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Abstract
A one-dimensional multi-scale coupled, transient, and mechanistic performance model
for a PEMFC membrane electrode assembly has been developed. The model explicitly includes each of the 5 layers within a membrane electrode assembly and solves
for the transport of charge, heat, mass, species, dissolved water, and liquid water.
Key features of the model include the use of a multi-step implementation of the
HOR reaction on the anode, agglomerate catalyst sub-models for both the anode and
cathode catalyst layers, a unique approach that links the composition of the catalyst layer to key properties within the agglomerate model and the implementation
of a stochastic input-based approach for component material properties. The model
employs a new methodology for validation using statistically varying input parameters and statistically-based experimental performance data; this model represents the
first stochastic input driven unit cell performance model. The stochastic input driven
performance model was used to identify optimal ionomer content within the cathode
catalyst layer, demonstrate the role of material variation in potential low performing
MEA materials, provide explanation for the performance of low-Pt loaded MEAs,
and investigate the validity of transient-sweep experimental diagnostic methods.
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Chapter 1
Introduction

1.1
1.1.1

Background
A History of PEM Fuel Cells

Fuel cells and, in particular, PEMFCs have a long history that has touched everything
from the space program and submarines to passenger vehicles and cell phones. The
earliest known concept of a fuel cell occurred in the 19th century based on the work of
Humphry Davy and, later, Christian Friedrick Schonbein; Davy’s research observed
that passing an electric current through water produced hydrogen and oxygen gas.
While the actual invention of the fuel cell is largely credited to William Grove in 1839
based on his work on gas voltaic batteries, the term ‘fuel cell’ wasn’t coined until 1889
by Langer and Mond based on their work trying to generate electricity from coal gas.
The first PEMFC emerged in the late 1950s/early 1960s, invented by William Grubb
of General Electric, during NASA projects on fuel cell generators for manned space
missions. In the 1970s, insecurity in oil resources and increasing attention to clean
air and the environment led to significant projects using Phosphoric Acid Fuel Cells
(PAFCs) with some of the deployed units being as large as 1 MW. The 1980s saw
a significant amount of RD&D work by the US Navy dedicated to fuel cells with a
focus on deployment of fuel cells in submarine applications. Meanwhile in Canada,
fuel cell pioneer, Ballard, began its PEMFC research and development programs
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in Vancouver, BC. A significant turning point for PEMFCs occurred through the
establishment of the Zero Emission Vehicle (ZEV) mandate by the California Air
Resources Board (CARB) and increases in air quality and fuel economy regulations
during the 1990s and into the 2000s. These regulations and mandates resulted in a
significant increase in interest and investment in PEMFC technology by both private
companies and governments alike and drove major improvements in the technology
which have continued to emerge over the last two decades; this investment and interest
is one of the primary factors that has led to the significant commercialization push
that is on-going today.

1.1.2

Applications and the Role of PEM Fuel Cells

PEMFCs have been the focus of a variety of applications over the last several
decades in the on-going effort to find commercialization niches as the technology has
developed. In general, these applications can be classed into three key categories:
1. Automotive
2. Materials Handling
3. Stationary Backup Power
Within the automotive category, common applications have historically included passenger vehicles and buses which have dominated the fuel cell development over the
last two decades. In general, most automotive manufacturers in operation today have
or have had a fuel cell program at some point in order to explore the potential of
a fuel cell-based vehicle and fuel cell manufacturer, Ballard Power Systems Inc., has
recently announced that it has achieved more than 10 million miles of revenue service
with its fuel cell buses [1]. The Materials Handling market has been a developing one
within the last decade and forklift power-plant supplier Plug Power has been achieving significant deployment of its GenDrive™ units with customers such as Walmart,
Sysco, Procter & Gamble, BMW, Mercedes-Benz, FedEx, SouthernLINC, AT&T and
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Sprint. Materials handling systems, including those from manufacturer Plug Power,
have a typical power range from 1.8 to 30 kW and have demonstrated an average of
24,000 hours of durability based on a class I/II duty cycle [2]. Within the stationary
power market, the focus has largely been on telecom and other critical infrastructure
systems such as data centres, or combined heat & power systems (CHP) for residential use. The typical power range for stationary backup power applications is 200 W
- 50 kW or <10 kW for the CHP systems [3–5]. Given the intermittent duty cycle,
typical fuel cell stack durability is usually in the range of ten years of calendar life
based on 3500 - 4000 hours of total run-time.

Overall, significant progress has been made in the deployment and commercial traction for PEM fuel cells over the last two decades. This progress has been the result
of fuel cell deployment into early niche markets with strong value propositions while
technology improvements made in the last two decades have improved performance
and durability and reduced cost. Ultimately, the biggest value proposition for the
introduction of fuel cells on a societal level is the reduction of greenhouse gases and
the achievement of commercially viable products in the near and long term will serve
to secure the technology’s position in future green energy economies.

1.1.3

Technical Challenges and Research Needs

Over the last 20 years, substantial research and development has been completed in
improving the commercial viability of PEM fuel cells. Improvements have come in
the form of more durable materials, decreased precious group metal catalyst loadings,
more robust and effective cell designs, and, an overall better understanding of the fuel
cell fundamentals. Nevertheless, further progress is still required to bring fuel cells to
the point where they can achieve full commercial deployment and traction; to that
end, the U.S. Department of Energy routinely publishes a set of targets (shown in
table 1.1 for the MEA and 1.2 for the electro-catalysts) for fuel cell performance and
durability that mark the current goals needed in order to meet the current commer-
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cial requirements [6].
Table 1.1: U.S. Department of Energy’s transportation application technical targets
for the MEA for 2015 and 2020 (projected)

Characteristic

Units

2015

2020 Targets

$/kWnet

17

14

Durability with cycling

hours

2,500

5,000

Start-up/shutdown durability

cycles

–

5,000

Performance @ 0.8V

mA/cm2

240

300

Performance @ rated power (150 kPaabs )

mW/cm2

810

1,000

Robustness (cold operation)

see [6]

1.09

0.7

Robustness (hot operation)

see [6]

0.87

0.7

Robustness (cold transient)

see [6]

0.84

0.7

Cost

Based on these targets and from a performance standpoint, there is an on-going need
for improved materials that can enhance the inherent kinetics of the electrode reactions, run at higher temperatures, enhance cell conductivities, and improve liquid
water management; overall, gains made in increasing the performance can be used
to achieve various trade-offs (such as lowering the total platinum loading) that will
drive further cost out of the system. While improved cost and performance is a
huge driver for PEMFCs it is not the whole picture; there is an on-going trade-off
between performance, cost, and durability with system lifetime and the frequency
of stack re-cores a critical part of the overall viability of the technology. The focus
on PEMFC durability has been significant in the last decade with substantial work
being completed in decreasing the corrosion rate of the carbon support materials,
improving membrane material chemical and mechanical stability, and the introduction of new catalyst materials that are less susceptible to contamination from various
poisoning effects/processes. In coordination with the progress made experimentally,
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Table 1.2: U.S. Department of Energy’s transportation application technical targets
for the electrocatalyst for 2015 and 2020 (projected)

Characteristic
PGM total contenta
PGM total loadinga
Mass activity
Catalytic activity lossd
Performance loss (0.8 A/cm2 )
Electrocatalyst support stability
Performance loss (1.5 A/cm2 )
Non-PGM catalyst activity
a both

Units

2015

2020 Targets

0.16

0.125

mg PGM/cm2g

0.13

0.125

A/mg PGM @ (0.9V)c

>0.5

0.44

% mass activity loss

66

<40

mV

13

<30

% mass activity loss

41

<40

mV

65

<30

A/cm2 @(0.9 V)c

0.024

>0.044

g/kW

b

electrodes, b rated, gross @ 150 kPa(abs) , c IR-free voltage, d from initial starting

point or Beginning-of-Life (BOL)

the understanding of the physics of the various components, transport processes, and
underlying physical and electrochemical processes has also dramatically improved.
Early theory and performance model development used highly fitted, simplified, and
low dimensionality approaches while today the understanding of the fuel cell physics
has improved significantly with water balance models, multi-step reaction kinetics,
micro-structural reconstruction and simulation methods, and carbon corrosion and
platinum dissolution models all having been areas of research and topics of on-going
development. An excellent review of the existing state of the art in the area of modelling and simulation was given by Weber et al. in [7], in which models of various
scales were reviewed and a general introduction to the area of multi-scale simulations
was given.

