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ABSTRACT

Sustainable and efficient provision of shipboard energy is amwbehallenge for
the merchant marine industry. Various initiatives have beahento find alternatives
to replace the currently used combustion engine for ship power apdigion. In
recent years, fuel cell technology, as has been widelyrtzhe as a clean and
efficient means of power generation, is drawing much aterfrom the marine

industry.

Among various types of fuel cells, the Solid Oxide Fuel CRDFC) tops others in
terms of energy conversion efficiency as it can be fgd loth hydrogen rich fuels
and traditional fossil fuels after being chemically reformEldese features make it
most promising to meet the large power demands of seagoing shipsvétodue to
the comprehensive and hazardous working environment, shipboard instadifition
SOFC power systems is not available. Can the SOFC be & \paiybosition for
commercial shipping and how will it behave under severe seg@aicumstances?
These questions need to be addressed before commercialising rBHE power
systems. In the thesis, simulation methods are used tlicptee performance of
marine SOFC systems at both static and dynamic working léadsathematical
model is developed for describing the thermodynamic natura tofbular SOFC
concerning the thermal equilibrium of the system. Electnemical reactions are
reflected in the stack modelling. Reforming reactionsheffuel are included in the
model. Auxiliary subcomponents within the SOFC power systermadelled based
on their own mechanisms and working principles. The whole simulat&terayis
composed by combining subcomponent models via reasonable contiegiesao
function the system’s purpose. SOFC power system modelslem&oped to
represent different working scenarios which may possibly ocoshoard ship. The
dynamic responses of simulation systems are examined. Th&owa transfer
influence, manifold volume influence and controller’'s infloerare also taken into
account in the dynamic modelling process. As concluded from thalaion

outcomes, the sample SOFC system, while running alone, satitly the demand
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of dynamic load change for both propulsion and auxiliary power. Howdiver,
electric output of the SOFC system would be greatly smdathearalleled with a
battery.

In addition, risk and safety issues regarding SOFC onboardlatistalare examined
from both design and operating perspectives. Relevant shganteregulations for
verifications of system installation and maintenance seeiewed in detail.

Conceptual design of marine SOFC application are also propotesiast stage.
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Chapter 1 Introduction

1.1 Background and overview of the study

As of today, marine power systems are dominated by resahghtlistillate oil fuelled
thermal machinery. However, with the worldwide desirghift to a sustainable future,
looking for alternative fuels and efficient systems for terine industry have become
impending tasks with the increasingly stringent exhaust emissguations. Fuel cell
technology, although immature, has been identified as am\emdiicient option for
marine power systems to offer long term benefits. Fuek dadive fewer moving
components than internal combustion engines. They can potentighisove the
reliability, and reduce the noise and vibration level othnaery. Fuel cells prefer to
use low flash point (<60 °C) fuels which could reduce the emidsigai dramatically
depending on type of fuel used. The application of fuel celledad vehicles is at a pre-
commercial stage whereas the move to use fuel cells Hips shas only gained
momentum in recent years due to the more comprehensive anddwzanvironment

on-board ships.

Among types of fuel cells, the Solid Oxide Fuel Cell (SORfpstothers in terms of
efficiency and can be fed with both hydrogen rich gases ranlitional fossil fuels.
These features make it most promising for large power propulsiosefigoing ships.
However, in practice marine SOFC applications are ves dae to the complexity of
the system, very high principal investment and unavailalmlitinternationally agreed
shipping rules and regulations. In this respect, fuel scale aimulis identified as a

viable method to predict the performance of fuel cell systamsarine environments.

Modelling of a SOFC marine power system is a complicatedgss which needs to
consider influences of both fuel cell stack and peripheral coemterof the whole
system. The challenge of SOFC modelling is to imitatenthele system performance
at an acceptable accuracy level while reflecting theouarinfluential factors caused by
subcomponents. In the thesis, a tubular SOFC power system imguievided which

considers thermodynamic and electrochemical reaction @@#C. Subcomponents of
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lithium ion battery, power conditioning unit, stack structuheat exchanger and
controller are integrated. The dynamic response of the systdostrated by the inertia
of the subcomponent and controller strategy. Results of the whsiem simulation at
a steady state and transit period are presented with ded&édssion on the effects of

thermal inertia and control strategy on system performance.

To install an SOFC system onboard ship, many practical issex$ to be addressed.
To safely use fuel cells and low flash point fuels, poténg&s that might be brought
on board ships need to be minimized. This paper identifiesaddesses the risk and
safety problems for using fuel cells on board commertigdssfrom both design and
operational perspectives. A detailed safety assessmeat &&OFC marine system is
performed, complying with current available marine rules @gilations. Conceptual

designs of SOFC shipboard installation are also provided iméisést

The contents of the thesis are composed in eight chapteadl@agsf In chapter 1, a
review of literature is presented in light of the SOEEhnology and its marine
applications. In chapter 2, modelling methods for a tubular SO&€k stre given. In
chapter 3, the SOFC power system and its modelling syrategintroduced. In chapter
4, a 5 (kW) tubular SOFC system is simulated at stetatg by using the modelling
methods mentioned above, while in chapter 5, dynamic simuletithe 5 (kW) SOFC
is performed. In Chapter 6, shipboard installation issueth®SOFC are discussed in

detail with conceptual design provided.

1.2 Principles and thermodynamics of a fuel cell

1.2.1 Voltage of a fuel cell

The theoretical voltage of a fuel cell can be calcdlaecording to the thermodynamic
property of reactants. For instance, the basic reactiondrbggn and oxygen for fuel

cells is expressed as equation 1.1
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2H,+0,® 2H,0 AL

The energy released by this reaction is the change in @d¥benergy of formationG.
If we take one mole of hydrogen and half a mole of oxygenaadanets then the Gibbs

free energy change is:

1
=~ Y02 (1.2)

D9t = 0420 - Guz - >

Accordingly, the convertible voltage potential of a single ftgdl is shown as equation

(1.3) at standard conditions at 25 (:

_- DG, _ 237100 _
nF 2" 9648t

E, 1.228V) (1.3)

The maximum efficiency possible or the ideal efficiencyhe tatio of Gibbs free

energy change to reaction enthalpy:

_ DG

X, = —— 1.4
"= o (1.4)

To sum up, the thermodynamic property of reactions at stadaditions at 25 (

are listed in table 1.1

Table 1.1: Thermodynamic data of reactions

Reactions -H° - G Eo th
(kdmol?) | (kdmol?) | (V)

CH, +20, ® CO, +2H,0() 890 817 1.06] 0.92

CH,OH() + goz ® CO, + 2H,0(1) 727 702 1.21 [ 0.97

NH, +§oz ® %NZ +§Hzo(|) 38¢ 33¢ 1.17 | 0.8¢
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1.2.2 Fuel cell types and characters

To achieve the best performance, different electrolytds@anufacturing methods have
been attempted. So, among most of the publications, fuelarellsategorised by their
electrolyte. The most well recognised types are: Alkalifuel Cell (AFC), Proton
Exchange Membrane Fuel Cell (PEMFC), Direct Methanol Fdell (DMFC),
Phosphoric Acid Fuel Cell (PAFC), Molten Carbonate Fuel Q&{FC) and SOFC.

The properties of the five types of fuel cells are listethble 1.2.

Table 1.2: Types of fuel cell and characters

AFC PEMFC | PAFC MCFC SOFC
Electrolyte | Electrolyte | KOH PEM HPO, Li,COs Z,0,+Y 03
NaCOs
Electric ion | OH H* H* COs” o~
Temp( ) | 5C-15C 8C-10C 19C-20C | 60C-70C 70C-100¢
Corrosior | Mediun | Mediurr | strong Strong No
Electrode | Catalys Ni, Ag P1 Pi No No
Anode H,+20H ® | H, ® H,® H,+CO @ H,+0” ®
) H,O+CO, +2¢
2H,0+2e 2H" +2e | 2H" +2¢ H,0+2¢
Cathode |, Lo, von + | TojvoHt+ | 1 L
=0, +H,0+ 2 2 ~0,+CQO,+ =0, +
2 22 ®H,0 |22®H0 |2 2
2% ® OH" 26 ® CC& 2 ® O*
Reactants Hydrogen| hydrogen| Hydrogen| Hydrogen, | Hydrogen,
carbon carbon
monoxide monoxide
Fuel source Pure Natural | Natural | Petroleum, | Petroleum,
hydrogen| gas, gas, natural gas| natural gas
methanol | methanol | methanol, methanol,
coal coal
System efficiency(%) | 45-5C 30-4C 40-45 50-65 55-70

Fuel type and fuelling infrastructure also have a greétante on applying fuel cell
power onboard. Hydrogen is ideal for all types of fuel cetiwklver, the reformation of
hydrogen from hydrocarbon is a complex process. It is clear frbla 1a2 that high

temperature fuel cells like SOFCs and MCFCs could use botlodmarand carbon
monoxide as fuel. However, to use fossil fuel, the resouneess be reformed to contain

hydrogen and carbon monoxide rich gases.
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The net efficiency of PEMFC is approximately 35-45%, much lothen the high
temperature fuel cell, but it is competitive enough to pthe car petrol engine. The

merit of PEMFC is its low working temperature, easy of@maand short starting time.

The exhaust temperature of MCFC is very high, which could bd ts co-generate
with gas turbine and steam turbine to achieve maximum elguiwer output. One of
the potential markets for MCFC is to replace the traditipoaver plant with coal and

gas as a power source.

SOFC bears the highest operation temperature and could refarralrgas internally
without a catalyst. For large SOFC power plants, if combwmigid exhaust gas energy,
the net output efficiency can be 65-70% when fuelling withunadtgas and 55-60%
with coal as fuel. This feature is very attractive fmgke scale power generations, like

ship-board electric power generation.

1.3 Solid oxide fuel cell

1.3.1 SOFC principles

Unlike other fuel cells, the electrolyte of SOFC is aids@abn conducting ceramic

material. The highlights of this type of fuel cell are higficeency, high exhaust

temperature, catalyst free and no electrolyte leakdpese features make it very
attractive for large power plant application with co-generatiystems. Based on cell
structure, there are mainly two types of SOFCs: tubularpdenthr. Figure 1.1 shows
the reaction of SOFC
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Figure 1.1 Chemical-electric reaction of tubular SGC

The reaction taking place at the cathode is shown in tabléfie2oxygen working as
an oxidant obtains an electron to form an oxygen ion. The oxygememaces the
cavity in the electrolyte and is conducted to the anodeattd with hydrogen or carbon

monoxide.

So, the ion is transferred negatively from the cathode toeatiwdugh the electrolyte.
Water or carbon dioxide and an electron are formed at tloelea The electrons
generated move from anode to cathode via external circuprandle electric power to

load.

The open circuit voltage of a SOFC varies with differentking temperature, type of
fuel and oxidant, e.g. theoretically below 1.2 (V). Howevenubiéage of a single cell
in practice is normally under 0.7 (V). This voltage diffeeeig because of the voltage

drop at the electrode and resistance of cell and interconnection.

The merits of the SOFC are:

It could achieve very high net efficiency in terms ofceieal output, e.g. over
50% of Lower Head Value (LHV) and high power density, e.g. 0.21W;

It could use coal gas as a fuel directly;

It is not toxic to carbon monoxide and there is no need for an expereiayst

to accelerate reaction;
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The system can be optimized because the fuelasmeld internally
There is naeed to consider leakagethe electrolyte;
The high temperature exhaust can be useco-generate to improve electi

output;

A weak point of thesOFC is that ceramic material is relatively fragited vulnerablat

temperature changes.

1.3.2 Planar design and tubular des

There are mainly two types of designs in termsoafnation of ell structurei.e. planar

and tubular.

A planar design oSOFC uses a series of flat ps to compose eell stack.Similar to
other fuel cell sandwich structis, a bipolar plate is used to connietanode with the
cathode. A fanar SOFC has a morompact structure compar&dth tubular desigs,
but the drawback is that extra consideration ofkstealing is needed to avoid mixti

of oxygen and fuel.

Cathode intercannection

. Electrolyte
Air
electrode
{cathode)

Alr Tl Fuel electrode fanode)

Figure 1.2 Siemens tubular SOF((Siemens tubular SOFC, 201!

A tubular fuel cell, mainly discised in the thesis, is normally a cylinder like twiiéh

one closedend. The most prestigious tubular design is dewsldpy Siemens (used
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be Siemens-Westinghouse) as indicated in figure 1.2. Thentuyeneration tube
design is a three layer cylinder structure. The air eldetsupported cathode is made of
lanthanum manganite. Other layers of material are depasiteitlis ceramic support
cathode structure. The electrolyte is a 4@ ) yttria stabilized zirconia and the anode is

composed of porous nickel or zirconia cermet.

Single tubular cells are connected with a nickel interfateea bundle, normally twenty
four cells, as seen from figure 1.3. Further assembBciseved by putting many
bundles together in a specific serial and parallel order tm farfuel cell stack as

indicated in figure 1.3.

Mickel connectar i : i

Bundle Rows

In-Stack
Reformer

e e e
e e

-— nzulation

= = Canister

Figure 1.3 Structure of Siemens tubular SOFC
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1.4 SOFC power system and system integration

The SOFC power system is an integration of a fuel caltksand other peripheral
device to maintain individual components to work effectivela aghole. Actually, the
fuel cell stack appears to be very small compared whibradubcomponents, which is
usually called the Balance Of Plant (BOP). These extricele\depend on the type of
fuel cell. Take the SOFC for instance; blowers or compresgersieeded to circulate
air and fuel. A power conditioning unit will be used to regudeztric output. Control
and monitoring equipment is used for maintaining system operation.pFasgssing
and heat exchangers also take a large share of systemevdhigure 1.4 shows a
system diagram of a 5 (kW) tubular SOFC.

SOFC FUEL CELL
Electrical Current

Natural gas {%
supply

f -
- g
t Inlet air filter

Air supply blower

Water/methanol you 1

tank e
= m— s

Heat exchanger Cooling water
supply

fuel
Electricity

|- )
Water/methanol Power DC/DC converter

Conditioning Exhaust blower
. Unit
Air/Exhaust Controllable
Lithium-ion Load bank
Battery

Figure 1.4: 5 (kW) tubular SOFC system layout

The system performance of the SOFC depends on stack tempexatupressure. To
further utilise the exhaust, a steam turbine could be comlmnadottom cycle. For a
pressurised SOFC system of a larger power range, audaiget is favourable for

exhaust utilisation.
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To achieve the best system performance, the followingracieed to be considered:
a) Sealing of stack and sealing between different $aiyeside the tube

b) Balance of mass and energy

c) Electrical connection and isolation

d) Fuel storage and process

e) Heat balance and effective use of exhaust

f) Structure optimisation to reduce system size

1.5 Introduction of SOFC system modelling

Simulation of the SOFC system is different from modellinghef SOFC stack itself.
Modelling of the fuel cell stack normally reflects the bebaws of electrochemical
reactions, ionic conduction, reforming and heat transfer. Soradedestack modelling
explains porosity of microstructure and material conductivity. éler, system
modelling is concerned more with integrated system perforenand the relation and
influence among each subcomponent. As this point, some detaibel@llimg of

subcomponents can be simplified under limited accuracy to psaditetm performance.
For instance, experimental equations can be used to model stx@Mponents to

reduce computational time.

The core of the fuel cell power system is the fuel cattlstThe numerical modelling of
the SOFC stack has been tried from different approachesby rasearchers. Detailed
stack models, like some 1D and 2D models (Chan and Xia, 200lantagta.etc,
1998), describe cell behaviours at various operation statugproperty of thermal and

electrical conduction is assumed to be identified for repleanents and sections.
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3D modelling flourished in the past decade with the mgtwi Computational Fluid
Dynamic (CFD) theory. Sets of partial equations are estwdi regarding the
conservation equations for species mass, momentum, eneifdyeat. The solution of
these equations is calculated by CFD method according to sekstemptions and
boundary conditions. 3D modelling needs massive computational caloulatid,
sometimes, may not reach an exact numerical solution. Sonao8Bl is normally used
to emphasise specific interests rather than universatioaa of all details, for instance,
single channel models provided by Yakael (1999) and Yakabet al (2001), stack
models with repeat elements proposed by Reckretghé(2003), Autissieet al (2004)
and Khaleelet al (2001), local reactants’ properties suggested by évral (2005),
Janardhanan and Deutschmann (2005) ancetal (2007), degradation and reliability
models provided by Tu and Stimming (2004) and Yeingl (2003).

System modelling of SOFCs has been tried by some authorsasuc¢arramalleet al
(2003), Cheddie and Munroe (2005), Liu and Leong (2006), Bessett (1994) and
Padulleset al (2000). Most models are developed to simulate power systems or
combined systems under steady state conditions. Padhillek(2000) addressed a
dynamic model for SOFC power systems; however, his reseaiciyraoncentrates on
electrical and chemical reaction of stacks but negléwsinfluences of temperature,
fuel process and auxiliary components. The factors being negjledte more time to

system response and should not be missed for dynamic simulation

Dynamic and real time simulation of an SOFC systenfi ggeat importance to evaluate
system control and monitoring. A fair system model could barded as a reference
for SOFC system optimisation and provide an indication for conakpdesign.

Therefore, a real time system model with reasonable atranltime is very important.
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1.6 State of the art on fuel cell marine applicatmd SOFC marine system
modelling

1.6.1 Review of fuel cell application in ships

There is no commercially available marine fuel cell posygtem in contrast with the
pre-commercial demonstrations in vehicles. Neverthelessetfuest for fuel cell power,
tailored for marine circumstances, has never stoppedin@tiigg as Germany’s first
installed hydrogen fuel cell in submarines, there have bwary cases of marine fuel

cell demonstrations and research projects. The followingypsh is a short review.

The review is not an exhaustive list of fuel cell marine iappbns; however, it
illustrates a trend that fuel cell marine applicatioshgting from research activities in
the early 2000s to physical ship installations in recent yedresel demonstration
projects delivered a clear message to the marine iydtstt fuel cells are ready for

ship use once proper risk mitigating measures are addressed.
U212 class submarine

The new generation of submarines were developed by Howaldsetksche Werft
(HDW). 240 (kW) PEMFC is used as Air Independent PropulsiofP)Ain board a
1400 (tons) Germany submarine. HDW and Nordseewerke delivere2il B#e class
fuel cell powered submarine to the German Office for Defefechnology and
Procurement in 2006. Another two 212A class submarines were sahéatutielivery
in 2012 and 2013 (German Navy orders tow more fuel cells subs, 20@6g fGerman
Navy. The HDW fuel cell AIP system was installed witlogk amount of over 3 (MW)

for at least 12 submarines for the German, Greek, South Koredtakawa Navies.
URASHIMA

Urashima (DeepQoroject, 2005) is a deep sea probe with a fuel cell and ypaiybrid
power system. The large class autonomous underwater vehaleloped by the

Japanese Marine Science and Technology Centre since 1998, thieesa &iel cell or a
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lithium ion battery as the power source to cruise for over 300 (Kine)fuel cell system
uses tank stored hydrogen and oxygen to produce energy. It has achreweddaof

continuous, 220 (km), cruising using a fuel cell in June 2003.
FCTESTNET

FCTESTNET project (FCTESTNET project introduction, 2005) is eaopean Union
(EU) funded thematic network project. The aim of this projscto collect and
exchange information on application-oriented testing of fudt @id to promote the
development and harmonisation of appropriate test procedures hfgplioatransport
applications, stationary power sources, and portable fuel cBII-ESTNET focuses on
fuel cells and stacks, BOP components and fuel cell sysiemarious applications.
The project addresses all aspects of fuel cell testingeguses in a top down
perspective from the point of view of application-oriented neAdsarmonised set of
requirements and a harmonised view to applications and technultigjoster a

common communication between system integrators and componelupdese
ONR/NAVSEA/USCG

The project provides a conceptual design of a diesel oil fusilglten carbonate fuel
cell powered US coastguard cutter as part of a potential démms programme. The
content of the design study includes fuel processing, fuelggppower generation and
power conversion. The fuel cell generator systems delitemnating current electrical
power and integrate with an existing ship design and with existiigs systems. In
accordance with the IEC fuel cell system definition, ftied cell generator is considered
to include fuel processing, power generation and power convesslmsystems. In the
meantime, the environmental impact of sea going on the flldha been tested, e.g.

salinity and vibration influences.
METHAPU

Project METHAPU (METHAPU project, 2010) aims to use WaatSIOFC on board a

cargo vessel by using methanol as the fuel. Methanol iswedte fuel but not
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permitted on board for its inherently low flashpoint. So, théfjcstion of safety and
regulation is one of the main concerns in the project. Thernveprk is to develop
technology for the use of renewable methanol on board comineesisels in order to
support the necessary regulations to allow the use of metharmlmarine fuel. The
specific components of the technology have been validated, nighanol fuel

bunkering, distribution, storage system, and methanol consumption.

The conclusion of the project confirms that utilisationnedéthanol fuel is good for
seaborne vessels. The SOFC is a suitable type of fliébcesing methanol on board

ships.

FCSHIP

FCSHIP (FCSHIP project, 2005) is the first EU funded re$eaned technology
development project for applying FC technologies in ships. Thegbrevas initiated
under the coordination of the Norwegian Shipowners Associatidntiagt participation

of a 21-partner consortium representing the European maritimemndus

Findings from the FCSHIP project conclude that ‘no major obstaces fbeen
identified for development of fuel cell systems that willfif basic requirements to
safety and operation in ships’ (FCSHIP working file, 2004). Tlaenmeasons for the
application of fuel cell technology in shipping are not only réidacof emissions but
also sustainability, reduction of consumption of fossil fuehsl moving towards a

regenerative power supply.

In the project, two conceptual designs of marine fuel csliesys were performed. One
used a high temperature fuel cell on board a seagoing RolRGIh/Off Passenger
(ROPAX) ship as auxiliary power with diesel and natural gashasfuels. Another
design is to install a PEMFC on board a harbour ferry for paipulsion and electricity

supply with pressurised hydrogen as the fuel.
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Hydroxy 3000

The Technical University of Western Switzerland has dgpea several small boats for
testing of fuel cell propulsion. The largest example isGapérsons boat powered by a 3
(kW) PEMFC (Hydroxy3000 Hydrogen ship, 2004).

MTU sailing boat

MTU has provided a fuel cell system for a sailing boat akeLConstance. The boat is
equipped with a 4 times 1.2 (kW) PEMFC and a battery whigblaces the
conventional diesel or gasoline engines. At a normal cruisinglsgesound 6 (km/h),
the boat has a sailing range of 225 (km) (MTU Sailing boat, 2003).

Deep C project

Similar to the URASHIMA project, the German project DedpeepC project, 2005),
sponsored by the German Ministry of Education and Researctg mevelop a
transportable Autonomous Underwater Vehicle (AUV) with a PEMBCpower
electrical motors. The 3.6 (kW) PEMFC system has twadkstagth 60 cells at each.
The AUV is planned to be used for the oil and energy underwadpection market.
This includes survey, inspection, monitoring, production support anai@tmn in

general.
FellowSHIP

Initiated in 2003 by Det Norske Veritas (DNV) and its parite FellowSHIP project
(HotModule power for FellowSHIP project, 2008) is targeted todbail fuel cell
powered offshore supply ship by 2010. The CFC Solution is to supply BCMC
HotModule power unit to cover some 320kW electricity power onboards dugdied
ship, Viking Energy, in late 2008. The MCFC unit could produterrstive circuit

electricity with a net efficiency of 47%.
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San Francisco Water Transit Authority fuel cell system stug

The project (Development of a Hybrid Fuel Cell Ferry, SunynReport, 2003) is to
apply hydrogen fuelled solid polymer fuel cells on to a harbour ferrguxiliary power

and propulsion. Hydrogen is stored in the form of pressuriseduggsied to the fuel

cell through two hydrogen supply lines. Fail closed solenoidegadwe provided at both
inlet and outlet of hydrogen storage. The fuel cell systemh, twio fuel cell modules, is
installed in a separate compartment on the main decknfat@n system is provided
for this compartment to move fresh air through the internatespo dilute hydrogen

concentrations below combustible range.
NATO Naval frigate fuel cell system

The four years’ research and development work (Electric watskhmology, 2001)
documents the conceptual design of a fuel cell systemraval frigate. Two diesel oil
fuelled MCFC generators supply both propulsion and auxiliary poweoritbimation
with a gas turbine onboard the ship. As concluded by Selow aradj K2805), the fuel
cell generator system includes diesel oil processing, pawemecsion and a control unit.
Each fuel cell generator could deliver 5500 (kW) eleqgtagver, while a gas turbine
generator capable of providing 22000 (kW) works in paralldh fel cells to produce

propulsion power and auxiliary power.
Passenger boat ‘Hydra’

Hydra (Hydra ship2002) is a small passenger boat built in 2000 with an alkaline fuel
cell for power. The single hydrogen fuelled alkaline fuel sefbplies all propulsion
power in combination with a battery. The net output of thedek is approximately 5.5
(kW). The novelty of the fuel cell boat is its two metatihigle storages with a storage
capacity of 16 () hydrogen each. In these storages the hydrogen is not conupiresse

a pressurised chamber, but chemically absorbed in a metaépowd
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BP Shipping’s SOFC project

BP Shipping is to install a 5 (kW) Fuel Cells Technologies E@T) SOFC system on
a Liquid Natural Gas (LNG) tanker to test the operatimgracters of the fuel cell in a
marine environment. The fuel cell system will be fuelled LYG boil-off gas to
generate electricity. The system’s conceptual desigmogided by the Department of
Naval Architecture and Marine Engineering (NAME) of the W@msity of Strathclyde.
The SOFC system will first be tested at the laboraddbtyAME before being moved on
board the LNG tanker.

