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Abstract

The global demand for alternative energy conversion procedures has increased
considerably in the past few decades. As a result, increasing attention has been
given to proton exchange membrane fuel cells as they offers several advantages
over fossil fuel engines such as high efficiency, high power density and the absence
of greenhouse gas emission to name a few. Polymer exchange membranes can
be classified as either proton exchange membrane or anion exchange membrane
(AEM). The latter has several distinct advantages including the possibility of
precious metal free catalysts, enhanced oxygen reduction catalysis, and a wider
option of fuels. Even though significant progress has been made on the experiment
analysis of the AEM fuel cells, further improvement of the current numerical
models is necessary in order to better describe the transportation phenomena
within the catalyst layer and to enhance the accuracy of the numerical results.

The numerical simulation presented in this thesis is performed applying the
methodologies of computational fluid dynamics. A finite volume method-based
methodology was used and conservation equations of mass, momentum, species,
liquid water, membrane water content, electronic and ionic potential and energy
were solved in a coupled manner. The SIMPLE algorithm was used to link
velocity and pressure. Grid sensitivity and convergence criteria analysis were
performed in order to ensure that the grid size does not significantly affect the
solution and that the numerical solution is converged.

In this thesis, firstly, a three-dimensional multiphase macro-homogeneous
models is proposed which was subsequently used to evaluate the effects of operat-
ing temperature, inlet relative humidity, and flow direction (anode and cathode
flowing in the same and opposite direction) on the overall performance of the fuel
cell. Secondly, a three-dimensional multiphase agglomerate model for an AEM
fuel cell is proposed and, in addition to the length scale present in the macro-



homogeneous model (i.e. catalyst layer thickness), an additional length scale is
introduced (i.e. ionomer thickness) to the numerical model. Subsequently, a
direct comparison is made between the proposed agglomerate model and the pre-
viously developed macro-homogeneous model and a detailed discussion between
both models is presented. Finally, further improvement on the agglomerate model
is proposed to mimic the transport phenomena within the catalyst layer in a more
realistic manner and an investigation of the effects of the catalyst layer composi-
tion (i.e. platinum and carbon loading, ionomer loading), structural parameters
(i.e. catalyst layer thickness, porosity) and operating parameters is performed.
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Chapter 1

Introduction

1.1 Background

Over the last few decades, the concern regarding the environment and the sustain-
able energy conversion have driven researchers to the alternative energy conver-
sion procedures. As one of the outcomes of the directed effort, polymer exchange
membrane (PEM) fuel cell was developed as an alternative to fossil fuel heat en-
gines. As a basic concept, a fuel cell is a device that from the chemical reaction
between fuel and oxidant, directly converts the chemical energy into electrical
energy [55]. On PEM fuel cells, hydrogen and oxygen are provided as fuel and
oxidant, respectively, and as an outcome of the chemical reaction, three main
products are generated: electrical energy, heat and water. Among several ad-
vantages of the PEM fuel cell are the lack of greenhouse gas emission and higher
efficiency in comparison to internal combustion engines. These make the fuel cell
a suitable option for several applications, including automotive, space station,
satellites and power generators [5, 29, 37, 40, 64]. In addition to that, low opera-
tion temperature and noise production, fast start up and high power density are
some other positive aspects of the fuel cells.

Nevertheless, even though PEM fuel cells have several advantages in com-
parison to other energy conversion devices, there are still technical issues that
must be addressed before the widespread commercialisation, such as reliability,
air management, water management, thermal management, cost, durability, etc.
[1, 2]. In 2015, the specific power and cost for the fuel cell power systems oper-
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ating on direct hydrogen is 659 W/kg and 53 $/kWnet, respectively. Currently,
the U.S. Energy Department aims to reduce the specific power and cost to 650
W/kg and 40 $/kWnet, respectively, by 2020 [2]. In order to eliminate, or reduce,
these disadvantages, an extensive research has been carried out by both experi-
mental and numerical means. Both methods have advantages and disadvantages
when compared to each other. Among the disadvantages of experimental work,
when considered the transient mode of operation regime, the different spatial and
temporal scales increase the complexity of measurement and observations. In ad-
dition to that, the high cost of equipment to produce a fuel cell (or a stack) is also
an obstacle to experimental work. Alternatively to the experimental framework
and the aforementioned experimental issues, the numerical simulation has been
carried out in order to provide a better understanding of interrelated physico-
chemical phenomena involved in the energy conversion. In the past few decades,
several studies have been carried out in order to provide more comprehensive nu-
merical models capable to reproduce experimental results with higher accuracy.
Further details about recent experimental and numerical studies will be presen-
ted in Chapter 2 of this thesis. Meanwhile, in the current chapter, the operation
principles, components of a PEM fuel cell and objectives of this thesis are defined.

1.2 Operating Principles of Proton Exchange Mem-
brane Fuel Cell

Typically, a proton exchange membrane fuel cell (PEMFC), which has an acidic
solid membrane, operates with pure hydrogen at the anode side and humidi-
fied oxygen (or air) at the cathode side, as shown in Equations (1.1) and (1.2),
respectively[21].

1
2O2 + 2H+ + 2e− → H2O (cathode) (1.1)

H2 → 2H+ + 2e− (anode) (1.2)

As one can see in Equation (1.3), water, heat and electrical energy are pro-
duced as consequence to the oxygen reduction reaction (ORR) and the hydrogen
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oxidation reaction (HOR) presented in Equations (1.1) and (1.2), respectively.

H2 + 1
2O2 → H2O + heat + electrical energy (1.3)

Even though PEMFCs have been extensive analysed in the existing literature,
water flooding due to excessive water in the porous of the cathode electrolyte is
still one of the challenges to the date [55].

1.3 Operating Principles of Anion Exchange Mem-
brane Fuel Cell

In Figure 1.1, the operational principle of an anion exchange membrane (AEM)
fuel cell is presented. As one can see, the anode and cathode side are separated
by an AEM, as illustrated in Figure 1.1. Different than the acidic solid membrane
from a PEMFC, the AEM creates an alkaline pH environment [21]. As a source
of fuel and oxidant in an AEM fuel cell, typically hydrogen and oxygen (or air)
are provided, respectively. On the cathode side, the ORR described in the Equa-
tion (1.4) occurs and the hydroxide ions (negatively charged) are formed. The
formed ions diffuse through the ionomer content from the cathode catalyst layer
(CCL) to the anode catalyst layer (ACL), crossing the AEM. On the ACL, the
hydrogen supplied at the anode flow channel (FC) inlet and the hydroxide ions
supplied from the cathode side are used in the HOR, represented by Equation
(1.5), generating electrons and water molecules.

H2O + 2e− + 1
2O2 → 2OH− (cathode) (1.4)

H2 + 2OH− → 2H2O + 2e− (anode) (1.5)

After crossing an external circuit, the electrons return to the cathode side to
once again be part of the ORR. As a result from the combination of Equations
(1.4) and (1.5), the Equation (1.6) describes the overall reaction of an AEM fuel
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Figure 1.1: Operation principles of a AEM fuel cell.

cell.

H2 + 1
2O2 → H2O + heat + electrical energy (1.6)

As one can see from Equation (1.7), the Gibbs free energy, ∆G , of the fuel
cell reaction is described as [70]:

∆G = −nFE (1.7)

where n is the number of moles of electrons involved, E is the reversible potential
and F is Faraday’s constant (96485332.0 C/kmol). For the chemical reaction
presented at Equation (1.6), the correspondent Gibbs free energy is -229 kJ/mol

and the number of moles of electrons involved is n = 2.0 [70]. Therefore, the
reversible potential for this electrochemical reaction is 1.229 V . Nevertheless,
the theoretical voltage can not be obtained, even when operating at zero current
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(open circuit), due to several irreversibilities presented in the AEM fuel cell energy
conversion. Typically, a single AEM fuel cell operates between 0.4 to 0.8 V cell
voltage and the produced current density is lower than 2.0 A/cm2. Nevertheless,
the order of the power produced by a PEM fuel cell can vary from as low as
1.0 W up to 106.0 W , depending on the amount of fuel cell stacks assembled.
More detailed information about PEM fuel cell operation and applications can
be found in [34, 50, 55].

1.4 Components of an AEM Fuel Cell

1.4.1 Polymer Exchange Membrane

The anion exchange membrane plays a critical role on the fuel cell performance,
as it is being responsible for the diffusion of anions from cathode to anode and
the blockage of electrons to cross through it, forcing them to cross an external
circuit to generate electrical energy. The thickness of the membrane ranges from
0.02 to 0.3 mm, and it has a direct effect on the PEM fuel cell performance due
to its relation with water diffusion rate and Ohmic loss. In order to obtain the
optimum performance of the AEM fuel cell, water must be supplied in the right
amount; excess or lack of water can cause flooding or drying of the membrane,
respectively, therefore reducing electrical energy output [48].

1.4.2 Catalyst Layer

In the AEM fuel cell, the catalyst layer (CL) is where the half reaction takes place.
Positioned directly in contact with the membrane and the gas diffusion layer, the
CL is responsible for facilitating both hydrogen oxidation and oxygen reduction.
As the CL composition has a direct impact on mass, ionic and electronic resist-
ance, these transportation phenomena have to be taken into consideration when
the CL is manufactured. For instance, in respect of the CL porosity, the aug-
mentation of the CL porosity has a trade-off between the enhancement of the
mass transportation and the increase of the ionic resistance [38] . With respect
of the ionic phase, the CL is embedded in a matrix of ionomer, which plays an
important role on the AEM fuel cell performance, facilitating the anions diffusion
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from the CCL through the membrane until they reach the ACL [81]. The pos-
sibility of precious metal free CL makes the AEM fuel cell a feasible large scale
production option, as it decreases the cost of the fuel cell [51].

1.4.3 Gas Diffusion Layer

With thickness ranging between 100 and 300 µm, the gas diffusion layer (GDL)
is responsible for the conduction of electrons from and to the catalyst layer. In
addition to that, it is also responsible to ensure that the reactants necessary
for the electrochemical reaction reach the CL. Usually manufactured of carbon
cloth or carbon paper, it presents a porous structure that is beneficial to keep
the membrane hydrated [31]. In addition to that, the GDL can be coated with
hydrophobic or hydroponic material, having an impact on the water management
of AEM the fuel cell [49, 82].

1.4.4 Bipolar Plate

The bipolar plate (BP) is used to connect the cathode and anode of adjacent cells.
Under normal operational condition, a single fuel cell produces a voltage smaller
than 0.6 V (lower than the theoretical 1.229 V ) due to irreversibilities and losses.
When assembled in series, a fuel cell stack is capable to produce voltage in more
useful quantities. In order to create a path to feed the GDL with reactants, a FC
is embedded into the BP surface. Among several different designs, serpentine and
parallel paths are widely used in literature and experimental work [12, 87]. The
relation between the area of land and channel plays an important role since it
affects the reactant supplies, cell weight and connections between GDL and BP.
The Ohmic loss and contact resistance presented in the fuel cell can be reduced
with the increase of the land area. In spite of that, a balance between land and
flow channel area is necessary in order to ensure the supply of reactants as it is
necessary. Some of the important characteristics of a BP are high electrical and
thermal conductivity, chemical and mechanical strength [15].
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Figure 1.2: Scheme of a typical polarisation curve.

1.5 PEM Fuel Cell Performance

The fuel cell performance is commonly evaluated using the polarisation curve as
an indicator; it usually presents the average current density (A/cm2) and the
cell voltage (V ), in the abscissa and ordinate coordinate, respectively. Operating
under the thermodynamic reversible conditions, a fuel cell is capable of producing
the maximum amount of electrical potential between cathode and anode, which
is called the reversible cell potential. As shown in the Figure 1.2, the increase
of current causes the increase of irreversible losses, also called overpotential or
polarisation [45].

According to literature [18, 55], there are three main irreversibilities: activa-
tion, Ohmic and concentration losses. The Equation (1.8) presents the relation
between the cell voltage, the cell reversible voltage and the sum of the irrevers-
ibilities (cell overpotential):

φcell = φrev − (ηact + ηohm + ηconc) = φrev − ηtotal (1.8)

The activation loss, ηact, arises due the energy lost from the increase of the
rate of electrochemical reactions as required. The Ohmic loss, ηohm, arises from
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the ionic and electronic resistance to flow inside the AEM fuel cell and it presents
a linear behaviour. The Ohmic loss presents a dependent behaviour on the cell
current, as the increase of the current results in the increase of the Ohmic loss.
The concentration loss, ηconc, is a consequence of the high demand of species
or due to the clogged pores caused by the over accumulation of liquid water,
especially under higher current density region.

1.6 Objectives

The main objectives of this thesis are:

• To identify the issues of the numerical macro-homogeneous models for AEM
fuel cell currently available in literature;

• To propose an advanced three-dimensional multiphase agglomerate model
for an AEM fuel cell;

• To compare the developed agglomerate model with the current available
macro-homogeneous model in order to provide insights about the effect of
the additional transport resistances within the CL;

• To understand the limitations of mass transport caused by water produc-
tion, consumption and phase change;

• To perform a parametric analysis on the effects of different catalyst layer
composition on the overall performance of the fuel cell.

The objectives proposed in this thesis will be achieved by the development of a
three-dimensional (3D) multiphase macro-homogeneous model for an AEM fuel
cell. The proposed macro-homogeneous model will be implemented in a computa-
tional fluid dynamics (CFD) software in order to evaluate the interrelated physico-
chemical processes and operation of the various interactions. Subsequently, the
macro-homogeneous model will be upgraded and an agglomerate model for AEM
fuel cell will be developed. The proposed agglomerate model will take into account
the subtle transportation phenomena that takes place in the CL. A comprehens-
ive comparison between the macro-homogeneous and the agglomerate model is
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presented and the behaviour of key quantities such as effectiveness, ionic and
concentration losses are analysed. Finally, the developed agglomerate model will
be used in an extensive parametric analysis of the effects of the catalyst layer
composition (i.e. platinum loading, carbon loading and ionomer volume fraction)
on the overall performance of the fuel cell. The results are discussed and optimum
values for the operating condition and parameters analyses are proposed.

In this chapter, an overview of the AEM fuel cell, its applications, components
and the objectives of this thesis are presented. In Chapter 2, the literature will be
reviewed and the state of the art of the AEM experimental and numerical work
are discussed. The mathematical formulation and numerical implementation of
the developed models will be presented in Chapter 3 and Chapter 4, respectively.
The numerical results from macro-homogeneous model, first and final proposed
agglomerate model will be presented in Chapter 5, Chapter 6 and Chapter 7,
respectively.





Chapter 2

Literature Review

Over the past decade, as one can see in Figure 2.1, the number of published
studies related to AEM fuel cells has increased [3]. Even though AEM fuel cell
publications have increased significantly, they represent less than 17% when com-
pared to proton exchange membrane fuel cell publications over the same period
of time. These recent studies in AEM fuel cells were essential to improve the
understanding of the transport mechanisms and the role water and heat transfer
play on the overall performance of the fuel cell. Several studies reported signific-
ant improvements on the solutions of the already known issues regarding AEM
fuel cells.

In the recent past, several studies were published emphasising the most up to
date issues remaining on AEM fuel cell [16, 21, 32, 61, 66, 84, 88]. In the most
recent study, Dekel [21] has identified three of the main characteristics of high
performance AEM fuel cells: a) high ionic conductivity at the membrane and CL;
b) highly active CL, providing enhanced HOR; and c) an effective water man-
agement strategy. Despite all the aforementioned characteristics highlighted by
Dekel [21] being relevant for the achievement of high performance AEM fuel cells,
the present thesis will be focusing on the importance of the water management
strategy on AEM fuel cells.

The following sections of this chapter present a literature review of the most
relevant work related with experimental and numerical model in AEM fuel cell.
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Figure 2.1: Number of publication per year about anion exchange membrane
fuel cell and proton exchange membrane fuel cell (key words: anion exchange
membrane fuel cell; proton exchange membrane fuel cell) [3].

2.1 Experimental Work

On the experimental field, numerous studies were performed in different frame-
works, such as property and coefficient characterisation, water management and
material optimisation.

The oxygen reduction kinetics and mass transportation for Tokuyama A201
membrane were analysed by Gunasekar et al. [30]. Under lower current dens-
ity region, similar oxygen reduction kinetics for the OH− ion in comparison to
Nafion were reported. Nevertheless, under higher current density region, the ef-
fects of mass transportation started to play a role in the current density. The
Tokuyama A201 membrane presented higher oxygen diffusion for the OH− when
compared with Nafion. This is attributed to the higher ion exchange capacity
of the Tokuyama A201 membrane (i.e. 1.8 meq/g) in comparison to Nafion (i.e.
0.91 meq/g), as the higher water uptake enhances the oxygen diffusion in the
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aqueous medium. In addition to Gunasekar and his collaborators efforts to char-
acterise the mass transportation of oxygen in AEM fuel cells, Khadke and Kewer
[46] quantified the mass transportation characteristics of O2 in Tokuyama AS-4
ionomer. It was reported to display Fickian behaviour, meaning the diffusion
coefficient is independent of the film thickness and concentration. In addition to
that, it was also reported that the oxygen diffusion in AS-4 ionomer presents one
higher order of magnitude in comparison to the Nafion ionomer.

Among the properties required for a AEM membrane, Couture et al. [16]
highlighted the high ionic conductivity, to provide satisfactory barrier to the spe-
cies crossing through the membrane, chemical stability, durability under different
hydration condition and properties stability under the working temperature. The
conductivity and thermal durability were the driving factors for the development
of new membrane material by Ren et al. [73]. In their study, significant improve-
ments in ionic conductivity (0.0984 S/cm ) and membrane swelling (117 wt%
at 22oC ) have been reported when compared to the Tokuyama A201. The hy-
drophobic network and the reduced tortuosity of the ionic conduction paths are
attributed as the reason for the membrane mechanical integrity and high ionic
conductivity, respectively. Different composites were used by Zhao et al. [102]
to synthesize an alkaline anion exchange membranes. When tested at 30oC, the
hydroxide conductivity reached values up to 0.057 S/cm, with a maximum ion ex-
change capacity of 1.74 meq/g and a mechanical strength of 102.3 MPa. While
operating with H2/O2 at 50oC , the previous membrane reached a maximum
power density of 278 mW/cm. In addition to that, durability tests were per-
formed, and under higher temperature (60oC ), higher durability was observed,
with no major changes in the ionic conductivity for 1000 h.

Xu et al. [98] has reported higher performance utilising Co3O4 electro catalyst
layer for ORR in comparison to palladium based catalyst layer, thus reducing the
cost of an AEM fuel cell. Asazawa et al. [4] has also observed higher overall
performance of an direct hydrazine alkaline AEM fuel cell utilising non-precious
metal such as cobalt and nickel at the anode catalyst layer in comparison to
platinum.

Enhancement of the dimensional, thermal and alkaline stability of the AEM
fuel cell were obtained by Ran et al. [71] by the use of graft architecture and
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rational cross-linking. Ran and his collaborators have reported an AEM with
ionic conductivity as high as 0.120 S/cm at 90oC, with low dimensional swelling
(6%), an ion exchange capacity (IEC) of 2.57 mmol/g and water uptake of 41 %.
With respect of the alkaline stability, an augmentation of the ionic conductivity
was reported before reaching alkaline stability after 100 h of immersion.

The water management and the characterisation of parameters involved in
such processes were analysed in literature. Li et al. [56] measured not only the
water uptake, but also the water diffusivity and the electro-osmotic drag (EOD)
coefficient for different temperatures in an AEM. The water uptake of the AEM
in equilibrium was found to vary from 17 to 19 for 30 to 60oC, respectively. The
reason for the increment of the water uptake when temperature increases is due
to the formation of hydrated ion clusters and the micro pores opening, hence
leading to higher water absorption in the membrane. Li and his collaborators
also observed an increase in the water uptake when the relative humidity in-
creased. Similarly to the water uptake, the water diffusivity also improved with
the increase of the water uptake and also the temperature. With respect to the
EOD coefficient, the authors reported EOD coefficients for high values of water
uptake, as due to the water gradient from anode and cathode of a typical AEM
fuel cell, the water uptake of the membrane is generally observed to stay high.

Duan et al. [24] carried out an experimental investigation of the water up-
take, ionic conductivity and dimensional change of the commercial Tokuyama
A201 membrane over different values of temperature (50 and 80oC) and water
activity (0-0.95). Duan and collaborators have observed an improvement in the
water uptake of the A201 membrane when temperature and water activity were
increased. In addition to that, when tested under fully hydration condition, the
A201 membrane presented a dimensional change of 9 and 12% for the 50 and 80oC

cases, respectively, whereas fully hydrated Nafion increases by almost 40% [33].
Current effort is still imposed to improve water and heat transfer management.
Similar studies were also performed by Barath et al. [10] and, for a membrane of
100 nm thickness, water uptake was reported to be approximately 22.5.