Due to the nearer-term state of commercialization for PEMFCs, it will be important
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for future model development and simulation work to make several key advancements
which include, but are not limited to: (1) Becoming more forward predictive with a
decreased reliance on calibration using pre-existing performance data, (2) Utilizing
multi-scale modelling approaches that allow detailed designs to be completed at the
component level and quickly integrated to provide unit cell performance estimates,
(3) Adding the effects of statistical variation of the operational conditions as well as
material properties due to the nature of the fabrication methods used for the components thus enhancing the understanding of low cells and other phenomena, and
(4) Fully integrating performance and durability models such that a self-contained,
self-consistent approach is possible.

1.2
1.2.1

Unit Cell and MEA Components
The Unit Cell

The unit cell of a PEM fuel cell refers to the repeating unit within stack assemblies
and is comprised of an anode flow field, anode porous transport layer, anode catalyst
layer, polymer membrane, cathode catalyst layer, cathode porous transport layer, and
cathode flow field. In the actual stack assembly, the two flow field plates are typically
referred to as “bi-polar” as they will have both anode and cathode flow fields each
at the opposite side of the other; as well, depending on whether the system is air or
liquid cooled, there may also exist an additional set of channels between the anode
and cathode flow fields allowing for liquid cooling of the cell. A typical unit cell
arrangement for a single channel is shown in Figure 1.1 based on a mono-polar flow
fields arrangement without cooling channels.

1.2.2

Flow Field Plates

The flow field plates within the unit cell assembly are responsible for the delivery
and removal of the reactant and product gases along the active area, the transport
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of electrons to and from the porous transport layers, and removal of any liquid water
that emerges into the flow channels during operation. The flow field plate materials
are typically chosen from graphite-based or metal-based materials which are moulded,
machined, embossed, or stamped in order to implement the desired flow field geometry into the solid materials (depending on the compatibility of the forming process
with the chosen materials). Flow fields used in PEMFCs are typically selected from
interdigitated, serpentine, or parallel configurations and examples of these are shown
in Figure 1.2.

Depending on whether the cell design is air-cooled or liquid-cooled, the flow field
plates may have an additional feature in which there are channels added to allow
the passage of a cooling fluid through the plate in order to remove the waste heat
generated during operation. The use of cooling channels entirely depends on the application, the power range, and cost associated with various elements in the balanceof-plant.

Figure 1.1: A single channel representation of a PEMFC unit cell
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1.2.3

Porous Transport Layers

The porous transport layers used in PEMFCs, also known as Gas Diffusion Layers or
GDLs, are typically a porous medium comprised of a carbon fibre substrate in which
graphite particles of varying sizes and Teflon™ may be coated or impregnated to form
a second layer called an MPL or microporous layer. From a modelling and simulation
standpoint, the PTL and MPL may be treated as one continuous or two separate
components largely depending on preference and, potentially, the final layer structure
(i.e. whether the MPL is integrated into the PTL or exists as a sub-layer that is coated
on the surface of the PTL); an image of a typical GDL with an integrated sub-layer is
shown in Figure 1.3. The function of the PTL, historically, was to provide structural
support to early membranes and catalyst layers which required the layer to be porous
in order to allow reactant gas access to the electrode surface as well as electronically
conductive in order to complete the electrical circuit with the flow field plates. Over
time, the design of the porous transport layers has been improved significantly in that

Figure 1.2: Example of various flow field configurations used in PEMFCs (top left:
parallel, top right: serpentine, bottom left: multi-serpentine, bottom right: interdigitated
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they now serve an additional function of aiding the water and thermal management
of the cell by facilitating good liquid water and thermal transport away from the
electrode surface at the cathode (and potentially the anode). The compressibility of
the PTLs is also a key feature in maintaining good electrical contact, thus reducing
contact resistances, while allowing the cell to be properly sealed either via a seal-onplate or a seal-on-frame type design.

Figure 1.3: A typical commercially available Porous Transport Layer with an integrated Micro-Porous Layer

1.2.4

Catalyst Layers

The catalyst layers in PEMFCs were originally composed of unsupported platinum
particles, known as platinum black. The role of the catalyst in the catalyst layers
of a PEM fuel cell is to lower the activation energy barrier for the half-cell reaction
and increase the overall rate of conversion of reactants to products; thus enhancing
the overall performance on a per m2 geometric active area basis. As the materials
and cell designs have improved over the last two decades, the desire to lower the
cost and increase performance has led to the introduction of supported catalysts and
various dopants and/or alloy formulations of the catalyst itself in an effort to enhance
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the overall kinetics. A typical state-of-the-art catalyst material would be a platinum
nano-particle catalyst with sizes (diameters) in the range of 2.5 - 6 [nm] supported on
a highly graphitized carbon support material having sizes (diameters) ranging from
20 - 50 [nm]. Figure 1.4 shows images of a typical state-of-the-art catalyst material; it
is interesting to note that the parallel lines on the support material are the graphitic
layers and the small darker spots are the platinum catalyst which was deposited on
the carbon support.

Figure 1.4: A typical commercially available state-of-the-art carbon-supported platinum catalyst

1.2.5

Polymer Membrane

The polymer membrane is, in some ways, the heart of the PEMFC as it provides the
primary function of transferring an ion between the two electrode reactions allowing
for them to be coupled. There have been various forms of polymer electrolyte membranes used for low temperature air breathing fuel cells but the most well known is
Nafion™ ; this material was originally manufactured by a division of DuPont which has
now been spun-off as a standalone company called Chemours. In general, the majority of the materials used as the polymer electrolyte for low temperature, air-breathing
fuel cells are of a cation, PFSA-based variety in which a ‘+ve’ charge carrier is transferred from the anode to the cathode via a hydrated network of sulphonated channels.
Over the last twenty years the development focus on Perfluorinated Sulphonic Acid
(PFSA) based materials has led to improvements in chemical and mechanical sta-
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bility, reductions in the overall membrane thickness, and decreases in the overall
equivalent weight (EW) [8]. Figure 1.5 shows a image of NR211 which is a typical
state-of-the-art membrane material and is also the type used in this work.