1.6.2 Review of SOFC development trends

The main players of SOFC research and development argleBEU, Japan and USA.
The target of SOFC development is to improve energy efftyi and reduce carbon

dioxide emissions.

European funding is the major source to support SOFC resealth &itrope member
states. In the past five years European companies atitutioas have obtained
approximately 15% of the world’s SOFC related patents. Theesttef most of the EU
work is focused on the planar design and micro tubular deBigns" and &' Research,
Technology and Development (RTD) Framework Program was cordplétie over 11

projects being supported in terms of fuel cell technology.

Japan’'s SOFC development is funded mostly by the New Energylrahcbtrial

Technology Development Organization, which was establishedthby Japanese
government in 1980 to develop new oil-alternative energy techmsloghe interest of
Japanese research is to develop, design and manufacturaeecatige and combined
cycle SOFC systems that can be used in small and medalm-gistributed power
source markets. They also plan to improve the reliabiggirest degradation and lower

SOFC system costs by size reduction.
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The major U.S. funding source of SOFC research and developomeesdrom the US
Department of Energy and Department of Defence. The Usnas was in favour of
tubular SOFCs since the milestone success of tubular desgn BSiemens
Westinghouse in the 1980s. But, the US funding strategy has nowezhd@o small
APU units, planar designs and SOFC hybrid systems in receamst yea

1.6.3 Review of SOFC marine system modelling

Unlike the numerous studies on SOFC modelling, simulation and hmggdfgr marine

SOFC systems is extremely rare.

Kar et al (2011) investigated a so called “tri-generation” SOFCesystvhich includes
a SOFC stack, exhaust gas turbine and absorption heat pumpveotlie heat
ventilation and air conditioning system. A 50 meter long ship @i#60 (kW) SOFC
tri-generation system was simulated by using static thermaodic models. It is found
that compared to the SOFC-GT system, the overall effayi of a tri-generation system

is far higher when waste heat recovery is used.

Ovrum, and Dimopoulos (2012) were heavily involved with the Felldpr$esearch
project (HotModule power for FellowSHIP project, 2008). They builtaugdynamic
model for a MCFC system, used to test data for the shikirfyiLady” of FellowShip
Project to verify the MCFC model. Like most of the numerioaldels, the fuel cell
model considers the nature of fuel cell thermodynamics, heatsfar and
electrochemical reaction. The ship test data shows tiiwateld model has a relatively
low error prediction rate of within 4%. The author also claiimst some operating
aspects, such as over-heating, voltage fluctuation andysiaté¢gradation, can be

demonstrated via the simulation model.

Strazzaet al (2010) used a Life Cycle Assessment (LCA) method to atalihe use of
methanol as a fuel for SOFC auxiliary power systems for cential vessels. A 20 (kW)

SOFC system is examined to compare the different fuerapand technologies. The
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environmental effect of the sample SOFC system was tld@d. The study concluded
that bio-fuel can significantly reduce the environmental irhpan operations
perspectives. The similar LCA analysis method is also faonélkaner and Zhou's
research (2006) in 2006 on MCFC in a marine application. AlkanérZhou compare
the LCA simulation results with conventional auxiliary dieselieeg The LCA
includes manufacturing of MCFC, fuel supply, operation and decssioning stages

of the system's life cycle.

1.7 Relevance and objective of the study

As reviewed in sections 1.5 and 1.6 of the thesis, theranany publications in SOFC
modelling, such as fuel cell stack model and lump sum maeSOFC systems.
However these models cannot be directly or readily appliesintalate marine power
systems. To simulate an integrated marine fuel celésysump sum models for all the
key components need to be included as a whole under both stetdgastditions and

dynamic load conditions. From the review of fuel cell masystem modelling in

section 1.7, it is also found that dynamic models for SOFR&ina systems are
extremely rare. Furthermore, some key components for mgabperation are missing,

such as battery, heat exchanger, power conditioning and propulsion egtipm

To further support the author’s findings, a survey of shipbuilding eegineship

designers, and classification surveyors was conducted fromtdudetober 2012 (see
also chapter 7 for details of the survey). The survey shbatsa “relatively accurate”
dynamic simulation model covering all key components of thetegy and with a
reasonable simulation time is desired and appreciated.oldralile overall error range
for modelling can be as high as 2% to 5%. The ideal simulatiotel shall cover all

the adjustable configuration of components in the system.

Therefore, it is identified that a thorough lump sum mari@&S system model, which
can mimic the dynamic marine operating environment, is thectiog of the thesis. In

this paper:
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A real time SOFC stack model is to be provided concerningdgmamic
response of parameters.

SOFC pre-reforming and internal reforming process is to be ltadde
Temperature change of fuel cell causes the most timg dékystem response.
Its influence is also to be integrated in the model.

All the subcomponents used in SOFC power system is to be provided

SOFC power system integration and control logic is to be exqaldn detail

Another difference from other research is that the thesis emphasises the practical
installation issues for SOFC marine power system and propuygsiem, which is a
blank area and seldom touched by other scholars. The risks aadidwas associated
with  SOFC marine installation will be assessed in awalygical manner. Risk

assessment methodology and risk mitigation practices widkhmined in detalils.

1.8 Methodology

As explained in section 1.7, an integrated SOFC simulatystem is the objective of
the thesis. The development of the simulation models igasito building up a block.
It starts with detailed modelling of each subcomponent besegl in the SOFC system.
The subcomponents are then linked together by suitable control [Digec. main
subcomponents used in the integrated model includes: SOFJistdaking modelling
of reforming, mass flow and heat transfer), battery,teteconverter, grid bus and
electric propulsion/electricity output. The control block dégr for the main

components is indicated in figure 1.5 as direct below.
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Figure 1.5: SOFC marine power system modellingplock diagram

The system control start with a control voltagenfrbridge control blocl The control
voltage and the current feedback from electric elfirain define the power reques
from the grid bus. The grid bus control will jugtidl the power ne«ed from SOFC an
battery based on the control logic and the stafusharge of the batteryThe final
propulsion speed or the electricity power output e fed back to bridge control

adjust the control voltag

The integrated system model is vated by using software MATLAB SIMULINK
SIMULINK is a data flow graphical programming larage tool for modeling
simulating and analyzing mi-domain dynamic systems. SIMWNK is widely used ir
control theory andligital signal processit for dynamicsimulation and rodel-based
design.The SIMULINK model of the overalSOFCsystem is generally indicated
figure 1.6 The details of models will be introduced in th&el chapter
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Figure 1.6: MATLAB SIMULINK modelling block diagram

1.9 Summary and conclusion

This chapter started with an introduction of the basic prirgipfefuel cell reactions.

SOFC power system design and modelling were also introducezkiéw of fuel cell

modelling, marine application and SOFC development was presentstoutd be

pointed out that at the current stage the application of fleltechnology on board

seagoing ships is immature compared with automotive andrgtat power generation.

The demonstration projects mentioned in section 1.6 are the majoces easily

accessible by the public. This information is categorisedhite 1.3.

Table 1.3: Inventory of marine fuel cell application and design

Fuel cell| Power . L .

type range (kW) Ship type Application | Fuel Project
PEMFC | 240 Submarine| AIP Hydrogen German Navy
PEMFC | 4 AUV Propulsion Hydrogen URASHIMA
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Harbour

Propulsion &

PEMFC | 250 - Hydrogen| FCSHIP(conceptua
ferry Auxiliary
PEMFC | 3 boat Propulsion Hydrogen Hydroxy
PEMFC | 4.€ Sailing boa | Propulsiol Hydroger | MTU sailing boa
PEMFC | 3.€ AUV Propulsiol Hydroger | Deep (
PEMFC | 240 Harbour Propu_|_3|on Hydrogen| San Francisco WTA
ferry &Auxiliary
AFC 5.5 E;\:tsenger Propulsion Hydrogen Hydra
Propulsion : .
MCFC | 625 cutter gAuxiliary Diesel Oil | USCG (conceptual)
MCFC | 1000 ROPAX Auxiliary Diesel Oil FCSHIP(conceptual
MCFC | 320 offshore 1 A iliary | NaMral | FeliowsHIP
supply ship Gas
MCFC | 11000 | Naval Propulsion | .o el 0l | NATO(conceptual)
frigate &Auxiliary
SOFC | 2500 ROPAX | Auxiliary (Nggtsura' FCSHIP(conceptual
SOFC 20 Cargo ship| Auxiliary Methangl METHAPU
BP shipping
SOFC 5 LNG ship Auxiliary (I\Igztsural (conceptual)

~—

Table 1.3 shows that the most frequently chosen fuel cels tiggemarine application
are PEMFC, MCFC and SOFC. But the fuel storage and m@iolgalimits the PEMFC

applications for large seagoing ships. Accordingly, the PEM§&Coreferred for
propulsion and auxiliary power for boats and small ferries, wisidasy to connect to
charging points along coast. As for seagoing ships, high tempefatireells are
favoured for high efficiency and ability to use fossil fudile natural gas and other low
flash point fuels. Therefore, in this thesis, the author maiakts light on the SOFC

which is possibly one of the most applicable fuel cells onbosadang ships in the

near future.

From the review of SOFC modelling, it can be seen thateitiog of the SOFC has

been tried from different perspectives. These models iadbath analytical models and

experimental models. However, very little modelling work baen found in the field

of marine power systems especially simulation works on bo#dgtand dynamic

status of fuel cells in seagoing circumstances.
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Consequently, a model for marine SOFC power systems is providduisi thesis
considering thermodynamic and electrochemical reactions of tubaliar oxide fuel
cells. Subcomponents of a lithium ion battery, power conditioning stiaick structure
and controller are integrated. The dynamic response of the systahustrated
according to the inertia of subcomponent and controller straigsults of the whole
system simulation at steady state and transit period asemted, with detailed

discussion on the effects of thermo inertia and controlesgfyain system performance.

Besides modelling and simulation of SOFC marine power sigstthe later part of the
thesis emphasises onboard installation of an SOFC power sgstdiits safety issues.
This is also the main barrier from applying fuel celteyns on seagoing ships. The
discussion and assessment of onboard installations stratiplies with current ship
rules and ongoing discussion of international standards such &steh®ational Code
of Safety for Ships Using Gases or Other Low Flash Point FgfsGode).

In the next chapter, modelling methods for tubular SOFC marine rpeyséems are

provided in detail.
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Chapter 2 Models for tubular SOFC systems

2.1 Introduction

Research and development in the solid oxide fuel cell is currdrawing intensive
interest for the benefits of its high efficiency and low aashpared with other types of
fuel cells. The technology is now in the stage of prototypeodstration. A record of
continuous running hours for tubular SOFC power systems was renewgdlaydo a
milestone of over 10,000 hours. Beside the progress in SOFC roaminfg, theoretical
research for tubular SOFC modelling has improved in recensy&he mathematical
models for tubular SOFCs have been tried from different anglavever, less attempts
are available in terms of system models for tubular SOétspared with fuel cell
stack models, especially dynamic modelling of fuel cell gosystems. To simulate an
SOFC power system, each component involved in the system toeleel€onsidered, in
particular, those subcomponents that contribute more to systenai@perharacters
that have more influence on other parts. This chaptermsadump-sum method to
model tubular SOFC systems. Subcomponents of the fuel celirsystasked into
blocks, are simulated according to the mechanism of componehis each part. Then
it integrates these sub-models to compose an SOFC system motie first section
the modelling method for an SOFC stack is introduced, follolye@ description of

auxiliary component models in later sections.

System modelling of SOFC has been tried by many authors,asu¥lerramalleet al
(2003), Cheddie and Munroe (2005), Liu and Leong (2006), Bessett (1994) and
Padulleset al (2000). Most models are developed to simulate a power system
combined system under steady state conditions. Padetlled (2000) addressed a
dynamic model for a SOFC power system; however, his reseaaioily concentrates

on electrical and chemical reaction of stack but neglafiteences of temperature, fuel
process and auxiliary components that weight more in termanef dielay. In this
chapter, a complete system model for tubular SOFC is proposedEORC pre-

reforming and internal reforming process is modelled. The infl@eof stack
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temperature change, which causes the most time delayst#ns response, is also
integrated in the model.

2.2 Stack models of tubular SOFCs
2.2.1 SOFC stack layout

As shown in figure 2.1, the target SOFC system is a 5 @Wer unit with natural gas
as fuel and standard air pressure. Methane rich naturas @ed into the centre of the
stack through a catalysed pre-reformer and then flows intorth@easide of the tube
through the anode manifold and orifices. Meanwhile, air enteostlet stack from the
bottom. The inlet air is heated by the high temperature oftdek and goes into the
inner side of tube. Part of the anode exhaust is redirectetk twith the fuel inlet by a
controlled re-circulator in order to enhance steam content gordwe temperature. The
exhaust heat is carried away by a heat exchanger. Thareantroller to monitor and
operate the SOFC power system. The fuel cell output is cowdnattparallel with
battery to power conditioning unit.

SOFC FUEL CELL
Elecirical Curent

Natural gas Foelln__[* ® 1
supply _%(}7 ‘f

|
~2|' ] Inlet air filter

% o | Air supply blower
uuuuuuuuuu

sssss

IzmkI ! soosd L ovose |
(3 m—

Heat exchanger  Cooling water
supply

fuel

Signal conditioning & Computer

Electricity

ulh oo <
‘Water/methanol Power ) DC/DC converter
Conditioning Exhaust blower

Air/Exhaust Unit

[ | Controllable
Lithium-ion Load bank
Battery

Figure 2.1: 5 (kW) SOFC system layout and inside structure

As indicated by the system layout, components within theesy#tclude SOFC stack

(comprising of internal reformer), battery, electric convenp@wer conditioning unit
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and heat exchanger and burner. The models for these componéits discussed in

the following sections.

2.2.2 SOFC Stack Modelling

Cheddie and Munroe (2005) categorised fuel cell models into: thredytic, semi-
empirical and mechanistic. Though an empirical model is olutdimen experimental
data by an interpolation method, this kind of model is limited tmthe power range of
experimental scale, and cannot be used for the predictiontefisyperformance. Thus,
in this study SOFC models are performed in a more anallytiay. For a tubular solid
oxide fuel cell, the chemical reaction is expressed as atienqy2.1-2.3) if considering
hydrogen and oxygen as reactants. Figure 2.2 is the tramsecbivthe tubular SOFC
and sketch of its chemical reactions. At the cathode side, mxggenized and sets up a
flow of oxygen ions. The oxygen ions will then penetrate therelgtéd and reach the
anode side to react with hydrogen to produce water. In doiedestrons are released
during the reaction. If the anode and cathode are externallec@ahthen the flow of

electrons becomes the electric current.
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Figure 2.2: Chemical reaction of at electrolyte
Anode:2H, ® 4H" +4e (2.1)
Cathode:O, +4e +4H" ® H,0O (2.2)
Overall: H +lo ® H.O (23)
2 2 2 2

As widely accepted, the operating voltage of thet dell is calculated as equation (2.4):

V=E- DV, - DV

act

= DVcon (2' 4)

Where: E is the thermodynamic potential/onm is the ohmic voltage drop,Vac is the
total activation voltage lossesVqon iS mass transport or concentration losses. These

voltage drops will be discussed in the followingtp this section.
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According to the Nernst equation, thermodynamic potential carexpeessed as
equations (2.5 and 2.6):

— % 1
Eor Dg,  RT I 2n2%ad, 2.5)
2F 2F a, 50
1
2
E=E, + 0 jn 2285 (2.6)
2F 820

Where: g is the electromotive force at a standard pressureth® igas constant (J/mol
K), T is the cell temperature, F is Faraday’s constant (9&48ml), is the activity of
reactant, which is represented by partial pressurés Bpproximately linear with the
change of temperature as concluded by Bossel (1992) an@tReid 987).

E, =aT*+bT+c 0%

To identify thermodynamic potential, the partial pressure ofcgasposition and cell
temperature need to be confirmed. The chemical compositiogaofing gas at either
side of the tube is calculated according to the reformingiogacrhe detailed process

of identifying cell temperature and gas composition will kgla&ned in section 2.2.3.

Ohmic voltage loss

The Ohmic voltage lospv, is calculated according to the fuel cell resistance. The
current flow inside a cell is described as referenceafid Chyu, 2003 and Jiamg al
2006). The current accumulates electrons circumferentistiynd the anode and the
cathode tubes. Oxide ions move perpendicularly across theobtex Based on Ohm'’s

law, the resistance of each material is expressed as:

DVohm = Rohm)i (28)
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L
Rom = 7 —~ (W) (2.9)

L stands for current flow length which is also the thicknessash layer, A is the unit
area respectively andis resistivity of material. As also concluded by Jiabgl (2006),
Campanari and lora (2004), the resistivity for anode, cathodstralte and
interconnection are functions of temperature. The geometrynetees of the cells are
listed in table 2.1 according to the reports of Singhal (1998Hagivaraet al (1999).

I anoge = 2987 107° > ¥%'T (Wxm) (2.10)
F catrode = 8-114° 107% 59T (Wxm) (2.11)
I estoye = 2947 10°° x0T (Wxm) (2.12)
[ interconnec = 0-0012568€% ™ (W>m) (2.13)

Table 2.1: Geometry parameters of Siemens standatdbular cell

Items Outer  diametarThickness| Length
(m) (m) (m)
Air inducting tube 0.012 1*16 1.450
Anode 0.022 1*19 1.5
Cathode 0.021720 2.2*%0 |15
Electrolyte 0.0218 4*19 1.5
Inter connection 1/8 of perimeter 8.5410 | 1.5
Fuel boundary 0.02487 1.5

As for the layers of anode, cathode and electrolyte, themferential current pathway
needs to be considered to calculate ohmic loss. However, wheBQRE working
temperature is around 527 to 1027 (°C), the order of magnitudssisfivity of anode,
cathode, electrolyte and interconnection aré, 10* 10%, 10 respectively. So the
thesis neglects the circumferential current pathwaynofla and cathode and looks at
them as the current penetrates these layers straitite model.
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Activation loss

The activation voltage drop is defined as the minimum voltdggp needed to
overcome the activation energy from both cathode and anode. dihetian
polarisation is related to surface over potential and ate af reaction as a conclusion
by Newman and Thomas-Alyea (2004). It can be determined tnenButler—\VVolmer

equation:
. ﬁ n.FDV, é n.FDV,
| :|0 exp a eRT act)_ exp [ eRT act) (214)

Where i is net current density,is exchange current density or the current densities for
the forward and reverse reaction at equilibrium, agd . is the charge transfer
coefficient which is an additional kinetic parameter angrasents how an applied
potential favours one direction of reaction over the othereckange in the electrical
potential across the reaction interface changes the dizbe éorward versus reverse
activation barrier (Kakaet al 2007, Costamagna and Honegger, 1998, Wendt and

Kreysa, 1999). The exchange current density is approximatelylatad as:

— pH2 pHZO m EaCt|a
= L eX -
a = al amb)( a\mb) ol RT) (2.15)
H — poz 025 Eact,c
= expl —te
0c = G:( amb) ol RT) (2.16)

The values of m, 5, aand . can be found in reference (Costamagna and Honegger,
1998). In practice, the Butler-Volmer equation can be lineddguced as equation

(2.17) when activation polarisation is low.
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RT .

DV, . = |
n.Fi, 12)

act

If activation loss is high, the second part of the Butler-\&@lmquation could be

neglected and is rewritten as a Tafel equation in equatid8)(2
i

DV, = Atl0g (i_) (2.18)
0

The condition of low activation polarisation is determined by

FDV,ehle 4

= (2.19)

According to the empirical graph plotted by Larminie and Dicks (2003:8%
numerical value of exchange current density varies greathy tifferent types of fuel
cells. In low and medium-temperature fuel cells, the atitm polarisation plays the
most important role on total losses causing voltage drop fronuéa¢ voltage but the
activation polarisation in high temperature fuel celléess significant. The activation
polarisation of electrode-supported SOFC occurs in both elestrddes activation
polarisation of the cathode is obviously higher than that of niogleadue to its lower
exchange current density (Kakat al, 2007). The activation polarisation increases
steeply at low current density but gradually at higher cumensity (Chan and Xia,
2002). As for small power range SOFC the activation loseeletively small and
changes slightly at the operation temperature range of 6272@2730 assume #£ is
0.002 (cn) and j is 10 (mA/cm) for low power output SOFCs.

Concentration loss

Concentration loss is caused by concentration change at thelemtlodes. Species

flows at electrode are caused by concentration gradients metwdle flow and active
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site (Sancheet al 2006). When reactant is spent, the slow diffusion process would

cause a voltage drop, which can be expressed by

DVc — DV anode(l) DV cathode( ) (2.20)

trans trans

DV, = (szpH20)+ In( p02)
Ne F szszo n.F poz

42)

Where superscript™ means properties at free bulk flow and superscript “*” stends
active sites. The calculation of hydrogen, steam and oxygen r nfcdation
concentration at cell reaction site is discussed in se2tth8. One empirical solution is
used by Larminie and Dicks (2003) shows very good results. This mistisbdwn by

equation (2.22) if m, and ren are properly chosen.

on = Meon exp(nconi) (2.22)

Sometimes concentration loss is negligible because theidiifpsocess is very fast in
terms of high temperature fuel cells. So, the empiricathod could be accepted

referring to system accuracy.

2.2.3 Pre-reforming and internal reforming modejlin

Fuel for SOFC anodes is reformed at the internal reformepee-reformer. The fuel of
SOFCs is methane rich natural gas. Delivered naturalcga be desulfurized and
filtered as requested, which is eligible for feeding fuels. The natural gas normally
contains 75% to 95% methane and other gases like dioxide and lovatsdt

hydrocarbons. Methane reforming is achieved by a catalysadhsteforming method
and its chemical reaction is expressed as equation (2.23-38)n reforming is an
endothermic reaction. So, temperature is low at the firsiosscof the fuel tube. With

the reaction of methane, heat is released according to eq(at®), which causes a
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significant temperature increase along the axial direcliberefore, methane needs to
be partially pre-reformed (Meusinget al 1998). A re-circulator in the system is
responsible for ensuring that the appropriate amount of semedtiligel is re-

circulated to the pre-reformer with a fresh fuel feedaddition, the re-circulator is used

to achieve sufficient mixing of gases in the stack.

ReformingCH, + H,O « CO+3H,(+206.1kJ/kmo) (2.23)
Shifing CO+H,0 « CO, + H,(-41.1kJ/ kmol) (2.24)
Total CH, +2H,0 « CO, +4H,(+16%J/kmol) (2.25)

The produced hydrogen could also be oxidised to steam due t@eterhical reaction.
O, +2H, « 2H,0(- 241.8kJ / kmol) (2.26)

However, deposit of carbon particles will possibly be producedrdicg to the
reactions below as equation (2.27 and 2.28). These two reactouid decrease the

activity of anodes by depositing carbon on the surface.

CH, « C+2H, (75kJ/kmol) (2.27)

2CO« C+CQO,(-1726kJ/kmol) (2.28)

Changes of Gibbs free energy influence the reactions. Thevpodiinge of Gibbs free
energy at certain temperatures will shift towards reasti On the contrary, reaction
would shift towards products if free energy change were negati that temperature
according to Sancheet al (2006). The comparatively high operating temperature of
solid oxide fuel cell enhances those reactions whose behaviooores endothermic
(Bossel, 1992). In practice, the concentration of steancieased in order to enhance
the conversion of methane into hydrogen and not into atomic cafbenequilibrium

of the reforming reaction is shifted to the products. The exigastof the anode is
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somewhere near 1000 ( and it contains up to fifty percent of water steam. his is

re-circulated and mixed with the fuel before it enters e c

When reactions reach equilibrium, the composition of reformnoegucts are expressed
in equation (2.29 to 2.31) based on temperature and pamis$ure over the standard

state pressure at 1.013xX{MPa).