The effect of wet proofing on hydroxide exchange membrane fuel cells perform-
ance was reported by Kaspar et al. [44]. The effects of different ionomer loadings
(10-30%) in a MEA utilising a Tokuyama A901, Tokuyama AS-4 ionomer, cata-
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lyst loading of 0.4 mgP t/cm2 TKK 50% and 10% PTFE in Toray GDLs was
disclosed by the authors. It was observed that the optimum performance was
obtained when utilising 20% ionomer loading, as the utilisation of the CL is
compromised when low ionomer volume fraction is considered (i.e. lower ionic
conductivity). It has also been observed that the excess of ionomer resulted in
an increase of mass loss due to pore clogging. Identical MEAs, considering a
20% ionomer loading, were produced to investigate the effect of waterproofing
on the overall performance of the fuel cell. It was reported that waterproofing
has significant impact on the overall performance of the fuel cell, especially when
the anode GDL is water proofed in comparison to cathode GDL. The authors
also suggested that the depletion of the overall performance of the fuel cell is a
consequence that arises due to the mass loss as a result from the anode flooding,
therefore, the cathode humidification is more appropriated to avoid depletion the
overall performance of the fuel cell.

Recently, a water management strategy for a H2/O2 AEM fuel cell is pro-
posed by Omasta et al [65] in order to prevent the flooding of the electrodes
whilst maintaining the membrane hydrated. Experimental results have shown a
diminished performance of the fuel cell when operating under anode and cathode
full humidification condition. Nevertheless, when reducing the relative humidity
on the anode and cathode side to 87% and 79%, respectively, optimum perform-
ance of the fuel cell was obtained. Further reduction of the relative humidity
has reduced the performance of the fuel cell due to the dehydration of the MEA
components.

2.2 Numerical Modelling

Several numerical models were developed on the PEM fuel cell framework. Among
these studies, some of the most important research activities were carried out for
PEM over the past few decades and also some up to date work on AEM fuel cell.
In 1991, Springer et al. [79] presented a one dimensional, isothermal, steady state
model for an entire PEM fuel cell. In their diffusion model, empirical correlations
were proposed for the water diffusion coefficient, electro-osmotic drag coefficient
and ionic diffusion. These correlations presented a dependence on the membrane
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water content. At a fixed temperature of 30ºC, experimental data was measured
and resulted in an empirical correlation for the ionic diffusivity. This diffusion
correlation is widely used in literature [14, 25, 76] due to its good agreement with
experimental data. As another outcome of their work, Springer and collaborators
[79] concluded that the increase of membrane resistance and current density are
related and this resistance can be decreased by reducing membrane thickness.

Later, in 1992, Bernardi and Verbrugge [7] proposed a mathematical con-
vective model of a gas diffusion electrode bonded to a polymer electrolyte. This
model provided good agreement with experimental data and focused on polarisa-
tion curve, catalyst utilisation and water transportation. The authors [7] reported
a sharp drop in current density at lower current density (<100 mA/cm2) mainly
due to the activation potential. Whereas the subsequent almost linear potential
drop is mainly associated with the increase of the Ohmic resistance at the mem-
brane. Even though the authors [7] described the importance of ORR over all
the practical current densities, they concluded that the CL is utilised more effi-
ciently under lower current density, as the oxygen concentration decreases near
the membrane/CL interface.

The complexities of the water transportation within the fuel cell due to
electric-potential forces and pressure gradient are raised by Bernardi and Ver-
brugge. In the three-dimensional model proposed by Bearing et al. [8], all major
transport phenomena except phase change were considered. Focusing on the
better understanding and the numerical reproduction of physical phenomena in-
volved on PEM fuel cell, important quantities such as concentration, current dens-
ity, temperature and water flux were widely investigated. Their results showed a
high influence of temperature on the fuel cell efficiency, presenting large gradients
within the fuel cell domain. Due to the higher species concentration under the
flow channel, higher current density was observed in comparison to the region
under the bipolar plate. This is related with the limited transportation of the
species under the collector. Nevertheless, the 3D model proposed by the authors
does not take into account important characteristics of fuel cell operation such as
water phase change phenomena and membrane dehydration.

Wang’s [86] work provided a substantial summary of the fundamental models
of different types of fuel cell, including PEM fuel cell, comprehending both single
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and multi-phase models, transient phenomena and the heat, water and electrons
transportation. Although the author [86] presented significant advancement in
the PEM numerical modelling field, the importance of understanding of the liquid
water transportation within CL and GDL is highlighted, in order to address the
flooding phenomenon that limits the current density produced by a PEM fuel cell.
Sun et al. [80] developed a novel two-dimensional agglomerate model for the CCL
of a PEM fuel cell. In this model, instead of considering a macro-homogeneous
domain, the CCL was treated as an agglomerate composed of platinum and car-
bon molecules covered by an ionomer layer. This approach allowed not only an
improvement for the modelling of the transportation of electrons, ions and spe-
cies within the catalyst layer, but also enabled the evaluation of the utilisation
of the CL and the effect of the CL composition on the overall performance of the
fuel cell. Sun and his collaborators [80] reported a non-uniform overpotential in
the CCL, contradicting the common assumption of thin layer models regarding a
uniform overpotential through the CL. Hence, the thin layer models are likely to
overpredict the overall performance of the fuel cell in comparison to the agglom-
erate model. Another important finding was the fact that the overpotential that
dictates where the highest current density is observed. Instead of the common
belief that the higher current density can be found be either under the land or
under the flow channel area. Moreover, with the respect of the CL utilisation, an
improvement was observed with an increase of the current density, as the oxygen
diffusion limits the reaction rate, especially under the land region.

Later, a three-dimensional agglomerate model was proposed by Das et al.
[19] and an analysis of the activation potential and current density was provided.
Among the different arrangements of agglomerate proposed by the authors [19]
(in-line and two staggered), the in-line arrangement presented the lower activa-
tion overportential due to the variation of O2 through the domain. Nevertheless,
staggered arrangements present more realistic scenarios, as higher activation over-
potential is observed due to the higher resistance to the oxygen transportation
(i.e. lower porosity). Xing et al. [93] proposed a two-dimensional isothermal
agglomerate model for a PEMFC. The novelty of the proposed model was the
inclusion of different water transport mechanisms (i.e. EOD, back diffusion and
hydraulic permeation) and the formation of liquid water in the void within the
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agglomerate. When increasing the current density and decreasing the temperat-
ure, the liquid water formed within the void region in the agglomerate increases.
Consequently, the thickness of the carbon-ionomer-liquid water film increases,
resulting in an increase in the oxygen transport resistance. In addition to that,
the platinum and carbon loading were varied and results were analysed. Xing et
al. [93] suggest that an increase of the platinum loading is beneficial to the overall
performance of the fuel cell, nevertheless, the effectiveness factor is reduced by
doing so. With respect to the carbon loading, it was observed that its increment
can be beneficial to the fuel cell performance, nevertheless, at lower voltages, it
decreases the current density. Xing et al. [93] also suggested an optimization of
the performance of the fuel cell by controlling the CL composition and operating
parameters, in order to decrease the liquid water film within the void region in
the agglomerate.

Later, Xing et al. [95] proposed a two-dimensional multiphase non-isothermal
agglomerate model for a PEMFC. The ionomer swelling effect due to the contact
with water vapour has an adverse effect on the fuel cell overall performance, as the
coating thickness increased (i.e increase of transportation resistance) and reduced
the porosity of the CL. In respect of the operating temperature, increasing it has
a positive impact on the fuel cell performance due to the reduced saturation of
water in the pores and also the increase of the membrane water content. Despite
the previous benefits from increasing temperature, the performance of the fuel
cell can be adversely affected under high temperature (e.g. T = 80oC) and fully
humidified condition, as the water mole fraction at the inlet increases to 0.48
(from 0.2 at 60oC), affecting the oxygen supply to the CCL. With respect of the
temperature distribution, the CCL usually shows higher average temperature in
comparison with other components of the fuel cell, thus suggesting that supply-
ing a high temperature fluid at the anode side is beneficial to the temperature
distribution of the components. Even though the aforementioned studies were
related to PEMFCs, they were able to provide a deep insight of the interrelated
physics of heat, mass and momentum transport present in a fuel cell and also can
be used as a good platform for the development of an AEM fuel cell numerical
model.

In the AEM fuel cell framework, recently progress has been done by several
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groups. An investigation of the water transportation in a three-dimensional nu-
merical model of an alkaline AEM fuel cell anode was proposed by Huo et al.
[36]. The authors [36] have observed that the liquid water at the anode CL and
GDL is significantly influenced by the current density and the local temperature.
On the other hand, the stoichiometry ratio has been proved to have an insignific-
ant influence on the liquid water transportation. The authors [36] also concluded
that the current density and the temperature are the parameters which have most
influence on the liquid water distribution in anode side.

Hao et al. [23] carried out an analysis focusing on a transient AEM fuel
cell. The effect of current density, anode and cathode inlet relative humidity,
stoichiometric ratio and operating temperature were analysed at different time
instants. It was reported that, when the time step increases, reducing the current
density increases the time necessary to achieve a steady state condition. Similar
behaviour was also observed when the temperature decreases. Nevertheless, when
the time step increases and the current density decreases, it takes longer to reach
the steady state regime. This behaviour is attributed to the equilibrium between
gaseous water at the anode and cathode, as it takes longer to remove the liquid
water from the anode side until an equilibrium condition is achieved.

Jiao et al. [42] proposed a multi-phase three-dimensional model for an AEM
fuel cell. Their results have shown that a high humidification at the anode side
has no significant influence on the overall fuel cell performance. Nevertheless,
low humidification has a significant impact as dehydration of the membrane is
observed, thus increasing the Ohmic resistance. Results indicated that the anode
liquid water removal mechanism is dependent on the humidification at the an-
ode flow channel, and the water is removed as vapour when partially humidified
and removed as liquid water when full humidified mixture is supplied. The hu-
midification on the cathode side plays an important role when operating under
high current density due to the diffusion of liquid water from the flow channel
to the GDL. When evaluating the thickness of the membrane on the overall per-
formance of the fuel cell, results have shown that a thinner membrane leads to
a performance enhancement due to a quicker water back-diffusion from anode to
cathode.

Using an isothermal one-dimensional numerical model, Sohn et al. [78] ana-
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lysed the water transportation in an AEM fuel cell. The authors [78] reported the
water fluxes within the domain. It was observed that, when operating at 100%
relative humidity at both anode and cathode inlets, the back-diffusion trans-
portation was dominant over the EOD, resulting in a water flux from the anode
towards the cathode. Nevertheless, when operating under dry anode and 100%
relative humidity at cathode inlet, the water was transported from the cathode
to the anode. The results obtained by Sohn et al. [78] are in accordance to the
experimental study carried out by Isomura et al. [39]. Kui et al. [43] proposed
an analytical model for an AEM fuel cell. Results showed a depletion of water
at the CCL when operating under lower relative humidity, mainly associated to
the electrochemical reaction and the EOD. Thus, an improvement on the current
density produced was observed when the mixture supplied at the cathode inlet
had its relative humidity increased. On the other hand, the overall performance
was improved when no liquid water was supplied at the cathode side and the
oxygen stoichiometry ratio was kept constant. This is associated to the increase
of activation and Ohmic losses due to the higher operating pressure.

The effect of the CL thickness was also studied by Kui et al. [43]. When
increasing the CL thickness, an increase of Ohmic loss and a decrease of spe-
cies concentration was observed. Kui et al. [43] also reported that decreasing
the membrane thickness resulted in a lower activation losses and Ohmic resist-
ance, as the water transportation through the membrane is enhanced. A three-
dimensional multi-phase numerical model for a representative AEM fuel cell was
proposed by Machado et al. [59] in order to analyse the influence of flow direc-
tion, temperature and relative humidity on the overall performance of the fuel cell.
Results showed that flow direction had no influence on the overall performance of
the fuel cell. Nevertheless, a substantial impact on the overall performance was
reported when varying the operating temperature and the relative humidity at
the FC inlet. In addition to the facilitated ionic diffusion, the rise of the operat-
ing temperature also resulted in the enhancement of the electrochemical kinetics,
thus improving the overall performance under higher operating temperature con-
dition. The reduction of overall performance obtained for lower relative humidity
cases in comparison to fully hydrated cases is mainly associated with the deterior-
ation of the membrane hydration led by the reduction of water transported from
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anode to cathode due to back-diffusion.

Recently, the effects of relative humidity, ionomer loading and IEC on the fuel
cell overall performance were analysed by Dekel et al. [22] with their transient
one-dimensional numerical model. In agreement with previous results, the relat-
ive humidity has been observed to be crucial to the optimisation of the overall
performance of the fuel cell, having higher impact under higher current density
(>1.0 A/cm2). Whilst no significant impact is observed at the anode side, the
cathode side hydration is drastically affected by the cathode relative humidity
inlet condition, thus having direct impact on the Ohmic loss at the CCL. With
respect to the ionomer loading, the authors observed that higher ionomer load-
ing (i.e. ionomer wt 25 %) resulted in the pore clogging and the reduction of
the electrons conductivity. On the other hand, excessively reducing the ionomer
loading (i.e. ionomer wt 10 %) led to higher ionic resistance, and consequently,
the detriment of the overall performance of the fuel cell. In addition to afore-
mentioned results, Dekel et al. [22] reported that the IEC has no major effect on
the hydration level of the ACL. Nevertheless, the hydration level at the CCL is
affected by the IEC, thus resulting in the reduction of the Ohmic resistance at
the CCL. Furthermore, Dekel et al. [22] also reported the higher utilisation of
the ACL closer to the membrane interface, even though no change was observed
for the production rate of OH−, suggesting the benefits of a thinner CL at the
anode side. On the other hand, the rate of production of OH− at the cathode side
shows a relatively homogeneous profile through the CL thickness for low current
density (e.g. 0.5 A/cm2) and significantly higher utilisation of the CL close to
the membrane was observed when operating under higher current density (i.e.
2.0 A/cm2). Therefore, Dekel et al. [22] have suggested the use of thinner and
thicker CL for higher and lower current density, respectively.

Despite the significant improvement in the modelling of AEM fuel cells, the
numerical models discussed in this section considered a macro-homogeneous ap-
proach, which neglects many of the losses and also does not take into consideration
many of the subtle transport mechanisms taking place in the CL. As per the cata-
lyst layer composition, the common approach of bulk properties does not allow
the variation of parameters such as carbon and platinum loading, thus limiting
the evaluation of important quantities such as activation potential and utilisa-
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tion of the catalyst layer. In addition to that, the use of assumed physical and
structural parameters of the CL (e.g. CL thickness, ionomer thickness, porosity,
etc.) in the macro-homogeneous model can possible result in an overprediction
of the overall performance of the fuel cell.

2.3 Summary

In this chapter, the existing literature was reviewed focusing on the different
aspects of the main issues of AEM fuel cells. The most relevant and recent stud-
ies were summarised for experimental investigation and numerical modelling of
AEM fuel cells. From one-dimensional to sophisticated three-dimensional nu-
merical models, several models have been developed to not only provide better
understanding of the transport phenomena inside the PEM fuel cell, but also a
more realistic reproduction of phenomena such as phase change, back diffusion
and electro-osmotic drag. Although substantial progress has been done over the
past few years with respect of numerical modelling, there are still issues regarding
the transport of ions and reactants within the CL. Therefore, further investigation
must be carried out in order to provide a better understanding of the resistances
imposed by the CL composition and physical characteristics to the diffusion of
species and ions within the CL in an AEM fuel cell.

Experimental results have shown that water management is essential in or-
der to maximise the power output of an AEM fuel cell. Therefore, an in-depth
numerical analysis of these critical issues is necessary to elucidate the effects of
water transportation, production and phase change on interrelated phenomena
and the overall performance of the fuel cell.

In this thesis, an agglomerate model is developed in order to simulate with
less restrictive assumptions the physico-chemical phenomena present in the CL
of an AEM fuel cell.



Chapter 3

Model Formulation

As previously presented in Chapter 2, over the course of the past decade, in order
to mathematically describe an AEM fuel cell, several macro-homogeneous models
were developed. Nevertheless, the need for more accurate and realistic models
has driven researchers to develop a more detailed model, capable of capturing
the subtle transport phenomena usually neglected in the conventional macro-
homogeneous models. Table 3.1 presents the main differences between interface,
macro-homogeneous and agglomerate model as listed by Huang et al. [35]. As
one can see from Figure 3.1, the agglomerate model has evolved from the macro-
homogeneous model, and instead of a single macro length scale (catalyst layer
thickness), a micro length scale (agglomerate scale) is also considered. Therefore,
in the agglomerate scale, the subtle transportation phenomena such as mass and
ion diffusion through the ionomer layer covering the platinum dispersed carbon
are taken into account. Further details of the transport phenomena with respect
to the agglomerate scale is presented later in this chapter.

In this chapter, the conservation equations for mass, momentum, membrane
water content, liquid water, electronic and ionic charge and energy are presented
for both macro-homogeneous and agglomerate models. Also, further discussion
regarding the differences between macro-homogeneous and agglomerate models
with respect to transportation phenomena are discussed. Later, the boundary
conditions and the configuration used in this research are presented. Finally,
this chapter is concluded with a summary of the governing equations for both
macro-homogeneous and agglomerate numerical models.
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Table 3.1: Summary of different models for the catalyst layer [35].

Interface model Macro-
homogeneous

model

Agglomerate model

Zero dimensional One length scale
(i.e CL thickness)

Two length scales (i.e.
CL and ionomer

thickness)

Single equation as
boundary condition
for GDL and PEM

Porous electrode
theory to describe

distribution

Agglomerate as a
representative element

Quick and simple Effective properties
averaging over a
representative

volume element

Agglomerates
embedded into

macro-homogeneous
model

Limited use in fuel
cell models

Applicable for
homogeneous
catalyst layer

Mainstream model

3.1 Assumptions

For the purpose of computational economy, a number of assumptions have been
made in the analysis undertaken in this thesis. The assumptions, however, do
not compromise the physical characteristics of the AEM fuel cell. The list of
assumptions made in this thesis are:

• Body forces were neglected (e.g. gravity);

• steady-state regime is considered;

• Ideal gas law is considered for the gaseous phase;

• The flow in the channel is assumed to be laminar, as the Reynolds number
in a typical case was found to be of the order of 100;

• The gas fed into the flow channel is pure, therefore no contamination is
considered;
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Figure 3.1: Two-dimensional scheme for the different types of catalyst layer model
(adapted from [35]). The grey area in the agglomerate representation stands for
the ionomer. The white area represents the porous within the agglomerate and
the black and yellow regions represent the carbon and platinum, respectively.

• Membrane is considered impermeable to all the species but water in the
dissolved phase;

• Due to the many complexities involving the consideration of liquid water in
the flow channel, such as droplet adhesion on the walls and the fluid/particle
interaction, in addition to a rapid increase of computational demand for
such an analysis, it is assumed that there is no water in the liquid phase in
the flow channel.

The specific assumptions of each transport equation are presented as convenient.

3.2 Transport of Gas Species

3.2.1 Conservation of Mass and Momentum

3.2.1.1 Macro-homogeneous model

Typically, humidified gas is supplied at the flow channel inlet of an AEM fuel
cell. Different mixtures such as H2/O2 or H2/Air are supplied at the anode and
cathode inlets, respectively. Therefore, the conservation of mass and momentum
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of species must be satisfied. Equations (3.1) and (3.2) describe the conservation
of mass and momentum, respectively, for gases and are defined as

∂

∂t

(
ϵeffρg

)
+ ∇ · (ρgu⃗g) = Smass (3.1)

∂

∂t

( 1
ϵeff

ρgu⃗g

)
+ ∇ ·

(
1

(ϵeff )2 ρgu⃗gu⃗g

)
= −∇Pg + ∇ ·

(=
τ
)

+ ρg⃗ − kgu⃗g

µg

(3.2)

where ρ, u⃗g, Pg represent the density, the velocity vector and the pressure of the
gas phase, respectively; K0 is the intrinsic permeability of the medium; kg is the
permeability of the gas in the porous medium corrected by the fraction of liquid
water, s, present at the porous as it follows

kg = K0 (1 − s)n (3.3)

and Smass represents the source terms of mass and further explanation regarding
this term is presented later in this chapter. Here, ϵeff stands for the effective
porosity for gas transport, defined as a function of the bulk porosity, ϵ, and the
liquid water fraction in the pore as shown in the Equation (3.4)

ϵeff = ϵ(1 − s) (3.4)

In addition to the gas velocity, the stress tensor, =
τ , is also dependent on the

dynamic viscosity (µ) and the unit tensor (I). The stress tensor is defined as

=
τ= µg

[(
∇u⃗g + ∇u⃗T

g

)
− 2

3∇ · u⃗gI
]

(3.5)

As previously mentioned in the assumptions section of this chapter, a steady-
state is assumed, so the first term on the left hand side (LHS) of Equations
((3.1)-(3.2)) vanishes. In addition to that, the body force is also assumed to
be negligible, therefore, the conservation equations of mass and species can be
written, respectively, as follows:

∇ · (ρgu⃗g) = Smass (3.6)
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∇ ·
(

1
(ϵeff )2 ρgu⃗gu⃗g

)
= −∇Pg + ∇ ·

(=
τ
)

− kgu⃗g

µg

(3.7)

In order to represent the transport of different species in the macro-homogeneous
model, the convective-diffusive equation is used as follows:

∂

∂t

(
ϵeffCi

)
+ ∇ ·

(
−Deff

i,m ∇Ci

)
+ ∇ · (u⃗gCi) = Si (3.8)

where the molar concentration and the production/consumption of the ith spe-
cies are represented by Ci and Si, respectively, and Deff

i is the effective species
diffusivity for the ith species.
Once again, due to the steady-state assumption, the first term on the LHS of
Equation (3.8) vanishes. Hence, the convective-diffusive equation becomes

∇ ·
(
−Deff

i ∇Ci

)
+ ∇ · (u⃗gCi) = Si (3.9)

Since no contaminants are considered in the gas flow, the number of species is
considered to be four, and these are hydrogen, oxygen, water vapour and nitrogen.
The species molar fraction, Xi, whose sum must be equal to 1, is the link between
the previous equations for the gas transport, and it is defined as

N∑
i=1

Xi = 1 (3.10)

where N is the number of species. The species molar fraction is evaluated as

Xi = Ci

N∑
i=1

Ci

(3.11)

The relation between the gas transport equation and the continuity equation
can be correlated using the two following relations

ρg =
N∑

i=1
MiCi (3.12)

Smass =
N∑

i=1
Si (3.13)
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where Mi stands for the molecular weight of the ith species.
The mass fraction, Yi, stands for the mass of one component divided by the total
mass of the mixture, as presented in the following equation:

Yi = MiCi

N∑
i=1

MiCi

(3.14)

Rearranging the Equations (3.9, 3.12 and 3.14), we obtain the gas species con-
servation equation in terms of mass fraction

∇ ·
(
−ρgDeff

i ∇Yi

)
+ ∇ · (ρgu⃗gYi) = Si (3.15)

According to Reid et al. [72], the diffusion of mass is ruled by the gradient of tem-
perature, concentration and pressure. Once pressure and temperature gradients
are irrelevant when compared with the concentration gradient, both of them are
neglected. Thus, the diffusion coefficient in the transport equation can be approx-
imated by Fick’s law. The effective diffusivity is obtained by using a Bruggemann
correction [13] and also by the porosity and the liquid water fraction as follows

Deff
i,m = Diϵ

n(1 − s)n (3.16)

where Di is the mass diffusivity of the ith species. The mass diffusivity of different
the ith species are defined as [42]

Da
H2 = 1.055E − 4

(
T

Tref

)1.5 (
Pref

P

)
(3.17)

Da
H2O = 1.055E − 4

(
T

Tref

)1.5 (
Pref

P

)
(3.18)

Dc
O2 = 2.652E − 4

(
T

Tref

)1.5 (
Pref

P

)
(3.19)

Dc
v = 2.982E − 5

(
T

Tref

)1.5 (
Pref

P

)
(3.20)

where T and P represent temperature and pressure respectively; Tref (=293.15 K)
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and Pref (=101325 Pa) represent reference temperature and reference pressure
respectively; the superscripts a and c stand for the anode and cathode side,
respectively.