Figure 1.5: An NR211 uncoated perfluorinated solid electrolyte material used in
state-of-the-art PEMFCs

1.2.6

Fuel Cell Electrochemistry

Proton Exchange Membrane Fuel Cells (PEMFCs) can be categorized as either low
temperature or medium temperature fuel cells depending on the selected polymeric
membrane. For medium temperature PEMFCs, the membrane material is generally
a SPEEK or PBI polymer and needs to maintain ionic conductivity, stability, and
durability in the range of 100 - 200◦ C. Whereas, for low temperature PEMFCs, the
operating range is usually between 45 - 90◦ C and the membrane material of choice
is a perfluorinated sulphonic acid polymer such as Nafion™ . In the case of both
the medium and low temperature PEM fuel cells, the overall global electrochemical
reaction is based on the oxidation of hydrogen and reduction of oxygen to form a
water product which can be in either a vapour, liquid, or mixed phase state [9, 10].
This overall reaction is exothermic in nature, releasing waste heat from the process,
and stoichiometrically involves the reaction of two moles of hydrogen per mole of
oxygen to produce two moles of water, as shown in equation 1.1:
2H2(g) + O2(g) ⇀
↽ 2H2 O(l)

(1.1)
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This global reaction is actually the summation of two separate electrochemical reactions which proceed on a pair of electrodes, an anode and a cathode, that are physically separated by the ion conducting polymer electrolyte. At the anode electrode, an
oxidation reaction takes place as a hydrogen molecule is split and loses two electrons
to the external circuit and sends two protons across the polymer membrane to the
cathode electrode. At the cathode electrode, a reduction reaction proceeds in which
oxygen is reduced to form water through the gain of the two electrons that passed
through the external circuit and two protons which crossed the polymeric membrane.
Both pairs of electrons and protons that originated at the anode are consumed on
the cathode and, in this way, charge is conserved across the fuel cell and the change
in energy between the reactants and products is harnessed to do work. A schematic
of the overall process is shown in Figure 1.6.
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Figure 1.6: Operating schematic for a PEM fuel cell

1.2.6.1

Hydrogen Oxidation Electrochemistry

Generally, in many simulations and physical models, the contribution of the hydrogen oxidation reaction to the overall voltage losses of a PEMFC is considered
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negligible. This has prompted many to neglect the anode layer entirely citing that it
is insignificant in its contribution to the overall PEM fuel cell behaviour; while still
others have included it but selected rate constants that enforce its insignificance in
the context of the overall cell voltage losses. The typical reaction used to represent
the HOR is a single step electrochemical pathway, as shown in equation 1.2, which
has the potential to be slightly endothermic in nature depending on the overpotential
and current density [11].
+
H2(g) ⇀
+ 2e−
↽ 2H(diss)

(1.2)

Based on this half-cell reaction, most models that include the anode HOR kinetics
tend to adopt either a Tafel or Butler-Volmer description of the kinetic pathway;
there are, however, a number of assumptions that are required to use either of these
two forms but that will be left for a discussion in a later chapter. A typical Tafel
equation is shown in equation 1.3 and it can be seen that the form of this equation
contains only one term to describe the forward rate of reaction for the electrochemical
pathway. In general, the Tafel equation is considered valid only for electrochemical
reactions with ηact ≥ 50 mV [10].
i=

iapp
o

exp



nβF ηact
RT



(1.3)

here iapp
is the apparent exchange current density, β is the symmetry factor, η is
o
the overpotential, n is the number of electrons transferred per mole of reactant, F is
Faraday’s constant, R is the universal gas constant, and T is the temperature of the
reaction.

Rearrangement of the Tafel equation gives rise to a characteristic parameter called
the Tafel Slope which has been discussed in many models and is used in some cases
as a fitting or input parameter. The Tafel Slope is formed from the coefficients within
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the exponential term of equation 1.3 and is described as follows:
A=

2.3025 · RT
nβF

(1.4)

The Tafel Slope essentially describes the number of millivolts of activation overpotential that are required to be expended per decade of produced current in a semi-log
current-voltage plot; the value of 2.3025 in equation 1.4 arises though the manipulation of the base 10 exponential term in equation 1.3. It is desirable to look for smaller
Tafel Slopes when selecting electrode materials as a smaller slope yields a larger increase in current density for an increase in activation overpotential as compared to a
larger slope. The type of plot generated from the Tafel equation and typically used
in extrapolating data in order to determine the exchange current density can be seen
in Figure 1.7.
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Figure 1.7: Current-Overpotential for the Tafel and Butler-Volmer Equations
In contrast to the Tafel equation’s use of a single term and limitations in the low
overpotential range; the Butler-Volmer equation, as shown in equation 1.5, includes
a term for the forward reaction rate as well as an additional term for the backward
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reaction rate. The existence of these two terms results in the Butler-Volmer equation
more accurately capturing the behaviour of the kinetics within the lower overpotential
range as compared to results produced using the Tafel equation. It should be noted
that the exchange current density shown in equation 1.5 includes a concentration
and temperature dependency that are presented and discussed in Chapter 2. Figure
1.7 shows a current-voltage comparison in the low overpotential range for the Tafel
and Butler-Volmer equations and, from this figure, the earlier limitation requiring
ηact ≥ 50 mV for validity of the Tafel equation can be clearly observed with the discrepancy in the current-voltage relationship increasing as the overpotential is further
reduced.
i=

iapp
o






nβηF
−n(1 − β)ηF
exp
− exp
RT
RT

(1.5)

It is useful to point out that while a detailed discussion of the kinetics in the context
of equations 1.3 and 1.5 will occur in a later chapter, the use of the Butler-Volmer and
Tafel equations in Figure 1.7 come with certain assumptions related to the nature of
the rate determining step, number of electrons transferred, and overall electrochemical
pathway. These assumptions can have a significant impact on the predictions from
both models and any fitted data analysis done using the equation forms. In the case
of the HOR and the fuel cell anode; recent work to lower the total platinum loading
within the MEA, improve reversal tolerance, and understand voltage losses in the
presence of anodic poisons such as carbon monoxide has all served to reinforce the
need to improve existing simulations through the use of multi-step reaction models
that offer a better understanding of surface coverages and possible shifts in the rate
limiting step due to operational or structural effects within the catalyst layer.
1.2.6.2

Oxygen Reduction Electrochemistry

In contrast to the tendency to neglect the HOR in PEMFC modelling, the ORR has
been a focal point from a kinetic standpoint with significant work and research done
on a range of topics which have included multi-step pathways, observable Tafel Slopes,
and the reaction order with respect to oxygen [12]. In the simplest form, the ORR
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pathway is presumed to proceed according to equation 1.6. In this reaction an oxygen
molecule is reduced to form a water product through the acquisition of electrons and
protons that were generated at the anode and passed through the external circuit or
crossed the polymeric membrane, respectively.
1
+
⇀
O2(g) + 2H(diss)
+ 2e−
(pt) ↽ H2 O(l)
2

(1.6)

In comparison to the HOR reaction at the anode, the ORR reaction is kinetically
sluggish and inherently exothermic [11] with the heat generation from the electrochemical reaction a common topic of interest for cell and stack design [13] as well as
for operational scenarios such as start-stop and sub-zero start-up [14].
While descriptions of the HOR kinetics included use of either the Tafel or ButlerVolmer equations; the ORR at the cathode is almost exclusively described using a
Butler-Volmer description for the electrochemical pathway [15–21] —though there is
the occasional exception in which the Tafel form is used via the “large” overpotential
argument in order to reduce complexity [22]. Overall, a significant discussion and
a wide variety of approaches can be found in literature surrounding the determination of the key parameters that appropriately describe the ORR. Unfortunately, the
variation in the reported values of these parameters is as large as the number of publications on the topic are plentiful and, to date, there remains a lack of consensus as
to how to appropriately describe the overall ORR pathway [23–26] and the key rates
and properties of platinum as an ORR catalyst material [27, 28]. A good example
of the variation and lack of consensus can be found surrounding the Tafel slope for
the ORR; to date there remains on-going discussion as to whether the ORR reaction should be described with a single [29] or double slope [30, 31] with merits for
both which include the effect of other transport properties on the interpretation [32]
and/or possible mechanistic shifts in the ORR pathway due to PtO and PtOH intermediates which are dependent on the electrode potential [24, 30, 31]. The uncertainty
over such aspects leads to significant challenges in simulating the performance of the
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PEMFC and as a result many simulations and physical models tend to adopt a fitting
or “calibration” approach in which as many as 3 or 4 of the key parameters within
the kinetic equations are manipulated until the simulated polarization curve matches
the data collected experimentally [19, 20, 33–36].
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1.3

