calculated with the Nernst
equation [314]:

RT V .
Vrev,x = Vrev,O +—1In —J/Oz,ca YHy.an

2F YH,0,an
where V;.¢,0 is the standard reversible voltage, R the universal gas constant, T the tem-
perature, and p..;; the cell pressure. The model assumes no voltage losses at the elec-
trode in x direction, resulting in the following current density at x:

“V/Pcell (4.8)

AVy _ Vrev,x -V
Req Req

iy = 4.9)
with R, being the equivalent cell resistance. The current density depends on the fuel
utilisation at position x, which is maximum at the inlet and zero at the outlet. The av-
erage current in the stack is shown in Equation 4.10 [314]. The average current results
from the integration of the local current densities over the dimensionless reaction coor-
dinates A, which represents the part of the fuel that already has been electrochemically
converted.

Ur - Veerr - Acell
U,
Req [y " dAl (Vievx— V)

where A..;; represents the cell area. Following, the power is directly calculated from the
current and voltage. From the required electrical power and electrochemical balance,
the required fuel flow is determined. The oxygen mass flow from the cathode to the an-
ode is calculated using the determined current. Since the nominal inlet and outlet tem-
peratures were defined, the flow through the cathode depends on the oxygen required
for the reaction or the required cooling in the stack. The required cooling was in every
case the determining factor for the cathode airflow.

Although SOFC stacks are well-insulated, some heat will dissipate into the environ-
ment. A constant heat dissipation ®gporc of 1.5 kW is assumed, which resulted from
steady-state testing. This assumption can be justified because the stack temperature is
kept constant in all simulations in this research, as was done by Liso et al. [53].

(4.10)

cell =
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4.3.2. BALANCE OF PLANT COMPONENTS
It is assumed that the combustor converts all in-flowing combustible gases [36]:

a Y
aH, + BCHy; +yCO+|[—=+2B+=|0, —
>+ PCHy+y (2 B 2) > 411)
(@+2B)H,O+ (B+7)CO;

For compressors and pumps, the isentropic efficiency is used to estimate the actual
power required for the pressure increase, compared with the amount of power required
for ideal compression [315].The isentropic and mechanical efficiency are assumed con-
stant (see Table 4.1), and the values are based on literature with similar rated power [36,
66]. The required power is calculated with Equation 4.12 [36].

hout,is—hi
Pcomp/pump = mM (4.12)
Nm - MNis
where h,,; ;s represents the enthalpy after isentropic pressure increase, 17,,, the mechan-
ical efficiency of the equipment, and 7; the isentropic efficiency of the equipment.

4.3.3. CATHODE RECIRCULATION SYSTEM
For the SOFC systems with COGR, the recirculation ratio (RR) is defined as the mass flow
in the circulation loop divided by the cathode outlet mass flow, see Equation 4.13.

mrec cle
RR=— oi’n
Meq

(4.13)

The recirculation rate affects the overall oxygen utilisation in the SOFC system, which
in this research, excludes the combustion process:

‘n\in
(on : M) combustor
‘A in
X0 - M)airblower

(Uo)overail =1- (4.14)

where jy is the molar fraction and M the molar flow rate. Peters et al. [65] consider OXy-
gen utilisation above 50% to be infeasible, because a high oxygen utilisation reduces the
equilibrium potential due to a lower molar oxygen concentration, see Equation 4.8. Ni
etal. [316] mentioned 20% as a suitable oxygen utilisation. In this study, the recirculation
is set such that the temperature after the combustor does not exceed 900 °C. This limit
is used to enable the use of gas-to-gas metal heat exchangers for air and fuel pre-heaters
[317], and was also applied by Cinti et al. [122] and Liso et al. [53].

4.3.4. SYSTEM PERFORMANCE
After subtracting the parasitic electrical power losses and converting DC to AC power,
the net electrical efficiency of the SOFC system is based on the lower heating value [301]:

pciacPsorc,pc — P
Mner ac = LA (4.15)
mygin-LHVf
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where 1pc|ac represents the electrical conversion efficiency from direct current to alter-
nating current, Psorc,pc the electrical power generated by the fuel cells, P, the par-
asitic power of pumps, blowers and compressors, ri¢,;, the mass flow of the dedicated
fuel f, and LHV the lower heating value of fuel f.

Remaining heat in the exhaust stream is recovered for the hot water (HW) and sat-
urated steam (ST) network with a pinch point temperature of 10 °C. Subsequently, for
the saturated steam network, heat is subtracted from the exhaust stream up to 190 °C.
For the hot water network, heat is subtracted from the exhaust stream up to 100 °C. The
amount of regenerated heat for hot water and saturated steam determines the heat effi-
ciency:

Mear = ~W QST (4.16)

mifin- LHVf

with Q being the heat flow that is recovered from the exhaust stream. Heat exchangers
are usually bulky and expensive equipment and their size and cost strongly depend on
the required heat transmission [53]. Deviations in mass flow influence the amount of
transferred heat. Moreover, a higher flue gas temperature positively influences the heat
transfer rate. The differences in heat exchanger size for the different fuels and for em-
ploying COGR are taken into account in the performance evaluation. The increase in
heat exchanger surface area is estimated with the often used LMTD method, see Equa-
tions 4.17 and 4.18 [318]. This method assumes no heat loss to the surroundings, steady
flow conditions, constant specific heat, and constant overall heat transfer coefficient.

)/ LMTD
m%h(Q Jeocr 4.17)
(Q/LMTD) no COGR
AT = AT,
IMTD= ———= (4.18)
IHATI/ATZ

4.4. RESULTS

The results are generated by simulating the presented model with the parameters stated
in Table 4.2. The main results regarding the electrical and heat efficiency for the consid-
ered fuels without COGR are presented in Figure 4.3(a) and with COGR in Figure 4.3(b).
The results without COGR will be discussed in Sections 4.4.1 and 4.4.2 and the effect of
COGR will be discussed in Section 4.4.3.

4.4.1. ELECTRICAL AND HEAT EFFICIENCY

Figure 4.3(a) compares the net electrical efficiency, thermal efficiency, and delivered
AC power for the different SOFC systems. Methane, diesel, and ammonia resulted in
high electrical efficiency. The electrical efficiency for methanol and hydrogen was much
lower.

In the presented model, the heat efficiency is defined by the amount of heat that was
regenerated for hot water and saturated steam purposes. Subsequently, the heat effi-
ciency depends on the temperature and mass flow of the flue gas and the heat extraction
by other components. The diesel-fuelled SOFC system had the lowest heat efficiency.
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Figure 4.3: Net electrical efficiency, heat efficiency and delivered SOFC power for the five selected fuels. Data
is generated at nominal operation (V = 0.8V and Ug = 80%).
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Table 4.2: Used parameters for simulations of all fuels.

Simulation Fuel utilisation  Cell voltage RR
- \%
Nominal 80% 0.8
70% - 85% 0.6 - 0.85
Operating range
A=1% A=0.01
0-0.77
COGR 80% 0.8
A =0.002

This can be explained by a high heat consumption by the diesel reforming process. Am-
monia resulted in the highest heat efficiency, because the ammonia is cracked internally.
Moreover, the relatively small airflow resulted in high flue gas temperatures. It must be
noted that not all supplied heat was of the same quality. Although hydrogen resulted in
high heat efficiency, the temperature of the exhaust stream after fuel and air pre-heating
was not sufficient to produce saturated steam.

For the carbon-containing fuels (methane, methanol, and diesel), the power density
and thus delivered power was lower than for hydrogen and ammonia, which is illus-
trated with the yellow line in Figure 4.3(a). Since the equivalent cell resistance, temper-
ature, and cell pressure were assumed constant, the differences in power density can
be explained by differences in species concentrations through the cell, influencing the
reversible voltage, see Equations 4.8 and 4.9. Although the methane-fuelled system re-
sulted in the highest electrical efficiency, the delivered power was 15% lower than when
fuelled with ammonia or hydrogen. This implies more modules would need to be in-
stalled to deliver the same power.

4.4.2. OXYGEN UTILISATION AND BLOWER LOSSES

SOFCs are cooled with cathode air. The temperature difference between the cathode
inlet and outlet was limited to 80 °C to prevent stress from large thermal gradients. Con-
sequently, the required cooling determined the airflow and thus, the oxygen utilisation,
which was generally much larger than the stoichiometric requirements. Large differ-
ences were found in the oxygen utilisation and required airflow for the different fuels.
This can be explained by heat release differences in the electrochemical and reform re-
actions in the SOFC for the different fuels. Since the air blower was amply the largest
contributor to the parasitic power consumption, oxygen utilisation had a significant im-
pact on the net electrical efficiency. Figure 4.4 shows the net electrical efficiency and
the used air blower power over the delivered SOFC power, both as a function of oxygen
utilisation. The oxygen utilisation reached fairly low values down to 5%, especially for
methanol and hydrogen. For low oxygen utilisation, a large share of the generated power
was demanded by the blower, which reduced the net electrical efficiency.
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Figure 4.4: Net electrical efficiencies and compressor power divided by delivered AC SOFC power, both plotted
as function of the oxygen utilisation for the five selected fuels. Data is generated at V = 0.6 —0.85V and Ur =
80%.

4.4.3. EFFECT OF CATHODE OFF-GAS RECIRCULATION

Cathode off-gas recirculation is employed to improve the heat regeneration from the
exhaust stream. This section investigates the impact of the amount of recirculated air
and evaluates the SOFC system with and without COGR.

VARYING THE RECIRCULATION RATIO

Figure 4.5(a) shows the impact of the recirculation ratio (RR) on the overall oxygen util-
isation. As was expected, a high recirculation rate strongly increased the overall oxygen
utilisation. For the methane, ammonia, and diesel system, the overall oxygen utilisation
became particularly high (over 30%) when using recirculation ratios of 0.5 or higher.

Cathode recirculation has additional advantages for the SOFC system. Reducing the
primary airflow lowers the required heat transfer in the air pre-heater. The transmitted
heat in the air pre-heater exceeded the other heat exchangers by a factor of ten for the
considered systems. Consequently, the air pre-heater was the largest and costliest heat
exchanger in the system design. The striped lines in Figure 4.5(a) show that the required
heat transfer in this heat exchanger decreased linearly for an increasing cathode recircu-
lation ratio. Large reductions in the required heat transfer were found, especially for the
hydrogen and methanol system.

The striped lines in Figure 4.5(b) show that a higher recirculation ratio increased the
temperature in the exhaust stream. This increased the heat transfer potential for heat
recovery. Despite the decrease in flow rate of the flue gas this positively affected the heat
efficiency for all different fuels, which is shown with the solid line in Figure 4.5(b).

WITH OR WITHOUT COGR
Table 4.3 shows the recirculation rates when the the temperature in the exhaust stream
is kept under 900 °C. Although the recirculation ratio varied much per fuel, the 900 °C
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(b) Effect of RR on heat efficiency and flue gas temperature past the combustor. A higher cathode recirculation rate decreases
the primary airflow, which increases the flue gas temperature. This ultimately leads to a higher heat efficiency, because more
heat can be recovered from the flue gas.

Figure 4.5: Impact of cathode off-gas recirculation ratio for different fuels at a cell voltage of 0.8 V, 80% fuel
utilisation, and oxygen utilisation up to 50%.
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Figure 4.6: Delivered heat to hot water and steam net for original systems and systems including cathode of
gas recirculation (COGR). Data is generated at nominal operation (V = 0.8V and U = 0.8).

limit resulted for all fuels in an overall oxygen utilisation of around 20%.

Figure 4.3(b) shows the net electric efficiency, thermal efficiency, and delivered AC
power for the different SOFC systems when COGR is applied with the exhaust temper-
ature limit. Comparing Figure 4.3(a) and Figure 4.3(b) shows that employing COGR in-
creased the heat efficiency by 11.9 to 105.0% for the different fuels. The large increase
in thermal efficiency for methanol and hydrogen can be explained by a large increase
in oxygen utilisation, which reduced the amount of preheated air. Table 4.3 displays a
2.7 times increase in oxygen utilisation in the system for methanol and hydrogen, for
the other fuels this factor is just 1.2 to 1.6. Besides the increase in thermal efficiency,
an improvement in the heat regeneration quality of the exhaust stream can be observed
in Figure 4.6. For the methanol and hydrogen system without COGR, the quality of the
remaining heat after fuel and air preheating was not sufficient to generate any saturated
steam. COGR strongly increased the amount of available heat for saturated steam pur-
poses due to a higher flue gas temperature after heat subtraction for fuel and air, es-
pecially for the methanol and hydrogen system. A large take-off capacity for saturated
steam (dark red in graph) is beneficial, since a surplus of heat can be bypassed and used
for the hot water demand, but not vice versa.

The differences in net electric efficiency were minor. The power used by the air
blower for the systems without COGR was approximately equal to the used power by the
combined primary air blower and the recirculation blower. Moreover, a change in the
single-pass oxygen utilisation in the stack only leads to small deviations in the stack’s
current density. All in all, the addition of COGR resulted in an increase in the total effi-
ciency of 2.7% to 25.1% for the different fuels.

Table 4.4 shows the accomplished decrease in primary airflow and transmitted heat
in the air pre-heater for COGR using the 900°C flue gas limit. Moreover, the increase
in flue gas temperature positively influenced the heat transfer rate in the air pre-heater.



4.5. DISCUSSION

87

Table 4.3: Influence of cathode off-gas recirculation on oxygen utilisation and system performance for different
fuels at a cell voltage of 0.8 V and 80% fuel utilisation. The recirculating rate is maximised towards an upper
limit by introducing a maximum flue gas temperature of 900 °C.

No COGR With COGR Difference
Fuel Uo RR SPUg OAUp Uop Elec. eff. Heat eff. Total eff.
Methane 16.2% 19.6% 16.7% 20.0% 1.2x -0.1% +14.9% +2.7%
Methanol 7.5% 64.3% 8.3% 20.3% 2.7x +1.2% +103.3% +25.1%
Diesel 12.4% 39.8% 13.3% 20.3% 1.6x -0.3% +106.4% +10.2%
Ammonia 15.4% 26.7% 16.0% 20.3% 1.3x -0.1% +11.9% +3.9%
Hydrogen 7.2% 64.2% 8.0% 19.6% 2.7x -0.8% +61.0% +21.0%

Table 4.4: Airflow and heat transfer for air pre-heater for SOFC system without and with COGR for different
fuels, at a cell voltage of 0.8 V and 80% fuel utilisation. Difference in surface area is estimated with LMTD

method.
Without COGR With COGR Difference
Fuel Heat transfer Heat transfer Airflow Heat transfer LMTD Surface area
kw kw - - - -

Methane 171 133 -19.1% -21.9% +22.1% -36.1%
Methanol 373 101 -64.0% -72.8% +170.8% -90.0%
Diesel 227 125 -39.3% -44.9% +62.0% -66.0%
Ammonia 211 151 -25.2% -28.5% +32.0% -45.8%
Hydrogen 451 124 -63.7% -72.6% +175.1% -90.0%

Employing COGR reduced the surface area of the heat exchanger by 36.1% to 90% for the
various fuels. Consequently, COGR positively affected the size, weight, and cost of the
SOFC system.

4.5. DISCUSSION
This section reflects some of the assumptions in the thermodynamic analysis and dis-
cusses why these were made. Furthermore, the model is verified and the results are vali-
dated with earlier research.

4.5.1. MODEL LIMITATIONS
During the thermodynamic modelling, several assumptions were made:

» The cell resistance Rsorc is kept constant for different fuels, voltages and fuel utili-
sation values, because of the unavailability of experimental data for all considered
fuels with the same cell architecture. This assumption only holds if the thermal
balance in the stack does not change significantly. Although the temperatures of
the inlets and outlets stay equal, it could be argued that internal reforming sig-
nificantly influences the thermal balance in the stack. The kinetics of the electro-
chemical and reforming reaction are affected by the local temperature and partial
pressure of reactants. However, as both reactions in turn affect the spatial dis-
tributions of temperature and partial pressures, they are strongly coupled [262].
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Nevertheless, this assumption is necessary to fairly compare the performance of
the SOFC system for the selected fuels.

* The SOFC model does not consider activation, ohmic, and concentration losses
separately, but includes the losses as an average. Activation losses dominate at low
current densities and concentration losses start to dominate at high current den-
sities. However, it can be assumed that the presented average loss characteristic is
still representative since the SOFC operates in the ohmic region of the polarisation
curve for the used input ranges of voltage (0.6 - 0.85 V) and fuel utilisation (70% -
85%).

* Although the SOFC is operated at different voltages, the effectiveness deviations
of the balance of plant components at different operational conditions are not in-
cluded. For instance, air blowers operate at significantly lower efficiency below
their operational speed. For most balance of plant components, this has a rather
small influence on the net electric efficiency. However, Figure 4.4 shows that the
contribution of the air blower to the net electric efficiency is significant. Neverthe-
less, several configurations and operational modes were investigated for the nomi-
nal operation of a marine SOFC system. Different system configurations would re-
quire different operational designs of the balance of plant components to ensure
they operate as much as possible in their operational conditions. Consequently,
this assumption holds for the steady-state operation in this research. When the re-
search would be extended to part-load operation, it would be necessary to include
the part-load efficiency of at least the air blower.

* Heat loss in piping and components besides the SOFC are neglected. This is a
widely used assumption in SOFC system analyses [85, 319]. Although the system
would be well insulated, in practice, some heat would still dissipate. [320] assumed
fixed heat loss as a percentage of LHV for reformer, combustor, and piping, which
was estimated at only 1.5%. Hollmann et al. [66] estimated significant heat losses
by modelling all geometric and insulation properties in ANSYS. However, they ar-
gued that the high heat losses were caused by separate insulation of all compo-
nents to ensure quick accessibility during testing and would be less significant in
a commercial system.

