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Abstract

Proton exchange membrane (PEM) fuel cell has the potential to be one of
the main energy sources in the future. However, the leading issues when
operating the fuel cells are the water and the thermal managements. In this
thesis, numerical studies have been developed in order to investigate the
sensitivity of the PEM fuel cells performance to the thermal conductivities of
the main components in PEM fuel cells, which are the membrane, the gas
diffusion layer (GDL) and the catalyst layer. In addition, the effect of the
thermal conductivity of these components and the metallic GDL on the
temperature distribution and the water saturation was considered conducive

to the improvement of the heat and water management in PEM fuel cells.

On the other hand, the experimental work was completed to determine the
effects of the thermal conductivity and the thermal contact resistance of the
components in PEM fuel cells. The thermal conductivity of the GDL was
measured in two directions, namely the in-plane and the through-plane
directions taking into account the effect of the main parameters in the GDL
which are the mean temperature, the compression pressure, the fibre
direction, the micro porous layer (MPL) coating and polytetrafluoroethylene
(PTFE) loading. Furthermore, the thermal conductivities of the membrane
and the catalyst layer were measured in both directions, the in-plane and the
through-plane, with considering the effect of the temperature and the Pt

loading in the catalyst layer, and the effect of the water content and

vi



temperature on the membrane. This study is a comprehensive study on the
thermal conductivity of PEM fuel cells and emphasized the importance of the

thermal conductivity of the components in PEM fuel cells.
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Greek symbols
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Chapter 1
Introduction

Over the past few decades, there has been a rapid interest in clean sources

of energy, especially after the global warming and climate change issues.

Scientists and researchers are seeking more efficient power generation with
as small as possible emissions. Therefore, there has been much
development in solar energy, wind energy and fuel cells for power
generation [1]. Fuel cell technology holds the promise of high-efficiency and
environmentally clean engines with a wide range of applications [2].
Moreover, fuel cells have 80% more efficiency than combustion engines.
Therefore, fuel cells have wide applications in portable power stations and

transportation [3].

In addition, fuel cells have low, or even zero emissions and estimates
indicate that if the hydrogen used to reform in a fuel cell was from natural
gas, then the greenhouse gases will be reduced by more than a factor of 2.

Moreover, hydrogen can be made from renewable energy sources [3].

In the last few years, there has been much more attention paid by industry
on research into fuel cell phenomena and the importance of developing

fuel cell processes with a more cost efficient design and better performance

2].
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1.1 Fuel Cell History

The first fuel cell was developed in England by Sir William Grove in 1839. He
split water into oxygen and hydrogen by using electricity. Sir William
believed that the reverse of this process could be used to generate electricity
from the reaction of hydrogen with oxygen and this is the basis of how a fuel
cell works in principle, as seen in Figure 1.1 [4]. In 1932, Dr. Francis Thomas
Bacon developed the first alkaline fuel cell by substituting the platinum
electrodes with nickel gauze. After 27 years, Bacon produced a capable fuel
cell which generated 5 kW of power. In 1959, Harry Karl in the U.S.A
produced the first fuel cell which powered a vehicle by generating 15 kW
from a fuel cell stack. In the early 1960s, NASA developed the first proton
exchange membrane fuel cell when it was looking for possible ways to
power the space flights. In 1955, General Electric scientists developed fuel
cells by using a sulphonated polystyrene membrane as the electrolyte and
depositing platinum onto this membrane. This technology was used by
NASA to develop the fuel cells on the Gemini space project. In the 1970s
and 1980s, governments and companies pushed along the research effort to
become less dependent on oil. This research effort was helped by the
development of materials and the reduction in the cost of fuel cells. In 1993,
Ballard (Canadian company) marketed the first fuel cell powered vehicle [4,
5]. During the 1990s, Perny Energy Systems demonstrated fuel cell powered
submarines and buses. By the end of the 2000s, almost all the automobile

manufacturers tested the fuel cell-powered vehicle [4, 5].
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Figure 1.1 Sir William Grove first fuel cell.

1.2 What is a Fuel Cell

In principle, a fuel cell is a device which converts chemical energy into
electrical energy, as in the case of batteries. However, the power from fuel
cells will be provided as long as the fuel is supplied to the anode and the air
to the cathode while the electrical energy is usually stored in batteries [6].

Typically, a fuel cell consists of two electrodes, one positive called the anode
and the other is negative called the cathode, and an electrolyte, which

carries the reacted particles and the electricity from one electrode to the
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other, sandwiched between them. The basic structure of a fuel cell is
represented in Figurel.2, which consists of an electrolyte sandwiched
between the anode side (feed with fuel) and the cathode side (feed with

oxidant) [7, 8].

s

Electric
Circult

AL

Cathodé  Electrolyte Anode

Figure 1.2 The basic structure of a typical fuel cell.

In the fuel cell, hydrogen is supplied at the anode side. Then hydrogen will
be oxidized to form positive charge ions and negative charge electrons.
Electrons will travel through a wire circuit to generate the electrical current,

while ions can pass through the electrolyte to the cathode and react with the
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oxygen which is supplied at the cathode and the electrons to form water. In
general terms, as long as hydrogen and oxygen are supplied to the fuel cell,

the fuel cell will generate electricity [9].

1.3 Fuel Cell Advantages

There are several advantages of fuel cells, which leads to many

applications. The most significant advantages are as follows:

1 The efficiency of the fuel cells, which changes with the operating
temperature, pressure and other factors.

1 Fuel cells are quiet systems, and this makes them suitable for any
environment.

1 The fuel cells runtime could be increased by increasing the hydrogen
bottles.

1 The simplicity of the fuel cell systems. There are very few parts and
few need maintenance.

1 The extremely low emissions from fuel cells by using hydrogen
instead of fuel or batteries which makes fuel cell systems
environmentallyi friendly.

