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Abstract

Efficient fuel cell systems have started to appear in many different 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
100°C) compared to conventional PEM fuel cells, that use liquid water as a proton
conductor and thus operate at temperatures below 100°C. 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
significantly 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 configuration at a pressure of 0.2 bar with a combined PI and feedforward
air flow control strategy. Some of the problems involved in using fuel cells running
at high temperatures is longer start-up times, therefore different 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 flow plates was heated in ~5 minutes using
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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 efficient 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 beneficial 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 efficiently produces electricity and heat at similar
efficiencies as with pure hydrogen. The systems retain their small and simple config-
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 efficient heat integration is manageable, similar performance to hydrogen

based systems can be expected.

In many applications benefits 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

Effektive braendselscellesystemer bliver brugt i forskellige kommercielle applikationer,
og storskala produktionsfaciliteter forsyner allerede det voksende marked med braend-
selsceller. Brugen af braendselsceller overvejes typisk som erstatning for blysyrebatterier
i applikationer, hvor der er brug for elektrisk effekt pga. den forbedrede effekt- og en-

ergidensitet, og fordi lange opladningstider undgas.

I denne afhandling fokuseres der primaert pa brugen af hgjtemperatur PEM (HTPEM)
braendselsceller, som opererer ved forhgjede temperaturer (over 100°C) sammenlignet
med konventionelle PEM brzandselsceller, der bruger flydende vand som protonleder og
derfor arbejder ved temperaturer under 100°C. HTPEM braendselscellemembranen, der
benyttes i dette arbejde, er en BASF Celtec-P polybenzimidazol (PBI) membran som
bruger fosforsyre som protonleder. Fravaret af vand i breaendselscellerne tillader bru-
gen af katodeluftkglede stakke hvilket i hgj grad simplificerer braendselscellesystemet og
mindsker de parasitiske tab. Ydermere er tolerancen for urenheder i braendslet vaesentlig
forbedret pga. de hgjere temperaturer, og meget hgjere CO-koncentration kan tolereres

uden performance- eller levetidsnedsattelse.

For at kunne evaluere performance ved brugen af HTPEM braendselsceller til elproduk-
tion i elektriske applikationer, er et 400 W braendselscellesystem begyndelsesvis designet
ved brug af en 30 celle katodeluftkglet HTPEM stak. Stakken bruger ren brint i en dead-
end anode konfiguration ved et tryk pé 0.2 bar med en kombineret PI og feedforward
luftflowreguleringsstrategi. Nogle af problemerne forbundet med at benytte braendsels-
celler, der har hgje arbejdstemperaturer, er leengere opstartstider, og derfor afprgves
forskellige opvarmningsstrategier for at minimere opvarmningstiden for systemer, der

har kritiske krav hertil. En 1 kW braendselscellestak med optimerede flowplader kan

Vil
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opvarmes pa ca. 5 minutter ved brug af en elektrigk luftforvarmer.

Brugen af ren brint som komprimeret gas er problematisk pga. den meget lave densitet
af brint selv ved hgje tryk. Brint er en gas med en meget hgj breendveerdi, men der er
behov for store investeringer til bade produktions- og distributionssystemer for braend-
stoffet er til radighed til forbrugerapplikationer. Benyttelsen af flydende, fornybare
breendstoffer, der kan produceres og transporteres ved brug af eksisterende teknikker
er fordelagtig, hvis braendselscellesystemerne kan tilpasses. Konverteringen af et fly-
dende, fornybart braendstof som f.eks. metanol i en kemisk reaktor, et reformersystem,
kan forsyne hgjtemperatur PEM braendselsceller med en brintholdig gas, der effektivt
producerer elektricitet og varme ved virkningsgrader lignende dem for et system, der
bruger rent brint. Systemet bibeholder et lille og simpelt design, da hgjkvalitetsrest-
varmen fra braendselscellerne kan bruges til at forsyne dampreformeringsprocessen og
opvarme og fordampe den flydende blanding af metanol og vand. Hvis det er muligt at
implementere en effektiv varmeintegration, kan der opnas samme performance som i et

brintbaseret system.

I mange applikationer kan fordele opnas ved at bruge braendselsceller ssmmen med bat-
terier. I bilapplikationer og ved mindre elektriske kgretgjer opleves store power peaks
under accelerationer. Der er behov for meget store og dyre brandselscellesystemer for
at levere disse peak-effekter, som ikke er hyppige under normale kgrselsmgnstre. Kom-
binationen af batterier og superkapacitorer sammen med brandselsceller kan forbedre
systemperformance, levetid og kostpris. Simple systemer kan designes, hvor brazend-
selsceller og batterier er direkte forbundet, men introduktionen af effektelektronik kan

forbedre frihedsgraderne for systemet nar der velges styrestrategier.
Hgjtemperatur PEM braendselscellen er et lovende alternativ til konverting af fornybare

braendstoffer til elektricitet og varme pga. simpliciteten i systemdesignet og palidelighe-

den under drift.
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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 fields 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 comimercial market. The companies

involved in the project are outlined below:
e 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 Hgjtryk
GMR Maskiner A/S
Hydrogen Innovation & Research Center
H2 Logic Aps.
KK-Electronic A/S
Migatronic A/S
Parker Hannifin DK
Serenergy A/S
Trans-Lift

e Xperion
This innovation consortium of partners include educational and research institutions,

and also industrial companies with an interest in applications with implemented fuel cell
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technology and the features and benefits gained from this, including a competitive edge
in the market. Figure 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.

Fuel Cell Shaft Power Pack

4 R\
Fuel cell Power
Fuel storage stack Electronics
Fuel production e \ [4 ° Application
Fuel cell Electric
system motor
\Project scope Y,

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 different 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
final product of the overall study is an implementation and evaluation of HTPEM fuel

cell systems in different applications.

1.2 Objectives of this dissertation

The objectives of this dissertation are to give a thorough understanding of the different
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

efficient and in-depth engineering of the different 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 efficient 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 simplified in order to enable simulations of systems during operation.
For use directly in real-time system applications, simplified 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 verification

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 different from the controlled environment inside a typical laboratory.
The continued development and test of a fuel cell system is an iterative process
divided into different phases, initial design and lab system tests, establishing knowledge

of advantageous system operating conditions. This phase is followed by implementation



1. INTRODUCTION

of off-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 final applications. The final performance of the fuel cell system is evaluated by

looking at the total system efficiency 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 different 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 benefits 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 HIPEM fuel cell system running on steam reformed methanol
and the different 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 different 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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Fuel Cells

2.1 Powering the future

Efficient 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 identified
the transport sector as one of the large contributors of CO4 emissions 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 different types of hybrid power systems combining
electric power from batteries with both diesel and gasoline engines in different configu-
rations. These technologies improve the efficiency 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 CO9 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
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trips made in Denmark are below 127km, as shown in figure 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 fitted 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 figure and consists of the following
components:

e Bipolar plate (BPP)

o Gas diffusion layer (GDL)
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e Catalyst layer (CL)

e Polymer membrane

The functions of these different components will be explained in the following.

GDL CL CL GDL

Anode : H, &> 2H" +2e”
Cathode : $0,+2H" +2e” <> H,0

Overall reaction : H, +410, <> H,0

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
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cathode reaction is water which primarily is carried out by the air exiting the fuel cell,
but can also diffuse into the membrane. Often water from the cathode side will diffuse
through the membrane to the anode side and can cause blocking of catalyst reaction
sites and the gas diffusion layer if in liquid form. The functions of the gas diffusion
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 significant
performance losses and material damage in the fuel cell. If the supplies of fuel and
oxidant, i.e. hydrogen and air is maintained at flows matching the current drawn by
the load, the fuel cell will efficiently be generating electric and thermal power.

The different 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 figure 2.3

15
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—¢— Open circuit voltage U .,
"""""""""""""""" —E©— Cathode activation loss s
Anode activation loss Na
X —3— Ohmic loss ng

Mass transport loss n
—3j¢— Cell Voltage Uee

conc

Cell voltage [V]

Current Density [A/cmz]

Figure 2.3: Plot of the typical fuel cell losses, for a pure hydrogen fuel cell.

The fuel cell stack voltage Upc consists of a theoretical maximum voltage Upcy
and losses connected to the anode 14 and cathode n¢ electrochemistry, the ohmic
losses in the membrane and electrical connection ng between each of the MEA layers,
and finally the losses connected to mass transport of each of the reactants 7eone. The

fuel cell voltage can generally be calculated as shown in equation [2.I] assuming the

10
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superposition of these losses:

Urc = Uocv — Nc — NA — 10 — Neone (2.1)

The theoretical open circuit voltage, Upcy can be expressed by the Nernst equation,
as:
1
RT PH2 : P022

Uocy = U+ ——in

(2.2)
2F Pmo

Where U is the electromotive force (EMF) for the involved reactions at standard
pressure and Pp,, Po, and Pp,o are the partial pressures of the respective reactants and
product. R is the gas constant, F'is Faraday’s constant and 7T is the temperature. From
this equation it is clearly seen that this voltage increases with increased pressurization
of the fuel cell. Furthermore U® decreases with increasing temperature. Pressurization
however often requires additional power consumption by auxiliary components, lowering
the overall efficiency [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 different layers can also be
significant. When drawing high currents, there is a need for high flows of hydrogen and
oxygen to each side of the fuel cell, hydrogen being a very small molecule has no prob-
lems with diffusing through the GDL and reaching catalytic sites. The oxygen which
is diluted with nitrogen in atmospheric air can have difficulties 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.

11



2. FUEL CELLS

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 specific 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 different 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:

e Low temperature PEM fuel cells
e Direct methanol fuel cells
e High temperature PEM fuel cells

e 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 differ-

ent polymer membrane types, but all have the common operating conditions of needing

12
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liquid water present in the membrane to ensure proper proton conductive capabilities.
This criteria includes operation below 100 °C, 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

Anode : Hy — 2HT 42 (2.3)
Cathode : %Oz +2HT 4+ 2¢” — H0 (2.4)
Overall : Hy + %Og «— H>0 (2.5)

The polarization curves of a selection of commercially available fuel cells are shown
in figure 2.4] at pressures close to atmospheric. The LTPEM fuel cell voltage is high

and the fuel cells are very efficient compared to other fuel cell technologies.
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Figure 2.4: Polarization curve of different types of low temperature PEM fuel cells [6]
19, 26, 27, 5],

A widely used membrane polymer is Nafion, which is based on sulphonated polyte-
trafluoroethylene (PTFE, also know as Teflon). 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

13
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with a very high humidity has the risk of flooding, i.e. large water droplets blocking
the flow channels and gas diffusion 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 flooding 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

e High cell voltage and efficiency.

e Well known and established technology.

e Operating temperatures do not require special system components.

e Fast system start-up from low temperatures.
Disadvantages

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

e Complicated water management.

e [External reformer is requires if other fuels are needed.

e Low temperature operation requires large cooling areas.

e 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 Nafion 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 simplifies the
cooling and humidification processes. The cathode reaction is the same as the LTPEM

fuel cell, but the anode reaction is different as seen in the following:

Anode : CH30H + H20 « COy 4+ 6H 6e™ (2.6)
Cathode : (3/2)02 + 6H™' + 6e~ — 3H20 (2.7)
Overall : CH3OH + (3/2)02 «— COs +2H-20 (28)

From equation [2.6]it is seen that COq is a product of the anode reaction. This is often
associated with difficult stack flow plate design, because gaseous CO2 bubbles emerge on

the anode side and needs to be vented. The anode catalytic loading is often higher than

14
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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 The electrochemical anode reactions of the DMFC requires significantly
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 [2.9
shows polarization curves for different 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 different types of direct methanol fuel cells [7], 12} 18, [46].

DMFC fuel cells are a good choice for small electronics applications using passive
diffusion 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 efficiency and the electrochemical potential
of the cathode process. The typical advantages and disadvantages of the DMFC are
listed in the following.

15
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Advantages
e Efficient fuel storage of methanol and water mixture.
e No external reformer required.
e Inherent anode cooling with fuel/water mixture.
e Anode fuel flow keeps membrane humidified.
e Fast system start-up from low temperatures.

Disadvantages
e Low cell voltage and efficiency.
e High losses increases cooling demands.
e Complicated water recirculation.
e Very high catalyst loading.
e (CO; bubbles in anode flow.

e Methanol crossover lowers efficiency.

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 humidification 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 100°C the product water will be steam, but a different 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 fire fighting gear. This polymer is in
itself a poor proton conductor, but combined with phosphoric acid, the conductive
abilities can be greatly improved. Different 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 diffuse 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 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
flooding 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

16



2.3 Fuel cell technologies
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Figure 2.6: Polarization curve of different 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 significantly shorter than LTPEM fuel cells. The advantages and

disadvantages of the HTPEM fuel cell are listed below:

Advantages

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

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

e High CO tolerance reduces the complexity of reformer systems.

e No liquid water present.

e High quality waste heat.

Disadvantages

e Lower cell voltage and efficiency.

e High demands for materials and components at high temperatures and in presence
of HoPOy.

e Slow start-up because of high temperature operation.

17
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2.3.4 Solid oxide fuel cell

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 800°C, 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 figure 2.7
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Figure 2.7: Polarization curve of different types of solid oxide fuel cells [15], B3], 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 [I, 5I]. 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 different 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

e High cell voltage and efficiency.

e Fuel flexibility.

e Internal reforming possible.

e Can use CO as fuel.

e Cheaper catalysts due to high temperatures.

e High quality waste heat.
Disadvantages

e High demands for materials at high temperatures.

e More volume is needed for insulation.

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

e 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 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 HITPEM 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 fulfills the demands for using a liquid fuel, but the system efficiency
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.
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Figure 2.8: Examples of different generations of HTPEM fuel cell stacks.
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Fuel cell system configuration

Fuel cell systems can be used at electrical power generators in systems where electrical
energy is needed. In many cases batteries can be replaced by fuel cells because of
smaller weight and volume requirements, and the possibility of continuous operation
because recharging is not needed. In some systems the heat generated by the fuel cells
can also be used to supply various processes and demands. The choice of using the
HTPEM fuel cell technology is associated with various advantages and disadvantages
as also explained in section [2.3.3] As later examinations and results also will indicate, the
advantages of designing simple systems, the independence of liquid water as a proton
conductor, and the good possibilities of using reformed liquid hydrocarbons are some

of the strongest advantages of these fuel cells.