* Pressure losses across all BOP components are simplified by assuming a constant
pressure drop as was done by Liso et al. [53], which is well-accepted in thermody-
namic analyses. An underestimation of the pressure drop across equipment could
to an overestimation of the net electrical efficiency, because more parasitic power
would be necessary for compressors or pumps. Some researchers formulate the
pressure drop as function of the mass flow and a pressure drop correlation param-
eter [65, 79]. However, the influence on the net electric efficiency is minor and [75]
even neglect pressure drop across equipment. The assumption that the pressure
drop in piping is negligible is widely used [313] and is valid because the distance
between all components is short [53].
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4.5.2. MODEL VERIFICATION

A sensitivity analysis is performed for the operational conditions of the SOFC to verify
whether the model behaves similar to a real SOFC system according to methods pro-
vided by Sargent [321]. The voltage and fuel utilisation are varied from 0.6 to 0.85 and
70% to 85%, respectively, see Figure 4.7. The results are in line with theory and other
thermodynamic analyses for all modelled systems. The net electrical efficiency increases
for higher fuel utilisation and voltages, within the operational constraints of the SOFCs.
Naturally, the highest electrical efficiency is also accompanied by the lowest current den-
sity.

The net electrical efficiency of the SOFC system is approximately linear to the voltage
as to the fuel utilisation, since the stated ranges are in the ohmic region of the polarisa-
tion curve of the SOFC. Apparently, the other components in the system do not influence
the system efficiency sufficiently to deviate much from this linear SOFC relation, taking
into account that part-load effectiveness of the balance of plant components is not in-
cluded.

The sensitivity analysis showed that the methane-fuelled system was not feasible for
higher voltages, see Figure 4.7(a). At higher voltages (i.e., lower current density), less heat
is produced in the stack. Heat is required for the internal reforming of methane, and for
high voltages, this results in a heat deficit in the SOFC. The pre-reform ratio could be
increased to reduce the required heat in the stack and consequently improve the oper-
ational range of the stack. This is shown in Figure 4.7(b) for a pre-reform ratio of 40%.
Although this results in a slight reduction in electrical efficiency and a significant reduc-
tion in heat efficiency at equal operational conditions, the operational range is widened.
The small decrease in net electrical efficiency is the consequence of a decrease in the en-
dothermic internal reforming, which increases the cooling requirement by the cathode
air, subsequently increasing the parasitic power of the blower [53, 102]. For the other
fuels, the SOFC system is feasible over the full considered operational range, see Figures
4.7(c) to 4.7(f).

4.5.3. RESULT VALIDATION

The results are validated by comparison with other research. Specifically, the net elec-
trical efficiency, since the actual heat efficiency is not often stated and depends much
on the defined temperature at which heat regeneration is deemed feasible. The net elec-
tric efficiencies are as much as possible compared with research using similar process
design, plant size, and SOFC operating conditions. Although some significant discrep-
ancies were found, they can all be explained by differences in operating parameters or
model assumptions. The comparison is, without and with COGR, summarized in Tables
4.5 and 4.6, respectively. The main parameters that influence the net electrical efficiency
are also listed in Appendix A, which are voltage, current density, fuel utilisation, stack
temperature, blower efficiency, and inverter efficiency [102]. Moreover, the appendix
shows which systems use anode off-gas recirculation (AOGR). AOGR is often proposed
to increase the electrical efficiency and reduce the steam generator requirements, and
can be used in combination with COGR [82].
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Table 4.5: Comparison of SOFC system analyses without COGR. Only comparable studies are included, which

means planar 02~ conducting SOFCs operated on atmospheric pressure. All efficiency data is based on LHV.

SOFC operation Performance
Fuel Reference Voltage . l?uel‘ Net el.ecmc
utilisation efficiency
Vv B, R
Methane Kazempoor et al. [96] 0.7 80% 49.5%
Liso et al. [53] ? 80% 61.0%
Jiaetal. [57] ? 85% 41.0%
Mehr et al. [301] 0.62 85% 41.8%
Ahmadi et al. [322] ? 80% 47.8%
This study 0.80 80% 58.1%
This study 0.80 80% 57.7%
Methanol Sangtongkitcharoen et al. [323] 0.62 80% 45.0%
Cocco and Tola [105] ? 85% 50.0%
Leone et al. [307] ? 80% 51.0%
Rokni [324] ? 80% 51.9%
This study 0.80 80% 48.9%
Diesel Ezgietal. [29] 0.80 90% 55.3%
Nehter et al. [93] 0.75 73% 55.0%
Huerta et al. [30] 0.75 85% 56.0%
This study 0.80 80% 57.6%
Ammonia Farhad and Hamdullahpur [310] 0.73 80% 41.0%
Rokni [324] ? 80% 51.8%
Cinti et al. [122] ? 80% 55.0%
Barelliet al. [121] 0.78 80% 52.1%
Selvam et al. [34] 0.855 80% 59.8%
This study 0.80 80% 55.1%
Hydrogen Kazempoor et al. [96] 0.78 80% 37.5%
Botta et al. [325] 0.75 75% 40.0%
Peters et al. [62] 0.86 80% 48.0%
Sadeghi et al. [313] 0.85 85% 49.6%
This study 0.80 80% 47.1%
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Table 4.6: Comparison of SOFC system analyses with COGR. Only comparable studies are included, which
means planar 02~ conducting SOFCs operated on atmospheric pressure. All efficiency data is based on LHV.
For diesel and ammonia, no representative studies with COGR were found.

SOFC operation Performance
COGR CoG Fuel Net electric
Fuel Reference type RR Voltage utilisation efficiency
- - \4 - R

Methane Kazempoor et al. [96] EJ 0.6 0.69 80% 53.7%
Liso et al. [53 EJ 0.75 0.80 80% 58.0%
Jiaetal. [57] ? 0.5 ? 85% 51.0%
Mehr et al. [301] ? 0.3 0.60 85% 40.2%
Wang et al. [97] BL ? 0.83 90% 65.9%
This study BL 0.2 0.80 80% 58.0%
Methanol Wang et al. [97] BL ? 0.83 90% 60.2%
This study BL 0.64 0.80 80% 49.5%
Hydrogen Kazempoor et al. [96] EJ 0.6 0.78 80% 40.3%
Wang et al. [97] BL ? 0.859 90% 58.3%
This study BL 0.64 0.80 80% 46.8%

COGR type: BL = Air recirculation with blower, EJ = Air recirculation with ejector.

METHANE

Liso et al. [53] studied natural gas-based combined heat and power (CHP) systems in
various configurations. When using steam reforming and no recirculation streams, they
found a net electrical efficiency of 61% for a pre-reform ratio of 40%. This is similar to
the 58% electrical efficiency found in the present study for the same pre-reform ratio,
see Figure 4.7(b). The stack temperature is also similar in both studies (750 °C and 720
°C). Other studies have also found various electrical efficiencies within the range of this
study, which is 37% to 65% for voltages from 0.6 to 0.85 V. In a thermodynamic analysis
for residential applications using 30% pre-reforming and 60% anode off-gas recycling,
Kazempoor et al. [96] simulated a net electrical efficiency of 49.5% at 0.7 V and 80% fuel
utilisation. Using direct internal reforming and no recirculation, Jia et al. [57] found 41%
electrical efficiency at 85% fuel utilisation, but the operating voltage is not given. With-
out employing a pre-reformer, Mehr et al. [301] found a much lower electrical efficiency
(exergy) of 41.8% at 85% fuel utilisation, but the fuel cell was operated at 0.62 V. Ahmadi
et al. [322] simulated a CHP plant without a pre-reformer, operating at a lower temper-
ature (640 °C) and 80% fuel utilisation, which resulted in a net electrical efficiency of
47.8%.

Opposed to this study, in the work of Liso et al. [53], Kazempoor et al. [96] and Jia et al.
[57] the net electrical efficiency strongly improved when COGR was applied, which was
a direct consequence of a smaller air blower power. However, in their studies, no blower
was used in the recirculation loop, which explains the difference from the present study.
Wang et al. [97] studied energy storage systems using reversible solid oxide cells using
cathode off-gas recirculation. Their net electrical efficiency ranged from 60.2% to 62.4%
for current densities of 4000 to 3000 A/ m?, which is slightly higher than 58.0% at 3465
A/m? in this study. This can be explained since the cathode is fed with pure oxygen,
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which results in a smaller airflow and thus a lower blower power.

METHANOL

Cocco and Tola [105] studied an SOFC-GT system fuelled by methanol. Although com-
bined cycle systems often result in higher efficiencies, the SOFC efficiency was reported
separately at 50%. This is similar to the nominal electrical efficiency found in the present
study, which is 49%. Leone et al. [307] thermodynamically analysed a CHP SOFC plant,
which also resulted in a very similar efficiency of 51% at 80% fuel utilisation. Wang et al.
[97] have again reported higher efficiencies in the range of 54% to 64%, compared with
30% to 55% in the present study. Sangtongkitcharoen et al. [323] found a lower net elec-
trical efficiency of 45% for a reformed methanol-fuelled SOFC at similar fuel utilisation
and current density as the present study. This difference can be explained, since they
operated the SOFCs on 0.62 V. Although Rokni [324] employed a methanator and anode
off-gas recirculation with an RR of 3%, their net electrical efficiency (51.9%) was still very
similar to the present study.

DIESEL

Most studies on diesel-fuelled SOFC systems report electric efficiencies similar to the
present study (58%). Ezgi et al. [29] thermodynamically modelled an SOFC system for
auxiliary power generation on a naval ship using autothermal reforming. They reported
an electrical efficiency of 55.3% at the same voltage as our study (0.8 V) and a slightly
higher operating temperature of 775 °C. The slightly lower electrical efficiency at even
higher temperatures can be explained by the use of autothermal reforming. Nehter et
al. [93] and Huerta et al. [30] both use steam reforming and anode off-gas recirculation,
reporting efficiencies of 55% and 56% respectively at a slightly lower voltage of 0.75 V.

AMMONIA

Cinti et al. [122] studied an ammonia-fuelled system with internal cracking. At an oper-
ating temperature of 750 °C and fuel utilisation of 80%, they found net electric efficiency
in the range of 38% to 67% depending on the power output. This is similar to the range
found in the present study (35% to 62%) for similar operating conditions. Rokni [324]
and Selvam et al. [34] Also found efficiencies in the same range. The results of Barelli
etal. [121] were most in line with the present study, they found a net electrical efficiency
of 52.1 % at a slightly lower voltage (0.78 V) compared with 55.1% at 0.8 V of the present
study. Their model was also validated with short stack experiments. Farhad and Ham-
dullahpur [310] studied a portable power system with a similar process design as this
study. They found an efficiency of 41 % at a voltage of 0.73 V and a fuel utilisation of
80%. Under the same conditions, the present study found an efficiency of around 50%,
see Figure 4.7(e). In the study of Farhad and Hamdullahpur [310], 20% parasitic power
take-off was assumed for the control system since it is only a small system (100W) and
DC power is delivered. Together, this explains the 18% difference in net electrical effi-
ciency compared with the present study. Wang et al. [97] used an external cracker and
pure oxygen to feed the cathode, finding net electric efficiency in the range of 58.2% to
61.6% for current densities of 4000 to 3000 A/m?. This again is significantly higher than
55.1% at 4075 A/m? of the present study.
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HYDROGEN

The present study found electrical efficiencies in the range of 30% to 53% for a fuel util-
isation of 80% and a stack temperature of 720 °C, with a nominal efficiency of 47.1% at
0.8 V. Botta et al. [325] have found an energy efficiency of 40% at an average cell temper-
ature of 850 °C but at a lower fuel utilisation of 75% and a voltage of 0.75 V. They did not
use a combustor, but that should not affect the electrical efficiency as long as preheating
needs are met by recuperation. Peters et al. [62] found a similar electrical efficiency of
48% at 80% fuel utilisation and a slightly higher voltage. The analysis of Sadeghi et al.
[313] resulted in a slightly higher efficiency (49.6%), but they assumed a fuel utilisation
of 85% and used no inverter. Wang et al. [97] again found higher net electric efficiencies
in the range of 51% to 60% using pure oxygen instead of air.

4.6. CONCLUSION

This study compared the thermodynamic performance of a marine SOFC power plant
for methane, methanol, diesel, ammonia, and hydrogen. A reference model was es-
tablished, which was extended with the necessary components for the different fuels.
Additionally, cathode off-gas recirculation (COGR) is investigated with the purpose of
improving heat regeneration. The thermodynamic model is verified with a sensitivity
analysis and validated by comparing the results with thermodynamic analyses of similar
SOFC systems.

The difference in electrical and heat efficiency between the fuels was significant. At a
cell voltage of 0.8V and a fuel utilisation of 80%, the highest net electrical efficiency (LHV)
was found for methane (58.1%), followed by diesel (57.6%) and ammonia (55.1%). The
air blower had a major influence on the net electrical efficiency, especially for low oxygen
utilisation. The carbon fuels (methane, methanol, and diesel) resulted in a 15% lower
power density, compared with ammonia and hydrogen. The highest heat efficiency was
found for ammonia (27.4%), followed by hydrogen (25.6%). For both the methane and
ammonia system, the heat quality in the exhaust was sufficient for the generation of hot
water and saturated steam. Practically, this saves additional fuel or electricity for boilers.

Without COGR, the heat quality was insufficient to generate saturated steam for
methanol, diesel, and hydrogen. COGR was used to increase the oxygen utilisation
and thus increase the temperature in the exhaust stream. Increasing the recirculation
ratio improved the heat efficiency and reduced the required heat transfer in the air
pre-heater. Comparing the systems without and with COGR resulted in similar net
electrical efficiencies, but the systems with COGR demonstrated a large increase in
the quantity and quality of the heat efficiency. This resulted in an increase in the heat
efficiency of 11.9% to 105.0% for the different fuels. A smaller primary airflow also
resulted in a decrease of heat transfer in the air pre-heater of 21.9% to 72.6%, reducing
the size, weight, and cost of this heat exchanger.

Further research will be needed to tackle the design problems of a high-temperature
cathode recirculation loop, for which low-temperature COGR or specialised high-
temperature blowers are possible strategies. Nevertheless, COGR offers a promising
method to increase heat recovery, improving the total efficiency of the power plant. The
results of this study can be used to evaluate the fuel choice of a marine SOFC power
plant and to improve heat recovery, with the overarching goal to reduce ship emissions.



SCALING OF SOFC SYSTEMS TO
HIGH RATED POWER

The best way to predict the future is to design it.
Buckminster Fuller

This chapter has been published in the conference proceedings of the International Marine Conference 2023.
[326].
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5.1. INTRODUCTION

Many ship integration studies consider SOFC systems for small auxiliary power units [30,
32], while very few studies consider an SOFC system that takes the largest share of the
onboard energy conversion [27]. Nevertheless, multi-MW SOFC systems could offer sig-
nificant scale advantages. For large-scale marine power plants, balance of plant compo-
nents such as the desulphurisers, filtering equipment, blowers, and control architectures
could be centralized for a multitude of SOFC units, which would positively influence the
power density and specific cost of the system at a slight reduction in system reliability [1].
However, smart centralisation is necessary because it could also increase the amount of
piping. Large-scale production of SOFC systems could also improve the market position
of SOFC systems. A detailed cost analysis by Scataglini et al. [179] reveals that the ex-
pected system cost of SOFC combined heat and power generation products can strongly
reduce the production cost. Current SOFC systems cost 1500 — 5000 €/kW whereas diesel
generators are in the range of 250 — 500 €/kW, so a cost reduction is needed for economic
competitiveness [1, 327]. In short, there is a need to scale small kW systems to the MW
scale for marine applications to improve the power density and specific cost of SOFC
systems. The scaling effects from current commercial systems to MW scale power plants
are not yet quantified for ships.

This research aims to identify the scale advantages of high-power SOFC systems. This
objective is pursued by conceptualizing a scalable high-power SOFC unit and compari-
son with existing commercial systems.

The design constraints of a marine SOFC unit are defined in consultation with ship-
builders and marine regulators. This chapter focuses on the benefits of scaling current
stack designs to a higher-power system. Other emerging developments in SOFC tech-
nology that improve power density, such as metal-supported cells, novel cell materials
or novel stack manufacturing techniques are not included.

5.2. SOFC SYSTEM

This chapter briefly introduces the layout of the SOFC system that is selected in this
study and highlights potential benefits of scaling SOFC systems to high power.

5.2.1. SYSTEM DEFINITION

The used SOFC system layout (Figure 5.1) is similar to the concept layout used in earlier
work by Jia et al. [57] and was already shortly introduced in Metten et al. [224]. The fuel
is supplied by a pump, preheated and evaporated. Next, it is mixed with steam and par-
tially converted in the pre-reformer before it enters the anode. Much internal reforming
results in a higher net electric efficiency since less blower power is required for air cool-
ing. For this reason, the minimal pre-reform ratio of 20% is used [294]. Air is supplied
with a blower and preheated. Co-flow planar SOFCs convert the fuel and air into elec-
tricity and heated flue gas.

Part of the anode off-gas is recirculated (AOGR), while the rest is combusted with the
air coming from the cathode. In the work by Metten et al. [224], AOGR increased the net
electric efficiency from 59% to 64% (LHV) at a recirculation rate of 40%. Furthermore,
it omits the need for water feed during nominal operation. After the remaining fuel is
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Table 5.1: Qualitative comparison of cold and hot recirculation. HE = heat exchanger.

Advantages Disadvantages

Lower number of HEs . .
. . Higher energy consumption
Hot recirculation ~ Lower HE area .
] Higher cost of blowers
Higher flue gas temperature

Higher number of HEs

. Higher HE area
. . Lower energy consumption . L
Cold recirculation More complicated piping network
Less power use by blowers
More valves for flow and temperature control

Lower flue gas temperature

combusted, heat in the exhaust stream is recovered for the saturated steam net of 180 °C
at 9 bar and the hot water net of 90 °C at ambient pressure [300, 306].