Literature Review

The numerical modelling of fuel cells, in particular PEMFCs, has been a topic of
great interest since the early 1990s corresponding with the interest and emergence of
PEMFCs in various stages of research and development for commercial applications.
The overall goal of the numerical modelling efforts has centred around understanding
various types of transport phenomena and their respective couplings with each other
and to the overall performance and durability of the unit cell and/or fuel cell stack.
Ultimately, the purpose of these models has been focused on the improvement of the
overall unit cell or stack design such that increases in performance or lifetime could
be made based on a better understanding of the overall physico-chemical and electrochemical processes that are taking place. Given the expansive number of publications
in the area of PEMFC numerical modelling, it is beyond the scope of this work to
undertake a complete review of all aspects of the open literature; rather, given that
this work is dedicated to the development of a comprehensive unit cell model, the
background literature survey was focused on the chronological development and progression of numerical work at the unit cell level. Further, this literature review was
focused more on a physical level as opposed to a numerical one as, at this stage, the
method of implementation was of secondary interest and it was the physico-chemical
and electrochemical features that were of paramount interest. The detailed chronological literature survey can be found in Appendix A for reference and a high-level
summary will be presented here.

To date, the development of PEMFC models has included both steady-state [16,
33, 37–45] and transient [34, 36, 46–57] approaches with some presenting a singlephase [16, 33, 36, 37, 39–41, 43, 48–50, 53, 55, 58] and others a two-phase [34, 38, 42, 44–
47, 51, 52, 54, 56, 57] treatment of water within the MEA. Further still, these models
have employed various approaches to modelling the catalyst layers which have included agglomerate, discrete, and thin interface representations; a good overview of
the various approaches and their respective advantages and drawbacks is presented
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by this author in [33].

Overall, there has been a very broad development of fuel cell models that have
touched many areas of the fuel cell physics. However, to date, existing developments have yet to combine all the various aspects of a coupled transient, two-phase,
discrete/agglomerate, non-isothermal, non-isobaric representation into one consistent
model. While the individual aspects of these phenomena have been separately studied,
the lack of a single consistent representation limits the insight and design capability
for many of these implementations.

Further, in the majority of the approaches [16, 33, 34, 36–57] the models are described
in terms of finite inputs and characterization data with model validation being undertaken using sets of single one-off polarization curves. Given that fuel cell materials
(PTLs & Catalyst Layers) are inherently random, heterogeneous porous media it
stands to reason that these materials will have material variations on a part-to-part
basis and, further, variations in the manufacturing process of other components such
as the flow field plates, membranes, and seals are also expected as a normal course; it is
not unexpected that experimentally collected polarization data can vary test-to-test,
MEA-to-MEA, and station-to-station. These natural variations in the experimental
data lead to obvious questions of the validity of the “one-off” validation process used
for current fuel cell modelling. Some work has been done using statistical methods
by [35, 55, 56]; however, to date, the development of a fuel cell model that accounts
for the statistical variation of the input properties and employs those variations to
predict and validate the effect on the resulting polarization curves has yet to be attempted. An approach of this form could be driven by two routes, or a combination
of the two; the first, is purely through broad, statistically collected ex-situ characterization data and, the second, is via the coupling of a macro-level performance model
to micro-level structural models of the sub-components. Neither of these methods has
been presented or published in the open literature and the potential of a statistical
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multi-scale performance model has yet to be explored.

In the on-going effort to bring fuel cell modelling to a forward-predictive level in
which fuel cell designers can employ said models as tools within the design and manufacturing processes it is paramount that the models are able to capture the broadest
set of physics in a fully coupled sense and, further, that these models are capable
of representing the performance variations that are observed experimentally on an
MEA-to-MEA and test-to-test basis.

1.4

Scope of Work and Outline

In order advance the state-of-the-art in the modelling of PEMFC performance and
to address the needs of the fuel cell designer; it is necessary to address the development of a statistically validated multi-scale, transient, two-phase, non-isothermal,
non-isobaric model for fuel cell performance. The model developed herein implements conservation equations for mass, species, liquid water, energy, and dissolved
water while also accounting for the catalyst layer sub-structure on both the anode
and cathode electrodes, allowing phase-change between the vapour and liquid states,
and adsorption/desorption between the vapour/liquid/and dissolved phase within
the ionomer. The model employs a multi-sale methodology in which novel microstructural models are developed and used to determine and drive the effective property inputs required for the catalyst layers and PTLs and their statistical variation.
Further, the model developed here presents a new methodology for the validation of
unit cell performance models by leveraging the use of statistically-based input parameters determined from both experimental characterization and micro-structural
component-level numerical simulations. This methodology addresses insufficiencies in
previous model validation approaches and improves on them by including the inherent variability that is observed in the experimental testing of real fuel cell materials,
cells, and stacks. Lastly, an important over-arching aspect of the model is that it is
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implemented in an open-source framework; this allows the model to be readily extensible to full three-dimensional resolution and capable of adapting new modelling
approaches that may be developed as the understanding of the physical transport
processes occurring within a PEM fuel cell continues to improve.

The development of model and methodologies in this work are laid out step-wise
beginning with the model theory (presented in transient form), validation of the
steady-state model using statistical experimental data sets, validation of the model
for various permutations of the cathode catalyst layer composition and cell operating conditions, and, lastly, validation of the model in transient operation. Insights
related to the optimization of the MEA composition, performance of low loaded catalyst layers, the impact of various operational conditions, and assumptions in transient
diagnostic methods are made along the way in the relevant sections.

The model theory is presented in detail with the intent that it can be used as a
basis for further extensions by others as improvements in the understanding of fuel
cell performance (operational & diagnostic), durability, and contamination processes
are made.
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Chapter 2
Unit Cell Performance Model

2.1

Model Development Background

As discussed in section 1.3, many others have developed and published models to predict the performance of the unit cell of a PEMFC. The focus has ranged from overall
high-level aspects of the model structure such as full three-dimensional resolution of
the domain to specific deep-dives in the sub model physics including, for example, the
agglomerate-based catalyst layer, dissolved water transport in the ionomer, and transport within microporous layers. These existing models are all generally constructed,
at a high-level, in a similar manner in that they are fitted in some form to a single set
of experimental data and then subsequently run over a range of material properties,
geometric configurations, and/or operational conditions in order to draw conclusions
or make recommendations related to the underlying physical processes and/or most
optimal performance scenario. The method of fitting used in developing these models
has generally been based on a concept introduced in Chapter 1 in which the polarization curve is separated into distinct regions based on the dominating physical
processes: (1) Kinetics (Activation Losses), (2) Charge Transport (Ohmic Losses),
and (3) Mass Transport (Concentration Losses). However, models developed via this
approach face significant challenges in establishing physical validity; in particular, due
to the highly coupled and multi-physics nature of fuel cell operation, variabilities or
assumptions in the fitting process can affect the performance predictions, optimization
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recommendations, and/or observations related to the fundamental understanding of
the underlying physics. Further, “fitting” of the model parameters using conventional
approaches is not typically done in a statistical manner and as such no accounting
is usually given for the random, heterogeneous nature of the component materials,
inherent operational variability of inlet conditions, and/or any cell-to-cell variability
that can occur between test stations or cell builds.