1 The weight of fuel cells is light compared with conventional batteries.

1 Fuel cells are safe systems which provide heat and water only as the
final products.

1 The waste heat from fuel cells can be used to heat space or water.
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However, there are some disadvantages of fuel cells and the most notable

are its cost [7, 10].

1.4 Fuel Cell Types

In order to achieve great energy efficiency, scientists have designed different
sizes and types of fuel cells. These fuel cells use varying materials and the
electrodes depend on the kind of electrolyte which is used. Some of the
electrolytes are solid, such as the solid oxide and proton exchange
membranes. Other electrolytes are liquid such as molten carbonate,
phosphoric acid and alkali. The type of fuel which is used in the fuel cell
also depends on the kind of the electrolyte. Some of the fuel cells, for
example, need a reformer to purify the hydrogen. Other cells need pumps to
circulate liquid fuel. Furthermore, the type of electrolyte also dictates the
operating temperature for the fuel cell [L1]. Therefore, there are five types of
fuel cells which depend on the kind of the electrolyte and the mobile ion
which have been used, as shown in Table 1.1. However, every type of fuel
cell has some advantages and drawbacks which make it suitable for some
applications compared to the others and the main types of fuel cells are as

follows:
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Table 1.1 Summary of the main different types of fuel cell.

Fuel cell Type Mobile lon | Operating Temperature
Alkaline AFC OH" 50 - 200°C
Proton exchange membrane PEMFC | H” 50 - 100°C
Phosphoric acid PAFC H” ~ 200°C
Molten carbonate MCFC CO;? ~650°C
Solid Oxide SOFC CQO;? 500 - 1000°C

1.4.1 Proton Exchange Membrane (PEM)

The mobile in this type of fuel cell is the proton and the electrolyte is a solid

polymer which gives the advantage of a flexible electrolyte and saves it from

leakage or damage. The proton exchange membrane fuel cell is also known

as the polymer electrolyte fuel cell. PEM fuel cells run at quite a low

temperature, about 60-80 °C. Therefore, PEM is safe to use in homes and

cars and it has a wide range of applications (mobiles, portables, vehicles

and stationery applications). The reactions in PEM fuel cells start quickly due

to the low operating temperature and this allows the fuel cell to have a better
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durability. This type of fuel cell normally requires humidified gases, hydrogen

and oxygen. The electrochemical reactions in PEM fuel cells are as follows:

Anode H,- 2H" +2¢ (1.2)

Cathode O,+4H" +4e - 2H,0 (1.2)

The proton Exchange Membrane (PEM) efficiency is about 50%, and the
output power is from 50 to 250 kW. The main disadvantage is that it uses
platinum as the catalyst which increases the cost of the PEM fuel cell [11-

13]. The basic structure of the PEMFC is shown in Figure 1.3.

Electrical Current

Excess Water and
Fuel Heat Out
e-
gmm | o- ' =
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e= = 02
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=52
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Fuel In / \| Airln
/
Anode Electrolyte Catiode

Figure 1.3 The basic structure of a PEM.
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1.4.2 Alkaline Fuel Cells (AFC)

Alkaline Fuel Cells use a solution of potassium KOH, or sodium hydroxide
NaOH in water, as the electrolyte as seen in Figure 1.4, The activation
losses from alkaline fuel cells are less than from other kinds of fuel cells and
the electrolyte is considerably cheaper. This type of fuel cell runs at a high
operating pressure and it has been used in both the Apollo space craft and
in the Shuttle space craft to provide the electricity and the drinking water.
However, this kind of fuel cell usually has a short life time due to the leak of
the liquid electrolyte [14]. The electrochemical reactions at the anode and

cathode in the AFC are as follows:

Anode H,+20H - 2H,0+2¢ (1.3)

Cathode O, +2H,0+4e - 40H" (1.4)

This type of fuel cell uses catalysts, such as silver and nickel [12]. The
efficiency of AFC is about 60% and the operating temperature is 150 to 250
°C. The output power for the AFC is between 300 W and 5 kW. However,
this kind of fuel cell is easily poisoned by carbon dioxide and this effects the
fuel cell life time and makes it necessary to purify the hydrogen and oxygen

in the cell from carbon dioxide [12].
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Electrical Current
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Figure 1.4 The basic structure of the AFC.

1.4.3 Phosphoric Acid Fuel Cells (PAFC)

This type of fuel cell uses phosphoric acid as the electrolyte and the
operating temperature is between 150 and 200 °C. The basic structure of the

PAFC is shown in Figure 1.5.

The PAFC is usually used in stationary power plants due to its long life time
[11, 15]. The rate-determining step for the oxygen reduction in platinum is

given by:

10
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M+0,+H"*+e - MHO, (1.5)

In general, the output power from this type of fuel cells is about 200 kW.
Phosphoric acid fuel cells are typically used for stationary power generation
and large vehicles. Phosphoric Acid Fuel Cells are expensive because of the
use of a platinum catalyst. The efficiency of this type of fuel cell, when it
used to generate electricity, is about 37%. In order to increase the efficiency
of the PAFC, the platinum catalyst is usually bonded with carbon monoxide.

However, this may be poisoned by carbon monoxide [15].

Electrical Current
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Figure 1.5 The basic structure of the PAFC.
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1.4.4 Molten Carbonate Fuel Cell (MCFC)

Molten Carbonate Fuel Cells use alkali (Li, Na, K) carbonates as the

electrolyte, see Figure 1.6.

