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Abstract


Ecient fuel cell systems have started to appear in many dierent commercial appli-
 cations and large scale production facilities are already operating to supply fuel cells
 to support an ever growing market. Fuel cells are typically considered to replace lead-
 acid batteries in applications where electrical power is needed, because of the improved
 power and energy density and the removal of long charging hours.


The primary focus of this dissertation is the use of high temperature polymer elec-
 trolyte membrane (HTPEM) fuel cells that operate at elevated temperatures (above
 100oC) compared to conventional PEM fuel cells, that use liquid water as a proton
 conductor and thus operate at temperatures below 100oC. The HTPEM fuel cell mem-
 brane in focus in this work is the BASF Celtec-P polybenzimidazole (PBI) membrane
 that uses phosphoric acid as a proton conductor. The absence of water in the fuel cells
 enables the use of designing cathode air cooled stacks greatly simplifying the fuel cell
 system and lowering the parasitic losses. Furthermore, the fuel impurity tolerance is
 signicantly improved because of the higher temperatures, and much higher concentra-
 tions of CO can be endured without performance or life time losses.


In order to evaluate the performance of using HTPEM fuel cells for electricity pro-
duction in electrical applications, a 400 W fuel cell system is initially designed using a
cathode air cooled 30 cell HTPEM stack. The stack runs on pure hydrogen in a dead-
end anode conguration at a pressure of 0.2 bar with a combined PI and feedforward
air ow control strategy. Some of the problems involved in using fuel cells running
at high temperatures is longer start-up times, therefore dierent heating strategies are
examined in order to minimize the heating time for systems with critical demands for
this. A 1kW fuel cell stack with optimized ow plates was heated in ≈5 minutes using



(7)the introduction of an electrical air pre-heater.


Using pure hydrogen in compressed form is problematic due to the very small den-
 sity of hydrogen, even at high pressures. Hydrogen is a very energy ecient gas, but
 large investments are required for a full production and distribution system before the
 fuel is available for general purpose use in consumer applications. Using liquid renew-
 able fuels that can be produced and transported using existing techniques is benecial if
 the fuel cell systems are adapted. Converting a liquid renewable fuel such as methanol
 in a chemical reactor, a reformer system, can provide the high temperature PEM fuel
 cells with a hydrogen rich gas that eciently produces electricity and heat at similar
 eciencies as with pure hydrogen. The systems retain their small and simple cong-
 uration, because the high quality waste heat of the fuel cells can be used to support
 the steam reforming process and the heat and evaporation of the liquid methanol/water
 mixture. If ecient heat integration is manageable, similar performance to hydrogen
 based systems can be expected.


In many applications benets can be gained from operating fuel cells together with
 batteries. In automotive applications and small utility vehicles large power peaks are
 experienced for accelerations. Very large and expensive fuel cell systems are needed
 in order to supply these peak powers, which do not occur that often during a normal
 driving cycle. The combination of batteries and super capacitors together with fuel cells
 can improve the system performance, lifetime and cost. Simple systems can be designed
 where the fuel cells and batteries are directly connected, but the introduction of power
 electronics can increase the degrees of freedom for the system when determining control
 strategy.


The high temperature PEM fuel cell is a promising alternative for converting renewable
fuels into electricity and heat in it's simplicity in systems design and reliability during
operation.
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Dansk resumé


Eektive brændselscellesystemer bliver brugt i forskellige kommercielle applikationer,
 og storskala produktionsfaciliteter forsyner allerede det voksende marked med brænd-
 selsceller. Brugen af brændselsceller overvejes typisk som erstatning for blysyrebatterier
 i applikationer, hvor der er brug for elektrisk eekt pga. den forbedrede eekt- og en-
 ergidensitet, og fordi lange opladningstider undgås.


I denne afhandling fokuseres der primært på brugen af højtemperatur PEM (HTPEM)
 brændselsceller, som opererer ved forhøjede temperaturer (over 100oC) sammenlignet
 med konventionelle PEM brændselsceller, der bruger ydende vand som protonleder og
 derfor arbejder ved temperaturer under 100oC. HTPEM brændselscellemembranen, der
 benyttes i dette arbejde, er en BASF Celtec-P polybenzimidazol (PBI) membran som
 bruger fosforsyre som protonleder. Fraværet af vand i brændselscellerne tillader bru-
 gen af katodeluftkølede stakke hvilket i høj grad simplicerer brændselscellesystemet og
 mindsker de parasitiske tab. Ydermere er tolerancen for urenheder i brændslet væsentlig
 forbedret pga. de højere temperaturer, og meget højere CO-koncentration kan tolereres
 uden performance- eller levetidsnedsættelse.