3.2.1.2 Agglomerate model

In the proposed agglomerate model, a three-dimensional spherical agglomerate
model is used in discretise domain of the catalyst layer. Therefore, the volume
fractions of evenly distributed spheres composed of platinum dispersed carbon
(LP t/C), ionomer (LM), and the pores (ϵCL) are considered to describe the catalyst
layer domain. A two-dimensional schematic representation of one such sphere is
presented in Fig 3.2, where the platinum dispersed carbon of radius ragg is covered
by a layer of ionomer of δM thickness. As the reactants have to diffuse through
the ionomer layer in order to reach the Pt/C sites, the concentration of the ith
species is defined at the gas and ionomer interface and at the ionomer and particle
interface, Ci,g/M and Ci,M/s , respectively. Thus, the catalyst layer composition
can be expressed in terms of the volume fraction as

LP t/C + LM + ϵCL = 1 (3.21)

The volume fraction of Pt/C in the catalyst layer is given by [18, 20]

LP t/C =
(

mP t

ρP t

+ mC

ρC

)
1

δCL

=
(

1
ρP t

+ 1 − f

fρC

)
mP t

δCL

(3.22)

f = mP t

mP t + mC

(3.23)

where mP t and mC are the mass of Pt and C per unit of geometric area, respect-
ively; f stands for the platinum ratio.
In an intermediate step in the development of the latest version of the agglomer-
ate model, the thickness of the ionomer was considered to be a fixed value from
Sun et al. [80]. Hence, the results presented in Chapter 6 considered the ionomer
thickness, δM , to have dimensions of 8 × 10−8 m. In a more sophisticated ap-
proach, the thickness of the ionomer covering the platinum dispersed carbon is
calculated and it is assumed to evenly covers the agglomerate. Therefore, the
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Figure 3.2: Schematic representation of the catalyst layer composition. The
platinum dispersed carbon (LP t/C) of radius ragg is covered by a layer of ionomer
of thickness δM .

latest proposed model calculates the ionomer thickness as [95]:

δM = ragg

 3

√√√√(1 − ϵCL)2 + LP t/CϵCL (1 − LM)
LP t/C

− 1

 (3.24)

Here, instead of defining the catalyst layer with respect to the geometrical
area, an effective specific area per unit catalyst layer volume is used. Thus, the
effective specific platinum surface area per unit catalyst layer volume is defined
as:

aeff
P t,CL = 3mP tLP t/C

rP tρP tδCL

(3.25)

where the subscript CL corresponds to either anode (a) or cathode (c) side.

Nevertheless, further modification in the previous equations was necessary as
the reaction rate occurs at the electrode-electrolyte interface [55]. Hence, the
effective specific platinum surface area per unit catalyst layer volume used in
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Chapter 7 is defined as

aeff
P t,CL = 3mP t

rP tρP tδCLLP t/C

(3.26)

Due to the proposed discrete domain in the CL and the inclusion of a new
characteristic length (i.e. ionomer thickness), the use of bulk properties is no
longer pertinent to characterise the fluid properties. Therefore, as one of the
proposals of the agglomerate model, instead of the use of properties averaged
over a volume (i.e. mass diffusivity), a more accurate way to account for spe-
cies diffusion is considered. Some of the fluid properties such as the viscosity,
thermal conductivity and the mass diffusion coefficients are computed using the
kinetic theory for gases. Thus, instead of considering the diffusive term presen-
ted in Equation (3.9), the Maxwell-Stefan equation is used to describe the species
diffusion phenomenon and it is presented as [26]:

N∑
j=1
j ̸=i

YiYj

Dij

 J⃗j

ρj

− J⃗i

ρi

 = ∇Yi (3.27)

where Dij is the binary mass diffusion coefficient; The diffusive mass flux vector,
J⃗i, is defined as [17]:

J⃗i = −
N∑

j=1
ρiDij∇Xj (3.28)

Hence, the convective-diffusive equation for species in the agglomerate model
is expressed as [96]:

∇ ·

−ρgDij

N∑
j=1
j ̸=i

YiYj

Dij

 J⃗j

ρj

− J⃗i

ρi


+ ∇ · (ρgu⃗gYi) = Si (3.29)

The Chapman-Enskog equation [11] is used to compute the diffusion coefficient
using the kinetic theory as follows [11]:

Dij = 1.8583 × 10−7

[
T 3
(

1
Mi

+ 1
Mj

)]1/2

pabsσ2
ijΩD

(3.30)

where σij, pabs and ΩD are the arithmetic average of the individual molecular radii
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Table 3.2: Lennard-Jones potential parameters [11].

Species i Mi(kg/kmol) σi(Å) (ϵ/kB)i (K)

H2 2.016 2.915 38.0

O2 32.000 3.433 113.0

H2O 18.000 2.641 809.1

N2 28.013 3.667 99.8

σ, the absolute pressure and the diffusion collision integral, respectively. The
Lennard-Jones potential parameters necessary to compute the aforementioned
variables are presented in Table 3.2 [11]. The empirical equation proposed by
Neufeld et al. [63] to compute the diffusion collision integrals for the Lennard-
Jones potential is written as:

ΩD = 1.06036
(T ∗)0.15610 + 0.19300

exp (0.47635T ∗) + 1.03587
exp (1.52996T ∗) + 1.76474

exp (3.89411T ∗) (3.31)

The equations to compute σij and T ∗ are expressed, respectively, as [11]:

σij = (σi + σj)
2 (3.32)

T ∗ = T

(ϵ/kB)ij

(3.33)

where kB is the Boltzmann constant. The Lennard-Jones energy parameter for the
binary mixture, (ϵ/kB)ij, is computed as the geometric average of the individual
(ϵ/kB), and it is expressed as [11]:

(ϵ/kB)ij =
√

(ϵ/kB)i (ϵ/kB)j (3.34)

The dynamic viscosity of the ith species, µi, is computed as function of the
Lennard-Jones parameters and it is expressed as [11]

µi = 2.67 × 10−6
√

MiT

σ2
i Ωi

(3.35)
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where Ωi is empirically described by Neufeld et al. [63] as

Ωi = 1.16145
(T ∗)0.14874 + 0.52487

exp (0.77320T ∗) + 2.16178
exp (2.43787T ∗) (3.36)

Even though the Equations (3.15) and (3.27) are sufficient to describe the
transportation of species in the void region, there is another important transport
phenomenon that has to be taken into account in the agglomerate model - the
diffusion of species through the ionomer layer. This transportation has a potential
impact on the concentration loss of the fuel cell, as the species diffusion through
the ionomer is significantly slower in comparison to the species diffusion in the
void region. Nevertheless, the measurements of hydrogen and oxygen diffusion
coefficients for the commercial Tokuyama A201 membrane are still an unexplored
area in the literature. Therefore, the hydrogen and oxygen diffusion coefficients
for Nafion™ measured by Bernardi et al. [7] and Parthasarathy et al. [67],
respectively, are used in this study. Thus, hydrogen and oxygen diffusivities are
expressed as [80]:

DH2−M = 4.1 × 10−7 exp
(

−2602.0
T

)
(3.37)

DO2−M = 4.38 × 10−6 exp
(

−25000.0
RT

)
(3.38)

3.2.2 Reaction Kinetics

The electrical energy extracted from the fuel cell is consequence of the electro-
chemical reaction taking place within the catalyst layer. As shown in Equations
(1.4) and (1.5), the electrochemical reaction consists of the consumption of H2,
O2 and H2O, and consequently, the products of the reaction are H2O, heat and
electrical energy. Hence, the consumption and generation of species has to be
taken into account in the species conservation equation (Equation (3.8)). In this
thesis, it is assumed that, due to the operational conditions, there will be no
phase change of any species except for water. In addition to that, it also assumed
that no intermediate step in the electrochemical reaction occurs. A generalised
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representation of the electrochemical reaction [55] is:

N∑
i=1

v
′

iMi

kf
⇀↽
kb

N∑
i=1

v
′′

i Mi (3.39)

where Mi is the chemical formula for species i; v
′
i and v”

i are the number of
mole of the ith species for the reactant and product, respectively; N stands for
the number of species reacting; kf and kb are the reaction rate constant for the
forward and backward reaction, respectively. Considering the rate of reaction for
the ith species, ω

′′
i , as [55]

ω
′′

i =
(
v

′′

i − v
′

i

)
k

N∏
i=1

[Mi]v
′
i (3.40)

where k is the reaction rate constant. Now rearranging Equations (3.39) and
(3.40) and replacing k by both forward and backward reaction rate constants,
the net rate of reaction for the ith species can be defined as [55]:

ω
′′

i =
(
ω

′′

i,f + ω
′′

i,b

)
=
(
v

′′

i − v
′

i

) [
kf

N∏
i=1

[Ci]v
′
i − kb

N∏
i=1

[Ci]v
′′
i

]
(3.41)

Due to the advantages of expressing the rate of reaction in current generated,
Faraday’s law is used to express the current generated over area unit, otherwise
known as current density, as

J = Jf − Jb = −nFω
′′

i = kfCR − kbCP (3.42)

where Jb and Jf are the current density for backward and forward reactions,
respectively; n is the number of the mole electrons transferred per mole of fuel
consumed; F is the Faraday constant; CR and CP are the concentration of react-
ant and product in the reaction, respectively. By the transition state theory, and
considering a reversible condition, the reaction rate constant can be written as

kf = BfT exp
(

∆gf

RT

)
(3.43)

kb = BbT exp
(

∆gb

RT

)
(3.44)
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where B’s represent the pre-exponential factor, ∆gf and ∆gb are the molar Gibbs
function of activation for oxidation (or ionisation) and activation for the reduction
reaction (or discharge of ions), respectively; R is the universal gas constant.
From its definition, the Gibbs function, ∆g, corresponds to a potential difference.
Thus, the Gibbs function of activation for forward and backward reactions can
be expressed as [55]:

∆gf = ∆gf,r − αnFη (3.45)

∆gb = ∆gb,r − (1 − α) nFη (3.46)

where α is the transfer coefficient (or symmetry factor) and has its value between
0 and 1; η is the overpotential, which represents the difference between electrode
potential, φ, and the equilibrium value, φr, and can be written as

η = φ − φr (3.47)

Substituting Equations (3.43-3.46) into Equation (3.42), the net current dens-
ity, also known as Butler-Volmer equation, is obtained as follows [55, 80]:

J = Jf − Jb = J0

{
exp

(
αnFη

RT

)
− exp

(
−(1 − αn) Fη

RT

)}
(3.48)

where J0 is the exchange current density and it is defined as:

J0 = BfCRT exp
(

−∆gf,r

RT

)
= BbCP T exp

(
−∆gb,r

RT

)
(3.49)

The exchange current density is a representation of how susceptible the re-
action is to happen and it also measures, at the equilibrium electrode potential,
the amount of electron transfer activity. Due to the dependence of the exchange
current density on the reactants, the Equation (3.49) can be rewritten as:

J0 = jref
0

(
CR

Cref
R

)ϕ

(3.50)

where ϕ is the reaction order with respect to the reactant R; j0 is the exchange
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current density at reference. The reactive surface area, Av, defined as

Av = Actual reactive surface area

V olume of electrode
(3.51)

combined with Equations (3.48) and (3.50) then results in the volumetric current
density, Ri, in the following manner:

Ri = AvJ = Avjref
0

(
CR

Cref
R

)ϕ {
exp

(
αnFη

RT

)
− exp

(
(1 − αn) Fη

RT

)}
(3.52)

3.2.2.1 Macro-homogeneous model

Hence, the volumetric reaction rate in the anode and cathode catalyst layer can
be written, respectively, as [59]:

Ra = (1 − s) Avjref
0,a

 CH2

Cref
H2

ϕ {
exp

(
(αn)a Fη

RT

)
− exp

(
−(1 − (αn)a) Fη

RT

)}
(3.53)

Rc = Avjref
0,c

 CO2

Cref
O2

ϕ {
exp

(
(αn)c Fη

RT

)
− exp

(
−(1 − (αn)c) Fη

RT

)}
(3.54)

where (1 − s) is used to subtract the parcel of the volume occupied by liquid
water, as no reaction occurs in the liquid water phase. With respect of the
overpotential presented in Equation 3.47, the approach used by Wu [91] is applied,
thus the overpotential is calculated as follow

η = φS − φm (3.55)

where φS and φm are the electronic and ionic potential.
The reaction rate of the species i can be determined by

Si = viRi

nF
, (3.56)

where n is the number of electrons participating in the half-cell reaction and vi
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is the stoichiometric coefficient for the species involved in the reaction. From
Equations (1.4- 1.6) we can obtain n = 2 for both half-cell anode and cathode
side reaction. The stoichiometric coefficient for hydrogen and oxygen are vH2 = 1
and vO2 = 1/2, respectively. Hence, the reaction rate for hydrogen and oxygen
can be expressed, in terms of mass sink, as:

SH2 = −RaMH2

2F
(3.57)

SO2 = −RcMO2

4F
(3.58)

In the macro-homogeneous model the water produced by the electrochemical
reaction is assumed to be in the liquid phase, further discussion of the respective
source term is presented later in this chapter. It is important to note that once
the electrochemical reaction only takes place in the catalyst layer, no sink or
source term is necessary in the other domains, and it is stated as follows:

Si = 0.0 (3.59)

With respect to the species consumption related to the electrochemical re-
action, a summary of the source terms for the species and mass conservation
equations for the macro-homogeneous model is presented in Table 3.3

3.2.2.2 Agglomerate model

The volumetric current density for the agglomerate model was originally proposed
by Sun et al. [80] and it takes into account the effects of the different catalyst
layer volume fractions and the transportation resistance due to the ionomer film
covering the agglomerate particles. A more sophisticated model has been de-
veloped by Xing et al. [93] and it is used in this study to describe the current
density on the anode and cathode sides, respectively, as:

Ra = 2F
(

pH2

HH2

)0.5 [ 1
Er,aka

+ (ragg + δM) δM

aaggraggDH2−M

]−1

(3.60)
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Table 3.3: Sink terms due to the electrochemical reaction on the macro-
homogeneous model.

Conservation
equation

Anode CL Cathode CL

Hydrogen (SH2) −RaMH2
2F 0.0

Oxygen (SO2) 0.0 −RcMO2
4F

Water (SH2O) 0.0 −RcMH2O

2F

Mass (Smass) −RaMH2
2F −RcMO2

4F −
RcMH2O

2F

Rc = 4F
(

pO2

HO2

)[
1

Er,ckc

+ (ragg + δM) δM

aaggraggDO2−M

]−1

(3.61)

where HH2 and HO2 are the Henry’s constant for hydrogen and oxygen, respect-
ively; pH2 and pO2 are the partial pressures of hydrogen and oxygen, respectively;
DH2−M and DO2−M are the hydrogen and oxygen diffusion coefficients through
the ionomer. The effective specific agglomerate surface area, aagg, is defined as
[94, 97]:

aagg = mP tAs

δCL

(1 − ϵCL)
LP t/C

(3.62)

where the surface area per unit of platinum mass, As, is written [47, 95]:

As =
(
227.79f 3 − 158.57f 2 − 201.53f + 159.5

)
× 103 (3.63)

In order to measure the utilisation of the catalyst layer, an effectiveness factor,
Er, is considered. The effective factor is given by [97]:

Er,cl = 1
φL

(
1

tanh (3φL) − 1
3φL

)
(3.64)
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where φL is the dimensional group known as Thiele’s modulus and it is given by
[14, 80]:

φL = ragg

3

√√√√ kcl

Deff,cl

(3.65)

Here, Deff is the effective diffusion of hydrogen and oxygen in the ionomer me-
dium, and they are expressed as [80]:

Deff,a = DH2−ML1.5
M (3.66)

Deff,c = DO2−ML1.5
M (3.67)

The species diffusion through the ionomer is explained later in this paper. The
reaction rate coefficient, kcl, is expressed as [93, 95]:

ka =
aeff

P t,a

2F


 jref

0,a(
Cref

H2

)0.5

 [exp
(

(αn)a Fη

RT

)
− exp

(
(1 − (αn)a) Fη

RT

)]
(3.68)

kc =
aeff

P t,c

4F

 jref
0,c

Cref
O2

 [exp
(

(αn)c Fη

RT

)
− exp

(
(1 − (αn)c) Fη

RT

)]
(3.69)

In the agglomerate model, the water generated as a product of the electro-
chemical reaction is assumed to be produced in the gaseous phase. This assump-
tion is made as the liquid water should only be present at the anode catalyst
layer and gas diffusion layer if the partial pressure of water vapour reaches the
saturation pressure. Hence, the source term of water due to the electrochemical
reaction is defined as [41]:

SH2O = RaMH2O

F
, (3.70)

The source and sink terms related to the electrochemical reaction in the CL
for mass and species conservation equations on the agglomerate are presented in
Table 3.4.
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Table 3.4: Source and sink terms due to the electrochemical reaction on the
agglomerate model.

Conservation
equation

Anode CL Cathode CL

Hydrogen (SH2) −RaMH2
2F 0.0

Oxygen (SO2) RaMH2O

F −RcMO2
4F

Water (SH2O) 0.0 −RcMH2O

2F

Mass (Smass) −RaMH2
2F +

RaMH2O

F

−RcMO2
4F −

RcMH2O

2F

3.3 Transport of Multi-Water Phases

Fuel cells can operate under different operating conditions in order to maximise
their energy conversion efficiency. Nevertheless, the wide range of variables res-
ults in a mix of scenarios where important quantities, such as temperature and
pressure, show a significant variation. Correspondingly, the species transport and
consumption are directly affected by it. When focusing on the water inside the
fuel cell, the water management has been proven to have a direct impact on the
overall performance of an AEM fuel cell [23, 36, 42]. Hence, there are important
phenomena such as the condensation/evaporation, the sorption/desorption and
the electro-osmotic drag to be considered while modelling it. Figure 3.3 schem-
atically represents the different phenomena and water phases present in an AEM
fuel cell.

It is worthwhile to notice that the different water phases have specific do-
mains where they are considered. A summary of the source terms for the macro-
homogeneous and agglomerate model with respect to the interaction between
the water phases is presented in Table 3.5 and Table 3.6, respectively. Further
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Figure 3.3: Schematic representation of the different water phases in an AEM
fuel cell.

explanation of specific water phases is also provided in the following sections.

3.3.1 Transport of Water Vapour

The transport of the water vapour phase in the macro-homogeneous and agglom-
erate model is described by Equations (3.9) and (3.29), respectively. Despite
the previous sink and source terms due to the electrochemical reaction, there
are other important phenomena related to the water vapour and its interaction
between other water phases. Due to the operating conditions, if the water vapour
reaches the saturation pressure, the condensation phenomenon occurs and the li-
quid water is formed. Therefore, Svl is the phase change between water vapour
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Table 3.5: Summary of the source and sink terms due to the interaction between
water phases in the macro-homogeneous model

Conservation
equation

Anode CL Anode GDL Cathode CL

Vapour phase
(SH2O)

−Svl −Svl +Ssd

(
MH2O

ρm

EW

)

Liquid water
phase (Sl)

RaMH2O

F + Svl +
Ssd

(
MH2O

ρm

EW

) Svl 0.0

Dissolved Phase
(Sd)

−Ssd 0.0 −Ssd

and liquid water phase, and is described as [83]:

Svl =

 γevapϵs
(pH2O−psat)MH2O

RT
if pH2O < psat

γcondϵ (1 − s) (pH2O−psat)MH2O

RT
if pH2O > psat

(3.71)

where γevap and γcond are the evaporation and condensation rate, respectively; psat

is the saturated pressure and it is described by the following empirical equation
[41]:

psat = 10−2.1794+0.02953(T −273.15)−9.1837×10−5(T −273.15)2+1.445×10−7(T −273.15)3 (3.72)

From the assumptions listed before, only water vapour phase is present at the
flow channel, thus no condensation or evaporation phenomena is considered at
the flow channel.