The operating temperature of this type of fuel cell is between 600 and 700°C
and the output power is about 2 MW which make them suitable for electrical
utility, neutral gas power plants and military applications [12, 15].
Hydrocarbon fuel reforms with water to give hydrogen and carbon monoxide
which is oxidized by the carbonate ions to produce H,O and CO,. At the
cathode, CO,, O, and the electrons react to supply carbonate ions. In MCFC,
a molten alkali carbonate mixture is retained in a porous lithium aluminate

and this is used as the electrolyte. At the cathode:

%oz+coz+2e' - CcQoX (1.6)

Then, the ionic current through the electrolyte matrix is carried to the anode

ions:

H,+CQ”> - H,0+CQ +2¢ (1.7)

12
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The efficiency of the MCFC is about 65% and in order to increase the MCFC
efficiency, the waste heat could be captured and recycled by coupling the
fuel cell with a turbine. The high operating temperature of the MCFC allows
the fuel to convert to hydrogen by the internal reforming without the need for
an external reformer. Moreover, the MCFC is not carbon dioxide poisoned
and it is resistant to impurities. However, the main disadvantage of the
MCFC is its durability because of the corrosion and breakdown components
due to the high operating temperatures. Currently, scientists are trying to
explore corrosioni resistance materials in order to increase the molten

carbonate fuel cells life time [15].

e- €
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H, e ‘ €- <= 0,
( :e- CO.Z e-
Olem| * | &%
| *
CO,
Waterand [HO| <= € 2| Cabon
Heat Out | Z| e- e-| |Dioxideln
<= 4-{} Lo | €-| <<= cogm

/ |
‘ Anode  Electrolyte Cathode ‘

= O =p =k

Figure 1.6 The basic structure of the MCFC.
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1.4.5 Solid Oxide Fuel Cell (SOFC)

Solid oxide fuel cells use a non-porous solid metal oxide as the electrolyte.
The operating temperature of a solid oxide fuel cell is higher than all the
other types of fuel cells (between 500°C and 1000°C) and the electrolyte is
usually ceramic-based. This type of fuel cell has a high output and a long life

time [12, 15]. The operating principles of a SOFC are given by:

Cathode %02+2e' - 0% (1.8)

Anode H,+0* - H,0+2¢ (1.9)

Solid oxide fuel cells use a solid ceramic, such as calcium or zirconium
oxides as the electrolyte. The basic structure of the SOFC is shown in Figure

1.7.

The efficiency for this kind of fuel cell is about 50-60%. The output power is
about 100 kW. The SOFC can use gases made from coal because it is not
poisoned by the carbon monoxide and it is the most sulfur resistant type of

fuel cell.

14
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The high operating temperature for the solid oxide fuel cell results in a slow
start up and the use of high durability materials which are the main
disadvantages for this type of fuel cell. Scientists are trying to develop a
lower operating temperature SOFC with low cost materials which are the

major challenges facing researches in SOFC [15].

Electrical Current
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Figure 1.7 The basic structure of the SOFC.

1.4.6 Direct Methanol Fuel Cell (DMFC)

The electrochemical reactions at the anode and cathode in the DMFC are as

follows:

15
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Cathode CH.,OH+H,0- CO,+6H"+6e (1.10)

Anode goz +6H* +6e - 3H,0 (1.11)

DMFC is suitable for portable applications due to the low operating
temperature (about 60°C) and there is no need for a reformer for the fuel.
The efficiency is about 25-30%. However, this type of fuel cell requires a
high amount of expensive platinum as a catalyst which is similar to the PEM

fuel cell [15].
1.5 Fuel Cell Applications

Fuel cells have a wide range of applications in many systems handling many
watts and megawatts, as shown in Table 1.2. Some of these applications are
associated with the power supply of electronic equipment, such as mobile
phones or computers. Other fuel cells have been used in space crafts, such
as the Apollo and other space shuttles. Also, fuel cells have been used by
the transport industry for their vehicles [6]. Fuel cells have several

applications which may be summarized as the following fields:

1 The lighting of roads.
1 The power supply for environmental monitoring stations in

remote locations.

16
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1 Replace power cords in mobile telephones, vacuum cleaners
and various cleaning machines, etc.

1 Auxiliary power for electricity in camping, boats and other
vehicles [16].

1 The power generation for many commercial vehicles such as
buses, vans and general motor vehicles.

1 Blood alcohol measurement which senses the alcohol in the
breath.

1 To generate electrical and heat energy in buildings.

1 In space crafts, such as the Apollo and shuttle spacecraft [17].

Table 1.2 Some applications of the different types of fuel cells.

Applications Power In watts Types of fuel
Portable electronics equipments 1W i 100W PEMFC
100W i PEMFC, AFC,
Cars, Boats and domestic CHP
100kwW SOFC
Distributed power generation and 100kw -10 SOFC, MCFC,
buses MW PAFC

17
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1.6 Fuel Cell Actual Voltage

There are some differences between the voltage we expected from a typical
fuel cell and the real voltage we obtained and this is illustrated in Figure 1.8.
The theoretical fuel cell voltage is about 1.23V and the voltage drop in fuel
cells are shown in four different regions (the activation losses, the fuel
crossover, the ohmic losses and the mass transport losses).

Some electro-chemists have used the over potential of the cell to describe
this difference or the polarization. Other scientists have described this
difference between the voltage that is obtained from fuel cells and the
theoretical cell voltage as the voltage drop or the irreversibility [18]. The

main causes for the voltage drop are discussed in the following subsections:

Theoretical cell voltage

Observed cell voltage

| Activation losses

0.8 4 N
T~ Ohmic losses

Volatge (V)

0.6

——__ Mass transport losses
0.4 k

\

02 . i . ' . : . .
0 100 200 300 400

Current density (mA/cm?)