For at kunne evaluere performance ved brugen af HTPEM brændselsceller til elproduk-
tion i elektriske applikationer, er et 400 W brændselscellesystem begyndelsesvis designet
ved brug af en 30 celle katodeluftkølet HTPEM stak. Stakken bruger ren brint i en dead-
end anode konguration ved et tryk på 0.2 bar med en kombineret PI og feedforward
luftowreguleringsstrategi. Nogle af problemerne forbundet med at benytte brændsels-
celler, der har høje arbejdstemperaturer, er længere opstartstider, og derfor afprøves
forskellige opvarmningsstrategier for at minimere opvarmningstiden for systemer, der
har kritiske krav hertil. En 1 kW brændselscellestak med optimerede owplader kan



(9)opvarmes på ca. 5 minutter ved brug af en elektrisk luftforvarmer.


Brugen af ren brint som komprimeret gas er problematisk pga. den meget lave densitet
 af brint selv ved høje tryk. Brint er en gas med en meget høj brændværdi, men der er
 behov for store investeringer til både produktions- og distributionssystemer før brænd-
 stoet er til rådighed til forbrugerapplikationer. Benyttelsen af ydende, fornybare
 brændstoer, der kan produceres og transporteres ved brug af eksisterende teknikker
 er fordelagtig, hvis brændselscellesystemerne kan tilpasses. Konverteringen af et y-
 dende, fornybart brændstof som f.eks. metanol i en kemisk reaktor, et reformersystem,
 kan forsyne højtemperatur PEM brændselsceller med en brintholdig gas, der eektivt
 producerer elektricitet og varme ved virkningsgrader lignende dem for et system, der
 bruger rent brint. Systemet bibeholder et lille og simpelt design, da højkvalitetsrest-
 varmen fra brændselscellerne kan bruges til at forsyne dampreformeringsprocessen og
 opvarme og fordampe den ydende blanding af metanol og vand. Hvis det er muligt at
 implementere en eektiv varmeintegration, kan der opnås samme performance som i et
 brintbaseret system.


I mange applikationer kan fordele opnås ved at bruge brændselsceller sammen med bat-
 terier. I bilapplikationer og ved mindre elektriske køretøjer opleves store power peaks
 under accelerationer. Der er behov for meget store og dyre brændselscellesystemer for
 at levere disse peak-eekter, som ikke er hyppige under normale kørselsmønstre. Kom-
 binationen af batterier og superkapacitorer sammen med brændselsceller kan forbedre
 systemperformance, levetid og kostpris. Simple systemer kan designes, hvor brænd-
 selsceller og batterier er direkte forbundet, men introduktionen af eektelektronik kan
 forbedre frihedsgraderne for systemet når der vælges styrestrategier.


Højtemperatur PEM brændselscellen er et lovende alternativ til konverting af fornybare
brændstoer til elektricitet og varme pga. simpliciteten i systemdesignet og pålidelighe-
den under drift.
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Notation List


A Atom index


Aˆj Atom balance of the A'th atom
 AM EA Fuel cell membrane active area
 F Faraday's constant [C/mol]


G Gibbs free energy [J]


i Current density [A/cm2] / Species index
 IF C Fuel cell current [A]


j Atom index


Kestimator Methanol fuel ow estimation constant
 L Lagrange partial dierential


˙


mH2 Mass ow of hydrogen [kg/s]


˙


nBurner,H2 Molar ow of hydrogen to burner [mol/s]


N Number of species


ncells Number of cells in stack


˙


nCH3OH Molar ow of methanol [mol/s]


˙


nF C,H2 Molar ow of hydrogen to fuel cell stack [mol/s]


˙


nH2O Molar ow of water [mol/s]


p Pressure [bar]


p0 Atmospheric pressure [bar]


PBlower Cathode blower power [W]


PH2 Partial pressure of hydrogen [Pa]


PH2O Partial pressure of water [Pa]


PO2 Partial pressure of oxygen [Pa]


˙


qCH3OH Volumetric ow of methanol [m3/s]


R Gas constant [J/(K·mol)]


T Temperature [K/oC]


U0 Reaction electromotive force [V]


UF C Fuel cell voltage [V]


UOCV Open circuit voltage [V]


xH2 Molar fraction of hydrogen [-]


Xi Molar fraction of i'th specie
 ηA Fuel cell anode overpotential [V]