In earlier research (Chapter 4), Veldhuizen et al. [294] positively evaluated the use of
cathode off-gas recirculation (COGR). COGR decreases the primary airflow because the
overall oxygen utilisation increases. Since SOFC systems require large airflows, the appli-
cation of COGR could strongly reduce the amount of space required for air and exhaust
ducting through the ship. However, it is not yet investigated how big the positive impact
of COGR is for design integration in ships. For this reason, this study considers both
SOFC systems without and with COGR, see Figure 5.1(a) and Figure 5.1(b) respectively.
The cathode off-gas recirculation stream is added just before the cathode inlet to reduce
the flow through the air pre-heater. This significantly reduces the size of the largest heat
exchanger in the system [294]. A supplementary air stream is added at the burner inlet
which can be used in case the burner or the exhaust stream temperatures are reaching
their limits.

The AOGR and COGR are evaluated for a hot recirculation loop using hot recircula-
tion blowers [294], as well as a cooled recirculation loop using regular blower [62, 97].
The trade-off is summarised in Table 5.1. For the cold recirculation loop additional heat
exchangers are needed to cool the recycle loop increasing heat losses, size and cost of
the system. However, high-temperature air blowers are still in development and are
costly. Moreover, they usually operate on lower electric efficiency and have higher heat
losses. Nevertheless, Tomberg et al. [304] demonstrated successful operation of a high-
temperature blower for AOGR. If hot recirculation blowers are further developed and
reliably applied to AOGR and COGR loops it would result in a more efficient system, ex-
plaining the choice to use a hot recirculation loop, as shown in Figure 5.1 (b).

5.2.2. SCALING OF SOFC SYSTEM

Table 5.2 shows the power density of commercial SOFC systems. The rated power of
commercial SOFC systems is steadily increasing, as stack manufacturing is increasing
and since it results in more cost-effective systems. In general, it is easier to reach high
power density with high-power systems. The power derived from an SOFC stack scales




98

5. SCALING OF SOFC SYSTEMS TO HIGH RATED POWER

Recirculation

| Fan |
\ |
| Heat Loss |
— |
e |4
Adiabatic or isothermal
Reformer
(RGIBBS)
Preheater Preheater

Preheater Superheater
LQ—@‘—»@—»@—:H
Evaporator

‘;@—b Fuel Electrode [———{1i) Splitter

Pump Mixer Air Electrode
Preheater SOFC
7% O A0
WF’“E_’Q Y 7
Evaporator Preheater Mixer
pume Air Fan Cooler |
i L0
Air « W a
Exhaust
Afterburner
(RSTOIC)
(a) System layout including AOGR without COGR.
Hot Recirculation | Supplementary Air
| Blower |
| Heat Loss |
L e |
AN
[ — J
Adiabatic Supplementary
Reformer Blower
(RGIBBS)
Preheater Superheater Preheater Preheater
NG ) >3 Fuel Electrode N —
Y I _»{ N N o~
Evaporator Splitters
Pump Mixer Air Electrode {11
Preheater SOFC
79 79 L
Water )Y >\ > r
Evaporator Preheater N R |
Pump ) | Hot Recirculation
Air Blower Mixer | Blower |
Air
| Heat Loss |
i ' 22
- —— — — — Mixer
Cooler |
Hot Recirculation Model A<
N4
Exhaust
Afterburner
(RSTOIC)

(b) System layout including AOGR with COGR.

Figure 5.1: System layouts of used SOFC system.
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Table 5.2: Recently developed SOFC systems. Systems include hot and cold BOP. Ordered on rated power.

Company System Power [kW] Power density [kW/m3] Source
SolydEra BG-15 1.5 2.27 [329]
Bosch FC505 10 5.2 [228]
Convion C60 60 4 [230]
Fuel Cell Energy 250kW FC 250 4.4 [234]
Bloom Energy server 5 300 10.6 [229]
Doosan Purecell 400 440 7.1 [233]

linearly with the number of cells that are used in the stack. Subsequently, the power den-
sity of the stack itself is not expected to improve much when increasing the rated power
of the system. However, on a system level, there are many scale effects that can improve
the power density and specific cost for high-power systems. Combining many stacks
closely packed in one system, will reduce the heat loss to the environment because there
is also thermal transfer between the stacks and the size of the surface area reduces rela-
tively to the volume of the stacks [328]. This reduces the amount of insulation needed,
which usually takes up much space because of the high operational temperature. More-
over, combining balance of plant (BOP) components for many stacks and SOFC modules
also has the potential to improve the power density and specific cost of the full system.
Especially components that are not directly integrated with the hot part of the system
are easy to combine for many SOFC modules, for instance, air blowers, air filters, desul-
phurisers, water treatment, and heat regeneration. Centralisation does reduce system
reliability, so single points of failure in the system should be avoided.

A sizing model has been developed that optimises the 3D configurations of the
stacks, pre-reformer, combustor, and high-temperature heat exchangers as functions of
the rated power, based on a stack platform of SolydEra. Figure 5.2 shows the resulting
power density of this model for different power ratings. The increase in power density
in this figure is attributed to an increase in the size and number of stacks, positive scale
effects of heat exchanger and combustor for higher rated power, a relative decrease
in heat loss, and a relative decrease of the required volume for insulation. The data
points represent different configurations, based on the size of the components for the
dedicated rated power. By adding a trend line through these configurations, it is visible
that the power density improves for a higher-rated power of the hot part of the SOFC
system.

5.3. DESIGN OF SCALED SOFC SYSTEM

This section presents the concept design of a scalable SOFC unit. First, the design con-
straints that were set from the ship perspective are presented. Following, some consid-
erations during the conceptualization of the unit are discussed. Next, the concept of
the SOFC unit is shown including its main characteristics, connections, and operational
concept. Finally, a concept is presented on how this unit can be scaled to a MW SOFC
room.
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Figure 5.2: Expected power density SOFC module for rated power (Stacks + hot BOP). The estimations are
derived from stack platform developments and the reduction of heat loss when scaling hot BOP modules. The
vertical line shows the extent to which the scaling effects are utilised in the concept design of this chapter.
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5.3.1. DESIGN CONSIDERATIONS

Although the power density increases with the rated power of the system, there are limi-
tations to these scale effects. Introducing SOFC systems in ships presents multiple con-
straints at various system levels, especially because market introduction is easiest when
the system has a small impact on standard ship design procedures and operation.

To evaluate these constraints, two design workshops were organised with R&D spe-
cialists and naval architects of Meyer Werft and Chantiers d’Atlantique. In these work-
shops, different general arrangements of cruise ships between 50,000 and 200,000 GT
range were reviewed to identify limits in the dimensions of SOFC systems and their re-
quired components. In these workshops, the focus was to limit the dimensions of SOFC
systems and components to general spacing dimensions in the ship’s structure, because
this ensures easy integration without drastic changes to the ship’s structure. Moreover,
since SOFC stacks need to be replaced regularly, the focus was placed on easy handling
of the replaceable parts. The defined constraints are specific to ship types and practices
of the shipbuilders, although general applicability to large ocean-going vessels and their
regulations is also considered.

The constraints for the replaceable part and the SOFC power plant set during the
design workshops are summarized in Table 5.3. First of all, the replaceable part should
be easy to handle by the crew and should be able to be transported through the ship.
The main dimensions of replaceable parts in the machine room are often limited by
the height of watertight doors (which are limited by regulations), and the space that is
needed to move the part through gangways and corridors. Furthermore, it is preferred
that the weight of the replaceable part is below two metric tons to be able to make use of
regular hand forklifts.

Moreover, to maintain flexibility in the onboard location of fuel cell rooms, it would
be best to limit the size of the fuel cell rooms to general spacing dimensions in the ship’s
structure. The shipbuilders point out that the length is limited to the spacing of the wa-
tertight compartments, which is maximum 14 meters for the evaluated vessels. Over the
width of the ship, there are usually longitudinal strengtheners (walls or columns) with
a spacing of 5 meters. The deck height is generally 2.3 meters, excluding the additional
height of the main stiffeners. Engine rooms generally do not comply with these limits
and are sometimes even two or three decks high. Since this compromises the structural
strength of the ship, it would be better to avoid this and use standard-height rooms for
fuel cells. The weight of the fixed components is generally not a limiting factor, because
the strength of floor plating is adapted to the weight it needs to carry.

5.3.2. DESIGN CONSIDERATIONS
Within the presented constraints many concepts were designed and evaluated. They will
not all be presented, but the most important design considerations are listed:

1. According to marine fuel cell regulations [330], fuel cells and parts that convert
gas to hydrogen or contain hydrogen such as the pre-reformer are defined as a
fuel cell space and must be in gas-tight compartments. For this reason, several
SOFC modules and their hot BOP are combined in a single gas-tight unit.

2. All piping containing fuel passing through enclosed spaces is to be double-walled.
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Table 5.3: Design constraints. Derived from consultation with Meyer Werft GmbH and Chantiers de
I'Atlantique.

(a) Replaceable part.

Measure Maximum  Unit Constraint by

Width 1.6 m Width of standard outside entry minus margin
Depth 2.0 m Moving and rotating of part through corridors
Height 1.8 m Height of entry and watertight doors minus space for

lifting device

Mass 2.0 mt Use of cranes and hand forklift

(b) Fuel cell room.

Measure Maximum  Unit Constraint by

Length 14 m General length of watertight compartments

Width 5 m General space between longitudinal strength units

Height 2.3 m Deck height minus height of main stiffeners

Mass - mt The stiffening of the floor plating is generally
adaptable

So, the cascading fuel supply to the SOFC units must also be double-walled. The
pipes between hot BOP components in the fuel cell space are not double-walled.

. The connections are placed at the top or bottom of each module to be able to place

the modules back-to-back, which saves space. This means the module should also
be designed in such a way that all maintenance can be done from one side. Supply
and exhaust pipes can be put below the floor or in the ceiling.

. Although replacement of an entire integrated stack module including hot BOP and

insulation would be easier, such a large heavy module is very hard to replace reg-
ularly in a ship. The decision is made to use high-power stacks that are replaced
individually. Nevertheless, this introduces additional challenges in applying insu-
lation and assuring gas tights connections during stack replacement.

. In the room there should be enough space for opening the cabinet, removing the

stack, and transporting it through the room, requiring significant pathways in the
SOFC room. Besides easy access to the stacks, the other BOP components should
also be accessible in case of damage.

. Any batteries that are usually needed to support the dynamic capabilities of SOFCs

should be placed in a different room as defined by regulations because the batter-
ies are perceived as a fire hazard.

. The process air could be supplied directly to the system, or the air could be sup-

plied to the room and the units would suck the air directly from the room. For the
second option this results in less piping to all the SOFC units. However, this still re-
quires a blower and filter in every unit to make sure the unit retrieves air. Since the
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goal is to centralise BOP components to reach higher power density it is chosen to
supply the air directly to the units.

5.3.3. CONCEPT DESIGN SOFC UNIT

The design constraints are met with an SOFC unit containing six 22.5 kW stacks. The
net rated power of the unit is 125 kW. The six stacks produce more power but part of it
is used for the parasitic power of the blowers. This power rating of the stacks and unit
is selected because it makes use of the scale effect (see vertical line in Figure 5.2), while
still ensuring suitable sizes for integration and reasonable weights for stack replacement.
Moreover, the rated power of the stacks is something that can be expected in the near
future. Although currently commercially available SOFC stacks range up to 10 kW, short
stack tests have been successfully completed for the platform of the 22.5 kW stack at
SolydEra.

The gastight cabinet (see Figure 5.3) includes the stacks and the hot BOP and is 1 me-
ter wide, 4 meters long and 1.8 meters high (without connections), resulting in a power
density of 17.4 kW/m? or 31.3 kW/m?. One unit weighs 6.8 tons. The main system di-
mensions are summarized in Table 5.6.

SYSTEM COMPONENTS

Table 5.4 shows which system components are included in the cabinet and which com-
ponents still need to be placed in the ship. The SOFC unit contains the hot BOP compo-
nents, see Figure 5.3(b), such as the air preheater, the fuel pre-heater, the pre-reformer,
and the combustor. The cabinet also houses an AOG recirculation loop and optionally a
COG recirculation loop and a water evaporator to supply water for the steam reforming.
Because of the decrease in process air when employing COGR, the reduction of the air
preheater size compensates for the additional space to include the piping and blower of
the COGR piping. Against all the outside plating 15 cm insulation material is added to
limit heat loss.

The compression system, the current collection and the ventilation blower for accu-
mulated gases are located under the stacks. Cold balance of plant components like the
air blower, waste heat recovery and inverters should still be placed outside of the unit,
with the aim to centralise them for several units, reducing the volume of the total system.
The stacks are put in series to reach a voltage level of 535V, which means in principle no
DC/DC boosters are needed to convert the power to AC. Outside air is dehumidified,
desalinated, and distributed directly to the SOFC units. Because the system employs
AOGR, the steam supply is only necessary during start-up. A separate steam generator
will be added to the units because the onboard steam net generally does not satisfy the
contamination limit of the SOFC stack. Heat recovery can be added per unit, but it is also
possible to cascade the exhaust ducting and have a centralised heat recovery. Nitrogen
purging is used as safety concept during start-up and shut-down.

OPERATION

Since the voltage of the system degrades over its lifetime, the power, the efficiency, or a
combination of both decrease over its lifetime. According to shipyards, it is a strict re-
quirement that the SOFC can deliver nominal power over the total lifetime of the system.
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(a) SOFC cabinet including physical and electrical connections.
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(b) Orientation of components in cabinet.

Figure 5.3: Renders of 125 kW SOFC unit with COGR.
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Table 5.4: Distribution of main system components for design concept of 125kW SOFC unit.

Components included in unit Components not included in unit
Component Includedin Component Included in
unit SOFC room
6 SOFC Stacks Yes LNG evaporator No
Compression system Yes Desulphuriser Yes
Current collection Yes Air blower Yes
Insulation Yes Air filter Yes
Fuel preheater Yes Exhaust heat recovery No
Pre-reformer Yes (DC/DC booster) No
Air preheater Yes AC/DC inverter Yes
AOG recirculation loop Yes PLC No
(COG recirculation loop) Yes Energy management system No
Start-up evaporator/boiler Yes Battery Yes
Ventilation blower Yes

To achieve this considering the cell degradation, the efficiency of the system decreases
over its lifetime, which also means that the required flows of the system increase over
the lifetime, see Table 5.6. Consequently, the piping and ducting must be sized for the
end-of-life conditions of the system.

The SOFC units will function as an integrated system, necessitating modulation and
activation of the entire unit. Modulating individual stacks independently would enhance
the complexity and hardware demands of the control architecture. Additionally, if only a
subset of stacks within a unit was operating at high temperatures, excessive heat trans-
fer would occur to the remaining stacks due to the insulation being placed at the unit’s
boundaries and not per stack. For this reason, it would be difficult to maintain the oper-
ational temperature of the stacks.

When many of these units are combined the operation of the units can be controlled
towards an optimum in the total conversion efficiency of all the units. Unlike combus-
tion engines, SOFCs have high efficiency at part-load, so when the ship demands a frac-
tion of the installed power it might be favourable to run all units on part-load instead
of some on nominal load. Moreover, in part-load, steady-state degradation is slightly
lower. Nevertheless, load transients and start-stop cycles strongly increase the degrada-
tion and thus the conversion efficiency of the SOFC units over their lifetime. It might
be best to operate the SOFCs on a constant load as much as possible. This operational
trade-off between conversion efficiency and degradation needs more investigation and
will be investigated in future work.

The replaceable stack has a footprint of 0.75 by 0.45 meters, is 1 meter high and
weighs 370 kg, making the modules relatively easy to handle and transport through the
ship, without the need for complex towing or lifting equipment. When one stack is re-
placed, the whole unit should be turned off, so it would be best to replace stacks simul-
taneously.
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Table 5.5: Piping connections of SOFC unit.

Connection Maximum allowable velocity [m/s] Without COGR  With COGR
Process air inlet 10 DN 250 DN 150
Fuel inlet (double walled) 18 DN 25 DN 25
Nitrogen inlet - DN 25 DN 25
Water inlet 3 DN 6 DN 6
Exhaust outlet (insulated) 10 DN 300 DN 200
Ventilation air outlet 10 DN 100 DN 100

SYSTEM CONNECTIONS

The piping connections are at the top of the unit above the BOP components. The pro-
cess air and the ventilation air streams are separated. The required ventilation airflow
is substantial and since this flow is not heated to the operational temperature of the
SOEFC stack, it would lower the temperature of the exhaust stream, reducing the heat re-
generation capacity. The process air is directly supplied via the piping at the top while
the ventilation air is sucked in at the bottom of the units via ventilation grids, see Fig-
ure 5.3(a). The ventilation air is removed at the top of the stacks, where a gas sensor is
placed to detect any potential leakage. The nitrogen flow is sized to be able to purge the
fuel lines. Figure 5.3(a) shows the location of the connections. The electric connection is
placed at the bottom since the current collection takes place at the bottom of the SOFC
stacks. Using Equation 5.1, the piping connections of the SOFC unit are sized from the
required volumetric flow rate and maximum allowable velocity of the medium. The used
allowable velocity and the size of the piping connections are shown in Table 5.5.

Q

Umax

d= 2. (5.1)
7

SYSTEM PERFORMANCE AND CHARACTERISTICS

The presented concept design is modelled in Aspen [224]. This thermodynamic model,
containing all components shown in Figure 5.1, is used to determine the required flows
and the performance of the SOFC system, see Table 5.6. Especially at the beginning of
life, the SOFC units convert fuel to electricity at very high efficiency of 62%. Conversion
losses to AC power should be added if the power is supplied to the electrical grid of the
ship. Over its lifetime of 40,000 to 50,000 operational hours, the net electric efficiency
decreases with 12%. This high decrease is caused by the requirement to deliver 125kW
during its lifetime. When the voltage decreases due to degradation, the SOFCs must
be operated on a point on the I-V curve with higher power density to maintain 125kW,
further decreasing the voltage and thus the conversion efficiency:.