3.3 Transport of Multi-Water Phases 61

Table 3.6: Summary of the source and sink terms due to the interaction between
water phases in the agglomerate model.

Conservation
equation

Anode CL Anode GDL Cathode CL

Vapour phase
(SH2O)

−Svl +
Ssd

(
MH2O

ρm

EW

) −Svl +Ssd

(
MH2O

ρm

EW

)

Liquid water
phase (Sl)

Svl Svl 0.0

Dissolved Phase
(Sd)

−Ssd 0.0 −Ssd

3.3.1.1 Macro-homogeneous model

With respect to the water phase change, the source term of the water conservation
equation is defined as [59]:

SH2O =


−Svl at anode GDL

−Svl at anode CL

+Ssd

(
MH2O

ρm

EW

)
at cathode CL

(3.73)

where Sdv is the process of sorption and desorption in the electrolyte, that will be
presented later in this chapter; EW and ρm are the equivalent molecular weight
of the dry membrane and the dry membrane density, respectively.

3.3.1.2 Agglomerate model

The interaction between vapour and liquid water phase in the agglomerate model
is also governed by Equation (3.71). Nevertheless, with respect to the interaction
between vapour and dissolved water, the proposed agglomerate model considers
the sorption and desorption phenomena in the anode catalyst layer to occur
between the vapour and the dissolved water phase. Hence, the source term of
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water species with respect to water phase change can be defined as [60]:

SH2O =


−Svl at anode GDL

−Svl + Ssd

(
MH2O

ρm

EW

)
at anode CL

+Ssd

(
MH2O

ρm

EW

)
at cathode CL

(3.74)

3.3.2 Transport of Liquid Water

The steady-state continuity equation for a multiphase flow can be written with
respect of each k phase as:

∇ · (ρku⃗k) = Sk (3.75)

where ρk is the superficial phase density of the k phase in the entire volume. Due
to the fact that the superficial phase density is a variable, it is necessary to realise
an averaging procedure, which turns Equation (3.75) into:

∇ · (ϵk ⟨ρk⟩ ⟨u⃗k⟩) = Sk (3.76)

where ⟨⟩ and ϵk are the volume averaged property and the volume fraction of
phase k inside the total volume. The volume fraction of phase k can be written
as [91]:

ϵk = ϵs (3.77)

where ϵ is the porosity, accounted as the void space within the total volume, and
s is the liquid saturation, defined as [83]:

s = volume of liquid

volume of void
(3.78)

The source term in Equation (3.76) stands for the interfacial mass transfer
between different phases and, if appropriated, for the source term due to the
chemical reaction, and it is defined as [91]:

ΓM,k = Sk +
∑

Γs,k (3.79)

where Γs,k is the gain or loss of phase k from adjacent phase s. Applying the
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volume averaged continuity equation into the mass conservation equation, the
liquid phase mass conservation equation becomes [91]:

∇ · (ϵ ⟨ρl⟩ ⟨u⃗l⟩) = Sl (3.80)

where Sl is the source term of liquid water phase; ⟨ρl⟩ is the volume averaged
density, and for sake of convenience, it will be considered as a constant (ρl = 970.0
km/m3) and brackets will be omitted.

In a porous media, the liquid velocity is dependent on the permeability of the
medium and the pressure gradient of the liquid water phase. It can be approx-
imated by Darcy’s law as follows:

ϵs ⟨u⃗l⟩ = u⃗l = −kl

µl

∇Pl (3.81)

where u⃗l is the superficial velocity of the liquid water, Krl and K are the relative
permeability of the liquid phase and the intrinsic permeability of the porous
media, respectively. The correction of the permeability for liquid water used by
Jiao and Li [41] is applied in this model:

kl = K0s
n (3.82)

where kl is the effective permeability of the liquid phase and n is the Bruggemann
correction [13]. Rearranging Equation (3.81) into Equation (3.80), we obtain the
continuity equation for the water liquid phase:

∇ · (ρlu⃗l) = Sl (3.83)

The capillary pressure, Pc, which is related to the liquid water phase, is obtained
by:

Pc = Pl − Pg (3.84)

and now substituting Equation (3.81) into (3.84) we get:

u⃗g = −kl

µl

∇Pg − kl

µl

∇Pc (3.85)
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Applying Darcy’s law to the gas phase

∇Pg = −µg

kg

u⃗g (3.86)

and combining with Equations (3.83), (3.85) and (3.86) we obtain [9]:

∇ ·
(

−ρlkl

µl

∇Pc + ρlµgkl

µlkg

u⃗g

)
= Sl (3.87)

where µg is the dynamic viscosity of the gas phase. The capillary pressure can
be expressed as function of the liquid saturation by[9]:

Pc = f(s) ⇒ ∇Pc = dPc

ds
∇s (3.88)

where Pc is then computed, due to the lack of experimental data regarding capil-
lary pressure in PEM fuel cell, by the use of Laverett function [54]

Pc (s) = σcos (θ)
√

ϵ

K0

(
1.417s − 2.120s2 + 1.263s3

)
(3.89)

where σ and θ stand for the surface tension and the contact angle of the porous
material, respectively. Hence, by substituting Equation (3.88) into (3.87), we
obtain the liquid water transport equation as it follows[9]:

∇ ·
((

−ρlkl

µl

dPc

ds

)
∇s + ρlµgkl

µlkg

u⃗g

)
= Sl (3.90)

3.3.2.1 Macro-homogeneous model

The source term of liquid water in the macro-homogeneous model has the follow-
ing form [59]:

Sl =

 Svl at anode GDL
RaMH2O

F + Svl + Ssd

(
MH2O

ρm

EW

)
at anode CL

(3.91)

With respect to the source term in the anode CL, the first term in the right
hand side (RHS) stands for the water production from the electrochemical reac-
tion in the liquid phase, the second term is responsible for the characterisation
the condensation/evaporation phenomena defined in the Equation (3.71) and the
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last term accounts for the sorption/desorption phenomena in the electrolyte.

3.3.2.2 Agglomerate model

The same approach for the water phase change phenomena is considered in the
agglomerate model. Nevertheless, as previously mentioned, the assumption of
water being produced in the liquid water and the interaction between dissolved
and liquid water phase are no longer valid for the agglomerate model. Hence, the
liquid water source term for the agglomerate model is defined as [59, 60]:

Sl =

 Svl at anode GDL

Svl at anode CL
(3.92)

3.3.3 Dissolved water content

From our list of assumptions, one can see that the membrane is assumed to be
impenetrable to all species but water in the dissolved phase. This phase is defined
as the water allocated in the pores of the polymer electrolyte. As one can see
in Figure 3.4, the dissolved water has two main mechanisms of transportation:
the electro-osmotic drag and the concentration gradient. The first is described as
the water transportation due to the anions diffusion from cathode to anode side.
The latter is characterised by the diffusion driven by the water activity gradient
between catalyst layers.

The governing equation of dissolved water, proposed by Springer et al. [79],
describes the transport of dissolved water due to diffusion and also the electro-
osmotic drag and it is presented as:

−∇ · (Dd∇Cd) + ∇ ·
(

nd

F
J⃗m

)
= Sd (3.93)

where Dd is the dissolved water diffusivity; Cd is the dissolved water concentra-
tion; nd is the electro-osmotic drag coefficient; J⃗m is the, later defined, membrane
phase current density; Sd is the source term of dissolved water. Another widely
used approach is to present the previous relation in term of the membrane water
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Figure 3.4: Schematic representation of the electro-osmotic drag and dissolved
water diffusion phenomena.

content, λ, which can be defined as [83]:

λ = EW

ρM

Cd (3.94)

Equation (3.94) describes the membrane water content as the ratio of the wet and
dry membrane, or in other words, the number of water molecules per sulfonic
acid group. The dissolved water diffusivity is also corrected by the ionomer
volume fraction present in the catalyst layer. Thus, one can describe the effective
dissolved water diffusion coefficient as [42]:

Deff
d = L1.5

M Dd (3.95)

Substituting the Equations (3.94) and (3.96) into (3.93) we obtain [92]:

−∇ ·
(
Deff

d ∇λ
)

+ ∇ ·
(

EW

ρM

nd

F
J⃗m

)
= Sd. (3.96)
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3.3.3.1 Macro-homogeneous model

The dissolved water content diffusivity has a dependence not only on the mem-
brane water content, but also on temperature. The following correlation is used
to express the behaviour of the dissolved water diffusivity [23, 36]

Dd =


(0.0051λT0 − 1.44λ) × 10−10 0.0 ≤ λ ≤ 14.0[(

−23.2404 + 4.513λ − 0.28926λ2 + 0.006131λ3) (T0 − 303.15)
−79.826 + 17.928λ − 1.3329λ2 + 0.03337λ3]× 10−10 14.0 < λ ≤ 19.0[(
−41.916 + 0.00613λ3) (T0 − 303.15) + 8.5139

]
× 10−10 λ > 19.0

(3.97)

The electro-osmotic drag coefficient, nd, which is described as the amount
of water dragged by each anion, has been experimentally correlated in literature
[27, 56, 58], but in the macro-homogeneous model, the Springer et al.[79] approach
is used and thus nd is given by:

nd = 2.5
22 λ (3.98)

Berg et al.[6] proposed a non-equilibrium approach for the water sorption in
the electrolyte. The proposed model considers the difference between the equilib-
rium sorption value and the local membrane water content to be proportional to
the flux into and out of the electrolyte in the catalyst layer. The equilibrium sorp-
tion value (λe), also denominates equilibrium water content, which was proposed
by Springer et al.[79] in the following manner:

λe =



(−0.605a3 + 0.85a2 − 0.205a + 0.153) (T0 − 313.15)

+39.0a3 − 47.7a2 + 23.4a + 0.117 0 ≤ a ≤ 1.0

(−0.00265a + 0.05795) (T0 − 313.15)

+1.5915 (a − 1) + 14.817 1.0 < a ≤ 3.0
(3.99)

where a is the water activity. In the macro-homogeneous model, the water activity
is function of the relativity humidity and liquid water. Hence, one can determine
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the water activity by the following equation [43]:

a = RT

psat

CH2O + 2s, (3.100)

where CH2O is the water molar concentration in the vapour phase.
The sorption and desorption phenomena are described as [42, 97]:

Ssd = γd(λ − λe) (3.101)

Thus, the source term of Equation (3.96), can be defined as [59]:

Sd = −Ssd (3.102)

where γd is the water transfer rate.

3.3.3.2 Agglomerate model

It is worth mentioning that the results present in Chapter 6 still considers the
electro-osmotic drag coefficient presented in Equation (3.98). Therefore, with
respect to the dissolved water phase, the first agglomerate model proposed has
not been modified. Nevertheless, even though the transport of dissolved water in
the latest proposed agglomerate model remains the same as the previous models,
some of the properties were adjusted and switched to better translate the appro-
priated physics in the AEM dissolved water phase. Hence, the electro-osmotic
drag coefficient in the agglomerate model is described as [42, 56]

nd = 0.183λ + 1.3 (3.103)

In addition to the aforementioned change in the electro-osmotic drag coeffi-
cient, the equilibrium water content is also modified in the latest agglomerate
model. The membrane water content in an equilibrium hydration state was ex-
trapolated from Bharath et al. [10] and it is evaluated as:

λe =
(
18.385

√
a + 5.8955a + 0.8161

)
γe (3.104)

where γe is the ionomer water content factor. Zeng et al. [100]presented an
alkaline ionomer with adjustable water uptake based on hydrophobic and hydro-
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philic properties.
The water activity, a, is now defined as a function of vapour and saturated

water pressures only, and it is presented as [83]:

a = XH2Opg

psat

(3.105)

3.4 Transport of Electric Charge

3.4.1 Conservation of Electronic Charge

The transport of electronic charge is defined by Fourier’s law and the conservation
equation of electrical charge is given as [18]:

∇ ·
(
J⃗S

)
= SS (3.106)

where J⃗S is defined as the electronic current density through the solid phase, and
the source term of the equation, SS, is the consumption or generation of electrons.
Although J⃗S is a 3D vector quantity, the only direction that is favourable to the
increment of the output power is the one normal to the GDL surface. Once the
remaining components of the vector do not work to improve the output power,
they should be minimised by a different design proposal. The electronic potential
is related to the current density by Ohm’s law, and it its described as follows

J⃗S = −κeff
S ∇φS (3.107)

where κeff
S and φS are the effective electric conductivity and the electronic po-

tential in the solid phase respectively.

3.4.1.1 Macro-homogeneous model

The electric conductivity, κS, is corrected by the porosity (ϵ) and ionomer volume
fraction in the CL (LM), and by using the Bruggemann correction [13] with an
exponent of 1.5, it is defined as follows [42]:

κeff
S = (1 − ϵ − LM)1.5 κS (3.108)
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Rearranging Equations (3.106) and (3.107) we have:

∇ ·
(
−κeff

S ∇φS

)
= SS (3.109)

According to the reactions inside the fuel cell, electrons are generated at the
ACL and consumed at the CCL. Thus, the source term of the conservation equa-
tion of electronic charge is defined as [42, 59]:

SS =

 Ra at anode CL

−Rc at cathode CL
(3.110)

3.4.1.2 Agglomerate model

The conservation equation of electronic charge does not differ from Equation
(3.108). Nevertheless, the electronic conductivity is corrected with respect to the
volume fraction of platinum dispersed carbon (LP t/C) as follows [97]:

κeff
S =

(
LP t/C

)1.5
κS (3.111)

The source term for the conservation equation of electronic charge remains
the same as the source term presented in Equation (3.109).

3.4.2 Conservation of Ionic Charge

The governing equation of ions is also expressed by Fourier’s law and can be
written as [18]:

∇ ·
(
J⃗m

)
= Sm (3.112)

where J⃗m and Sm stands for the ionic current density and source term for proton
generation or depletion respectively. The ionic conservation equation is solved
only at the membrane and catalyst layer domain. Similar to the electronic current
density, the ionic current density is related by Ohm’s law and can be defined as:

J⃗m = −κeff
m ∇φm (3.113)

where κm is the ionic conductivity and φm is the ionic potential in the membrane
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and catalyst layer.

3.4.2.1 Macro-homogeneous model

Similar to the electronic conductivity, the ionic conductivity κm is corrected by
the porosity (ϵ) and also by the Bruggemann correction [13] as

κeff
m = (1 − ϵ)1.5 κm. (3.114)

Duan et al. [24] measured the ionic conductivity at 50oC and 80oC accounting
for different water activity and water content. The correlation proposed has a
dependence of the local water activity, aw, and is presented as [42]:

κm = 0.1334 − 3.882 × 10−4T0 + (0.01148T0 − 3.909) aw

− (0.06690T0 − 23.01) a2
w + (0.1227T0 − 42.61) a3

w

− (0.06021T0 − 21.80) a4
w (3.115)

where

aw = 0.8118 − 2.296 × 10−3T0 +
(
5.815 × 10−3 − 2.005

)
λ

−
(
2.977 × 10−3T0 − 1.046

)
λ2 +

(
4.825 × 10−4T0 − 0.1676

)
λ3

−
(
3.179 × 10−5T0 − 0.01094

)
λ4 +

(
7.427 × 10−7 − 2.539 × 10−4

)
λ5 (3.116)

Substituting Equation (3.113) into Equation (3.112), we have [18]:

∇ ·
(
−κeff

m ∇φm

)
= Sm. (3.117)

Equation (3.118) presents the source and sink term of ions in the ACL and
CCL, respectively [42, 59]:

Sm =

 −Ra at anode CL

Rc at cathode CL
(3.118)
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3.4.2.2 Agglomerate model

In the agglomerate model, the ionic conductivity is corrected in the following
manner[80]:

κeff
m = L1.5

M κm. (3.119)

Similarly to the ionic conductivity in the macro-homogeneous model, the ionic
conductivity in the agglomerate model is dependent on the dissolved water phase
present at the catalyst layer and membrane. Thus, based on the ionic conductivity
measured by Duan et al. [24], the ionic conductivity is extrapolated as a function
of the membrane water content as:

κm = (8 × 10−8λ5 + 1 × 10−5λ4 − 4 × 10−4λ3 + 7.4 × 10−3λ2

+ 0.024λ − 0.035) × 4.4 (3.120)

As the ion mobility of OH− is higher than the HCO−
3 , the ionic conductivity

has to be corrected accordingly. In this thesis, the ionic mobility is corrected by
a factor of 4.4 [99].

3.5 Energy Conservation Equation

Despite the fact that the temperature does not show a large variation in AEM
fuel cells, it is a parameter to be considered in the numerical simulation due its
strong relation with the different water phases inside the domain. One important
simplification considered in this model is that the vapour and solid phase are at
thermal equilibrium state. So, the energy transport equation can be defined as
[26]:

∇ · (u⃗g (ρgEg + Pg)) = ∇ ·
[
keff∇T −

(∑
i

hiN⃗i

)
+
(=
τ ·u⃗g

)]
+ SE (3.121)

where keff is the effective thermal conductivity; N⃗i is the diffusion flux of the ith
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species; h is the enthalpy, E is the total energy of a respective phase; SE is the
heat source term.

The effective thermal conductivity in porous medium is defined as [26]:

keff = ϵkg + (1 − ϵ) ks (3.122)

where kg and ks stand for the thermal conductivity of the gas and solid phase,
respectively. The solid thermal conductivity is directly defined, whereas in the
gaseous phase thermal conductivity is calculated based on the kinetic theory as
[26, 95]:

kg =
∑

i

Xiki∑
j Xjφij

(3.123)

where

φi,j =

[
1 +

(
µi

µj

)1/2 (
Mi

Mj

)1/4
]2

[
8
(
1 + Mi

Mj

)]1/2 . (3.124)

The total energy term presented in Equation (3.121) can be defined as

E = h − p

ρ
+ v2

2 . (3.125)

In order to define the sensible enthalpy for ideal gas, Equation 3.126 is used as
follows

h =
∑

i

Yihi, (3.126)

and

hi =
∫ T

T ref
Cp,idT, (3.127)

where Cp,i is the specific heat for the ith species. For the solid phase, the sensible
enthalpy is defined as

h =
∫ T

T ref
CpdT, (3.128)
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Table 3.7: Thermal conductivity and specific heat of the solid components [92].

Parameter Value Unity

Thermal conductivity of CL, kCL 1.0 W/m · K

Thermal conductivity of GDL, kGDL 1.0 W/m · K

Thermal conductivity of Membrane, km 0.95 W/m · K

Thermal conductivity of BP, kBP 20.0 W/m · K

Specific heat of CL, Cp,CL 3300.0 J/kg · K

Specific heat of GDL, Cp,GDL 568.0 J/kg · K

Specific heat of membrane, Cp,m 833.0 J/kg · K

Specific heat of BP, Cp,BP 1580.0 J/kg · K

where Cp is the heat capacity of the solid material. The thermal conductivity
and heat capacity values of the solid components of the representative AEM fuel
cell are presented in Table 3.7.

3.5.0.1 Macro-homogeneous model

With respect to the gaseous thermal conductivity, the macro-homogeneous model
considers the use of bulk properties in order to compute the effective thermal
conductivity, as presented in Table 3.8.

The heat generation term, SE, accounts for the different heat generation inside
the fuel cell, including the reversible heat generation, irreversible heat generation,
the ohmic heat produced, latent heat regarding the phase change and also the
sorption/desorption process. These five types of heat generation are presented in
the ACL as it follows [42]:
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Table 3.8: Thermal conductivity of fluids [92].

Parameter Value Unity

Thermal conductivity of hydrogen, kH2 0.204 W/m · K

Thermal conductivity of air, kAir 0.03 W/m · K

Thermal conductivity of water vapour, kH2O,v 0.023 W/m · K

Thermal conductivity of liquid water, kH2O,l 0.67 W/m · K

SE = RaT∆S

2F
+ |Raηa| + ∥∇φS∥2 κeff

S + ∥∇φm∥2 κeff
m +

(
Sl + SdMH2O

ρmem

EW

)
hlat

(3.129)

where ∆S (=163303.5 J/kmol.K) is the entropy change of the HOR, hlat is the
latent heat due to phase change. The heat generation in the CCL is similar to
the ACL, thus, can be written as [42]:

SE = |Rcηc| + ∥∇φS∥2 κeff
S + ∥∇φm∥2 κeff

m + SdMH2O
ρmem

EW
hlat (3.130)

The heat generation in the anode GDL has to take into account the evapor-
ation/condensation process. Thus, the source term of heat for the GDL can be
written as [42]:

SE = ∥∇φS∥2 κeff
S + Slhfg (3.131)

The heat generation in the bipolar plate is exclusive due to the Ohmic heating,
and its source term is specified as [42]:

SE = ∥∇φS∥2 κeff
S (3.132)

Similarly to the heat in the bipolar plate, the heat generation in the membrane
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is due to the ohmic heating and is defined as [42]:

SE = ∥∇φm∥2 κeff
m (3.133)

In the flow channel, no heat source is applied. Hence, the energy source term in
the flow channel is specified as follows [42]:

SE = 0.0 (3.134)

3.5.0.2 Agglomerate model

As previously mentioned in this chapter, the thermal conductivity of the gaseous
phase, in the agglomerate model, is obtained by the kinetic theory. Therefore,
the individual thermal conductivity of the species i, ki, is defined as [26]

ki = 15
4

R
Mi

µi

( 4
15

Cp,iMi

R
+ 1

3

)
(3.135)

With respect to the source term of the conservation equation of energy, no
modification was necessary and the same source terms for the macro-homogeneous
model were considered.