3.1 Operating conditions of high temperature PEM fuel

cells

The membranes used in this research are primarily BASF Celtec P-1000 and P-2000
PBI-based membranes, with an active area of 45cm?. The fuel cell performance greatly
depends on the purity of the fuel used, and on the temperature. The effects of changing
any of these can be seen from the modelled polarization curves of figure [34].
Figure shows the fuel cell voltage at different currents and CO concentrations
as high as 5%. The recommended maximum anode CO concentration operating range
is up to 3%, but the degradation rate of the fuel cell is expected to increase during

long operation with reformate gas containing larger amounts of CO. The optimal oper-
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Figure 3.1: HTPEM Fuel cell polarization at different CO concentrations at 160 and
180°C, A4ir=2.5

ating temperature for the fuel cells is 120°C-180°C with the critical upper limit due to
increased degradation. The recommended lower boundary of 120°C is to avoid liquid
water. At low temperatures, the performance is increasingly poor, whereas high tem-
perature yields more efficient power production. Experiments on single cells have shown
at least 6300 hour steady operation in steady state operation at low current density (0.2
A/cm?), with a registered degradation rate of 5V /hr [24].

The different failure modes of the fuel cells can be characterized as follows. Anode
or cathode carbon corrosion can occur due to e.g. fuel starvation. The catalyst Pt
alloy can undergo particle growth, agglomeration or dissolution due to high potentials
and acidic environment. Electrolyte removal can occur at very low temperatures. The
membrane can be affected by different mechanical stresses during assembly or as a
function of temperature, which could result in pinhole formation and degradation.

The use of fuel cells as the only power supply for a given application can, result
in very expensive systems considering the novelty of the fuel cell technology and the
early stage of the fuel cell market. For this reason, and because other benefits can be
gained, the fuel cells can effectively be combined with other electrical energy storages

such as batteries and super capacitors. Figure shows an example of a simulation
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3.1 Operating conditions of high temperature PEM fuel cells

of the power demand for a vehicle undergoing one ECE-15 drive cycle followed by a

extra-urban driving cycle (EUDC).
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Figure 3.2: Overview of some of the choices made in the design phase of a fuel cell system.

If the vehicle was powered only by fuel cells, the fuel cell system needed to be able
to supply the peak power demand of 20 kW. Using a combination of super capacitors,
batteries and fuel cells allows the fuel cell system to be significantly smaller, and act
as an on-board charger delivering a constant base charge for the battery and fuel cell,
operating in it’s optimal operating point. Using this strategy, the large power peaks
experienced during acceleration is handled by the super capacitors and batteries, and the
fuel cells only need to supply the average power over the entire driving cycle. The size
of the fuel cell system should be based on the particular drive cycle of the application
and depends strongly on the amount of time the vehicle is not using any power. In
this period the fuel cell system is able to completely charge the batteries and super

capacitors.
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3. FUEL CELL SYSTEM CONFIGURATION

3.2 Fuel cell system design and hybrid power system con-

figurations

When designing a fuel cell system for a given application, fuel cell efficiency is of course
of importance, but often other practical issues determine the choice of technology and
system design. These are issues such as cost, fuel availability, system volume, system
load following capability etc. Figure [3.3] shows a typical roadmap of available system
choices during a design phase. In this work two types of systems have been designed,

one system running on compressed hydrogen and another on reformed methanol.
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Figure 3.3: Overview of some of the choices made in the design phase of a fuel cell system.

Figure[3.3| shows the choices made and discarded in the design process, starting out
with the overall choice of fuel cell technology, which is also described in chapter[2] With
the chosen HTPEM fuel cells, using cathode air cooling was explored instead of using a
liquid coolant. Typically air cooling will require some large geometries if low pressure
losses are needed, but in the case of HTPEM fuel cells the entire fuel cell system is
greatly simplified in terms of additional auxiliary components using this strategy. The
operation and performance of a HTPEM fuel cell stack using this cooling strategy is
analyzed in the following chapters, using compressed hydrogen as fuel. One of the main
disadvantages when using hydrogen is the tank volume. Using metal hydrides as Hy
storage only yields a limited weight percent [14] and also involves special refuelling
stations. In the case of liquid hydrogen, a cryogenic storage tank is needed, which
also greatly complicates a system, and increases the losses. Producing hydrogen on-
board the vehicle could be a possible solution to the problem with hydrogen storage.
An electrolysis system producing hydrogen from water would require large amounts
of electricity which in that case could be more efficiently directly from e.g. batteries.

Producing hydrogen from methanol is chosen as a possible fuel for a HTPEM fuel cell
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3.2 Fuel cell system design and hybrid power system configurations

system, utilizing the high CO tolerance of the HTPEM fuel cells. In the design of a
methanol reformer a new type of catalytically coated heat exchanger is used in order to
benefit from the good heat transfer of such a unit. This reforming system, and some of
the measurements and simulations conducted are presented in chapter [f

Figure [3.3| only shows the overall outline of choices made during the design phase
of a fuel cell system. Another aspect to consider when implementing fuel cell systems
in electric power systems is how the fuel cell system is to be operated, and how it fits
into the electrical system of a given application.

Fuel cell systems deliver electric power at a high efficiency. They are often im-
plemented to replace battery systems, because the long charging time of batteries is
inconvenient, and the lifetime in many cases limited. Fuel cells do not need recharging,
and will run as long as a sufficient fuel supply is present. Directly replacing batteries
with fuel cells is not always possible because the fuel cell voltage is not fixed. Fig-
ure (Top) shows the simplest way of connecting a fuel cell to the motor of a given

application. The fuel cell stack is connected directly to the motorcontroller/inverter.

Unregulated DC AC
+/ \
Fuel Cell Inverter
Unregulated DC Controlled DC AC
+ +
Fuel Cell DC/DC Inverter

| N N

Figure 3.4: Top: Fuel cells directly power the inverter that controls the motor. Bottom:
Fuel cell system is connected to the inverter through a DC/DC converter controlling the
input voltage and current to the inverter.

Because the fuel cell delivers a DC voltage dependent of the current load which can
vary up to 50%, such a system configuration would require an inverter with a wide
input voltage range, and a special switching control strategy in order to ensure proper
control of the motor. In this case the load from the motor will be determining the
operating point of the fuel cell system, and no directly control of the power production
is possible. Although no real fuel cell power generation control is possible some systems

can benefit from the simplicity of this type of configuration, if the load is well defined
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3. FUEL CELL SYSTEM CONFIGURATION

and matches the fuel cell system. An example of such an application is presented in
chapter and in Paper [A.3] If more control of the power generated from the fuel
cells is needed, i.e. a fixed input voltage is needed for the inverter, a DC/DC converter
is typically used to ensure proper current and voltage control. An example of this is
illustrated in figure [3.4[Bottom). As also explained in Paper combining fuel cells
with batteries or other electrical storage units, such as super capacitors, results in more
advantageous and cheaper systems. Figure (Top) shows an electric power system
where e.g. batteries are used as the DC link voltage between the fuel cell and inverter.
In this configuration, the battery and fuel cell system can share the load required from
the motor. The benefit of such a strategy is that the fuel cell system is not required
to supply the peak powers during accelerations in e.g. an automotive system, but only
the average power requirement, using primarily the battery pack for power, and the fuel
cell system as an on-board charger. This enables the system to operate much longer
periods without hours of charging that for battery system usually are unfavourable. The
price of the entire system could be significantly reduced by dimensioning this hybrid
fuel cell /battery system exactly to the load pattern of the given application.

Unregulated DC Fixed DC AC
+

Fuel Cell DC/DC Buffer storage Inverter

S + DClink —
uper
- pere

Fuel Cell

Figure 3.5: Top: Fuel cell system is connected to the inverter through a DC/DC converter
and an electrical buffer storage such as a battery or a super capacitor. Bottom: Each
electrical power system component is controller by separate power electronic units.

The voltage levels of fuel cells, batteries and super capacitors used in such hybrid
systems need to be balanced properly if the benefits from all these components are
desired in a given system. This is rarely the case, and can result in very expensive,
overdimensioned and bulky systems. It applies for both fuel cells, batteries and super

capacitors, that a series connection is needed to raise their voltage. High voltages of
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3.2 Fuel cell system design and hybrid power system configurations

e.g. 400V are usually required in order to reduce wire dimensions and enable the use
of standard industrial components. Series connecting capacitors enable them to be
connected to higher voltage levels, but also reduces the capacity. Therefore using the
strategy proposed in figure [3.5Bottom), where multiple converters are implemented to
boost the voltages of each of the power units reduces the size of the super capacitor
pack. In this strategy it is possible to precisely control the charging and discharging
of each of the components, but the system complexity is much higher because of the
additional power electronic components. And although power electronics are efficient,
additional losses are introduced. Choosing the proper configuration strategy depending
on the load pattern of the power system, can optimize e.g. cost, performance, operating

time or even lifetime.
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Hydrogen based high temperature
PEM fuel cell system

One of the most desirable fuels for PEM fuel cells is hydrogen, because it offers the
smallest losses and gives the best performance. There are many different ways of storing

hydrogen, as listed below:
e Compressed hydrogen
o Metal hydrides
e Liquid hydrogen
e Reformable fuels
A very straight forward way of storing hydrogen is using cylinders with compressed

hydrogen, 250 bar, 700 bar or even 900 bar. The hydrogen is compressed in cylinders
but even at high pressures, the density of hydrogen is still very small. High-pressure
storage of any gas introduces a safety risk, and the compression often involves a high
power consumption affecting the overall efficiency and sustainability [44]. Keeping hy-
drogen in specially alloyed metal hydrides is another way of storing hydrogen. Metal
hydrides exist in both physical form, adsorbing hydrogen in special alloys, or in chemical
compounds usable mixed with e.g. water. In physical metal hydrides, the hydrogen is
often released by heating the metal hydride and alloys can be designed to match specific
temperatures close to ambient. Some of the main problems when using metal hydrides
include the storage/release kinetics, i.e. removing the hydrogen at a fast enough rate.
When refueling the metal hydride cartridge cooling is needed and much care must be
taken, to avoid poisoning the metal hydride. Some metal hydrides can be highly toxic

and explosive, and the energy density of the technology is still to be improved for use
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in automotive systems [I1), 14]. At low temperature (22K) hydrogen condenses into
a liquid. This liquefaction ensure storage of hydrogen at lower pressures, with a high
energy density. Often large insulated storage containers are needed and ~30% of the
energy content of the stored Hy is needed to liquefy the Hy [44]. Issues with hydrogen
boil-off also increases the complexity of using this type of storage. The problem of
storing hydrogen does not only concern consumption, but also production and distribu-
tion. If gaseous and liquid hydrogen are to be utilized for electricity production, large
investments must be made in infrastructure. A liquid hydrocarbon based fuel could
solve some of these storage and distribution and introduce a lower cost target because
of e.g. simpler and more well established infrastructure. Systems using one type of

liquid hydrocarbon, i.e. methanol, will be mentioned later (see section .

4.1 High temperature PEM fuel cell stacks

At the initiation of this research is was not possible to acquire HTPEM fuel cell stacks,
only single cells. Therefore some of the work involved assembling a stack to test the
feasibility of using HTPEM fuel cells producing power at a level usable in industrial
applications. Figure shows two different HTPEM fuel cell stacks. A prototype
developed at the Department of Energy Technology at Aalborg University, and a further

developed commercial product manufactured by Serenergy A/S.

Figure 4.1: Top: 30 cell HTPEM fuel cell stack, initial prototype stack. Bottom: 65

cell HTPEM fuel cell stack, commercial stack from Serenergy.
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4.2 Test of 30 cell prototype fuel cell stack

The prototype stack is a 30 cell stack, using PEMEAS (later taken over by BASF)
Celtec P1000 MEAs, with an active area of 45 cm?. A single cell consist of two bipolar
plates, teflon gaskets and the MEA. The stack delivers approximately 400W, and is
developed to test the performance of stacking HTPEM fuel cells and to test the principle
of using high cathode air flows to cool the stack, i.e. not needing an additional cooling
circuit in the stack. The prototype stack is shown without the 50mm foam insulation
that is applied to avoid insufficient temperatures during operation. The blower shown
is a 12V Micronel D483Q which supplies the cathode and cooling air. In the same end
of the stack, the hydrogen is also supplied. Both current collectors are led to the same
end as the gas connections, to simplify insulation and system integration.

The 65 cell stack produces a nominal power of 1kW and has undergone a product
maturation process leading to better stack temperature distribution and flow distribu-
tion resulting in an increased performance compared to the 30 cell stack. The mem-
branes used are the same as for the prototype stack, but a new configuration of the
bipolar plates has led to the possibility of using only one plate per cell. The cooling
principle still utilizes the possibility of using high cathode air flows, which is possible
only because the phosphoric acid doped PBl-membrane does not dry out at high air
flow as a liquid water based proton conductive membrane would do. In the following

examples of two systems using these two stacks will be presented.

4.2 Test of 30 cell prototype fuel cell stack

The purpose of the experiments conducted on the 30 cell prototype stack, are to evaluate
the performance of a cathode air cooled HTPEM stack, and to develop control strategies
to operate the system efficiently. The initial tests conducted on the 30 cell stack are
described in Paper [A.7] Figure shows a schematic of the setup use for testing the
30 cell stack. The system consists of a the fuel cell stack with mounted thermal sensors,
a hydrogen pressure valve and a cathode air blower. For cathode air supply it is also
possible to use a Biirkert 8626 mass flow controller (MFC) able to supply up to 1000
L/min of air, for a more well defined air flow. The differential pressure between the air
inlet and outlet is measured using an SM5852 differential pressure sensor.