In order to address many of the drawbacks related to conventional ‘fitted’ models, as well as to provide a code base for future model development and extension
to simulation of various PEMFC durability modes, the focus of this work was on
the development of a validated statistically-based, transient mechanistic performance
model of the PEMFC unit cell. The development of the model was separated into
three phases with each including sub-steps for model physics development, measurement and determination of input parameters, and experimental validation:
1. Steady-state Unit Cell Performance Model
2. Statistical, Steady-state Unit Cell Performance Model
3. Transient Unit Cell Performance Model
Overall, the model was implemented in two separate software packages; the first
was Comsol Multiphysics® , in which customized PDE (Partial Differential Equation)
modes were used to build the specific physics implementations along with a variety
of customized input parameters and functions. The second implementation was done
using FOAM-Extend. FOAM-Extend is an open-source computational fluid dynamics
software implemented in C++ that contains a number of base classes, matrix solvers,
and numerical methods that are valuable in building a customized performance model
for a PEMFC. The performance model developed in both the multiphysics software,
Comsol, and the open-source CFD package, FOAM-Extend, was released under the
GNU public license as a stand-alone simulation package called, FAST-FC™ (FAST is
an Analysis and Simulation Toolbox for Fuel Cells).
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2.1.1

Thermodynamics, Efficiency, and OCV

2.1.1.1

Gibbs Free Energy

As discussed earlier, within a PEM fuel cell a pair of electrochemical reactions occur
simultaneously; one of these reactions is an anodic oxidation, equation 1.2, and the
other a cathodic reduction, equation 1.6. These two reactions are coupled via a proton
conducting polymeric electrolyte and, together, complete the global reaction shown in
equation 1.1. This global reaction has a net energy change between the reactants and
products and, due to the configuration of the fuel cell, produces a flow of electrons
through an external circuit which can be harnessed to do electrical work. For the
electrochemical reactions on the electrodes to occur at a rate sufficient to make the
power output useful, catalysts are used to enhance the reactions on each electrode
and an overpotential is applied to create a cell bias towards either power generation
(i.e. operate as a fuel cell) or power storage (i.e. operate as an electrolyzer producing
hydrogen). The change in the ‘chemical energy’ that occurs between the reactants
and products in the fuel cell reaction can be described using Gibbs free energy and
it is this change in energy that is important for fuel cells as it reflects the maximum
amount of energy that is available for external work. Assuming a reversible process
at constant temperature and pressure, the relationship between the change in Gibbs
free energy and the maximum available work is [9–11, 59]:
Werev = ∆G

(2.1)

The change in the Gibbs free energy is the difference between the free energy of the
reactants and the products; which can be described in molar specific form using:
∆ḡ = ḡproducts − ḡreactants

(2.2)

At this point it is useful to define a generic reaction that will facilitate further discussion and analysis of the importance of the free energy change for a PEM fuel
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cell:
aA + bB ⇀
↽ cC + dD

(2.3)

Using equation 2.3, the change in Gibbs free energy between the products and the
reactants can now be expanded and written as:
∆ḡ = d (ḡ)D + c (ḡ)C − b (ḡ)B − a (ḡ)A

(2.4)

Clearly, the Gibbs free energy for each of the products and reactants is needed in
order to determine a value for ∆ḡ in equation 2.4; these individual free energies can
be determined using a form given in [59]:
g¯i = h̄i − T s̄i

(2.5)

where h̄i and s¯i are the molar specific enthalpy and entropy of species i, respectively.

Using equations 2.4 and 2.5, the change in the Gibbs free energy can be written
in a simplified form:
∆ḡ = ∆h̄ − T ∆s̄

(2.6)

Similar to equation 2.4, the enthalpy change for the generic reaction is the difference
between the sum of individual enthalpies of the products less the sum of those for
reactants:




∆h̄ = d h̄ D + c h̄ C − b h̄ B − a h̄ A

(2.7)

The individual enthalpies of the products and reactants can be determined for a
prescribed temperature, T, using a form given by [9, 10, 59]:
h̄i (T ) =

h̄◦f

+

Z

T

To

c̄pi dT

(2.8)
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where h̄◦f is the enthalpy of formation at standard state, To is the reference temperature at which the enthalpy of formation is defined, and c̄pi is the molar heat capacity
at constant pressure for species i; values for c̄pi are tabulated for various compounds
as a function of temperature in [59]. The subscript ‘f’ denotes the values of formation
of 1 mole of a substance from its elements at standard state which is denoted by
the superscript, ◦ , and defined as a pressure of 105 [Pa] and temperature of 25◦ C.
Note that temperature is not formally part of the standard state definition but it is
common to use a reference temperature of 25◦ C.

Returning to the consideration of equation 2.5; an equation for the change in the
enthalpy between the reactants and products at a temperature, T , has been established and a definition for the change in entropy, ∆s̄, is now needed.

Similar to equation 2.7, the change in entropy between the products and reactants
may be written in an expanded form based on the generic reaction defined in equation
2.3:
∆s̄ = d(s̄)D + c(s̄)C − b(s̄)B − a(s̄)A

(2.9)

The entropy of the individual products and reactants can be determined at a prescribed temperature, T, according to the form given in [59]:
◦

s̄ (T ) = s̄ +

Z

T
To

1
c̄p dT
T

(2.10)

where s̄◦ is the standard molar entropy.

Considering the global reaction for a PEMFC, given in equation 1.1, at an operating
temperature of approximately 80◦ C and assuming that the product water is generated
in the liquid phase; the resultant free energy change is approximately −228.1 [kJ/mol
H2 ]. Note that the negative value for the free energy change is indicative of the fact
that the reaction proceeds spontaneously and a net release of energy occurs in the
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conversion of reactants to products.

Up to this point, the change in the free energy has been determined only as a function
of temperature; however, the pressures of the products and reactants also affects the
free energy change. In order to incorporate this, it is useful to consider a definition
for the Gibbs free energy change that is based on chemical potential [59]:
∆ḡ = dµD + cµC − bµB − aµA

(2.11)

where µi is the molar specific chemical potential of the species i which, for an ideal
solution, is defined as [59]:
µ = µo + RT ln a

(2.12)

where µo is the chemical potential at the reference temperature of 25◦ C and a is the
activity.

For ideal gases, the activity can be determined by [9, 59]:
a=

pi
po

(2.13)

where pi is the pressure (or partial pressure) of the gas species i and po is the standard
pressure of 105 [Pa].

As mentioned previously, the phase of the product water in the global reaction (equation 1.1) affects the value of the free energy change and therefore the maximum
amount of work that can be harnessed from the electrochemical reaction. The product water produced in the fuel cell reaction is generally considered to be in either
vapour or liquid form depending on the operating conditions within the cell. Usually,
both the liquid and vapour cases are calculated as the values represent the Higher
Heating Value and the Lower Heating Value for the free energy change, respectively.
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From the standpoint of equation 2.13, when the product water is assumed to be in
vapour form the standard pressure, po , is calculated using the vapour pressure of
water; while, for an assumed liquid product the activity is set to a value of unity [9].

Proceeding further in incorporating both temperature and pressure dependence into
the calculation for the free energy change; equation 2.11 can be re-written as the
change in the Gibbs free energy of formation by adopting standard state and a reference temperature of 25◦ C [59]:
∆ḡf◦ = dµ◦D + cµ◦C − bµ◦B − aµ◦A

(2.14)

Combining equations 2.12 and 2.14 with 2.11 yields the following:
∆ḡ =

∆ḡfo

− RT ln



abB · acC
akK · adD



(2.15)

This equation is extremely informative as it provides the ability to investigate the
effects of increasing the partial pressure of the reactants and products. Considering
the case of the generic reaction; it can be observed that, if the activity of the reactants
increases, the Gibbs free energy change will be become more negative thus indicating
that more energy will be released during the reaction —the reverse is true for an
increase in the activity of the products.