3.6 Boundary and Initial Conditions

3.6.1 Boundary Conditions

A completed set of governing equations has already been presented in previous
sections of this chapter and, to complete the formulation, it is necessary to define
boundary conditions for them. These boundary conditions represent operational
parameters such as mass flow rate of the reactants, relative humidity and concen-
tration of the reactants, inlet temperature, operating pressure and voltage output.
These boundaries are applied in the external surfaces of the single computational
domain according to Figure 3.5, where A, B, C, D and E represent the surfaces
of the domain where a specific boundary condition is required.
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Figure 3.5: Boundary condition scheme for a single channel domain.

3.6.1.1 Macro-homogeneous model

At the inlet of both cathode and anode gas flow channel, temperature of the
fluid flow, concentration and mass flux are specified. For variables not explicitly
defined, zero flux condition is applied.



ṁ · n⃗ = Constant

Ci = Constant

T = T0
∂θ
∂n⃗

= 0


at A (3.136)

To compute the mass flux, additional parameters such as the stoichiomet-
ric ratio, ξ, reference current density, Jref , and the active reaction area A are
necessary. The mass flux for anode and cathode, respectively, are defined as [36]:

ṁa = ρgξaJrefA

2FCH2

(3.137)

ṁc = ρgξcJ
refA

4FCO2

(3.138)

The relativity humidity of the inlet flows is an important parameter, hydro-
gen and oxygen relations as a function of the relative humidity are presented,
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respectively, as [36]:

CH2 = (pa − RHapsat)
RT0

(3.139)

CO2 = 0.21 (pc − RHcpsat)
RT0

(3.140)

where pa and pc are the inlet pressure at anode and cathode, respectively; T0 is
the inlet temperature; RHa and RHc are the relative humidity of the gas flow
at the anode and cathode inlet, respectively. The coefficient 0.21 in Equation
(3.140) stands for the molar fraction of oxygen in air composition. At the flow
channel outlet, the pressure is specified as [36, 42]:

 P = Constant
∂θ
∂n⃗

= 0

 at B (3.141)

At the walls of the flow channel, no-slip boundary conditions are applied.
Other variables boundary conditions are set as zero flux boundary condition.

 u⃗ = Constant
∂θ
∂n⃗

= 0

 at C (3.142)

On the top and bottom surface of the anode and cathode bipolar plate, re-
spectively, where the electronic potential is defined.


φele = ηtotal

T = T0
∂θ
∂n⃗

= 0

 at D (3.143)


φele = 0.0
T = T0
∂θ
∂n⃗

= 0

 at E (3.144)

where ηtotal is the total overpotential. The theoretical reversible energy can be
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written in a modified version of the Nernst equation as [45]

φrev = ∆Gref

2F
+ ∆Sref

2F
(T − Tref ) + RT

2F
ln
( pH2

pref

)(
pO2

pref

)1/2
 (3.145)

Thus, rearranging the Equation (1.8) we obtain

ηtotal = φrev − φcel (3.146)

For variables not mentioned before, a zero flux or symmetry boundary condi-
tion is applied.

{
∂θ
∂n⃗

= 0
}

(3.147)

3.6.1.2 Agglomerate model

The boundary conditions of the first developed agglomerate model are consistent
with the macro-homogeneous model. Nevertheless, it has been observed that the
cooling of the fuel cell is partially a consequence of the free stream in contact with
the top and bottom surface of the bipolar plate [55, 89]. Hence, the boundary
condition at surfaces D and E has been modified as shown


φele = ηtotal

q̇ = h (T − T∞)
∂θ
∂n⃗

= 0

 at D (3.148)


φele = 0.0

q̇ = h (T − T∞)
∂θ
∂n⃗

= 0

 at E (3.149)

where q̇ is the heat flux; T∞ is the ambient temperature; h is the heat transfer
coefficient and it is assumed to be 100 W/m2 · K.
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3.6.2 Initial Conditions

The initial conditions to all variables except for temperature and species concen-
tration are defined as zero. The temperature and concentration initial conditions
are specified to be the same as in Equation (3.136).

3.7 Parameters

The solution of the model depends on the initial and boundary conditions and
also on the structural parameters that characterise the fuel cell. The structural
parameters used to describe the physical domain of a representative fuel cell are
presented in Table 3.9. It is worth mentioning that the parameters presented in
Table 3.9 are the same for both the macro-homogeneous and agglomerate model,
unless stated otherwise.

3.8 Summary

In this chapter an overview of both the macro-homogeneous and agglomerate
models used in this thesis is presented. A complete set of 12 conservation equa-
tions composed of two equations for the conservation of the electric charge, one
equation for energy conservation, one equation for the conservation of liquid water
phase, one equation for the dissolved water phase and also equations for mass,
momentum and species conservation for the gas phase are presented and their
respective boundary conditions.

The aforementioned equations are coupled either by the electrochemical reac-
tion or by their source terms in the RHS, which account for different phenomena
such as the interfacial mass transfer amongst different phases. With the increase
of the complexities of the agglomerate model, it is expected that the results from
the numerical simulation are as close as possible to those from real experiments.
Nevertheless, it is worthwhile to notice that, due to the lack of information in the
existing literature regarding some of the parameters of an AEM fuel cell, some of
the parameters (i.e. sorption and desorption coefficient rates, Henry’s constant)
necessary to carry out the simulations have to be fitted or to utilise corresponding
values from PEM studies.
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Table 3.9: Structural parameters[42, 77].

Parameter Value Unity

Thickness of the CL, δCL 10.0 µm

Thickness of the GDL, δGDL 200.0 µm

Thickness of the membrane, δm 28.0 µm

Gas channel length 100.0 mm

Gas channel depth 0.5 mm

Gas channel width 1.0 mm

Porosity of the CL, ϵCL 0.3 -

Porosity of the GDL, ϵGDL 0.6 -

Intrinsic permeability of CL, K0,CL 6.2 × 10−13 1/m2

Intrinsic permeability of GDL, K0,GDL 6.2 × 10−12 1/m2

Ionomer volume fraction, LM 0.22 -

Finally, even though the agglomerate model has been implemented on PEMFC,
it is yet to be implemented on AEM fuel cell. On the agglomerate model, key
transport phenomena such as the diffusion of species and ions through the ionomer
layer covering the platinum dispersed carbon, earlier neglected on the macro-
homogeneous model, are now taken into account. Additionally to that, due to
the implementation of the agglomerate model, a more realistic representation of
the catalyst layers and their composition (e.g. carbon and platinum loading,
ionomer content, ionomer thickness layer) is now possible. Consequently, it is
feasible to analyse the effect of catalyst layer parameters on the different quant-
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ities transport and its effect on the overall performance of the fuel cell.



Chapter 4

Numerical Implementation

The numerical model of heat, mass and momentum transport in an AEM fuel cell
presented in Chapter 3 consists of 12 governing equations. In addition to that,
several variables and coefficients are necessary to describe important phenomena
such as phase change, sorption and adsorption, back diffusion, electrochemical
reaction and many others. Therefore, the high complexity of the physics that
govern the different phenomena inside the fuel cell results in a highly non-linear
set of equations. In order to compute the aforementioned model, it is necessary
to discretise the domain and employ the methodologies of Computational Fluid
Dynamics.

4.1 Numerical modelling

According to Patankar [68], in order to obtain the numerical solution of a prob-
lem, its governing laws needs to be expressed mathematically. As an extension
of the previous statement, Versteeg and Malalasekera [85] divided in three the
stages needed by a CFD software to solve a numerical problem: pre-processing,
processing and post-processing.

At the pre-processing stage, the geometry of interest, in other words, the com-
putational domain is defined. This task is proceeded by the spatial discretisation,
on which the domain is replaced by a grid sized in a way the cell dimensions do no
significantly affect the simulation results (further explanation of grid independ-
ence is presented later in this chapter). At this stage the boundary conditions
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necessary to solve the system of equations are specified.

The processing stage is the one where the flux of each variable is expressed
through simple expressions. These equations are substituted in the governing
equations. In order to solve this collection of equations, different methods can be
used, such as the Finite Element Method (FEM), Finite Volume Method (FVM)
and, Finite Difference Method (FDM). Due to its easier comprehension and also
by the fact that the terms used in the equations present a physical meaning, the
FVM is used in this thesis. In this approach, the integral form of the conservation
equation is applied to all the finite control volumes (CV) in the domain.

The last stage of the procedure is to post process the data obtained from the
numerical simulation. In this step, the analysis of the variables is carried out and
the scalars and vector fields are integrated based on the focus of this analysis.

4.2 Numerical procedure

In order to solve the system of governing equations presented in Chapter 3, the
finite volume based software FLUENT is used. The standard conservation equa-
tions of mass, momentum and energy are already present in discretised form in
FLUENT. Nevertheless, it is necessary to implement the electronic charge, ionic
charge, liquid water and, membrane water content conservation equations. To
achieve this task, user defined functions (UDF) were used. As the transport
equation of a generic scalar is a standard one, the implementation of the four
additional equations consists of define the specific properties and constants ne-
cessary to solve them and to integrate it to the software. This stage also includes
the specification of initial conditions, boundary conditions and source terms.

A pressure-based solver is used for all the simulations carried out in this thesis.
Figure 4.1 presents the solution procedure for the solver. To satisfy the continuity
equation, the velocity field has to be corrected by the pressure correction. This
correction is done by using the well-known SIMPLE algorithm [68].

As to the governing equations, they have to be discretised so they can be
solved. The following equation presents the steady state conservation equation
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Figure 4.1: Overview of the solver.

for a general primitive variable scalar Ψ [68]

∇· (ρΨu⃗) = ∇· (D∇Ψ) + SΨ. (4.1)

By integrating it over the CV and applying the Gauss divergence theorem, we
obtain

∫
A

n⃗ · (ρΨu⃗) dA =
∫

A
n⃗ · (D∇Ψ) dA +

∫
CV

SΨdV, (4.2)

where n⃗ is the unity vector normal to the volume control surface. The Figure
4.2 shows a bi-dimensional representation of the CV. At the centre of each CV
one node is located and this node is used to compute the variables through the
Equation (4.2). The Equation (4.2) can be rewritten as:

Nf∑
f

n⃗f · (ρfΨf u⃗fAf ) =
Nf∑
f

n⃗f · (D∇ΨfAf ) + SΨV, (4.3)
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Figure 4.2: Bi dimensional control volume representation (hatch region).

where Nf is the number of faces of the CV, Ψf is the value of the scalar obtained
at the face f , u⃗f is the velocity vector field at the face f , Af is the area of the face
f and n⃗f is the unity vector normal to the face f . The Equation (4.3) presents
the value of Ψ for the node located in the central region of the CV and also of the
nodes in the surroundings of the central node. One linear form of representation
of the central node value is [68]

apΨp =
∑
nb

anbΨnb + b (4.4)

where ap is the coefficient located at the centre of the CV, anb is the coefficient
of the neighbour cells and b is the source term.

In order to solve the algebraic system of equations, several iterative meth-
ods can be used, including, but not limited to, TDMA (TriDiagonal-Matrix Al-
gorithm), Jacobi method and, Gauss-Seidel. In this thesis, the implicit Gauss-
Seidel method was utilised.
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Figure 4.3: Effect of convergence criteria on the average current density.

4.3 Convergence Criteria

The last step of the solution procedure is to assess whether the convergence
criteria is achieved or not (see Figure 4.2). To do so, the residual of all conserva-
tion equations must be compared to the established convergence criterion until
it reaches value bellow. The Equation 4.5 defines the residual as

RΨ =
∑

cells |∑nb anbΨnb + b − apΨp|∑
cells |apΨp|

(4.5)

where Ψ is the analysed variable. In the present analysis, log10

(
RΨ
)

= 5 × 10−7

is taken as the convergence criterion, which may lead to a maximum uncertainty
of 1.5% in terms of current density, as shown in Figure 4.3.

4.4 Grid Independence

The quality of the discretisation of the computational domain into cells has sig-
nificant influence on the numerical results. Even though a coarse mesh generally
decreases the computational expense in comparison to a finer mesh, it is necessary
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Figure 4.4: Grid scheme for a single channel.

to ensure that the computational discretisation does not affect the final solution.
Nevertheless, it is worth mentioning that even though a finer mesh generally res-
ults in a more accurate solution, it does significantly increase the computational
cost and time. Hence, a desirable mesh consists of a mesh with a minimum
number of volumes whose influence on the final result is within a desirable error.
Thus, in order to obtain a mesh with such characteristics, a grid independence
analysis is performed. To do so, the number of grid points in each direction is
specified and then varied in order to compute the uncertainty associated with
the grid size. As initial guess, the number of volumes of each component of the
fuel cell (i.e. BP, CL, GDL, membrane) in the x, y and z directions are Nx = 8,
Ny = 10 and, N z = 80, respectively. Nevertheless, one single layer of cells is
added to the top and bottom of the bipolar plate, in order to cover the flow chan-
nel. Even though this layer of cells present variation in the number of cells in
the y direction (Ny = 1), the number of cells in the x and z direction are varied
as necessary. Figure 4.4 shows the grid scheme used to construct this mesh with
the respective domains.
In order to evaluate the uncertainty associated with the discretisation of the

computational domain, the following equation was used to compute the error in
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the direction of interest:

Err =
∣∣∣∣∣ΨNmax − ΨN

ΨNmax

∣∣∣∣∣× 100% (4.6)

where ΨNmax and ΨN stand for the variable of comparison for the maximum
number of cell and the current one, respectively. The maximum number of cells,
Nmax, for x, y and z direction is 15, 25 and 140, respectively.

In order to obtain the total error associated with the mesh, the following equation
was used:

Total Error =
√

(Errx)2 + (Erry)2 + (Errz)2 (4.7)

Table 4.1 and Table 4.2 present the outcomes of grid convergence analysis for
the macro-homogeneous and agglomerate models, respectively, where Nx , Ny

and N z are the number of grid points in the x, y and z directions and Errx,
Erry and Errz are the associated errors with respect of the variation of the
number of grid points in x, y and z directions, respectively.

As one can see from Table 4.1 and Table 4.2, the mesh density in x and
z directions do not significantly affect the computational results, whereas the
error associated with number of volumes in the y direction is sensitive to the
mesh density in this direction. With a total uncertainty of 4.49% and 2.82%
for the macro-homogeneous and agglomerate model, respectively, M5 has been
considered for both numerical models for the purpose of computational economy.
The non-dimensional minimum cell distance (i.e. Φ = ∆min,cell/L where L is the
largest dimension in the direction in question) and the grid expansion ratio (r)
values of the M5 mesh is presented in Table 4.3.
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Table 4.1: Mesh independence e Effect of Nx, Ny and Nz on the error of the
average current density.

Nx Ny N z Nx Ny N z Nx Ny N z

M1 8
10 100

M4
10

10
100

M7
10 10

80
M2 10 M5 15 M8 100
M3 12 M6 20 M9 120

Errx(%) Erry(%) Errz(%)

M1 2.37 M4 6.85 M7 3.79
M2 1.29 M5 3.94 M8 1.74
M3 1.13 M6 1.24 M9 0.93

Table 4.2: Mesh independence e Effect of Nx, Ny and Nz on the error of the
average current density.

Nx Ny N z Nx Ny N z Nx Ny N z

M1 8
10 100

M4
10

10
100

M7
10 10

80
M2 10 M5 15 M8 100
M3 12 M6 20 M9 120

Errx(%) Erry(%) Errz(%)
M1 2.12 M4 5.11 M7 3.21
M2 1.39 M5 2.14 M8 1.22
M3 1.24 M6 1.74 M9 0.97

Table 4.3: Non-dimensional minimum cell distance (Φx) and grid expansion ratio
(rx) values for the M5 mesh.

Φx Φy Φz rx ry rz

Bipolar plate

0.1

2.643×10−5

0.01 1.0 1.211 1
Flow channel 2.643×10−5

Gas diffusion layer 5.286×10−6

Catalyst layer 2.643×10−7

Membrane 7.400×10−7
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4.5 Summary

The discretised computational domain plays an extremely important role in the
process of solving numerical models. Misleading results and divergence are ex-
amples of the problems caused by an inadequate low quality mesh. It is also useful
to verify the convergence criteria due the fact it can also affect the simulation
outcome.

The optimisation of the grid and the convergence criteria were necessary to
avoid the waste of computational power. To do so, different cases were analysed
and compared to obtain the mesh with less volumes and ensure that results were
not significantly affected. In addition to that, a convergence criterion sufficiently
strict was used to reach steady-state solutions.





Chapter 5

Results and Discussion -
Macro-homogeneous model

In this chapter, the macro-homogeneous model presented in Chapter 3 is used to
assess the influence of the flow direction in the flow channels on the overall fuel
cell performance. Here, the co-flow configuration refers to the condition when the
flows in the channels on both anode and cathode sides are in the same direction.
By contrast, the flow direction in the channel on the cathode side is opposite
to the channel on the anode side in the counter-flow configuration. A schematic
representation of the different configurations is presented in Figure 5.1. Moreover,
the effects of the inlet temperature and the humidification of the gaseous mixture
at the channel inlets for AEM fuel cells have also been analysed. The operating
parameters and the electrochemical kinetics parameters used in this study were
taken from published literature and are presented in the Table 5.1 [42] and Table
5.2 [57], respectively.



94 Results and Discussion - Macro-homogeneous model

Figure 5.1: Flow configuration: co-flow and counter-flow.

Table 5.1: List of operating parameters. Bold values represent the base case and
were used for the numerical validation purpose.

Parameter Value

Cell voltage, φcell(V ) 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0

Inlet temperature, T0 (K) 313.15, 318.15, 323.15, 328.15, 333.15

Relativity humidity at anode, RHa (%) 100, 90, 80, 70, 50

Relativity humidity at cathode, RHc (%) 100, 90, 80, 70, 50

Stoichiometry ratio at anode, ξa 2.0

Stoichiometry ratio at cathode, ξc 3.0
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Table 5.2: Electrochemical kinetic parameters.

Parameter Anode Cathode Unity

Reference exchange current density, jref
0 162 2 × 108 A/m3

Reference hydrogen concentration, Cref
H2 0.0564 - kmol/m3

Reference oxygen concentration, Cref
O2 - 0.00339 kmol/m3

Transfer coefficient, α 0.5 0.5 -

Reaction order, β 0.5 1.0 -

5.1 Model validation

The numerical macro-homogeneous model is validated by comparing the polarisa-
tion curve (i.e. variation of voltage with current density) obtained from numerical
simulations with experimental findings [51], as shown in the Figure 5.2, which
reveals that a good agreement has been achieved between numerical and exper-
imental findings. However, some parameters (e.g. kinetic parameters, porosity,
and intrinsic permeability) were not specified in Kruusenberg et al. [51] and
typical values for these quantities (see Table 3.9) are chosen for numerical simu-
lations and no special attempt is made to tune the values of these quantities to
match the polarisation curve with experimental findings. The level of qualitative
agreement between numerical and experimental results is consistent with several
previous analyses [52, 91]. Nevertheless, in order to investigate the capacity of the
numerical model to fit the experimental data, additional simulations were carried
out considering all parameters the same except the porosity of the GDL, which
was considered as ϵGDL = 0.4 [69] in comparison to ϵGDL = 0.6 listed in Table 3.9.
It can be seen from Figure 5.2 that by only changing the porosity of the GDL, the
polarisation curve approaches the experimental results, demonstrating that the
numerical results can fit the experimental data by tuning the parameters, which
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Figure 5.2: Model validation: polarisation curves comparison. The experimental
values were obtained from Kruusenberg et al. [51].

are not specified in Kruusenberg et al. [51]. The results shown in the current
chapter corresponds to the physical properties and parameters listed in Table 3.9
because the qualitative nature of the results do not change as a result of changing
ϵGDL from 0.6 to 0.4.