The hydrogen supply for the stack is supplied from a reduced pressure of 8 bar, from
pressurized bottled hydrogen. Afterwards it is further reduced by a single stage GO

31



4. HYDROGEN BASED HIGH TEMPERATURE PEM FUEL CELL
SYSTEM

................ Air flow 6 Cell temperature 30 Cell voltage
Hydrogen flow measurements (T U ) measurements
—— — — [Insulation Ambient temp.
Supply valve Pressure reduction |_ e - _|
vave. 1 | |[ 120°C-180°C 0
Pressurized H
’ — = I I
<“——  Purge valve | :
|
Axial fan ----@ .................... [..JI.. L
@ |
Atmospheric air X % i : |l
i : | HTPEM FC Stack 30 Cells | :
H -
Pressurized air H Insulation |
MFC i L ttilon
[

Figure 4.2: System diagram for 30 cell prototype fuel cell stack setup

Regulator LG1 pressure reduction valve to a fixed pressure of ~0.15 bars in the stack,
which is operated at this constant pressure. The hydrogen inlet flow can be restricted
by an on/off valve (Biirkert 6011A) and hydrogen purge is possible during operation
using the normally closed purge valve. In this type of hydrogen supply, the anode flow
is controlled passively by the reduction valve opening to keep a constant pressure when
ever hydrogen is removed, i.e. when a current is drawn from the stack. A mass flow
controller can also be used, but the introduction of a recirculating system using e.g. an
ejector is needed to avoid fuel waste. During long term testing a difference in water
production of the membrane was discovered. The constant pressure strategy which has
a high pressure on the anode side seems to remove all the water via the cathode exhaust
air, whereas a setup using a mass flow controller a significant amount of water can also
be condensed from the anode exhaust. This suggests that diffusion of water from the
cathode to the anode side of the membrane, which could potentially remove phosphoric
acid and increase the degradation of the fuel cells. It also indicates that condensation of
water on the anode side is needed if an ejector recirculating circuit is introduced when

using a system with a hydrogen MFC.

4.2.1 Pressure and flow characterization

Initial tests made on the 30 cell fuel cell stack includes a pressure and flow characteriza-
tion to enable the choice of a specific blower for the system. Varying the air mass flow
through the stack while recording the differential pressure is conducted, using different
air inlet configurations. Measurements showing these experimental results are presented

in figure 4.3
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Figure 4.3: Pressure and flow characteristics of two different blowers and 30 cell stack
using different air inlet configurations.

Different iterations and improvements were made, increasing pipe diameters, remov-
ing 90° turns and changing manifolds. The characteristics of the axial Micronel D483T
blower supplying the cathode and cooling air is seen in the figure. It is in the final sys-
tem configuration operated at up to 24V, which is twice the rated voltage. During the
experiments and many hours of operation at these higher voltages, no signs of failure

were detected.

4.2.2 Temperature gradient

During the experiments conducted on the 30 cell prototype stack, one of the disadvan-
tages found was the resulting stack temperature gradient because of the high inlet air
flow at a relatively low ambient temperature (22°C) compared to the high operating
temperature (160°C). Although some heating takes place at the inlet end plate and in
the cathode manifold. The inlet part of the fuel cell stack is being cooled significantly as
seen in which shows the steady-state temperature distribution on the measurements
made on the 30 cell stack, in the 6 different points shown in figure 2 in Paper [A.]]

It is clear that there is not only a large through-plane temperature gradient from

the inlet part of the stack to the end of the stack, but also an in-plane temperature
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Top | Bottom
Inlet stack 142°C | 152°C
Middle stack | 165°C | 172°C
End stack 177°C | 177°C

Table 4.1: Temperature measurements during steady-state load of 0.2 A /cm?.

gradient from the top to the bottom of the stack. The result of this temperature
gradient is a lower performance of the fuel cell with the lowest temperature, because
the cell performance is strongly dependent on the temperature (see Appendix
and[A.1)). This is illustrated by single cell voltage measurements made, which are shown
in figure 4.4
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Figure 4.4: Steady-state individual cell voltage measurements at i—0.2A /cm?

Here it is clear that the temperature has a strong impact on the cell performance, the
cells following the temperature gradient with the coldest cell at the inlet have the lowest
cell voltage. The losses of the this lower performance can be calculated by looking at
the total power loss due to the voltage differences of each cell to the highest cell voltage
found at the cell with the highest temperature. These voltage differences sum up to

a total power loss at 0.2 A/cm? of 9W which corresponds to about 5% of the total
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4.2 Test of 30 cell prototype fuel cell stack

power generated by the stack. The strong temperature dependence is also seen during
transient operation, which is shown in figure where the temperature distribution
is plotted against time, during an experiment where the stack is experiencing a step
change in the current, from 0 to 0.2 A/cm?. Running the stack with a reformate gas

with CO, is expected to significantly increase these problems.
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Figure 4.5: Transient stack temperature measurements at i=0.2A /cm?

The temperatures are increasing due to the heat generated in the fuel cells because
of the losses explained in section Part of this heat is lost due to convection by the
cooling air, conduction through the insulation, but also heating of the fuel cell stack.
The resulting cell performance can be seen in figure [4.6] where it is clear that the cell
voltages all increase during the shown transient stack temperature, even though the
current load is constantly 0.2 A /cm?.

The temperature of the inlet part of the stack is somewhat constant, slightly decreas-
ing because of the increase in air flow to maintain a constant overall stack temperature.
This results in a slightly decreasing cell voltage over time as seen by some of the cells in
figure [£.6] If the current is changed very slowly it is possible to produce a polarization
curve as shown in figure [4.7]

In the experiment conducted to produce the polarization curve shown, the temper-

ature was controlled manually, and it is because of this, that small voltage changes are
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Figure 4.7: Simulated and measured polarization curve of 30 cell fuel cell stack.

present. These changes are where the air flow was increased to maintain a constant

stack temperature. In figure [£.7] a simulated polarization curve based on the steady-
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4.2 Test of 30 cell prototype fuel cell stack

state single cell model presented in [34] is also shown, and it is seen that the results are
similar even though the simulation is based on a single cell model. The main differences
occur in the part of the polarization curve where the current and the air flow is low.
These differences could be due to the temperature profile as explained before, and the
hydrogen pressure. Problems were identified with the hydrogen pressure, due to the
poor turn down ratio of the pressure reduction valve reducing the hydrogen stack pres-
sure from 0.15 bars to 0.05 bars. This effect is seen in figure [4.8] where the hydrogen

pressure is seen as a function of time during the creation of the polarization curve.
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Figure 4.8: Measured fuel cell stack states showing poor pressure reduction valve pressure

control.

It is clearly seen that the hydrogen pressure reduction valve is not able to control this
low 0.15 bar setpoint pressure, and although there is a constant flow of hydrogen to the
fuel cell, the valve is not able to control the pressure in the low pressure region. Another
effect which was found relating to the anode pressure, was that at pressures just slightly
above 0.2 bars, the cell voltage will drop, contrary to the common fuel cell voltage theory
explained in section [2.2] which states that an increase in hydrogen pressure will have a
positive impact on fuel cell voltage performance. The drop experienced is concluded to
be attributed to increased hydrogen crossover, and the lowered performance involved

with this effect.
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4.2.3 Stack heating

When drawing a current from a high temperature PEM fuel cell, the stack temperature
is required to be at a temperature where no liquid water forms in the cells, in order
to avoid the removal of the proton conducting phosphoric acid in the membrane. This
requires a pre-heating of the fuel cell stack which can be done using different methods
to minimize the heating time. Experiments conducted using the 30 cell stack can be
found in Paper In figure an example of pre-heating the 30 cell stack is shown
using heating mats placed on the top and bottom of the fuel cell stack.
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Figure 4.9: Temperature of 400W HTPEM fuel cell stack during heating with 400W
surface mounted heating mats.

The electrical input power of the heating pads during this experiment is 400W, and
it is seen that the heating time is 2271s . This heating time is defined as the time
for the lowest measured temperature to reach 100°C, such that the fuel cell product
water will be in vapor phase. If using the fuel cells in an application where system
start-up time is critical, another power source needs to be available while the system is
heating. Typically a small battery pack could be used to supply the system with power
while heating, and the size of this battery pack will depend on the time it needs to be

operating, and the power it needs to supply to the heating process itself, if electrical
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heating is used. A further elaboration on specific heating strategies for HTPEM fuel

cell stacks is presented later in this work.

4.2.4 30 cell stack performance test

One of the great advantages with fuel cells is their ability to be used for dynamically
changing loads. Figure 4.10| shows a performance test of the 30 cell fuel cell subjecting
it to different load situations. The fuel cell is initially heated, the end of this heating
cycle is shown in figure [4.10l The hydrogen is introduced to the stack, resulting in the
stack voltage rising, as seen in figure [£.10]
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Figure 4.10: Load current and fuel cell stack voltage response in performance test.

For a while during idling, when the hydrogen supply is turned on, the stack voltage
drops due to dropping temperatures, because the system heating has been suspended.
At around 250s a current ramp is initiated and the voltage drops further. When the
current reaches a value where the system is overheating, it is reversed for a short while
and then quickly shut off at about 500s. After this, the stack is constantly loaded at
20 A and 10 A. A plot of all the sampled stack voltages and currents for the entire
measurement is seen in figure [{.11]

Because of the ramp load, the voltage and current plot has the same shape as a

polarization curve, but note that the temperatures during the experiment are changing,
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Figure 4.11: Plot of all sampled currents, voltages and corresponding power for the 30
cell stack.

so direct comparison is not possible. Constant load areas can be seen in the power and
polarization curve where the measurements are most dense. At the high current loads,
the points fluctuate because of the dynamics of the air cooling control.

The fuel cell system efficiency 7nsystem of the shown load cycle in figure is cal-
culated as in equation [4.1}

_ (UFC : IFC’) - PBlower
Nsystem mHQ LHYV

(4.1)

This efficiency is calculated as the ratio between the usable electrical power and the
power available in the supplied hydrogen. The usable electrical power is the produced
fuel cell electrical power i.e., the multiplication of the stack voltage Upc and the current
Irc, and a subtraction of the parasitic losses Ppjower from the blower, which changes
dependent on the current Ipco. The power available in the input hydrogen is calculated
by a multiplication of the mass flow of hydrogen 7y, and the lower heating values LHV.
The efficiency of the performance test shown is seen in figure d.12

During the performance test the stack temperature control is active, it will be ex-
plained in details later in section [6.2.1] The general performance of the prototype fuel

cell stack was satisfactory and showed promising results for the cathode air cooling
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Figure 4.12: Fuel cell system efficiency during load cycle.

strategy. The primary problems with the stack developed was the temperature gradient
both through each of the cells in the stack, but also from top to bottom, i.e. in the
plane of each single cell. The system required to run such a system efficiently from pure

hydrogen is remarkably simple.

4.3 Test of 65 cell fuel cell stack

The Serenergy Serene 1002 and 1003 are 65 cell, 1 kW HTPEM fuel cell stacks. It is, as
the 30 cell prototype stack, based on the principle of using excess amounts of cathode air
to cool the stack. The Serene stacks have many improved features compared to the 30
cell prototype, including only one bipolar plate per cell, where the prototype stack used
two plates per cell. These changes have resulted in a smaller and lighter system, with
improved thermal characteristics and a reduced temperature gradient, which improves
the performance of the system. The improved temperature behaviour of the fuel cell

due to the lower mass gives advantages both during stack heating and operation.
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4.3.1 Fuel cell stack heating

The tests with the 30 cell prototype stack show a very slow heating of the system with
electrical heating mats, and the same is the case for the 65 cell stack, which has a
start-up time of 3423s using 400W on a top mounted 230VAC heating foil. Increasing
the electrical input power did not improve the heating time significantly for the 30
cell stack, but changing the heating strategy to convective heating, results in a larger
reduction of the heating time. Paper also examines different heating conditions for
the 1kW HTPEM fuel cell stack. Figure presents results of stack heating using

preheated air at different air flows.
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Figure 4.13: Temperature as a function of time at different air flows during heating of a
1kW HTPEM fuel cell stack.

It is clearly seen that the improvement in heating time using air is significant, needing
only 359s for the lowest temperature in the stack to reach 100°C at 500 L/min, which is
well within the operating conditions of the blower. Because of the long start-up period
different strategies should be considered for different applications. If requirements for
quick start-up exist, a good choice is strategies where the system is kept at a standby
temperature, such that it is ready for operation at any given time. If the user pattern is

more unpredictable a long start-up time where power is supplied from batteries during
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start-up could be feasible.

4.3.2 65 cell stack performance test

As described earlier, the stack needs preheating before a current load can be applied to
the fuel cells. The following experiments show a series performance data of the 65 cell
HTPEM stack. Initially the fuel cell stack is heated to a temperature of 100°C. Figure
[M.14] shows four temperature measurements made during operation of the stack. The
temperature probes are mounted on the top surface of the stack in the front, middle

and end part of the stack, and an additional sensor is mounted in the exhaust cathode

gas.
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Figure 4.14: 1 kW HTPEM fuel cell stack temperatures during steady-state loads.

Figure .14 shows the stack temperatures immediately after heating. It is seen that
the temperatures slowly start rising, more rapidly just before 1700s. The lowest stack
temperature is Tg,q, which is the temperature, measured at the end away from the
cathode air inlet and outlet. In this end, the temperature rise during heating is at
it’s slowest, also described in [A.4] The reason for the temperature gradient change at
around 1700s, is that the fuel cell current load is changed. The current and voltage of
the fuel cell stack can be seen in figure In the beginning of the experiment shown,

hydrogen and a cathode air flow is introduced to the stack, resulting in the voltage
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build-up seen at 1350s. Following the rise of the fuel cell stack voltage is a slow current
ramp to 5A, which is held for =300s. The constant load causes a very small overall

temperature rise of the fuel cell stack.
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Figure 4.15: 1 kW HTPEM fuel cell stack voltage and current.

As explained before, at ~1700s, the load is changed to 10A (0.2A /cm?), which can
be seen as an increase in the temperature gradient. Also because the air flow is changed
simultaneously, the exhaust temperature starts separating from the other temperature
measurements. The fuel cell system efficiency (LHV) during this load pattern can be
seen in figure and is around 40%. In the 5A part of the load, the efficiency
is constant, and there is a small step down at the load change, due to the increased
current drawn by the cathode blower. During the 10A load it is seen that the efficiency
rigses resulting from the increased performance due to the increasing temperatures, i.e.
the current load is the same, but the fuel cell stack voltage increases because of the
higher temperatures.

Fuel cells are often not only subjected to stable current loads, as shown in figure
but more dynamic loads. An example of a more dynamic load pattern is shown
in figure .17 In this example the fuel cell stack has been operated for a long time and
reached the desired operating temperature. The cathode air supply is being controlled

by a current feedforward control, and a stack temperature feedback. Because of the low
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Figure 4.16: Fuel cell efficiency during experiment, also accounting for parasitic losses.

average load in the case shown, the control signal dominating cathode air supply is the

feedforward.
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Figure 4.17: Fuel cell stack voltage and current during dynamic load situation.