ηC Fuel cell cathode overpotential [V]


ηconc Fuel cell concentration losses [V]


ηΩ Fuel cell ohmic losses [V]


ηsystem Fuel cell system eciency [-]



(12)AC Alternating current
 ATR Autothermal reforming
 BEV Battery electric vehicle
 BPP Bipolar plate


CL Catalyst layer
 DC Direct current


DMFC Direct methanol fuel cell


EIS Electrochemical Impedance Spectroscopy
 EMF Electromotive force


EUDC Extra-urban driving cycle
 FCEV Fuel cell electric vehicle


FCHEV Fuel cell hybrid electric vehicle
 FCSPP Fuel Cell Shaft Power Pack
 GDL Gas diusion layer


HHV Lower heating value


HTPEM High temperature polymer electrolyte membrane
 ICE Internal combustion engine


IPCC Intergovernmental Panel on Climate Change
 LHV Lower heating value


LSM Lanthanum strontium manganese


LTPEM Low temperature polymer electrolyte membrane
 MEA Membrane electrode assembly


MFC Mass ow controller
 PBI Polybenzimidazole


PEM Polymer electrolyte membrane


PMSM Permanent magnet synchronous motor
 POX Partial oxidation


PTFE Polytetrauoroethylene
 SC Steam-to-carbon ratio
 SOC State-of-charge
 SR Steam reforming
 SOFC Solid oxide fuel cell
 WGS Water-gas-shift


YSZ Yttria-stabilized zirconia
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Introduction



1.1 Fuel Cell Shaft Power Pack research project


The work presented here is part of the research project Fuel Cell Shaft Power Pack
 (FCSPP), which involves multiple partners from both the industry and academia. 3
 Ph.d. students have been employed for research within the technical elds of designing
 a fuel cell shaft power pack, and resources have also been allocated to evaluate the
 potential business strategies and commercial challenges involved with introducing new
 technology products into a changing and evolving commercial market. The companies
 involved in the project are outlined below:


• Aalborg University (2 Academic Ph.D. students)


• Copenhagen Business School


• Cykellet/DSR Scandinavia


• Danish Technological Institute (1 Industrial Ph.D. student)


• Dantherm A/S


• EGJ Udvikling


• Falsled Højtryk


• GMR Maskiner A/S


• Hydrogen Innovation & Research Center


• H2 Logic Aps.


• KK-Electronic A/S


• Migatronic A/S


• Parker Hannin DK


• Serenergy A/S


• Trans-Lift


• Xperion


This innovation consortium of partners include educational and research institutions,
and also industrial companies with an interest in applications with implemented fuel cell



(27)technology and the features and benets gained from this, including a competitive edge
 in the market. Figure 1.1 shows the scope of the Fuel Cell Shaft Power Pack project.


In fuel cell system applications, the fuel cell system is typically connected to power
 electronics to condition the voltage and current output of the fuel cell stack before this
 available power is converted into mechanical torque in an electric machine powering a
 given application.


Power 
 Electronics


Electric 
 motor


Application
 Fuel production


Fuel storage


Fuel cell 
 system
 Fuel cell 


stack


Project scope


Figure 1.1: Scope of project


The research results described in this work, involves the fuel cell stack and periph-
 erals (balance-of-plant) including the fuel storage system. Moreover dierent operating
 and control strategies are examined both experimentally and theoretically. The re-
 maining research regarding the power electronics, electric machines, electrical energy
 storage control and fuel cell diagnostics, is conducted in separate Ph.D. studies. The
 nal product of the overall study is an implementation and evaluation of HTPEM fuel
 cell systems in dierent applications.



1.2 Objectives of this dissertation


The objectives of this dissertation are to give a thorough understanding of the dierent
subjects and methods involved in the design and development of a high temperature
polymer electrolyte membrane (HTPEM) fuel cell system. These objectives include
identifying the advantages and disadvantages of this type of system when using it as a
power supply in an electrical vehicle. Furthermore the operating strategies and control
principles for operating such a system reliably are to be analyzed and implemented in
working systems to evaluate their performance.
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1.3 Methodology


In the design of the above mentioned systems, the following methods are used to support
 ecient and in-depth engineering of the dierent system designs.


1.3.1 Steady-state mathematical modelling


Steady-state mathematical modelling is used to determine the general operating condi-
 tions of the fuel cell system to determine reasonable stack sizes for the fuel cell system
 and an expected fuel storage size. This is especially ecient in the initial system de-
 sign phase, where large parts of the involved applications and system components are
 unknown. Empirical models based on experimental results can be used in cases where
 simulation speed is essential, i.e. for example cases where dynamic models are used
 during system operation.