5.2 Effect of flow direction

In order to investigate the effect of the flow direction on the fuel cell perform-
ance, three different temperature values have been considered for both co-flow
and counter-flow configurations. The variation of voltage with current density
for both co-flow and counter-flow configurations are shown in Figure 5.3, which
shows that for the set of parameters used, the flow direction in the channels does
not has a major influence on the overall performance of the fuel cell because
the supply of reactant species to the catalyst layer for these conditions operat-
ing conditions not affected by the flow direction. Results have demonstrated no
more than 4% variation on the current density produced as consequence of dif-
ferent flow configuration. In addition to the simulations carried out considering
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Figure 5.3: Co flow and counter flow polarisation curve comparison. Operating
parameters: φcell = 0.3 − 1.0V , RHa = 100%, RHc = 100%, ξa = 2.0, ξc = 3.0.

the base case inlet temperature (323.15 K), numerical simulation has been per-
formed considering two different inlet temperature, as shown in Table 5.1. As
one can see in Figure 5.3, irrespective of the variation of the inlet temperature,
no significant variation of the current density is observed when comparing the
overall performance of the AEM fuel cell for a co-flow and counter-flow config-
uration.Nevertheless, it has been found that the gradient of water vapour molar
concentration is slightly higher in the counter-flow configuration at the cathode
side, mainly due to the slightly higher drag of liquid water from the anode side,
which is consistent with previous findings [62].
In order to emphasise the species gradient due to the electrochemical reaction,

a three-dimensional contours of the species concentration for the co-flow config-
uration for a 0.3 V cell voltage are presented in Figure 5.4. The hydrogen and
oxygen consumption due to the HOR and ORR, respectively, causes a depletion
of their molar concentration towards the outlet. Due to the larger molecular size
and slower diffusion of the oxygen in comparison to the hydrogen, a more clear
gradient of the oxygen molar concentration is observed, specially when comparing
the region under the flow channel and bipolar plate. With respect of the water
species, the augmentation of the concentration at the anode side is result of the
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(a) (b)

(c) (d)

Figure 5.4: Molar concentration: a) H2, b) H2O (anode), c) O2, d) H2O (cath-
ode). Operating parameters: φcell = 0.3V , T0 = 333.15K, RHa = 100%,
RHc = 100%, ξa = 2.0, ξc = 3.0.

electrochemical reaction taking place at the catalyst layer. On the other side, the
depletion of the water concentration is consequence of the consumption necessary
to the formation of the hydroxyl ion.

5.3 Effect of inlet temperature

As the flow direction does not have a major influence on the overall fuel cell per-
formance, the influence of inlet temperature (which is the temperature the mix-
ture is supplied) on the fuel cell performance has been analysed for the counter-
flow configuration. Figure 5.5 shows that an increase in the inlet temperature
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increases the mean current density for a given output voltage. For instance, for
the 0.4 V cell voltage case, the overall performance of the fuel cell has increase
from 0.375 A/cm2 to 0.390 A/cm2 for the 323.15 K and 333.15 K inlet temperat-
ure cases, respectfully. An increase in temperature improves the electrochemical
kinetics according to Equations (3.53) and (3.54).

Figure 5.5: Effect of inlet temperature on the fuel cell performance. Operating
parameters: φcell = 0.3 − 1.0V , RHa = 100%, RHc = 100%, ξa = 2.0, ξc = 3.0.

The hydration of the membrane play an important role in the fuel cell per-
formance. Figure 5.6 demonstrates that the membrane water content increases
with increasing temperature, which is in accordance with previous experimental
findings [56]. Thus, the enhanced ion conductivity due to high water content in
the membrane gives rise to a smaller Ohmic loss in the membrane. The product
of the electrochemical reaction is water in the liquid phase in the anode catalyst
layer. Figure 5.6 shows that the volume fraction of liquid water decreases as the
temperature increases. Although the liquid water production increases for higher
temperatures, this production is superseded by high evaporation rate at high tem-
perature values due to the fact that the saturation pressure in the catalyst and
gas diffusion layers are higher than the water vapour pressure. Furthermore, the
combination of high relative humidity at the anode side and the water produc-
tion in the liquid phase are responsible for the back diffusion process which drags



100 Results and Discussion - Macro-homogeneous model

liquid water from the anode to the cathode side in the dissolved phase. This, in
turn, contributes to the decrease of the liquid water fraction in the anode side and
also enhances the hydration of the membrane and catalyst layer in the cathode
side.

(a)

(b)

Figure 5.6: Effect of inlet temperature on: a) membrane water content b) liquid
water fraction. Operating parameters: φcell = 0.5V , T0 = 323.15K, RHa = 100%,
RHc = 100%, ξa = 2.0, ξc = 3.0.
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5.4 Effect of inlet humidification

Figure 5.7 shows that the relative humidity of the supplied mixture at the inlets
has a significant influence on the fuel cell performance. The water demand for
OH− formation is directly related to the elevation of the Butler-Volmer reaction
rate (Equations (3.53) and (3.54)). Thus, the relative humidity has a higher
impact in the lower output voltages where the current density values are high.
A decrease in relative humidity from 90% to 80% shows a more drastic loss of
performance that is observed when the relative humidity is decreased from 100%
to 90%. When comparing the overall performance of the 100% and 90% inlet
relative humidity conditions, the performance dropped by up to 22% for the 0.3
V cell voltage case. The extent of dehydration of membrane is much greater when
the relative humidity drops from 90% to 80% than the corresponding effect as a
result of the relative humidity drop from 100% to 90%.

Figure 5.7: Effect of inlet relative humidity on the fuel cell performance. Oper-
ating parameters: φcell = 0.3 − 1.0V , T0 = 323.15K, ξa = 2.0, ξc = 3.0.

Since the sorption and desorption processes are governed by the gradient of
water activity between the anode and cathode side, the hydration of the mem-
brane is negatively affected by a reduction of relative humidity at the channel
inlets, which gives rise to higher ionic resistivity (i.e. higher Ohmic loss) leading
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to a smaller value of current density than better hydrated cases. Therefore, the
membrane water content reduces with the weakening of water transfer within the
membrane, which can be substantiated from Figure 5.8. Regarding the liquid
water phase, as presented in Figure 5.8, the liquid water fraction is higher for
the better humidified case. The main reason for the reduction of the liquid water
fraction within the catalyst and gas diffusion layers is the fact that the lower
relative humidity enhances the evaporation processes (i.e. water vapour partial
pressure lower than the saturated pressure). In addition to that, as the overall
performance of the fuel cell is compromised by a less hydrated membrane state,
the water produced due to the electrochemical reaction is partially dragged from
the anode catalyst layer to the membrane in order to compensate the dehydrated
condition caused by the decrease in the relative humidity at the flow channel
inlet. Moreover, the relative humidity has also an impact in the thermal trans-
port within the layers. A larger gradient of molar water concentration across the
layers (vertical mid-plane) is observed for the values of smaller relative humidity,
resulting in the extraction of more latent heat from the surface. Heat generation
within the fuel cell due to the HOR, which in turn affects the local current density
due to its temperature dependence. Therefore, the equilibrium between temper-
ature and reaction rate is altered and a negative feedback between temperature
and current density is obtained as shown in Figure 5.9. Thus, when combining
the smaller heat generation due to the smaller current density and the extraction
of latent heat from the surface, the temperature for lower relative humidity is ob-
served to be smaller than the higher relative humidity cases, as shown in Figure
5.9.
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(a)

(b)

Figure 5.8: Effect of inlet relative humidity on: a) membrane water content
b) liquid water fraction. Operating parameters: φcell = 0.5V , T0 = 323.15K,
ξa = 2.0, ξc = 3.0.
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(a)

(b)

Figure 5.9: a) Energy source term contribution for different relative humidity
cases b) Effect of relative humidity on the temperature. Operating parameters:
φcell = 0.5V , T0 = 323.15K, RHa = 100%, RHc = 100%, ξa = 2.0, ξc = 3.0.
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5.5 Summary

In this chapter, a three-dimensional macro-homogeneous numerical model has
been used to analyse the influences of the flow mode, inlet temperature and relat-
ive humidity on a single channel anion exchange membrane fuel cell performance.

It has been observed that the overall performance of the AEM fuel cell has
not been significantly affected by the flow direction in the channels, having a
variance of the overall performance of the fuel cell within a 4% range for the
base case. Similar results have been observed by Ge et al. [28] when performing
similar analyses in PEMFC. Both flow modes were compared for different inlet
temperatures and no major effect on the overall performance of the fuel cell was
observed.

However, the overall performance of the AEM fuel cell has been found to be
significantly affected by the inlet temperature and relative humidity. An increase
in inlet temperature has a positive influence on the overall performance of the
fuel cell due to the enhancement of the electrochemical kinetics and also because
of the better hydration condition of the membrane. An augmentation (between
3 and 8%) of the overall performance of the fuel cell has been observed when
comparing the current densities at 323.15 K and 333.15 K inlet temperatures for
the range of operation of an ordinary AEM fuel cell (0.3 to 0.6 V cell voltage).
The deterioration of the overall performance when comparing the base case to
lower temperatures (i.e. 313.15 K) can be as high as 13%.

With respect of the relative humidity, when decreased, adversely affects the
performance of the fuel cell, mainly due to the high resistance offered to the
ions to diffuse in a poor hydration membrane environment. The effect of the
increase of ions diffusion resistance (i.e increase of Ohmic loss) can be observed
on the polarisation curve for the RHa,c = 50% case, where passed the activation
loss region, reflects in a sharp drop of the overall performance of the AEM fuel
cell. Moreover, the lower relative humidity cases exhibit lower local temperatures,
which also contribute to the reduction of the average current density produced
in the fuel cell. On the other side of the spectrum, for the operating conditions
analysed in this thesis, the fuel cell operation under higher relative humidity
conditions (90 - 100%) provided a better hydration of the membrane, resulting in
lower Ohmic resistance. Nevertheless, it is worth mentioning that the even though
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the higher relative humidity at the anode side is beneficial to the membrane
hydration due to back diffusion, the formation of liquid water has to be balanced
in a way such that clogging of the pores in the ACL and anode GDL does not
give rise to the concentration loss.



Chapter 6

Results and Discussion - Part I:
Agglomerate model

In the previous chapter numerical simulations have been performed in other to
address the influence of the flow mode and the operating conditions of a generic
AEM fuel cell. Despite the good qualitative agreement with experimental res-
ults, the macro-homogeneous model is limited to a single length scale (i.e. CL
thickness), lacking of capacity to accurately account for the transportation of
species and charge in the CL. Hence, a three-dimensional agglomerate model for
a multiphase flow for a typical AEM fuel cell has been developed to describe the
different length scales present in the CL and it has been used to analyse the effect
of species transport within the CLs. The operating parameters used to perform
these simulations are presented in Table 6.1. A detailed analysis of the influences
of species transport on the overall fuel cell performance is provided in the next
subsections.

6.1 Model validation

Due to the wide range of operating parameters, structural composition of the fuel
cell components and the lack of information regarding some of the transportation
characteristics related to the membrane Tokuyama A201, a direct comparison
with a single experimental dataset might not be sufficient. Therefore, the present



108 Results and Discussion - Part I: Agglomerate model

Table 6.1: List of operating parameters. Bold values represent the base case and
were used for the numerical validation purpose.

Parameter Value

Cell voltage, φcell(V ) 0.3-1.0

Inlet temperature, T0 (K) 323.15

Relativity humidity at anode, RHa (%) 100

Relativity humidity at cathode, RHc (%) 100

Stoichiometry ratio at anode, ξa 2.0

Stoichiometry ratio at cathode, ξc 3.0

numerical model is validated by comparing the polarisation curve produced with
the experimental results from different authors [51, 53, 73]. As one can see in
Figure 6.1, the proposed agglomerate model shows a good qualitative agreement
with the different experimental results using the Tokuyama A201 membrane.

6.2 Overall performance

Generally, the performance of fuel cells is assessed by comparing polarisation
curves. Thus, the overall performance of the AEM fuel cell for the current ag-
glomerate model data is compared with the several experimental data as well
as with the previously developed macro-homogeneous model [59], as shown in
Figure 6.1. In order to compare between macro-homogeneous and agglomerate
models, all the parameters are kept the same for both models (see Table 3.7 and
Table 3.9). It can be seen from Figure 6.1 that both macro-homogeneous and
agglomerate numerical models are capable of capturing the trend of the exper-
imental results. As the macro-homogeneous model does not account for subtle
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Table 6.2: Electrochemical kinetic parameters.

Parameter Anode Cathode Unity

Reference exchange current density, jref
0 [57, 59] 11.916 1 × 10−4 A/m2

P t

Reference hydrogen concentration, Cref
H2 [57, 59] 0.0564 - kmol/m3

Reference oxygen concentration, Cref
O2 [57, 59] - 0.00339 kmol/m3

Platinum loading, mP t [80] 0.004 0.004 kg/m2

Platinum mass ratio, f [80] 0.4 0.4 -

Radius of agglomerate, ragg [80] 1 × 10−6 1 × 10−6 m

Effective specific agglomerate surface area,
aagg[80]

3.6 × 105 3.6 × 105 m2/m3

Thickness of ionomer coating, δM [80] 8 × 10−8 8 × 10−8 m

Transfer coefficient, α [74, 75] 0.5 0.5 -

Reaction order, β 0.5 1.0 -

transport characteristics and dependencies on catalyst layer composition, it over-
estimates the fuel cell performance in comparison to the agglomerate model. An
overview of the losses of both agglomerate and macro-homogeneous model for 0.5
V output voltage is shown in Figure 6.2. It can be seen from Equation (3.55)
that the overpotential is defined as the difference between electronic and ionic
potential. No significant difference is observed in the values of electronic poten-
tials between the agglomerate and macro-homogeneous models. Nevertheless, the
ionic potential for the agglomerate model is observed to be smaller than the ionic
potential for the macro-homogeneous model. This is directly associated with the
hydration state of the membrane. As the reaction rate for the agglomerate is
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Figure 6.1: Polarisation curve for both agglomerate and macro-homogeneous [59]
CL numerical models along with experimental data [51, 53, 73]. The parameters
used for the agglomerate model were: T0 = 323.15K, RHa = 100%, RHc = 100%,
ξa = 2.0, ξc = 3.0.

smaller than the macro-homogeneous model, less water is produced as a product
of the electrochemical reaction, which decreases the amount of water sorption
in the interface of anode catalyst layer and membrane. Moreover, as the flux
of ions from the anode to cathode side decreases, less water is dragged due to
the ions transport, which supports the less hydrated state in the agglomerate
model in comparison to the macro-homogeneous model. For the current analysis,
about 70% of the losses are related to Ohmic losses as the ionic conductivity of
the current membrane is over one order of magnitude lower in comparison with
an ordinary Nafion membrane. The activation and concentration losses in the
agglomerate model are responsible for the remaining 30%. Further explanation
regarding the impact of the extra resistances due to the agglomerate model in the
activation and concentration losses are provided in the following sub-sections.
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Figure 6.2: Total overpotential for both agglomerate and macro-homogeneous
models. Operating parameters: φcell = 0.5V , T0 = 323.15K, RHa = 100%,
RHc = 100%, ξa = 2.0, ξc = 3.0.

6.3 Concentration potential

Both macro-homogeneous and agglomerate models considered the momentum
and mass conservation equations ((3.6) and (3.7), respectively) to partially gov-
ern the motion of species within the computational domain. In addition to the
aforementioned equations, the macro-homogeneous model used the convective-
diffusive, Equation(3.15), is used to describe the gas species conservation equa-
tion. Although the use of the Equation (3.15) in the macro-homogeneous model
provides a qualitatively correct representation of the main species transporta-
tion in the fuel cell, further detailing of the species transportation and gaseous
properties calculation were implemented in the agglomerate model. Hence, in
the agglomerate model, the Equation (3.15) is replaced by the Maxwell-Stefan
Equation (3.29) and the kinetic theory is used to compute species properties
such as binary diffusion, dynamic viscosity and thermal conductivity. Further-
more, corrections were added to the electrochemical kinetics in order to account
for all the different transport coefficients and dependencies on the catalyst layer
composition.

As shown in Figure 3.2, the cathode and anode catalyst layers are considered
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to be made up of spherical Pt/C agglomerate with void regions covered by the
ionomer according to the agglomerate model. As the ionomer layer of 8×10−8 m

thickness covers the spherical agglomerate, an extra resistance is added to the
transport and thus the concentration loss is expected to increase. It can be
seen from Figure 6.3 that the concentration loss profiles at the middle plane
section at the cathode CL for the macro-homogeneous and agglomerate models
are significantly different. As the partial pressure of oxygen diminishes near the
catalyst/membrane interface, especially under the bipolar plate region, the rate
of oxygen crossing the ionomer cover around the particle sphere decreases in the
context of the agglomerate model. The starvation of oxygen in contact with the
Pt/C agglomerate is responsible for the mass transfer associated losses, which
reduces the overall performance of the fuel cell. From the combination of Equa-
tions (3.61) and (3.69), one can see that the ratio of reference and current molar
concentration is impacting on the concentration loss. Nevertheless, the reference
values of the catalyst layer used in this study were measured at higher pressure,
thus, under the current operating conditions, the overpotential benefits from the
ratio of reference and current molar concentration. Regarding the concentration
loss on the anode side, the faster diffusion of the hydrogen in the ionomer com-
pared to the oxygen results in a marginal change in the concentration loss between
agglomerate and macro-homogeneous models and, thus will not be presented here
for the sake of conciseness.

6.4 Activation potential

As the effect of the activation potential is pronounced higher cell voltage con-
ditions, this aspect will be discussed for the 0.9 V output case. The contours
of the activation loss in the cathode catalyst layer for both agglomerate and
macro-homogeneous models are presented in Figure 6.4. It can be seen from Fig-
ure 6.4 that the contribution of the activation loss to the total overpotential in
the cathode catalyst layer is bigger in the agglomerate model than in the macro-
homogeneous model, which leads to an overestimation of the fuel cell performance
by the macro-homogeneous model. This loss in the agglomerate model arises due
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(a) (b)

Figure 6.3: Concentration loss in the cathode CL: (a) macro-homogeneous model
and (b) agglomerate model. Operating parameters: φcell = 0.5V , T0 = 323.15K,
RHa = 100%, RHc = 100%, ξa = 2.0, ξc = 3.0.

to the usage of an effective specific platinum surface area per unit catalyst layer
volume because the composition and physical dimensions of the catalyst layer
have direct impact on the activation potential. From Equation (3.22) and (3.25),
one can see that increasing the amount of Pt/C in the catalyst layer is beneficial
to the activation potential. Nevertheless, the void volume fraction in the catalyst
layer is directly affected by the increase of Pt/C, which also contributes to the
starvation of the species in the reactive sites.

6.5 Effectiveness factor

The implementation of the agglomerate model introduces the effectiveness factor
for the catalyst layer, which is expressed by Equation (3.64), and it quantifies
the utilisation of the catalyst layer through the ratio of species diffusion in the
ionomer and electrochemical reaction rate constant. Nevertheless, it is worth
mentioning that the unity effectiveness factor does not mean a high reaction rate,
but a more uniform reaction through the catalyst layer site. The effectiveness
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(a) (b)

Figure 6.4: Activation loss in the cathode CL: (a) macro-homogeneous model
and (b) agglomerate model. Operating parameters: φcell = 0.9V , T0 = 323.15K,
RHa = 100%, RHc = 100%, ξa = 2.0, ξc = 3.0.

factor for the anode and cathode catalyst layers is presented in Figure 6.5. The
effectiveness factor in the anode side does not vary significantly through the length
of the catalyst layer, which implies that the utilisation of the catalyst layer at the
anode side is mostly even. Nevertheless, despite the faster hydrogen diffusion,
one can observe a drop, although not significantly, in the region closer to the
membrane and catalyst layer interface. As seen in the previous section, the higher
overpotential is located at the interface of membrane and catalyst layer. Thus, the
higher demand for hydrogen and the slightly short supply of it causes the drop in
the effectiveness factor. Nonetheless, on the cathode side, the effectiveness factor
shows a significant drop as the membrane interface is approached. Here several
factors need to be taken into consideration for explaining this drop. The diffusion
of oxygen is slower than hydrogen diffusion. As the air is supplied with humidified
state, oxygen has to compete with water molecules to diffuse through the pores
of the catalyst layer. This resistance causes the lack of oxygen near the interface
of the catalyst layer with the membrane, which further reduces the utilisation
of the catalyst in that area. Another important aspect is that the reaction rate
variation through the length of the catalyst layer. For the case analysed here, a
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wide range of overpotential is observed, which results in a considerable variation
of the reaction rate. Therefore, the utilisation of the catalyst layer on the cathode
side is compromised.

(a)

(b)

Figure 6.5: Effectiveness factor: (a) anode CL and (b) cathode CL. Operating
parameters: φcell = 0.5V , T0 = 323.15K, RHa = 100%, RHc = 100%, ξa = 2.0,
ξc = 3.0.
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Figure 6.6: Effect of inlet temperature on the overall fuel cell performance. Solid
lines are for a macro-homogeneous model and dashed lines are for an agglomerate
model. Operating parameters: φcell = 0.3 − 1.0V , RHa = 100%, RHc = 100%,
ξa = 2.0, ξc = 3.0.

6.6 Effect of inlet temperature and relative hu-
midity

In addition to the comparison between macro-homogeneous and agglomerate
models from the overpotential and loss perspective, the effects of inlet temperat-
ure and relative humidity at the inlet channels on the overall performance are also
analysed. The effect of the inlet temperature can be seen in Figure 6.6. As previ-
ously observed in our macro-homogeneous model, the rise in the inlet temperature
of the fuel cell also resulted in an enhancement of the overall performance of the
agglomerate model. This is mainly associated with the enhancement of the elec-
trochemical kinetics and ionic diffusion facilitated at high temperatures. With
the respect of the effect of the relative humidity, as presented in Figure 6.7, when
operating under lower relative humidity the overall fuel cell performance is neg-
atively affected in comparison to the fully humidified operation condition. As
the presence of water vapour in the catalyst layer is scarce, the humidification of
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Figure 6.7: Effect of relative humidity on the overall fuel cell performance. Solid
lines are for a macro-homogeneous model, and dashed lines are for an agglomerate
model. Operating parameters: φcell = 0.3 − 1.0V , T0 = 323.15K, ξa = 2.0,
ξc = 3.0.

the membrane is compromised for small values of relative humidity. Therefore,
the ions transportation reduces and the Ohmic loss increases for small values of
relative humidity, resulting in a deteriorated overall performance of the fuel cell.