K f = M (2 29)
reform pCH4 po 0 .
K. = Pr2 *Pcoz (2.30)
" Peo XPhzo '
logK om =aT*+bT° +cT?+dT +e

logK . =aT*+bT +cT*+dT +e (2.31)

The factors in equation (2.31) are listed in table 2.2.

Table 2.2: Coefficients in equation (2.31) (Bossell992)

Parameters Reforming reaction Shift reaction
a -2.6312x10" 5.47x10"
b 1.2406x10 -2.5748x10
c -2.2523x10d 4.6374x10
d 1.9503x10 -3.915x10°
e -66.1395 13.2097

As explained previously regarding pre-reforming, the anode duetigy the effluent
of the pre-reformer. If assumed that the methane refgyim the pre-reformer reaches

equilibrium, there are still about 10-30% unreformed methane arimbrt monoxide
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remains. Similarly, the reforming process happens intgrmal the anode with the
oxidation of hydrogen and monoxide. According to the research ofh&aet al

(2006), the reforming procedure is calculated in the methods of lnetics and
equilibrium. The results show that maximum error differesicthe two methods is 1%
on the main parameters of performance. So, when undertakinG S@fem dynamic
simulation, this error range is acceptable, because tleetog of dynamic simulation

concentrates more on the system inertia and responsesatdimmain.

If internal reform reaches equilibrium, the reactions are ddolt as the same as

equation (2.29) and (2.30). L&t Y, Z(mol/s) represent the reacted mole numbers rate

of CH,;, CO and H respectively during the reactions of equation (2.23)-(2.26). The
mole changes of species composition in anode channel are shtnllows.

CHXM =CHM - x (2.32)
CcoO™=CcO" +x- y (2.33)
CcCOM =CQal +y (2.34)
HM =HM +3x+y- z (2.35)
H,O0™ =H,0" - x- y+z (2.36)

. JOut — pgpi »
The total mole numbers change from inlet flow to outlet ﬂOVMZ?u =M Ifn +2X

So, the equilibrium equations could be transformed as follows:
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CO" +x-y_HJ +3x+y- 2)3 ‘2
K. = P, XPeo _ M'{‘+2X_ len+_2X— i}
rerorm pCH4 poZO CHzlln _ )_(tzoln _ X_ _y+ Z
MY +2x M+ 2x (2.37)
_ (CO"+x- y)XHj +3x+y- 2)°xp’
(CHIM - X)q(H,0" - x- y+2Z){M™ + 2x)?
HY +3x+y-z CO) +y
= PuaXPeoy _ M+ 2x M+ 2x
st pco po 20 Coin +;(' S/ YH 20in - ;(' SH'E
M+ 2x M ™+ 2x (2.38)

_ (HF +3x+y- 2)XCO} +)
(CO™ +x- y)¥H,O" - x- y+2)

P stands for the reforming pressure which is the ratio altvy@ressure over standard
pressure. The current could be counted from equation (2.39) if thegeydand oxygen

are fully reacted.

| = 2Fxz = 4F O™ (2.39)

It is noted that other consumable gases, like hydrogen and monexeef small
portions in the fuel inlet. So the small portions of hydrogen and ri@acan be
looked as an equivalent amount of methane. Then the natural gassiggsumed to
contain mainly pure methane @f fn percentage. So equation (2.40) can be deduced to
(2.43). But this f; may vary with different gas suppliers. Fuel utilisatioctdas of the
reforming process Uis changed with temperature and other parameters. Tdle fu
utilisation factor could be obtained from the experimental ksice, z is confirmed if
known hydrogen reaction rate; @dnd anode recirculation ratg according to the
deduction of equation (2.40-2.43)
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Z=(4xagy, +ag, +acy) Y, (2.40)
. B . " B . .
a(l?H4 - fng ’@;\Z +angi|4 ><r.a - fng ’@;\Z +a(I?H4 x(l' U f ) xra (2.41)
in
ain — fng xang (2 42)
CH4 — .
1- ra + U f >¢a
_ . 4. xf_xg"
— in — f ng ng
z=4xacy, U = (2.43)

1- ra+Uf >¢a

Considering high temperature and rich steam circumstaneenassethane reforming
and shifting reaches thermodynamic equilibrium. So, nonlinear eqaafP.29-2.31)
are applied, which are solved by using the Gauss-Newton méthtte SOFC system
model of this thesis, the real time calculation of non-liregration group may take a
long simulation time. Hence, the composition of gas at diffaemnperatures and flux
is calculated beforehand. The outcome is imported into daksdafor the use of the
following up dynamic simulation. Figure 2.3 indicates a reformatg of methane with
change of temperature and fuel flow. Figure 2.4 shows the chkenumposition of
reforming gas when the circulation rate varies. The twardig are calculated based on
the 5 (kW) FCT’s SOFC system parameters.
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Figure 2.3: Methane reacted rate during reforming pocess
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Figure 2.4: Reforming gas composition with circulabn rate change
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2.2.4 Modelling of flow, heat transfer and energyalnce

To describe the thermal influence within the tubular SGECk two aspects, at least,
need to be performed. One is the mass flow and heat transfiee flow channels;
another is variation of fuel cell potential field and currenisea by electrochemical
reaction at electrolyte and electrode. The electrochemicalel for a single tubular
SOFC has been illustrated in section 2.2.2. This seofianodelling will concentrate
on chemical reactions of species, heat transfer and energy aiser To best
discover the essence of electrochemical reactions ansl chaages inside the fuel cell
stack, a finite volume method is the most useful and apparenttavdgscribe this
process. The thermal modelling and simulation work in thisaediconducted based

on the computational fluid dynamics software Fluent®.

From the geometry parameters in table 2.1 and the apgrfédiv speed of reactants of
the 5 (kW) SOFC system, the Reynolds number anode flow and cdtbadean be
calculated by equation (2.44) where u is flow velocity, vflisd viscosity, d is
hydrodynamic diameter of tubular flow channel. The calculati@ulreshows that
Reynolds number of anode flow and cathode flow is between 50-278)cdmmonly
accepted that laminar flow is defined as those with Relgnelimber under 2300 while
turbulence flow is with Reynolds number of over 8000. So it is afEsssume flows
within the SOFC anode and cathode is laminar flow.
Rezﬁ (2.44)

v
The flows of reactant gas mixture go through the cathode and amaamet as
indicated in figure 2.5. The governing equations for both flow stseare derived from
conservation for mass, momentum, heat energy and speciesg ddpgations are based

on universal laws of hydrodynamics.
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Figure 2.5: Single tubular SOFC structure
Mass conservation equation is written as equafiotb).
R (C) + T(rv) + TCrw) _ 0 (2.45)
it I iy 1z

Where is the density of flow, u v w are velocities vastan directions of X y z
coordinates. The conservation equations of flow ®tmm is shown as equation (2.46-

2.48) if defineN as partial derivative for a vector quantity in @aian coordinates
(Batchelor, 1967).

10 4 jixra) =- T4 W W, Wa
it x ™ Ty 1z

+F 4@)

1Y) | « I, Ty, Ty, e
g T = oS S T, 42)

T0W oy = o Te T T,

2 @)4
qt 1z X Ty 1z
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Where p is static pressure at finite voluraes velocity vector; is stress tensor and F

is the body forces.

According to the first law of thermodynamics, the increasiegt lenergy of a finite
volume equals to heat flow plus work done by the body force anddemseon the unit.

This could lead to energy conservation equation with temperatua variable quantity.

10T, A0uD) , 10VD |, 10w _ 1 kT, 1k 1T, +1(£%) +S, (2.49)

Tt o Ty 2 fxc, & fycfy Tzec, T

Where ¢ is heat capacity, k is thermal conductivity ang rEpresents the heat of

chemical reaction and any other volumetric heatcss

Species transport is applicable to governing eqndf.50), where Yi means local mass
fraction of each species.

T+ =R 4R +5 (2:50)

In equation (2.50), Rs the net rate of production of species i by dicahreaction, Sis

the rate of creation and; indicates diffusion flux of species i.

In laminar flow, J; is approximately expressed as equation (2.51nduralculation in

Fluent®. Di,m is diffusion coefficient for species i in the mixe.

—_

J. =-rDNY, (2.51)

The following section will introduce, in short, th@mulation treatments based on
Fluent®.
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Grid messing of flow channel

A single tubular SOFC is an axial symmetrical dme as shown in figure 2.5. If

assuming the cross section along the axial beaisromcharacteristics, a 2D mess grid
with axial symmetry for a single tube is built amtiog to the geometry parameters in
table 2.1. There are totally 1500 grid units inadxdirection and 64 grids in radial

direction being allocated for messing.

Treatment of tubular structure

From the introduction in section 1.2, the elect®lig the media to transport the oxygen
ion. The nature of the electrolyte is simulatedaaporous material, which could let
through the ion. The material properties of theden@athode, electrolyte and air guide
tube are listed in table 2.3.

Table 2.3: SOFC cell tube materials by layers

Anode Nickel cermet

Cathode Lanthanum manganite
Electrolyte Yttria stabilized zirconia
Air guide tube Aluminum alloy
interconnection Lanthanum chromite

Settings of computational parameters

The temperature profile of the tubular SOFC mosleiXpressed along an axial direction.
The heat transfer within materials as well as leeahange between solid structure and
flows are involved in the modelling. During comptida, chemical reaction of species

is assumed to reach equilibrium according to tallemperature of each finite volume.

It can also assume that the chemical reactionismeicker than heat transfer time.

As for the tubular structure, the anode, electeofitd cathode are bonded together. The
electro-chemical reactions take place at the serfmtween electrode and electrolyte.
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The ions are transported by high temperature elgtér To imitate these phenomena,
the material property of the electrolyte membraseragarded as ‘porous’ and the
reaction type of anode and cathode reactions iebbat as 'surface reaction’.

The temperature profile of the tubular SOFC is nfledeaccording to the nature of the
thermal electro-chemical reactions as explainethénabove paragraphs. Figure 2.6 is
one of the simulation results to describe the teaipees at different sections of the
tube along the axial direction. The SOFC tube lengtl.5 metres overall. Where “0”
position stands for the geometric symmetry cenfra single tubular SOFC; “0.75”
position stands for the close end of the tube;“a®d75” stands for the open end of the

tube. Some parameters used are listed in table 2.4.

i
8
RIPYE Y

Static 110403
Temperature ]
(k] 1 00e+03

Rk 14 04 402 1} oz o4 o5 o3

Pozition (m)

Figure 2.6: Temperature profiles along the tube legth (a)
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Figure 2.6: Temperature profiles along the tube legth (c)
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Table 2.4: Main parameter settings for the computdbn of figure 2.6

Air inlet | Air inlet mass| Fuel inlet temp(K) | Fuel inlet mass flow
temp(K) | flow rate(kg/s) rate(kg/s)

a | 1050 3¢ 823 3.5€
973 4 973 1.2¢

c | 873 4.58 1173 2.338

From figure 2.6, it is obvious that the most severaperature change happens at the
closed end of the tube. The maximum temperaturdigynais about 3500 (°C/m). This
temperature gradient will make a large contributiorthe thermal stress of the tube
materials.

2.3 Auxiliary components models for SOFCs

The auxiliary is the most important part of thelfaell system; its complexity is even
higher than the fuel cell stack. The auxiliary subhponent is also hominated as the
balance of plant. In this section, the modellingtimods of these subcomponents are
introduced. The models are specially developecdefi@at their influences on system

characteristics.

2.3.1 Heat exchanger

A heat exchanger is used to collect the exhaudt fibéa collected heat, stored in the
form of hot water, takes up a large amount of sysemergy output. Heat recovery is
calculated based on an energy conservation equation

out in — out in
W C ( water Twater) _hHEWexhCexh exh ~ Texh) (2.52)

water-‘water
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2.3.2 Burner

The burner is controlled to provide thermal inpathteat the fuel cell stack to the
operational temperature during start up and to tamirthe temperature during system
operation. The combustion of hydrogen and carbonaxide from the exhaust mixture
are also counted. It is reasonable to assume tiffatisnt oxygen is supplied. So, the
combustor is simplified to contain two inlet stremafmrom anode and cathode and one
stream of exhaust. The reactions are shown asiequyat53 and 2.55). Because of the
diffusion of the burner wall and the condition afrbing, the heat value of the reactant
could not fully be transferred to useful heat eperthe effective burner, at present,
could reach an efficiency of 99%. The burner usethé system is assumed to have an
efficiency of 98%. The fuel of the burner is natugas with a lower heat value of
49.182 (kJ/kg).

H2+%02® H,0 2.%3)
cm%o2 ® CO, (2.54)
CH, +20, ® 2H,0+CO, (2.55)

2.3.3 Battery Modelling

The battery used in the SOFC power system is iarithon battery and is dedicated to
continually provide BOP power. During start-up afaitdown of the fuel cell system,
while the inverter is not operational, the battgygtem is charged by the internal battery
charger. During inverter operation the battery gharis disabled and the batteries
supply power to the BOP when the fuel cell powersdnot fully satisfy the inverter and

BOP power requirements. Once the BOP power reqgeingsrhave been fully satisfied
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by the fuel cell, the batteries are re-chargedheyihverter with the remainder of the

available fuel cell power.

According to the studies from Paul Nelson et alo@0a lithium-ion battery can be
fitted to an equivalent circuit (figure 2.7) aftearious model tests. Where the open
circuit voltage is conducted by correlating the addtom hybrid pulse power
characterisation tests and it can be display aatequ(2.56).

OoCV =ax! +bx® +cx* + dx+e (2.56)
Where x=SOC% (status of charge); a=-6.052; b=12.654.815; d=3.0565; e=3.1655

SOC=S0G,,, - dt (2.57)
Cbattery
[ ] . "1
R1 Re Ro
| | ’
0cv Cl ce

? O

Figure 2.7: Equivalent open voltage circuit of lithum-ion battery

Based on the equivalent open voltage circuit dragrafigure 2.7, it is the time domain
equation for the circuit is written as equatiorbg&:

LV = R R,
OCV-V =I(Ry+ 1 T chz) (2.58)

When| reaches the max and min value, the current thratighnd G is O, so the
limitation of fuel cell stack current is represahges equation (2.59)
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| = OCV-U, .
min RO + R1 + R2
2.
| = OCv-U,_, (2:59)
max R +R +R,

The modelling of the battery is based on equattb6(to 2.59) and the capacity of the
battery depends on the number and capacity ofrpattestems. The modelling details
and block diagrams by using MATLAB SIMULINK softwaare shown in figure 2.8 as
direct below.

2=ROML+RO*2+R1*2+R2*L, b=RO+R1+R2, C=t1*2, d=tl+t2

ocv-v
@ o| 19.56s+0.1435

> D
> > >
T 56255%+2505+1 m ]
Transfer Fen
——
x
> &)
Product3 P_out
1
: ©
roduct
C_30 Battery capacity at 30'=54.5 Ah Saturation Open circuit voltage Battery Num
»( 4
>
soc
SOC_initial
=D
Scope
>
- > .
mmmmm 4>: ‘—>
10 when discharge Voc_MaxChargeVoltage oroduel I_EssMaxCharge
1<0 when charge
NN
——>|
< >
—>|
Voc_MinDischargeVoltage ’7 oroduc I_EssMaxDischarge
RO_R1_R2

RO+R1+R2

Figure 2.8: MATLAB SIMULINK block diagram of batter y modelling

2.3.4 Power conditioning unit

The function of the power conditioner is to conwég electric energy supply from fuel

cell and battery into desired current and voltagieed the electric propulsion motor.

The power conditioning unit includes the batterg dmel cell power interface, Direct

Current to Direct Current (DC/DC) booster, Direcurf@nt to Alternative Current
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(DC/AC) converter and control unit. The lithium ibattery and fuel cell electric output
are connected in parallel to inverter as indicateftjure 2.1. In this section, the models
of DC/DC booster and DC/AC inverter will be intrashd.

The electrical output of the SOFC inverter may benected either to a load or the
utility grid. If the SOFC works alone as an AC wagé source, the default output
frequency and voltage could be adjusted for thetoowsr's requirements. While

working in the grid-tie mode the inverter synchems to the utility grid frequency and
voltage and acts as an AC current source. The rahgblowed voltage and frequency
drift is limited by tolerance parameters. A contamiit within the power conditioning

system will be the watchdog of the operating patamseand adjust the output current

set point.

The original output signal of the fuel cell staskhigh current low voltage. Take the 5
(kW) SOFC for instance, the stack is made of twodbes with each having 3x8 tube
cells. The open voltage is the serial accumulatibaight times the single cell voltage
output. The DC/DC booster is used to increase timge output. The circuit diagram
of DC/DC boost chopper is shown in figure 2.9.

P
=
VD

O,

Figure 2.9: Circuit diagram of DC/DC chopper

A DC/AC converter is used to further change the p®ver to AC power with the
required voltage and frequency before paralleltatepower to the grid. The principle
of DC/AC converter is illustrated in figure 2.10. Pulse Width Modulation (PWM)
generator is used to trigger the Insulated GateolBipTransistor (IGBT) of the

universal bridge.
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If only considering the steady state performancehef power conditioning unit, the
controller's dynamics is neglected. Assuming theerter works at a constant effective
factor, the power output of DC/AC inverter is iliteged as equation (2.60).

Pac =AeoVocl be @6

cov

¥ Signalis) Pulses

T
P Generator |niversal Bridge ——*
Yoltage Measurement
CO—f i ol
Woltage in . @ * * —a
Z Al L Woltage out
Controlled Yoltage Source = JW\I_Q'W\_ —
B =—|
L1 1 a
C|lg————mn —W— —
I L2

Figure 2.10: Block model of DC/AC converter

2.4 Modelling of system dynamic response

Quick dynamic response for transient operation gbosver system is critical, for
instance, a short starting time and quick systespaese. The response time of the
whole system is influenced by not only the delayeaictions inside the fuel cell stack
and its supply systems, but also the inertias ofhaeical transmission, electrical
transforming, chemical reaction, temperature tragkand system control. Previous
research (Pukrushpaet al, 2005, Guzzella, 1999 and Pischingeral 2006) shows a
response time of electrochemistry reaction of i tell is rapid, in 18 (seconds)
order of magnitude, its influence can be negleetkdn calculating system time inertia.
As seen from table 2.5 the fuel and air flow, meatal transmission and cell
temperature contribute most to the system dynanadia hence it should be included

in simulation models.
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Table 2.5: Response time of subsystems

Response time

Sub systems (seconds)

Electrochemistry 18

Fuel and air manifold | 1D

Mechanical and

. 10*
control transmission
Cell and stack 102
temperature

The mechanical and control transmission delay isoastant period of time for a
propulsion system and can be easily added to tmelaiion model. However the
response time for manifolds and temperature depanmbt only the SOFC structure but
also the mass flow of gases. Therefore the modeltih manifold and temperature

response will be explained in detail.

2.4.1 Dynamic modelling of anode and cathode imienifold

The fuel inlet flows through the reformer and anaunifold as shown in figure 2.11.
The pre-reformer is a catalysed reforming devitecould be regarded as a porous
structure because the flow rate of natural gaseiatively slow. The flow can be
regarded as a laminar flow. In a laminar flow tlglow porous media, the pressure drop
is typically proportional to velocity. Ignoring ceective acceleration and diffusion, the

porous media model then reduces to Darcy's Law:

Tp:  Tp= WPy __ 7:
— i+ k=-—v
>ty ]+ iz P (2.61)

Assume the inlet pipe and reformer is symmetridafjuation (2.61) could be

transformed to equation (2.62) if only consideramg direction of fuel flow.
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LR —V (2.62)
Dx a
1
I:)manifold - Rn - kl_vvm (2.63)

Where v is velocity of fuel inlet and k is consta@as fuel flow rate is proportional to
fuel velocity when the geometry of reformer flonadnel is cylinder like. So, it is safe
to change equation (2.62) to equation (2.63) wkgrs constant and jwis flow rate of

fuel inlet.

Figure 2.11: Anode fuel flow diagram

For any mass flow, the mass conservation is ugsbdwgh reforming reactions happen.
If assume that the temperature in the manifoldasstant at a certain period time,
equation (2.64) is applied. Where w denotes the fte of fuel.

dm _

E = Wi, = Wou 42)

Among the manifold equation, L&, ,, = RT/V where V is volume of the manifold,

then:
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dp _ Ry

dt V (W out) = C:mix >(\Nln - Wout) (2.65)

Because the pressure differences between anodéoidaamd anode is small, flow rate

is expressed linearly from nozzle flow equatioregsation (2.66):

Wout = out(pmanifold - pout) (2.66)

From equation (2.64-2.66), we could produce equdf67).

1 xdpmanifold
C . dt

mix

= (kout + kln) *Brmanifold = (kout Pout T kin pin) (2.67)

In order to simulate the dynamic response of the tdelay in the manifold, transfer
function method is applied. A transfer functioraisnathematical representation of the
relations between input and output of a linear timariant system with zero initial

conditions and zero-point equilibrium. Transferdtion method is commonly used in

the analysis of system with single input and simglgout.

According to equation 2.67, if assumes the inpdt@utput of the transfer function as:

Input: (K, Pou + Kin Pi)
output: P, .o

Then laplace transform equation (2.67) gives eqndR.68).

Ci. xSP(s) = (k,, t ki) XP(s) - 1(S) (2.68)

Where P(s) is the output of the transfer functiod &s) is the input of the transfer
function. So, transfer function of anode flow threeformer and manifold could be

represented as equation (2.69)
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P(S) — -1 — kout + kin
- - - 2.69
I(S) L)G- (kout+kin) ! S+l ( )
C:mix Cmix >(kout + kln)

Equation (2.69) is a typical first-order responggtem with time constant

14 = -1 = -V
manild C:mix >(kout + kln) Rmix-l-(kout + kin) (2.70)

If considering a 5% error difference to the finalue, then the time to reach this
limitation of 95% of its desired control value istiBnes manioie The time domain
response for a step input change of this reformeémaanifold flow channel is shown as
figure 2.12. As can be seen from equation (2.78)titlhe constant for manifold will be
different with temperature changes of gases flowimgugh the manifold channel.

95% input flow change

100% ~
90% -
80% -
70% A
60% -
50% -
40% +
30% A
20% A
10% -

0%

Change of Flow output

St t=-V/RT/(kin-+kout)

Figure 2.12: Output flow rate change of reformer anl manifold after an input step change
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2.4.2 Temperature response time of fuel cell stack

As discussed in section 2.4, cell and stack tenyperahange take the largest share of
system response time. The thermal capacity of ¢de#ll stack would affect the time

delay of system power output. This section willlexphow to simulate this influence.

In practice, temperatures at different parts ofstaek are not identical. However, it is
applicable to assume an identical stack temperdiag if feedback control is applied
during the modelling of the stack temperature raspoBecause the feedback controller
could compensate the accuracy problem during mal ¢ontrol. The block diagram of
stack temperature model is shown in figure 2.13enie feedback control is discussed

in chapter 5.

As indicated in figure 2.13, the fuel inlet and iailet, after passing through manifolds,
will bring an amount of heat to the SOFC stack eesipely. The reactions taking place
in the stack will also release heat into the SO&Cks On the other hand, exhaust gases
and ambient media would take away a certain amafume¢at from the stack.