The typical voltage behaviour of the fuel cell stack is clearly seen during this situa-
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tion, when the current increases, a drop in the fuel cell voltage is experienced. The fuel
cell stack is easily following all the ripples seen in the dynamic load pattern. The stack
temperature behaviour can be seen in figure |4.18] and because of the thermal mass
present in the fuel cell stack, the temperature changes are heavily filtered compared to
the current although the increased losses at higher currents are directly related to the
current. At around 200s, where the largest current change is experienced, some small

temperature gradients are experienced.

200 T T T T T T T T

1801 1

16 fOBEEEEE00000CC000000000000000000000000000)
jcx XXXXXXX 3
1401

1201 1
100 1

801 1

Temperatures [° C]

601 1

front

401

middle

X O +
I e |

end

20

exhaust

050 100 150 200 250 300 350 400 450 500
Time [s]

Figure 4.18: Measured fuel cell stack temperatures during dynamic load.

Compared to the temperature at the steady load in figure [.14] the stack has been
running for a longer time, and the temperature distribution is more uniform. The typical
steady-state temperature profile shows the exhaust and middle stack temperatures as
the highest, and the front and end temperatures as the lowest because of the increased
conductive losses in these parts. The fuel cell system efficiency is shown in figure [4.19
and is also around 40% throughout the experiment, also showing some of the dynamic
behaviour seen in the current and voltage.

At the points where the current reaches 0, equation does not apply, and yields
false results. This is seen in the areas around 200s where a current of 0A is experienced

multiple times.
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Figure 4.19: Fuel cell system efficiency during dynamic load.

The 65 cell HTPEM fuel cell stack shows a stable and predictable performance
during both steady-state and dynamical operation. Many improvements have been
made between the 30 cell stack and the 65 cell stack, but primarily the through plane
temperature distribution has been made more uniform increasing the efficiency of the

system.

4.4 Discussion

The work presented here regarding analysis of cathode air cooled HTPEM fuel cell stacks
running with pure compressed hydrogen shows the advantages and disadvantages of
this technology. The main advantages being the very simple system design and reliable
system operation. This is primarily possible because of the low pressure drop through
the stack, and the possibility of using large stoichiometric cathode air flows, without
the risk of significantly lowering protonic conductivity of the membranes. Furthermore
these fuel cell stacks have higher tolerances regarding the purity of the hydrogen used,
enabling them to use reformed fuels efficiently. The disadvantages of these fuel cell
stacks relate to the high operating temperatures, and the extended start-up time due to

this. The presented work shows a method to minimize this start-up time, by using new
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heating methods, but also the presence of small batteries in e.g. hybrid systems, could
solve these issue for systems with quick start-up requirements. Using pure hydrogen as a
fuel is in many cases not recommendable due to the very low volumetric energy density,
but also due to the lack of infrastructure and the costs involved in such an investment.
Therefore other fuels can be preferable and show promising results integrated with

HTPEM fuel cells, as the next chapter will present.
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Methanol reformer based high
temperature PEM fuel cell system

One of the most ideal fuels for fuel cells is hydrogen, but it is not a naturally occurring
resource, so it has to be produced from other sources. Many ways of producing hydro-
gen are available such as reforming methane or other hydrocarbons, water electrolysis
and other chemical methods. Production from renewable energy sources such as using
wind turbines, wave energy, or photo voltaic panels would ensure the reduction of CO2
emissions, but often depends on different random weather phenomena. When using
hydrogen as an energy carrier in the transport sector problems arise because of the low
density of hydrogen even at high pressures. Not only the on-board fuel storage in a
vehicle, but also the distribution of the fuel [11l 28] 37]. In many cases a liquid based
fuel would be preferable because already established supply systems used for fossil fuels
can be used. Storing hydrogen as a liquid involves very low temperatures, and complex
storage systems. An alternative way of storing hydrogen is by using a hydrocarbon
based fuel such as e.g. methanol, which can be produced by methanol synthesis, from
biomass or potentially by solid oxide electrolysis using water and COqy [29, [32]. The
use of on-board reformers using such liquid hydrocarbons require very pure reformate
hydrogen when using LTPEM fuel cells, with CO concentrations of only 10-100ppm
[2, 10, 16]. With HTPEM fuel cells being more tolerant to CO, on-board reformer
systems could be made less complicated with smaller fuel purification components.
The use of a heat exchanger methanol reformer has been analyzed in this work.

In the following, the initial tests with the reformer system will be presented, and fur-
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thermore the system has been integrated with a 1 kW HTPEM fuel cell stack, and the

possible operating strategies of this system are analyzed.

5.1 Initial methanol reformer system design

The concept of using a catalyst coated heat exchanger is to utilize the thermal advan-
tages of the heat exchanger, which include optimized heat transfer, compact design and
low thermal mass for fast temperature dynamics. Furthermore the plate heat exchanger
is a well known and reliable product which easily can be scaled to larger sizes. The heat
exchanger reformer is coated with at platinum based reforming catalyst and a burner
catalyst by Catator AB. The initial test setup for the system can be seen in figure [5.1]

<

!, ™
Burngggxhaust and
reformerputlet

Burner air and H,
massflow col froller

Methanol pumi

s—— g v |

*

Figure 5.1: Picture of the initial system setup

In figure [5.I] the reformer is visible in the center of the setup, insulated with 5cm
Microtherm insulation to reduce heat losses to the surroundings for a more uniform
reformer temperature. Six type K thermocouples have been mounted on the top and
bottom surfaces of the heat exchanger to analyze the temperature development of the
bulk reformer. The reformer catalyst is Pt-based due to the higher robustness than e.g.
a Cu-based catalyst [54], the disadvantage being an increased operating temperature.

Reforming of methanol can be done in different ways, and equation [5.1, and

shows three typical ways of reforming methanol:
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SR:  CH3O0H + Hy0 < 3Hs 4+ CO2(49.5k.J/mol) (5.1)
POX :  CHsOH + (1/2)05 < 2H; + CO2(—192.3kJ /mol) (5.2)
ATR:  ACH30H + (1/2)03 + 3H50 < 4CO; + 11Hy(0k.J/mol) (5.3)

The first reaction is the steam reforming (SR) reaction, where water and methanol
reacts to form hydrogen and carbondioxide. Steam reforming is the most common
method for reforming methanol, and many systems using this type of reformer have
been made [20], 21I]. The reaction is endothermic and therefore requires a heat input.
The reaction shown in equation [5.2]is the POX reaction, where a source of oxygen is used
together with the methanol to form hydrogen and carbondioxide. The partial oxidation
(POX) reaction, although it has a lower hydrogen yield than SR, often uses less catalyst
because of higher reaction rates, in the production of hydrogen and can result in very
compact reformers [3], 13, 22]. Because parts of the fuel flow in the POX reaction is
oxidized, the reaction is exothermic. The autothermal (ATR) reaction is a combination
of the two prior reaction, i.e. both water and oxygen is used, to combine the advantages
of the SR and POX in a reaction that balances the heating requirement, such that no
external heating is required [I7, B5]. The heat exchanger reformer presented in this
work is also capable of autothermal reforming, but only pure steam reforming will be
shown in the following. The overall steam reforming reaction presented in equation

including in this reaction are also the two following chemical reactions:

MD: CH;0H = 2H, + CO(90.7k.J /mol) (5.4)
WGS:  CO+ HyO = Hy + COy(—41kJ/mol) (5.5)

The methanol decomposition (MD) is the direct conversion of methanol to hydrogen
and carbonmonoxide. Carbonmonoxide is in PEM fuel cells viewed as a poison, while
for SOFC it can be used as a fuel. With water available in the reaction the water-gas-
shift (WGS) reaction can convert the carbonmonoxide into hydrogen. The balance of

the water and methanol fuel flow is referred to as the steam-to-carbon (SC) ratio:

SC = 0 (5.6)
NCH3OH
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This ratio is defined as the ratio between the molar flow of water ny,0 and methanol

NCH30H -

5.1.1 System setup

In the initial system setup it is possible, by a separate water and methanol pump, to
change the steam-to-carbon ratio, during operation of the system. The pumps used are
Grundfos DME 12 dosing pumps able to deliver 12 L /hr water and 2.5 L /hr methanol.
The pumps deliver a pulsating flow, but the size of the liquid bulk volume entering the
evaporator and the expansion during evaporation, ensures a stable gas flow in and out
of the reformer side. The methanol and water mixture is pumped into an electrically
heated evaporator, and is evaporated and superheated before it enters the reformer.
This is mainly to avoid using part of the HEX to evaporate and superheat the methanol
and water mixture. The evaporator is a cylindrical aluminium block with four 400W
heating cartridges at the top and in the bottom of the block. A sketch and picture of the
plate heat exchanger reformer is seen in figure where it is seen that one side of the
heat exchanger acts as the steam reformer which is an endothermic process requiring

heat, and the other side acts as a burner supplying this process heat.

. Burner out Burner in
Reformer in Reformer out J.

urner catalyst
Reformer catalyst

urner catalysi
Reformer c: U

Figure 5.2: Picture and sketch of the reformer principle.

The fuel for the burner is in these initial tests, a supply of pure hydrogen mixed with
air, via two mass flow controllers a Biirkert 8626 MFC 200 L/min for air supply and a
Biirkert 8712 MFC 30 L /min for supplying hydrogen. The catalytic combustion is easily
started from room temperature, but a too high hydrogen concentration can results in
flashback, which results in critical temperatures, that could sinter the catalyst. A sketch
of the initial system and the measurement points, are shown in figure 5.3}

In the final system the stack will be running at an overstoichiometric anode flow

because of the different dilutants in the reformer outlet gas. The excess hydrogen exiting
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Figure 5.3: Diagram of the initial system setup

the fuel cell stack will finally be catalytically combusted in the burner, supplying the
heat needed. In the initial system, the temperature of the evaporator is measured in
the lower part of the bulk aluminium as close to the liquid as possible, and also in the
vapor exiting the evaporator. The temperatures of the different gas flows in and out of
the reformer and burner are measured, and air pressures can also be measured at the
sites where air is supplied. Notice that it is possible to add air in the evaporator for
autothermal operation. To evaluate the performance of the heat exchanger reformer, the
gas can be sampled when exiting the reformer, and is measured by a Pfeiffer Omnistar

mass spectrometer.

5.1.2 Gas composition

The expected gas composition of the exiting reformate gas can be estimated by calcu-
lating the chemical equilibrium of the steam reforming reactions. The measured gas
composition can be somewhat different depending on the catalyst, space velocity, local
reformer temperatures, and pressures throughout the reformer. As presented in Paper
the Gibbs free energy G has a minimum at chemical equilibrium at a given pressure

p and temperature T', expressed by:

a=>n [GSM(T) +RT (ln (%) + ln(XZ-))] (5.7)

i=1 p
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Where ¢ is the +’th specie. The gas composition will be at equilibrium with respect

to the molar balance of the A’th atom, expressed by:

N

i=1

Using Lagrange multipliers A, the following two equations can be solved to yield the

molar fractions X of the chemical equilibrium.

oL p E :
oL ~
gy (5.10)

The derived steady-state model, can be used to predict the output of the reformer
under conditions of varying temperatures and SC. Figure 5.4 Left) and [5.4(Right), show

the gas composition as a function of temperature at two different SC.
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Figure 5.4: Left: Gas composition as a function of temperature at SC=1. Right: Gas
composition as a function of temperature at SC=3.

To obtain the best conditions for fuel cell stack performance and lifetime, the CO
content of the reformer outlet gas is required to be as low as possible. It is seen that
from a theoretical point-of-view, using chemical equilibrium, increasing the temperature
will increase the CO concentration, and lower the hydrogen concentration. Adding more
water, i.e. increasing the SC will decrease the CO concentration at higher temperatures
due to a more active water-gas-shift, this will in turn decrease the efficiency of the system

because more power is needed to evaporate the additional water. In general operation
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at low temperatures give the lowest CO concentrations. The reforming catalyst used
in the reformer is typically used at 350-400°C for optimal hydrogen production, and
the water-gas-shift reaction is only significantly active at temperatures above 350°C.
The impact of adding CO to the anode hydrogen gas is illustrated by the single cell

polarization curves shown in Figure 5.5
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Figure 5.5: HTPEM Fuel Cell Polarization at different CO concentrations at 160 and
180°C, Aair=2.5

The simulations in Figure are based on an empirical model [34], and clearly
show the impact on the fuel cell voltage, when increasing the CO content of the anode
hydrogen gas. The reason for the CO lowering the performance of the fuel cell stack
is the adsorption of CO on the platinum catalyst sites on the fuel cell anode catalyst
layer, leaving fewer active sites for hydrogen to react. Furthermore the CO adsorption
is slower than hydrogen adsorption. Some performance increase of the fuel cell can be
gained by increasing the temperature, as seen on figure [5.5] but increased temperatures

can also accelerate fuel cell degradation.
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5.1.3 Initial methanol heat exchanger reformer performance test

The initial experiments performed on the heat exchanger methanol reformer are de-
scribed in Paper[A.5] Measurements conducted in some of the typical operating regimes
are presented in the following. During system start-up using this initial system setup, a
mixture of pure hydrogen mixed with air is supplied to the burner side of the heat ex-
changer reformer, supplying the heat needed for the steam reforming process. If the air
to fuel ratio is too small, and the burner inlet temperature reaches high temperatures,
hydrogen flash backs occur, which should be avoided due to very high temperatures.
Figure [5.6] shows temperatures measured on the heat exchanger reformer during system
operation. Three points on the top and bottom one, in each end of the reformer, and
one in the middle of the reformer are measured. These temperatures are measured at

the reformer surface on the inside of the insulation.
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Figure 5.6: Reformer surface temperatures during steam reforming heated using pure

hydrogen.

During the initial heating of the system (up to around 800s) the temperature starts
rising soon after the introduction of hydrogen to the burner. The reformer temperature
is controlled manually, with an introduction of a hydrogen fuel flow of 3-4 L /min using
an increase in air flow to control the temperature, and avoid too high temperatures. As

soon as average temperatures above 350 °C are reached, the methanol and water pumps
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are started. The fuel flow introduced by these two pumps is shown in figure 5.7 The

initial high water flow is needed to empty air out of the water fuel pipe in the system.
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Figure 5.7: Methanol and water flows during system experiment.