6.7 Summary

In this chapter, the results from a three-dimensional agglomerate model of a gen-
eric AEM fuel cell are presented. Here, a detailed comparison between the pro-
posed agglomerate model and a previously developed macro-homogeneous model
was presented and the main differences between both models were discussed.

On the aspect of overall performance, the macro-homogeneous model over-
estimates the performance of the fuel cell when compared to the agglomerate
model. This is mainly attributed to the subtle transport phenomena, which is
not considered in the macro-homogeneous model. The lower reaction rate also
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affects the membrane hydration as less water is produced and dragged due to ions
transportation through the membrane. Thus, the Ohmic resistance is partially
responsible for the deterioration of the overall performance obtained with the use
of the agglomerate model.

The activation and concentration overpotentials obtained from the agglom-
erate and macro-homogeneous models are compared. The concentration over-
potential profile in the cathode catalyst layer differs significantly between the
macro-homogeneous and agglomerate models because the agglomerate model in-
troduces resistances due to the transportation through the ionomer. Neverthe-
less, the faster diffusion of hydrogen in the ionomer did not affect significantly
the concentration overpotential on the anode side. With respect of the activation
overpotential, the agglomerate model is overpredicted by the macro-homogeneous
model, resulting in an overestimation of the activation overpotential of the macro-
homogeneous model. This is directly associated with the consideration of the
effective specific platinum surface area per unit catalyst layer volume because the
amount of Pt/C volume fraction and platinum loading have a direct impact on
the reaction rate. The distribution of effectiveness factor of the catalyst layer
has been analysed in detail in the context of the agglomerate model. The anode
effectiveness factor does not show any significant variation, which implies uni-
form utilisation of the catalyst layer. Nevertheless, the utilisation of the cathode
catalyst layer is compromised by the slower diffusion rate of oxygen and also a
wide variation of the reaction rate through the catalyst layer length.

The influences of the inlet relative humidity and inlet temperature on the over-
all performance of the fuel cell in the context of the agglomerate model have been
found to be qualitatively similar to those obtained from the macro-homogeneous
model. An increase in the temperature positively affects the overall performance
mainly due to the enhancement of the electrochemical kinetics. By contrast, the
supply of less humidified gas in at the inlet results in a less favourable environment
for the anion transportation, which in turn deteriorates the overall performance
of the fuel cell.
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Results and Discussion - Part II:
Agglomerate model

The results shown in Chapter 6 highlighted the main differences between the
macro-homogeneous and the agglomerate model. It was observed that the dif-
ferences in the concentration loss due to the additional resistances related to the
species transportation within the catalyst layer domain. In addition to that, the
Ohmic loss has been observed to increase due to the corrections imposed to the
ions transport in both catalyst layer and membrane. It is worth noting that,
in order to provide a quantitative comparison between macro-homogeneous and
agglomerate model, the equations used to describe different phenomena such as
electro-osmotic drag and equilibrium water content were kept constant. Non-
etheless, the three-dimensional agglomerate model for an AEM fuel cell has been
improved and utilised to analyse the effects of the operating conditions and key
material parameters on the overall performance of the fuel cell. Hence, in order to
better describe the physics of an AEM fuel cell, changes in the first agglomerate
model were proposed and listed as follows:

• The thickness of the ionomer covering the agglomerate computed using the
Equation (3.24) instead of the fixed value shown in Table 6.2;

• The electro-osmotic drag coefficient proposed by Springer et al. [79] is
replaced by the electro-osmotic drag values measured by Li et al. [56] and
correlated by Jiao et al. [42];



120 Results and Discussion - Part II: Agglomerate model

• As the reaction rate occurs at the electrode-electrolyte interface [55], the
effective specific platinum surface area per unit catalyst layer volume has
been modified from Equation (3.25) to Equation (3.26) in order to account
for the surface area of the platinum spheres only;

• In the numerical model used in Chapter 6, the effective specific agglomer-
ate surface area, aagg, is defined as a constant (= 3.6 × 105 m2/m3) [80].
Nonetheless, as one of the proposals of the current agglomerate model, the
numerical model has to be flexible in order to adequate the physical dimen-
sions accordingly to the catalyst layer composition. Hence, the effective
specific agglomerate surface area is obtained by using the Equation (3.62)
[94, 96].

• The ambient temperature, T∞, considered for all cases in this chapter is
kept constant at 333.15 K.

Here, with the latest developed agglomerate model, the relative humidity at the
inlets, the water content and the physical properties of the catalyst layer such as
platinum and carbon loading and ionomer volume fraction are varied in order to
find an optimum trade-off between various fuel cell losses arising from the vari-
ation of these parameters (i.e. mass transport, ionic resistance and kinetic losses).
In this chapter, a co-flow regime is considered, therefore, the flow at the anode
and cathode flow channel inlet is supplied at the same direction. The different
cases and the values used in this detailed parametric analysis are presented in
Table 7.1.

In addition to that, the electrochemical parameters used to perform the numerical
simulation in this chapter were modified in comparison to Chapter 6 and are
presented in Table 7.2.
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Table 7.1: Simulation cases. Case 1 is the base case. Grey cells represent the
different values used in this parametric analysis.

RHa

(%)
RHa

(%)
γe mP t

(kg/m2)
mC

(kg/m2)
LM δCL

Case 1 95 50 1.0 0.004 0.006 0.22 1.00 × 10−5

Case 2 50 50 1.0 0.004 0.006 0.22 1.00 × 10−5

Case 3 50 95 1.0 0.004 0.006 0.22 1.00 × 10−5

Case 4 70 70 1.0 0.004 0.006 0.22 1.00 × 10−5

Case 5 95 50 1.5 0.004 0.006 0.22 1.00 × 10−5

Case 6 95 50 2.0 0.004 0.006 0.22 1.00 × 10−5

Case 7 95 50 1.0 0.006 0.006 0.22 1.00 × 10−5

Case 8 95 50 1.0 0.01 0.006 0.22 1.00 × 10−5

Case 9 95 50 1.0 0.004 0.016 0.22 2.39 × 10−5

Case 10 95 50 1.0 0.004 0.0026 0.22 4.29 × 10−6

Case 11 95 50 1.0 0.004 0.006 0.15 1.00 × 10−5

Case 12 95 50 1.0 0.004 0.006 0.30 1.00 × 10−5

Case 13 95 50 1.0 0.004 0.006 0.15 7.82 × 10−6

Case 14 95 50 1.0 0.004 0.006 0.30 1.17 × 10−5

Table 7.2: Electrochemical kinetic parameters

Parameter Anode Cathode Unity

Reference exchange current density, jref
0 [23, 57] 6.815 5.72 × 10−5 A/m2

P t

Transfer coefficient, αn [74, 75] 0.5 1.0 -
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7.1 Species transportation

A three-dimensional representation of the concentration contours for Case 1 at
cell voltage of 0.4 V are presented in Figure 7.1. As one can see, a depletion
of hydrogen and oxygen molar concentration towards the flow channel outlet is
observed. With respect of water molar concentration at the anode, a rise of the
molar concentration is observed as result of the water formation due to the elec-
trochemical reaction. Even though water molecules are consumed at the cathode
side, an augmentation of the water molar concentration is observed. This is
mainly associated with the water molecules back diffusing from the anode cata-
lyst layer to the cathode catalyst layer due to the water species gradient between
both sides. A more detailed explanation about the aforementioned phenomenon
is presented in the next section.

7.2 Relative Humidity (Case 1-4)

As presented in the Equations (3.139) and (3.140), the operating relative humidity
is considered to define the boundary condition of anode and cathode flow channel
inlets, respectively. In agreement with previous results [78], as can be seen from
Figure 7.2, supplying higher relative humidity mixture at the anode flow channel
inlet in comparison to the cathode flow channel inlet is proving to be beneficial
to the overall performance of the fuel cell. For the cell voltage of 0.4 V, the
highest current density (0.762 A/cm2) is obtained for the Case 1 (RHa = 95%,
RHc = 50%). In this case, due to the higher relative humidity at the anode
catalyst layer in comparison to the cathode catalyst layer, the back diffusion
phenomenon is observed and water diffuses from the anode to the cathode, as
can be seen from Figure 7.2 where the spatial distribution of RH on both anode
and cathode sides of the catalyst and gas diffusion layers are shown at different
axial locations.
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(a) (b)

(c) (d)

Figure 7.1: Molar concentration for the Case1: a) H2, b) H2O (anode), c) O2,
d) H2O (cathode). Operating parameters: φcell = 0.3V , T0 = 333.15K, ξa = 1.1,
ξc = 2.0.

Figure 7.2: Polarisation curve for different relative humidity for anode and cath-
ode inlet channel. Case 1 (RHa = 95%, RHc = 50%), Case 2 (RHa = 50%,
RHc = 50%), Case 3 (RHa = 50%, RHc = 95%), Case 4 (RHa = 70%,
RHc = 70%).
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Water transport from the anode to the cathode catalyst layer as a result of a
water back diffusion increases the average membrane water content. This, in
turn, has a positive impact on the ionic conductivity through Equation (3.120).
The increase in RH on the cathode side in the axial direction in Figure 7.3 in-
dicates a net positive water flow rate (=53.49 kg/m3s) in the cathode catalyst
layer, which suggests that the back diffusion phenomenon overcomes the water
consumption due to the electrochemical reaction. In addition to that, an average
oxygen partial pressure at the cathode catalyst layer was observed to be 11.1
Pa. This water eventually gets transported to the anode catalyst layer due to
the osmotic drag. On the anode side, condensation of water vapour is observed
in Case 1 from halfway to the end of the fuel cell length and an average liquid
water volume fraction of 0.081 is formed inside the CL and GDL pores. The
current density in Case 2 (RHa = 50%, RHc = 50%) is approximately 17% smal-
ler than in Case 1 (current density in Cases 1 and 2 are 0.762 A/cm2 and 0.640
A/cm2, respectively). It can be seen from Figure 7.3 that the magnitudes of RH

are smaller in Case 2 than in Cases 1, 3 and 4, with an average oxygen partial
pressure of 11.99 Pa. This reduction in relative humidity has a direct impact
on the membrane water content, consequently lowering the ionic diffusion coef-
ficient and increasing the Ohmic loss (0.27 V ) of Case 2 in comparison to Case
1 (0.23 V ). In addition to that, due to the lower humidification at both anode
and cathode inlets, no liquid water has been formed in the anode catalyst and
gas diffusion layer. Furthermore, the average back diffusion of the present case is
lower (=69.21 kg/m3s) in comparison to the base case (124.38 kg/m3s). For Case
3 (RHa = 50%, RHc = 95%), as the relative humidity at anode and cathode inlet
are set to be 50% and 95%, respectively, water diffuses from the cathode to the
anode side close to the inlet region, as can be seen from Figure 7.3. Nevertheless,
as water is consumed in the cathode catalyst layer for the anion formation and the
water produced by the electrochemical reaction at the anode side, a higher relat-
ive humidity is observed at the anode catalyst layer in comparison to the cathode
catalyst layer, which in turn gives rise to back diffusion water from the anode to
the cathode side. The aforementioned phenomena can be seen in Figure 7.4, as
higher values of membrane water content are observed closed to the inlet regions
at the cathode side in comparison to the anode side especially under the land re-
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gion. Hence, due to the gradient of the membrane water content between anode
and cathode sides, membrane water diffuses from the cathode catalyst layer to
the anode catalyst layer in that region. Nevertheless, as one can see in Figure 5b,
the membrane water content at the anode side increases in the flow direction due
to water diffusion from cathode and also owing to the water being product of the
electrochemical reaction. Thus, the net water flux of membrane water content
eventually changes direction and diffuses from the anode catalyst layer to the
cathode catalyst layer. Additionally, the local back diffusion contours at both
the anode catalyst layer and membrane interface, and at the cathode catalyst
layer and membrane interface are presented in Figure 7.4c and 7.4d, respectively.
When comparing the back diffusivity between Case 1 and Case 3, the average
back diffusion value of the former was 37% higher in comparison to the latter
(=77.90 kg/m3s). Consequently, a higher ionic conductivity at the membrane
has been observed on Case 1 (=5.04 S/m) in comparison to Case 3 (=4.38 S/m)
as the average membrane water content has decreased from 17.83 to 16.62, re-
spectively. As the back diffusion is lower in Case 3 than in Case 1, an average
liquid water volume fraction of 0.100 (i.e. 10% flooding) is formed within the
anode catalyst and gas diffusion layers and thereby slightly reduces the hydrogen
diffusion into the anode catalyst layer. Moreover, the water molecules necessary
for the reaction rate are partially supplied by the back diffusion and sorption, and
thus the higher relative humidity at the cathode side (95 %) results in a lower
average oxygen partial pressure (pO2= 9.98 Pa), reducing the oxygen diffusion
to the reactive sites. Therefore, for a fixed 0.4 V output, a slightly reduction
of the current density (from 0.762 A/cm2 in Case 1 to 0.757 A/cm2 in Case 3)
is observed. In Case 4 (RHa = 70%, RHc = 70%), the desorption phenomenon
at the cathode catalyst layer is weaker than in Case 1 due to the higher relative
humidity at the domain. Therefore, when comparing Case 1 and 4 back diffusion,
the former case transports more water from the anode to the cathode due to back
diffusion (=124.38 kg/m3s) in comparison to the latter (=98.97 kg/m3s), as one
can observed when comparing Figures 7.3a and 7.4d. Moreover, higher average
oxygen partial pressure has been observed at the cathode catalyst layer (=11.22
Pa) than in Case 1. Similar to Cases 1 and 4, condensation of water also takes
place at the anode catalyst and gas diffusion layers in Case 4 and a liquid water
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(a) (b)

(c) (d)

Figure 7.3: Relative humidity of anode (top) and cathode (bottom) catalyst
layer and gas diffusion layer for: a) Case 1 (RHa = 95%, RHc = 50%), b) Case
2 (RHa = 50%, RHc = 50%), c) Case 3 (RHa = 50%, RHc = 95%) and d) Case
4 (RHa = 70%, RHc = 70%).

volume fraction of 0.07 has been observed.
It can be seen from Figure 7.5a that the temperature of the fuel cell reaches 340

K for the 0.4 V cell voltage. The main source of heat is the reaction rate at the
anode side, thus temperature assumes higher values on the anode side than on
the cathode side. The average reversible and irreversible source of heat have been
observed to be 2.16×108 and 1.00×108 W/m3, respectively. The higher temper-
ature observed at the anode flow channel is consequence of the higher average
thermal conductivity of the mixture at the anode side (=0.177 W/mK) in com-
parison to the cathode side (= 0.028 W/mK), thus extracting more heat from the
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(a) (b)

(c) (d)

Figure 7.4: Local membrane water content contours of Case 3 (RHa = 50%,
RHc = 95%) at 0.4 V : a) through-plane (z= 0.001; 0.05; 0.099 m) b) in-plane (x=
0.0001; 0.0009 m) c) local back diffusion at the anode catalyst layer/membrane
interface d) local back diffusion at the cathode catalyst layer/membrane interface
.

catalyst layers and the membrane stack. The contribution of the average Ohmic
and latent heat source terms are 6.55×105 and 6.64×104 W/m3, respectively, and
have minor impacts in comparison to the average reversible and irreversible heat
sources. As shown in Figure 7.5b, a same qualitative behaviour in terms of tem-
perature distribution (i.e. high values on the anode side) is observed for the cell
voltage of 0.6 V . For the cell voltage of 0.6 V , Case 2 exhibits the lowest current
density (0.276 A/cm2) for the reasons discussed above in the context of the 0.4
V cell voltage case. The activation loss is the main source of the loss for the cell
voltage of 0.8 V, and thus relative humidity effects have not been presented for
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(a)

(b)

Figure 7.5: Temperature contours of Case 1 (RHa = 95%, RHc = 50%): a) 0.4
V and b) 0.6 V cell voltage.

this case.

7.3 Ionomer water uptake (Cases 1, 5-6)

humidity in the present work (λe = 25.09 at 100% relative humidity). Neverthe-
less, the ionomer water uptake is expected to reach higher values provided the
material development allows for it. Therefore, in order to evaluate the catalyst
layer performance under different water uptake properties, the membrane water
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content is multiplied by the membrane water content factor γe (see Equation
(3.104)). It is worth mentioning that, although the enhancement of the mem-
brane water content is beneficial to the ionic diffusion, increasing the membrane
water content weakens the mechanical properties of the membrane due to the
swelling. It can be seen from Figure 7a that the current density of the fuel cell
improves approximately by 8% (where current density =0.828 A cm-2) and 10%
(where current density =0.848 A/cm2), for Case 5 (γe=1.5) and Case 6 (γe=2.0),
respectively in comparison to Case 1 (γe=1.0) for the cell voltage of 0.4 V . Equa-
tion (3.120) indicates that an increase in ionomer water content leads to a higher
value of ionic conductivity in the catalyst layer and membrane, thus acts to reduce
the Ohmic loss and increase the current density.

Figure 7.6: Overall performance for Case 1 (base case - γe=1.0, mP t=0.004 kg/m2,
mC=0.006 k/gm2, LM=0.22, δCL=1.00 × 10−5 m) and different ionomer water
content factor: Case 5 (γe=1.5) and Case 6 (γe=2.0).

The ionic conductivity of the membrane for Cases 5 and 6 are higher than in
Case 1 (where ionic conductivity is 5.04 S m-1) by 25% (where ionic conductivity
is 6.73 S/m) and 35% (where ionic conductivity is 7.70 S/m), respectively. As
shown in Figure 7.7, the ionic potential at the cathode side for Case 6 (=0.479 V )
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is higher than in Case 1 (=0.450 V ) and 5 (=0.471 V ), due to the enhancement
of the ions conductivity as a result of a higher membrane water content. An aug-
mentation of reaction rate is obtained due to the higher quantity of ions reaching
the anode as a result of an enhanced ions conductivity, and this subsequently
leads to an increase of the current density. In addition to that, as one can see
from Equation (3.97), the membrane water diffusion coefficient is dependent on
the local membrane water content. Moreover, using low RH at the cathode inlet
results in higher O2 partial pressure and consequently lower oxygen concentration
loss. The water required for the reaction at the cathode is then instead supplied
by water back diffusion from the anode. Therefore, as shown in Figure 7.7d, a
more even distribution of the membrane water content has been obtained in the
catalyst layer in Case 5 and 6 in comparison to the base case (i.e. Case 1). This
results in a more even water vapour distribution at the catalyst layers in Cases 5
and 6 than in Case 1.
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(a) (b)

(c) (d)

Figure 7.7: Ionic potential contour for: a) Case 1 (γe=1.0), b) Case 5 (γe=1.5),
c) Case 6 (γe=2.0) and d) Local membrane water content for Case 1, 5 and 6 at
z=0.5 m and x=0.0025 m.

7.4 Catalyst layer parameters

In order to analyse the influences of the catalyst layer composition on the fuel cell
overall performance, the platinum loading, carbon loading and ionomer volume
fraction were varied. Here, two different approaches have been adopted in order
to perform a comprehensive analysis of the effects of the aforementioned para-
meters on the overall fuel cell performance. The first approach considers a fixed
catalyst layer thickness and thus the volume fractions given by Equation (3.21)
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are adjusted accordingly, as a consequence of the variation of the parameters. In
the second approach, the catalyst layer porosity is kept constant and the catalyst
layer thickness is adjusted in other to accommodate the platinum, carbon and
ionomer loadings within the catalyst layer volume.

7.4.1 Platinum loading (Cases 1, 7-8)

Figure 7.8 shows significant improvement in terms of the overall performance can
be obtained by increasing the platinum and carbon loading. For example, both
Cases 7 (mP t=0.006 kg/m2) and 8 (mP t=0.01 kg/m2) show better performance
in comparison to Case 1 (mP t=0.004 kg/m2). For the cell voltage of 0.4 V , the
current densities for Cases 7 and 8 have been found to improve by 12% (the
current density is 0.865 A/cm2 for Case 7) and 25% (the current density is 1.0
A/cm2), respectively. This is directly associated with an increase of the effective
surface area per unit volume of the catalyst layer (e.g. aeff

P t values are 1.21×107

1/m and 2.13×107 1/m for Case 7 and 8 respectively in comparison to 7.88×106

1/m in Case 1). As a consequence of this augmentation of the effective specific
area per unit catalyst layer volume, the activation loss decreases because an
increased area of platinum is exposed to the ions. The activation losses at the
anode catalyst layer for Case 7 and 8 have been found to be 0.102 V and 0.077 V ,
respectively, whereas it was observed to be 0.120 V for Case 1. Nevertheless, a
modest reduction of the activation loss in the cathode side is observed, reducing
the activation loss from -0.4 V to -0.38 V for Case 1 and 8, respectively. It
can be seen from Table 7.3 that the catalyst layer porosity decreases with an
increase in the platinum load. Thus, despite of the augmentation of the overall
performance, the mass transportation loss has increased from 0.048 to 0.052 V at
the cathode catalyst layer when comparing the Cases 8 for 0.4 and 0.3 V output
voltage, respectively. It is worth mentioning that an increase in the platinum
loading has a direct impact on the fuel cell cost. Therefore, a balance between
the cost and performance has to be considered for large scale applications. Due to
the smaller size of the platinum particles than the carbon particles, the variation
of the catalyst layer thickness in response to the change in platinum loading is
marginal, and thus, no analyses has been performed in this aspect.
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Figure 7.8: Overall performance for Case 1 (base case - γe=1.0, mP t=0.004 kg/m2,
mC=0.006 k/gm2, LM=0.22, δCL=1.00×10−5 m) and different platinum loading:
Case 7 (mP t=0.006 kg/m2) and Case 8 (mP t=0.01 kg/m2).