Tair Wair Ttuel Wituel
First order First order
response response
» Q=AH-P¢ *———
Anode Cathode
heat flow heat flow
Y A
Tstack

o

Qambient Texhaust Wout

Figure 2.13: Block diagram of stack temperature cotmol
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According to energy conservation, equation (2.&preésents the energy balance of the
fuel cell stack, where C is the thermal capacityeleiments inside the fuel cell stack,
like air, fuel and stack structure. Where c repneske specific heat capacity of each
elements. Ha denotes enthalpy change of chemical reaction and Phe stack
electricity output. Tir Truel Tstack TexhaustM€aNs temperatures at the air inlet, fuel inlet,
stack and exhaust respectively.

dT e
(Cfuel 'r + C:stack) dsttac - Qair + quel + Qreact + Qambient + Qexhaust (2.71)

Qair = WairCair (Tair = Tetacid) (2.72)
Qruet = WielCruel (Truer = Tstaci) (2.73)
Qreact = PHreac = e (2.74)
Qexnaust = WouCexhaus{ Tstack = Texnaus) (2.75)
Cruel = Mpyer >Crey (2.76)
C = My 2 Cyp 2.47)
Catack = Mube > Neeir > Cel (2.78)

If Csorc = Crer T Cair T Cqtack, then equation (2.71) is changed to equation }2.79

which could illustrate the dynamic thermal stateéhef fuel cell stack.

d stack
SOFC ( out exhaust Walrcalr quelcfuel) stack

(2.79)
+ Walrcaeralr + quelcfueleuel WoutC xhaus-trexhaust+ Qreact + Qambient
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If using the state space method to describe corgfationships, the state space form of
the model is re-written as equation (2.80-2.86)

X=AX+Bu
y=CX +Du (2.80)
— detack
dt (2.81)
X = Tstack
T,
Tfuel fuel
- T
exhaust out (2.82)
Qreact
Qambient
A_ WoutCexhaust Waircair - quelcfuel ]
C (negative value) (2.83)
SOFC
_ Car Cuel Coxhaust 1 1
B= (2.84)
CSOFC C:SOFC CSOFC CSOFC C:SOFC
c=1 (2.85)
D=[0 0 0 0 O (2.86)

So, the combined control block diagram is showfigare 2.14.
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a dX/dt 1 X(t)
COM == >, S > (D

Transfer Fen Integrator

<<
>
Figure 2.14: Control block diagram of fuel cell stak thermal model

If transferring state space system to transfertfandy analysis, equation (2.87) is used.
Y(s) =C(sl- A)*BU(s) (2.87)

Considered fuel flow rate input has a step chamga the time constant for stack

temperature change is:

foo = 1_ Csorc @8
Stack
A WouCexnaust™ Wair Cair = WiyelCruel

According to figure 2.11, the combined system raspomodel is a multi-input and
single output system if we looked at.fkas a state variable as well as output. When we
assume the system response is under single in@ngeh then the system can be
transferred to a second order system. The trarigfetion could be written in the
following form, as equation (2.89). Hence, the tidedays of temperature response and

manifold response could be expressed in this mbdeg|, andt are identified.

manifolc

OUtpUt: Gmanifold % G
Input ¢ 8+l ¢

stack

S+l

(2.89)

manifol stac

Beside the influence of stack temperature respotise,limitation of temperature

gradient for tubular structure also needs to beremded, because the material for
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tubular structure could only withstand certain tenagpure differences. The tubular fuel
cell in this system is a cathode supported types 3tnength of tube structure has a
strong relationship with thermal stress caused dayperature difference at local
sections along the tube structure. The discusdidheotemperature gradient along the
tube structure has been expressed in section Z2edsimulation results will be used as
limiting conditions for calculating the temperatussponse time of the whole system,

especially when ascertaining the starting timeHerSOFC system.

2.5 Summary and conclusion

Modelling of whole SOFC power system is a compédaissue. The accuracy of
system simulation depends on the precise modebingubcomponents within the
system. Modelling of subcomponents in the SOFCesystvas introduced in this
chapter. The stack was modelled according to thertbdynamic reactions taking place
within a single cell. The reforming and pre-refanguiprocesses of methane rich natural
gas was described with an assumption that reformgagtions reach equilibrium. The
mass flow and heat transfer model was built up daseCFD theory. The computation
work of mass flow and heat transfer were done waade and the results used directly
in the follow up system simulation because the aaatpn of the CFD model is time

consuming.

To imitate the dynamic response of the SOFC powetem, control theory is
implemented to describe the response time of thebawed system model. The response
time of the stack temperature and mass flow camgibmost to system time inertia.

Thus, these two phenomena are modelled in detail.

After interpretation of subcomponents’ modellingthim the SOFC system, the
development of the combined model for the whole SQgower system will be

presented in the next chapter.
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Chapter 3 SOFC marine power system and its modellin

strategy

3.1 Introduction

To simulate a marine SOFC power system, eithershop propulsion or electricity
generation, the influence of electric and mechdnasd has to be incorporated. This
includes modelling works for ship hull resistanpsgpeller, electric motor and electric
load where applicable.

In this chapter, modelling of a ship propulsiontsysis proposed first. The second part
of this chapter will emphasise on the simulatiohshe SOFC power control unit and
electric output distribution. The layout of a m&i8OFC power system control strategy
will also be explained.

3.2 Modelling of ship propulsion systems and digvatnain
3.2.1 Propulsion and ship resistance modelling

A typical marine electrical propulsion assembly sists of motor, hull resistance, and

propeller. If only considering horizontal movemehthe ship and the rotation of rotors,

then:
dn
2p|a:Te- T, - T, (3.1)
dv.
S — P _ Rt
dt (3.2)

Where | is the rotation inertia of motor, shaftigaad propeller; Jis the driving torque
of motor; T, is the resistant torque from propeller and hydnaayic force; Trepresent
the friction torque from transmission system; nthis mass of ship; P is the propeller

driving force; Ris the hull resistant.
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According to the operation principle of propell&p and P are illustrated as equation
(3.3 and 3.4) (Harvld, 1983). Where D is the dignef the proper:

— 215
Tp = qun D (3.3)
P=K,rn°D*(-t) 4B

t is the propulsion force deduction factor

Kt, Kq and ~ are displayed over J, which are obtained from tees of open water

test of propeller series. The advance number dfiset as:

_ Vi _V,(@-w)
nD nD

Va is the average inflow speed, Vs is ship speed,wake fraction.

In order to calculate the ship speed in equatio) (e numerical values of P and R
need to be confirmed in real time. The propellevidg force P is a function of shaft
rotation as indicated in equation (3.4).; iR related to ship speed. Consequently, if

electric motor torque is confirmed then the shipexpcan be deducted accordingly.

3.2.2 Electric motor drive chain

Electricity output of the fuel cell is direct cunte As indicated in figure 2.1, the fuel

cell electric power output is connected to the powanditioning unit which is used to

change the form of electric power to either AC @ Burrent. The converted electricity
is consumed by various electric loads e.g. propalsnotor. Generally, the propulsion
motor could be either a DC machine or an AC machirreerefore, models for two

typical electric motors/machines are introducedthis section, one is a separately
excited DC machine and the other is a permanennetagynchronous AC machine.
The control model of the electric machine will alsodiscussed.
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3.2.2.1 Separately excited DC machine

A typical model of a separately excited DC machineludes import and export

interfaces of field, armature and torque terminals.

The armature circuit of a DC machine consists ofirmtuctor La and resistor Ra in
series and a Counter-Electromotive Force (CEMF)ilenthe field circuit could be

represented by an RL circuit.
The CEMF is proportional to the machine rotate dpee

CEMF = K %1, (3.6)
Kg is the voltage constant and is the motor rotation speed.

In a separately excited DC machine model, the gelteonstant Kis proportional to

the field current;l
f (37)
where Ly is the field-armature mutual inductance.

The electromechanical torque developed by the D€hma is proportional to the

armature current,l

T =K, H, (3.8)
where K is the torque constant.
The torque constant is equal to the voltage constan

K, =K, (3.9)
The mechanical parts of DC machine is representgdebequation

Je?j—':” =T,-T,-Bw-T, (3.10)
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wherelJe = inertia, T= torque applied to the shafl,, = viscous friction coefficient, and
T; = Coulomb friction torque.(Permanent magnet symiebus machine, 2008)

3.2.2.2 Permanent Magnet Synchronous Machine

The Permanent Magnet Synchronous Machine modegrisedl from a second-order
state-space model. It is assumed that the flwbksited by the permanent magnets in

the stator is sinusoidal, which implies that thecetomotive forces are sinusoidal.

The following equations are implemented for a simlsl model as explained above.
These equations are expressed in the rotor referfeame, where all quantities in the

rotor reference frame are referred to the stator.

9, —iv - —i +ipWi

dt L, d L, d L, r'q (3.11)
i| :iv _B| -ile - /pVVr 3.12

dt* L, 'Lt L YL (3.12)
T, =15p|/ig +(Ly - Lodigia) (3.13)

L Lq refer to g and d axis inductances; R is resistafitiee stator windings; iq, id are
g and d axis currents; vq, vd represent q and sl aliages;  is angular velocity of

the rotor; means amplitude of the flux induced by the permanggnets of the rotor
in the stator phases; p is number of pole pairsn&ans electromagnetic torque.

The Ly and Ly inductances represent the relation between theepinauctance and the

rotor position due to the saliency of the rotor.

The mechanical principle of permanent magnet symghus machine is illustrated by
equation (3.14)
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Je?j—':”zTe- Fw-T, (3.14)

Tm is shaft mechanical torque and F is combined visdaction of rotor and load.

3.2.2.3 Drive chain and motor control

It can be seen (from equation 3.10 and 3.14) tmatmechanical principle of electric
motor is similar both for DC and AC machines. Theton rotation speed can be
deduced if the shaft torque and electromagnetiquris confirmed. The shaft
mechanical torque comes from loads of propeller gmdpulsion shaft, while
electromagnetic torque is decided by power supp8lextric motor.

Generally, electric motor speed and torque areralded by altering voltage, current
and frequency or a combination of them dependingypa of motor. The following is
an explanation of control of AC permanent magneckyonous motor as indicated in

figure 3.1.

Current phase
synchronizer

Electric power PWM inverter AC synchronize

Pl controller supply motor

Request speed ref

Speed detection &
conversion

Figure 3.1: Control diagram of AC permanent magnetsynchronous motor

The Permanent Magnet Synchronous Machine is ctedrelith a closed loop control
system. A PWM inverter is used to convert the D&&teic power supply from fuel cells
to AC current to feed the synchronize motor. Twedigack controls are used; the inner
loop synchronizes the pulses of the PWM converiér the electromotive forces, and
the outer feedback control loop regulates the n®&peed, by varying the voltage of
DC power bus supply.
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As shown in figure 3.1, when a ship speed commandccepted, the required ship
speed is translated as a certain amount of volagerdingly. The reference speed is
compared with the feedback from motor shaft and ihglemented by Proportional-
Integral (PI) feedback control to adjust the elegtower distribution for the motor. The
inner loop feedback control is to synchronize therent phase by monitoring the

electric rotor angle and stator current.

Further, the electric motor is connected with thepplsion device. The calculation of
ship speed is indicated as figure 3.2. The equatised for calculations are introduced

in section 3.2.1.

Propeller torque

Motor rotation Calculation of

propeller force
and torque

AC synchronize
motor

Propeller force

Calculation of ship|___ Shipspeed
speed

Ship resistance

Calculation of ship
resistance

Ship speed

Figure 3.2: Block diagram of drive chain for propulsion

3.3 Grid bus modelling and power distribution

In a SOFC power system, the fuel cell stack antétyaire employed to jointly provide

electric power to a grid bus to feed electric lo&adel cells, battery and power
consuming devices are all connected to a mainkgrsd Hence, the voltages of fuel cell,
battery and power output are the same. The elgmbrieer produced by each device is
comparative to the electric currency respectivéipen the power supplied by the fuel
cell stack meets the electric energy consumptiba, grid bus will supply enough

energy to the electric load and simultaneously gdndine battery. Conversely, the grid
bus will absorb the electric energy from both thelfcell and battery to power the
electric load when the energy consumption of thegrsystem overtops the capacity of
the fuel cell stack.
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In addition, the maximum output of the grid busddobe limited by the Status Of
Charge (SOC) of the battery. The battery dischaogds when its SOC is bigger than
the lower limit which is represented as SOC_min, the maximum and minimum

power provided can be confined by the following ditions:

Ris =Vous(lrc * lgischarge) ~ when (SOC>SOC_min) 8.1
Pie =V ¥ i when (SOC=SOC._min) (3.16)
R =Vous X fhorce when (SOC<SOC_max) (3.17)
P™ =0 when (SCR3C_max) (3.18)

According to the above explanation regarding irdégg control strategy and limiting
conditions, the logic topology of current distritaut strategy for the grid bus is
expressed by diagram figure 3.3.

As seen from the diagram, the total current of posasumption is monitored in real
time and the battery charging status is also ifledtiThe status and output of fuel cell

and battery will be controlled based on the grid bontrol strategy.
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| consi>0 N
|_FCmax>=I_motor N
Y
SOC<SOC_max N SOC>SOC_min N SOC<SOC_max N
|I_moto-I_FCmax|: |l_moto-I_FCmax]|< Y
|I_EssMaxCharge| |I_EssMaxDischarge
A 4 \ 4 \ 4 A 4 \ 4
|_Ess=I_EssMaxCharg| |_Ess=I_motor-I_FCmg |_Ess=0 |_Ess=|I_motor-I_Fcmax|| |_Ess=I_EssMaxDischarq |_Ess=0 |I_Ess=I_Charg |_Ess=0
|_FC=I_motor-I_Ess |_FC=I_motor-I_Ess |_FC=I_motor | I_FC=I_FCmax |_FC=I_FCmax |_FC=I_FCmax| |_FC=I_Ess |_FC=

Figure 3.3: Current distribution strategy of power bus

3.4 SOFC power system modelling strategy

SOFC power system modelling is an integration pec® combine subcomponent
models by complying with a certain strategy. Theegnation approach can be roughly
divided into the following steps.

a) Analysis of system requirement: End user’s etgiEms for system performance
including characters of power system, control aacyr steady and dynamic response,
environmental conditions and load limit etc. Thaspects should comply with relevant

ship rules and regulations where applicable.

b) System design and configuration: Based on tlguirement in (a), a detailed
simulation system is designed by choosing apprterg&ubcomponent models. The

configuration of each subcomponent model needsstmize aligned with the operation
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requirements. Simulation time also needs to benigeed. This is fulfilled by choosing

some simplified subcomponents while not touchirggldbttom line of system accuracy.

c) Testing of subcomponent models: Before reachsygtem integration, the
performance of the subcomponent model shall bedeg&this includes the limits and
requirements for each model and dynamic resposseft¢he fuel cell stack.

d) Design of control strategy: To mimic the fuell gower system the logical control
relations and interactions among subcomponentsicghmi well considered. Control

flow charts are used to document control relatisitisin the power system.

e) System integration and simulation test: Combthe subcomponent models
according to the designed control logic. Run theusation system under steady and
dynamic conditions. During testing, the requirerse@nd limits for the system

objectives, as mentioned in (a), should be covered.

As mentioned in section 3.4 (b), SOFC power systeodelling is an integration of
subcomponent models with a desired system contrategy Generally speaking,
detailed analytical models, either 2D or 3D, shoettdr simulation results than
simplified models. However it is also obvious thatcomplex model takes more
computational time than does a simple one. Sa, unwise and impossible to combine
all detailed models of subcomponents as a wholeogdfy when trying to discover
system operational aspects. Consequently, someomonents of the system are
detailed, such as reactions within the cell, masw,fheat transfer and reforming
process; while some auxiliary subcomponents arepldied. The compromise of
system complexity is based on the discretions @fistem designer and his prospect of

computational outcomes.

In the following chapters, simulation of the SOFG@mer system is performed under
different operating scenarios. To achieve the bsshulation results, some
subcomponent models are simplified and some subooemis are detailed. The
configurations of system models are listed in té&ble
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Table 3.1: Composition of integrated SOFC power sfem

gow

Stack Stack Stack SOFC SOFC
steady starting dynamic | power propulsion
system system

SOFC stack Detailed Simplified Detailed Detailed Detailed
Reforming process Detailed Simplified Simplified SimplifieGimplified
Heat exchanger & burner Detailed Simplified Simplified difigel | Simplified
Heat transfer & energyDetailed Detailed Simplified Simplified Simplified
balance
Manifold Simplified | Detailed Detailed Detailed Detailed
battery N/A N/A N/A Detailed Detailed
Power conditioning N/A N/A N/A Detailed Simplified
Propulsion train N/A N/A N/A N/A Detailed
Control system N/A N/A N/A Detailed Detailed

3.5 Summary and conclusion

In a SOFC power system, the SOFC and battery aredbirces where electric power is

generated. The generated power output is then adated to feed electricity

consumption devices via a grid bus. The electrioiigsumption can be a simple electric

load or a complicated electric propulsion systemllowing the introduction of the

SOFC stack model in chapter 2, this chapter prapaesedelling methods for the

simulation of a ship propulsion system and grid bus

With all the subcomponent models in hand, it issgae to finally construct a system

model for a SOFC power system. The integration widrkystem models needs to be

optimized to obtain the best perspective resultss Pprocess depends highly on the

strategy of system configuration and the complexitymodels. Consequently, the

principle for SOFC power system integration has nbe®ncluded by different

application scenarios.
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By applying the system modelling strategy as exgldiin section 3.4, simulation
examples for SOFC power systems under both stdatly @nd dynamic state will be
presented in the following chapters.



Dynamic modelling of SOFC marine power systemssinpboard applications University of IE

Strathclyde

Baogang San Glasgow

Chapter 4 Modeling of a 5 (kW) SOFC at steady state

The modelling process for a SOFC power system mtagduced in chapter 2 and 3. In
this chapter an example of a 5 (kW) SOFC poweresyss simulated by using the
methods mentioned in chapter 3. The target 5 (K@FG systems will be introduced
first, followed by configuration of subcomponentsantegration of the system model.
The simulation system will be run at steady stateliscover how the system alone
would perform under different loads. With the irtten of marine application, the

simulation results are analysed to identify commg&with marine ship rules.

4.1 The 5 (kW) SOFC power system

A fuel cell marine power system is a novel innamativithout much experience from
traditional marine power systems. The componentsnafine fuel cell systems are
coupled both electrically and mechanically. The mpurposes for marine fuel cell
systems are to drive ship propulsion and supplyctiete power for auxiliary

consumption. In the simulation example, a 5 (kWP &kWe) SOFC is used as the

target system for electricity generation purposes.

The prototype 5 (kW) SOFC is produced by a FCT Alfatem. The system layout and
appearance are illustrated as figure 4.1 and 4.2.

The FCT 5 (kW) SOFC is a type of high temperatued €ell operating at 700 to 1000
(. Fuel is pre-reformed internally by a catalyseiwmaer before entering the stack.
The pre-reformed fuel then goes into the anode hwiscat the outer side of a SOFC
tube. At the other end, air is pumped into the SGEZkK from the bottom side and
heated up while the air travels towards the air ifolthat the top of the stack. The
heated air then enters the inner side of SOFC wibeh is a cathode. After reaction,
the high temperature exhaust gas from both theeaand cathode is used to heat up the
SOFC stack and let off the system. The exhaushgasis further collected by a heat
exchanger.
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Figure 4.2: FCT 5 (kW) SOFC system outlook



Dynamic modelling of SOFC marine power systemssinpboard applications

Baogang San

Strathclyde

Glasgow

FCT has produced two generations of 5 (kW) systdm. first delivery of FCT 5 (kW)
Alpha system started in May 2003. The current FC&taBsystem was first
manufactured at the end of 2004. The main techdat of the 5 (kW) Beta unit is as

table 4.1 (Operation and maintenance manual BkYa SOFC system, 2005).

Table 4.1: Characteristics of the 5 (kW SOFC Beta system

Nominal Electrical Power Output:

2.6 (kWe), 120(edIAC, Split Phase, 60 (Hz
(100V, 50Hz, & 3-Phase output optional)

Nominal Thermal Output: 2.8 (kW)
Input Fuel: | Type: Natural Gas
Consumption: 1.2 (th)
Supply Pressure: 14 to 34 (kPa)
Air/Exhaust:| Flow Rate: 200 to 1200 (I/min)
Exhaust Gases: LQ5%), CQ (2.5%), NQ (< 0.2 ppm), CQO
(<1 ppm), SQ (< 3 ppb), Balance N& H,O
Ventilation Air Flow| 7000 (I/min)
Rate:
Coolant: Pressure: Maximum 375 (kPa)
Temperature: Maximum 90 (°C)
Flow Rate: 3 to 10 (I/min)
Medium: Clean Water (less than 5 micron particke )i
Dimensions:| Width: 1253 (mm)
Depth: 821(mm)
Height: 2210 (mm)
Weight: 1110 (kg)
Operating temperature ambient: -5t0 +40 (C)
Warming up time 16 (hours)
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4.2 Configuration of subcomponent models

As explained in section 3.4, to model the SOFCqrarnce at a steady state, the fuel

cell stack model, reforming process and energynoal&ave to be considered in detail.

a) Fuel cell stack: the 5 (kW) SOFC comprises twadbes of tubular SOFCs. The
tubular cell is standard Siemens tube and each|dumas 3x8 tubular cells. Two
bundles of tubes are placed in parallel with 48scel total. The modelling equations
used for SOFC stack is explained in section 2.3tack voltage is calculated as the
equation (2.4-2.22). The inputs for stack voltagkewation are net current density i and
stack temperature ¢fc Factors and coefficients used are listed in tab# Other

relevant configurations are expressed in the cowtfesection 2.2.2

Table 4.2: Parameter settings for 5 (kWW SOFC stack

Type of SOFC Siemens  standard tubular
SOFC

No. of bundles 2

No. of tubes/bundle 3x8

Working pressure 2.0 (MPa)

R 8.314 (J/mol K)

F 96485 (C/mol)

Lanode 1x10"  (m)

L cathode 2.2x10° (m)

Lelectrolyte 4x10° (m)

Linterconnect 8.5x10° (m)

Aanode 0.10367247 (1)

Acathode 0.102353 (M)

Aelectrolyte 0.10273 (M)

Alinterconnect 0.0128 (M)
See equation(2.10-2.13)
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Aact 0.002
io 10 (mA/cnf)
m 0.0001
n 0.008

b) Fuel: fuel for the 5(kW) SOFC is methane ricltunal gas; the percentage of
methane may vary in practice. The natural gas csitipo used for simulation is listed

in table 4.3 assuming only methane is considereidglueforming reactions.

Table 4.3: Natural gas composition

Methant 89.25(% mo)
Ethant 6.79(% mol)
Propane 2.60 (% mol)
Butane 0.95 (% mol)
Heavier hydrocarbor | 0.06(% mol)
Nitrogen 0.23 (% mol)
LHV 49.248 (MJ/kg)
Density at 111K 465 (kg/t

The pre-reforming and reforming process for tub@@rC is explained in section 2.2.3.
Simulation results of the reforming process wesm allustrated. From figure 2.3 and
2.4, the composition of reformed gas could be cordd if knowing the temperature
and fuel flow rate at certain parts of SOFC. Howgewuhe calculation of gas
composition in real time is time consuming. So,imySOFC system simulation, the
reforming process has been calculated beforehamadl s#mperature ranges and flow
rates. These results are then embedded in the S@EmM model via look up tables.
For instance, a certain input temperature andffoel rate will be matched to a certain
gas composition after reforming reaction.
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4.3 Integration of SOFC stack model

The integration of the SOFC stack model is illustiaas figure 4.3. It can be seen, if
looking at the integration model as a black box itputs of stack model are stack
temperature T and stack current density i while dbgout of stack model is stack
voltage. On zooming into the stack model, the fflelv rate and reactant gases
composition are also resulted via the simulatiovcess. With fuel flow, stack current
and voltage in hand, the calculation of stack poaver stack efficiency are also straight

forward.

Calculation of
H2 reacted

Calculation of
fuel flow rate

Y

Reforming process
calculation

Calculation of
Nernst Voltage

Calculation of
ohmic voltage
loss

Calculation of
activation
voltage loss

Calculation of
concentration
voltage loss

Calculation of
stack voltage
output

Figure 4.3: Diagram of SOFC stack model integration
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4.4 Steady state simulation results and analysis

By using the SOFC model as described previousky,gbneral simulation results at
steady state are shown in table 4.4 when assumanging temperature is 847 (°C).

The result shows a very similar output of the i®atem based on laboratory testing
report (Allen, 2004).