At around 800s a constant water flow of 0.8 L /hr and a methanol flow of 0.4 L/hr is
started. This corresponds to a steam-to-carbon ratio of 4.5, and introduces a hot steam
gas into the reformer by heating in the evaporator. After this constant fuel flow, a step
change in the water flow is made, reducing it to 0.6 L /hr (S/C 3.4), and afterwards the
sizes of the water and methanol flows are switched for a short while, i.e. the methanol
flow is 1 L/hr and the water flow is 0.5 L/hr. This change is made in order to see a
short dramatic change in the gas composition response, which is much dependent of
steam-to-carbon ratio. A large increase in methanol flow and simultaneous decrease in
water flow is expected to decrease the water-gas-shift activity and hereby increase the
amount of CO in the reformate gas. The gas composition is measured using a mass
spectrometer, and clearly states this change in fuel and water flow which can be seen
in figure [5.8] where the CO shortly increases and the COgy decreases.

The time axis in the gas composition measurement shown in figure is a bit
different due to the difference in start time of the datalogging started on the mass
spectrometer, and the other reformer states. While using the mass spectrometer, differ-

ent calibration procedures were conducted in order to measure the content of different
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Figure 5.8: Dry volumetric gas composition during reformer operation.

species in the reformate gas. Particularly with measurement focusing on CO in hy-
drogen, it was found that the ion current calibrations were somewhat nonlinear, i.e.
calibrations using many different CO concentration gasses were needed in order to yield
the correct gas concentrations. Due to this, an uncertainty in the CO measurement
shown in figure is expected in the concentration more than a few percent away
from the 5% calibration gas used in the calculation of the volumetric fractions. After
the rapid switch in flows, a steady steam-to-carbon ratio of &~ 4 is kept for 1300s, also
yielding a steady reformer output concentration of 65% Hy 30% CO9 and 5% CO.

The evaporator itself initially heats the liquid fuel mixture to the boiling point, and
afterwards superheats it before it enters the reformer. The temperatures in and out of
the reformer during the test is presented in figure [5.9

The burner input temperature Ty,ner,in, is constantly at ambient temperature, and
the output burner temperature TByrner,out follows the behaviour of the surface mounted
temperature measurements, initially rising during heating, to around 300 °C during
start-up and afterwards slowly rising throughout the experiment. The reformer input
temperature is controlled in the evaporator, which is the reason for the step changes seen
in the measurements. This is due to changes in the evaporator temperature set point, to

examine the response of the implemented controller. Oscillations are encountered in the
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Figure 5.9: Temperatures if the gasses entering and exiting the heat exchanger reformer
during operation.

evaporator exit temperature, and they seem to be decreasing in amplitude at increasing
set point values. This behaviour could indicate stability problems with the implemented
controller, but in the experiments conducted the PI controller parameters could not be
found to stabilize this behaviour. During close examination of the step response of the
evaporator temperature a few seconds of dead time were found, i.e. a time delay exists
from when the evaporator electrical power is turned on until the evaporator temperature
start rising. In order to compensate for this dead time a Smith-predictor is implemented,
using a derived model of the system and the time delay. The principle of this predictor
is shown in figure [5.10

The principle of the Smith-predictor shown in figure is to use a linear model
of the evaporator, in this case a first order system as shown in the figure. The used PI
controller output is fed into the evaporator model and the model output is used as a
negative feedback which is subtracted from the difference between the reference tem-
perature and an outer feedback signal. This outer feedback signal is the model response
of the PI controller output including the estimated system dead time subtracted from
a measurement of the controlled state. The difference is used as a negative feedback

together with the temperature setpoint, and creates part of the error signal for the PI
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Figure 5.10: Smith-predictor used as dead time compensator.

controller. In this way, if the system model is correct, a dynamic compensation for
the dead time will be made. This strategy works, and avoids the oscillations shown in
figure but a precise linear system model, and dead time estimation is needed. The
means, that some areas of operation could exist, where the system shows more nonlinear
behaviour, than the linear model predicts. Figure shows the top gas temperature
and bottom solid temperature of the evaporator using the Smith predictor, during a

constant feed flow and using and different temperature set points.
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Figure 5.11: Evaporator temperature as a function of time using a PI controlled Smith-
predictor to compensate for system dead time.
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stack

The dead time compensation seems to work, but a more thorough system analysis
might show that the region of controller parameters that offer non oscillating operation
exists, but simply is very narrow, but still possible to control the system acceptably.

The concept of using a catalytically coated heat exchanger to steam reform methanol
was successfully demonstrated, utilizing good heat transfer and low thermal mass, show-
ing promising results for use together with a HTPEM fuel cell stack. The main disad-
vantage being the high CO content in the anode gas due to the use of platinum based
catalyst.

5.2 Integration of heat exchanger methanol reformer sys-

tem with fuel cell stack

The initial results of the heat exchanger reformer presents a system with an acceptable
performance and a proof of concept for the catalytically coated heat exchanger as a
reliable strategy for steam reforming of methanol. The efficiency of the system could
be further analyzed and improved by integrating the reformer with the stack, utilizing
some of the available waste heat from the fuel cell stack to run the evaporation of the
methanol and water mixture flow.

A typical air flow through the stack is approximately 350 L/min at the nominal
power, where the electrical efficiency running on pure hydrogen is typically 40-45%.
When introducing CO to the inlet anode gas, which is typically the case when reforming
methanol, the electrical efficiency will be lower depending on the CO concentration;
which in turn increases the cooling demand and the heat removal from the fuel cell stack.
Using the heat available in the exhaust cathode cooling air to evaporate the methanol
water mixture will increase the overall system efficiency and remove the dependence of
using the electrical power generated from the fuel cell to supply the supportive system,
as when e.g. using electrical heaters during operation. The exhaust from the burner
also contains a lot of heat, which could support the evaporation process.

Figure shows the system operation during normal operation, where the system
is running in standard fuel cell power production mode at a varying or fixed current
load.

A small KNF FMM20 membrane pump able to deliver up to 30 ml/min, pumping

a mixture of water and methanol into the evaporator which is heated by the fuel cell
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Figure 5.12: System diagram where the flow path is visible during operation of the fuel

cell system.

stack cathode exhaust air exiting at 160-180°C in normal operation. The evaporated
fuel enters the reformer where it is converted to Ha, CO, COs and H2O. The exiting
reformate gas enters a water gas shift catalyst to lower the CO content, and is afterwards
cooled to stack temperature, where condensed water is removed before the fuel flow
enters the stack at anode stoichiometry of ~1.2. The residual combustibles, i.e. Hy and
CO is afterwards mixed with air and catalytically combusted in the burner side of the
heat exchanger where it transfers heat to the reforming process.

A picture of the system is shown in figure [5.13] where the main system components
are outlined.

The methanol/water pump is seen in the bottom of the picture, pumping the feed
flow into the evaporator, where heat is added by using two electrical heaters, and by
a preheated air flow, that acts as a fuel cell stack emulator. After the evaporator, the
steam based methanol and water enters the reformer, which is heated by a supply of
hydrogen from the shown mass flow controller, mixed with an air flow. The reformate
gas enters a water-gas-shift and is afterwards cooled to a temperature that matches the
fuel cell stack temperature. The reformate gas is sampled in a mass spectrometer, and
an additional condenser is placed in the gas sample flow, to ensure that no liquid water
is present in the mass spectrometer used to measure the system gas composition. A

close-up of the uninsulated system is seen in figure [5.14], where the reformer connections
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Figure 5.13: Picture of the system setup using hot air for methanol evaporation.

are visible in the bottom left part of the picture.

Burner start-up fuel Burner exhaust
e e

Start-up burner
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Figure 5.14: Picture of the integrated system setup

During the start-up of the system, different strategies can be used, initially using

electrical heaters, but preferably combustion of available fuel which is more efficient,

and does not depend on an additional electrical source i.e. a battery. The system has

two three way valves which redirect some of the gas streams during the start-up of the
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system. The initial evaporation of the methanol and water mixture is done electrically
and the evaporated fuel is directed directly to the burner side of the reformer where it
is mixed with the burner air flow. The configuration of the system during start-up, is

shown in figure [5.15]
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Figure 5.15: System diagram where the flow path is visible during start-up of the fuel
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cell system.

Once the combustion process is running, the burner exhaust is redirected to enter
just after the stack cathode blower, where it can be mixed, and the inlet temperature
controlled. The gas flow heating the stack will gradually decrease the need for electrical
power used for the evaporation process, and after a while both the reformer and fuel
cell stack will be at operating temperatures and ready to deliver electrical power and

switch back to operating mode.

5.2.1 Control of integrated system

To test different control strategies for running the system, estimate efficiencies and de-
rived controller parameters, a simple simulation model has been derived using Simulink.

The model generally uses the method of modelling each of the components in the system
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as a lumped thermal mass, as in Paper This method together with an equilibrium
model of the steam reforming reactions described in Paper[A §]yields the model of which
an overview is shown in figure [5.16

rnHZl mCO
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Figure 5.16: Overview of the dynamic simulation model

This model predicts the different dynamic states of the fuel cell stack and methanol
reformer system. The primary assumptions are that the gas composition can be looked
at as chemical equilibrium at a temperature a bit lower than the actual reformer tem-
perature. The temperatures of the system have been determined using a lumped ap-
proach and are expected have significantly larger time constants compared to fuel cell
stack voltage dynamics and reformer chemical reaction rates, such that these can be

neglected. The different controllers acting in the system are listed below :

e Fuel cell stack temperature control
e Reformer temperature control

e Fuel feed flow control

The fuel cell stack temperature control is carried out by using PI controlled cathode
air cooling of the stack, which is elaborated in section The fuel cell feed flow is
based on an estimated hydrogen conversion ratio at the desired stack hydrogen flow and
a A, ensuring proper excess hydrogen for the heat supply to the burner. The function
of the stack temperature control is explained in detail in Paper . The reformer

temperature is controlled as follows. The hydrogen exiting the fuel cell stack is mixed

65



5. METHANOL REFORMER BASED HIGH TEMPERATURE PEM
FUEL CELL SYSTEM

with air and catalytically burned to supply heat for the reforming process. To ensure
proper temperature control, the burner air flow is increased when the temperature
rises above a specified set point, increasing the convective losses, hereby cooling the
system and lowering the combustion temperature. The fuel feed flow is estimated by

the expression in equation

Neells - AMEA 1 )\Hg
2-F - pcH;0H " TH,

QCHgOH = Kestimator : (511)

Using a constant value of the gain Kegsimator 1S usable, but as it relates to the ratio
between the molar gas flow into and out of the steam reformer, it is strongly dependent
on both the temperature and steam-to-carbon ratio. The number of cells in the stack
are noted by ncens, Avpa is the active MEA area, i is the current density, and z g, is the
molar fraction of hydrogen. The importance of choosing the correct value for Kegtimator
is vital for efficient operation of the system due to the direct impact on system efficiency.

A dynamic system simulation using the determined system controllers using a dy-
namic current load pattern has been carried out. The particular load profile, and

resulting fuel cell stack voltage curve is shown in figure [5.17]
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Figure 5.17: Simulated fuel cell stack current and voltage of reformer system.
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During the shown loading simulation, the system is allowed to switch between dif-
ferent operating modes in order to avoid singularities in the system equations. These
two modes are operating mode and start-up mode. Because a current is not to be drawn
until the stack temperature is within reasonable temperature ranges. Figure [5.17] also
shows that the step changes made in the current is limited to change load states in at
maximum of 500 seconds. The dynamics of the temperatures in parts of the system

during operation is shown in figure [5.18]
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Figure 5.18: System temperatures during simulation using constant 300 W electrical

power input to evaporator.

It is seen that the fuel cell stack and reformer temperatures are properly controlled,
but that the reformer, only slowly reaches the set point temperature of 320°C. The
fuel cell stack reaches the set point temperature of 180°C much fast due to the lower
temperatures. The high temperatures of the stack is in this case chosen because the
system is running on gas with a CO content. The evaporator temperature is initially very
high, because 300W of constant electric power is input to the system from the starting
point to ensure constant evaporation of the fuel. Very large temperature gradients
are seen in the initial time steps due to the low thermal mass of the evaporator and
the surplus of heat input. Figure [5.19] shows the different power levels present in the

system in the duration of the simulation. During the initial part of the load pattern,
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the current is low, and the fuel cell efficiency is high, which decreases the losses, and
hereby the heat removed in the fuel cell stack. Because this heat is used to evaporate
the methanol and water mixture, and the temperatures in this case are below the
evaporator temperature, convective cooling is actually occurring at the evaporator. A
rising evaporator temperature is only possible due to a constant 300W electrical power
input. Only at higher current loads will the evaporator be heated by the stack cathode

exhaust air.
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Figure 5.19: General power levels in the evaporator using 300 W electrical power input.

The critically high temperatures of the evaporator during the initial phases of the
system simulation of the load pattern, are not acceptable. Furthermore all use of elec-
trical power will give additional parasitic losses which will lower the system efficiency
significantly. Implementing a controlled electrical power source to the evaporator can
improve this strategy of operation, and avoid high temperatures as shown in figure [5.20

Figure shows that the 300 W initial heating is only needed initially to evap-
orate the methanol used in the heating process. After this heating, the system will
gradually start to generate hydrogen, which can be used in the fuel cell and add heat
by convection instead. Here the electrical heating power can be turned down, and the
system is supplied primarily by the heat losses from the fuel cell. It is also seen that

the evaporator generally needs more power than can be input from the convective heat
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Figure 5.20: General power levels in the evaporator using a controlled 300W power
source.

added. Additional heat for the evaporation must be supplied other than the heat avail-
able from the fuel cell stack. The resulting system temperatures from this controlled
electrical heating strategy are shown in figure [5.21}

During the operating conditions using the controlled electrical evaporator strategy,
the gas composition of the reformate before the water-gas-shift is shown in figure
It is seen that the gas composition is kept quite constant after the initial reformer warm
up procedure with approximately 64% Ho, 19% CO2 14% Hs and 5%CO. From 0 to
18000s it is seen that the gas composition indeed is quite dependent on the reformer
temperature.

The water-gas-shift is in this simulation simplified to assume a conversion of 80% of
the molar flow of CO to hydrogen. This yields an expected CO concentration of around
0.8 % into the fuel cell stack.