Considering the original relationship between the free energy change and the maximum external work, equation 2.15 becomes increasingly more useful written as:
∆ḡ = −nF E

(2.16)

The combination of equations 2.15 and 2.16 yield an equation known as the Nernst
Potential which allows the reversible cell potential of an electrochemical system to be
determined as a function of both the temperature and pressure of the products and
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reactants:

−∆ḡfo RT
E=
+
ln
nF
nF



abB · acC
akK · adD



(2.17)

Clearly the application of equation 2.17 to fuel cells and electrochemical systems
as a whole is very important as it provides the capability to estimate the effects of
operational conditions on the maximum reversible, open-circuit potential for the system. For PEM fuel cells, the Nernst potential can be written using the global reaction
in equation 1.1 to have the following form:


1/2
aH2g · aO2g
−∆ḡfo RT

+
ln 
E=
nF
nF
aH2 Ol

(2.18)

The effect of the partial pressure of the reactants or products on the Nernst potential can be observed by considering the definition of the activity and assuming the
reactants and products behave as ideal gases:
a=

xi p
po

(2.19)

where xi is the molar fraction of species i and p is the system pressure.

Combining the definition of the activity, equation 2.19, with the Nernst potential,
equation 2.18, and cancelling the standard pressures (which can be done by assuming
that water is produced as a vapour and behaves as an ideal gas) yields the following
(note that E o = −∆ḡfo /2F ):
RT
E = Eo +
ln
2F

1/2

xH2 · xO2
xH2 O

!

+

RT
ln (p)
2F

(2.20)

Using equation 2.20, it can be observed that as the system pressure increases the cell
potential will rise. Further, it can also be established that any reduction or increase
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in the mole fraction of the reactants will result in a decrease or increase in the cell
potential, respectively, and vice versa for a corresponding change in the mole fraction
of the products.

2.1.2

Fuel Cell Voltage Losses and Irreversibility

As mentioned in the Chapter 1, the desire to deconstruct a fuel cell polarization curve
in a manner such that the performance and the origin of the voltage losses can be
estimated has been a key focus of many groups, both academically and industrially.
Overall, the most basic aspects of this concept arise in consideration of the nature
of voltage losses in a fuel cell. Previously, it has been discussed that the reversible,
open-circuit potential for a PEM fuel cell can be determined as a function of the cell
temperature and partial pressures of the reactants and products as shown in equation
2.20; the value of the theoretical OCV establishes the “no-loss” voltage which is the
starting point in a voltage-loss equation for the unit cell.

In general terms, the various sources of voltage loss in a PEMFC arise due to the
following:
1. Sluggishness of the kinetics for the reaction pathways
2. Resistivity of the MEA/unit cell materials (electronic & protonic)
3. Differences between the reactant and product concentrations at the inlet and
the electrode surface
From an operating standpoint, the observable cell voltage is related to the voltage
losses and reversible, open-circuit potential according to:
Vcell = EOCV − ηtotal

(2.21)

where ηtotal is the total voltage loss for the unit cell at a given operating set point.
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As mentioned earlier, there is an immediate difference between the theoretical OCV
value and the observable experimental one (as per Figure 2.4) which arises due to
fuel cross-over and internal currents (yielding an OCV in the range of 0.95 - 0.98 [V]).
Following from [9, 10, 60], the voltage losses for a PEM fuel cell can be classified and
defined to fall within 4 key categories:
1. Fuel Crossover and Internal Current Losses - The polymer electrolyte (a
cation exchange membrane) is a material which in ideality should only transport cations (in the case of a PEM, H+ ) across the cell. However, in reality a
small amount of hydrogen and oxygen will pass across the electrolyte, reach the
adjacent electrode, and react according to the global reaction in equation 1.1
resulting in a parasitic draw on the local reactant concentrations. Given that,
even at OCV there is an electrochemical conversion of reactants occurring on
each electrode (though the net rate of reaction on the electrode is near zero),
small numbers of electrons short across the non-conductive polymeric electrolyte
effectively decreasing the number of electrons available to pass through the external circuit thus lowering the OCV. The dramatic effect of these processes in
lowering the OCV is a function of the exponential current-potential relationship
for the electrode reactions. The effects of fuel cross-over and internal current can
be minimized through the use of thicker polymeric materials; however, thicker
materials typically come at the cost of increased Ohmic losses.
2. Activation Losses - Activation losses arise due to the sluggishness of the
kinetics for both processes. The activation energy barrier for the electrode
reactions can be a sequence of energy barriers as a result of the multi-step
nature of both the ORR and HOR reaction. A mathematical description for
voltage losses that arise in driving the electrochemical reaction was shown in
equations 1.3 and 1.5. The rate of the reaction on the anode and cathode
electrodes is typically increased through the use of catalysts which effectively
lower energy barriers in the reaction pathway; however, the use of catalysts
alone is not enough to significantly enhance the rate of conversion and as such
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a potential bias, in the form of an activation overpotential, is applied to the cell
as a driving force. The activation overpotential reflects the amount of voltage
produced by the cell that is re-directed towards driving the electrochemical
reaction and subsequently lost.
3. Ohmic Losses - The movement of charge carriers within the cell is necessary in
order to complete the electrochemical reactions at the anode and cathode electrodes, both from an electronic and protonic perspective. In both cases, there
will be resistance to the movement of charge through the conducting materials
and this resistance will result in the development of a voltage or potential loss.
Voltage losses through this mechanism can generally be expressed using the
fairly simple relationship of Ohm’s law in which the voltage or potential loss is
proportional to the material’s resistivity and the overall flow of current across it.
Ohmic losses due to the transport of electrons typically occur in the flow field
plates, porous transport layers, catalyst layers, and other cell hardware (such as
wires or connection tabs) whereas losses arising due to the transport of protons
occur in the catalyst layers and polymeric electrolyte. A key observation of the
behaviour of Ohmic-related voltage losses is that they tend to increase linearly
with produced current. Usually, the minimization of a cell’s Ohmic losses can
be done through the selection of highly conductive materials, the reduction of
contact resistances, and, either, the selection of low equivalent weight polymers
for the membrane and catalyst ionomers or adequate cell humidification, or
both.
4. Concentration Losses - One of the most debated and discussed voltage loss
categories are of those arising due to concentration or mass transport related
phenomena. The attention dedicated to this category is due in part to the sheer
difficulty in quantifying the relevant physics and the overall understanding of
various aspects of both the cell materials and the dynamics of phenomena such
as liquid water transport. Overall, concentration losses are the result of a low-
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ered concentration of reactants or increased concentration of products at the
electrode surface such that a higher amount of driving force (activation overpotential) is required in order to produce the desired current. Within the cell
there are several mechanisms by which reactants are delivered and products are
removed from the electrode surface and the concentration losses of a PEMFC
are typically further categorized based on the contribution of these individual
transport processes. One of the primary observable manifestations of concentration losses is the limiting current; limiting current is the point at which the rate
of delivery of the reactants to the electrode surface is insufficient to match the
rate of electrochemical conversion at the catalyst sites and as a result increasingly more activation overpotential is required to achieve progressively smaller
increases in overall current production.
Returning to equation 2.21, the definition of the cell voltage can now be expanded
to consider the origin of the losses on a phenomenon by phenomenon basis such that
the equation for cell voltage can be broken down on a loss by loss basis as:
Vcell = EOCV − ηx − ηact − ηohmic − ηmt

(2.22)

where ηx , ηact , ηohmic , and ηmt are the reactant cross-over, activation, Ohmic, and
mass transport (or concentration) voltage losses, respectively.