1.3.2 Transient modelling and simulation


To enable predictions of dynamic behavior during operation of the fuel cell system, dy-
 namic models are developed. These models also support the development of the control
 system, and ensure safe and reliable operation that does not damage the fuel cells. Full
 transient system models can often be very extensive, requiring high computational ca-
 pabilities, and are simplied in order to enable simulations of systems during operation.


For use directly in real-time system applications, simplied models using empirically de-
 rived expression are preferred for successful implementation of model based controllers
 that, e.g. replaces sensors or ensure proper redundance in the system.


1.3.3 Experimental test and model verication


To verify model predictions and to simplify and speed up subsystem simulations, ex-
 perimental analysis are carried out and the developed control strategies are tested. The
 experimental process plays an important part in fuel cell system design because the
 fuel cell system is going to be operating in a real application subjected to operating
 conditions very dierent from the controlled environment inside a typical laboratory.


The continued development and test of a fuel cell system is an iterative process
divided into dierent phases, initial design and lab system tests, establishing knowledge
of advantageous system operating conditions. This phase is followed by implementation



(29)of o-the-shelf industrial components to replace lab equipment resulting in a prototype
 system which can be subjected to real loading cycles and eventually implemented in a
 real application, with the development of a proper stand-alone control system. When
 looking at system dynamics it is important to use similar components as the ones used
 in the nal applications. The nal performance of the fuel cell system is evaluated by
 looking at the total system eciency and the overall performance of the application.



1.4 Dissertation outline


Chapter 1 presents the overall research project, which this work is a part of. The
 objectives of the dissertation are outlined, and the primary methodologies used are
 presented. Finally the papers included in this dissertation are presented.


Chapter 2 provides background information regarding the governing principles of
 fuel cells, together with a comparative study of dierent types of available fuel cell
 technologies. The overview leads to the particular choice of fuel cell technology used in
 the design of the systems focused on in this work, the HTPEM fuel cell.


Chapter 3 summarizes some of the features of the HTPEM fuel cells and presents
 the benets of using fuel cells together with other electrical storage devices, such as
 batteries or super capacitors.


Chapter 4 presents the concept of compressed hydrogen fueled cathode air cooled
 HTPEM fuel cell stacks, and shows tests conducted on a 30 cell prototype stack, and
 a commercial 65 cell stack. The results of these tests include the determination of
 operating principles during start-up, current load operation, and shut-down.


Chapter 5 focuses on a HTPEM fuel cell system running on steam reformed methanol
 and the dierent initial tests of a novel heat exchanger based reformer system, integrated
 with a 1 kW HTPEM fuel cell stack. The chapter also presents a possible control
 strategy developed from results on an experimental second generation system.


Chapter 6 shows the development of two dierent applications where HTPEM fuel
 cell stacks have been used as power supply, a fuel cell electric vehicle with a 4 kW HT-
 PEM fuel cell on-board traction battery charger, and a utility truck with a battery/fuel
 cell/super capacitor power system.


Chapter 7 and 8 summarizes this work; concludes on the research and outlines a
line of interesting areas for future research.
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• Dynamic Model of the High Temperature PEM Fuel Cell Stack Temperature
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041006-(1-8), 12/08/2009.
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Fuel Cells



2.1 Powering the future


Ecient and new sustainable energy technologies are required to ensure reduced depen-
 dence on fossil fuels, stable energy supply and reduction in greenhouse gas emissions.


The Intergovernmental Panel on Climate Change (IPCC) report of 2007 has identied
the transport sector as one of the large contributors of CO2emissions and toxic particles
[31]. Transport propulsion systems are primarily combustion engines running on fossil
fuels, but the increasing emission restrictions in the automobile industry has led to new
car propulsion systems including dierent types of hybrid power systems combining
electric power from batteries with both diesel and gasoline engines in dierent congu-
rations. These technologies improve the eciency and driving range of the vehicles, but
are still dependent on fossil fuels. Using synthetic diesel or diesel derived from biomass
in engines result in a CO2 neutral fuel economy independent of fossil fuels. Further-
more, the introduction of pure electric cars or fuel cell cars may also reduce the issues of
fossil fuel dependence, but often requires a complete rearrangement of the entire energy
system. Batteries and fuel cell systems are often considered competing technologies for
transport propulsion, but many advantages are gained when combining these technolo-
gies in an application. In many applications where batteries are used, long charging
time is typically problematic especially if multiple work shifts or long driving ranges
are needed. Typically battery packs will need to be switched or additional vehicles
are needed. In such situations a quickly re-fuelable fuel cell system would be a better
choice. In the case of personal transport, an analysis indicates that over 90% of the