The efficiency of the different operating procedures described are presented in figure
[6.23] The fuel cell efficiency ngc, is the ratio between the fuel cell stack electrical output
power and the input power available as heating value of methanol (based on the HHV
of methanol). The efficiency is varying at the highest value of 44 % at ~0.04 A /cm?,
to 32 % at 0.6 A/cm?.
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Figure 5.21: System temperatures during simulation using controlled electrical power

input to evaporator.
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Figure 5.22: Gas composition of reformate during simulation before water-gas-shift.

Because of the extra heat needed to evaporate the methanol and water mixture, and

other parasitic losses, will lower the system efficiency further. 71gystem,300Wevap.heat 15
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Figure 5.23: Efficiency of different presented operating strategies.

the system efficiency using ratio between the electrical fuel cell output and the methanol
power input, subtracting an the additional 300W heat for evaporation from the gen-
erated fuel cell power. This strategy renders the system with a significantly poorer
efficiency, even with operating points during the load pattern, where the system uses
more power than it produces. Using a controlled electrical power input as explained ear-
lier increases the efficiency significantly in some areas, but still only reaches about 15%
during the final current load of 0.3 A/cm?. The effect of controlling this supplemental
evaporation power is seen for 7gystem controlledevap.heat- Maximizing the efficiency could
be done by using some of the many mentioned hot sources in the system, this is shown
as 1)System,noelectricalheat, Where the system is assumed self sufficient in evaporation heat,

and with parasitic losses of 50W.

5.3 Theoretical maximum efficiency

In order to compare the methanol reformer based fuel cell system with a system running
on pure hydrogen, and to evaluate the possibilities of better heat integration of the hot
and cold gas streams, an analysis is conducted using an energy balance of the system,

and a pinch analysis is performed to ensure that the second law of thermodynamics is not
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violated [36]. The energy balance is used to find the minimum hydrogen stoichiometry
AH,, that is required to support the reforming process and the pinch analysis is used
to evaluate the temperature levels and energy available in the different gas streams.
Moreover the possibilities of implementing heat exchangers to utilize unused energy in
the system can be evaluated. The system efficiency is calculated at ideal reforming

conditions, with the following assumptions:

e Steam-to-carbon ratio of 1.

e Full conversion of CO, witch yields a reformate gas composition of 75% Hs and
25% COa.

e Stack performance is not influenced by Ag,.

e If the reformer temperature is higher than the stack temperature, additional su-

perheating is done by increasing A, .

If assuming a reformer temperature of Trerormer = 250°C, a stack temperature of
Trc = 160°C, and an ambient temperature of T,,,, = 20°C, the primary flows to and

from the different system components are shown in figure [5.24]
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Tamb —_— Burner inlet Tamb
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Figure 5.24: Overview of hot and cold gas flows in the methanol reformer system.

In figure the only cold gas stream present, i.e. the only gas stream that needs
heating, is the methanol/water mixture. This stream is labeled C1, and is to be heated
from ambient temperature to reformer temperature. The three hot gas streams are
noted as H1, H2 and H3 in figure H1 is the primary heat source available, the hot

cathode exhaust air. H2 is the heat available in the reformate gas stream if the reformer
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temperature is higher than the fuel cell stack temperature. H3 is the gas stream exiting
the burner assumed to be at the reformer temperature. All gas streams are assumed to
be adjusted to the temperature of the component they are entering or exiting.

The anode stoichiometry Ay, plays an important part in the efficiency of the system,
and in the ideal case described here, it is a constant value independent of fuel cell stack
current density. This is shown in equation calculating the anode stoichiometry
by using the required hydrogen flow for the fuel cell nrc g, and the required hydrogen

flow exiting the fuel cell stack to the burner npyrner, i, -

hFC,Hg“" hBurner,Hg (512)
NrFC H,

AH, =

Inserting the equivalent molar flow of methanol required to sustain the reforming

process yields the following expression for the stoichiometry of the anode gas:

In 495[kJ/mol] .
oF T T LAV, 'CHsOH

Hy = Tn (5.13)
2F
In + 49.5[kJ/mol] .
2F LHVy, CH;0H
A, = = (5.14)
2F

oF T T LHVE, 6F
Tn
2F
In 49.5(kJ/mol] In
2F T T LAVE, oF

In

2F
_ 3-LHVy, +49.5[kJ/mol] _ 3-242[kJ/mol| + 49.5[k.J/mol]
B 3-LHVy, B 3 - 242[kJ/mol]

= 1.068

In the situation where Ti.cformer is larger than Trc, the cathode air will not be
able to super heat the fuel and water mixture to reformer temperatures. In that case,
heat exchanging with the reformate gas might be feasible. In the case where T\.crormer
is equal to Tgc, it is also possible to supply the reformer heat from the cathode air
removing the need for burning hydrogen. A Sankey diagram of the system running at
a current density of 0.6 A/cm? where the reformer temperature is 250°C and the fuel

cell stack temperature is 160°C is shown in figure [5.25
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Figure 5.25: Sankey diagram with an overview of power and efficiency available in fuel
cell methanol reformer system. LHV is used in calculations.

In the Sankey diagram, the power distribution is seen throughout the system, at
a constant current production of ~0.6 A/cm?. Tt is seen that the energy demand
for the system is for preheating, evaporation and superheating of the fuel flow. At
this particular current density, the available power in the cathode exhaust air is more
than enough to support the heating and evaporation process. The Sankey diagram only
shows the available energy for one operating point. As stated earlier, varying the current
density, reformer temperature and fuel cell temperature changes the power available and
needed in the different gas streams. Using the energy balance, a minimum fuel cell stack
current density can be found, i.e. the point where the heat produced by the cathode
exhaust air is the same as the heat needed to heat and evaporate the fuel mixture. The
system will not be able to run at current densities below this value without increasing
AH,, because the heat generated in the fuel cell is not able to heat the incoming fuel
flow. Figure [5.26] shows the powers available in the system as a function of current
density, and at different reformer and fuel cell temperatures.

Two cases are chosen, one case where Tp.crormer = 250°C and Trc = 160°C and
then another where Ty¢former = 200°C and Trc = 180°C, to analyze the impact of
changing the temperatures. When changing the reformer temperature, changes are also

experienced in power requirement for the superheating of the fuel /water mixture. The
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Figure 5.26: Power available and required in the system as a function of current density.
(-) arelines at Trcformer = 250°C and Tre = 160°C and (- -) are lines at Tre former = 200°C
and Tpe = 180°C.

largest difference between the two cases exist in the power required to superheat the
fuel /water mixture, it is slightly increased in the first case. In the first case, the output
cathode air temperature is lower and therefore the minimum current density will be
smaller than the other case where more power is available for heating and evaporation.
The changes experienced in the burner exhaust stream (H3) and the reformate gas
stream (H2) are negligible compared to the other gas streams. The hydrogen fuel cell
anode stoichiometry Ap, also includes a calculation of the additional superheating of
the fuel flow mixture, in the situations where the fuel cell temperature, and hereby the
cathode air exhaust is lower than the reformer temperature. Figure visualizes the
minimum fuel cell stack current density ¢rcmin, i.e. the current density at which the
system is self sufficient as a function of Tr¢c at different reformer temperatures.

From the figure it is clear that the self sufficient point of operation decreases with
increasing temperatures of the reformer and decreasing fuel cell stack temperature. Su-
per heating the fuel and water mixture from stack temperature to reformer temperature
at min Without using burning excess hydrogen, i.e. running the fuel cell at Ag,, would

require using a heat exchanger either at Hs or Hs. From an energy balance point of
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Figure 5.27: Self sufficient current density as a function of temperature, with constant

view, although it may require an unrealistically large heat transfer surface area, this is
possible, and illustrated by figure [5.28]

Q Superheat,C1,FC—>reformer 18 the power required to heat the input methanol and
water mixture from Trc t0 Treformer, QHsref—>Fc is the power in the exhaust burner
gas when cooling it from Tc former t0 Trc, QH, ref—>Fc is the power in the reformate
gas when cooling it from Ti.cformer to Trc and Qp,4 p, is the sum of Qp, ref—>rc and
Qs ref—>rc- The figure reveals that it is possible to run the system at Apy,=1, by
using the heat available in e.g. the cooling of the reformate gas to stack temperature
to superheat the methanol and water mixture from stack temperature to reformer tem-
perature. In a practical system it is not feasible to run a fuel cell stack at Ag,=1, in
addition the required heat exchanger could be problematic because of the requirement
of very large heat surfaces. From a thermodynamic point of view the heat is available

in the system to run at Ag,.

5.3.1 Pinch analysis

In many cases thermal systems can have potentially large energy content in e.g. a

hot gas stream, like the cathode air exhaust. However, it must also be ensured that a
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Figure 5.28: Available power and power demand in gas streams at i =0.6 A/cm? as a

function of Trc at Treformer = 180.

sufficient AT is available in the heat exchangers to transfer heat from the hot stream
to the cold. In order to ensure this, a pinch analysis is carried out and the resulting
composite curve is shown in figure for the gas streams shown in figure [5.24
Aslong as the composite curves for the hot and cold streams do not cross, the second
law of thermodynamics is not violated. A minimum temperature difference AT,
between heat exchanged streams of 30 degrees is assumed realistic in the implemented
heat exchangers. The distance between the starting points of the hot and cold composite
curves is the required cooling power,usually supplied by a utility. This large cooling
amount is only required if the cathode air is desired to have a temperature of Ty,
when exiting the system. The cathode exhaust air has in this analysis only been used
to support the preheating, evaporation and superheating of the methanol and water
mixture. Additional available energy available in the cathode air is assumed not to be
used elsewhere because of the lowered temperatures after exiting the evaporator. The
only place in the system where cooling is necessary is the cooling of the reformate gas
to fuel cell stack temperature. The top horizontal distance between the two composite

curves shows the heating requirement in the system by an external source. This is the
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Figure 5.29: Composite curve for ideal methanol reformer fuel cell system using AT,in

of 30°C, at a fuel cell stack power production of Prc eiectrical—1000W.

heat required for raising temperatures above the fuel cell stack temperature, i.e. the
superheating of the fuel stream once evaporated. From a practical point of view the
best way to supply this heat could be by burning additional hydrogen by increasing
Am,. In figure it is shown that implementing heat exchanges in e.g. the anode
gas stream could be used for superheating, but depending on AT}, it is unlikely that
it will be an practical solution. In systems where the temperature difference between
stack and the reformer is larger, implementing heat exchangers in the anode or burner

exhaust may be a feasible. AT,,;, will directly affect the value of i,,;, and thereby the

turn-down ratio of the system.

5.3.2 Reformer system efficiency

The efficiency for the ideal system running on methanol, i.e. the ratio between the
electricity produced and the lower heating value of the input methanol can be seen in
figure [5.30l The figure also shows the efficiency of a similar pure hydrogen fed system.

The figure shows that the methanol reformer system and the pure hydrogen fed
system have comparable efficiencies. In the idealized case shown, the methanol reformer

system has a higher efficiency. This is primarily due to the fact that in the pure hydrogen
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Figure 5.30: Electrical fuel cell system efficiency of methanol reformer system, and hy-
drogen fuelled system as a function of current density using LHV in both cases.

fed system, the energy available as heat in the exhaust cathode air remains unused,
while in the methanol reformer system, some of the heat output assist the reforming
process and evaporation of the fuel/water mixture. The efficiencies do not take into
consideration the losses related to the system balance-of-plant, such as blowers, pumps
etc. These losses are assumed to be larger for the methanol reformer system, and will
(also for the hydrogen system) especially affect the efficiency at low current densities
(see Paper Fig. 7 for example). The efficiency of the methanol reformer system
will also for a practical system drop further because of higher CO content in the anode
gas, but for practical systems the efficiencies of the two types of systems are considered

comparable.

Using a methanol reformer system complicates the fuel cell system by adding a
chemical reactor and the controls for this additional component, but the great advan-
tage is that a liquid, non-exotic fuel can be used, which solves many practical issues
both relating to fuel storage and distribution. Further studies however, are required to

integrate the heat exchangers that are needed for a real system to operate.
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5.4 Discussion

Although many assumptions exist in order to simplify the system enough for fast sim-
ulation time and controller development, the different time constants in the system are
visible and show that the discussed control strategy for the system is a feasible, and
effective means of operating the system. The primary drawbacks of this strategy is that
a good reformer temperature control can be achieved even if too much fuel is burned,
by controlling the reformer temperature by adding more air to the process and hereby
remove heat convectively. This is an undesirable situation because the hydrogen flow
exiting the fuel cell stack is too large, and the system efficiency will be significantly
decreased.

The gain Kegtimator 18 in the shown simulations chosen as a constant value, but in
order to make the system more robust to temperature changes, it could be implemented
as a function of reformer temperature and steam-to-carbon ratio. A model based ap-
proach could also add the benefit of predicting the reformer output gas composition
and give a more precise prediction of the needed methanol input flow to the system.

Heating of the reformer could be improved by adding air to the reforming process
initially and hereby running the reformer autothermally. The smaller requirement for
process heat will result in a faster reformer start-up. The start-up procedure of the sys-
tem needs further testing to verify the possibility of using the evaporated methanol and
water mixture directly in the burner. Alternatives are using a separate pure methanol
supply if available or pressurized gaseous buffer storage captured during operation. Sep-
arating the water and methanol could also yield new methods of optimizing the efficiency
online, by controlling the steam-to-carbon ratio.

Knowing the time constants in the system is important in order to dimension proper
control parameters if long life time of both the fuel cell and reformer is desired. Proper
control of the system during load changes and transients is also important to benefit
from the advantageous part load abilities of the fuel cells. Using the current load pattern
in figure with step load changes and a slow reformer temperature control shows the
importance of knowing these time constants. A new simulation of the temperatures of
the system with this new load pattern is shown in figure [5.31]

Figure [5.31] shows that the slow dynamic abilities of the reformer temperature con-

troller makes it overshoot at one of the initial load steps. Because of the methanol
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Figure 5.31: Reformer system temperature simulation using non-ramp limited step loads

and poor reformer temperature control.

conversion temperature dependence, the gas composition is also affected by this over-

shoot, which is visible in figure [5.32
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Figure 5.32: Gas composition before water-gas-shift during poor temperature control.
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The CO concentration in the gas composition before the water-gas-shift makes a
small step from about 1% to 8%. Because of the importance of the CO concentration
it is important knowing the dynamics of the system and designing proper controllers to
avoid such problems. Analysis of a reformer system using a different type of catalyst
has also shown similar problems in simulations during load changes [4]. Figure m

shows the CO dynamics during a load step down in the methanol and water mixture.
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Figure 5.33: Simulation of CO concentration of methanol reformer during feed flow rate
step change to a lower value[4].