Table 5.6 shows that the use of COGR strongly decreases the required flows for pro-
cess air and exhaust air by 55-57%, which makes it easier to fit the ducting and piping
through the ship. Moreover, the exhaust air temperature is higher with COGR resulting
in a higher quality exhaust stream to use for exhaust heat recovery. Especially if heat
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Begin life | End life | Begin life | End life

Net electric efficiency at nominal load (DC; LHV) 62% 50% 62% 50% -

Net rated power 125 kW

Length 4 m

Width 1 m

Height 1.8 m

Weight 6.8 ton
[Mechanteatinterfaces  wihowtcOGR  WihGOGR va |

Fuel Begin life End life Begin life End life

Required fuel flow (85% global fuel utilisation) 320 400 320 400 SLM

Process air

Airflow 17108 | 22811 l 7281 | 9686 SLM

Required air quality (salt in air) <0.2 micron

Water

Water flow (only during start-up) 0.56 | 0.71 | 0.56 | 0.71 L/min

Flue gas

Exhaust flow 16749 22332 7501 10001 SLM

Temperature of exhaust after hot BOP 150-200 150-200 250-300 250-300 °C

Ventilation

Ventilation airflow 5000 SLM

Begin life End life Begin life End life

Voltage of module 535 425 535 425

Current of module 258 325 258 325 A

Table 5.6: System characteristics of 125 kW SOFC unit. The required flows are determined using thermody-
namic system simulations in Aspen [224].

is required for the saturated steam net of the ship (generally at 9 bar and 180 °C), this
increase in exhaust temperature is very relevant.

5.3.4. CONCEPT DESIGN OF SOFC ROOM
Although the last section showed the design of a scalable unit, more components are
needed to supply power to the electric grid of the ship. This section shows a concept
with several of the presented SOFC units combined with an additional room for the cen-
tralised cold BOP components, see Figure 5.3. Nine units are placed in the SOFC room
and supply 1125 kW of power. There is sufficient space between the units to take out and
replace the stacks. The SOFC room and the cold BOP room are 5 meters wide, 2.3 meters
high, and respectively 14 and 3.1 meters long. The rooms combined result in a power
density of 5.7 kW/m3 or 13.1 kW/m?.

In the cold BOP room (see Figure 5.4), a desulphuriser reduces the sulphur content in
the natural gas to acceptable contents. Outside air is desalinated, filtered, and supplied
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Table 5.7: Size of piping and ducting in SOFC room and cold BOP room for 1125kW. The piping in the last
column are the sizes used for the shown concept design.

Connection Type of piping Without With COGR
COGR

Ventilation air supply Rectangular ducting 350x250 mm 350x250 mm
Process air supply Rectangular ducting ~ 1200x300 mm 500x300 mm
Fuel supply Double-walled pipes DN 80 DN 80
Nitrogen supply Regular pipes DN 80 DN 80
Water supply Regular pipes DN 8 DN 8
Flue gas exhaust Insulated pipes DN 800 DN 450
Ventilation air exhaust Regular pipes DN300 DN300

directly to the units with a blower. One central exhaust line gathers the exhaust from the
units. The exhaust pipe is insulated because the flue gas will be supplied to a central heat
regeneration unit elsewhere in the ship. The ventilation air is supplied via ducting to the
SOFC room while the SOFC units suck the air from the room. Since the ventilation air
exhaust can contain hydrogen or methane, it is gathered in one central pipe. The piping
and ducting are sized by multiplying the flows in Table 5.6 with the number of units in
the room and are shown in Table 5.7.

DC/AC inverters convert the power to the requirements of the ship grid and a battery
rack is used for peak shaving, ramp-up, and ramp-down. The battery rack is based on
the Corvus Orca and is sized to be able to deliver sufficient power and energy for load-
following behaviour but does not contain sufficient capacity to support a cold-start. The
cold start-up time of SOFC systems of 12-24h is very long [1] and unreasonable battery
capacity would be needed to meet the energy demand during start-up. Timely switching
on and off the SOFCs is required to make sure there is enough power available to meet
the demands of the ship. To size the battery, it is assumed that the SOFC and the battery
combined should have the same transient capability as a diesel genset. In that case, the
battery capacity can be calculated with Equation 2 to 4. One 124 kWh vertical pack was
sufficient to fulfil the transient requirements.

Psorc,instalied  PSOFC,installed

Ebat,req = (5.2)
2Qtrans,SOFC 20trans,DG
_ PSOFC,insmlled
Pbat,req = (atrans,DG - atrans,SOFC) e (5.3)
Atrans,DG
Ppatre
. req
Ebatinstallea = Max | Epatreqi ——— (5.4)

Crate
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(a) Render of concept design.

Desulphurisation Ventilation feed

Air blower Ventilation exhaust

“A

»
|

\nverter \Process air feed
Battery Process air exhaust

(b) Orientation of components in SOFC room and BOP room.

Figure 5.4: Renders of 1.125 MW SOFC room with COGR.
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5.4. CONCLUSION
SOFC systems are considered a promising option to reduce ship emissions. However,
they need to be scaled from low kW systems to the MW scale for marine applications
while improving the power density and specific cost of SOFC systems. It is important to
design a system that exploits potential scale effects. Such a scaled system should offer
flexibility for ship types and operation, and have a limited effect on ship design practices,
while also ensuring high system efficiency and reliability.

After setting several constraints from the ship and fuel cell development perspective,
a 125kW SOFC unit with six replaceable stacks and hot BOP components was designed.
Nine of these units are placed in an SOFC room and combined with a cold BOP room to
result in an SOFC power plant that can directly supply power to the electrical grid of the
ship. During the design phase, the following lessons were learned:

1. Size and weight limitations of stack replacement are a limiting factor to the design
of marine SOFC systems.

2. Itisimportant to take SOFC degradation into account during system design. Since
the required flows increase over the lifetime, the end-of-life conditions must be
used for sizing.

3. The high air-fuel ratio of the SOFC system which is needed for the cooling of the
stack during operation leads to very high air and exhaust flows. The piping through
the ship would occupy a considerable amount of space. COGR should be applied
to marine SOFC systems to reduce the ducting size. In this system, COGR resulted
in a 55 to 57% reduction of the process airflow resulting in much smaller piping.

Ahigher power density is achieved by combining several large stacks and the hot BOP
in an integrated gas-tight unit. This unit reaches a power density of 17.4 kW/m?3 or 31.3
kW/m? which is a significant improvement compared with current commercial systems,
ranging up to 10.6 kW/m3 (see Table 5.2). However, the cold BOP components that also
require significant volume, such as the inverter, the air blower and the heat recovery are
not included in the unit. These components are centralised for several SOFC units, to
further increase the power density of the total systems due to scale effects. A concept is
developed of a 1.125 MW SOFC room containing nine SOFC units and a separate cold
BOP room. This results in a power density of 5.7 kW/m3 or 13.1 kW/m?, which already
includes maintenance paths and space for ducting. Several of these SOFC rooms can be
used to scale to a multi-MW power plant for seagoing ships while being competitive in
terms of space and efficiency, while strongly reducing ship emissions.
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Time-domain simulations allow us to peer into the future and adjust the present for
better outcomes.
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6.1. INTRODUCTION

In 2022, international shipping accounted for approximately 2% of global CO, emissions
[6]. Liquefied Natural Gas (LNG) has been implemented as bunker fuel to reduce emis-
sions in the short term and constitutes 15% of newly ordered vessels [332]. However,
recent emission measurements on LNG-fuelled vessels report a higher than anticipated
methane slip, especially for 4-stroke engines. Comer et al. [333] recommends that a de-
fault methane slip of 6% should be considered for policymaking. For the longer term,
the marine industry is considering fuels that can be produced renewably, such as hydro-
gen, ammonia and methanol to reduce carbon emissions over their life cycle [94]. Be-
sides greenhouse gases (GHG), the combustion of marine fuels emits large amounts of
nitrogen oxides (NOx), carbon monoxide (CO), sulphur oxide (SOx) and particulate mat-
ter (PM). The International Marine Organisation (IMO) forces ship operators to reduce
greenhouse gas emissions with the Energy Efficiency Existing Ship Index (EEXI) and the
Carbon Intensity Indicator (CII) [10]. These regulations contribute to the IMO targets of
30% GHG emission reduction by 2030 and 80% by 2040 [9]. Moreover, strict limits are
set to emissions of nitrogen oxides, carbon monoxides and sulphur oxides, especially in
dedicated emission control areas [11].

Solid oxide fuel cell (SOFC) systems are a potential solution to reduce greenhouse
and pollutant emissions [327]. The high electrical efficiency of 50% to 60% results in fuel
savings and thus in a reduction of carbon emissions, compared to marine combustion
engines. Moreover, unused fuel is burned in a catalytic after-burner to maintain the tem-
perature of the stack, removing any methane slip, which Baldi et al. [27] identified as the
strongest driver of GHG emission reduction. Since power is generated by electrochemi-
cal conversion instead of combustion, SOFCs emit almost no NOx and CO emissions. In
the NAUTILUS project, PM emissions are even reported to be lower than ambient con-
ditions, improving the air quality of the direct environment.

SOFC systems offer additional benefits for maritime vessels. SOFCs can operate
on different fuels. Natural gas, hydrogen and ammonia can be directly fed to SOFCs
[34], while other carbon fuels can be used after reforming. Moreover, SOFC systems
are silent, do not produce vibrations, and offer high redundancy [167]. Nevertheless,
SOFCs are not widely applied in ships yet. Currently, their capital costs are much higher
and the volumetric and gravimetric power density is much lower than for internal com-
bustion engines [1]. Moreover, the long start-up and shut-down time introduce chal-
lenges in operating these systems, especially for ships with dynamic operating profiles.
For these reasons, most studies only include SOFCs as an auxiliary power unit resulting
in hybrid SOFC-engine-battery power plants [27]. Nevertheless, researchers and indus-
try acknowledge the potential of SOFC systems to reduce ship emissions, especially for
ocean-going vessels, for which hydrogen- or battery-based propulsion cannot fulfil the
range demands due to low energy density [27].

SOFC systems are often praised for their high combined heat and power efficiency,
ranging up to 90% [334], from which applications with a significant thermal load can
benefit, such as cruise ships [160]. Although SOFCs operate at temperatures around 700
°C, high-temperature heat recovery is limited because much heat is used internally to
bring the air and fuel to the operating temperature of the fuel cells [37]. Baldi et al. [27]
points out that few studies also include the thermal balance between the SOFCs, en-
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gines and boilers, and the heat users. Rivarolo et al. [32] studied the thermal integration
of SOFCs for a cruise ship and concluded that SOFC systems cannot fulfil all the heat de-
mands of the ship. In this study, the thermal balance is also tackled. Boilers are employed
and sized accordingly to supply the heat deficit of the other power plant components.
Thus, components with low heat recovery capacity directly increase fuel consumption.

SOFC systems operate on high electrical efficiency, with peak efficiency at part-load.
This fundamentally differs from internal combustion engines (ICEs) which often operate
most efficiently at their rated power. High part-load efficiency can be exploited for ships,
because they do not usually sail at their maximum speed. Nevertheless, most integration
studies operate SOFCs constantly at full power because of their slow modulation [27],
but this results in suboptimal fuel conversion. Haseltalab et al. [169] simulated a hybrid
power plant of a dredger with SOFCs, ICE-generator sets (gensets) and batteries. They
used load curves to estimate the fuel consumption but neglected the load-dependency
of emissions. For combustion, NOx and CO emission factors are higher at part-load
conditions [335]. Furthermore, methane slip up to 12% was measured at part-load con-
ditions [333]. Load-dependent emissions of commercial SOFC systems are not widely
published, but a recent measurement campaign reports emission factors for different
load cases [336]. Although often neglected in earlier power plant simulations, this study
includes the efficiency as well as emissions of power plant components under different
load conditions.

SOFC systems typically respond slower to load transients than combustion engines
[31]. Rapidly increasing the current introduces hot spots in the stack, which can cause
permanent damage [337]. Moreover, the SOFC system and its hot balance of plant com-
ponents exhibit notable thermal inertia in response to alterations in operational tem-
perature [28]. For this reason, SOFCs are often coupled with batteries for ramp support,
load smoothing and/or peak shaving [27]. Simple methods assume a fixed ratio between
SOFC and battery capacity [338] and Haseltalab et al. [169] sized the battery capacity as
a function of the transient capabilities of the installed SOFCs and engines. However, the
required power and energy capacity of the battery is highly dependent on the function it
should fulfil and the load profile. In this study, the operational profile of a specific ship
application is used to validate the estimated battery capacity and adapted if necessary.

Cell degradation decreases the performance of SOFC systems over their lifetime.
Consequently, the stacks need replacement every 40k [27] to 50k [339] running hours.
This is often included in techno-economic assessments [168] but not usually consid-
ered for power plant simulations. The degradation of SOFCs is a combination of differ-
ent mechanisms, and models are complex combinations of electrochemistry mechan-
ics and mass transport [340]. Comprehensive degradation simulation includes physics-
based models for nickel coarsening and oxidation, conductivity changes of electrolyte
and electrodes, sulphur poisoning, and delamination [341]. Such models are too com-
putationally heavy to include in a long-term power plant analysis. Moreover, empirical
data for degradation in part-load or even transient operation is not available in the lit-
erature. Nevertheless, degradation influences the operational conditions of the SOFC
system; an effective degradation model is needed for dynamic simulations. For con-
sistency, performance degradation of engines and batteries should also be considered,
especially because reducing the transient load of one component will increase the cy-
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cling of the other power-producing components of a hybrid power plant. Cichowicz et
al. [342] indicate that the fuel consumption of engines increases with 4.5% over 100k
running hours due to wear and fouling of its components. The degradation of lithium-
ion batteries varies widely for different battery chemistries but is usually modelled as a
combination of calendar ageing and cycling loading [343]. This study includes methods
to incorporate component degradation effectively in long-term power plant simulation.

A suitable control strategy is essential to operate a hybrid power plant efficiently.
Rule-based control strategies can be employed to distribute the load over the compo-
nents considering operating points with low fuel consumption or low emissions [344].
More complex strategies, such as model predictive control can be used to further im-
prove energy efficiency, however, for such strategies, a predictable or repetitive load pro-
file is often required [345]. Furthermore, health-aware energy management strategies
for hybrid power generation adapt the load distribution based on the associated degra-
dation effects [346]. Energy management strategies that use batteries for load support
typically base the required load of the SOFCs on the state of charge (SOC) of the battery
[347]. This enables sufficient charge and discharge capacity to compensate the SOFC
at any moment. Although energy management for hybrid power generation on ships
is studied extensively, few manuscripts consider power plants with SOFCs, gensets and
batteries [169]. This study implements an energy management strategy considering ef-
ficient operation and lifetime preservation of the different power plant components.

To the authors’ knowledge, the size, mass, fuel consumption, GHG emissions, and
pollutant emissions of hybrid SOFC plants have not been integrally evaluated for cruise
ships. Although Li et al. [338] extensively studied the performance of a SOFC, engine, and
battery power plant for cargo ships, degradation effects and emissions were not consid-
ered in the evaluation, which are included in this study. A dynamic simulation model
combining electrical and heat demand, and allocating power among power plant com-
ponents considering part-load operation, is required for a detailed estimation. Addition-
ally, a low-computational method is necessary to account for the effects of degradation
on the operation of SOFC systems.

This research aims to compare the volume, mass, fuel consumption, and emissions
of different hybrid SOFC power plants for cruise ships. A dynamic power plant model is
developed to simulate the control and operation of the needed components. The model
can be used to find the right hybridisation strategy for the dedicated ship application.
The main scientific contributions of this chapter can be summarised as follows:

* The development of a dynamic power plant simulation model that includes com-
ponent sizing, part-load behaviour, and emissions for the main components that
generate electricity or heat.

* Component degradation and its effect on operation is included, which is often
neglected in power plant analyses.

° An extensive comparison of power plant size and weight, fuel consumption, and
emissions for different hybrid design scenarios.

* Validation and eventually adaption of the required battery and boiler capacity, pre-
venting over- or under-sizing.
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Figure 6.1: General system layout of onboard components.

* Asimple but robust control strategy for the operation of SOFC systems paired with
batteries and engines.

6.2. METHODOLOGY

The component sizing and power plant simulation is based on the general layout de-
scribed in Figure 6.1. Electrical power is supplied by natural gas-fuelled SOFCs and ICE
generator sets, running on marine gas oil (MGO) or natural gas. Batteries are used to sup-
port the load-following capability. A waste heat recovery system retrieves heat if needed
from the gensets and the SOFCs, which the boilers can complement. An energy manage-
ment system ensures all electrical and heat demand is met. This section describes how
this system is sized and how the different components are modelled in the dynamic sim-
ulation model. This model is used to compare different design scenarios quantitatively
on the main performance indicators of power plants: volume, weight, fuel consumption,
and emissions [28]. CO, and CHy4 are included as GHG emissions NOy, SOx, PM, and
CO as toxic airborne pollutants, further referred to as pollutants, all taking into account
well-to-tank (WTT) and tank-to-wake (TTW) processes.

6.2.1. DESIGN SCENARIOS

Multiple reference design scenarios (1-3) and SOFC design scenarios (A-D) are defined in
correspondence with two cruise shipyards. Although this does not ensure an optimally
sized power plant, these are plausible scenarios from a functional perspective.

* Scenario 1 represents a conventional ship fully powered with MGO-fuelled diesel
generators (DGs).
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Table 6.1: Overview of installed components and fuel dimensioning for considered design scenarios. AUX =
auxiliaries, MAN = manoeuvring.

DS Design scenario Installed power split Fuel tank dimensioning
SOFC GEN MGO LNG
1 DG 0% 100% (4 DGs) All operations DG -
2 DFG 0% 100% (4 DFGs) Pilot fuel Main operations
Range extender
3 GG 0% 100 % (4 GGs) - All operations
. Pilot fuel Auxiliaries SOFC
A SOFCAUX Pavx Remainder (3 DFGs) Range extender Propulsion DFG
. Pilot fuel AUX & MAN SOFC
B SOFC MAN Paux+Pypran Remainder (3 DFGs) Range extender Remainder DEG
C SOFC CRUISE Payx+Pprop Remainder (3 GGs) - All operations
SOFC FULL 100% 0% - All operations

* Scenario 2 has a state-of-the-art power plant with dual fuel gensets (DFG) on MGO
and LNG.