Figure 1.8 A typical polarization curve for a PEM fuel cell.

18



Chapter 1

1.6.1 Activation losses

The experimental results have show that the reactions need time to take
place on the surface of the electrode and this causes the differences
between the experimental and theoretical considerations. This voltage drop

can be calculated from the current density as follows:

V= AIn(iE) (1.12)

where i is the current density, and A and b are constants dependent on the
cell operating conditions and the electrode.

The activation losses can be reduced by increasing the temperature of the
cell, or the operating pressure. Also, by raising the real surface area of the
electrode, by increasing the roughness of the electrodes, or by using oxygen

instead of air in the cathode channel [19, 20].

1.6.2 Fuel crossover

This loss in the cell voltage is due to the loss of fuel when it passes through
the electrolyte. In the theoretical consideration, the electrolyte should only

transport protons through the cell. However, in reality there will be some

19
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amount of the fuel transported as well. This is not a significant effect but it is

important to be taken into consideration in low temperature fuel cells [19].

1.6.3 Ohmic losses

This voltage drop is caused by the electrical resistance of the electrodes.
There are some ways to reduce the Ohmic losses, such as decreasing the
thickness of the electrolyte or using a suitable material for the bipolar plates
and using a high conductivity electrode. This voltage drop can be calculated

as follows:
V=IR (1.13)

where | is the current density, R is the electrical resistance and V is the

Ohmic loss [19].

1.6.4 Mass transport losses

This voltage loss is due to the change in concentration of the materials at the

electrodes. The voltage drop can be calculated as follows:

V =- Bin(1- :—) (1.14)

20
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where V is the mass transport loss, B is a constant dependent on the fuel
cell operating conditions, i is the current density and | is the limiting current

density when the fuel supply is at maximum speed [18].

1.7 PEM Fuel Cells

The PEM fuel cell is an electrochemical cell that is fed hydrogen at the
anode and oxygen at the cathode side. In principle, the PEM fuel cell
separates the oxidation of hydrogen fuel into the catalysts, which are on the
two sides of the electrolyte membrane. The final products from the PEM fuel
cell are water vapour, heat and electric potential. The PEM fuel cell is the
most popular type of fuel cell due to its low operating temperature and it has
been used in Gemini space craft. The proton exchange membrane fuel cell
is also referred to as a polymer electrolyte membrane fuel cell [21].
Furthermore, PEM fuel cells have almost zero emissions and this makes
them an environmentally friendly system and it is also a quiet system which
makes them suitable for use anywhere. However, the PEM fuel cell system
needs to be improved and developed because it needs a pure hydrogen
supply which makes it an expensive system [6, 21]. Moreover, the
complexity of the thermal and water management needs to be taken into
account when designing PEM fuel cells. To solve these problems, many
researchers have used a computational fluid dynamic technique to model

the fuel cell water and thermal distributions in order to increase the efficiency
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of the PEM fuel cells [9]. On the other hand, hydrogen can be supplied to the
PEM fuel cells from methane, or from fossil fuels as biomass gasification [6].
In the PEM fuel cell, hydrogen is oxidized at the anode side to produce
protons. The protons are conducted through the membrane and that will
release electrons which travel on an external circuit so that an electrical
current will be generated [11].

The typical electrochemical reactions in PEM fuel cells are illustrated in

Figure 1.9.

+ - e
anode —> 2H5 ->4H +4e

electrolyte —> e

cathode —> O, + 4H++ 4e_—>2H20 -

Figure 1.9 The typical electrochemical reactions in a PEM fuel cell.

The main components in PEM fuel cells are shown in Figure 1.10 and they

are as follow:
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Figure 1.10 The basic structure of a PEM fuel cell.

1.7.1 Membrane

The most common material produced using the polymer electrolyte
membrane is sulphonated fluoroethylene, which is known as Nafion®. This
material is used in the electrodes of PEM fuel cells because of its high
resistance and hydrophobic nature which helps to remove the product water
out of the electrode.

The basic polymer polytetrafluoroethylene is modified by substituting fluorine
for the hydrogen in the polyethylene.

The polytetrafluoroethylene (PTFE) structure is shown in Figure 1.11.
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Figure 1.11 The chemical structure of polytetrafluoroethylene (PTFE).

In order to provide protonic conductivity and strong mechanical structure to
PEM fuel cells, a composite membrane made up of a Teflon-like material
was employed. The Nafion® membranes have been manufactured in

several thicknesses and different sizes.

Furthermore, the membrane structure and the water content inside the
membrane are one of the main factors which affect the protonic conductivity

of the membrane [21].

The amount of water in the membrane depends on the water state.

Membranes may contain liquid water molecules more than vapour water
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molecules. The Nafion® membrane changes its dimensions with different
water content by an order of magnitude of about 10%. Therefore, this
swelling in the membrane should be taken into account in the PEM fuel cell

design [22].

1.7.2 The electrodes

In PEM fuel cells, there is a layer between the porous media and the
membrane. This layer is called the catalyst layer where the electrochemical
reactions take place. The reactions of the three species gases, electrons
and protons travel through the catalyst. Also, the catalyst is coated with
ionomer to allow the protons to travel through it. In addition, electrodes are

made of porous media to allow gases to travel to the reaction region [22].

The most well known catalyst in PEM fuel cells is platinum. Platinum was
used in PEM fuel cells in large amounts during the early days of PEM fuel
cell development. However, later it was discovered that the only important
parameter in the platinum is its surface area. So, it is important to have small
particles of platinum and a large surface area. The catalyst layer should be
as thin as possible in order to minimize the potential losses because of the
rate of gas and proton transport and reactant through the catalyst layer.
Furthermore, the catalyst layer should be loaded with higher amounts of Pt
which assist in producing more voltage. However, it should be taken into
account that the current density is calculated per area of catalyst, which

means there will not be any significant difference in the cell performance. To
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increase the surface active area of the Pt catalyst, the Pt is usually painted
with an alcohol and a water mixture to include ionone in the surface of the

catalyst [23].