The spike in the CO is around three time larger than the steady-state values, which
could prove problematic in situations and systems with higher CO output concentrations
and a fuel cell stack operating in a start-up situation, where some fuel cells may have
low temperatures.

The CO concentration of the fuel entering the stack is one of the most important
states in a reformer system, and measuring it on-line in real systems is too expensive
and therefore it is important to be able to predict it in other ways. A promising tool
for analyzing fuel cell behaviour both for single cells, and stacks is electrochemical
impedance spectroscopy (EIS). The use of EIS as explained in Paper could prove
important to diagnose fuel cell stack behaviour during operation with reformate gas.
The stack impedance behaves differently when operating with CO in the anode gas and
EIS might be a useful tool for predicting e.g. CO concentrations.

82



5.4 Discussion

The system steam-to-carbon ratio of the experimental system is around 1 to 5 in the
shown simulations. But further system optimization could be carried out to improve
this value. The optimal steam-to-carbon ratio for the system has not been found, and
this particular parameter is important for the system efficiency, because the evaporator
uses much more power when increasing amounts of water are in the fuel flow mixture.
By integrating more of the hot flow streams with the evaporator, such as cooler air
flow, water-gas-shift cooling and burner exhaust, the power delivered by the electrical
heating in the evaporator can be minimized. Using the system in applications able to
utilize some of the excess heat would also improve the overall efficiency.

The use of the equilibrium model to calculate the gas composition does not give
the full picture of the exact behaviour of the reformer, because the water-gas-shift
happening on the catalyst activates properly at quite high temperatures, and will not
increase with the temperature, as the equilibrium model predicts. Instead the CO
content will actually decrease with increasing temperature for a period, as illustrated

in figure [5.34]
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Figure 5.34: Water-gas-shift activity activates at temperature above 350°C, decreasing

the CO content of the reformate gas.

An overall lowering of the reformer temperature could improve the efficiency and

make a better temperature match between the reformer and fuel cell stack; it would also
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possibly simplify the system, not needing cooling of the anode gas before entering the
fuel cell stack. Future work will explore the use of reforming catalysts that are active at

lower temperatures and steam-to-carbon ratios and the heat integration of the system.
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Fuel cell system implementation

The transport sector has been identified as a large contributor to particle emissions,
CO2 and other green house gas emissions [31]. Using battery electric vehicle (BEV) or
fuel cell electric vehicles (FCEV) can potentially reduce the dependence on fossil fuels,
and can be an integrated part of renewable energy systems. Combining the two vehicle
types into a fuel cell hybrid electrical vehicle (FCHEV) is often interesting in order to
minimize some of the disadvantages of using a purely battery powered system, where
the vehicle driving range often is limited. Fuel cell systems have been implemented
in the following two electrical vehicle applications, where their performance has been

tested:

e Hywet electrical Ho car

e GMR utility truck

The Hywet is a small hydrogen powered electrical car produced in Norway (originally
named the Kewet or Buddy). This car is an urban transport vehicle and carries up
to 3 people and has a maximum speed of 80 km/hr. Another line of vehicles where
electricity generation using fuel cells can be beneficial, are utility trucks. The company
GMR Maskiner A/S produces such trucks which are used in many different places, in
gardening associations or different industrial facilities as a means of transportation of
tools, personnel and different payloads up to 1000 kg. Each of the fuel cell systems
implemented in these two applications will be presented in the following together with

a test of their performance.
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6. FUEL CELL SYSTEM IMPLEMENTATION

6.1 Series connection of HTPEM stacks for a fuel cell elec-

tric hybrid vehicle

The Hywet was developed to test the performance of a series connection of the before
mentioned 1kW HTPEM fuel cell stacks, and also to test the direct connection of such
a configuration of fuel cell stacks to a Li-ion battery pack. The Hywet is shown in figure

[6-1] and is an example of a small FCHEV.

Figure 6.1: Picture of the Hywet

The original Norwegian electric car, the El-jet Buddy, was initially powered by
a 72V lead acid battery bus consisting of 2x6 series connected 12V 182Ah batteries.
The batteries power a 13kW separately excited DC motor through a Curtis 1244 DC
motor controller. A new 13kWh Li-ion battery pack and 4kW fuel cell system has been
introduced to evaluate the performance of this new hybrid system, also described in
Paper

As also explained in section there are many ways of configuring a hybrid elec-
trical system for a mobile unit. The system implemented in the Hywet shows one of the

simplest ways of connecting a hybrid battery/fuel cell system, i.e. a direct connection
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using no power electronics. The main disadvantages of using such a solution is that
the current drawn from the fuel cell is determined by the battery pack impedance, and
cannot be limited to a specific operating point of the fuel cell stacks. Figure shows

the principle of the direct connection of the fuel cell stacks onto the battery pack.

| Battery +
+
FC stack

o’

FC stack

i

FC stack

{

Battery — (BMS)

Figure 6.2: Fuel cell stack and battery connection principle.

The stacks are arranged such that two branches of series connected stacks connected
directly to the battery pack through a series of relays. To avoid large current peaks, in
the case of a battery pack with a very low state-of-charge, the fuel cell stack connection
is initially made through a power resistor which limits the current in order to protect
the fuel cell stack. After current stabilization, the resistors are bypassed, and the stacks
are directly connected to the batteries. During operation, the state-of-charge of the
batteries determines the voltage of the fuel cell stacks and hereby the charging current.
This way of operating the system efficiently, is only possible because the battery and
fuel cell stack voltages are very similar. The fuel cell system is in this case operated
with pure compressed hydrogen stored in two bottles in the rear end of the car. The
disadvantages of using hydrogen, as also seen in figure is that large storage volumes
are required.

With two 20L bottles of 250 bar, the energy available in the hydrogen is approxi-
mately 27kWh. This is enough energy to fully charge the battery pack about one time
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Hydrogen storage

Fuel cell system

Li-ion battery pack

Air inlet manifold

Figure 6.3: 3D image of Hywet where primary system components are visible

using the fuel cells. For general use in automotive vehicles a liquid fuel is preferred in
order to increase the volumetric density of the energy stored and to use the existing fuel

distribution system.

6.1.1 Hywet system operation

As also stated in and chapter [f] one of the disadvantages of using high temperature
fuel cell systems is that some applications require fast start-up times, and it can take a
while to reach the required operating temperatures. When using a car, the driver needs
to be able to drive immediately when turning the key. Because of this, the battery pack
needs to supply the traction power while the fuel cell system is heating. The balance
between the size of the battery pack and the fuel cell system needs to match the general
way that the car is used. Generally a cars spends a lot of time parked, which could
be utilized e.g. for charging using an external electric source, or an on-board fuel cell
system. Another way of ensuring that the fuel cell system is always ready to generate
power is to keep it hot. With properly insulated fuel cells, this might prove more energy

efficient than repeated heating and cooling in periods where the car is used frequently.
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Figure [6.4] shows a graph of the fuel cell stack temperature during the cool down phase

of a stack, from around 120°C.
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Figure 6.4: Stack temperatures as a function of time when passively cooling.

The temperature falls below 50°C after 15000s, which is around 4 hours. After 15
hours, the stack has reached ambient temperature. As mentioned before, determining
the right heating strategy for heating such a stack, is one of the key factors when using
fuel cells operating at high temperatures. Keeping the stack at hot standby could be a

solution for some systems, while others should include start-up and shutdown sequences.

6.1.2 System performance

The Hywet fuel cell system operation can be divided into two categories, stationary and
dynamic charging. These different modes of operation are explained in Paper and
an example of stationary charging is shown in figure [6.5] where the battery pack voltage
is seen together with the stack current and voltages of one branch of the system.

In the figure, the fuel cell stacks have just ended their heating procedure, and at
400s, hydrogen and air is introduced to the stacks, and they are connected directly to
the battery bus. The initial small drop in battery voltage is due to the battery pack
supplying part of the power required for some of the balance-of-plant of the fuel cell

system. Following the connection of the two series connected fuel cell stacks, the fuel
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Figure 6.5: Fuel cell and battery system performance during stationary charging.

cell stack current jumps to about 7A, and the battery voltage starts climbing as the

batteries are charged. The reason for the constant climb in fuel cell current is primarily

due to changes in the fuel cell temperatures, which are presented in figure [6.6]
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Figure 6.6: Temperatures of the fuel cell stacks in branch 1 during stationary charging.

The temperatures of the fuel cell stacks start at an average temperature of around
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110°C and start climbing as soon as the fuel cell starts charging the battery pack. With
the fuel cell stack voltage fixed at the battery voltage, the higher temperatures will
increase the performance of the fuel cells, and enable them to produce more current
at the same voltage. The primary advantages of the Hywet fuel cell system are the
very simple connection of the fuel cell system and the battery pack, a longer runtime
of the car, and solving the problem of using a long time for recharging. The system
operation is not limited to stationary charging, but also hybrid operation, where the
fuel cell supply part of the power for acceleration during driving. The disadvantages
include not having power electronics to control the operating point of the fuel cells.
Fixing the fuel cell stacks at the battery voltage does not allow charging at high power
if needed, which means, that the voltages of the battery pack and fuel cell stacks must

match according to the desired charging current.

6.2 GMR utility truck fuel cell system

In the GMR truck, a new electrical power traction system has been developed, and a
1 kW HTPEM fuel cell system has been implemented to deliver electric power to the
vehicle power system. Figure shows the small utility vehicle and the different main

parts of the power system.

Figure 6.7: Stama utility truck from GMR Maskiner A/S

The original power supply consists of six 6V 185Ah tubular flooded lead acid bat-
teries, series connected to at 36V DC battery pack of 180kg. A Curtis 1244 motor con-
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troller controls the two separately excited 2 kW DC machines, with the field windings
connected in series and the rotor windings in parallel. The new power system consists
of a 1 kW HTPEM fuel cell stack, an Exide Sonnenschein A512/40A, 48V, 40Ah sealed
lead acid battery pack, and four 500F Maxwell BMOD Energy super capacitors. The
traction power of the vehicle is delivered by two 3 kW permanent magnet synchronous
motors (PMSM), attached to each of the rear wheels. The conversion of the DC current
to 3 phased AC power is conducted by two Semikron SKAI 6001MD10-1450L inverters.
An overview of the implemented system is shown in figure [6.8] where the placement of

the individual components is shown.

0@ [
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Figure 6.8: Stama utility truck from GMR Maskiner A/S.1:PMSM, 2:FC Stack, 3:Hy-
draulic pump, 4:Super capacitors, 5:Inverter, 6:Hydrogen tanks, 7:Battery pack

The fuel cell system is fuelled by two 5L bottles of compressed hydrogen at 200 bars
situated below the driver seat. Different configurations of the fuel cell/battery/super
capacitor power system have been analyzed in Appendix [A'8] and the initial electrical
configuration is as shown on figure [6.9] The main DC bus is the 48V battery pack,
on which the super capacitor bank is connected in parallel, all though this limits the
capacity, no additional power conversion is required and the system is quite capable of
supplying high power acceleration bursts without overloading the batteries.

With the possibility of experiencing continuous powers of 3kW per motor, and even
higher peak powers, the fuel cell stack is not able to supply the full system power. An
analysis of the typical load pattern for such a truck has been carried out and is outlined

in [A-§ where many idling periods are present. The 1 kW fuel cell stack functions in
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Figure 6.9: The power system configuration for the utility truck

this type of operation mainly as an on board battery charger, or range extender also

capable of supplying electrical power during transients.

6.2.1 Final system operating strategy

The knowledge gathered in testing the two different fuel cell stacks presented in [4], is
used to specify a system state diagram, visualizing the different operating states of the

system, the control strategy. This state diagram is shown in figure [6.10

Operation 1

Operation 2
I_FC_max=30A

Figure 6.10: State diagram for 1kW HTPEM fuel cell system running on pure hydrogen

The system operating strategy is divided into 4 main areas of operation:

e Fuel cell system heating
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e Fuel cell system power generations
e Fuel cell system shut-down

e FError state

The operating strategy of each of these states will be explained in the following, and

have been tested on a stack similar to the one implemented in the truck itself.

6.2.2 Fuel cell system heating state

The system heating state includes the initial system heating from ambient temperature
to minimum operating temperature of 100°C. When the key in the truck is turned, the
truck will drive on power from the batteries, while the fuel cell system initiates a heating
sequence. The heating state includes the following operations, when a start signal is
given, the system initiates heating if the hydrogen pressure is above a certain threshold
value, in order to avoid start-up of a system with no more fuel. An air pre-heater is
used to heat the inlet air to an average temperature of 120°C at a blower voltage of
22V. The temperature development is seen in figure [6.11] together with a picture of the

heater which, as it is shown, is mounted in front of the blower.
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Figure 6.11: Left: Temperature development during heating with 48V DC 1kW air
heater. Right: Developed stack DC heater, matching the 48V battery bus voltage..

The heater is designed using a series and parallel connection of resistive heating
wires to a total resistance of 2.5 ). During heating, this resistance is connected directly
to the 48V DC bus voltage and delivers 1kW of heating power. The heating time for

the case shown, i.e. the time for all temperatures to reach a temperature above 100°C
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is about 800s. This yields a requirement for energy input of 0.2kWh. In the time
during heating, the truck should be able to run solely on battery and super capacity
power. Following the heating process, the heating element is shut off, the blower is
still running, and the hydrogen inlet valve i opened followed by a 2 second hydrogen
purge, to introduce hydrogen in the stack. With both air and hydrogen present, the
stack voltage will rise to the open circuit voltage and the system will enter the system

operation state.

6.2.3 Fuel cell system operating state

At low temperatures only small current loads can be accepted, but even loads as low as
0.1 A/em? will heat the system to temperatures above 100°C. When reaching 140°C,
the nominal current load of 0.67 A/cm? is allowed. The nominal current load is often
application specific depending on operating conditions and expected end-of-life voltage.
If no current is drawn from the stack, the temperature will start dropping, and the
heating element will need to be turned on because even the small standby air flow is
cooling the stack. The stack temperature is controlled during operation using the strat-
egy illustrated in figure where a combined current feedforward and Pl-controller

is used.
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Figure 6.12: Stack temperature control strategy for HTPEM fuel cell stack during general

operation of the system.