* In scenario 3, the use of MGO is eliminated and the ship is fully powered by gas
generators (GG).

* Scenario A - SOFC AUX uses SOFCs solely for hotel and auxiliary power demands.
The auxiliary (AUX) load is more continuous, even when the ship is berthed. This
prevents the need to turn off the SOFCs and limits the required battery capacity.

* Design scenario B - SOFC MAN incorporates sufficient installed power for berthing
and manoeuvring (MAN) operations, enabling navigation in ports or fjords with
stringent pollutant emission regulations.

* In design scenario C - SOFC CRUISE, sufficient SOFC power is installed to accom-
modate power requirement for the propulsion and auxiliaries for regular cruise
operations, while additional GGs are installed for high-speed cruising and to meet
the overall power demand.

* Design scenario D - SOFC FULL fully relies on SOFCs for all operational require-
ments.

Consequently, design scenarios 3, C and D are LNG-only ship designs. An overview
of the power split and required fuel storage is provided in Table 6.1.

Figure 6.2 shows which grid architectures correspond with the design scenarios. In
this study, the grid architecture selection mainly influences the electrical conversion
losses. For the reference scenarios, a conventional AC net has been selected as shown
in Figure 6.2(a). For the full SOFC scenario, a DC architecture is selected, as shown in
Figure 6.2(c). Fewer transformers and switchboards are needed to supply fuel cell power
to a DC grid, improving system efficiency and lowering the size, weight, and cost of the
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system [199]. For the hybrid scenarios, the two architectures are combined, as shown
in Figure 6.2(b). This makes it possible to avoid conversion losses for DC users, while
still relying on off-the-shelf AC components for the main net. An AC-DC conversion ef-
ficiency of 96% is assumed while the DC-DC conversion is assumed at 98%.

6.2.2. COMPONENT SIZING MODEL

The installed capacity of the power-producing components is already presented in Table
6.1. An initial battery capacity is estimated assuming conservatively that the total power
plant should have the same transient capabilities as dual-fuel gensets. Since the batter-
ies should support energy as well as power supply, the battery capacity is established
from both, see Equations 6.1 to 6.3.

Psorc,installed  PsoFc,installed

Epatreq = (6.1)
req
2- Ttruns,SOFC 2- Ttrans,ENG
Psorc,installed
PBAT,req = (Ttruns,ENG - Ttrans,SOFC) . T— (6.2)
trans,ENG
PpaTreq
Epar =max|EpaTreqs ——— (6.3)
Crate

Where Ep 47 is the battery capacity, P is the power, and T4, is the transient capa-
bility of the power-generating component in percentage of total power per second. The
Crare is the rate at which the battery is charged or discharged, where 1C corresponds to
discharge in an hour and 2C in two hours. The derivation of this equation can be found
in the supplementary materials. The required heat-producing capacity of the boilers
Qgorr is sized from the required heat demand and the heat produced by the SOFCs and
gensets for every sail mode:

QBoIL = maX(Q;oad - Q;ENG - QgOFC)s:sailmode (6.4)

Both the battery capacity and boiler capacity will be adapted to the actual require-
ments of the load profile using the dynamic simulation, which is described in Section
6.2.4.

The required fuel capacity is estimated using the end-of-life efficiency ngor. of the
power plant components and a 10% margin S¢,.;. The estimation includes MGO and
LNG consumption for gensets (also including pilot fuel), SOFCs and boilers. A gener-
alised formulation of the calculation is shown in Equation 6.5.

Pcamponent
max, fuel

Pinstalle
Efuel=(1+sfuel)' Lalled (6.5)
Ncomponent,EOL

Where Epay, ruer is the energy required of the dedicated fuel to fulfil the range and
endurance requirements as derived from the load profile.

The capacity of the various components is combined with an elaborate database of
power density and energy density to estimate the required volume and mass of the dif-
ferent components according to Equations 6.6 to 6.7. The database (see Table 6.2) is
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(c) DC grid architecture for fully fuel cell powered ship in design scenario D.

Figure 6.2: Grid architectures for all the different design scenarios.
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Table 6.2: Used data to estimate component size and weight. The energy density of the fuel also includes
storage equipment.

Variable Component Fuel Value Unit Source

Puol SOFC LNG 15 kW/m3 [1, 169, 326]
Pgrav SOFC LNG 25 kW/ton [1,169]

Pool DG MGO 45 KW/m3 (1]

Pgrav DG MGO 60 kW/ton [1]

Puvol DFG Both 40 kW/m? Wartsilla, MAN, CSI
Pgrav DFG Both 50 kW/ton Wartsilla, MAN, CSI
Puol GG LNG 40 kW/m? Same values as DEG
Pgrav GG LNG 50 kW/ton Same values as DFG
Pool BOIL MGO 104 KkW/m3 [27]

Pgrav  BOIL MGO 360 kW/ton [27]

Puol BOIL LNG 75 kW/m? Alfa Laval
Pgrav BOIL LNG 310 kW/ton Alfa LAval

evol BAT (Li-ion) - 90 kWh/m?3 [27]

egrav BAT (Li-ion) - 80 kWh/ton [27]

evol - MGO 8200 kWh/m3 [28]

egrav - MGO 8300 kWh/ton [28]

evol - LNG 3443 kWh/m3 [348]

egrav - LNG 8050 kWh/ton [348]

established from literature and supplier data. To ensure the integrity of this dataset, a
consistent scope of the needed auxiliary components was essential.

Pcom
ponent
Vcomponent = (6.6)
Pvol,component
Peom
ponent
Mcomponent = (6.7)

Pgrav,component

6.2.3. POWER PLANT SIMULATION MODEL
This section describes how the power plant components and the energy management
strategy are modelled. Matlab Simulink® is used for the time-domain simulations.

SOFC MODEL

Haseltalab et al. [169] used an isothermal plug flow reactor to calculate the current-
voltage characteristics and fuel consumption of the SOFC stack for different loads. They
modelled the transient response by limiting the rate of change of the stack current. Con-
stant and load-dependent loss terms account for the parasitic consumption of auxiliary
components. This model is adapted by including differences in heat loss and fuel utilisa-
tion in part-load conditions. Because of a difference in stack temperature, the heat losses
cannot be assumed constant. Moreover, SOFC systems are often operated at lower fuel
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Table 6.3: Used parameters for simulation model.

General Parameter Value Unit
Lower heating value MGO LHVy6o 42800 KJ/kg
Lower heating value LNG LHVi NG 50000 KJ/kg
CO; equivalent methane COz-eqcHs 25 -
Safety margin fuel capacity Sfuel 10% -
SOFC

Nominal voltage at BOL Veell, BOL 0.85 \%
Nominal voltage at EOL Veell, EOL 0.71 \%
Max current change rise R 2% of P /min
Max current change fall F 8% of P /min
Transient threshold Tthold 0.03% /min
Transient factor Atrans 1.5 -
Nominal stack lifetime Lsorc 30000 h
Genset

Transient capability on MGO  Tyransmgo 2.7%o0f P /s
Transient capability on LNG Ttrans,LNG 14%of P /s

Generator efficiency Ngen 95% -
Amount of pilot fuel for DFG  pprg 3% -
Lower load limit LL 10% -
Battery

Charge efficiency Neh 90% -
Discharge efficiency Ndis 95% -
Max C-rate Crate 3 -
Initial SOC SOC;i iy 0.55 -
Upper bound SOC SOCys 0.9 -
Lower bound SOC SOCrp 0.2 -
Safety margin SpaT 10% -
Boiler

Boiler efficiency - MGO NMGO 85% -
Boiler efficiency - LNG NLNG 90% -
Other

Converter efficiency DC|DC 11DCIDC 98% -

Inverter efficiency AC|DC 1 AC|DC 96% -
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Figure 6.3: Net electricalefficiency (DC) and heat efficiency of SOFC system at beginning-of-life and end-of-
life. The model of this study (green) is adapted from Haseltalab et al. [169], which is shown in blue.

utilisation at part-load in order to feed additional fuel to the burner to ensure sufficient
heat supply to the stack. This adaptation makes the net-efficiency curve (see Figure 6.3)
correspond better with published data of commercial SOFC systems [349]. Addition-
ally, a distinction is made between the allowed current density rate during ramp-up and
ramp-down, which is formulated in Equation 6.8. Transient SOFC experiments showed
a four times higher ramp-down rate (see Table 6.3), because the temperature change
in the cells is more uniform than during ramp-up [350] The heat efficiency is based on
supplier data of the available heat in the exhaust stream. Although the heat efficiency
is assumed to be constant over its lifetime (see Figure 6.3), the delivered heat increases,
because more fuel is fed to the SOFC due to the decrease in electrical efficiency. It is
assumed that heat can only be recovered up to 100 °C for the hot water and steam net
[294], which explains why the heat efficiency is slightly lower than reported by SOFC
system manufacturers. The specific emissions of the SOFC are based on literature and
reported in supplementary materials.

u(t)=At-R+i(t—-1) ifi’>R
w(t)={ u()=—-Ar-F+i(t—1) ifi'<F (6.8)
u(r) else

Where i is the input, u the output, ¢ the time, R the rising slew rate, and F the falling
slew rate.

A novel approach is used to include the degradation effects. Decreasing cell voltage
reduces the rated power and efficiency at a specific current density. However, when con-
stant power output is required, the current density must be increased along the i-V curve,
further decreasing voltage and thus efficiency [273]. Moreover, a rise in current density
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increases the degradation rate [351]. To incorporate this, a degradation resistance term
is added to calculate the power of the fuel cell:
P=Vee-1=(Vo—I(R+Rgeg))- 1 (6.9)

Where V¢, is the cell voltage, R is the cell resistance, and R, is the additional re-
sistance due to degradation effects. Solving for the current I yields,

Vo + \/4P (R+ Raeg) - V2
a 2(R+ Ryeg)

(6.10)

Load cycles reduce lifetime, while degradation is lower at part-load operation since
the SOFCis operated at a lower current density. The load-dependent degradation formu-
lation is retrieved from Abreu-Sepulveda et al. [352], who define the degradation rate as
a function of the current density i. The function is fitted to the lifetime projected by the
SOFC system manufacturer. The degradation model also detects whether the change
rate of the current is above the threshold for transient operation Tyj,;4, which adds a
multiplication factor a;4ns to the degradation rate, see Equation 6.11.

Tdeg = Atrans*0.0573 €% [%.1,6:/1000h] (6.11)

The degradation rate is integrated over time to find the increase in cell resistance
needed for Equation 6.10. The state of health SOH is defined from the current cell volt-
age V,.;; and the voltage at beginning of life (BOL) and end of life (EOL), see Equation
6.12. SOH is usually defined for a constant current density. In this research, SOH is
defined at nominal load P, since the current density increases over its lifetime to
maintain constant power.

SOH = Vcell (Pnom) - Vcell,EOL (Pnom)

(6.12)
Vcell,BOL (Pnom) - Vcell,EOL (Pnom)

GENSET MODEL

The ICE genset is modelled with look-up tables for the efficiency and emissions as a
function of the load, see Figure 6.4(a) and the supplementary materials respectively. The
efficiency and emissions include a constant generator efficiency of 0.95. The dynamic
behaviour is captured with a rate limiter (Equation 6.8) on the load and a minimum load
of 10% per engine is implemented. The performance depends on the engine type, as
defined by the design scenario (Table 6.1). For the DFG model, 3% pilot fuel is assumed.
The allowable load changing rate of gas engines is usually lower than diesel-fuelled en-
gines, see Table 6.3. For this reason, DFGs usually switch to MGO operation during rapid
load changes, which is included with the following logic:

(6.13)

MGO mode ifi'’>T;rans NG
" |Gasmode else

Wear and fouling of engine components is included in the simulation model as an
increase in fuel consumption during running hours, as prescribed by Cichowicz et al.
[342] in Figure 6.4(b).
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Figure 6.4: Engine performance maps.
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Table 6.4: Number of cycles in battery life for depth of discharge and charge rates [355].

DoD Cycles in battery life
0.5C 1C 2C 3C
0.2 2127 2540 - -
0.6 1634 1654 - -
1 429 429 739 571

BATTERY MODEL

The battery model is based on a power and energy balance model that includes cycle
efficiency and degradation effects. The available power is denoted as the current battery
capacity times the maximum Cj 4!

PpaTmax = Crate EBaT (6.14)

This equation neglects the decrease in battery capacity at higher C-rates but this is
usually small. The battery degradation is modelled as a superposition of cyclic ageing
and calendar ageing. The calendar ageing is independent of the battery current [343].
An algorithm detects whether the battery is in use or idle and applies the cyclic ageing
data or the calendar ageing data respectively. Ali et al. [354] proposed a calendar ageing
model based on temperature and SOC, substantiated by literature and an extensive ex-
perimental campaign. The degradation rate is defined with the derivative of the calendar
ageing for NMC Li-ion batteries, as shown in Equation 6.15.

Tdeg,cal = 0.03304e"703650C . 385 30727081 . 57 ;7049 (6.15)

Where T is the temperature in Kelvin and ¢ is the time in days. The degradation
due to cycling is based on a multi-year study for 18650 commercial battery cells [355].
The equivalent full cycles for 20% capacity reduction are formulated as a function of the
depth of discharge (DOD) and the C; e, as shown in Table 6.4. The equivalent cycles are
calculated with the rainflow algorithm, which is often used for battery degradation with
varying DODs [356]. Finally, the capacity degradation is estimated at every timestep by
superposition of the degradation rate for calendar ageing and cycle effects. This is used
to estimate the number of required battery replacements.

BOILER MODEL

Three boiler models are implemented: oil-fired, gas-fired, and dual-fuel boiler, depen-
dent on the bunker fuels in the dedicated design scenario (see Table 6.1). The boiler
is modelled as an instantaneous heat source supplying the difference between the load
and the heat-producing components, as defined in Equation 6.16.

The heat efficiency and specific emissions are assumed to be load-independent,
which can be justified because the boilers are only responsible for a minimal share of
fuel consumption and ship emissions. Furthermore, no load transients are applied to
the boiler.
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Qgorr = Qioad — Qenc — Qsorc (6.16)

ENERGY MANAGEMENT STRATEGY

The SOC-based energy management strategy has been adapted from Unliibayir et al.
[357] and is shown in Figure 6.5(a). It has been implemented to divide the load over the
SOFCs, gensets and batteries. The hierarchical sequence of the control system priori-
tises the SOFC, followed by the gensets, with the battery as the third priority. A low-pass
filter is applied to the load of the SOFC system. It only passes signals below the cut-off
frequency, removing rapid load demand changes. The cut-off frequency is determined
based on the transient capabilities of the SOFC and gensets and implemented with trans-
fer function 6.17.

T(s)=

1 (6.17)

wo

The SOFC load is also limited to the installed power of the SOFCs and the remain-
ing higher frequency signal is the resulting load for the gensets (see Equation 6.18). The
SOFC model and genset model include the transient behaviour of both components.
The actual produced power is compared with the load and the difference is requested
from the batteries (see Equation 6.19). The load is artificially increased or decreased to
attain the desired SOC for the battery. The initial and target value is set at 0.55, giving
the greatest flexibility for discharging or charging the battery at any specific moment.
The load is increased with Equation 6.20, increasing proportionally with the deviation
from the target SOC. Meanwhile, a double hysteresis control has been implemented to
prevent rapid cycling of the SOFC around the charge limits of the battery. For instance,
for low SOC, the battery starts charging at SOC;; and stops charging at SOCy,. Figure
6.5(b) demonstrates the power distribution between the SOFCs, the engines, and bat-
teries during berthing, manoeuvring and cruising for design scenario SOFC MAN. The
SOFC (green) slowly follows the load up to the maximum installed power, and is com-
pensated by the battery (blue). The gensets (black) are only used when needed and sup-
ply power above the installed power limit of the SOFC.

PpNG,req = Pioad + Padd — PSOFC,req (6.18)
Ppatreq = Pioad + Padd — Psorc,act — PENG,act (6.19)
Paaa(t) = (SOCr2 — SOC(1) - asoc - Epar * Crate (6.20)

The recoverable heat produced from SOFCs and gensets is compared with the heat
load and complemented by firing the boilers. Excess heat is expelled from the ship
through the exhaust stream.
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6.2.4. ADAPTATION OF BATTERY AND BOILER COMPONENTS

The initial sizing of both the battery and the boiler is necessary to run the simulation.
Subsequently, the simulation outcomes are used to validate the precision of these esti-
mations. The required power and energy capacity of the battery and boiler are compared
with the constraints imposed by the installed components (Equations 6.21 and 6.23 for
the battery). This comparison yields a utilisation ratio u, which is used to resize the bat-
tery, including a 10% safety margin as shown in Equation 6.24. A similar formulation is
used to resize the boiler.

min (SOC([)) — SOCtarge[

USoC,LB = (6.21)
SOCLB - Socmrget
min (Pgar (7))
USOCIB= 7~ — (6.22)
EBAT,init : Crate
upar = max(Usoc,LB; UsOC,uB; UPLE; URUB) (6.23)
Epatadapted = (L +Spar) - EBAT,init - UBAT (6.24)

6.3. RESULTS

The component sizing model and power plant simulation model are applied to a cruise
ship. The main particulars and load profiles are supplied by a shipyard and scaled to the
size of a fictive cruise ship for confidentiality purposes using the cruise ship database
presented in Veldhuizen [37]. Its main particulars are summarised in Table 6.5. The
load profile consists of a week of cruise operation with daily port calls. Yearly the ship
performs 48 cruise travels and two transatlantic journeys. First, one week is simulated
to assess the initial sizing of the battery and boiler, followed by a five-year simulation
to fully account for the degradation effects within one dry docking maintenance inter-
val. All time-domain simulations use a step size of 60 seconds and Figure 6.6 shows
an overview of the inputs, simulation order, and outputs. The applied component mod-
els, energy management strategy, and degradation formulations provide a relatively low-
computational model. Five years of power plant operation are simulated in 10.4 hours.