Figure 2.1 shows the specific regions of the polarization curve in which the voltage losses of equation 2.22 are assumed to dominate; though it must be pointed out
that it is not a hard and fast rule that these losses originate only in the regions shown
and that all losses are blended to some degree along the entire polarization curve. On
deeper analysis, it can also be shown that all losses are, ultimately, kinetic losses as
they directly manifest in the kinetic equations requiring a higher or lower overpotential to be applied in order to generate the desired current.
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For each of the individual loss categories of equation 2.22, the definitions can be
further expanded on a per electrode, component by component basis to yield the
following:

Figure 2.1: Voltage loss regions for a typical polarization curve of a PEM fuel cell

Cross-over losses
For the anode electrode, the cross-over losses reflect the transfer of hydrogen from the
anode electrode compartment across the polymeric membrane to the cathode electrode compartment where it will react locally with oxygen at a platinum catalyst site
to form a water product; oxygen within the cathode compartment can also cross the
polymeric membrane towards the anode to parasitically consume hydrogen. Accounting for both hydrogen cross-over to the cathode and oxygen cross-over to the anode,
voltage losses for cross-over related effects can be written as:
a
c
+ ηx,O
ηx = ηx,H
2
2

(2.23)
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where the superscripts a and c denote the anode and cathode electrodes respectively.

In practice, the diffusion coefficient of hydrogen in the polymeric membrane material is much higher than that of oxygen and as a result the voltage loss due to
oxygen cross-over is neglected. The determination of the value for the voltage loss
related to the hydrogen cross-over is typically done according to the method outlined by [28] in which a nitrogen purged cathode is polarized at > +0.4 [V] relative
to the hydrogen anode with measurements of the oxidation current being taken. In
this case, the value of the oxidation current is attributed to the hydrogen cross-over
and is denoted as the hydrogen cross-over current, ix,H2 . The hydrogen cross-over
current can be combined with the kinetics of the cathode reaction in order to establish a value for the voltage drop due to the phenomenon. Typical values for the
hydrogen cross-over current reported by [28] were in the range of 2 - 5 [mA/cm2 ] and
the associated voltage loss was dependent on the kinetics of the specific catalysts used.

Activation Losses
The activation losses are directly related to the energy required in each electrode
reaction in order to overcome the energy barrier. The amount of cell potential that
is lost to driving the anode and cathode electrochemical reactions is related to the
description of the current-voltage behaviour for both the HOR and ORR reactions
provided by equations 1.3 and 1.5. As such the activation losses can be divided
into contributions from each of the electrodes and their respective electrochemical
reactions:
a
a
+ ηact,ORR
ηact = ηact,HOR

(2.24)

It is common, as mentioned previously, for the value of the activation overpotential
due to the HOR on the anode to be neglected, citing fast kinetics. As a result, the
sluggishness of the cathode ORR reaction is typically the focus of analysis related to
activation losses.
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Ohmic Losses
Ohmic losses arise within a fuel cell due to resistance to the flow of charge. This flow
of charge may be in either an electronic or ionic form, such that resistances will be
observed both in solid phase electron conductors as well as liquid and ionomeric ion
conductors. Voltage losses due to the flow of charge are linear with current, as shown
in equation 2.25, and as a result are generally attributed to the observed linear region
of the polarization curve as shown in Figure 2.1.
ηohmic = irtotal

(2.25)

The sources of the various resistances, as mentioned above, can be separated into
electronic, ionic, and contact categories such that the total resistance of the cell can
be expressed as:
Rtotal = Re + Rion + Rc

(2.26)

The contributing components of Re are such that the term can be written as:
Re = Re− ,AFF + Re− ,APTL + Re− ,ACL

(2.27)

+ Re− ,CFF + Re− ,CPTL + Re− ,CCL
and, the ionic resistance term can similarly be broken down by component and written
as:
Rion = RH + ,PMEM + RH + ,ACL + RH + ,CCL

(2.28)

In general, fuel cell design is focused on the development of robust designs with long
lifetimes in which the cell losses have been minimized as much as possible.

2.1.3

Conventions and Notation

In order to facilitate the development of the performance model in this work; it is
useful to ascribe to several conventions related to the flow of charge, nature of the
cell overpotentials, and the direction of the reaction rate and produced current. Be-
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ginning with the flow of charge, Figure 2.2 shows a schematic for the local potentials
of electrons and protons across the thickness of the MEA of a unit cell.

For the purposes of this work, the following convention will be used for the definition
of current for an operating cell:
1. Proton flow from the anode to the cathode is a positive current
2. Electron flow from the anode to the cathode is a negative current
It is important to note that, while these conventions will be used in the derivation
of the model, the cell performance and data presented in a polarization format are
based on the cell electrical current and are arranged such that a production of power
arises from a negative cell current while a consumption of power arises due to a positive one; with a production of power and the associated current or current density
denoted as positive in the cell performance/polarization plots. This is consistent with
the electric theory convention that a flow of holes represents a positive current and a
flow of electrons represents a negative one [61].

Based on the convention of current flow between the anode and cathode, the nature of the flow of charge between the electrodes will then adopt the following based
on a positive cell current:
1. Protons flow from high potential to low potential (downhill)
2. Electrons flow from low potential to high potential (uphill)
The convention for the flow of charge and current has implications on the nature of
the cell’s activation overpotentials and the reaction kinetics. A general definition for
the activation overpotential can be written as (which is further clarified in context of
the specific electrode reactions in equation 2.164):
ηact = φs − φm − φref

(2.29)
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Figure 2.2: Convention diagram for the flow of charge, potential distribution, and
activation overpotential of an operating PEMFC
where the subscripts ‘s’, ‘m’, and ‘ref’ refer to the solid (electron) phase, membrane
(proton) phase, and reference electrode potential, respectively.

Based on two previous conventions, the general equations given for the reaction kinetics in Chapter 1, and the activation overpotential from equation 2.29; it can be
established that, for this model, a:
1. Positive overpotential drives an anodic reaction pathway
2. Negative overpotential drives a cathodic reaction pathway
Based on these conventions, Figure 2.2 shows the nature of the potential distributions
with an MEA and it can be seen that (1) protons generated on the anode flow downhill
along the protonic potential gradient toward the cathode, (2) electrons generated on
the anode flow uphill along the electronic potential gradient, through the external
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circuit, and then uphill along the electronic potential gradient on the cathode, and (3)
the difference between the electronic and protonic potentials (in addition to the value
of the reference electrode potential) represents the electrode’s activation overpotential.

2.1.4

The Test Cell, MEA, and Operating Conditions

The actual operation of a PEM fuel cell is relatively straightforward with cells typically being run in potentiostatic (voltage control) or galvanostatic (current control)
modes with the non-controlled variable being monitored (current for potentiostatic
and voltage for galvanostatic operation). However, in order to operate the fuel cell a
number of sub-systems are required that have the capability to provide the following:

1. Reactant gas delivery
• Inlet pressures
• Mass flow rates
2. Gas humidification
• Air humidification
• Hydrogen humidification
3. Thermal management
• Heating/cooling of reactant gases
• Heating/cooling of the cell/stack
4. Cell compression
• Increased electrical contact area
• Sealing and leak tightness
• Reduced contact resistance
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5. Power/Load control
• Voltage/current control
• Power output control
There are numerous complexities between the sub-systems in this list and their combinatorial effect with fuel cell design, especially in the context of liquid water management, which are far beyond the scope of this work. However, as this work was focused
on the development and validation of a numerical performance model for PEMFCs,
it was paramount to ensure that both the MEA materials and test cell hardware
represented the state-of-the-art within the industry. As such, a standardized test cell