The feedforward control ensure that a minimum airflow is flowing through the stack
depending on a stack current measurement, and at a specified air stoichiometry. At
current loads where the temperature starts to rise above a specified reference stack
temperature, a feedback control ensures a constant stack temperature. The temperature

gradient of the fuel cell stack affects the choice of feedback temperature. As soon as
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a current is drawn from the fuel cell stack, the temperatures will start rising, and due
to the manifold heating and differences in cooling throughout the stack, different parts
of the stack will behave differently as also shown in Paper Figure [6.13] shows a
simulation using the 30 cell stack, where it has been initially heated and is experiencing

a current load step.
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Figure 6.13: Simulation of stack temperature control during fuel cell system start-up and

steady current load using middle stack surface temperature as control feedback.

In figure[6.13|the middle cell temperature is used as the feedback temperature. But it
is seen that the end stack temperature increases to temperatures above the middle stack
temperature. It is found that at higher reference temperatures, the end temperature can
reach critically high temperatures. Concluding that the end temperature is the highest
temperature, controlling this temperature would avoid the critically high temperatures
if the cooling capacity of the blower is sufficient. Figure shows a simulation using
the end temperature as feedback temperature.

The problem of controlling the steady-state temperature is overcome by choosing
the end temperature, but different controller parameters are needed during heating
as shown. Because of the slower thermal dynamics of the stack end temperatures, the
transient period of the stack temperature is much longer, leading to some situations with

poor performance. Similar tendencies are found in the 65 cell stack, but because of the
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Figure 6.14: Simulation of stack temperature control during fuel cell system start-up and

steady current load using end stack surface temperature as control feedback.

lower thermal mass, temperature response to load changes are much quicker than for the
prototype stack. Also the improvements in the stack temperature distribution lowers
the significance of these problems. Various tests of different choices of temperature
feedback points, using sensors mounted in different places on the stack surface and in the
manifolds have led to the use of the middle stack temperature as feedback temperature
for the controller. An example of the temperature control strategy applied, is shown
for the load situation in figure [6.15

In this example the current load is changing between 9A and 15A. During this load
pattern, the stack temperature set point is initially 160°C, but at 8700s it is changed
to 180°C, and then to 140°C at 10400s. The temperature response and control signal
to the blower is shown in figure [6.16]

When the first change from 9A to 15A is seen, there is an immediate change in the
blower voltage because of the feedforward of the current. Afterwards a steady-state
control voltage for the blower is found, in order to keep the constant middle stack
temperature of 160°C. At 8650s, the current is reduced to 9A and the temperature set
point is changed to 180°C after this. This results in a rapid drop in the blower voltage,

and the hereby reduced cooling of the stack, giving a temperature rise. The temperature
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Figure 6.15: Fuel cell stack current load pattern and voltage response.
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Figure 6.16: Top: 65 cell HTPEM fuel cell stack temperature development during ex-
periment. Bottom: Blower voltage control signal during load pattern.

rises linearly from 160°C to 180°C in around 4 minutes. Similar changes in the current

and temperature set points are carried out through the rest of the presented experiment

to test the control strategy.
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6.2.4 Fuel cell system shut-down state

Different shut-down strategies are relevant when planning proper shut-down of a HT-
PEM fuel cell system. The shut-down produce depends on the power cycle and use
of the particular application. For example if the standby power consumption for the
system, to keep a constant standby temperature, is very small, cooling of the system to
ambient temperature might not be required. The shut-down procedure of a HTPEM
fuel cell system includes a complete stop of hydrogen fuel flow and reduction of the fuel
cell stack voltage to a level that minimizes the degradation involved with high cell volt-
ages [9, 138, 50]. There are different ways of lowering the stack voltage to a level that is
not significantly degrading for the fuel cells. One way is presented in figure [6.17] where

the voltage and current is shown during an experiment with shut down procedures.
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Figure 6.17: Fuel cell stack voltage and current during shut-down procedure.

In the shown example an initial constant current of 0.2 A/cm? is drawn from the
stack and this current load is changed in steps, to a final complete disconnection of the
fuel cell. It is seen that the final stack voltage is about 54V, where, in this case, the
average stack temperature is around 130°C. The stack voltage is dropping due to the
decreasing temperatures. A voltage of 54V gives an average fuel cell voltage of 0.83V

in a 65 cell stack, which is critically high and introduces increased degradation of the

99



6. FUEL CELL SYSTEM IMPLEMENTATION

fuel cells. The initial lowering of the fuel cell stack voltage at 3500s is due to a test
of reducing the blower voltage. At 3530s the hydrogen supply is shut off, the stack is
purged, and a small bleeding current is drawn from the fuel cell stack which results in
a fast drop in stack voltage. The rise in voltage is due to an increase in the blower
voltage, matching the small current load of 0.01 A/cm?. The principle of this procedure
is to remove the hydrogen left in the system which in the end will lower the fuel cell
stack voltage. For a short while at 3600s, a test is made with an increased current of
0.05 A/cm?. The result is seen to clearly lower the fuel cell voltage, which is now at a
level where, when the load is removed, where no significant degradation will occur.

Another example of a shut down procedure is shown in figure where the stack
voltage is seen in a situation were it is not loaded. At 3175s the blower is shut off,
and the following drops in fuel cell stack voltage is due to the lack of air supply to the
cathode.
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Figure 6.18: Fuel cell stack voltage and current during shut-down procedure.

Small amounts of hydrogen will still be present in the system during this shut down
period, even if the stack hydrogen supply is shut off and the purge valve is opened. The
method shown in figure [6.17] uses the removal of hydrogen by drawing a small current,
to lower the fuel cell stack voltage, which is a known degrading factor in HTPEM fuel

cells. The method of cooling the fuel cell down before shutting the system off is assumed
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better for the system because no starvation of either anode or cathode is occurring. It is
key to avoid high potentials in the stack and to avoid hydrogen starvation, and although
the method of figure is better, care must be taken, to ensure that not too high
potentials are reached in the beginning of the process. A small bleeding resistance

should be connected to drag the voltage down to a reasonable voltage level.

6.2.5 Error state

The error state can be accessed by most of the other states, and usually occurs to
protect the system from significant degradation. The error state is triggered when
the temperature rises above 190 °C to avoid permanent damage to the fuel cell polymer
membrane. The error state is also reached if a current load is drawn with a corresponding
average cell voltage lower than 0.3V. The system is in this case also shut down because
of expected damage. The error state include complete shutdown of the system and in
some cases with required reset to avoid further damage. During heating, purge and
shutdown a time limit is set as to how long time these individual states are active. If
e.g. heating is too slow, the heating element might require maintenance or could be

damaged.

6.2.6 Discussion

One of the disadvantages of storing hydrogen in gaseous form are clearly that much
volume is required. Nevertheless, the operation of fuel cell systems has proven very
efficient and usable as power sources in the two presented electrical vehicles. One of
the primary disadvantages when operating at high temperatures is the start-up time
when a constant standby temperature is not available, but even onboard vehicles, this
start-up time can be minimized further using efficient convective heating.

The power system integrated in the Hywet had the primary task of testing the
direct connection of the HTPEM fuel cell stack to the Li-ion battery pack. The tests
successfully show that this strategy can be used to charge the batteries efficiently while
driving with some hybrid capabilities. The disadvantage is that the current delivered
from the fuel cells cannot be controlled because of the absence of power electronics and
is passively controlled by the battery pack voltage and SOC. The balance between the
battery pack size, and the fuel cell stack power for the Hywet has not been optimized,

and requires detailed information on typical driving cycles for such vehicles.
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The complete energy available in the batteries of the GMR truck is approximately
2 kWh, and the fuel cell stack uses about 10% of this energy for heating the fuel
cell system to operational temperature. Depending on real operating conditions, the
battery pack size could be adjusted if more battery power is needed. Or the optimization
presented in Paper could take into account this additional heating energy. When
using a methanol based system it might be possible to use combusted methanol directly
for system heating as described in section [5.4] Using this new power train in the
GMR truck greatly decreases the total weight of the truck by removing the initial
174 kg battery pack using below half of this weight for the new power system. The
runtime of the system is much dependent on the particular load cycle of the system
and the hydrogen storage which is limited because of volume. Using the presented heat
exchanger methanol reformer based solution is expected to greatly extend the runtime

of the system.
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Conclusions

In the work presented here, the use of PBI-based HTPEM fuel cells for traction power
generation in mobile applications was examined. The HTPEM fuel cell technology is a
very reliable and efficient way of converting the chemical energy available in hydrogen,
as well as in any given hydrocarbon based fuel, into electricity. The systems designed
using these fuel cells benefit greatly from the advantages that this technology offers.
The significant scientific contributions achieved in this work are summarized in the

following.

7.1 Hydrogen based high temperature PEM fuel cells

Successful tests of stack designs using cathode air cooling showed stable operation with
very small parasitic losses resulting in a very simple system design. Using cathode air
cooling also greatly simplifies the stack design by removing the requirement for ad-
ditional cooling channels in the bipolar plates of the stack. Minimizing the pressure
losses in the stack is important for this cooling strategy to be successful and with a
minimum of parasitic losses. One of the challenges encountered during the experiments
with the HTPEM fuel cell stacks were that due to the high cathode air flow, a tem-
perature difference from top to bottom and from the front to the end of the stack was
identified. These temperature gradients were significantly reduced in the later versions
of the fuel cell stacks by Serenergy. This work has shown that using cathode air cooling
of HTPEM fuel cell stacks is a simple, robust and efficient way of converting hydro-

gen to electrical power and heat. Using a Pl+feedforward temperature controller for
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controlling the stack temperature yields stable system performance with good dynamic
response to load changes. Another of the challenges encountered using the HTPEM
fuel cells were due to the high temperatures required for operation. The fact that liquid
water in the fuel cell membranes should be avoided requires a starting temperature of
~100°C before a load can be applied. Reducing start-up time for these fuel cell stacks
is of significant importance if they are to be used in applications requiring fast start-up.
This work has demonstrated a reduction in start-up time from 57 min to around 6 min
using electrically heated cathode air. With this reduction HTPEM fuel cells are also

feasible in applications with only limited battery power available.

This work has presented the use of electrochemical impedance spectroscopy as a method
for characterizing HTPEM fuel cell impedance. The use of this method for fuel cell diag-
nostics with single cells or fuel cell stacks is an important tool when conducting lifetime
experiments, or online diagnosis. In systems with fuel cell anode impurities such as CO,
EIS could be used to identify fuel cell performance and serve as an important control

system input.

7.2 Methanol reformer based high temperature PEM fuel

cell systems

The high temperatures of operation gives the HTPEM fuel cells good tolerances to
impurities in the anode gas, enabling the use of reformer systems, such that liquid hy-
drocarbons can be used instead of hydrogen. In this way, the complications involved
with hydrogen storage can be avoided. This work has demonstrated the use of a cat-
alytically coated heat exchanger reformer for steam reforming methanol. Experiments
and simulations have indicated that efficiencies comparable to pure Ho systems can be
expected if a proper heat exchanger network can be established using a reformer that
produces low CO content reformate gas at SC close to 1. This is due to the relatively
high temperatures of the HTPEM fuel cells which enable the possibility of using cathode
exhaust heat to power the evaporation and operation of the reformer system efficiently.
An important conclusion in the area of reformer system control is the significance of

the precise estimation of the feedforward signal to the methanol and water mixture due
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to n being sensitive to Ag,. Even small errors in this value can result in poor system

efficiency and waste of fuel.

7.3 Fuel cell system applications

During power generation with fuel cells, many benefits can be gained through coupling
with other electrical energy buffers. Simpler, more efficient and less expensive systems
can be developed by the use of batteries or super capacitors together with fuel cells. Us-
ing such a configuration, the fuel cells do not need to generate peak powers, and can e.g.
be used as onboard battery chargers extending the driving range of electrical vehicles.
Combining different electrical energy storages can also benefit the lifetime of each of
the components. A sharing of the power production will lower the depth-o-discharge for
the batteries, and minimize the current fluctuations of the fuel cells, both affecting the
lifetime of each of the components. During this work is was demonstrated that direct
connection of a fuel cell stack network, and a Li-ion battery pack for traction control
could be implemented without the use of power electronics. The battery charging is
passively controlled by the battery impedance, if the two systems are properly dimen-
sioned. Part of this research focused on characterizing fuel cells using electrochemical
impedance spectroscopy. This method has shown promising results in the field of di-
agnosing fuel cell behaviour, and the developed hardware and software can be used in
many other fields of research, including online identification of battery state-of-charge

and state-of-health.
In the time frame of this work, the maturity of the presented fuel cell technology has

evolved from interesting single cell research to potentially viable fuel cell power modules

able to power many different applications using renewable energy.
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Future work

Within all the areas presented in this dissertation, more knowledge is required in order
to increase the efficiency, performance and understanding of how fuel cell systems work.
On single cell as well as stack level, many challenges still exist in understanding the
precise mechanisms of degradation in high temperature PEM fuel cells and how they
are affected by different types of operating conditions including the use of reformate gas.
When using reformer based systems the addition of CO in the anode gas affects the per-
formance of the fuel cells. Using EIS techniques (such as described in could help
to uncover not only the steady-state performance of the fuel cells, but also the changes
in the fuel cell electrical characteristics. Exploring the impedance characteristics online
of fuel cells running on hydrogen with a CO content could lead to model based pre-
dictions of the anode CO content by load current super positioning techniques. These
predictions could in turn be used as control input states to improve the overall reformer
system performance. More detailed information of the CO impact on life time is also
required to determine if the performance increase on fuel cell stack voltage at higher
temperatures makes it a benefit to increase the general stack temperature. The long
term effects of different types of fuel cell heating and how the fuel cells react to being
kept at a high standby temperature without producing electrical power is important
to identify. Designing reformer systems with efficiencies comparable to pure hydrogen
fed fuel cell systems is a possibility, but only of steam reforming at low temperature
and steam-to-carbon ratio is achievable exploiting the high quality HTPEM fuel cell

cathode exhaust air.
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8. FUTURE WORK

This work has in-depth treated some of the technical aspects of designing and con-
trolling HTPEM fuel cell systems. If fuel cells are to be a part of a future energy system
it is important that besides being technically viable, they also posses the socioeconomic

benefits that make them a good choice for producing renewable energy.
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