6.3.1. VOLUME AND MASS OF POWER PLANT

This section contains the results of the component sizing model. Figures 6.7(a) and
6.7(c) show that increasing the number of installed SOFC systems requires more space
and mass for power-producing components due to a lower power density, which is sim-
ilar to results presented by Li et al. [338]. However, when including volume for fuel stor-
age, the volume increase diminishes for higher installed SOFC power, see Figure 6.7(b).
The power plant of SOFC FULL is 162% larger than the DFG power plant, while the
total volume for the power plant and fuel storage is 27% higher. The power plant of
SOFC FULL is 104% heavier compared to DFG, but when fuel storage is included the
weight is 14% less. This is due to the high conversion efficiency of SOFCs, which reduces
the required fuel storage size to meet range requirements. It is also interesting to note
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Table 6.5: Main particulars of ship used for case study.

Cruise ship Unit
Length 292 m
Width 38.3 m
Draft 8.7 m
Passengers 4000 -
Crew 1600 -
Installed power 75000 kw
- Auxiliaries 13125 kw
- Manoeuvring 23400 kw
- Main operations 38400 kw

Ship requirements Initial component Power and energy
Design scenarios sizing density of components

Load profiles Initial dynamic Duration: one week
Component performance simulation Timestep: 60 s

Adapt sizing Adapted
component sizing

Volume and
mass components

No

RGEMCRENS Duration: 5 year
simulation Timestep: 60 s

Yes ;
Validate sizing Fl;il dczrr;si:;?g:gn

Figure 6.6: Flowsheet of simulation steps including timestep and duration.
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Table 6.6: Reduction in battery capacity with respect to initial estimation.

DS  Design Scenario Initial BAT Adapted BAT BAT
capacity capacity reduction
[kWh] [kWh]
A SOFC AUX 4210 2200 48%
B SOFC MAN 7506 5465 27%
C SOFC CRUISE 18321 10444 43%
D SOFC FULL 24059 7736 68%

that all SOFC scenarios have a smaller power plant than a fully LNG-powered ship us-
ing solely gas engines. Moreover, the mass of the total power plant of design scenarios
SOFC CRUISE and SOFC FULL is lower than the conventional options as shown in Figure
6.7(d), due to the weight of MGO.

The presented results are generated using the adapted battery and boiler capacity
(see Section 6.2.4). The change in battery capacity is shown in Table 6.6. Large re-
ductions in battery capacity are realised using dynamic simulations. This highlights
the importance of a detailed power plant simulation model to prevent over or under-
dimensioning of auxiliary components. The change in mass and volume of the power
plant was minor, as the boiler capacity partially offset the alteration, and the boiler and m
battery constitute only a small portion of the overall power plant.
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6.3.2. POWER AND ENERGY BALANCE

The first week of the adapted simulation is visualised in Figure 6.8 and 6.9. Figure 6.8 il-
lustrates the power output of the components. In 6.8(a) and 6.8(b), the SOFCs follow the
load and gensets supplement power beyond the SOFCs’ capacity. For design scenario
SOFC CRUISE, the gensets are required intermittently during significant fluctuations in
propulsion demand. The variation in battery power is much lower when the SOFCs are
only used for the auxiliary power, which corresponds with the smallest required battery
capacity of design scenario SOFC AUX in Table 6.6. Figures 6.8(c) and 6.8(d) clearly illus-
trate a distinction between the load and the produced power. These represent the power
conversion losses, which are lower for design scenario SOFC FULL, because a full DC
grid is used.

Notably, the largest peaks in battery power occur when the ship slows down, storing
power in the batteries, despite the SOFCs’ allowable ramp-down current rate being four
times higher than the ramp-up limit. The used load profile is derived from an engine-
operated ship and is managed accordingly. Reducing the speed more gradually could
lower the required battery capacity. The implications of changing ship requirements are
discussed extensively in Section 6.4.1.

When the transient capability is insufficient to meet a change in the load profile, bat-
teries provide additional power. As can be seen in Figure 6.9(a), batteries are consistently
used for load-smoothing, with significant demand only during changes in ship speed.
Consequently, battery cycling is limited and battery lifetime is preserved. The effective-
ness of the energy management strategy is evident, SOC of the batteries remains mostly
between 0.4 and 0.6.

The heat load and production are shown in Figure 6.9(b). Although the full boiler
capacity is rarely used, a significant amount of boiler capacity is needed throughout the
cruise operation, as the SOFCs and gensets do not generate enough heat to fulfil the
load profile. Occasionally, there is a large amount of unused heat, but it is not consistent
enough to justify additional heat recovery systems.

For all simulated design scenarios, the modelled power plant fully meets the electri-
cal and heat load profile.




132

6. DYNAMIC SIMULATION OF HYBRID SOFC POWER PLANT

50 Load
—ENG
40 ——SOFC
—BAT
Difference
30
g
=
3 20
B3
o
2
£ 10
©
K]
w - -1
N I rerr
-10
-20
0 20 40 60 80 100 120 140 160
Time [h]
(a) Design scenario SOFC AUX.
501 Load
—ENG
40 ——SOFC
—BAT
.30 Difference
2
=
o 20
2
8
£ 10
: I
Wy pet = - 7
e I WT reyr
-10
-20 L il L ! L il
0 20 40 60 80 100 120 140 160

Time [h]

(c) Design scenario SOFC CRUISE.

50 Load
—ENG
40 ——SOFC
—BAT
Difference
30
g
=
o 20
2
o
%
£ 10
©
Ko}
01 ' [ ' [ [ r
-10
-20
0 20 40 60 80 100 120 140 160
Time [h]
(b) Design scenario SOFC MAN.
Load
—ENG
——SOFC
—BAT
Difference

Electric power [MW]

-20

0 20 40 60 80
Time [h]

100 120 140 160

(d) Design scenario SOFC FULL.

Figure 6.8: Delivered power by components for SOFC scenarios during the first week of the simulation.
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Table 6.7: Overview of SOFC and battery degradation after 5-year simulation.

DS Designscenario SOFCSOH BAT replacements

A SOFCAUX 0.08 1.49
B SOFC MAN 0.19 1.65
C  SOFC CRUISE 0.19 0.90
D SOFCFULL 0.47 1.10

6.3.3. DEGRADATION EFFECTS

The degradation speed of SOFCs and batteries varies with loading and cycling condi-
tions across the design scenarios. Table 6.7 and Figure 6.10 show the degradation of these
components after five years. The remaining SOH of the SOFCs is 0.47 for design scenario
SOFC FULL, which is the highest among the design scenarios. This is the case because
the degradation is a function of the current density (see Equation 3.1) and the SOFCs are
mostly operated at part-load. Although the load of SOFC AUX is more stable, the remain-
ing SOH of 0.08 is the lowest for this scenario. Apparently, the load-dependent degra-
dation dominates the consequences of transient operation. For all design scenarios, the
observed degradation of SOFCs accelerates over their lifetime, because the current den-
sity gradually increases to maintain the rated power. The degradation analysis reveals
that all scenarios finish five years of operation before stack replacement, although ther-
mal cycles are not considered. Implementing additional power capacity, as in the SOFC
FULL design scenario, can extend the overall system’s lifespan by operating the stacks at
a lower current.

The battery requires replacement 0.9 to 1.65 times within five years across different
design scenarios. This exceeds expectations, as marine battery suppliers typically claim
a lifespan of 5 to 10 years, corresponding to 2000 to 3000 equivalent cycles [358]. How-
ever, this holds only for low C; 4., while the SOFC system’s slow transient response needs
high battery power output. Installing additional batteries could reduce the required
Crate, therefore extending the battery’s cycle life, although this increases volume and
cost. The fastest degradation occurs in the SOFC MAN design scenario, due to high C; e
and large DOD during manoeuvring operations. The SOFC CRUISE scenario reaches the
five-year operational interval.

6.3.4. FUEL CONSUMPTION AND EMISSIONS

Figure 6.11 shows the fuel efficiency and consumption across the design scenarios dur-
ing five years of operation. For design scenarios DFG, SOFC AUX, and SOFC MAN,
there is some MGO consumption as pilot fuel. The average fuel efficiency increases with
greater use of SOFCs. Nevertheless, the fuel consumption is higher for the fully SOFC-
powered ship. This is the case because all SOFCs are operated on the same load. With a
higher installed SOFC power, especially in berth, this leads to a significantly lower con-
version efficiency. This limitation of the simulation model will be further discussed in
Section 6.4.2. Overall, all four SOFC scenarios result in a major fuel consumption re-
duction, compared to the reference scenarios. Although the boiler’s fuel consumption
slightly increases with more SOFC usage, this is negligible compared to the gains in elec-
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Figure 6.10: State of health of SOFC stacks for different design scenarios during 5-year simulation.

trical efficiency, as shown in 6.11(b).

Figure 6.12 illustrates the GHG, NOg, SOx, PM and CO emissions for the design sce-
narios during 5 years of operation. WIT emissions are also included if reliable data was
available. Figure 6.12(a) shows that adapting to LNG only reduces GHG emissions by a
little compared with MGO-fuelled gensets. Although the WIT emissions are lower for
LNG, methane slip in current engines is high, especially at part-load conditions. Using
SOFCs solely for auxiliary loads significantly reduces GHG emissions. Additionally, the
reduction in fuel consumption leads to a decrease in WTT emissions. However, in de-
sign scenario SOFC FULL, GHG emissions increase, corresponding with the rise in fuel
consumption. Compared with diesel generators, all SOFC scenarios result in a GHG re-
duction of over 30%, complying with the IMO target to reduce GHG emissions by 30%
by 2030 [9]. None of the SOFC scenarios reach the 80% reduction target set for 2040.
Renewable fuels could be applied to further decrease GHG emissions.

LNG-fuelled gensets emit significantly less NOx and particularly SOx emissions com-
pared to MGO-fuelled gensets, although dual-fuel and gas engines produce higher PM
and CO emissions. All pollutant emissions of SOFCs are minimal, thus the NOx, SOx,
PM and CO emissions in design scenarios SOFC AUX, SOFC MAN and SOFC CRUISE
mainly originate from the gensets. In design scenarios SOFC CRUISE and SOFC FULL
most pollutant emissions are eliminated.



6.3. RESULTS 135

0.8 T T T T T 300
et electric efficiency
w07 HP efficiency =
ES S 250
& £ [ L NG-ENG
206 S [ LNG-SOFC
5 S 200 I L NG-BOIL
5 0.5 =
5 c
804 £ 150
o a
g E
803 2 100
g 3
g0.2 °
2 S 50
<041 w
0 Q [0} 0] x z w - 0 Q ] [0} x z w -
e 5 © =z = 3 3 e 5§ © 2 £ 2 5
[a} < = 35 i o S 2 o
2 Q % o g @ & o
g & o & g 9 o &
(2] @a an hs
5 9 g 3
» 7]
(a) Fuel efficiency. (b) Fuel consumption.
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6.4. DISCUSSION

This section reflects on the validity of the simulation model. First, potential changes in
the ship’s requirements for an SOFC ship are discussed. Subsequently, the limitation of
the model concerning part-load operation is addressed. Finally, the applicability of the
model to other ship types and load profiles is assessed.

6.4.1. RANGE AND INSTALLED POWER REQUIREMENTS

The analysis of various design scenarios revealed that accommodating the proposed
power plant would be challenging without sacrificing valuable space. Introducing low-
power-density technologies, like SOFCs, and low-energy-density fuels, often stored in
large cryogenic tanks, leads to a reevaluation of ship design requirements. Conventional
ships typically have tank storage designed for high range and endurance, yet in prac-
tice, much of this space remains unused. In this study, it was found that only 20% to
60% of the stored fuel across the design scenarios, as estimated based on a 20-day en-
durance criterion, was required to fulfil the operational profile. The sensitivity analysis
in Figure 6.13 shows that the volume of the whole power plant strongly reduces for lower
endurance requirements.

Moreover, maximum installed power requirements are often based on redundancy
needs. For example, with four engines divided between two main vertical zones, losing
one zone still requires sufficient power for a safe return to port. Fuel cells, when installed
in a decentralised manner, can enhance redundancy and potentially reduce the overall
installed power requirements. Additionally, the battery SOC approached its limit during
slowdown phases, as SOFCs temporarily produced excess power. To address this, reduc-
ing speed earlier and more gradually could decrease the necessary battery capacity.

In this study, operational requirements were kept constant to ensure a fair compar-
ison of design scenarios. However, aligning ship requirements more closely with the
operational profile and power plant components could significantly reduce the size and
cost of the power plant. This approach, though, would diminish the operational flexibil-
ity of the ship. Ship owners must carefully consider whether reduced ship requirements
would render the vessel less versatile for varying scenarios.

6.4.2. ADVANCED ENERGY MANAGEMENT

In scenario D, where only SOFCs are installed, fuel efficiency is lower compared to sce-
nario C, which has just enough power to fulfil all main operations. This inefficiency
arises because all SOFCs operate at the same load. Higher installed power at part-load
results in lower conversion efficiency (Figure 6.3), particularly at berth, where the elec-
trical load represents only 10% to 15% of the installed power. Although these results
align with the simulation model, this is unlikely to reflect real power plant operations.
To avoid low conversion efficiency at low loads, a fully SOFC-powered plant would likely
control groups of SOFC modules, turning them on or off as needed. Optimising this
control strategy is an interesting area for future research, focusing on fuel consumption,
emissions, and lifetime conservation. However, cold starts take up to 24 hours and ther-
mal cycles impact lifespan significantly [359]. Alternatively, groups of SOFC modules
could run on hot stand-by, avoiding thermal cycles but consuming some parasitic fuel
to maintain temperature. Consequently, such a control strategy would require complex
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Figure 6.13: Sensitivity analysis of ship endurance on and volume of the power plant and fuel storage com-
bined.

optimisation with many decision variables, warranting a separate study. Once devel-
oped, this control could be implemented in the power plant simulation.

6.4.3. APPLICABILITY OF SIMULATION MODEL

Since the simulations are executed for a specific ship, the transferability of the results is
questionable. Nevertheless, the scientific relevance lies in the method, which can be di-
rectly applied to other cruise ships. Cruise ships are investigated due to their significant
thermal load and relatively high and constant auxiliary load. However, the developed
framework and simulation model are adaptable to other ship types. The study’s findings
indicate that heat recovery does not offer improvements over gensets, suggesting that
high thermal demand is not a prerequisite for efficient SOFC operation. Nevertheless,
other ship types differ in their load profile. For example, dredgers have highly variable
auxiliary load profiles and frequently use flywheels for energy storage. Such compo-
nents can be incorporated into the simulation framework, though the results should be
invalidated. The research further demonstrated that the required battery capacity and
SOFC degradation are smaller when operating under a relatively constant load profile,
as in scenario SOFC AUX. Therefore, ship applications with a stable load profile, such as
deep-sea cargo and container ships are recommended for SOFC integration.

The study also shows that significant emission reductions are achievable with LNG-
fuelled SOFCs. Nevertheless, LNG remains a fossil fuel with considerable carbon emis-
sions. The marine industry is exploring several alternative fuels, such as methanol, hy-
drogen, and ammonia, as green alternatives. These could be integrated into the simu-
lation framework if reliable sizing, efficiency, and emission data of SOFCs fuelled with
alternative fuels are available. This study excluded these fuels due to the lack of such
data.
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6.5. CONCLUSION

The performance of a marine SOFC power plant is evaluated on size, weight, fuel con-
sumption, and emissions. Four LNG-fuelled SOFC design scenarios are compared using
an iterative component sizing and time-domain power plant model. The power plant
components (SOFC, gensets, battery, and boilers) and their degradation are modelled in
Matlab Simulink® and an SOC-based control strategy is used to allocate the requested
power. A large cruise ship serves as case study, using five years of electrical and heat
load profiles. The applied iterative sizing and dynamic simulation method emphasises
the importance of time-domain simulation for adequate power plant sizing. The bat-
tery capacity was reduced by 27% to 68% while the boiler capacity had to be increased.
Simulations confirm that the degradation rate of the SOFC system depends greatly on
its operation. The remaining state of health was lowest for design scenario SOFC AUX,
meaning the degradation is more heavily influenced by the load level than the fuel cell’s
modulation for the evaluated load profile.

Installing more SOFCs strongly increases the size and mass of the power installa-
tion. However, this increase is partly offset by a reduction in fuel storage due to the
high conversion efficiency. This becomes most relevant for ships with high range and
endurance requirements. Compared with the reference scenarios, the SOFC scenarios
increase fuel efficiency by 19% to 59%. All design scenarios result in significant emis-
sion reductions. Design scenario SOFC AUX minimally impacts capital costs and power
plant design, making it economically advantageous. Compared with dual-fuel gensets, a
21% GHG reduction and 38% to 46% reduction across the reported pollutants is obtain-
able with only 17.5% of installed SOFC power. This is possible because of improved fuel
efficiency and methane slip reduction. Moreover, using the SOFCs mainly for the more
stable auxiliary load limits the required battery capacity. Design scenario SOFC MAN has
operational advantages. With 31% SOFC power, it is possible to operate at low speeds in
low-emission zones while reducing GHG emissions by 33% and pollutants with 60% to
70%. Using SOFCs for all the main cruise operations is recommended from an environ-
mental perspective, resulting in 49% GHG reduction and pollutants by 94% to 96% at
51% installed SOFC power. Pollutants can be eliminated to negligible levels with a fully
SOFC-powered ship, although an advanced energy management strategy is required to
ensure high conversion efficiency at part-load.

This chapter shows that large emission reduction is possible even without fully op-
timising the operation of the SOFC modules. All considered SOFC scenarios meet the
IMO target to reduce GHG emissions by 30% by 2030, and more importantly, with avail-
able technology and fuel infrastructure. To further decrease emissions for future emis-
sion targets, the SOFC power plant model should be extended for renewable fuels and
grouped modulation control should be implemented for optimal fuel conversion at part-
load. An energy management strategy that optimises towards fuel consumption, emis-
sions, and lifetime could be used to improve component operation. Furthermore, only
four SOFC scenarios are defined in this study. An optimal architecture could be as-
sessed from a wide range of hybrid configurations by combining the power plant vol-
ume, weight, fuel consumption, and emissions into an objective function.