By using carbon powders on the surface of the catalysts to support the
platinum particles, and a porous conductive material, such as carbon paper
or carbon cloth, the electrode is fixed at each side to include a porous layer.
The catalyst layer is attached to the membrane by depositing the catalyst to
the gas diffusion layer, which is usually carbon paper or carbon cloth, then
hot-press these two layers to the membrane. The membrane, gas diffusion
layer and catalyst layer are called the membrane electrode assembly, which

is also referred to as the MEA [23].

1.7.3 Gas diffusion layer

Between the catalyst layer and the bipolar plates, there is a diffusion current
collector layer, which is called the gas diffusion layer (GDL). This layer has

many important functions in PEM fuel cells as follows:

1 It allows the gases to travel from the channels to the catalyst layers
where the reactions take place.

9 It provides a pathway to allow the produced water to flow from the
catalyst to the channels.

9 It allows the electrons to travel from the catalyst layers to the bipolar

plates.
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1 It removes the heat which is generated from the electrochemical
reactions in the catalyst to the bipolar plate.

1 It provides the mechanical support to the PEM fuel cell.
Moreover, the gas diffusion layer should be a porous material and the
porosity of the GDL should be taken into account, both in the in-plane and
the through-plane directions. Also, the anisotropy of the thermal and
electrical conductivity of the gas diffusion layer should be taken into account
for both the in-plane and the through-plane directions [24].
Typically, the gas diffusion layer is made of a carbon fibre paper or a carbon
cloth, as illustrated in Figure 1.12, which is treated by a different range of
PTFE from 5% to 30%. In addition, the porosity of the gas diffusion layer is
between 70% and 80% [25].
The bulk and contact resistance should both be included for the thermal and

electrical conductivity of the gas diffusion layer.
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Figure 1.12 Scanning Electron Microscope at 50x magnification of the

material of a GDL: (a) carbon paper, and (b) carbon cloth.
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1.7.4 The bipolar plates or the current collectors

One of the essential layers in the PEM fuel cell is the bipolar plates which
are known also as the current collectors. Bipolar plates connect the anode to
the cathode sides electrically in series and help to collect the current from
the anode to the cathode, which means that the bipolar plates should be
electrically conductive. The bipolar plates also assist in spreading the
reactant gases and cool the fuel cell using the cooling fluid channels [26].
Moreover, the bipolar plates must be made of a strong material in order to
provide a support to the fuel cell stack. Typically, bipolar plates contain the
flow field channels and the cooling channels, so they must thermally conduct
the heat from the MEA to the cooling channels. The most commonly used
material for the bipolar plates is graphite. The advantages which make it
suitable for the fuel cell are the low density of the graphite which is less than
any other suitable metals, and it has a higher conductivity. Some metallic
bipolar plates are used for PEM fuel cells, such as aluminium, steel, titanium

and nickel [27].

Bipolar plates cost about 30% of the total cost of a PEM fuel cell and it

accounts for more than 60% of the weight of a PEM fuel cell.

There are different flow-field designs which have been used in PEM fuel
cells, such as the parallel flow field, serpentine, planner and interdigitated
flow field [28, 29]. These different flow field designs are shown in Figure

1.13.
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(i

Parallel flow field Serpentine flow field
Interdigitated flow field Planner flow field

Figure 1.13 Typical PEM fuel cell flow fields.

1.8 PEM Fuel Cell Challenges

Despite the fact that PEM fuel cells have wide applications and several
advantages over the other fuel cell types, there are some issues which need
to be taken into consideration in PEM fuel cells, such as the water and

thermal management which are the major technical challenges in fuel cells.
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On the other hand, the cost and durability are the main challenges to the
commercialization of fuel cells. Therefore, the key challenges of PEM fuel

cells are as follows:

1.8.1 Water management in PEM fuel cells

In PEM fuel cells, there should be a sufficient amount of water in the
electrolyte to ensure that the polymer electrolyte has good conductivity.
However, if there is too much water in the electrodes then it may block the
gas diffusion layer and flood the electrolyte [30].

There are some complications relating to the balance of water in the
electrolyte because when protons are moving from the anode to the
cathode, they will carry some water molecules with them. This process is
called the electro-osmotic drag. Furthermore, there is a risk from the drying
effects when the cell reaches a high temperature. To solve these problems,
the air is usually humidified before it is pumped into the channels of the fuel
cell [31].

Another complication is that there are some differences in the amounts of
water in the electrolyte. In practice, some parts of the cell may be dry and
others may be flooded while the air is moving through the electrodes. So, the
amount of water in the PEM fuel cell should be well balanced and controlled
[32]. Since the high humidity inside the PEM fuel cell could block the gas
diffusion layer and also block the gas transportation and reactant. This is

indicated by a sudden voltage drop in the polarisation curve. Therefore,
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advanced water management should be achieved to control the water in the

PEM fuel cell [33].

1.8.2 Thermal management of the PEM fuel cell

There are some differences between the actual cell voltage and the voltage
which is presented from the fuel cell. These differences are produced as
heat in the PEM fuel cell.

There are several ways of removing this heat from the fuel cell. One
common way is to provide a cool air flow which assists in the evaporation of
the water. This method is used for PEM fuel cell systems of approximately 2
kW power. Another method is to use cool water which is suitable for some
applications, such as in combustion engines. The cooling air can maximize
the size of the PEM fuel cell. However, the effect of the cooling water is
greater than the effect of the cooling air in PEM fuel cells. Usually PEM fuel
cells, which are more than 10 kW use water cooling [32].