(33)trips made in Denmark are below 127km, as shown in gure 2.1. These typical driving
 range requirements can be managed with present available battery technologies, but the
 freedom of operation when using these cars is still limited because of the need for a long
 term charging period or changing the battery pack.
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Figure 2.1: Cumulative percent of car kilometers driven as a function of trip length in
 2006 in Denmark [53].


In the cases of longer trips, a small fuel cell system could be tted to a car and run
 as a range extender for the system providing charging during and after driving, enabling
 the cars to drive much farther. Finally the combination of fuel cells and batteries and
 the load sharing between them can in some systems lower the peaks of transients on
 either of the components and hereby extend their lifetime.



2.2 How a fuel cell works


A fuel cell is an electrochemical device that converts the available energy in a fuel,
 such as hydrogen, into electricity, heat and water. An example of a fuel cell mem-
 brane electrode assembly (MEA) is shown in gure 2.2, and consists of the following
 components:


• Bipolar plate (BPP)


• Gas diusion layer (GDL)
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• Catalyst layer (CL)


• Polymer membrane


The functions of these dierent components will be explained in the following.
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Figure 2.2: The reactions in a hydrogen fuel cell.


The reactions in a fuel cell are divided into an anode reaction and a cathode reaction.


The anode reaction includes splitting of the supplied hydrogen on e.g. a platinum
 catalyst, hereby releasing electrons which are available to do work in an external electric
 load. The primary task of the catalyst layers on each side of the membrane is to catalyze
 the desired anode and cathode reactions, and contain many three-phase interfaces, i.e.


sites with reactants, catalytic material, and ion conductive abilities. A typical catalyst
layer consists of platinum particles deposited on a carbon material, in close contact
with the polymer membrane. In hydrogen fuel cells, the free protons migrate through
the proton conductive polymer membrane, to the cathode. The membrane should be
non-conductive for electrons and have a low proton conduction resistance. The cathode
reaction includes a reaction on the catalyst between the protons from the anode side
and the oxygen available in the supplied atmospheric air. The resulting product of the



(35)cathode reaction is water which primarily is carried out by the air exiting the fuel cell,
 but can also diuse into the membrane. Often water from the cathode side will diuse
 through the membrane to the anode side and can cause blocking of catalyst reaction
 sites and the gas diusion layer if in liquid form. The functions of the gas diusion
 layers are to distribute the incoming reactants over the entire area of the catalyst,
 and to conduct the electrons released in the anode reaction. Obstruction of catalytic
 sites can be problematic both on the anode and cathode side and can cause signicant
 performance losses and material damage in the fuel cell. If the supplies of fuel and
 oxidant, i.e. hydrogen and air is maintained at ows matching the current drawn by
 the load, the fuel cell will eciently be generating electric and thermal power.


The dierent losses and the performance of the fuel cell can be illustrated by looking
 at a polarization curve, i.e. a plot of the voltage as a function of the current density.


These losses are shown in gure 2.3.
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Figure 2.3: Plot of the typical fuel cell losses, for a pure hydrogen fuel cell.


The fuel cell stack voltage UF C consists of a theoretical maximum voltage UOCV
and losses connected to the anode ηA and cathode ηC electrochemistry, the ohmic
losses in the membrane and electrical connection ηΩ between each of the MEA layers,
and nally the losses connected to mass transport of each of the reactants ηconc. The
fuel cell voltage can generally be calculated as shown in equation 2.1, assuming the
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superposition of these losses:


UF C =UOCV −ηC −ηA−ηΩ−ηconc (2.1)
 The theoretical open circuit voltage,UOCV can be expressed by the Nernst equation,
 as:


UOCV =U0+RT


2FlnPH2 ·PO12


2


PH2O (2.2)


Where U0 is the electromotive force (EMF) for the involved reactions at standard
 pressure andPH2,PO2 andPH2Oare the partial pressures of the respective reactants and
 product. Ris the gas constant,F is Faraday's constant andT is the temperature. From
 this equation it is clearly seen that this voltage increases with increased pressurization
 of the fuel cell. Furthermore U0 decreases with increasing temperature. Pressurization
 however often requires additional power consumption by auxiliary components, lowering
 the overall eciency [43].