APPLICATION DISCUSSION

The future belongs to those who see possibilities before they become obvious.

John Sculley

Parts of this chapter have been published in the conference proceedings of the International Marine Confer-
ence 2023 [326].
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7.1. POWER PLANT PERFORMANCE

To put the characteristics of SOFC systems in perspective, they are compared with
commercially available power-generating systems for marine power plants, namely
hydrogen-fuelled LT-PEMFC and dual fuel generator sets, see Table 7.1. The comparison
focuses on four-stroke engine generator sets as the risk is lower for shipowners to
use SOFCs for the auxiliary load than to integrate them into the propulsion system.
Additionally, replacing four-stroke generator sets offers a higher efficiency gain than re-
placing two-stroke main engines, which typically operate at around 48% fuel efficiency
[360]. The power density of the 125 kW SOFC concept unit (presented in Chapter 5)
is used for fair comparison since gensets often take up a limited amount of space in a
machine room because of maintenance space and space for auxiliary equipment.

Table 7.1: Comparison of SOFC system (concept design form Chapter 5) and other commercially available
power generation systems for ships [1, 27, 32, 117, 212, 327, 361, 362]. The data ranges for PEMFC is based on
commercial marine approved systems from Nedstack, Bloom, Corvus, and Ballard.

Unit Concept design Marine DF GENSET
SOFEC system LT-PEMFC

Fuel supply - LNG Hydrogen LNG & MGO
Power densi kw/m?3 17 25-100 35-50

ty kW/ton 16 40-200 45-65
System cost EUR/kw 1500-5000 2500-3500 250-500
Net electrical - 40%-62% 40%-55% 30%-50%
efficiency
CHP efficiency - 80%-90% 40%-65% 60%-80%
TTW NOx g/kWhe 0.001-0.003 ~0 8-10
emissions
TTW SOx g/kWhe =0 ~0 0-0.016 (LNG)

o 0.38 (MGO 0.1% S)
emissions

SOFCs perform poorly in terms of volumetric power density. However, a power plant
using LT-PEMFC, which relies on hydrogen as its fuel source, requires a substantial vol-
ume for hydrogen storage on board. Furthermore, the higher conversion efficiency of
SOFC results in a reduction in LNG storage requirements compared to dual-fuel gensets.
This is especially advantageous for large ocean-going vessels with large fuel storage tanks
due to their high range requirements. The gravimetric power density of SOFC systems
is also much lower than for LT-PEMFC and DF gensets, although for most ship types the
volume is crucial.

From a cost perspective, both types of fuel cells are associated with high capital costs.
Nevertheless, hydrogen is very expensive, while the fuel consumption with SOFCs is
lower than with LNG-fuelled gensets. Consequently, in terms of fuel costs, which typ-
ically represent the most significant cost component, SOFCs are favoured. Besides the
high electric efficiency, SOFCs have a high potential to recover heat from the exhaust
stream, especially when using COGR, as shown in this dissertation. Subsequently, SOFCs
are especially favourable over LT-PEMFC for ship applications with a high heat demand.
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Figure 7.1: Comparison of WTT and TTW emissions for commercially available marine power generation sys-
tems. The WTT emissions are based on life cycle analyses and the TTW emissions on supplier specifications
and literature [49, 153, 209, 212, 362-364].

Although capital costs and space requirements are expected to be higher than those
of dual fuel gensets, the primary motivation for adopting fuel cells is the substantial
reduction in emissions. The reduction of NOx emissions is substantial because of the
limited combustion. SOx emissions are also close to zero for the fuel cell power plants,
although this is mainly the case because of the low sulphur tolerance. However, the
tolerance of LT-PEMFC to sulphur is much lower, increasing the complexity of the
desulphurisation. Transitioning from dual-fuel gensets to LNG-fuelled SOFC systems
already yields significant GHG emissions reductions due to the high conversion effi-
ciency and the absence of methane slip, as shown in Figure 7.1. This is also confirmed
with the power plants simulation results (Section 6.3.4). While hydrogen-LT-PEMFC
powered ships do not emit tail-pipe emissions, other studies indicate that well-to-wake
GHG emissions are only decreased when utilising green or blue hydrogen, which is
currently not widely available [212]. Using LT-PEMFC with hydrogen produced by
steam-reforming natural gas (grey hydrogen) increases the WTW emissions compared
with gensets, as shown in Figure 7.1. Using LNG-fuelled SOFCs in the short term
and green ammonia-fuelled SOFCs in the long term contributes to the largest GHG
reductions from a life cycle perspective.

In short, at the expense of capital cost and volume, LNG-fuelled SOFC systems can
be a good alternative for large sea-going vessels to reduce emissions, especially for ships
with large range requirements, steady power demand, and significant heat demand. The
next section discusses which ship types offer this opportunity.
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7.2. SHIP APPLICATIONS

SOFCs are typically most suitable for long-range applications, primarily due to the lim-
itations of other low-emission solutions. Batteries are effective for short-range, high-
power applications but require excessive energy storage for medium-range needs. For
medium-range operations, hydrogen-fuelled PEMFECs are cost- and space-efficient, with
high conversion efficiency. However, long-range applications require fuels with higher
energy densities, such as natural gas, methanol, or ammonia, where SOFCs are most
appropriate due to their limited reforming steps and high conversion efficiency. A pre-
dictable load profile is advantageous for SOFCs, allowing for pre-starting or continu-
ous operation, and they perform best with steady power and significant heat demands,
which are common in auxiliary loads or long-distance voyages. The different ship types
and the applicability of SOFCs are discussed on range requirements, predictability of
load profile, and size of auxiliary and heat demand. The discussion is summarised in
Table 7.2 in order of range requirements and predictability of the load profile, with the
most suitable ship types in the bottom rows.

TUGBOATS

Tugboats are robust vessels designed to assist larger ships in confined areas like har-
bours. Equipped with powerful engines and towing equipment, they facilitate safe nav-
igation by assisting in docking, undocking, and towing operations. Tugboats have sig-
nificant power requirements and experience rapid changes in power demand, making
the slower response of SOFCs less suitable. The need for substantial battery capacity to
handle power surges during pulling and pushing operations, combined with the short
mission durations, suggests that a fully battery-powered plant might be a more appro-
priate low-emission solution for tugboats.

HIGH-SPEED VESSELS

High-speed vessels are designed for rapid water transit, incorporating advanced tech-
nology and streamlined hull designs. These vessels are often built lightweight to enable
planing or even hydrofoil-supported flight, making weight a critical design factor. SOFCs
may be too heavy to accommodate these requirements, potentially limiting their appli-
cability in high-speed vessels.

FERRIES

Ferries typically operate over short distances between ports or cities and have varying
load profiles. Applying SOFCs would lead to a significant required battery capacity. How-
ever, given the predictability of their operational profiles, it is conceivable that SOFCs
could power both propulsion and auxiliary systems. During berthing, the ferry could
potentially return energy to the grid, functioning somewhat like the inverse of a battery-
powered ferry. Nevertheless, this is a conceptual application that requires additional
investigation.

INLAND TRANSPORT SHIPS
Inland ships are vessels designed for navigating rivers, canals, and other inland wa-
terways. These cargo ships usually have medium-range requirements but face varying
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and unpredictable power demands due to factors such as stops at locks and navigation
through other traffic. They usually have low auxiliary and heat demand. In short, apply-
ing SOFCs to this application appears challenging.

DREDGER

Dredgers are specialised vessels designed to excavate and remove sediment to main-
tain navigable waterways, facilitate port operations, and support construction projects.
These vessels typically operate at relatively low and consistent speeds, with dredging ac-
tivities demanding substantial auxiliary power. This auxiliary load has large fluctuations
because of the varying composition of the seabed [169]. To manage these rapid load
changes, some dredgers are equipped with flywheels. The vessel’s crew has a minor heat
load, but this contribution is minimal.

YACHTS

Yachts are luxurious recreational vessels offering a private space for leisure activities,
exploration, and relaxation on the water. Although yachts have significant auxiliary and
heat demands, their operation is unpredictable and highly variable, largely influenced
by the preferences and demands of the owner. Additionally, yachts are frequently idle,
leading to numerous thermal cycles of the SOFC system.

OFFSHORE SUPPORT VESSELS

Offshore support vessels (OSVs) play a critical role in supporting operations within the
offshore oil and gas industry. These ships deliver essential services, including the trans-
portation of personnel, equipment, and supplies to and from offshore platforms. They
typically travel medium distances to offshore sites, either for scheduled maintenance or
for ad-hoc tasks as required. As a result, their load profile is highly variable and unpre-
dictable. These vessels also maintain a moderate auxiliary load to support crew, person-
nel, and onboard machinery. SOFCs could best be applied as a stable auxiliary power

supply.

FISHING VESSELS

Fishing vessels are ships designed to harvest fish, playing a vital role in the global seafood
industry. These vessels require a medium operating range to remain at sea for sev-
eral days and are frequently equipped with onboard facilities for processing and storing
catches to maintain freshness. Consequently, they have substantial auxiliary power and
cooling demands.

NAVAL SHIPS

Naval ships encompass a wide range of military vessels with operational profiles that
vary significantly depending on the type of vessel. They must be capable of responding
to missions, resulting in highly unpredictable load profiles. These ships also have high
cooling demands for weaponry, as well as significant auxiliary and heat demands for
crew accommodation. Furthermore, the onboard systems must be resilient to vibrations
and impacts, a requirement that needs further research to determine if SOFCs can meet
these military specifications.
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RESEARCH VESSELS

Research vessels are specialised ships equipped for scientific exploration and data col-
lection. Outfitted with advanced instrumentation and laboratories, they facilitate stud-
ies in fields such as oceanography, marine biology, geophysics, and environmental sci-
ence. Research vessels often undertake long voyages and have significant auxiliary and
thermal load to support crew and research facilities. However, their load profiles are un-
predictable, as they may need to respond rapidly to specific research operations. Their
high range requirements and high and stable auxiliary load opt for applying SOFCs to
replace auxiliary generators.

CRUISE SHIPS

Cruise ships are large passenger vessels primarily designed for leisure travel, providing
a unique vacation experience with numerous onboard amenities, entertainment, and
excursions to multiple destinations. These ships have considerable and steady auxiliary
and heat demands. The propulsion load is predictable due to fixed cruise itineraries, al-
though it can vary much when ships berth at multiple ports in a week. Consequently,
SOFCs could be effectively utilised for the auxiliary load on cruise ships, as was also con-
cluded in Chapter 6.

CONTAINER SHIPS AND BULK CARRIERS

Known for their high carrying capacities, container ships and bulk carriers play a vi-
tal role in the global logistics chain, facilitating the efficient movement of goods be-
tween ports. These ships typically operate over long distances at steady speeds, with
predictable load profiles all year round. Their auxiliary and heat demands are minimal.
SOFCs could be applied for the largest share of the power supply, using a thermal cycle
or hot stand-by for the few times the ship is berthing. This category encompasses most
trade volume. If SOFCs could be successfully applied for these ship types, substantial
emissions reduction from the marine industry could be achieved.

TANKERS

Tankers are designed for transporting liquid cargo, playing a crucial role in the global en-
ergy and chemical industries. While their load profiles are similar to those of container
ships and bulk carriers, tankers have additional significant heat or cooling demands,
depending on the type of chemical or oil they are transporting. SOFCs could be used
similar to container ships and bulk carriers for the steady propulsion demand, with ad-
ditional heat recovery.

GAS CARRIERS

Gas carriers are designed to transport liquefied gases such as liquefied natural gas (LNG),
liquefied petroleum gas (LPG), and other chemical gases. Their load profiles resemble
those of container ships and bulk carriers, but a unique feature is the ability to use boil-
off gas from the transported cargo as fuel for SOFCs. This approach has been applied, for
example, in an SOFC system fueled by the boil-off from an ethane carrier [161]. SOFCs
could be applied in LNG, hydrogen, or ammonia carriers.
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GREEN CORRIDORS AND FIXED ROUTES

Another potential application that could enhance the feasibility of SOFC technology is
in green corridors and ships operating on fixed routes. These scenarios allow for more
predictable load profiles, enabling greater optimisation in design. For example, ensuring
adequate fuel capacity for a specific route rather than global operations is crucial, par-
ticularly for liquefied fuels such as LNG, ammonia, and hydrogen, which occupy signifi-
cant ship volume. Samskip’s hydrogen-fuelled, fuel cell-powered container ship operat-
ing between Rotterdam and Norway exemplifies this approach by limiting the required
space for fuel storage. Although this reduces the ship’s operational flexibility, it is a viable
strategy for vessels dedicated to specific routes, potentially making SOFC applications
more practical.
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Figure 7.2: Proposed ship types for SOFC application [own image].

7.3. CONCLUSION

The applicability of SOFCs for various ship types is analysed. The assessment consid-
ers range requirements, load profile predictability, and auxiliary and heat demands. The
qualitative analysis concludes that SOFCs are less suitable for tugs, high-speed vessels,
ferries, and inland transport vessels. However, ships with high range requirements and
stable, predictable propulsion or auxiliary loads offer the greatest potential for signif-
icant efficiency gains without the need for extensive battery capacity or rapid SOFC
degradation. Container ships, gas carriers, bulk carriers, tankers, cruise ships, and re-
search vessels are identified as suitable applications for SOFC systems, see Figure 7.2.
Green corridors and fixed route contracts are also identified to enable an optimised
SOFC power plant.
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8.1. CONCLUSIONS

Global targets and regulations force the marine industry to limit their shipping emis-
sions. SOFCs offer a promising solution because of their high fuel efficiency and very
low emission of toxic airborne pollutants. Using SOFCs fuelled by widely available LNG
already leads to large emission reductions compared with engine-based solutions. Fur-
thermore, its fuel flexibility makes it possible to adapt fuels that can be produced in a
renewable manner, such as hydrogen, ammonia and methanol. Proper electrical and
thermal integration is needed to reach high efficiency and power density. Therefore,
this research focused on the question: How can SOFC systems be effectively integrated in
ships in order to reduce emissions? By addressing this question, the following scientific
contributions are made, elaborated in the sections below.

* An extensive review of SOFCs for marine applications, resulting in proposed re-
search directions.

* Experimentally testing the influence of static and dynamic inclinations on the
safety, operability, and lifetime of SOFC systems.

* Thermodynamic simulation model of an SOFC system with COGR to compare the
electrical efficiency and heat recovery capacity across five different fuels.

* Concept design of a modular 1.125 MW SOFC system for ships with centralised
BOP components and stack replacement strategy.

* Dynamic simulation model of the electric and thermal balance of a hybrid SOFC
power plant considering degradation effects.

° Qualitative overview of the applicability of SOFCs on different ship types.

SOFC FOR MARINE APPLICATIONS

The marine application of SOFCs was reviewed, covering power plant components, fuel
options and integration opportunities. Using SOFCs in ships introduces challenges com-
pared with land-based systems, such as exposing the system to inclinations and accel-
erations, air salinity and humidity, and highly varying load profiles. Power density, cap-
ital cost, and lifetime improvements are necessary to compete with marine combustion
engines. COGR and liquid cooling were proposed as research fields to improve power
density. Furthermore, combining numerous stacks into high-power systems with cen-
tralised BOP components could further increase space effectiveness. With the current
state of the art, hybridisation of SOFC systems with generator sets and batteries is sug-
gested to reach feasibility in terms of cost, size and transient capabilities. Although im-
plementing SOFCs in ships still faces technical, economic, and design challenges, it is
a promising solution for the marine industry to decrease GHG and pollutant emissions
while benefiting from noise reduction and increased reliability.

INFLUENCE OF STATIC AND DYNAMIC INCLINATIONS

A 1.5 kW SOFC module was operated on an inclination platform that emulates ship mo-
tions, to evaluate the influence of inclinations on the system’s safety, operation, and life-
time. The module is inclined statically and dynamically around two horizontal axes of
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rotation up to an outer angle of 30°, including motion periods between 8 to 50 seconds.
There were no detectable gas leakages or safety hazards during all different test con-
ditions. Nevertheless, dynamic inclinations resulted in forced oscillations in the fuel
supply because of the natural frequency of the gas regulation valve’s plunger. This prop-
agated through the control system, leading to significant deviations in the operational
parameters of the system. Furthermore, a 190-hour degradation test with continuous
dynamic inclinations indicated an enhanced degradation rate, although long-term test-
ing is needed to accurately determine the degradation rate. The following is proposed
for design practices and regulations: besides the stack technology, BOP components and
their interaction with the stacks should also be evaluated on inclinations. Furthermore,
the control feedback should be designed such that potential periodical deviations in op-
erational parameters are mitigated. All in all, dynamic inclinations can impact the op-
eration of the SOFC system, but the issues can be resolved with relatively simple design
modifications. Thus, ship motions do not form a showstopper for applying SOFCs in
seagoing vessels.

FUEL EFFICIENCY COMPARISON ACROSS ALTERNATIVE FUELS AND COGR

The thermodynamic performance of a marine SOFC power plant was evaluated for
methane, methanol, diesel, ammonia, and hydrogen. A 1D stack model and the ded-
icated BOP components were modelled in Cycle Tempo to calculate the mass flow,
pressure, temperature and composition between all components. The thermodynamic
models are verified with a sensitivity analysis and validated by comparing them with
similar studies. The model showed minor deviations in the net electric efficiency
compared with other studies. These could be explained by differences in the used
parameters, such as voltage, fuel utilisation, stack temperature, blower efficiency, and
inverter efficiency. The highest net electrical efficiency (LHV) was found for methane
(58.1%), followed by diesel (57.6%) and ammonia (55.1%). The parasitic losses of the air
blower had a major influence on the net electrical efficiency. The highest heat efficiency
was found for ammonia (27.4%), followed by hydrogen (25.6%). However, fuels with
lower oxygen utilisation (methanol, diesel, and hydrogen) required significant exhaust
heat to warm the process air, resulting in exhaust temperatures insufficient to produce
steam for high-temperature applications on the ship. The carbon fuels (methane,
methanol, and diesel) resulted in a 15% lower power density, compared to ammonia
and hydrogen. From a thermodynamic perspective, ammonia can reach the highest fuel
efficiency in case the ship has a significant heat demand. Otherwise, methane results in
the highest fuel efficiency.