Table 4.4: Simulation result at steady state for kW) tubular SOFC model

System Calculation process Simulation
results

DC/AC DC/AC converter 1979
converter output (W)
(Net power | Efficiency DC/AC output / fuel energy 43.8%
output)
DC/DC DC/DC converter 2328
converter Power output (W)

Efficiency DC/DC output / fuel energy 51.5%
stack Stack Power 2616

output(W)

Efficiency Stack Power output / fuel energy  58%
Heat Hot Water (W) 1403
recovery Efficiency Hot water energy / fuel energy 31.1%
Fuel energy | W (LHV) 4513
Overall System Efficiency (includeNet power output + Heat recovery4.9%
heat recovery)

Figure 4.4 plots the open voltage of a single wél increasing current density, which
is often called the polarization curve. It showattthe polarization curve of the fuel cell

is quite linear. This character indicates that3k#-C stack is ideal for system control.
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Polarization curve

Voc (V)

Current density (mA/cm?2)

Figure 4.4: Polarisation curve of the fuel cell

To watch the reforming process, partial pressufesefmrming reactants have been
simulated with increasing current density, whicsoalepresents the fuel flow rate. The

simulation results are shown as figure 4.5

Figure 4.5: Partial pressure of reforming reactants
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Figure 4.6: Simulation results of stack voltage drp

——! " # $$ —a—! " %% &

Figure 4.7: Stack power and efficiency at differenturrent density

Calculation results of ohmic, activation and conragion voltage losses are expressed
as figure 4.6. It can be seen that the ohmic veltags takes a large share of stack

voltage drop especially when current density i®Wwed00 (mA).
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For the intention of marine application, the SOR&rk is examined according to ship
rules and regulations. Consequently, the SOFC sfamker range, stack power
efficiency and overload capacity are simulateatolfisidering the overall power output,
electricity and thermal output, the 5 (kW) SOFCktpower and its efficiency is shown
in figure 4.7. Low heat value of natural gas isetakn terms of efficiency calculation.
There is definitely an optimised power output whanrent density is around 550

(mA/cn). The efficiency of fuel cell decreases with irase of current density.

4.5 Conclusion

Simulation of a 5 (kW) SOFC was executed undereadst state based on modelling
methods described in chapter 2. The results iretdbl show that the outcomes of
simulation results are very reasonable. The sinaaesults compare with laboratory

test results will be discussed later in chapter 7.

Beside the whole stack characters, the reforminggss and stack voltage losses were

simulated at various stack currents.

Stack power simulation result indicate that thectele power output of the stack can
reach up to 2.7 (kW). However, the efficiency faack, in terms of heat energy
utilisation decreased with the rising stack currénsequently, concerning marine
application, the intended electric load of SOFCdset® be limited so that the fuel cell
can work at its optimum running conditions. Take th(kW) SOFC stack for instance,
the maximum continual electric power output shooddow 2.4 (kW) to leave a 10%

over loading safety factor as required by shipsule

After steady state simulation, the validation oé th (kW) SOFC at dynamic load

change will be discussed in chapter 5.
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Chapter 5 Dynamic simulation of a 5 (kW) SOFC power
system

The SOFC stack model has been run at steady stateapter 4. It is proved that the
SOFC is an effective power source and the powgsubutould be controlled ideally.
However, in practice the electric load of the SA&€andomly changed. The character
of dynamic response for SOFC is a more criticaliesdn this section of the thesis,
dynamic simulation for the 5 (kW) SOFC system Wél performed.

5.1 Configuration of dynamic system

As explained in section 2.4, the time delay of systesponse mainly comes from the
time inertia of mass flow change and stack tempezathange. The time inertias of

stack temperature and flow change are represemitég., and respectively

manifolc

According to section 2.4.2, the stake temperatyr@anhic response is related to the

time constant as indicated below.

f o= 1_ Csorc ®

tac .
A WouCexnaust™ Wair Cair = WiyelCruel

C:SOFC = C:fuel + C:air + Cstack (5-2)

According to CFD analysis in section 2.2.4, thet heansfer between frame structure of
stack and reacting gases is much slower than thetfaamsfer between gases. Supposing
the wall structure inside the stack is adiabatidindudynamic response then equation

(5.2) could be changed to equation (5.3):
CSOFC = Cfuel + Cair + CceIIs (5-3)

For the 5 (kW) SOFC, the relative setting valuassuming at:
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Csorc=0.2125 (kJ/K)
Cai= 1.012 (kJ/kg.K)
Crue=2.19 (kJ/kg.K)
Cexhaust1.081 (kJ/kg.K)
Wair=1.117 (& kg/s)
Wie=2.39 (&* kg/s)

Wou=WairtWiyel
So I gack is estimated to be:

foo = 1_ Csorc
Stack
A w,C Wair Cair = WiueiCruel

out“exhaust” ¥Vair “air

=425s)

For a stack temperature step change, the dynaspomse time to reach a control error

limit of 5% is around 1275 (seconds), which is ¢htiened stack. based on the analysis

method introduced in 2.4.1.

In accordance with the requirements of the Intésnat Association of Classification
Societies (IACS) (M50 Programme for type testingnoh-mass produced I.C. engines,
Unified Requirement, 2013), Chinese Classificat8wotiety (CCS) Rules and Lloyd’'s
Register (LR) engine test specification (Test djmation Number 4 for internal
combustion engines, 2012), “engine governing systbould drive engine to return to
the limit of less than +10% of requested power wload is suddenly changed.” By
using the same methods as in section 2.4.1, thandgnresponse time for stack
temperature change is around (1100) seconds.
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This illustrates that the temperature change is/ \&ow if considering the heat
exchange effect caused by the variation of reagjases flows. In other words, the
dynamic change of fuel cell power output has vétlelinfluence on stack temperature

for a short period.

This conclusion is similar with the result of Kapdea et al (2007). His results are
shown in figure 5.1. The SOFC temperature only eses less than 0.1 degree when

load is suddenly taken off.

S 300 . , , , .
5 250 ]
g8 200 ) :
=] -IEG 1 1 1 [ 1
j- 0 5 10 15 20 25 30
time (sac)

- 085 —|\/
N

I:IIS i 1 1 1 1 | ]
_ 0 5 10 15 20 25 a0
X time(sec)
€
é T T T T T
3 13501 | Y —— 1
]
5 135‘} 1 1 1 1 L
5 0 5 10 15 20 25 a0
3 time (sec)

Figure 5.1: SOFC temperature change with load chargy

Consequently, it is safe to make the hypothesisthiieeffect of stack temperature on
dynamic power response is not considered. Howawvderms of simulation of system

start-up, when the stack temperature is heatedlyslats influence is included and

discussed later, in section 5.2.1.
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Taking a look at the dynamic response of SOFC molhifworking out the time
constant for fuel cell manifolds, assuming themanifold and fuel manifold for the
5kW SOFC are as follows:

Vinanitold ar = 0.3 () , the combined space includes the volume of pippem
compressor to fuel cell stack, internal flow chdrofepre-heater and burning chamber

volume.

V manitold fuel = 0.2 (M) , the combined space includes the volume of dimes fuel inlet
control valve to fuel cell stack, catalysed reforraed the space before entering the

reaction chamber.

If taking:

Re=518 (J/kg.K)
Rai=286.9 (J/kg.K)
kou=2.25 € (kg/s.Pa)
kin=2.25 €° (kg/s.Pa)
Tstack=1100 (K)

The time constants for air manifold and fuel madifare calculated as:

V
[alr manlfold le OUt km - 021](3)
¢ v - 0079s)

fuel_manifold —
B le (kout )
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3ZLair_manifoId = 06333)
31‘ fuel_manifold = 02343)

In practice the flow changes for air and fuel amntmlled simultaneously. This

operation is executed by the stack controller deated in figure 4.1.

As the whole fuel cell system is not mechanicatiymed, the system is controlled by
electric signals, so the time delay by the corgratihould also be counted in dynamic
response. It is assumed that the time delay cahgecbntroller and electric signal

transfer is 0.1 second.

5.2 Execution of simulation

The simulation execution is based on the 5kW tub8f@FC system with controllable
inductive load. To identify the 5kW SOFC system alynic response, three types of
simulation test have been arranged in the followsegtions. One simulation is to
observe the SOFC stack starting process. The sexunis to simulate the SOFC under
dynamic load without the combination of a batterie third simulation is the SOFC

stack plus battery mode that fuel cell and battertput are paralleled together.

5.2.1 Starting up of SOFC

The operating temperature of the SOFC stack isnar®@27 (°C). A burner is used to
heat the inlet air. The heated air runs througtibatentire stack and warms up the
SOFC stack. So, during heating process, the inpuabes of the system are air flow
rate and inlet air temperature. The inlet air terapge is controlled by burner which is
assumed to be a fast response feedback contratedeVhe control strategy of the

burner is based on the calculation of thermal stras utmost situation and the
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consideration of durability of cell material. Assarthat Tim startup IS the limitation of
controlled temperature difference between stackaanuhlet during starting. When the
SOFC system is heating up, it means no heat iagetefrom the chemical reactant. The

configuration of starting control model is set aldoiws:

Qreact = O

If ‘ air stack‘ £Tllm startup then T, air (t +1) alr (t) +D0T

If ‘ air stack‘ lim_ startup then air (t+1) alr (t)
alr (t) means the temperature of inlet air at certain time

alr (t +1) means the temperature of inlet air at next tirep st
DT is the temperature step change from certain moment

-ﬂim_startup is the controlled temperature limitation betwedaclk and inlet air

temperature. The value Eﬁim_stanup should between 0 t&T .

The temperature step changd is strictly limited to avoid causing severe thalm
stress to the stack structure. This value can sidtesl from the previous modelling of

heat flow and transfer in section 2.2.4

According to the analytical outcome of CFD calcigiatthe extreme temperature
gradient takes place at the closed end of tubutactsre. This extreme temperature
gradient is about 3500 (°C/m) along longitudinaledtion of fuel cell tube. Take a
safety factor of 2 for the considerations of dymameiad change affection, durability
operation and material performance at deferent é¢eatpre range. The revised

maximum temperature gradient of the tube matesi@l (°C/mm).
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As specified in table 2.1 of section 2.2.2, thekhess of the SOFC tube is 2.34 (mm) if
combining three layers of anode, cathode and elgt#r material. So, the maximum

temperature difference between the anode and aatfidds is estimated around 16.38
(°C). Concerning the most brittle parts of materisibject to thermal shock within the
SOFC system are at the closed end of the tubulzstste, it is therefore reasonable to
assume T equals 16.38 (°C).

According to the previous calculation, the simwatof SOFC cold start is simulated by

estimating siack = 429S) and T=16.38 (°C).
If assuming:
Tlim_startup =5%" Tair - Tstack (5.4)

Then, the simulation results of SOFC stack tempegathanges are shown as figure 5.2
and 5.3.

Figure 5.2: Stack temprature during starting proces if equation (5.4) is applied
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Figure 5.3: Amplified figure of 5.2
If assuming
Tlim_startup =50% Tair - Tstack (5.5)

Then, the simulation results of stack temperathianges are shown as figure 5.4 and
figure 5.5

Figure 5.4: Stack temprature during starting proces if equation (5.5) is applied
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Figure 5.5: Amplified figure of 5.4

It can be seen by comparing figure 5.2 and figudetbat the starting time of SOFC

stack can be dramatically reduced by using diffiesearting control limitations.

If optimise the starting simulation by using feedbaontrol to smooth the control

signal, then the temperature control signal is stdpll according to the real time stack

temperature to ensure that the temperature difegréetween stack and temperature

control signal is always at its utmost value of3B&K. The feedback control of the stack

starting process is illustrated as figure 5.6.

Stack temperature
Control signal dynamic response
calculation

Temperature
controller

Stack temperature >

Stack temperature feedback

Figure 5.6: Feedback control of SOFC stack startingrocess
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The stack temperature is monitored in real timas Técorded stack temperature refers
to when the controller adjusts the control sigmaktontrol inlet air temperature. The
optimised starting process is shown as figure Bd7fgure 5.8.

Figure 5.7: Stack temprature change under optimisedontrol process

Figure 5.8: Amplified figure of 5.7

According to the simulation result of figure 5.Figtwarming up time (starting time)of
the 5 (kW) SOFC could be reduced to 25000 secodi@g (hours) if the warming up

process is controlled smoothly. Compared with tistructed starting time of 16 hours
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(Operation and maintenance manual Beta 5kW SOF@my2005), there is still plenty
of space to decrease the SOFC warming up time.

5.2.2 5kW SOFC dynamic simulation result

The electric load for SOFC marine application ismadomly changing signal. This is
required as the SOFC needs to quickly follow theaalyic change of load and provide
the desired power output. To simulate the dynacharacter of the 5 (kW) SOFC, a
testing plan needs to be set beforehand.

As the SOFC is intended for marine application, ¢betrol signal of the electric load
change is set to comply with “the requirement afséi engine using for marine test
program” of the LR Type Approval System (Test sfieation Number 4 for internal
combustion engines2012), the transient load point is programmed gsiré 5.9.
Electric load changes happen at 25%, 50%, 75%, 90%0 and 110% of the SOFC
Max Continuous Rated Power (MCR) respectively. Dwerload of 110% MCR is
running at short period.

Figure 5.9: Programmed electric load change for dyamic simulation
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The configuration of dynamic SOFC model was ex@dim section 5.1. Based on the
required electric load, responses of 5 (kW) SOF@uwuare plotted as figure 5.10,
figure 5.11 and figure 5.12.

—_— —_—# $9

Figure 5.10: Dynamic simualtion of SOFC with load hanges

—_— —_— % 5%

[ _—
I/ J/

Figure 5.11: Response of step load change at 4-@@eds
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Figure 5.12: Response of step load change at 40sEtonds

As per ship rules, an error difference of 10% afuessted load change is permitted for
dynamic response of marine machinery. The shipsruéguest a response time of
dynamic load to be less than 5 seconds.

It can be seen from figure 5.11 and figure 5.12 tia response time of a required load
change is around 1.1 seconds if the control ereomssion is 10% of the requested
power change. This time inertia results from bibia delay of flow manifold and the
delay of control signal.

5.2.3 SOFC simulation with the use of battery

From previous simulation results, the operatingrattar of the SOFC can meet the
requirements of ship rules and regulations. Itapable for marine application both
under steady state and dynamic state. Howevere thigsulations are based on the
extreme operating situation to maximise the usafjeSOFC. In practice, the
maintenance, safety and optimisation issues 0SMEC are also considered. Therefore,
most of the SOFC power systems are equipped witkrigs to offset the power output
deficiency during operating. By paralleling SOFCddvatteries output together, the
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transient load could be absorbed by battery whitk=S produces continuous and
steady power output. Consequently, the smooth ngnaof SOFC could level off the
operating stack temperature which reduces the #ilestress of cell structure.

In this section a 5 (kW) SOFC power system togetvidhr battery will be simulated at
dynamic load changes. Figure 5.13 shows the lagbubhe 5 (kW) SOFC electric
power plant system. The system includes a fuel gelherator, batter, power

conditioners, grid bus, electric load and secontasy

Fuel cell system

} Secondary bus

High voltage
grid bus

Battery | ﬂ Electric load

Power
conditioner

Figure 5.13: Structure of fuel cell power system

The power output of the fuel cell and battery aamfeled to connect to the grid bus via
a power conditioner. A power conditioner can bedenaf a DC/DC converter and
DC/AC inverter to adjust the output of fuel celldabattery to a desired voltage and
frequency. The adjusted electric power after pogaerditioner is then fed to the grid
bus to be consumed by electric consumers. Therieleatnsumer can be an electric

motor, electric load or a secondary switch board.

The modelling and configuration of the 5 (kW) SORCthe same as with previous
sections. The battery model is defined in secti@22 Data for a combined parameter
model of lithium-ion battery are based on a stabdimanganese spinel-graphite system
with a 0.5 (kWh) electric energy storage capaditye battery charging or discharging
status is controlled by SOC.
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Estimated real time power
consumption of main switch bus

This function is executed
by ‘power bus logic
control Unit’
This function is Divide power requirement into fuel

calculated and controlled cell and battery supply according s s
by ‘power bus logic to control logic this function is
Yy Power Dus oglc alculated and controlled

P ¢
control Unit / \ by ‘battery model unit’

According to distributed fuel
cell power requirement, the
fuel cell control unit will
adjust input fuel flow and
then calculate the fuel cell

power outout

v

Work out DC/DC converter
current output base on fuel
cell power output. (DC/DC

In line with the distributed
battery power request, set the
battery current output accordingly
(battery voltage out put equals to
grid bus voltage)

converter voltage out put - .
equals to grid bus voltage) This func?lon is exgguted
by ‘grid bus Unit

This function is executed
by ‘DC/DC converter
Unit’ Add battery and DC/DC converter
— power output together to feed the
main switch board (grid bus).

A J

Detecting main power bus voltage
and current

Figure 5.14: Control scheme of power distribution

The power distribution scheme of the SOFC and hatteillustrated as figure 5.14.
Grid bus voltage and current are recorded and &k o the controller. The power
requirement is then calculated. The grid bus cdetravill decide how much power is
distributed to the battery and SOFC based on tleatipg status of the battery and
SOFC. According to the allocated power requiremetits SOFC control unit will
adjust the flow rate of fuel and air inputs. Aetlast stage, the power output of the
SOFC and battery are regulated by the power congitiand feed to the grid bus. This
process is looked as a close loop feedback control.

The simulation program is validated by Matlab Simk®. In order to simulate the
maximum electric output of the SOFC system, thel Izaset to reach its maximum
power from the beginning. The range for the origlp@C of the battery is from 0.7 to
0.3. The simulation results for a duration of oerhare presented in figure 5.15 and
figure 5.16. The battery would provide some 306@0 (W) backup power when load

requests a higher power demand. This would helBBEC power system to work at
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up to 120% overload. The battery could continugilgduce backup power until the
SOC reaches a threshold of 0.3. This period isesged at figure 5.15 from start to
3200 seconds. Afterward, the fuel cell stack predupower alone. Figure 5.16
illustrates the relationship between battery SO @ower output.

—— SOFC Power output Battery Power output
2500 -
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21500 f o
g
31000 -
o
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Figure 5.15: SOFC and battery output at full load
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Figure 5.16: Battery discharge status at full load
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To test the system at sudden load che apower request is set as the blue line in fi
5.17. The SOFC power output could not follthe power request instantly due to sl
time inertia of thesystem as discussed in section 5.Thebattery is paralleled witthe
grid bus, hence this deficiency of power will berered bythe backup battery as shov
is figure 5.18. On the other hand, @ power from thestack power could be saved
the battery when thiead isdecreasing sharply.
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Figure 5.17: SOFC output responses at different l@hchange:

0 20 40 60 8[{ 1 { 120
-200 ’

-400

-600

Battery Power Output (W)

-800 -

Simulation time (seconds)

Figure 5.18: Battery output responses at differentobad change
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5.3 Conclusion

In this chapter dynamic simulation of the 5 (kW) BDwas performed in three
different working scenarios, namely starting ugnsialone mode and battery parallel
mode. The dynamic character of the SOFC is lardetgrmined by two time constants

t andt

stack namifol

According to simulation results:

The starting time of the 5 (kW) SOFC can be reduoedithin 7 hours by optimising

starting control logic.

A dynamic response time of 5 (kW) SOFC at step Ilclaahge is around 1.1 seconds,
which complies with the requirement of less thasebonds to return to £10% error of

nominated power as required by ship rules.

With the use of a backup battery, the overload capaf SOFC power system is
increased and the operating status of the SOF@tis stable than standalone mode.
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Chapter 6 Marine SOFC system installation, riské an
conceptual design

Fuel cell technology has been proposed as anegitieind clean alternative to internal
combustion engines. While promising to revolutienmarine power generation in the
longer term, the relative immaturity of the teclogyl makes the technology currently
unsuitable for the provision of power on large ing&ionally trading vessels. However,
if look forward 10 years, commercially viable fuedll products can be expected to
generate megawatt-strength power. The fuel cellimaapower system will find its
niche market, e.g. for vessels which spend sigmtioperating time in coastal areas. In
recent years, another notable trend for the maoweer industry is the shifting of oll
fuel to gas fuel with low flash point (<60 °C) deiv by the increasingly stringent
emission and environmental regulation. For examaw&ral gas and methanol, are
seriously considered by owners as a bunker fuebmopthanks to their emissions
reduction benefit. In fact, many existing ships euerently powered by low flash point
fuels and more under construction. Whilst the nemissions limits for both NQand
SO contained in MARPOL Annex VI are coming into forage a few years time.
Finding clean and efficient alternative solutionptmwer ship will be a impending task
for marine industry. SOFC will rightly join thisaind thank to its high efficiency and the
capability to use various low flash point gas asd<u

In this chapter, the topic of SOFC marinisation W discussed. Firstly, risk and safety
issues for using fuel cells onboard commercialshne identified. Then Ship Rules and
Regulations relevant to the SOFC system and itsoand installation will be discussed
from all perspectives in relation to ship machinsygtems. Then, a conceptual design
for SOFC marine systems are presented in thepareiof the chapter.

6.1 Fuels for fuel cells marine installation

Depending on the types of fuel cells and electrogbal reaction mechanisms,
hydrogen rich gas or hydrocarbon rich gas are pedeo be the direct fuels for fuel
cells. By chemical reaction and production, variotiger types of fuels can be used to

fuel the fuel cells after chemical conversion. Hfiere, the source of fuels for fuel cells
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can range from traditional fossil fuel to renewalblels. To better illustrate the pathway
for fuelling fuel cells, figure 6.1 is plotted tndicate various fuels for fuel cells.

Bio Gas
Anaerobic Municipal
Natural gas digestion Coal Biomass waste Solar Hydro Wind Nuclear Crude oil
T
J/ %*aﬁon Gasification Electrolysis of water
1CH, + H,0 C + %0, — CO H,0 — H, + %0,
n-—+Cco0+3 Distillates
" H; C+H0—~CO+H, Carbon capture oil
1 CO + H,0 €O +H,0 — CO, + H, co,
n_, +
" CO; +H; CO,+C - 2CO
~ ~ ~ ~ ~
NG Syngas or hydrogen rich gas
Hydrogen + Carbon monoxide (H, + CO)
~
Methanol DME
|:> Dehydration of methanol
CQO, + 3H, —» CH;0H +H,0 2CH,OH > CH,OCH +
CO, +H, —» CO +H,0 2
Fuel cells

Figure 6.1: Fuels for fuel cells

It can be seen from figure 6.1 that the primaryrees of fuels will be transformed to

low flash point fuels (<60 °C), most of which arasgous phase, before feeding into

fuel cells. The direct fuels for fuel cells can fnere hydrogen, Synthesis Gas, natural

gas, methanol or Dimethyl Ether (DME). The promertior the fuels are listed in table

6.1.
Table 6.1: List of fuel properties
Hydrogen| Carbon | Methane | n- Methanol | DME
monoxide Butane

Flammable rang| 4 - 74% | 12.t- 5-15% |15 -|6-36% |3.4
(in air) 74.2% 9% 14.5%
Flash point°C) |-253 -191 -175 -60 12 -45
SelfIgnition 500 605°C 595 °C 365 °C | 470 °C 160
temperature (°C)
Minimum 0.02 0.z 0.25 0.2 0.14 0.1¢
ignition  energy
(mJ)
Vapour density| 0.07 0.97 0.5t 2.1 1.1 1.62
(air=1)
Boiling point at| -259 -191.t -162 -0.5 65 34
atmospheric
pressure (°C)
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6.2 Risks for SOFC marine installation

6.2.1 Risks management procedures and methodology

The objective of risk management process used glutie development of SOFC
system and its ship installation is to ensure dngtrisks derived from the SOFC system
onboard installation should be controlled and madag systematic manner such that
any residual risk are no greater than those noynaalociated with conventional diesel
engine installation. In accordance with risk mamaget best practice, the process will
employ a number of recognised risk management igeés intended to identify
hazards resulting from a variety of sources inecigdnappropriate design, components
and system failure, human error, abnormal operattonDue to the novelty of SOFC
system and the absence of quantitative safety alability data, particularly with
regard to marine fuel cell installations and ndtges or other low flash point gas as a
marine fuel, the risk management methodology makesof qualitative risk assessment
techniques relying heavily on the judgement of tecdl experts. The objective of the
risk management process is to eliminate or mitigjaerisks to the ships personnel and
to the environment to an acceptable level. The auetlogy and process used for risk

assessment is aiming to:

Identify hazards to the ships personnel and the@mwment
Evaluate the associated risk

Determine the tolerability of the associated risk
Eliminate or reduce the risk of harm to an accdpthvel

Record results and recommendations

For merchant shipping, the ship design and instaias mainly governed by statutory

requirements published by IMO and Flag States,@ads requirements published by
Classification Societies to which the ship is reggisd. These requirements and
standards are descriptive rules which does notaggg on the risk assessment method

and procedures used. In the absence of descriptauedard for marine fuel cells
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installations, risk based approaches is to be deeel based on the best practice
system engineering. For example, Lloyd’s Registgstem engineering ruirements as
specified in the “Lloyd’s Register Rules for thediiteering System of Unconventior

Design” would be a good base for the risk assessofe8OFC marine installatior

Figure: 6.2: Lloyd’'s Register risk management process for uncorentional design

The “Lloyd’s RegisterRules for Engineering Systems of Unconventional i’ is
aims to align with the IMO guidelines on formal estgf assessment adopted at Il
Marine Safety Committee circular number 1023. Thaeagal risk management proci
is illustrated as figure.8. It can be seen from figu6.2, the stakeholder’s requireme
and design definition should be well pld ahead othe design and construction. Tht
definitions will serve as the objectives of the SDIFsk assessment and quy

management process. Then various risk assessnua@dorres should be undertaker
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identify the risks and mitigate the risks in thesiga and construction process. Once the
production design and ship installations beginttal risks identified beforehand must
be verified. The stakeholder’'s requirement willcalse validated at last to ensure the

design and risk management meet the aims and pigieset up at the first stage.