The losses associated with the anode activation are considered negligible when run-
 ning a fuel cell on pure hydrogen. The electrochemistry involved with the reaction of
 pure hydrogen on platinum is very fast even at low temperatures. The losses on the
 cathode are on the contrary normally the largest loss in the fuel cell, and much research
 is conducted to develop better catalysts and improve this oxidation reaction [8, 40, 41].


It is shown that a large part of the initial drop of the fuel cell voltage at low currents,
is due to the contribution of the initial cathode activation. The ohmic losses are, as
seen, typically linearly dependent on the current, just as an ohmic resistance, hence the
name. They are typically composed by the resistance of the membrane but electrical
resistances in the form of contact resistances between the dierent layers can also be
signicant. When drawing high currents, there is a need for high ows of hydrogen and
oxygen to each side of the fuel cell, hydrogen being a very small molecule has no prob-
lems with diusing through the GDL and reaching catalytic sites. The oxygen which
is diluted with nitrogen in atmospheric air can have diculties reaching the catalytic
sites fast enough at very high current loads, so unless very high stoichiometries are
applied to the air side at high currents, large losses and possible oxidant starvation can
be experienced on the cathode side.



(37)The possible current that can be drawn from the fuel cell is determined by the cell
 area, but the voltage will remain the same because it is determined by the electrochem-
 ical reactions. Thus the power output from a fuel cell can be increased by increasing
 the active cell area. Normally it is more convenient to increase the power of a fuel cell
 by stacking the fuel cells, and hereby increasing the fuel cell voltage. A fuel cell stack
 is the result of a line of series connected fuel cells, resulting in a fuel cell stack voltage
 increased by the number of fuel cells in the stack. The current drawn from the stack is
 the same as for a single fuel cell.


With the increase of the power delivered from the fuel cells by stacking them, it is
 possible to use them in applications replacing other technologies. Often there is a limit
 as to how large stacks can be made because of the mechanical stability of the stack, in
 these cases a series of parallel or series connected stacks can be used to further increase
 the power output of a fuel cell system.



2.3 Fuel cell technologies


Several types of fuel cells exist. To decide which specic types are relevant for the
 applications considered in this work, an initial delimitation is made by only looking at
 some of the most advanced technologies. These are the technologies considered to be
 closest to the market, some of which are already appearing in commercial products.


Fuel cells can be divided into dierent categories relating their properties to the nature
 of their catalysts, electrolytes, membranes, proton conductive capabilities, fuel type,
 operating temperatures, etc. The relevant fuel cells described in this work are divided
 into the following categories:


• Low temperature PEM fuel cells


• Direct methanol fuel cells


• High temperature PEM fuel cells


• Solid oxide fuel cells


2.3.1 Low temperature PEM fuel cells


The category of low temperature PEM (LTPEM) fuel cells include fuel cells using dier-
ent polymer membrane types, but all have the common operating conditions of needing
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liquid water present in the membrane to ensure proper proton conductive capabilities.


This criteria includes operation below 100 oC, if the systems are not pressurized, and
 utilizes mainly platinum based catalyst. The anode and cathode reactions of a hydrogen
 fuelled LTPEM fuel cell are shown below in equation 2.3 and 2.4:


Anode: H2↔2H++ 2e− (2.3)
 Cathode: 1


2O2+ 2H++ 2e−↔H2O (2.4)
 Overall: H2+1


2O2↔H2O (2.5)


The polarization curves of a selection of commercially available fuel cells are shown
 in gure 2.4, at pressures close to atmospheric. The LTPEM fuel cell voltage is high
 and the fuel cells are very ecient compared to other fuel cell technologies.
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Figure 2.4: Polarization curve of dierent types of low temperature PEM fuel cells [6,
 19, 26, 27, 45].


A widely used membrane polymer is Naon, which is based on sulphonated polyte-
trauoroethylene (PTFE, also know as Teon). The presence of hydrophilic sulphonic
side-chains and hydrophobic areas of the bulk polymer, enables good abilities for proton
conduction through the liquid water present in the membrane, and also a good mechan-
ical stability. The membrane humidity is vital to the fuel cell performance. An MEA



(39)with a very high humidity has the risk of ooding, i.e. large water droplets blocking
 the ow channels and gas diusion layer disabling the catalytic sites of the cell. A too
 dry membrane will quickly loose the ability to conduct protons and could lead to failure
 of an entire stack, because the cells are connected in series. An increased resistance
 could also form hot spots and increase the cell temperature locally. Although many
 methods of predicting and diagnosing the ooding or drying of membranes in low tem-
 perature PEM fuel cells exist [25, 39, 47, 48], this is still one of the problematic areas of
 this technology. A list of typical advantages and disadvantages for these fuel cells are
 summarized below:


Advantages


• High cell voltage and eciency.