An SOFC system using cathode off-gas recirculation was investigated with the de-
veloped thermodynamic models to reduce the primary airflow and improve the heat re-
covery capacity. COGR increased oxygen utilisation, without a significant impact on the
electric efficiency. This decreases the primary airflow, requiring less pre-heating. In turn,
this increases the temperature in the exhaust and reduces the required heat exchanger
area of the air pre-heater. Although further development of high-temperature recircula-
tion blowers is necessary, COGR can be applied to enhance the heat recovery capacity.
Furthermore, since SOFC systems require large airflow to cool the stack, the application
of COGR could strongly reduce the amount of space required for air and exhaust ducting
through the ship.
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CONCEPT DESIGN OF A 1.125 MW MARINE SOFC SYSTEM

Commercial SOFC systems are not available on the power scale required for large ships.
There is a need to scale SOFC systems from kW-scale modules to MW-scale marine
power plants while exploiting scale effects to improve the power density and specific
cost. A modular 125 kW SOFC cabinet was designed, containing six replaceable stacks
and centralised hot BOP components. Nine of these gas-tight cabinets are combined in
one SOFC room with a rated power of 1.125 MW, with a separate room for cold BOP com-
ponents. The design process learned that the preference for handleable stack replace-
ment forces a limitation in scaling the SOFC system to a high-rated power. Furthermore,
performance degradation needs to be taken into account during the design to dimen-
sion all components in the power plant for end-of-life conditions. By using a large stack
footprint and centralising BOP components on different levels, it was possible to reach
a power density of 17.4 kW /m?® which is a significant improvement compared with cur-
rent commercial systems which range up to 10.6 kW/m3. Several of these SOFC rooms
can be used to reach a multi-MW power plant for seagoing ships.

SIMULATION OF HYBRID SOFC POWER PLANTS CONSIDERING COMPONENT DEGRADATION
Power plant performance can be quantified by size, weight, fuel efficiency, and emis-
sions. Four hybrid scenarios of an LNG-fuelled SOFC power plant are evaluated and
compared with three reference scenarios based on combustion engines. A component
sizing model and a time-domain power plant simulation model have been developed
to estimate these indicators. The energy and heat balance of the power plant compo-
nents are simulated, taking into account part-load operation and degradation effects.
An energy management system allocates the power demand based on the battery state
of charge. The combined component sizing and time-domain model highlights the im-
portance of dynamic simulation for adequate battery sizing. Moreover, the operational
strategy of the SOFCs has a significant impact on the degradation rate. The simulation
results show that using SOFCs for the auxiliary consumers can reduce GHG emissions
by 21% and pollutants by 38% to 46% with only 17.5% installed SOFC power, which has
limited consequences for the cost and size of the power plant. With 31% installed power,
the ship can operate in low-emission zones while reducing GHG emissions by 33% and
pollutants by 60% to 70%. Performing all cruise operations on SOFCs requires 51% in-
stalled SOFC power and reduces GHG emissions with 49% and pollutants with 94% to
96%. In conclusion, the study affirms that SOFC technology, when properly sized and
operated, meets IMO’s GHG reduction target of 30% by 2030.

APPLICABILITY OF SOFCS ON DIFFERENT SHIP TYPES

The applicability of SOFCs on different ship types is discussed considering range re-
quirements, predictability of load profile, and size of auxiliary and heat demand. The
qualitative analysis concludes that SOFCs are less suitable for tugs, high-speed vessels,
ferries, and inland transport vessels. However, ships with high range requirements and
stable, predictable propulsion or auxiliary loads offer the greatest potential for signif-
icant efficiency gains without the need for extensive battery capacity or rapid SOFC
degradation. Container ships, gas carriers, bulk carriers, tankers, cruise ships, and re-
search vessels are identified as suitable applications for SOFC systems.
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8.2. RECOMMENDATIONS FOR FUTURE RESEARCH

This section presents several recommendations for future research, addressing unre-
solved issues within the time frame of this PhD and newly identified areas. These recom-
mendations aim to further facilitate the integration of SOFCs in maritime applications.

CONDITIONS IN SHIPS AT SEA

Although Chapter 3 already covered one potential challenge of the onboard conditions,
namely inclinations and accelerations, other environmental conditions need further re-
search. Firstly, the air blowing over the seas gets saturated with humidity and salt, which
both affect the SOFC stacks and its BOP components. Experimental studies are required
to determine whether this directly damages or accelerates the degradation of SOFCs. If
such effects are observed, air pre-treatment could be integrated into marine SOFC sys-
tems. Secondly, vibrations propagate through the structure of the ship, produced by
generator sets and propellers. Vibration testing is needed to verify whether this causes
harm or safety issues to the SOFC stacks, particularly to the ceramic materials, which are
likely most susceptible to damage from vibrations or shock.

ALTERNATIVE FUELS

The marine industry is considering different alternative fuels. Especially hydrogen, am-
monia, and methanol are seeing uptake in various applications, from small ferries to the
largest container carriers. Although Chapter 4 covered the thermodynamic performance
of an SOFC system with these fuels, the concept design and power plant simulation were
restricted to methane due to insufficient data on SOFC systems using alternative fuels.
To accurately assess the power plant’s performance with these fuels, it is essential to
determine the volumetric and gravimetric power density, part-load efficiency, pollutant
emissions, and transient capabilities. Demonstration projects for SOFCs using alterna-
tive fuels are necessary to achieve this. A fuel-flexible SOFC system is also an interesting
research topic. While fuel flexibility is often referred to as an advantage of SOFCs, the
required BOP components and their dimensioning typically depend on the used fuel,
locking in the fuel choice. However, it may be possible to develop a system capable of
handling two fuels or one where modular components can be replaced to switch fu-
els. The potential technical challenges and space and cost implications of such a system
should be evaluated to determine its viability.

OPERATIONAL STRATEGIES OF SOFCs

Ships predominantly operate at a proportion of their installed capacity. To maintain high
conversion efficiency at low loads, an SOFC-powered plant would likely manage groups
of SOFC modules by turning them on or off as needed, similar to the operation of ma-
rine genset arrays. Nevertheless, SOFCs face additional challenges: the high modularity
of SOFCs gives a high degree of freedom in the number of units to be modulated. Fur-
thermore, the long start-up and cool-down time of SOFCs requires anticipation of their
use. Lastly, regular modulation and especially thermal cycles decrease the lifetime of
SOFCs. Optimising the control of such a power plant involves balancing fuel consump-
tion, emissions, and lifespan conservation. This presents an intriguing area for future
research, where model predictive control or other artificial intelligence models could be
used to optimise operations.
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IMPROVING POWER DENSITY

The review in Chapter 2 and the power plant simulation in Chapter 6 revealed that an in-
tegrated SOFC system requires significantly more space than an equivalent genset sys-
tem. Increasing the power density of SOFC systems is crucial to place SOFCs in ships,
where volume is directly tied to cargo capacity. This requires a holistic approach, en-
compassing cell technology, stack manufacturing, system development, and system in-
tegration to minimise spatial requirements. Efforts made in this dissertation include
applying COGR to reduce ducting space and air pre-heater size, and centralising BOP
components across different levels for greater space effectiveness. Additionally, novel
SOFC technologies, such as metal-supported, flat-tubular, or monolithic cells, could re-
duce the stack’s footprint, while optimising the BOP can further minimise the size of the
total system and required air and exhaust flows.
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A.1. EMISSION DATA REVIEW

The data used to generate Figure 2.5 is shown in Table A.1. For this data, SOFC systems
fuelled with LNG and without combined cycles are used, since these are mainly commer-
cially available. The emissions of DG are without after treatment. Presented emissions
are just tank-to-propeller emissions and are calculated with 55% SOFC efficiency and
43% DG efficiency.

Table A.1: Tank-to-electricity (TTE) emission comparison between off-the-shelf SOFC systems and medium-
speed 4-stroke marine diesel generators fuelled with MGO (1.5% S) or LNG. Derived from [11, 27, 147, 153, 209,
362, 365, 366] and supplier information.

TTW emission Targets and regulations Emissions per system

2030 target 2040 target DG (MGO) DFG (LNG) SOFC (LNG)

CO2-eq g/kWhe 70 20% 600 - 660 490 - 550 200 - 390
Non-ECA ECA 2020 DG (MGO) DFG (LNG) SOFC (LNG)
2020 0.1% S
NOx g/kWhe <7.7 <1.96 9-9.96 1.2-2 0.0001 -
0.052

SOx g/kWhe <2 (0.5 <0.4 (0.1 0.36-0.4 0-0.008 0
%m/m) %m/m)

PM g/kWhe <2 (0.5 <0.4 (0.1 0.19-0.54 0.007 - 0
%m/m) %m/m) 0.0018

A.2. MARINE INCLINATION CONDITIONS AND REGULATIONS

Seagoing ships experience ship motions in all degrees of freedom induced by waves,
wind and manoeuvring, which can be significant. The following influence the ship mo-
tions [367]:

157



158 A. APPENDIX

* Ship type and dimensions
* Loading conditions
* Sea state at operating location

¢ Ship speed and manoeuvring

Generally, the inclinations are the largest in the roll direction. Table A.2 gives an overview
of common roll periods for different ship types. The accelerations that the equipment
experiences are also dependent on the position on the ship. This is additionally rele-
vant for the evaluation of SOFC for ships, because installing them decentralised is seen
as a beneficial option [173]. Table A.3 shows measured or simulated accelerations for
different ship types.

Table A.2: Minimum, maximum and typical roll periods for common sea-going ships [368].

Shiptype Roll Period [s]
Min Max Typical

Bulk carrier 8 16 -
Container vessel 10 40 -
Cruise vessel 14 25 -
Ferry 10 25 15
General cargo 10 20 -
Naval ship 10 15 12
OSV/PSV 8 16 11
Tanker 10 20 -
Overall 8 40 -

Table A.3: Maximum measured or simulated acceleration for different ship types in sea waves up to sea state 8.

Shiptype At location Lateral acceleration  Vertical acceleration Studytype Source
m/s? mis?
osv Anywhere 2.58 5.51 Measured [369]
Large passenger  Passenger area 1.00 2.00 Measured [370]
Small passenger  Bow - 1.9 Simulated  [371]
Small passenger  Bow - 1.62 Simulated [372]
Cruise Anywhere - 1.40 Simulated [373]
Training ship After deck 0.49 1.08 Measured [374]

All shipboard equipment and machinery must be designed to function properly even
when exposed to these inclinations and motions. The regulations by different class so-
cieties for inclinations for shipboard machinery are summarised in Table A.4. The test
conditions in the experiments of this study are derived from the shown marine condi-
tions and regulations.
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Table A.4: Requirements for inclination testing of shipboard equipment and machinery for different class soci-
eties [205, 375-379]. A
Heel angle Trim angle
Mini
Equipment Class Static Dynamic Static Dynamic Simultaneous l?il;n:m
[°] [°] [s] [°] [°] [s] - [min]

ABS 15 22.5 - 5 7.5 - yes
Main and BV 15 22,5 10 5 7.5 5 yes
auxiliary DNV 15 22.5 - 5 7.5 - yes -
machinery LR 22.5 22.5 10 22.5 22.5 10 no 15

KR 15 22.5 - 5 7.5 - yes -

ABS 22.5 22.5 - 10 10 - yes
Safety or BV 22,5 22,5 10 10 10 5 yes
emergency DNV 22.5 22.5 - 10 10 - yes -
equipment LR 22.5 22.5 10 22.5 22.5 10 no 15

KR 22.5 22.5 - 10 10 - yes -

The Society may consider deviations from these angles of inclination taking into consideration the
type, size and service condition of the ship.

On ships for the carriage of liquefied gases and chemicals, the emergency power supply is to remain
operational with the ship flooded up to a maximum inclination of 30°.

A.3. DATA PROCESSING OF INCLINATION EXPERIMENT

CLEANING AND FILTERING OF DATA

The tested system is available for commercial purposes and thus includes operational
strategies such as occasional filling of the steam dosing tank, hourly toggling of the air-
flow, and a 12-hour surge in fuel and air flow to verify their regulation. These strategies
and safety operations have a temporary influence on the system’s stable operation and
are therefore excluded from the collected data.

NORMALISATION OF DATA

Because of intellectual property considerations of the SOFC manufacturer, the shown
data is normalised. Some of the shown data is normalised to the nominal conditions of
the system at the beginning of the experimental campaign:

x' (1) = x()/ Xnominal A1)

MAXIMUM DEVIATION DETERMINATION

To ensure an accurate comparison between the deviations in operational parameters
during normal operation and during the experiment, it is necessary to account for high-
frequency noise in the operational data and gradual changes over time. Therefore, a
maximum deviation is calculated, which takes into account the variability in the data
over a certain time period:

AXmax = max(|x; — xi+% D (A.2)
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where x;, 17 is the value of the dedicated variable at half oscillation period after the cur-
rent time. To prevent the possibility of overlapping different test conditions, Equation
A.2 is used for each different combination of inclination setting, rotation direction, and
oscillation period.

A.4. SIMULATION PARAMETERS OF VALIDATION STUDIES

The results of the thermodynamic analysis are compared with similar studies in Section
4.5.3. An extended overview of these studies is provided in this appendix, including the
assumed model parameters. Table A.5 shows studies without COGR and Table A.6 shows
studies that include COGR.
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Figure A.1: Illustration for initial estimation of battery capacity based on transient requirements and capabili-
ties.

A.5. DERIVATION OF INITIAL BATTERY CAPACITY SIZING

DERIVATION OF INITIAL BATTERY SIZING

Equation 5.2 in Section 6.2 estimates an initial battery capacity under the assumption
that the hybrid power plant must posses transient capabilities equivalent to solely diesel
generators. The derivation is given in this section.

In Figure A.1 it is shown in red which energy capacity and power capacity the
batteries should have. The slope of the lines represents the transient capability of the
power-producing components. The required energy from the batter is calculated with
trigonometry. The energy in the green area is:

E = —-Psorc,installed " At (A.3)

N =

Af = Pinsml/ed - PDG,L'nSmlled (A.4)

Atrans,SOFC " PSOFC,installed

B Psorc,installed

= (A.5)
2 Arrans,SOFC
Similarly, the blue area can be calculated with:
1 Peopc i
F=_. SOFC,installed (A.6)

2 Atrans,DG

The required energy from the battery (red area) can be calculated by subtracting the
blue area from the green area:

Psorc,installed  PsOFC,installed

Epat,req = (A.7)

2+ Atrans,SOFC 2-Atrans,DG
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The maximum power required from the battery is calculated using the slopes of the
lines:

Psorc,instalied
Pbm,req = (arrans,l)G - atrans,SOFC) e (A.8)
Atrans,DG

Finally, the required battery capacity must fulfil the energy as well as the power re-
quirements for ramp support:

Ppat,re

req

let,insmlle(l =Imnax Ebat,req; — (A.9)
Crate

The limitation is that the sizing is not based on the operational profile. However, this
aspect is addressed during the dynamic simulation.

A.6. EMISSION DATA FOR POWER PLANT SIMULATION

The used emission factors for well-to-tank (WTT) and tank-to-wake (TTW) are shown in
Table A.7. Some emissions can be directly calculated from the fuel consumption such as
GHG emissions and sulphur emissions. The CO, emissions for LNG converted in gensets
are lower than with SOFC, because not all carbon particles are converted to CO, because
of the methane slip. In some cases, the specific emissions are load dependent, for in-
stance, methane and NOyx emissions from engines, which are retrieved from published
experimental campaigns. Figure A.2 shows the used load curves.
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Table A.7: Specific emissions for used power plant components. Some emission factors are load dependent,
which are shown in in Figure A.2.

Component Fuel Emissions  Chain Value Unit Source

- MGO GHG WTT 0,80 kg/kg fuel [361-363]

- MGO NOx WTT 0 kg/kg fuel -

- MGO SOx WTT 0 kg/kg fuel -

- LNG GHG WTIT 0,60 kg/kg fuel [361-363]

- LNG NOx WTT 0,000024 kg/kg fuel [380]

- LNG SOx WTT 0,000012 kg/kg fuel [380]

ENG MGO CO2 TTW 3,21 kg/kg fuel [366]

ENG MGO CH4 TTW 0 g/kWhe -

ENG MGO NOx TTW Load-curve g/kWhe [335]

ENG MGO SOx TTW Load-curve g/kWhe [335]

ENG MGO PM TTW Load-curve g/kWhe [335]

ENG MGO CO TTW Load-curve g/kWhe [335]

ENG LNG CO2 TTW 2,59 kg/kg fuel [366]

ENG LNG CH4 TTW Load-curve g/kWhe [333]

ENG LNG NOx TTW Load-curve g/kWhe [333

ENG LNG SOx TTW Load-curve g/kWhe [366]

ENG MGO PM TTW Load-curve g/kWhe [381]

ENG MGO CO TTW Load-curve g/kWhe [333]

SOFC LNG GHG TTW 2,75 kg/kg fuel [366]

SOFC LNG NOx TTW 0,023 g/kWhe Gandilgio

SOEFC LNG SOx TTW 0 g/kWhe Gandilgio

SOFC LNG PM TTW 0 g/kWhe Gandilgio

SOFC LNG (6[0] TTW 0 g/kWhe Gandilgio

BOIL MGO GHG TTW 3,21 kg/kg fuel Alfa Laval boiler
BOIL MGO NOx TTW 0,30 g/kWh heat Alfa Laval boiler
BOIL MGO SOx TTW 0,10 g/kWh heat Alfa Laval boiler
BOIL LNG GHG TTW 2,75 kg/kg fuel Alfa Laval boiler
BOIL LNG NOx TTW 0,21 g/kWh heat Alfa Laval boiler
BOIL LNG SOx TTW 0 g/kWh heat Alfa Laval boiler
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Figure A.2: Used emission maps for gensets [333, 335, 381].
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