As explained above, in addition to compliance wité applicable requirements of LR’s
Rules and Regulations, the SOFC installation rislkhagement process would employ
several risk analysis techniques, focused on bHwhSOFC unit itself and also the
SOFC shipboard installation system as a whole. ME&HAPU project (METHAPU

project, 2010) as an example, the following studiese carried out for the SOFC

system installation:
At sub-system level:

* Potential Problems Analysis (PPA) — Fuel Cell Unit

e Preliminary Hazard List (PHL) — Fuel Cell Unit

» Failure Mode Effect and Ciriticality Analysis (FMEGA Fuel Cell Unit
» Hazard and Operability analysis (HAZOP) — Fuel Chalit

At system level:

* Hazard Identification (HAZID) - System
« Hazard and Operability analysis (HAZOP) - System

In combination with procedures as introduced, theerall risk assessment and
governance process of the SOFC marine installagdonbe summarized at figure 6.3.
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Figure 6.3: Risk assessment and governance process of tH@F& marine installation

At subsystem level, the PPA, PHL and PHA studies wereiezhiout at early desic
stage of SOFC unit development. These preliminazald studies are brainstormi
practices which can be further analysed at prelmyimisk mitigatiol stage. FMECA i
applied to both components as well as SOFC unttgpaystem level. The effect of tl
local failure and system failure, probability ofilfme occurrence is to be found a
documented in particular to analyse the SOFC-up and shutdon procedures. Th
HAZID and HAZOP study apply to both subsystem leaetl system level. These t
systematic methods are for examine the complexesysand process to identi
potential hazardous at both design and operatiahefSOFC system. The sysiatic
HAZID and HAZOP should cover all the SOFC marinstatiations including SOF!
unit, fuel cell room, gas fuel bunkering, gas fe®rage, and gas fuel supply syst
The operating error, external effect, integrityldee, material defects, emergenand
maintenance factors must also be taken into corsida. Each of the risk itel
identified must be logged. The probability and sawerity of each risk item also ne
to be estimated. The probability and severity ek restimatio should b based on a
predefined a risk assessment matri
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6.2.2 Risks associated with SOFC unit

Fuel cells are formed of an integrated system cwmimgr of subcomponents and
subsystems. However, if excluding the risks froml fthe risk control objective for the
SOFC unit itself mainly aims to provide a levelsaffety and reliability equivalent to
that associated with conventional oil-fuelled pispn and auxiliary machinery. The

Following are some thoughts regarding the risk@FS units.

a) The malfunction of SOFC may come from the failaf any part of the system. Most
of the commercially available fuel cells are auttioadly controlled and designed for
“fail-safe”. Fuel cells would also be automaticadligut down in the event of abnormal

operation or failure.

b) The risks arising from marine environments avebe specially considered by
manufactures and system integrators. For exampigy wibration would require
resilient mounting and flexible couplings, the Highumid and saline air of marine
environments need to be dehumidified and filteretbite feeding into fuel cell stacks

for the purpose of corrosion protection.

c) The marine engine is designed to have a lifee tih approximately 25 years.

However the reliability of fuel cells for marineaugas not been proven.

d) Depending on type, the performance of fuel cedis deteriorate after years of
running. This has to be accommodated in the ingldap design allowing for some

marginal power to be sacrificed.

e) ldeally, fuel cells are to be placed in engmams, which mean the fuel cells unit has
to be gas safe. To achieve this, fuel cells uniy meed to self-enclosed with forced
ventilation and gas detection. Inside the fuelscetiit, the components may also need to
be separated, e.g. place electrical equipment gndion source away from gas

dangerous zones.
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f) Starting characters for fuel cells are differdmdm diesel engines. Some high
temperature fuel cells take hours to start andaregB. San, 2010). Traditional
requirements on starting capacity and startingrobptocedure need to be justified.

g) The transit load change of fuel cells is to bmpensated by other sources of power
either from the existing ship grid or backup battefhe scale of power used for
compensation needs to be carefully selected.

All the above mentioned risk concerns are mainly the responsibility of the
manufactures for the best practice of risk andtgafeanagement. However third party
inspectors, e.g. classification society, shouldfyeand monitor the whole risk and
safety management activities. The whole systentysaianagements should include at
least the considerations of reliability, safety apoality of the fuel cells. Due to the lack
of technical standards for fuel cells and reliadiéya for fuel cell installation in marine
environments, a risk based approach to safety stese should be used to carry out
the examination of the fuel cells. Suitable risknaigement methodology should be
carefully selected based on the judgment of techr@gperts as explained in section
6.2.1.

6.2.3 Risks associated with low flash point fuels

For marine installation of fuel cells systems, rgdaproportion of the risk and hazards is
attributed to the fuels it uses.

a) The fire and explosion risk arise from a combareof fuel characters such as its
flashpoint, minimum ignition energy, self-ignitiolmperature, vapour density and
flammable range. Specifically considering ship emvnents, unprotected hot surfaces,
poor ventilation conditions and ship vibration valid to the fire hazard. The relatively
high expansion ratio for liquid low flash point fusan yield a large amount of gas if
leaked.
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b) When fuel is stored in its liquid phase, the ogsnic hazard is crucial for
containment systems as well as ship structuretldfriacture occurs if stressed carbon
steel is subjected to very low temperatures, duspttage of liquid nitrogen, liquid
hydrogen, LNG or similar cryogenic liquids. Alsohan some liquefied gas, e.g. LNG,
is in contact with water, explosive forces can ocdue to the different temperature
profiles, this is known as rapid phase transitMinen the temperature of one liquid is
greater than 1.1 times the boiling point of thelepbquid, a rapid rise in temperature is
initiated such that the surface layer temperatareexceed the spontaneous nucleation
temperature and bubbles appear. In some situatiosssuperheated liquid vaporises

within a minute producing vapour at an explosive.ra

c) While low flash point gas fuels are stored muid phase, the storage tank vapour
pressure will rise naturally due to the heat bedfporbed from the environment.
Excessive pressure generated by the vaporizatiga®fuels will need to be managed

in whole life cycle without venting to atmosphere.

d) Humans accidentally in contact with low temperat liquid fuel may suffer
cryogenic burns, an effect on the skin similartattof a high temperature burn. Many
low flash point fuels, such as methanol, are agtto humans.

6.2.4 System level risks

System level risk integration and management fet ¢ell installations is critical. It is
also closely related to the fuel cell unit charectend fuel properties. The arrangement
of systems needs to be in line with the principgsship design and the existing ship
rules and regulations. Based on the previous dsgsmusthe principal risks are:

a) Fuel storage

To optimise the volume for fuel storage, fuels jameferred to be stored in liquid phase
or compressed gaseous phase. If fuel is storetbm@pressed gas, it has to be an
independent tank. Limited by tank design pressiinis, has significant disadvantages
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for maximising storage space. The cost of presgeseels and the availability of large
volume compressed tanks also make the option opoeseed gas less favourable for
large ships. Confirmation with the relevant natica@ministration should be sought to
allow the storage of compressed gas tanks below (®sn and Bradshaw, 2012). For
gas fuel stored in its liquid phase, specially tatded tanks are needed in line with
relevant international standards. Continuous manigoof the tank pressure is needed
as the thermal insulation of storage tanks canoiatly isolate thermal transfer and
prevent the build-up of gas pressure. A secondaryids is also required to prevent
spillage should the primary barrier fail. The magk for fuel storage is leakage and

damage to fuel tanks.
b) Location and arrangement

As explained earlier, most types of fuels for fuells are more hazardous than
traditional marine fuels. The traditional arrangemef fuel oil tanks is not suitable for
fuels with a low flash point. Most low flash poifiels being considered are flammable
gas at ambient temperature and pressure. The dacatid arrangement of systems
should be engineered to mitigate or minimise tk&srisuch as leakage or damage of
tanks containing low flash point fuel. The prefdrtecation of low flash fuel tanks is
on open deck for leakage risk and in the middléhefship to avoid collision. However
this combination will leave less flexibility for gh design and may reduce the
commercial attractiveness of fuel cell systemgemms of tank damage prevention, the
distance from the location of fuel tank to the &hipull is the key figure to prevent
collision damage. Collision and grounding data ioagng from a research project
GOALDS (GOALDS, European Commission funded resegmdject on Goal Based
Damage Stability, 2012) indicates that a distamoenfthe side shell of 20% of ship’s
breadth (B/5) would not lead to tank damage in Gfi%all cases. A value of 15% of
breadth covers 50% of all collisions and even &adie of 5% of B covers 30% of all
collisions. Therefore, the arrangement of tank tiocaitself cannot eliminate the risks
arising from collision damage. Trade off has torbade to an acceptable level of
tolerance on fuel tank damage and mitigating péessibnsequences so as to ensure ship

safety.
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c) Piping

The risk for piping systems comes from the leakafefuels. Depending on the
properties of fuels, e.g. temperature, pressure pnage, the piping may need to be
thermally insulated and double walled. The materiat pipe construction also need to
take account of fuels being transmitted and pregesgion. For double wall piping with
gas fuel running inside, all piping systems inahgdconnections are to be seamless and
butt welded. Double wall pipes are to have a ggist tsecondary barrier construction
with either inert gas or continuous ventilatiorbetween two pipes.

d) Ventilation and gas detection

Any spaces where flammable gases can accumulaetfr® release or leakage of fuels
must be suitably ventilated to mitigate the riskaofstoichiometric fuel/air mixture

forming. Where practicable there should be botimftable gas and toxic gas detection
systems fitted in such spaces. The location ofdgasctor shall take in to account the
gas property especially gas heavier than air. Haaér gas could be trapped or go into

machinery piping system.
e) Fire protection

Hazardous area zoning for areas containing fuéstand other systems containing low
flash point fuels is to meet the requirements o E079-10. This defines hazardous
areas and splits them into three zones accordintheolikelihood of a flammable

atmosphere existing: Zone 0, which has the highslst Zone 1 and Zone 2. Electrical

equipment located in these areas must be approvesé in specific zones.

6.3 Classification regulations for marine SOFC agapion

For most of the machinery systems to be installadoard ship, the design and
installation procedure need to be approved andegedsaccording to rules and codes
issued by regulation organisations. The definitemmd requirements for traditional
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mechanical devices have been covered by rules egulations based on years of
shipping experience. However, almost no relativpila@ions can be found for fuel cell
installations onboard merchant seagoing ships,usecthe issue of ship rules depends
highly on statistics and experience of seagoinfppmance. This experience is what the
fuel cell industry lacks so far. The performance usfconventional materials and
components used within fuel cell systems needs eovdrified during long term
seagoing circumstances. Ship classification orgdiniss and bodies are in the very
early stages of trying to provide tentative guidamn definition of marine fuel cell
systems. Germanischer Lloyd and Bureau Veritagdsoeir first guidance on fuel cell
marine application in 2003 and 2009 respectivehis Guidance includes the definition
of the fuel cell system and its associated compsnematerials used, protective devices
and trials of systems. Conversely Lloyds Regiseanautious to roll out requirements on
fuel cell, believing that the technology of fuellds in its very early maturity and may
not be wise to set regulations with the changinteohniques at this stage. Apart from
fuel cells itself, the examination of auxiliary cpanents of fuel cell systems could be
applied by following some similar rules defined dyrrent ship machinery regulations.
Hence, Lloyd’'s Register tends to creatively useanurmarine rules and regulations to
assess this novel machinery, e.g. by applying Reongnts for Machinery and
Engineering Systems of Unconventional Design (Requents for Machinery and
Engineering Systems of Unconventional Design, 20ER)ECA (IEC 60812: Faillure
mode and effective analysis, 2006) and HAZOP (IE882: International Standard for
HAZOP studies, 2006) methods to verify system parémce in addition to some parts
of fuel cell systems which could not be assessetkenyin clauses in currently available
rules. In terms of fuel cell stack approval, ISECland National standards for fuel cells

are applied.

Generally for a fuel cell power system to be inethbnboard ship, measurements need
to be provided to protect ship and personnel ire aafshazard, e.g. leakage, fire or
explosion, due to failure or malfunction of thelfaell system. The arrangement of the
fuel cell system is to be such that currently akldé power or electrical systems are

capable of being sustained in the event of faibfréuel cell systems and vice versa.
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Consequently, the assessment of marine fuel ceitgyinstallation will focus on safety
hazards associated with operation or failure of $ygtem. The dependability of

equipment providing essential or safety criticavges will also need to be evaluated.

In the Appendix 1, an analysis of marine rules Whsould be apply to SOFC will be
presented in line with regulations issued by LRedmational Maritime Organization
(IMO), IACS and British Standards Institution (BSI)

6.4 Improvement and modification of the SOFC magystem

At present, the SOFC is not a mature type of paystem for ship use. As explained in
section 6.2 and 6.3 there are many items to chedkraprove for a SOFC system to be
installed onboard ship. Some modifications are edextcording to the requirements of
ship rules and regulations, while some improvemargsneeded to facilitate the marine

environment. These improvements are explained!@svie

a) Operational environment

The marine SOFC system is expected to be desigoedafmachinery space
environment with specifications as generally adskdswith unrestricted seagoing use.
Factors such as temperature, pressure, humiditgalnity, vibrations and even wind
pose challenges to the systems installed on bddsd, conventional engine exhaust
and possible contamination of air is an issue tasicer with SOFC units, as well as

availability of specific auxiliary systems on board

The operational environment temperature for endagaces is defined as 0 to 45 (°C).
The inclination requirements, as defined in thes§ifecation Societies’ Rules, are 15
degrees for athwart-ship and 5 degrees for foreadindt static situation, and 22.5
degrees for athwart-ship and 7.5 degrees for fdradhat dynamic situation.

Particle filtering and demisting are common in maehy space solutions for inlet air.

Salt in particle form is removed with these solasioHowever, humidity from the inlet
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air is not removed by these. Air humidity may bassue with electrical equipment that
has additional cooling in way of water-to-air, e tnoisture in the air condenses easily
on the cooler surfaces. Salinity and humidity tbhgetpose a corrosive environment.
This is possible to address with an air dehumidifRzecautions are to be taken in order
to prevent air intake from clogging, especiallydinsty environments. Air dehumidifier
specifications are to meet the temperature, flow sd dew point requirements of a
SOFC system. As to the nature of the air in maehispaces in general, the intake air
to SOFC system may require filtering from partictdsa certain size. For some non-

pressurised SOFC systems, pressure drop fortaisfils to be considered also.

A SOFC in itself generates close to no vibrationst dnas very few moving parts such
as fluid pumps and air blowers. The vibration gatien of a pump or a blower is
minimal and does not affect the operating enviramimEhe main and auxiliary engines’
vibration from the ship are the main vibration s&g that may influence the structure
and components of the SOFC unit. Vibration dampieg. flexible mounting, is
possible to address the problem. Flexible pipinghsas hoses and bellows, may also be
used to deal with the inter-component movement dmpensate the vibration and

thermal expansion from both outside and insideSB&C system.

b) Volume density

Almost all pre-commercialised SOFCs are built fmtisnary application where space
limitation is not an issue. This makes it diffictdt install an SOFC on a ship when the
power demand is high. For instance, the specifienae of new type of dual fuel diesel
engine is about 20 (I/kW), while the specific voliraf SFC-200 125 (kW) SOFC is
978 (I/kW). However, the SOFC is not volume optiadisand the BOP system takes a
large amount of space. If only the volume of fuell stack is accounted, the specific
volume is 17-30 (I/kW). Planner SOFC is a more cactpble type compared with
tubular SOFCs. Some specialists estimated spedfione of SOFC after optimization
as 45-112 (I/kw), which is 2-5 times more than thfese dual fuel diesel engine.
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c) Power range

The power range of a current tubular SOFC uniess lthan 500 (kW). The maximum
rated electric power of a commercially availableF&Qunit is 250 (kWe). Theoretically,
a higher power demand could be met by parallel ection of a group of SOFC units.
But each single unit has its own BOP and contrstesy. A parallel connection of units
could cause a large waste of system componentsauche. Hence a fuel cell module
with higher power output is required by the mapogver generation market.

d) Durability and maintenance

More than 20,000 running hours of land based SQ€€ig\g has been carried out. This
record is not comparable with the marine dieselrengf 400,000 hours life time. The
reliability and safety of running is another prablevhen fuel cells operate at seagoing
conditions. A fuel cell system is more likely tal fand needs more regular maintenance
checks. Consequently, the life time of a fuel sg#item is a major obstacle to prevent it
from onboard installation.

e) Power conditioning

After electrical conversion and inversion, the #iecpower output of the fuel cell
system is in the form of low voltage alternativerent. Normally the voltage output is
less than 1kV. It could be connected to the lowag®# switchboard widely used in
conventional low voltage systems. However, som@ssiike the newly built LNG
carriers of large cargo capacity are more likelyse a high voltage main switchboard.
A suitable power conditioning unit is needed to e the low voltage and high
current electricity output from fuel cells into &h voltage and low current system.
Normally a SOFC power conversion is conducted ia stages. A DC/DC conversion
is used to raise the voltage obtained from thedalt$ to a level suitable for the DC/AC
inverter and for DC loads in the fuel cell systéfhen an inverter generates a three
phase sinusoidal AC-current that is fed into th ginid. The inverter is required to
tolerate expectable voltage and frequency variatemd transients on the ship’s grid.
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An isolation transformer may sometimes be includethe inverter output to comply

with leakage current, isolation strength and emergeequirements.
f) Fuel cell housing

Based on the rules of classification society, ERjand DNV, fuel cell systems should
be installed separately from traditional enginemaystems. Fuel cell systems could be
either accommodated in an enclosed space by méanbuwkhead in the engine room
or deployed in an open deck area. To operate glekgstems safely, the layout of the
engine room and deck arrangement needs to be edjastordingly to avoid hazards.
All these changes should be done based on theiglaacf keeping the original hull

division and maintaining cargo hold volume.
g) Heat recovery system

The exhaust heat of gas mixture released by theckieis very high, e.g. 0.8 to 1
(kW/kWe) at temperatures of around 800 (. Exhaust temperatures of this level are
good for producing high quality steam with steampgeratures of over 500 ( . This
steam is suitable for a Rankine cycle. So, fordgpgwer SOFC installation, exhaust
gas from the fuel cell system is to be sent toetkigaust boiler to produce steam, which

could feed to a steam turbine generator.
h) Fuel supply system

Depending on the type of fuel used, the fuel sumystem including storage tank,
piping, pumps and valves is to be independent efdkisting ship system used for

conventional engines. Details of the requiremergsigscussed in section 7.3.
i) Start-up system

Due to the fact that the SOFC operates at a vely temperature, a start-up or warm up
process may need additional devices to be instadlech as start-up gas and start-up
water. Take the SOFC system used in the METHAPkptofor example. The SOFC
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system requires reducing purge gas during heapntpprevent oxidation of fuel cell
catalyst layer. This is achieved by using a hydnoggrogen mixture. A number of gas
bottles for hydrogen-nitrogen mixture with a snaatiount of hydrogen have been used

in the installation.

6.5 Conceptual design of 750 (kW) SOFC power sysierhNG carrier

6.5.1 Introduction and assumptions

Following previous simulation result and discussion installation issues, it is
concluded that SOFC could meet both the stable doaldtransient load requirement of
ships. In this section a conceptual design to linatZ50 (kW) SOFC power system
onboard a 12,000 f(nLNG carrier to provide an auxiliary power supplse proposed

for SOFC marine application. In order to analysie tdesign concept, certain
assumptions need to be made to quantify the teghmaied economic justifications
behind the decisions taken.

The mother ship being used for the conceptual desighosen as a 12,000rbNG
ship as show in figure 6.4. It is understood SOBCprieferred to use gas as fuel.
Compare with other types of ships, LNG ship haveGLdargo on ship all the time if
assuming the ship will carry a certain amount a#lHéNG cargo to maintain the cold
condition of the cargo tank. This will make it eadior SOFC to access to the available
gas fuels. On top of that, LNG cargo while beiransiported will generate large amount
of Boil Off Gas (BOG) due to the heat absorptiamnirenvironment. SOFC power plant
will help to manage BOG by consuming gas as fuebnémic wise, natural gas is the
cheapest available fuels for SOFC compare withraghe fuels such as hydrogen. The
price of natural gas is also lower diesel oil fuels overall CAPEX and OPEX in

comparison to the conventional diesel generatortpldl be discussed later.

The mother ship was originally design for regioh&lG distribution with a service

speed of around 17 knots at design draft. The LN s derived from an existing
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LNG carrier recently delivered by AVIC Dingheng ghuilding Ltd in 2011. The ship’s
LNG cargo system is comprised of two 6,000)(type C tanks. The design pressure of
the cargo tanks is 4 (barg). The main parametetts®tarrier are as follows:

Length over all: 152.30 (m)

Length between perpendiculars: 142.36 (m)

Breadth moulded: 19.50 (m)

Depth to main deck: 11.50 (m)

Design draught: 6.7 (m)

Dead weight: 8,200 (ton)

Cargo tank capacity (100%):12,120%m

Speed: 17 (kn)

Propulsion machinery: MAN 6546 MC-C8 at 8,280 (kW)
Propeller type: 4 blades controllable pitch progrell

Bow thrusters: El.-Hydraulic driven CPP at 400 (kW)
Main engine shaft generator maximum output: 1,X00«)
Auxiliary engines: 3 Caterpillar C3208 at 994 (kW)
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Figure 6.4: 12,000 (M) LNG ship Bahrain Vision (Bahrain Vision, 2013 )

To replace the diesel auxiliary generation plantref LNG ship with SOFC power
generation system, the operating modes and thérielémad of the ship needs to be
looked in details. The electricity load of the refece LNG ship at different operate
modes is summarized in table 6.2 directly below.

Table 6.2: Load distribution at different operation modes

Loaded voyag | Ballast Manoeuvrin¢ | Harbout

(kW) voyage (kW) | (kW) (kW)
Propulsion 7,000 6,500 1,600 0
Service load 350 350 350 300
Bow thruster 0 0 400 0
Compressor 590 0 0 0
Cargo pump 0 0 0 400
Total 7,940 6,850 2,350 700
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It can be seen from table 6.2 that the service thaithg loaded voyage is 350 (kW).
The service load plus bow thrusters electricity dedchis around 750 (kW). The
electricity used for harbour operation is 700 (khV}otal. These figures can conclude
that a 750 (kWe) electricity auxiliary plant is bégough to cover all the requirements
for ship operation. Therefore to replace the curdsesel generating plant, the designed
SOFC power plant is to have 750 (kWe) electricitypat in total.

The SOFC modules used in this design are choskavi® three 250 (kW) SOFC units.
A summary of assumed performance of the 250 (kWFGOnits are given in table 6.3.
This information is derived from publications ofe8iens Power Generation Co
(Siemens Stationary fuel cell performance, 2016 @riginal outlook of the 250 (kW)
SOFC power system is indicated at figure 6.5. Omepathe weight of the three 250
(kW) units is 90 tons in total, which is more heatman the original diesel engines
generating plant of around 5 tons in total (CatlenpB208 specification). However the
additional weight added to the ship is relativetyal compare with the 8,200 (tons)
dead weight of the ship. The location of the SO&@ms is on the open deck just above
the second cargo tank and symmetrical along thgitlmfinal centre line of the ship .
Consider the fact that the cargo loading and umhgadonditions are already included
while calculating the ship stability. The additibmeeight of SOFC system on top of
cargo tank two can be equally seen as an additcarglo loading weight and will be
within the loading margin tolerance. Therefore itnpact of the SOFC weight on ship
dimension and stability will be tiny and not beatissed in details.