• Well known and established technology.


• Operating temperatures do not require special system components.


• Fast system start-up from low temperatures.


Disadvantages


• Low CO tolerance, and poor dynamic operation with CO.


• Complicated water management.


• External reformer is requires if other fuels are needed.


• Low temperature operation requires large cooling areas.


• Low temperature operation requires expensive catalysts.


2.3.2 Direct methanol fuel cell


The direct methanol fuel cell (DMFC) also uses a polymer membrane, often of the
 same Naon based type as the low temperature PEM membranes. A mixture of liquid
 water and methanol is supplied to the anode side of the membrane, which simplies the
 cooling and humidication processes. The cathode reaction is the same as the LTPEM
 fuel cell, but the anode reaction is dierent as seen in the following:


Anode: CH3OH+H2O↔CO2+ 6H+6e− (2.6)
 Cathode: (3/2)O2+ 6H++ 6e−↔3H2O (2.7)
 Overall: CH3OH+ (3/2)O2↔CO2+ 2H2O (2.8)


From equation 2.6 it is seen that CO2is a product of the anode reaction. This is often
associated with dicult stack ow plate design, because gaseous CO2bubbles emerge on
the anode side and needs to be vented. The anode catalytic loading is often higher than
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LTPEM because a mixture of liquid methanol and water is directly supplied. Using
 methanol and water reduces the fuel storage volume compared to hydrogen because
 of the much higher volumetric energy density compared to hydrogen as also shown in
 Paper A.5. The electrochemical anode reactions of the DMFC requires signicantly
 more catalyst than the LTPEM fuel cells. To further improve the reaction kinetics,
 small amounts of ruthenium is often mixed with the platinum catalyst. Figure 2.5
 shows polarization curves for dierent DMFC manufacturers at atmospheric pressure.


The DMFC has a very low fuel cell voltage and is often not used in high power systems
 because the fuel cell stacks volume is much larger than other fuel cell technologies.
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Figure 2.5: Polarization curve of dierent types of direct methanol fuel cells [7, 12, 18, 46].


DMFC fuel cells are a good choice for small electronics applications using passive
diusion of methanol and air to the anode and cathode respectively. This enables the
design of simple system that are completely passively controlled, much like batteries,
but refueling is much faster. One of the main problems with DMFC is the crossover
of methanol to the cathode side of the fuel cell. Water and methanol molecules are
dragged through the membrane via electro-osmosis and are combusted catalytically on
the cathode side catalyst lowering the fuel eciency and the electrochemical potential
of the cathode process. The typical advantages and disadvantages of the DMFC are
listed in the following.
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• Ecient fuel storage of methanol and water mixture.


• No external reformer required.


• Inherent anode cooling with fuel/water mixture.


• Anode fuel ow keeps membrane humidied.


• Fast system start-up from low temperatures.


Disadvantages


• Low cell voltage and eciency.


• High losses increases cooling demands.


• Complicated water recirculation.


• Very high catalyst loading.


• CO2 bubbles in anode ow.


• Methanol crossover lowers eciency.


2.3.3 High temperature PEM fuel cells


The previously presented fuel cell types both relied on liquid water as a proton conduc-
 tor. This can often result in unstable operation and a complicated humidication and
 water recuperation system. The low temperatures furthermore increase the complexity
 of the necessary cooling systems, by requiring large heat surfaces. If the temperature
 is increased to above 100oC the product water will be steam, but a dierent membrane
 and proton conductor is needed at these high temperatures.


An example of a high temperature PEM fuel cell membrane is the phosphoric acid
 doped polybenzimidazole (PBI) membrane. PBI is a material typically used in the
 production of heat resistant materials such as re ghting gear. This polymer is in
 itself a poor proton conductor, but combined with phosphoric acid, the conductive
 abilities can be greatly improved. Dierent methods for adding the phosphoric acid
 to the polymer exist, and with the phosphoric acid containing the primary conductive
 abilities of the membrane, it is vital that this acid stays in the membrane. If water
 droplets condense on the membrane, acid can diuse to the droplets, and be removed
 by the gasses exiting the fuel cells. For these reasons, operation with water condensation
 is fatal to the fuel cell. Figure 2.6 presents polarization curves for HTPEM fuel cells at
 atmospheric pressures.