7.4.2 Carbon loading (Cases 1, 9-10)

For Cases 9 (mC = 0.016 kg/m2, δCL = 2.39 × 10−5 m) and 10 (mC = 0.0026
kg/m2, δCL = 4.29 × 10−6 m), the carbon loading has been modified (see Table
7.1) in such a manner that the catalyst layer porosity is kept unaltered and the
catalyst layer thickness has been changed in order to allocate the carbon mass
loading within the domain. An increase of the catalyst layer thickness, due to
reduction of the platinum and carbon mass ratio, reduces the effective specific
area per unit catalyst layer volume. Accordingly, as presented in Figure 7.9, Case
9 (i.e. f= 0.20) exhibited a current density of 0.663 A/cm2 in comparison to
0.762 A/cm2 in Case 1 mainly due to the depletion of the reaction rate coefficient
(Equations (3.68) and (3.69)) due to the reduction of the effective surface area
to volume ratio of the catalyst layer. By contrast, Case 10 (i.e. f= 0.60) showed
a 6.0% increase in current density (=0.810 A/cm2) in comparison to Case 1
(=0.762 A/cm2). The thinner catalyst layer in Case 10 than in Case 1 reduces
the resistance to species diffusion, thus reducing the concentration loss on both
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Table 7.3: Physical properties of the catalyst layer.

δCL

(m)
mP t

(kg/m2)
mC

(kg/m2)
f

(%)
LP t/C LM ϵCL

Case 1 1.00×10−5 0.004 0.006 0.400 0.352 0.220 0.428

Case 7 1.00×10−5 0.006 0.006 0.500 0.361 0.220 0.419

Case 8 1.00×10−5 0.01 0.006 0.625 0.380 0.220 0.400

Case 9 2.39×10−5 0.004 0.016 0.200 0.380 0.220 0.400

Case 10 4.29×10−6 0.004 0.0026 0.606 0.380 0.220 0.400

Case 11 1.00×10−5 0.004 0.006 0.400 0.352 0.150 0.498

Case 12 1.00×10−5 0.004 0.006 0.400 0.352 0.300 0.348

Case 13 7.82×10−6 0.004 0.006 0.400 0.450 0.150 0.400

Case 14 1.17×10−5 0.004 0.006 0.400 0.300 0.300 0.400

anode and cathode sides. Moreover, in addition to the reduction of the Ohmic loss
due to the thinner catalyst layer, the water sorption at the anode catalyst layer in
this case (i.e. Case 10) has increased to 5.92 1/m3s, which is higher than that in
Case 1 (=3.72 1/m3s), which results in a higher conductivity and, consequently
a smaller Ohmic loss. All of these contribute to higher current density of Case
10 than in Case 1. Therefore, for the analysed cases, a thinner catalyst layer has
been proved to be more effective on the improvement of the overall performance
of the fuel cell. In addition to that, the thinner layer of ionomer covering the
agglomerate in Cases 9 and 10 than in Case 1 diminishes the resistance opposed
to the ions and species. On the other hand, the average liquid water volume
fraction of 0.191 (i.e. 19.1% flooding) present at the anode catalyst layer and gas
diffusion layer increases the possibility of flooding.

7.4.3 Volume fraction of ionomer (Cases 1, 11-14)

In the present study, the kinetic parameters of the HOR/ORR were kept fixed
(i.e. transfer coefficient (α) and exchange current density (j0ref )). However, the
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Figure 7.9: Overall performance for Case 1 (base case - γe=1.0, mP t=0.004 kg/m2,
mC=0.006 k/gm2, LM=0.22, δCL=1.00 × 10−5 m) and different carbon loading:
Case 9 (mC=0.016 kg/m2, δCL=2.39×10−5 m) and Case 10 (mC=0.0026 kg/m2,
δCL=4.29 × 10−6 m).

ionomer volume fraction has effect on the ionic conductivity and the membrane
water content diffusion coefficient, as presented on Equations (3.119) and (3.95),
respectively. Moreover, the ionomer volume fraction has an impact on the volu-
metric current density, iCL, as the thickness of the ionomer (δM) is calculated
based on the ionomer volume fraction. In Cases 11 and 12, the ionomer volume
fraction was modified but the total catalyst layer thickness was kept unchanged
for the purpose of numerical experimentation. This consequently modified the
catalyst layer porosity. In Cases 13 and 14, the ionomer volume fraction was
changed for a given set of values of LP t/C and ϵCL and consequently the cata-
lyst layer thickness, δCL, changed. The second approach is closer to the reality,
whereas the first approach addresses the possibility that might arise as a result of
material development. As mentioned earlier, ϵCL and LM affect all the transport
mechanisms.
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7.4.3.1 Fixed catalyst layer thickness

The overall performance of the cases analysed for the variation of the volume
fraction of ionomer content in the catalyst layer is presented in Figure 7.10. Even
though the volume fraction of the catalyst layer pores increased as consequence
of the reduction of ionomer volume fraction to 0.15 (Case 11), the overall per-
formance of the fuel cell deteriorated in comparison to Case 1 (where LM= 0.22).
For the cell voltage of 0.4 V , the current density in Case 11 (=0.590 A/cm2)
is approximately 30% smaller than in Case 1 (=0.762 A/cm2). This behaviour
originates mainly due to the corrections in the ionic and membrane water content
diffusion coefficients (see Equations (3.119) and (3.95)). An opposite behaviour
is observed when the ionomer volume fraction is increased to 0.30 (i.e. Case 12).
As both ions and water diffusion rate coefficients increase with an increase of the
ionomer volume fraction, the overall performance of Case 12 is superior to Case 1.
Nevertheless, it is worth mentioning that the concentration loss in Case 14 starts
to become significant for high current density, which can be seen in Figure 7.10
for the 0.3 V output case. Therefore, for a typical fuel cell operating condition
(e.g. 0.6 V output), an ionomer volume fraction of 0.30 is recommended.

7.4.3.2 Fixed catalyst layer porosity

Figure 7.10 shows that Case 13, which has thinner catalyst layer than in Case 1,
yields of 0.701 A/cm2 in comparison to 0.762 A/cm2 in Case 1. The reduction
of the volume fraction of ionomer in Case 13 overcomes the enhancement of the
electrons conductivity due to the increases in platinum loading (see Equation
(3.111)) and effective surface, which, for a fixed voltage, increases the Ohmic
losses at both catalyst layers in comparison to that in Case 1. Nevertheless, when
comparing the overall performance of Case 13 and Case 12, the latter showed
higher current density production. The performance enhancement of Case 13 is
mainly associated with the larger effective surface area of the catalyst layer in
comparison to Case 11. By contrast, Case 14 exhibits a higher current density
(0.811 A/cm2) than in Case 1 (0.762 A/cm2). This is a consequence of the faster
diffusion of ions and water content in the catalyst layer in Case 14 and thus the
Ohmic loss within the catalyst layer is smaller than in Case 1, which increases the
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Figure 7.10: Overall performance for Case 1 (base case - γe=1.0, mP t=0.004
kg/m2, mC=0.006 k/gm2, LM=0.22, δCL=1.00 × 10−5 m) and different carbon
loading: Case 11 (LM=0.15 kg/m2, δCL=1.00 × 10−5 m), Case 12 (LM=0.30
kg/m2, δCL=1.00 × 10−5 m), Case 13 (LM=0.15 kg/m2, δCL=7.82 × 10−6 m),
Case 14 (LM=0.30 kg/m2, δCL=1.17 × 10−5 m).

overpotential at anode and cathode catalyst layers in Case 14 in comparison to
Case 1. For the range of ionomer volume fraction studied in this work, an ionomer
volume fraction of 0.30 has been found to yield the best overall performance of
the fuel cell. Nevertheless, the augmentation of the ionomer volume fraction is
limited by aspects such as the reduction of the catalyst layer porosity and the
thickening of the ionomer film (e.g. higher concentration loss) and increase of the
catalyst layer thickness (e.g. increase of the Ohmic loss).

7.5 Summary

In this chapter, a three-dimensional multiphase agglomerate model for an AEM
fuel cell has been developed in order to perform a detailed parametric analysis in
terms of the variations of relative humidity at the inlet, ionomer water uptake,
ionomer volume fraction, platinum and carbon loading. The relative humidity



138 Results and Discussion - Part II: Agglomerate model

at the inlet has been proved to have a significant influence on the fuel cell per-
formance. The back diffusion of regents has been found to play an important
role on the membrane hydration, which acts to increase the ionic conductivity.
Therefore, an increase in the current density has been obtained under higher re-
lative humidity at the anode side. Moreover, back diffusion has been shown to
be responsible for partial supply of the reagents in the cathode catalyst layer for
the ion formation.

The overall performance of AEM fuel cell has been found to improve with
increasing membrane water uptake. When the relative humidity is kept at 50% at
the cathode inlet, an increased oxygen partial pressure enhances oxygen diffusion
to the reactive sites within the catalyst layer. Moreover, the water consumed for
the ion formation is partially obtained by the water back diffusion from the anode
to the cathode side.

The variation of the platinum loading affects the effective surface area to
volume ratio of the catalyst layer, which increases with platinum loading, al-
lowing ions to easily reach the reactive sites. Furthermore, a reduction of the
activation loss has been observed with increasing platinum loading. The catalyst
layer thickness decreases with decreasing carbon loading when the catalyst layer
porosity is kept unaltered, and this improves the overall performance of the fuel
cell due to the combination of reduced Ohmic loss and the thinning of ionomer
layer thickness.

An increase in ionomer volume fraction enhances both ions and membrane
water content diffusion at the cost of increase in thickness of the ionomer and
consequently reduction in reactants permeability through the agglomerate film.
However, this has limited influence as its increase is directly related to the de-
crease of the porosity in the catalyst layer when the catalyst layer thickness is
kept unaltered. It is worth noting that ionomer swelling might significantly affect
the overall performance of the AEM fuel cell when operating under high relative
humidity conditions. Hence, the implementation of such phenomenon is neces-
sary to unveil its effect on the many inter-related phenomena such as membrane
water content, ionic diffusion (i.e. Ohmic loss) and water back diffusion through
the membrane just to name a few.



Chapter 8

Conclusions and Future Work

The numerical macro-homogeneous model proposed is governed by 12 coupled
governing equations: mass, momentum, species, energy, electronic potential,
ionic potential, membrane water content and liquid water. The aforementioned
equations are interrelated by the reaction rate, several transportation and phase
change phenomena such as electro-osmotic drag, sorption/desorption, evapora-
tion/condensation and back diffusion. Based on the proposed macro-homogeneous
model presented in the previous chapters of this thesis, several modifications have
been implemented in order to build an improved three-dimensional agglomerate
model for an AEM fuel cell. Both macro-homogeneous and agglomerate models
have been numerically implemented in a commercial finite-volume CFD software
and grid independence and convergence criteria test were performed. In addition
to that, the validation of the models has been performed by comparing simulation
results with experimental data. Finally, both macro-homogeneous and agglom-
erate models were used in a single-channel fuel cell and an extensive parametric
analysis was performed.

Firstly, the macro-homogeneous models have been widely used in the existing
literature to describe the transportation and the several interrelated phenomena
presented during the operation of an AEM fuel cell. As one can see in Chapter
5, the proposed macro-homogeneous model has not shown significant impact on
the overall performance of the fuel cell when comparing the current density of
co-flow and counter-flow modes. Similar results have been observed by Ge et al.
[28] on the study of flow modes on PEM fuel cells. Further investigation also
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shows that this behaviour is independent of the operating temperature. Never-
theless, the operating temperature has been proven to have a significant impact
on the overall performance of the fuel cell. This is mainly associated with the
enhancement of the electrochemical kinetics and the hydration of the membrane
due to the electro-osmotic drag. Nevertheless, it is worth noting that membrane
stability under high operating temperatures (353-368 K) is still one of the chal-
lenges regarding the material development [21]. As previously observed by Zhang
et al.[101], efficient water management can significantly improve the overall per-
formance of the fuel cell. For the range of relative humidity tested, a positive
impact has been observed on the overall performance of the fuel cell when oper-
ating under high relative humidity (90-100%). Enhancing the membrane water
content transportation through the membrane by maintaining high relative hu-
midity at the catalyst layers, offers an augmentation of the overall performance of
the fuel cell, as the ionic conductivity is highly sensitive to the membrane humid-
ification. On the other hand, the excessive liquid water formation at the anode
side might contribute to the porous clogging, thus negatively affecting the species
transportation through the pores (i.e. rising of the concentration loss). Hence,
maintaining the liquid water formation under control by reducing the cathode
relative humidity supply (i.e. increasing the back diffusion) can possibly result
in an augmentation of the overall performance of the AEM fuel cell. Therefore,
despite the limitations in relation to the characterisation of the catalyst layer (i.e.
platinum and carbon loading) and limited capacity to describe subtle transport-
ation within the catalyst layer, the macro-homogeneous model is a powerful tool
to numerically describe an AEM fuel cell and to predict the overall performance
of an AEM fuel cell in a qualitative sense.

Secondly, an extensive comparison between the macro-homogeneous and the
agglomerate models has been performed. From the overall performance point of
view, the macro-homogeneous model over-predicts the current density produced
by the fuel cell in comparison to the agglomerate model. This over-estimation
arises due to the absences of species and ions transportation resistances in the
macro-homogeneous model. The increase of the Ohmic resistance is a consequence
of the dehydration of the membrane, as the reaction rate is reduced and the
electro-osmotic drag transport is negatively affected. Even though the Ohmic
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loss corresponds to approximately 70% of the losses in the performed analysis, the
most affected by the implementation of the agglomerate were the concentration
and the activation losses. The inclusion of a second characteristic length (i.e.
ionomer thickness), leads to slowing down the diffusion of hydrogen and oxygen
from the pores to reactive sites due to the extra resistance imposed by the ionomer
layer covering it. Nevertheless, as hydrogen diffuses faster than oxygen in the
ionomer medium, the concentration loss is more crucial at the cathode catalyst
layer. With respect to the activation loss, a pronounced impact of the catalyst
layer composition has been observed when the fuel cell is operated at lower output
voltage conditions.

One of the important aspects of the agglomerate model is the capacity to
take into account the effective specific platinum area per unit of catalyst layer
volume, which is directly related with the exchange current density of the catalyst
layer. Hence, a more realistic approach to describe how easily the electrochemical
reaction can take place has been considered.

Another important addition to the agglomerate model is the implementation
of the effectiveness factor. Significant differences have been observed in the effect-
iveness factor of anode and cathode catalyst layers. When operating at 0.5 V cell
voltage, the utilisation of the anode catalyst layer was significantly higher in com-
parison to the cathode catalyst layer, especially close to the membrane/catalyst
layer interface. It has been observed that increasing the ratio of reaction and
oxygen diffusion rates (i.e. approaching membrane/catalyst layer interface) de-
creases the utilisation of the cathode catalyst layer, indicating that the ORR is
determined by the oxygen diffusion rather than the electrochemical reaction. The
opposite effect has been observed in the anode catalyst layer, as due to the faster
hydrogen diffusion rate, the reaction rate has been observed to be the limiting
factor (i.e. high effectiveness factor). Additionally, the effect of the operating
temperature and relative humidity on the overall performance of the fuel cell has
been analysed. As expected, an over prediction by the macro-homogeneous model
in comparison to the agglomerate model has been observed for both temperature
and relative humidity.

Finally, the latest version of the agglomerate model has been used to numer-
ically simulate a generic AEM fuel cell. Modifications in the effective specific
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platinum surface area per unit catalyst layer volume (aeff
P t ), the effective specific

agglomerate surface area (aagg) and the the thickness of the ionomer covering the
platinum dispersed carbon particles were necessary to precisely represent the phe-
nomena transportation within the catalyst layer and the corresponding physical
processes in the AEM fuel cell. In order to address the water management issues
presented by Dekel [21], a detailed analysis of the effects of the inlet relative hu-
midity has been performed. Among the different cases tested, special attention
has been given to the asymmetric configuration where the anode and cathode
inlet relative humidity were defined as 95% and 50%, respectively. This case has
been reported to have the highest average current density in comparison to the
other cases where relative humidity was varied. This is partially a consequence of
the water vapour gradient between anode and cathode, thus resulting in a posit-
ive net water flow from anode to cathode (i.e. back diffusion), thus maintaining
the membrane hydrated and enhancing the ions transportation from cathode to
anode side. Another important aspect of the aforementioned configuration is the
fact that, due to the lower relative humidity at the cathode flow channel inlet,
the partial pressure of oxygen is higher, thus enhancing the oxygen diffusion from
the flow channel to the catalyst/membrane interface. No major loss regarding
the lower relative humidity at the cathode side is observed as the water vapour
necessary for the ORR is partially provided via back diffusion.

With respect to the ionomer water uptake, Bharath et al. [10] has recently
reported values as high as λe = 25 at 100% relative humidity. Nevertheless,
this value was extrapolated for higher realistic values given the advancements
in material development. An increase of the average current density has been
observed when increasing the ionomer water content by a factor of 1.5 and 2.0.
This increment not only enhanced the ionic diffusion through the membrane due
to the higher membrane hydration state, but also enhanced the ionic conductivity
of the membrane. Thus, the overall Ohmic loss regarding the ions transportation
through the membrane has been reduced.

With respect to the platinum and carbon loading, the agglomerate model has
been proven to be a powerful tool to numerically evaluate the effect of different
loadings on the overall performance. The increase of the platinum loading in the
catalyst layer has been observed to be beneficial to the overall performance of
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the fuel cell, as the effective surface area per unit volume of the catalyst layer
increases. In addition to that, the exchange current density is increased, thus
decreasing the activation loss in the anode and cathode catalyst layer. Neverthe-
less, the increase of platinum loading in the catalyst layer reduces the catalyst
layer porosity, which has been observed for lower cell voltages (i.e. 0.3 V ) to give
rise to an increase in the concentration loss.

The effects of carbon loading have also been analysed in this thesis. The
increase of the carbon loading, for a unaltered catalyst layer porosity, results in a
thicker catalyst layer, thus increasing the resistance to the species transportation
through the catalyst layer. In addition to that, the reduction of the platinum to
carbon mass ratio, results in a reduced effective specific area per unit catalyst
layer volume. Therefore, the exchange current density is decreases, leading to
a higher activation loss at both anode and cathode catalyst layers. Opposite
behaviour has been observed when the carbon loading is decreased, as due to the
thinner catalyst layer, the species diffusion and Ohmic resistance are reduced,
resulting in a higher average current density in comparison to the base case.

With respect to the variation of ionomer volume fraction in the catalyst layer,
an augmentation of the current density has been observed when increasing the
ionomer volume fraction. This was mainly associated with the increase of the
ionic conductivity in the catalyst layers. Nevertheless, the augmentation of the
ionomer volume fraction causes a reduction of the catalyst layer porosity or an
increase of the Ohmic loss due to the catalyst layer thickening. When considering
the lowering of the ionomer volume fraction, the simulation results have shown
a reduction of the performance in comparison to the base case, mainly due to
the increase in the ionic resistance in the catalyst layers. In spite of that, for the
cases with lower ionomer volume fraction (i.e. LM = 0.15), the thinner catalyst
layer case showed better overall performance than the case where the porosity
has increased. This is associated with the fact that the Ohmic loss is responsible
for approximately 70% of the fuel cell losses for the parameters analysed in this
work.

A summary of the key findings of this thesis is listed as follows:

• Despite the qualitative agreement with experimental results, the macro-
homogeneous model over-predicts the overall performance of the AEM fuel
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cell and fails to consider subtle transportations within the catalyst layer;

• The agglomerate model is capable of addressing different compositions of
catalyst layer, thus adding versatility to the numerical simulation;

• Catalyst layer parameters such as ionomer volume fraction, platinum and
carbon loadings have significant impact on Ohmic, concentration and ac-
tivation losses, hence significantly impacting the overall performance of the
fuel cell;

• A successful water management strategy is strongly dependent on the op-
erating temperature and relative humidity at the flow channel inlets.

Based on the conclusions drawn from the research described in this thesis, a list
of future work has been proposed as follows:

• Evaluation of the catalyst layer degradation due to air pollutants and its
effect on the overall performance of the cell and comparison with experi-
mental results [90, 103];

• Perform a transient numerical analysis of an AEM fuel cell utilising the
agglomerate model;

• Numerical modelling of secondary pores between Pt/C particles and ionomer
covering layer;

• Incorporation of the effects of the ionomer swelling due to the membrane
hydration and evaluate its impact on the species and ions transportation;

• Development of numerical correlations to characterise and describe material
properties related to AEM fuel cell;

• Simulation and modelling of multi-channel AEM fuel cells to evaluate cur-
rent density and water phases distribution;

• Overall performance optimisation based on entropy generation analysis.
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