In these two methods of cooling PEM fuel cells, the cooling channels are

produced in a bipolar plate [32].

1.8.3 PEM fuel cell cost and durability

One of the biggest challenges which face PEM fuel cell technology is their
cost and durability. The polarisation curve can indicate that a low current
density implies less operating cost (mainly hydrogen and temperature) and a

higher capital cost (mainly membrane material and catalyst layer) and the
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opposite is observed at a high current density [34]. The cost target for fuel
cells by 2015 is $30/kW and it was $45/kW by 2010 and the durability is

about 5000 hours [35].

Almost half of the fuel cell cost comes from the cost of platinum and the
catalyst ink. In addition, the membrane is the major cost for the fuel cells
with low production volumes. The price of manufacturing fuel cells, between
2004-2008, decreased by about 73% and it is expected that the price of
manufacturing fuel cells will fall at the same rate over the next two decades.
These cost reductions are driven by an improvement in the system design
and production methods [36]. Furthermore, there are some costs which must

be taken into consideration as price of distribute the hydrogen [37].

1.9 Fuel Cells Systems

The fuel cells systems are a complex system and are varying depend on the
applications and the amount of output power which is needed.

However, fuel cell systems usually consist of: fuel cell stack, fuel processor,
current conditioners, current inverters and the heat management system,

water management systems, see Figure 1.14 [26, 32].
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Figure 1.14 Schematic of the fuel system.

1.9.1 Fuel cell stack

The output power of a single fuel cell is very low and this makes them
suitable for only small applications. Therefore, the fuel cell is usually
combined in series to form the fuel cell stack. Typically, a fuel cell stack
consists of hundreds of fuel cells to produce an applicable amount of power

[21, 26].
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1.9.2 Fuel processor

Typically, the fuel reformer is used to convert the fuel, such as gasoline,
methanol, and diesel, to hydrogen and impurities, such as carbon dioxide
and sulphur, are removed from the system to avoid poisoning the fuel cell
catalyst and as a consequence the effect on the fuel cell life time. The same
types of fuel cell, such as the molten carbonate and solid oxide, do not need
to convert the fuel to hydrogen due to the high operating temperature which
allows the fuel to be reformed itself without a reformer. This procedure is

ultimately known as internal reforming [26, 32].

1.9.3 Current conditioners

The power in the fuel cell systems need to be controlled by the control of the
current flow, frequency and the voltage in order to make the electrical

characteristics suitable for the applications [32].

1.9.4 Current inverters

The fuel cell stack generates the electricity from the chemical reactions
inside the fuel cells to direct current which needs to be converted to an

alternating current in order for it to be used in many applications [32].
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1.9.5 The heat management system

The waste heat from the fuel cell systems is recycled in the high operating
temperature fuel cells, such as the molten carbonate fuel cells and solid
oxide fuel cells, by a turbine to increase the efficiency of the fuel cell system

[26, 32].

1.9.6 The water management system

Most of the fuel cell systems contain a humidity control system and waste

water control system [26, 32].

1.10 Research Aims and Objectives

Although one of the most important parameters to understand the heat
transfer in fuel cells is the thermal conductivity, to the best of the knowledge
of the author there is not enough research on the thermal conductivity of the
membrane electrode assembly (MEA) and no results are available for the in-
plane thermal conductivity of the MEA. In addition, the effect of many
parameters are ignored and not reported in the previous studies on the

through-plane thermal conductivity measurements.

In this thesis, a computational fluid dynamic technique (CFD) is used to
predict and visualize the water distribution and the thermal distribution in
PEM fuel cells by using the commercial CFD software Fluent®, and the

effect of the thermal conductivity of the main components in PEM fuel cells,
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namely the membrane, the catalyst layer and the GDL, is investigated.
Following this, the experimental measurement of the thermal conductivity
and the contact resistance of the MEA components are reported. This
provides a comprehensive study on the thermal conductivity and the thermal

contact resistance of the components in the MEA.

The aims of the present study are as follows:

1 To numerically investigate the effect of the thermal conductivity of the
gas diffusion layer (GDL) on the temperature distribution, water

saturation and the overall performance of the PEM fuel cells.

1 To numerically investigate the effect of the metallic-based GDL on the

performance of PEM fuel cells.

1 To numerically investigate the effect of the thermal conductivity of the
MEA on the temperature distribution, water saturation and overall

performance of the PEM fuel cells.

1 To experimentally determine the effect of the in-plane and through-
plane thermal conductivity on different types of GDLs in PEM fuel

cells.

1 To experimentally determine the effect of many GDL properties on the

thermal conductivity of the GDL as follows:
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Vi.

Vii.

The effect of the PTFE content on the thermal conductivity of the

GDL.

The effect of the mean temperature on the thermal conductivity of the

GDL.

The effect of the micro porous layer (MPL) on the thermal conductivity

of the GDL.

The effect of the fibre direction on the thermal conductivity of the

GDL.

The effect of compression load on the thermal conductivity of the

GDL.

To experimentally measure the thermal conductivity of the catalyst
layer and the membrane in the in-plane and through-plane directions
while taking into account the most important parameters in the

membrane and the catalyst in PEM fuel cells as follows:

The effect of temperature and water content on the thermal

conductivity of the membrane.