Because there is no need for liquid water, there is also no risks of drying out or
ooding of the membrane. Therefore there is also the possibility of cooling the stack
by supplying large amounts of cathode air and hereby saving the requirement of adding
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Figure 2.6: Polarization curve of dierent types of high temperature PEM fuel cells
 [5, 30, 49, 52].


cooling channels in the fuel cell stack. Because of the high operating temperatures of the
 HTPEM fuel cell, the anode reactions with CO are much faster, less likely to bond with
 active sites, and the fuel cell is therefore much more tolerant to this poison. The voltage
 recovery time is also signicantly shorter than LTPEM fuel cells. The advantages and
 disadvantages of the HTPEM fuel cell are listed below:


Advantages


• No liquid water present increases reliability and simplicity of system.


• Cathode air cooling and dead-end anode operation enables simple system design
 and low parasitic losses.


• High CO tolerance reduces the complexity of reformer systems.


• No liquid water present.


• High quality waste heat.


Disadvantages


• Lower cell voltage and eciency.


• High demands for materials and components at high temperatures and in presence
 of H2PO4.


• Slow start-up because of high temperature operation.
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All of the previously presented fuel cell technologies rely on proton conduction through
 a polymer membrane. When reaching the very high temperatures of a solid oxide fuel
 cell (SOFC), which typically is above 800oC, using polymer based membranes is no
 longer an option. Instead metal oxides and ceramic materials are used in the MEA.


The typical material for the membrane is yttria-stabilized zirconia (YSZ), the cathode
 can be constructed in YSZ and lanthanum strontium manganese (LSM) and the anode
 of YSZ and nickel. Because of the very high temperatures, nickel can be used as a
 catalyst avoiding the expensive precious metal catalysts. Typical polarization curves
 for SOFC are shown in gure 2.7.
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Figure 2.7: Polarization curve of dierent types of solid oxide fuel cells [15, 33, 42].


The solid oxide fuel cells can be either of planar or tubular shape and they can be
stabilized (or supported) on either the cathode side or anode side. Other interesting
features are that internal steam reforming is possible [1, 51]. Which both can introduce
compact systems running on liquid hydrocarbons, but also potentially simpler systems
because the endothermal nature of the steam reforming process acts as an internal
cooling of the cells. There are high requirements for the dierent materials used in
the SOFC. Besides the high temperatures, a component such as a bipolar plate exists
in an environment with both strong oxidizing and reducing reactions. This requires
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special materials and developments are moving towards specially designed steel and
 nickel alloys, making it easier and cheaper to produce the plates [23, 55].


Advantages


• High cell voltage and eciency.


• Fuel exibility.


• Internal reforming possible.


• Can use CO as fuel.


• Cheaper catalysts due to high temperatures.


• High quality waste heat.


Disadvantages


• High demands for materials at high temperatures.


• More volume is needed for insulation.


• Long start-up times due to high operating temperatures.


• Increased issues with thermal stresses.



2.4 Fuel cell technology choice


Comparing the fuel cell technologies and looking at the power range for the applications
 chosen. The HTPEM fuel cell technology is chosen to supply power for a utility truck
 (see section 6.2) and a small electric car (see section 6.1). All the presented fuel cell
 technologies could potentially be used, but the HTPEM fuel cells are chosen because
 of the stable and reliable operation compared to the LTPEM fuel cells, because of the
 independence of liquid water. Also the better tolerance to CO compared with LTPEM
 fuel cells is an advantage of the HTPEM fuel cells which could lead to simpler reforming
 systems with less CO clean-up stages. The higher temperatures of the HTPEM fuel
 cells are also close to the possible reforming temperatures of methanol. Using a liquid
 hydrocarbon could solve the hydrogen storage issues of the two applications, which are
 both non-stationary applications with high volumetric requirements for fuel storage.


The relatively low temperatures compared to SOFC allow the use of more standardized
auxiliary components and a smaller amount of insulation. Faster start-up times are
also expected due to the lower operating temperatures of the HTPEM. The DMFC
technology also fullls the demands for using a liquid fuel, but the system eciency
is very low, and a DMFC fuel cell system is expected to be much to large, heavy and
expensive. Figure 2.8 shows the evolution of the HTPEM fuel cell stacks used during
this work.



(45)Figure 2.8: Examples of dierent generations of HTPEM fuel cell stacks.
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