Table 6.3: Characteristics of 250 (kW) SOFC (Veyd@003)

SOFC type Seimens CHP250
Number of tubular cells 2292

Power output (Max) 250 (kWe)

Working pressure Atmospheric
Thermal output Up to 200 (kW)
Electrical output efficiency 45-50% (typical 47%)
Over all system effectiveness 80%
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Operation mode Unattended automation

Cooling Air cooled

Exhaust Gases composition No measurablg, 80, VOCs, <0.5 ppm NQ

No particulate emissions

Start time <18 hours

Maintenance Annual inspection and maintenance

Duration >20,000 hours tested land base

Dimension 9.5 x 3.6 x 3.6 cubic meters (LxDxH)

Weight 30 (tons)
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Figure 6.5: 250 (kW) SOFC power system

6.5.2 System arrangement

As explained before, the 750 (kW) SOFC plant wdewatural BOG from the cargo
tank as fuel. This arrangement will have both tezkirand economic advantages. The
SOFC requires nearly pure methane as fuel. BOGrizgabfrom LNG will contain

near 100% methane which can be directly feed toGG®ihout treatment. The using of
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BOG also saved capital cost of fuel storage faeslifor LNG since the LNG cargo tank
has a well equipped pressure management and atpaysitem.

General system arrangement:

The main propulsion system of the 12,000NG ship is a mechanical drive system.
One MAN 6546 MC-C8 diesel engine is to provide pine@pulsion power. For auxiliary
electricity generation, one shaft generator aneéeh50 (kWe) SOFC units are
combined to provide all electric service demands.

The machinery configuration of the conceptual LN@pSvith SOFCs includes:
One main engine, MAN 6546 MC-C8 at 8,280 (kW)
One main engine shaft generator, maximum outp@QJ1(RVNe)
3x250 (kW) SOFC, electric power output: 3x250=7100/¢)

One emergency generator, output approximately BB}

The three 250 (kW) SOFC units are proposed to $talled inside a dedicated fuel cell
room placed on the deck of cargo area and supptiliaay electric power for ship

operation. The allocated space for the fuel celhras just in front of compressor room
as indicated in figure 6.6 where the red circleghlighted. In the original mother ship
design, this particular area was an empty spatdadefuture retrofit of reliquefaction

plant and not being used at the moment. The sgaamund 11 metre long, 13 metre
wide and 6 metre high which is big enough to beveaed into a fuel cell room. The
fuel cell room will be a separate room with enclesof an A-60 bulkhead and is
located at the deck of cargo area which is arranged to compressor room. This
arrangement will make it convenient for natural gapply and ventilation as well as

minimise the effect of fire risk comparing with angine room installation.
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Figure 6.6: 12,000 () LNG Ship general arrangement plan



Dynamic modelling of SOFC marine power systemssinpboard applications University of IE

Strathclyde

Baogang San Glasgow

. e 4
%{J\m \‘{L\ ﬁ—_h—_h.h—_fh
3\ - 3~ |5 |53
9.0
o
.0
| 2 SOFC .
/_\
1
2 2
6
- E— Hj/ 1N | inl
1 N o B atural gas inlet
\ = 2 Ventilation inlet
I
1 T ° ) 3 SOFC exhaust
\ N 4 \Jentilation outlet
071" 0.8 5 Ventilation fans
0 11.0 6 Access to SOFC room

Figure 6.7: SOFC room arrangement plan (unit in megrs)



University of

Strathclyde

Baogang San Glasgow

Dynamic modelling of SOFC marine power systemssinpboard applications

As can be seen from figure 6.7, the fuel cell robas a dimension of 11x13x6
(LxWxH) cubic meters which makes enough clearapeee between fuel cell modules
and walls of the SOFC room. The three SOFC un#ssaif enclosed. The gas inlet
pipes (number 1 in figure 6.7) will penetrate thiliiead of the SOFC room and lead to
the compressor room which is located directly nex6OFC room. The exhaust pipes
are positioned at the roof of SOFC units all the/ \wanetrating the SOFC room roof
and lead to the open air. The ventilation systearr@anged to have two inlets (humber 2
in figure 6.7) and two outlets (number 4 in fig@&) in case one of them failed. The
ventilation outlet is approximately 6 meters aweyni the SOFC exhaust pipe outlet
(number 3 in figure 6.7). This arrangement will inesthe potential ignition sources are

away from the possible methane gas mixture.

The SOFC is very sensitive to gas composition. M@eentage of methane in natural
gas will dominate the performance of the fuel dédir a specific composition of natural

gas, the SOFC system configuration needs to bestadjuo provide best performance.
Incorrect settings of systems, e.g. re-circulatod aontroller, may cause damage or
failure of the systems. Even though the SOFC isguBIOG as fuel which contains near
pure methane, a gas composition monitor deviceh sa& gas analyser or gas
chromatograph, is to be installed.

SOFC typical working condition:

The typical working conditions for the Siemens SO&€ summarized as figure 6.8.
The dada is extracted from the public release @h8ns CHP250 type SOFSiémens
tubular SOFC 2013). Both the air inlet and the natural gad fo&t are around
atmospheric pressure. The inlet air is preheatethdat exchanger to 594 °C before
enter into the SOFC stack. The reactions inside (GGfack is already explained in

section 2.2 and there as not repeated here.
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Figure 6.8: Typical working conditions for the Seimens CHP250 SFC unit

Gas supply system foiISOFC:

The conceptual design @as fuel supply system for SOFC is illustratediguife 6.9 (a
and 6.9 (b) where “M” means main pump, “S” meansgpump, “HD” means hig
duty compressor, “LD” means low duty compressor &' means inert gasThe
system is designed to use the eng ship cargo system onboard the mother sh
supply BOG to SOFC at near atmospheric pres:As indicated in figure 6.8 (a) whe
BOG generated is enough to feed SOFC, the relgtial temperature natural g
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vapour is collected in the gas dome ai top of cargo tank. Low duty compressoil
used to feed the BOG to a gas heater to bring dtral gas to a desirable tempera
and pressure for SOFC. In some special occasiatd) as loading and unloadi
operations, where the natural generated Bis not enough for SOFC consumptit
spray pump is used to pump out a certain amourttoltf LNG and send to forcir
vaporizer to vaporize LNG to gas phase and thethdurfeed the gas to low duty ¢
compressor and gas heater before finally feed t6CS(This process is illustrated
figure 6.8 (b).

Gas supply pressure is also important for fuel sgditens, normally 13344 (mbarg)
for this nonpressurizedcSOFC system. Consequently, the gas suppl a fuel cell
system needs to be monitorin real time, especially when an LNghig is loading and
unloading at a terminal when the changes of gasspre and compaosition may occA

gas control device ithereforeneeded to monitor composition of gas supply in tieat.

| Forcing P
Vaporizer b

| ING B
Vaporizer

Figure 6.9 (a): Natural boil off gas fuel supply to SOFC
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Figure 6.9 (b): Forced boil off gas supply to SOFC
BOG rate calculation:

The BOG is supplied duringooth the laden voyagand the ballasvoyage. During
ballast voyage, an amount of ca heel is to be maiatned to keep the cargo tank c
before reloading and also provide fuel gas for S. The BOG generating rate for t
LNG ship is around 0.35% per day which is equivatenl.75 (n® ! ( )

-"#$ %C& then the BOG generatit
rate is equivalent to 734 (kg/

SOFC gas fuel consumption

The SOFC system (Seimens CHP250) have a typicatriel® output efficienc of 47%
cdculating on the lower heating value of 50 (MJ/Kg)l methane. It gives a metha

consumption rate of 114.9 (kg/l
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The BOG generated (734 kg/h) is far more than theumt being consumed by the
SOFC consumption (114.9 kg/h) in normal design dors. The excessive BOG will
be either contained within the cargo tank by allmyvthe gas phase pressure to rise
inside the tank or burned at a combustion unit. WiViine allowing the gas pressure to
rise in the cargo tank, the pressure inside the kiigo tank will normally take over 50
days to reach the design pressure of 4 (barg) giverean K-value tank insulation rate
of 0.121 (W/MK). This 50 days buffer range will be longer enodighregional LNG
distribution purpose. Therefore no additional nedification plant or other BOG

management means are needed for this conceptughdes

SOFC room ventilation arrangement and calculation:

There are two ventilation inlets and two ventilatioutlets. The ventilation inlets
(number 2 in figure 6.7) are place at the loweneas of the SOFC room closing to the
gas inlet pipes where gas leaks are likely to happke ventilation outlets (number 4 in
figure 6.7) are place at the roof of the SOFC raord away from the SOFC exhaust
pipes outlets. Each ventilation outlet duct is pged with a ventilation extract fan

driven by electric motor (number 5 in figure 6.7).

The SOFC room ventilation is required to have aimmim 30 air changes per hour
according to the ship rules (Appendix 1.4). Thecualation of ventilation rate is
indicated as equation 6.1 assuming the ventilasipace is the SOFC room volume

deduces three SOFC units’ volume.
(13" 11" 6- 95" 36" 36” 3)" 30=14659m°/ hour = 407(m*/sec) (6.1)

It is also considered that the air inlet neededHterthree SOFC units are calculated as
equation 6.2 assuming the air inlet ration for 8&mens CHP250 SOFC is around
0.002 (kg/kW-s) and the air density is about 1.18Rg
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%130'002: 132(m*/sec) (6.2)

Therefore the overall ventilation rate required tfioe SOFC room is 5.39 (4.07+1.32)
(m%second).

It is also noted that air flow velocity in ventilan ducts should be kept within certain
limits to avoid noise and friction loss and energynsumption. If assuming the
recommended ventilation flow velocity inside thenti&ation duct is 10 meters/second
(Recommended air velocities in ducts, 20IRe engineering Tool Bpxfor low
pressure duct system, then the total ventilatidet iduct cross section area is to be
0.539 (nf) and the ventilation outlet duct cross sectiomaseto be 0.407 (A

As can be seen in figure 6.7 there are two vemiiainlet ducts and two outlet ducts.
Therefore the cross section area for each vemwtilatilet duct is about 0.27@nand the

cross section area for each ventilation outlet guabout 0.204 (A).

As indicated in figure 6.7, the ventilation outiketo be at least 3 metres away from any
source of ignition. The exhaust outlet is alsodweha 3 metres clearance from source of

ignition.

6.5.3 Operating strategy

Considering the electric load demand as summaiizéable 6.2, the 750 (kW) SOFC
system will run continuously to cover service l@adl hotel load at all time. The main
engine shaft generator will help to generate eetegtricity when the main engine is
running at laden voyage. The BOG generated forrgoctank is used as primary gas
fuel for SOFC. Exhaust gas heat from both main reegyiand SOFC is recovered in
exhaust gas boiler to generate steam. Shaft genemat SOFC will feed the electric

consumers from the main switchboard.

The operational strategy of the power plant is sanwed as table 6.4:
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Table 6.4: Operation strategy of designed power sigm

Main Diese |Shaft Generatc |SOFC
(kW) (kWe) (kWe)
Laden voyage 7,000 790 3x50
ballast voyage 6,500 N/A 1x250
2x50
Manoeuvre 1600 N/A 3x250
Cargo discharge N/A N/A 3x250
Harbour stay N/A N/A 1x200
2x50

While at laden voyage, the main engine will provitie propulsion power and also
drive the shaft generator to provide service aletbad. The shaft generator will cover
the all the electrical power load during laden \gg/aThe Three SOFCs can run at a

very low idle load around 50 (kWe) each to keepSd-C system warm and ready.

While at ballast voyage when the service electtizadl is mainly from the service load
of around 350 (kWe), three SOFC unites are runmiith one SOFC providing 250

(kWe) output while two SOFC operating at low logmp@ximately 50 (kWe) each.

SOFC electric output feed into the main switchboatdee main switchboard supplies all
electric consumers. The LNG ship’s cargo tank sthdedve enough heel cargo to
maintain the cold condition of cargo tank and atsteed SOFC as gas fuel.

While the ship is at manoeuvring, the bow thrusteitsrequire 400 (kWe) in addition
to the 350 (kWe) service load. The three SOFC uwits all running at full load
providing a combined output of 750 (kWe).

While the ship is at harbour, three SOFC are runainfull load to provide electricity
used for all service load as well the cargo pumaptatal consumption.

While the ship is stayed at harbour without cargeration, three SOFC unites are
running with one SOFC providing 250 (kWe) outputile/lwvo SOFC operating at low
load approximately 50 (kWe) each.



Dynamic modelling of SOFC marine power systemssinpboard applications

Strathclyde

Baogang San Glasgow

6.5.4 Economical analysis

In this section, a high level comparison of thepased 750 (kW) SOFC plant to ordinal
diesel generating plant will be analysed from bettonomical and environmental

perspectives (The reason for only comparing SORG diesel generating plan is that
the currently available and reliable dual fuel @egi do not cover this small power
range). To make the comparison sensible, certamngstion shall be made beforehand
to estimate the CAPEX and OPEX.

As a quite mature market, the CAPEX of tradition&rine diesel engine generating
plant can be easily quoted from the manufacturéeréiore it is assumed that a 750
(kW) diesel generating plant including three 250/jkdiesel engines and three electric
generators will cost 640,000 (USD) including thenoaissioning cost. For CAPEX of
SOFC, James and etc. (2012) estimated in theirtrépat the cost of SOFC will be
around 402 to 532 (USD/kW) depends on the massuptiah rate of the system. So if
adopting a relatively higher estimation of 532 (UBDI) plus some margins for profit
and uncertainty, it is safe to assume a 800 (USDAdNestimation of the SOFC on its
own. Then it works out around 600,000 (USD) for ##0 (kW) SOFC system. If
auxiliary equipment, installation cost, and mattioia cost (including Class approval)
are included, it is safe to assume a 1,500,000 {USDut a 750 (kW) SOFC system

onboard and up-running.

Whiles OPEX of a generating plant involve in vagadtems such as maintenance cost,
repairs, spare parts, fuel cost and etc, but teeafdfuel will obvious prevail among all
the factors. It is therefore to use fuel cost tmpare the OPEX. The bunker fuel market
is a very volatile and the industry quotes from ynalifferent sources of fuel cost
depends on the source that best suits the applicakor clarification, table 6.5
summarized the assumptions for the prices of mamimder fuel and LNG bunker price
based on the latest market resource published hidBworld (2013) and Platts (2013).

It is to be noted, at the moment there is no LN@GKeu price available. The LNG
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bunker priced used in table 6.5 is based on thengsson the reliquefaction cost for
converting pipeline gas to LNG is around 1.5 USatslper MMBtu.

Table 6.5: Fuel oil bunker price versus LNG bunkerprice at July 2013

$US/MMBtu IFO380 MGO NG LNG
Tokya 15 23 N/A 15.6¢
Houstor 14 23.2 3.€ 5.1
Rotterdam 13.6 20.8 10.4 11.9
Singapore 14.3 22.4 N/A 15.25

The difference in fuel cost between oil fuel andd.Maries depending upon the source
of LNG and also the fuel oil used for diesel engiiias clearly for diesel engine of a
few hundred kilowatts range, heavy fuel oil canbetused. Also based on the fact that
the price difference for MGO (Marine Gas Oil), MD®larine Diesel Oil) and low
sulphur MGO is similar. So it is assumed the MG@ein table 6.5 will be used as
fuel cost for the diesel engines for easy comparigs the SOFC will use the LNG
cargo in the LNG ship as fuel, the cost of the LN@l will be the same as the LNG
cargo price where the cargo is being loaded. Alghothe LNG price in table 6.5
already very attractive compare with oil fuel, e LNG cargo from a LNG export
terminal, such as Qatar or Brunei, at whole salemae will even cheaper than that.
Therefore for this particular case of LNG shipisitvery safe to assume the LNG fuel

price is the same as the LNG cargo being trangporte

As introduced in section 6.5.1, the SOFC systemm(&ss CHP250) have a typical
electrical output efficiency of 47% calculating the lower heating value of 50 (MJ/kQ)
for methane. While the diesel engine generatingl disethe original LNG ship has a
electrical output efficiency of around 35.3% baseda lower heating value of 43
(MJ/kg) for diesel fuel, specific fuel consumpti@i 217 (g/kwh) and electrical
generator conversion efficiency of 91.5% (Cateapi?308 specification, 2013).

Based on the assumptions of the costs as abovepthgarison of CAPEX and OPEX
between original diesel generating plant and the (K8V) SOFC conceptual design is
summarized in table 6.6.
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Table 6.6: Economic comparison between diesel generating plaahd SOFC syster

750 (kW) Diesel 750 (kW) SOFC
generating plantfuelled by pure
fuelled by diesel ail methan
CAPEX (USD) 640,000 1,680,000
OPEX Fuel consumption (kg/ | 177.87 114.9
(USD) Fuel consumption (MJ/ | 7648.41 574¢
Fuel consumptiol| 7.24 5.44
(MMBtu/h)
Fuel consumptiol| 63,422 47,65¢
(MMBtul/year;

Based on the information provided in table 6.5 @@, a comparison of dies

generating and SOFC system is performed. The casgratakes into account the tyg

of fuel used, bunkering location, and year:ship operation. The comparison results

indicated in figure 6.1@s below

USA/Houston m 234 5. m 234 5.

d [ ]
+ |

yd — [ |
T . [ | [ |
J I |

yd [ ] [ ]
4 I F
1.7 __ — _
- M 80

( ( '+) ( ( '+)

) *+ ) 01/, ) *+ ) 01/,

, & 1, & L& -, &

& &




University of W

Dynamic modelling of SOFC marine power systemssrigboard applicatiol St r ath Cly d e
Baogang San Glasgow
Europe/Rotterdam m 2345. - m2345. -
e _cmm—
T . —
/ — |
T —
1% I |
p 2 -
17 E— —
- —— — —
1 — B B
p — — —
i _ | — | —
Py (— PE— — E— ——
i | —— A— —— — | |
95 BN E Jm Jun Jun
( ( '+) ( ( '+)
)%+ ) 01/, ) ¥+ ) 01/,
& -, & - , & - [, & -
& - & -
Asia/Tokyo W 2345. -
:-/; —
1% |
v ____ 2 —=
L p— —
T = E— A— E— E— B
| — 4 —— 4 4 4 —
( ( '+) ( ( '+)
) *+ ) 01/ )+ ) oy
, & - & - , g, & -
& - & - & -
Asia/Singapore m 234 5. m2345. -
yd
-
_/.
i
| 7
( ( '+) ( (
)™+ ) 01/, )™+ )
s & - & - , & - [,
& - & -

Figure 6.10: CAPEX and OPEX estimation for 750 (kW) diesel geneation and SOFC
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From the comparison in figure 6.10, the CAPEX isyaaken a small share of the
overall running cost for all scenarios. It is aldearly indicated the favourable cost
saving by replacing diesel auxiliary plant with SOBystem for the 12,000°.NG
ship.

In the US, after five years running, the overaBtcgaving including CAPEX and OPEX
will be around 6.14 million US dollars; while after25 year running of the ship’s life, it
could save an astonishing 30.7 million US dollatsew comparing diesel generation
using MGO and SOFC using LNG, thanks to the hiditiehcy of SOFC and the low

cost of LNG in America.

In Asia (Tokyo and Singapore) where the bunkerepdifference for fuel oil and LNG
is not significant, SOFC system using LNG can &lald the overall cost compare with
diesel generation using MGO as fuel. Even if corapeith diesel generation using IFO

as fuel it can also achieve over 20% overall caging).

In Europe the LNG price is less expensive than Asiamuch higher than US. The
overall cost saving including CAPEX and OPEX w# around 3.76 million US dollars;
while after a 25 year running of the ship, it coskive 18.8 million US dollars when
comparing diesel generation using MGO and SOFCgukMG, thanks to the high

efficiency of SOFC and the relatively low cost MG in Europe.

The above comparison arguably maximized the adgestaf high efficacy and low
cost of LNG for SOFC system for this particularecatudy, due to that there is no dual
fuel diesel or gas burning engine are commercialsilable for a few hundred
kilowatts range. However if looking at a wider apgtion for SOFC as auxiliary power
generation for merchant ships, then competitiomftbe latest dual fuel and gas engine
technology has to be taken into account. In thspeet, the benefit of low LNG fuel
cost will be wiped out if comparing SOFC to duadifdiesel generating plant. The most
recent model of marine dual fuel engine such assNar34 DF power generating plant
(Wartsila 34DF engine, 2013) will have 40.6 % dieat efficiency when burning
methane as fuel (Brake specific fuel consumptioh08&J/kWh) based on the electrical
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geneator conversion efficiency 96% (Wartsila 34DF enginand generating s,
2013 specification, 201). The cost for SOFC installation is unchanged atnilfion
USD while the installation cost for dual fuel engiis changed to 1 million US
considering the higher engine price and the gaplglwgystem.Therefore under the:
assumptions the economic pice of SOFC compare with dual fuel generating will

changed taable 6.7 andigure 6.11.

Table 6.7: Economic comparison betweeDual fuel diesel generating plant and SOF(
system fuelled by methane

750 (kW) Diesel 750 (kW) SOFC
generating plant fuelled by methar
fuelled by methane
CAPEX (USD) 1,000,000 1,500,00C
OPEX Fuel consumption (MJ/ | 6650 574¢
(USD) Fuel consumptiol| 6.298 5.441
(MMBtu/h)
Fuel consumptiol| 55,170 47,663
(MMBtulyear,
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Figure 6.11:Comparison of 750 (kW) dual fuel engine and SOFQising methane as fut
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It can be seen from figure 6.11, whilst considernusing LNG at all four bunkering
locations, SOFC will also prevailed to duel fuegme in terms of overall cost saving
thanks to its relatively higher electrical outpufficgency. But the competitive
advantages are less significant than comparing S@FC diesel engine. The more
expensive capital cost of SOFC also looks negkgiwmpare with the long term fuel

cost savings.

On top of advantages of cost saving, SOFC alsoyah@ environmental benefit. The
sulphur oxidation emission from the SOFC exhauskesr zero thanks to the very low
sulphur content in the natural gas fuels. The gdrooxide emission from the SOFC
exhaust is around 0.5 (ppm) (Forbes, C.A. (2003)ickvis also insignificant compare

with dual fuel engines or gas engines when usinipame as fuel.

6.6 Conclusion

Onboard installation of the SOFC is a complicategicc Safety issues and seagoing
environments need to be considered for marine en. The relevant ship rules and
regulations are analysed in this chapter. Evenghawo authorised rules are available at
present, traditional shipping rules are applicatlde SOFC system applications as
indicated by LR and DNV. Industry standards and ufe@cturing standards are also
referable for SOFC marine application.

According to the rules’ analysis, various obsta@essent on board use of large scales
of fuel cell power plant. The reasons come fronhldael cell technology and sea going
circumstances. Consequently improvement and madiific measurements are

examined for SOFC systems to be installed onbdapss

Finally, a conceptual design for 750 (kW) SOFC maapplication are proposed in line
with the previous technical discussions. The 73%/)(KOFC system was chosen to
installed onboard a 12,000 JrLNG carrier to provide electricity power supplyr f

auxiliary services. The system arrangement inclyudinel gas supply system is
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presented. Economical analysis and comparison kettiee SOFC system and original
diesel generating system is also provided. The emisyn results show a huge cost
saving to replacing diesel generating plan with SQkstem due to the low natural gas
price and the high efficiency of SOFC. It also daoded that even compare with gas
burning dual fuel diesel engines generating pldre, SOFC will also have advantages

in terms of fuel cost saving and environmental Gene
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Chapter 7 Thesis summary and conclusion

7.1 Summary of the thesis

Bearing the characteristics of silent, vibratioeeir high efficiency and environmental
friendliness, SOFC technology has the potentiakpace virtually all sources of main
and auxiliary power of merchant ships. Howeverdhstacle at the current stage is that
of lack of experience of marine SOFC applicatiohjol intimidates the potential users
to install this novelty onboard. Ship owners wankhow how SOFCs will perform in
seagoing circumstances. One solution for the problke to resort to computational
simulation which is an effective method to imitated predict the actual operating
status for marine SOFC systems. Therefore, thasth@evided an integrated SOFC
marine power system model which can simulate thicsaind real time performance of

SOFC power systems in various working conditiorz thay occur on ships.

In the thesis, the simulation work of SOFC marimsver systems is specified on the
characters of high temperature tubular SOFC matureat by Siemens. The whole
SOFC marine power system has been decoupled ibtmsyponents and subsystems to
facilitate the modelling works at the first pha$bese subcomponents were computed
concerning the mechanism of each part, e.g. SO&Ek svas modelled considering
electric-chemical reactions, fuel reforming, heanhsfer and energy balance; a battery
model was established by a hypothetic equivalertuitj a propulsion train was
described according to interaction of propelleip dtull resistance and electric motor.
Then these subcomponent models were integratedsysi@ms which could function

together by implementing a viable system contmaitsty.