The effect of temperature and Pt loading on the thermal conductivity

of the catalyst layer.
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1.11 Structure of the Thesis

The thesis consists of eight chapters. Chapter 1 describes the basic
structure of fuel cells, fuel cell types and the advantages of fuel cells and
their applications, as well as the challenges which are faced in the
performance of fuel cells. Chapter 2 examines the effect of the anisotropic
thermal conductivity of gas diffusion layers on the performance of PEM fuel
cells, which is investigated by using Fluent®. The fundamentals of the CFD
modelling of fuel cells is also described. In addition, the metallic-based GDL
are modelled and discussed in Chapter 3. In Chapter 4, the effect of the
thermal conductivity of the catalyst layer and the membrane on the
performance of the PEM fuel cell is illustrated and investigated by using the

fuel cell module in Fluent®.

Chapter 5 consists of a literature review on the experimental techniques of
measuring thermal conductivity. In Chapter 6, the experimental technique for
measuring the thermal conductivity in the in-plane direction is developed and
the results obtained for the effects of temperature and
polytetrafluoroethylene (PTFE) loadings, Micro Porous Layer (MPL) coatings
and fibre direction on the in-plane thermal conductivity of the gas diffusion
layer. In addition, the in-plane thermal conductivities of the membrane and
catalyst layer are reported with the effect of temperature and water content

on the in-plane thermal conductivity of the membrane taken into account, as
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well as the effect of Pt loading and temperature on in-plane thermal

conductivity of the catalyst layer.

In Chapter 7, the thermal conductivity of the MEA is measured
experimentally with the effect of the GDL compression, PTFE loadings, MPL
coatings and temperature on the through-plane thermal conductivity of the
GDL taken into account. Additionally, the through-plane thermal conductivity
of the membrane is reported as a function of temperature and the through-
plane thermal conductivity of the catalyst layer is reported as a function of
temperature and Pt loading. Chapter 8 contains the conclusions of all the
major results of the thesis and the recommendations for possible future

work.
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Chapter 2
Effect of the Anisotropic Gas Diffusion Layer on the
Performance of PEM Fuel Cells

2.1 Introduction

Recently, researchers have shown an increased interest in the
effect of the anisotropic properties of GDLs on the performance of
PEM fuel cells. Knowing the thermal conductivity is essential for the

water and thermal management of PEM fuel cells [38].

A number of researchers have employed the computational fluid
dynamic technique to predict the performance of PEM fuel cells
because it assists in reducing the cost and time of experimental
work. However, as yet, CFD modelling cannot capture the realistic
temperature distribution and the real liquid distribution in the fuel
cells. The difference between the experimental results and the
modelling results may be due to the failure to obtain accurate
estimates of all the governing parameters [38]. One of these
parameters is the thermal conductivity of the GDL, which is usually
assumed for simplicity to be an isotropic material and this is
because there is no available data for the in-plane thermal
conductivity of GDLs and there are very limited data for the through-
plane thermal conductivity [39-42]. Many numerical investigations

have been performed to investigate the effect of the thermal
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conductivity of the GDL. However, most PEM fuel cell models
assume that the GDLs are comprised of an isotropic material.
Pharoah and Burheim [43] developed two-dimensional models to
investigate the temperature distribution in PEM fuel cells. The effect
of the thermal conductivity of the GDL and the change in the water
phase leads to higher temperatures in the cathode side than in the
anode side. Zamel et al. [44] numerically estimated the in-plane and
through-plane thermal conductivity of carbon paper, which is
typically used as a gas diffusion layer in PEM fuel cells. The thermal
conductivity of the GDL was sensitive to the porosity of the carbon
paper. The thermal conductivity of the carbon paper was found to
increase with a decrease in the porosity of the carbon paper, and
the in-plane thermal conductivity was much higher than the through-
plane thermal conductivity of the carbon paper. Burlatsky et al. [45]
developed a mathematical model to investigate the scenario of
water removal in PEM fuel cells. The water transport was dependent
on the thermal conductivity of the GDL and the water diffusion
coefficients. He et al. [46] investigated the effect of the thermal
conductivity of the GDL on the temperature distribution in PEM fuel
cells. Their results indicated that the anisotropic thermal conductivity
of the GDL results in higher temperature gradients than for an
isotropic GDL, which led to a decrease in the water saturation in the
anisotropic case. However, so far, no researchers have validated

their model results with experimental data. In the present study, the
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effects of anisotropic GDLs on the temperature distribution, water
saturation, and current density are assessed using a CFD model,
and the results were validated with the experimental data obtained
using an in-house PEM fuel cell. The current model takes into
account the anisotropic properties of the GDL, such as the electrical
conductivity, thermal conductivity, and permeability; this will

definitely enhance the prediction of the numerical model.

2.2 Modelling Three-dimensional PEM Fuel Cells

For fuel cells, as for other equipments, collaboration between
experimental work and modelling is required in order to develop the
fuel cell processes. Models provide some estimates of the critical
parameters, which could be the subject of experimental work and
material development. In turn, experimental measurements can be
used as a guide which allows the experimental parameters to be
used in the CFD models. On the other hand, models sometimes
cannot capture the real situation because of the difficulty of
accurately capturing the balance of the temperature and liquid water

transport through the multi-phases in fuel cells [47].

Fuel cell models require the following:

1 Mass transport of species:
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In PEM fuel cells, the water, electrons, protons and gas

mobility should be considered through PEM fuel cells [47].

1 Two phase flow models through the porous media:
Hydrophobicity and capillary forces, combined with porosity

and permeability, are parameters of the GDL layers [47].
1 Unit cell modelling:

Mathematical models can be as simple as a 1-dimensional
transport through the membrane electrode assembly and this
avoids the time consuming computational fluid dynamic

calculations due to the simplified geometry [47].