Characteristics of dynamic response of the SOF@syare determined by identifying
time inertia of the system. For starting the preceba SOFC power system, stack
temperature takes hours to warm up to avoid suddeperature differences and
resultant material fatigue malfunction. The tempee profile and thermal stress of the
SOFC stack structure was computed using the CFDadefThe optimised minimum

starting time was then deducted. As for the tramisiesponse of the SOFC system at
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load change, the time delaying effects from colgrsland gases flow manifolds are

implied in dynamic modelling.

In the thesis two SOFC power systems were modelietl validated, i.e. a 5 (kW)
SOFC power system stand-alone and a 5 (kW) SOF@ragtmgy system with battery
connection in parallel. Both static and dynamicudations are performed by using the
proposed simulation model. Shipboard installatssnes for the SOFC are discussed in
the last part of the thesis with a conceptual aesig750 (kW) SOFC auxiliary power
system for small LNG ship.

7.2 Simulation results validation

The review in chapter 1 concluded that marine apptin of fuel cells is very rare,
especially for SOFC marine applications. Up to yodthe only SOFC marine
application was the 20 (kW) planar SOFC systenmuilest onboard the Wallenius Car
and Truck Carrier “Undine” for testing purposes ftnie METHAPU project
(METHAPU project 2010). The SOFC was then removed from the shgr &fsting.
Accordingly, finding reliable data to verify the a in this thesis became a difficult
job due to the fact that no tubular SOFCs have bgen installed or tested in a marine

environment.

In the thesis two sources of testing data were tGisederification of the modelling
result: The first is from the land-based trial dataFCT's Beta 5 (kW) tubular SOFC
system (Allen, 2004); second is testing data froedMETHAPU project as mentioned
above.

FCT ran a worldwide trial test at four differenapés for its 5 (kW) tubular SOFC
system. In comparison, the general simulation tegidlthe model used in the thesis are
compared with a group of real test data accordmghe laboratory test from Fort
Michigan (Operation and maintenance manual BetAVGSOFC system, 2005). The

modelling results are simulated for steady state ae summarised in table 7.1 when
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assuming a working temperature of 847 (°C). Ithgious that the outcome from steady
state simulation has a better system performanae the test data. This is mainly

because the active surface area of cells in thelatmn model is an ideal value. In

practice, not all of the active area of cells ibyfused.

In the similar case of the METHAPU project, the oafu testing of the SOFC was not
running on nominal power due to the unstable omeradf the pre-reformer at high
currents and to prevent carbon formation. Howetber sister unit of the SOFC used for
the METHAPU project, WFC20 Proto2, was tested m ldboratory at nominal level,
where water feed could be discontinued and the mainstacks loading state could be
reached. The test resulted in a 41% net AC elattatficiency. Approximately 41%

overall net efficiency also partially verified theodel simulation of the 43.8% outcome,

although different types of SOFC were used.

Table 7.1: Comparison of simulation results with tet data

System Simulation | Ford Michigan
results ALFA
Net power AC (W) 1979 1700
Overall AC| 43.8% 37.8%
Efficiency
DC (W) 2328 2192
Efficiency 51.5% 48.7%
Stack Power (W) 2616 2492
Efficiency 58% 55.4%
Heat recovery| Hot Water (W) 1403 1400
Overall Efficiency | 31.1% 31.1%
Fuel energy W (LHV) 4513 4498
Overall System Efficiency 74.9% 68.9%
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In order to verify the practical requirements ftripsapplication, a questionnaire to
shipbuilding engineers, ship designers and classifin surveyors was conducted from
June to October 2012. The respondents include: &himery engineers and electrical
engineers, having at least five years’ experiencship outfitting related work, from

various ship yards of the China Shipbuilding Industorporation; two ship design

engineers from Shanghai Merchant Ship Design & &ebelnstitute; and two ship

surveyors from Lloyd's Register London Design SuppOffice. In the survey

guestionnaire, the practically accepted error fatemain and auxiliary power was
asked. The survey results show that an acceptablalberror range for modelling can
be as high as 2% to 5% for main propulsion powhrs 15 because in this error range,
the final sea acceptance test figure can be adjisteaising related design factors. It is
also concluded that, for most of the shipbuildingtcact, a 2% to 5% deviation in main
power is tolerable. The survey also shows thaektive accurate” dynamic simulation
model covering all key components of the systemwititla reasonable simulation time

is desired and appreciated.

Based on the criteria of the industry survey resas explained above, the simulation
result for fuel efficiency of the SOFC stack of @.4lifference to laboratory testing is
acceptable. It is also noted that the simulatiomdeh@ssumes 100% usage of active
surface area of cells. In practice, not all of #utive area of cells is fully used. If a
correction factor is added, then the simulation alve a near perfect result.

Verification of the dynamic simulation results farlump sum SOFC model is a very
difficult job, because the lump sum model compriskeso many factors (such as, stack
temperature response, chemical reaction rateloaw rate response time, fuel gas flow
rate response time, battery response time, electator response time, and control
device response time) which can affect the timealomesponse. It is also the first time
a full system lump sum model for a SOFC marineesyshas been introduced. There is
no readily available ship trial data or similartteg data to date. Therefore, a like to like
comparison of existing Ship Classification Rules éd engine propulsion is used to

verify the dynamic simulation result of the lumprs@OFC marine model.
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According to the Lloyd's Register Rules and Redguiet for the Classification of Ships
(2012), Part 5, Chapter 2, Item 5.3.4, “For alténga current installations, ... .
Momentary speed variations with load changes aretton to and remain within one
per cent of the final steady state speed. Thisldhwormally be accomplished within
five but in no case more than eight seconds”. Ehtit say for a marine used alternating
current electrical power device, the dynamic outpluthe device shall return to one

percent of the steady state speed within five butmore than eight seconds.

As discussed and concluded in section 5.2.2 oftliesis, overall response time of a
required load change for the lump sum model israddul to 1.5 seconds (see figure
5.11 and 5.12). This result is well within the riggd five seconds response time

required for marine diesel engines.

7.3 Conclusions

The thesis proposed an integrated and real timeeimetich can simulate both the
steady state and dynamic response of SOFC powemnsy3he model considered the
influences of pre-reforming, internal reforming pess of fuel gas, temperature change,
battery response, mechanical drive chain, elettdieae chain and time delays caused
by the control system. Based on the simulationltest both steady state and dynamic
state, the following conclusions can be drawn:

The simulation results are very close to the datamanufacturer’'s running test
in terms of general operating characters.

The dynamic character of the SOFC is largely datexthby two time constants

namely, stack temperature time consthgf. and inlet and outlet manifold

time constant The constanté ., is determined by SOFC material and

namifol*

mass of SOFC structure and flow rate of air and fye$ while ¢ is

namifolc
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determined by volume of manifolds, geometry of flomannel, temperature and
characters of air and gas.

The starting time of the SOFC power system caneloeiaed dramatically by

optimising starting control logic.

According to dynamic simulation results, when tf@FE system is running at
stand-alone mode, it could meet the requiremeritamisient load changing as
regulated by ship rules. However, the electric poaput would be greatly

smoothed if the SOFC is paralleled with a battery.

Following a detailed review and examination of Soigrd installation issues, it is
concluded that the marine installation of an SO¥4tesn can be assessed and examined
to comply with relevant ship rules and regulatiofise practical approach is to break
down SOFC systems into subsystems and devicesahdie recognised and applied by
traditional ship rules, like the piping system, kewing line system, storage tank and
pressure vessel, electric equipment, control egeipm structure and housing,
ventilation, fire fighting and alarm etc. The exaation result shows there are many
improvements and adjustments are needed for lasedtBOFC systems to be installed

onboard ships. The practical challenges for SOF@nisation are mainly identified as

marine operating environment

volume density of SOFC system

SOFC output power range

system durability and reliability

exhaust heat recovery and integration with shipesys

frequent starting and shutdown arrangement

A conceptual design was proposed in the last datfheothesis. The 750 (kW) SOFC
power system is designed to provide auxiliary posapply for a 12,000 () LNG

carrier. Economical analysis and comparison betwbenSOFC system and original
diesel generating system showed a huge cost sthams to the low natural gas price

and the high efficiency of SOFC. It also concludleat even compare with gas burning
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dual fuel diesel engines generating plant, the S@#Calso have advantages in terms

of fuel cost saving.

To sum up, base on the proposed model and simulegsults, SOFC system is capable
of satisfying the requirements of ship operation®a@th propulsion power and auxiliary
power. Arguably SOFC could produce large power wutpth high efficiency and is

perhaps most suitable for merchant marine operatimngronments. It is also expected
that the manufacturing technique will gradually moye, which may substantially

increase its efficiency and durability. Howevercheical obstacles need to be
conquered to practically install the SOFC systenboand ships. The economical
comparison between SOFC and diesel engine systéhe afonceptual design shows a
dramatically fuel cost saving. The massive fueltgmving and the environmental

benefits will make the expensive SOFC capital cesgfligible in long term running.
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Appendix Al: Classification regulations for mari@®FC
application

Marine installation of an SOFC system is a reldyimmprehensive topic influencing
various ship systems such as fuel cell stack owmbdastallation, bunkering line

installation, fuel storage, piping system, fuell ecahclosure (housing) and electrical
system installation.

SOFC is a type of high temperature fuel cell whiltonstructed by using refractory
materials seldom seen in the marine industry. Hetieemanufacturing certificates or
standards applied for SOFC stack production nebée xamined at the first stage. This
information should include: design and manufactynomocedures, industry standards
applied, materials for key components, quality can$ystem used during design and

manufacturing, plans of type testing.

Other than the SOFC stack itself, most componerdssabsystems used in the fuel cell
system, from electrical parts to mechanical paunts,applicable to certain parts of ship
rules and regulations. The relevant parts of LRgtlas been checked and listed in table
A.l.

Table A.1: LR rule applied for SOFC approval

Hull structure rule | The Rules and Regulations for the ClassificatioShips

Part 3: Ship structures general

Part 4: Ship structures ship type

Main & auxiliary | The Rules and Regulations for the ClassificatioStap:
machinery rules | Part 5, Chapter 1: General requirements for thegdeand
construction of machinery

Part 5, Chapter 2: Oil engines

Part 5, Chapter 11: Other pressure vessels

Part 5, Chapter 12: Piping design requirements

Part 5, Chapter 13: Ship piping systems

Part 5, Chapter 14: Machinery piping systems

The Rules and Regulations for the ClassificatioNatural Gas
Fuelled Ships

The Rules and Regulations for the Construction |and
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Classification of ships for the Carriage of LiquafiGas in Bulk
Chapter 16: Use of cargo as fuel

Chapter 17: Special requirements

The Rules and Regulations for the Construction |and
Classification of Ships for the Carriage of Liquthemicals in
Bulk

Chapter 5: Cargo transfer

Chapter 12: Instrumentation

The Ships and Regulations for the ClassificatioSlips
Part 6, Chapter 1: Control engineering systems

Part 6, Chapter 2: Electrical engineering

Control, electrica
and fire rules

To specify the topic of plan approval for SOFC masation, the 5 (kW) SOFC system
used in chapter 4 is examined as a sample accotdirtbe rules and regulations
mentioned above.

In the following paragraph rules and codes in retato the 5 (kW) SOFC system
installation will be listed in detail with speciattention given to LNG carrier
installation.

Al.1 SOFC stack

The SOFC stack is to be constructed in line witmufiacturing standards, IMO, IEC
and EU standards for fuel cells, e.g. American dteti Standard for Fuel Cell Power
Plants, Uniform Mechanical Code, National Fire Cadd National Electric Code.

The burner and heat exchanger inside the SOFCnsysteto be of a certificated type.

The fuel cell stack is to be leak tested at 1.lesinthe maximum allowable working

pressure.
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A1.2 Fuel cell room (housing) and operating envinent

A means of drainage and a bilge alarm in the faklroom are to be provided.

One additional gas detector in the fuel cell rosnoibe installed close to the fuel inlet

of the fuel cell stack or wherever leakage is nlikety to occur.
Fuel cell room entrance doors are to be gas-tigthtsa|f-closing.

The material used for fuel cell housing construttie to be grade A and AH36

according to LR material rules.

The mass of the fuel cell system should be takeém @ffect when calculating the
strength of the fuel cell housing structure.

A lifting test should be carried out before finiftihg and fitting of the fuel cell room

If the fuel cell room is intended to be installedoge the open deck, then the roof
structure is to be self-draining and kept freenafvg and ice.

A1.3 General arrangement

If SOFC stacks are used for supplying essentiaswmers, then redundancy shall be

ensured.

All parts of the SOFC and the directly associatethgonents containing fuel during
normal operation shall be arranged in an enclopadesthat shall be properly ventilated

and monitored by gas detection systems.

The installation spaces of the SOFCs and theictiFassociated components shall be

separated from the spaces used for fuel storage.

Spaces in which fuel storage tanks are located beakeparated from conventional

machinery spaces and the other parts of the SOB@my If the installation space is
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adjacent to a space with potential fire load, s#pam by means of an A-60 bulkhead is
required. Tanks, which are part of the ship stmatishall be separated from other
spaces by means of cofferdams (Rules and guiddiimgble use of fuel cell system on
board of ships and boats, 2003).

SOFC Systems shall be located in separate spabesin$tallation spaces of SOFC
stacks and directly associated components shaltra@eged outside of accommodation,
service and machinery spaces and control rooms,shall be separated from such
spaces by means of a cofferdam or an A-60 bulkhathllation in a conventional

machinery space is admissible, on condition thaditable enclosure is provided (Rules

and guidelines for the use of fuel cell system oar) of ships and boats, 2003).

Anti-collision chocks are to be provided to ensthat the manufacture’s maximum

shock load limits are not exceeded.

Al.4 Ventilation

Ventilation systems must be permanently installed @re not allowed to be connected

to those of other ship spaces.
The extracted air must be monitored for fuel coustits.

The ventilation system shall be designed for adtl&88 air changes per hour with regard
to the total geometric volume of the empty spatehé ventilation system fails, an

alarm must be generated.

Suitable design of the spaces shall ensure thajasocan accumulate in recesses or
pockets. (Rules and guidelines for the use of éa#ll system on board of ships and
boats, 2003)

All ventilation fans and fire dampers are to beatde of being stopped from a safe

remote location in the event of fire.
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Protection screens of not more than 13 (mm) sqoeash shall be fitted in outside
openings to ventilation ducts.

The outlet of the ventilation duct is to be fittwdh suitable flame wire gauze.

Bunkering hoses are to be of an approved type arktstored in a safe and well

ventilated location on open deck.

A1.5 Fuel storage container

Material for container and pressure vessel is teiowided with LR test certificate.
Storage tank should be designed and tested acgalithe LR Rule for Natural Gas
Fuelled Ships and IMO'’s International Code for tbenstruction and Equipment of
Ships Carrying Liquefied Gases in Bulk (IGC Code).

Level gauge and swash-plate need to be provided.

Sloshing assessment of tank must be carried adgtermine the sloshing pressure and
thickness of swash-plates and effect of sloshiag lan tank walls.

A quick closing valve is to be fitted to the fusbisige tank. The quick closing valve is
to be capable of being closed both remotely anallipcThe quick closing valve and its
control is to be of steel construction or of anegutable fire tested design.

Leakage test is to be provided after onboard iiasiah.

A1.6 Bunkering and fuel transfer

The fuel supply systems are to comply with the meguoents of the relevant section of
the Rules for Ships for Liquefied Gases, whereiagple like Part 7 Chapter 2 Section
5,9and 17 of LR rules.
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All welds in the bunkering system are to be fulheeation butt weld. Those welds
located after the gas detection point are to heddsy 100% volumetric non-destructive
test.

Provision to shut off the gas is to be made inghs firing supply lines immediately
before the lines enter the compartment in whichetin@pment is installed. The shut off
arrangements are to be of the double block andtypat and are to be operable at the
equipment or the equipment control position ana pbsition in a safe area remote from

the equipment.

Fuel transfer systems shall be permanently instadled completely separated from

other pipeline systems.

The bunkering procedure and measurement of dewafditihgsafety and effectively with
gas leaks are to be approved.

The bunkering line is to be supported and proteatginst mechanical damage.
An emergency stop for the bunkering pump is toitbedfin a safe location.

A leakage test for the bunkering line is to beiedrout.

A1.7 Control and electric

The SOFC power system is required to have theviwlig functions applicable:
* Over-load protection

» Over-pressure protection

* Maximum working stresses

» Explosion protection and fire protection
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» Automatic shutdown on system failure

The SOFC alarm system is to be such that shouldlaam be acknowledged and a
second fault occur prior to the first fault beirggtified, audible and visual alarms will
operate again (Part 6, Chapter 1, section 2.3.8hef Rules and Regulations for the
Classification of Ships, Lloyd’s Register, 2012).

The SOFC control and alarm system is to be providi#gd self-monitoring facilities
such that hardware and functional failure will ieti¢ an audible and visual alarm (Part
6,Chapterl, Section 2.10.7 of The Rules and Raguokfor the Classification of Ships,
Lloyd’s Register, 2012).

According to the IMO’s Safety of Life at Sea (SODASde, the control systems for
the fuel cell are required essentially to be indeleat or designed so that failure of one
system does not degrade the performance of ansyiséem. The automatic starting,
operational and control systems are required te Ipawvisions for manually overriding

the automatic controls; and the failure of the esyst is not to prevent the use of the

manual override.

There are to be means of ensuring that fuel celiesy machinery and equipment are
functioning in a reliable manner with arrangementsregular inspections and tests to
ensure continuous reliable operation. The fuel edkm system is required to be
designed on the fail-to-safety principle to ensthat any serious malfunction in
machinery operation which presents an immediategefamnitiates the automatic

shutdown of that part of the plant and gives amala

If the SOFC system is used as a power source, aatwould be required to comply
with the regulations of ‘LR’s Software Conformitysgessment System — Assessment
module GEN1’ (Part6, Chapterl, section 2.12.7 o Rules and Regulations for the
Classification of Ships, Lloyd’'s Register, 2012).

If the SOFC system is used as a test unit, it @@menended to connected to an

emergency switchboard.
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A1.8 Piping system

Flexible hoses and pipes used are to be of an egptype.

Mechanical pipe couplings are to be type approvetitae number of connections is to

be kept to a minimum.

The fuel supply and return line are to be hydralijctested to 1.5 times the design

pressure.
A leakage test is to be carried out after the hyldraest.
The exhaust system is to be leak tested at 1.5 tihmemaximum working pressure.

The purge system is to be hydraulic pressure tedtéd times the maximum allowable

working pressure.
All welded pipe connections are to be full penatratvelds.

Fuel and exhaust pipes should be welded with tlket fwelds.

A1.9 Fire fighting

Gas detection devices are to be fitted under vaiveime of pipelines which carry
flammable gas and liquid. The gas alarm is to hedvio the engine room alarm and
control system. A dedicated fire extinguishing systis to be provided for the fuel cell

room.

Extra fire detectors and extinguishing devices Ehde installed in both the fuel cell
room and natural gas storage tanks where fuel ¢eakaay occur. Fire extinguishing
system should be located outside the space olutlecéll room. A CO2 extinguishing

device is also applicable since the fuel cell rasma relatively self-enclosed space. The
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alarm and emergency shutdown functions must beigedvand can be triggered
independently. The fuel cell malfunction alarm ewstand switch off function is
activated when the explosion limit is reached. €betrol panel of the monitoring and

alarm system is displayed in the engine contrafirdéor regular safety checks.

A1.10 Materials

Materials used in the SOFC system, e.g. pipes,esabnd fittings, are to be in

accordance with Class | materials to comply withrulRes Part 2 “manufacture, testing
and certification of materials”. However, massivecaints of unconventional materials
are used in fuel cells, e.g. zirconia ceramic @nshum doped lanthanum manganite.
Currently, there is no reference or experiencesnfigithese materials on board ships.
The approval of fuel cell material should complyttwindustry used regulations in

respect of fuel cell manufacturing.

Al1.11 Seagoing circumstances

Fuel cell systems to be applied to ships shall lidle 8o cope with ambient reference
conditions at sea, such as acceleration, ship moinzlination and temperature. The
following, table A.2, shows the operating condiiaorequired by classification rules and

satisfactory conditions of solid oxide fuel celsssms.

Table A.2: SOFC under seagoing circumstances

Rules requirement SOFC satisfactory
Static athwartship inclination 15 degrees Ok
Dynamic athwartship inclination 22.5 degrees Ok
Static fore and aft inclination 5 degrees Ok
Dynamic fore and aft inclination 7.5 degrees Ok
Barometric pressure ambient 1000 (mbar) Ok
Engine room temperature 45 ( Ok
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Suction air temperature 45 ( Ok

Relative humidity 60% Ok

Salt in air 0 to 50 (ppm) Depends on SORC

Vibration Depends on enginedbepends on SOFC
system

It can be seen that ship inclination, humidity amdbient temperature have not much
effect on SOFC performance. Solid oxide fuel ceiétems will be placed in an
environment of salty air. Apparently salt particleave no chemical reactions with
cathode materials like ,£,03 and LS M, Os. The Ballard PEMFC has been tested
with salty air of 50 ppm. The testing report frone tMETHAPU project also indicates
the tolerance of marine environments for SOFCg aftedification. The results show

that the salty air has no or limited effect on foell performance (Privette, 1999).

Anti-shock measures need to be adopted for thallatbn, because some materials
used in SOFCs are fragile. In order to minimiseuiheation effect from the propulsion
engines location of the fuel cell room should beided at the same deck level as the
main engines and propulsion shaft. In additionstelasupports are also required to
reduce the vibration and shock effect on the SOMEchanical accelerometers are
equipped with connection to the alarm system witihia SOFC module, to monitor
shock situations and report to the alarm systerardowly.

A1.12 Trial

If SOFCs are used for supplying essential consurtiees every fuel cell stack shall be
subjected to a performance test at the manufatduwerks. The electrical and thermal

output of the fuel cells shall be verified by meahs suitable performance test.
The SOFC system shall be subjected to the followiads after installation onboard:

Function trials of components

Trials of protective devices and protective system
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Trials of the fire extinguishing system
Function trials of the SOFC system

Function trials of interaction of the SOFC systeithvhe ship system

A1.13 Dependability and maintenance

SOFC system dependability analysis is to be cawigtdoy methods of FMECA and

HAZOP. The SOFC stack and its immediate suppogysgem, e.g. supply of fuels and
electrical equipment, need to be checked to erthaterisk mitigation measures have
been achieved. A single failure in SOFC system moll cause degradation or loss of
system performance and will not result in unsaferafing conditions.

Even though researchers and manufactures clainfubbtells need less maintenance
work than conventional combustion engines, thisvymint is still questionable when

fuel cells work in harsh sea conditions. The maiatee work of the SOFC system
comes from BOP components, such as battery chargaigr methanol tank charging,

filter and desulphuriser replacement. Other masemer work is partly attributed to the
monitor and alarm systems.

A1.14 Quality control system and manufacturing colrpprocedure

General description detailing the extent of the @y or engineering system, the
shipboard services it is to provide, its operatprgnciples, and its functionality and
capability when operating in the environment to ekt is likely to be exposed under
both normal and foreseeable abnormal condition® déneral description is to be

supported by the following information as applieabl
(a) System block diagram.

(b) Piping and instrumentation diagrams.
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(c) Description of operating modes, including: &tgr, shut-down, automatic,

reversionary, manual and emergency.

(d) Description of safety related arrangementduing:

Safeguards, automatic safety systems and interfeitieship’s safety systems.

(e) Description of connections to other shipboatinmery, equipment and systems,

including: Electrical, mechanical, fluids and autdian.

() Plans of physical arrangements, including: Llima operational access and
maintenance access.

(g) Operating manuals, including: Instructions fetart-up, operation, shut-down,
instructions for maintenance, instructions, forustinents to the performance and

functionality and details of risk mitigation arraargents.

(h) Maintenance manuals, including: Instruction faoutine maintenance, repair

following failure, disposal of components and receanded spares inventory.

Project process documentation including the folfmyvprocedures and the results of

applying the procedures including:

(a) Project management

(b) Requirements definition

(c) Quality assurance

(d) Design definition

(e) Risk management

(f) Configuration management

(9) Verification
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(h) Integration

() Validation (certification and survey)