2.2.1 Governing equations

Basically, the steady fluid flow in the fuel cell is governed by the

following equations [39, 48]:

Conservation of mass:

p&e nd=0 (2.1)
Q -
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Conservation of momentum:

Dg@ /iJ_u8:-eDR+D@7De_u8+eTﬁ (2.2)
¢ - ¢ -

Conservation of species:

Bge mY, 8=b&D"BY, )+ S, (2.3)
(} -

where r is the fluid density, _Uis the fluid velocity vector, P is the
fluid pressure, mis the mixture viscosity, Y is the mass fraction for
gas species k, e is the porosity of the porous media, ¢ is the
permeability of the porous media, Sy is the source or sink term for
species k, and D" is the diffusion coefficient of species k and it

can be calculated as follows:
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D" =D, (2.4)

where X is the tortuosity of the porous media and D is the ordinary

diffusion coefficient.

Conservation of charge:

: g- J
DcﬁssolDfsol)zile Ja (25)
1~ Yec
. 8J,
DS 1Pl ren) =1 | (26)
I Ye

where s, is the electric conductivity of solid, s .., iS the proton
conductivity in membrane, £, is the potential of solid phase, 7, is
the potential of membrane phase, J, is anode catalyst reaction rate

and J_ is cathode catalyst reaction rate.

Conservation of liquid water formation:
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pdr V. s)=r, 2.7)

where S is the liquid water saturation, L is the liquid water and

r,,is the mass transfer rate between the gas and liquid.

Conservation of energy:

(rCP)eff (V CI:DT):DC@(effDT)-'_Se (28)

where % is the specific heat capacity of the gas mixture, T is the

temperature, Se is the energy source term and K is the effective

thermal conductivity of the gas mixture which is defined as the

follows:

(2.9)
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where k, and k. are the thermal conductivities of the solid and fluid

regions, respectively.

All the source terms in the above equations are listed in Table 2.1.

Table 2.1 Source terms in the governing CFD equations.

Source terms

Defining equation

Species
volumetric source
terms

Energy source
term

Cathode catalyst
reaction rate

Anode catalyst
reaction rate

Mass transfer
rate between gas
and liquid

— MW,HZ
e 2F
802 - Mw,o2
4F
I\/IWHO
Suo=—ot
O 2F

— 2
Se - hreact - Ran,cathancat +1 Rohm+ h|

Soxps 2a(, rf,-vo0)$ §
=] reféozf aa g RT - l:l
ref CE o N
Ge. _e' eXp& Ze (fmem f - VOC)%
@ ¢RT +
é aa Q0 9
3 : Xpaeé(fsm_ fmem)o u
J, =Jr Hi oe ¢ U
ref O a, N
@ ' eXp&_ (fsol - fmem)g.’Ijj
g ¢ RT gy

—12
rw =1 Rohm+han,cat‘Jan,cat + r‘th

* See the nomenclature for the definitions of all the symbols.
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2.2.2 Computational domain

The performance of PEM fuel cells is usually investigated by using
polarisation curves, which are mainly the current density versus the
cell potential plots [49]. In this chapter, the polarisation curves for
PEM fuel cells with an anisotropic GDL are investigated and the
results are compared with the experimental data obtained from the
University of Leeds PEM fuel cell which was developed by Ismail et
al. [50]. This fuel cell takes into account the anisotropic permeability
and electrical conductivity of the GDL, but not the thermal
conductivity [50]. The parameters of the anisotropic GDL were
obtained and they are used as input parameters for the CFD model,
which was developed by using the Fluent® software. The results
obtained from different thermal conductivities are compared in terms
of the temperature distribution, water content and the electrical
conductivity. In this investigation, the whole PEM fuel cell, this cell
consists of 11 channels with a serpentine flow field. A schematic of
the 11-channel serpentine flow field of the PEM fuel cell is shown in
Figure 2.1. The PEM fuel cell dimensions were 32x 10.81 x 32 mm
in the X, y and z directions, respectively. The 3-D model consisted of
nine zones which are: cathode current collector, cathode channel,
cathode gas diffusion layer, cathode catalyst layer, membrane,

anode catalyst layer, anode gas diffusion layer, anode channel, and
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anode current collector, the fuel cell dimensions are listed in Table

2.2.

Anode current collector

Anode GDL
Anode CL

Anode channel

Membrane

Cathode CL
Cathode GDL

Cathode channel

Cathode current collector

Figure 2.1 Schematic of the PEM fuel cell computational domain.
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Table 2.2 The CFD investigated PEM fuel cell dimensions.

Dimension Value
Channel length (m) 11x (2.8 x 10%)
Channel height (m) 2.0 x 10°
Channel width (m) 2.0x10°
GDL thickness (m) 3.0 x 10*

Catalyst layer thickness (m) 3.0x10°
Membrane thickness (m) 1.5 x 10

For simplicity, and to reduce the calculation time, the model
assumed that the fluid flow to be laminar, as the inlet velocity was
low; the reactions were under steady state conditions; and the

reaction gases were assumed to be ideal gases.

2.2.3 Boundary conditions

The fluid flow in the PEM fuel cell was generated under steady state
conditions and all of the governing parameters, at the same values
as the experimental parameters, are listed in Table 2.3. The velocity
at the anode side was set to be 0.42 m/s with fully humidified
hydrogen, while the velocity at the cathode channel was 1.06 m/s
with humidified air, as shown in Figure 2.2. Isothermal constant
temperature wall boundaries were defined for the cell sides and the

current collectors. The operating temperatures were 303K, 313K,
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323K, and 333K, respectively. The gauge pressure was set to be
2.5 bar at both the anode and cathode sides. The physical and

operational parameters are listed in Table 2.3.

Figure 02.2 Schematic of the eleven-serpentine channels and the

boundary conditions.
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