Figure 2.3: Standardized Test Cell Hardware (image courtesy of Ballard Power Systems Inc.)
hardware developed at Ballard Power Systems was employed for the MEA testing
and generation of the validation data; the standardized test cell (STC) hardware is
shown in Figure 2.3 and some of the key features and advantages of the hardware are
listed below:
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• Bladder compression system
• High flow rate capability
• Low pressure drop operation
• Uniform flow distribution
• Liquid cooling
• Perimeter sealing-on-MEA
For the membrane electrode assembly, a baseline design was adopted as a standard
for the model development and permutations were made from the standard depending
on the specific set of physics (i.e. oxygen transport) or relationship (i.e. ionomer
content vs. performance) that was being probed. Table 2.1 outlines the baseline
MEA design and any deviation from this is noted in the relevant section. Following
the information laid out in the table, the state-of-the-art MEA used in this work was
comprised of a (1) Cathode Porous Transport Layer, (2) Cathode Catalyst Layer, (3)
PFSA-based, ion conducting polymer membrane, (4) Anode Catalyst Layer, and (5)
Anode Porous Transport Layer.
For the porous transport layers on both the anode and cathode sides, a commercially
available material provided by Ballard Material Products (now known as AvCarb)
was used. This material was comprised of a substrate material (carbon fibre porous
media) in which multiple sub-layers (MPLs) had been integrated and, based on the
fully integrated component, the average thickness was in the range of 150 [µm].
The anode and cathode catalyst layers used within this work were composed of
a platinum catalyst material supported on highly graphitized carbon supports; the
high graphitization percentage of the carbon support material was chosen to provide
consistency with other state-of-the-art catalysts and to provide a high-degree of corrosion tolerance due to high potential excursions on the cathode that were part of the
broader project of which this work was a subset. The membrane material was selected
to be NR211 based on the current PFSA standard within the industry; NR211 has
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an equivalent weight (EW) of 1100 and a thickness of approximately 20 - 25 [µm] in
a dry state. Chemical stabilization of the material was done by the manufacturer in
order to prevent degradation of the membrane materials during operation which can
be caused by various factors, such as hydroxyl radical attack, and typically results in
thinning, diviting, and/or ion conductivity loss.
Table 2.1: Baseline MEA Component Details

Component

Type

Details

Cathode Porous

AvCarb

Commercial GDL/MPL

Transport Layer

GDL

150 [µm] thickness

Pt on Carbon

0.4 [mg/cm2 ] Pt Loading

(Graphitic Support)

50% Pt:C, 23% (Pt:C):I ratio (wt.%)

Polymeric

Nafion

1100 EW, Chemically Stabilized

Membrane

NR211

25 [µm] Thickness

Pt on Carbon

0.1 mg/cm2 Pt Loading

Catalyst Layer

(Graphitic Support)

50% Pt:C, 23% (Pt:C):I ratio (wt.%)

Anode Porous

AvCarb

Commercial GDL/MPL

GDL

150 [µm] thickness

Cathode
Catalyst Layer

Anode

Transport Layer

The MEA and the standardized unit cell hardware were run under a range of operating conditions within this work depending on the variable or component of interest
being studied; however, in order to establish baseline performance for the standard
MEA, a set of standard operating conditions were defined and, through the use of
these conditions in combination with the baseline material set, the effect of changes
in operational conditions and MEA composition on the cell performance could be
separated and studied. The standardized operating conditions are listed in Table
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2.2 and represent the operating conditions used in the generation of validation data,
unless otherwise noted.
Table 2.2: Standard Operating Conditions

Value
Parameter

Anode

Cathode

Units

Inlet Pressure (Wet)

5

5

psig

Coolant Temperature

75

75

◦

Relative Humidity

1.0

1.0

%

O2 Mole Fraction

n/a

0.21

-

N2 Mole Fraction

n/a

0.79

-

H2 Mole Fraction

1.0

n/a

-

C

Using the STC hardware, the baseline MEA, and the standard operating conditions
outlined above; a typical polarization curve is shown in Figure 2.4. From this figure,
it can be observed that the practical OCV is in the range of 0.95 - 0.98 [V]. Earlier, a
relationship was established between a PEMFC’s open circuit potential and the thermodynamics of its global electrochemical reaction, equation 2.20, that demonstrated
the OCV was dependent on the mole fraction of the oxygen and hydrogen reactants,
the mole fraction of the water product, and the operational temperature and pressure
of the cell. Using the operating conditions set out in Table 2.2, the theoretical value
for the OCV of a PEM fuel cell is approximately 1.17 [V]; this is at least 10 - 20%
higher than actual experimental data. The difference between the experimental and
theoretical value for the OCV arises largely as a result of losses in the real system
from internal currents (electron leakage across the electrolyte) and reactant cross-over
(hydrogen diffusion across the electrolyte to the cathode) [62]. Considering Figure 2.4
further, there is a clear relationship between the voltage and the current produced

44
1.0
0.9

Cell Voltage [V]

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0

250

500

750

1000

1250

1500

1750

2000

2250

2500

Current Density [mA/cm2]

Figure 2.4: Average polarization for the baseline MEA under the standard operating
conditions
from the cell which is frequently referred to as the cell polarization. Understanding how cell design and operational conditions can be modified to improve the cell
polarization has been a robust and important topic of study in both academia and
industry; groups on both sides have developed operational methodologies, testing fixtures/apparatus, and diagnostic methods in an attempt to identify any improvements
that can be made in areas ranging from materials selection and cell design to operational duty cycles. Common to all of these efforts has been a desire to understand
the origin of the performance losses and how they originate as functions of both the
cell design and selected materials as well as the power controls and operational duty
cycle.

2.2

Steady-state & Transient Performance Model

The focus of this section is on the development of the numerical model and encompasses the full steady-state and transient implementations. The development is
described on a physics basis with a component by component discussion of the local
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transport properties, boundary conditions (steady-state and transient), assumptions,
and baseline input parameters. The model was developed and implemented in both
Comsol Multiphysics® and FOAM-Extend v3.1 with the equation set between the
two base software packages identical and able to be run in either a steady-state or
transient mode; as such, the discussion within this section is focused on the physical equations with the specific aspects of the implementation for either platform
considered beyond the scope of this work.

2.2.1

Model Domain

The performance model was implemented initially in a one dimensional, readily extensible framework that included each of the key components of a membrane electrode
assembly:
• Cathode Porous Transport Layer
• Cathode Catalyst Layer
• Polymeric Membrane (Cation Exchange)
• Anode Catalyst Layer
• Anode Porous Transport Layer
The details of each of the layers is shown in table 2.1, and, based on these characteristics, a representative domain for the model in context to the location of the
component layers within a unit cell is shown in Figure 2.5. The thickness of the
individual component layers within the domain were adjusted to reflect the specific
changes in each of the validation studies which have been used to establish the capability of the model; any of these changes are noted explicitly in the relevant section
of the next chapter.
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Figure 2.5: 1-D domain and location within a unit cell channel segment

2.2.2

Assumptions

There are several key assumptions required for the derivation of the baseline model,
some of which were relaxed as the model was expanded into statistical, transient,
and, ultimately, into a full performance and degradation model; the latter of which
will be left for discussion outside of this work.

The assumptions made in the derivation of the baseline model were as follows:
1. Gases behave ideally
2. The polymeric membrane is impermeable to reactant gases and a perfect insulator
3. Electrochemical side reactions in all components are neglected
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4. Porous media is homogeneous and isotropic (1-D domain)
5. The pressure drop within the channels is small and can be neglected (Quasi-1D
Test Hardware)
6. No liquid water accumulation occurs within the channel (High flow rate)
Assumptions (1) - (4) are typical in many fuel cell models, while assumptions (5) and
(6) relate directly to the choice of the test hardware. Specifically, the test hardware
was designed as part of this work in order to provide quasi-1D operation consistent
with the needs for model validation purposes and correlation development. In order
to achieve a quasi-1D test hardware, significant work was completed in designing flow
channels and header manifolding for reactants and coolant, electrical connections and
bus bar configurations, and in the data collection methods and protocols including
MEA conditioning. The flow channels and header manifolds were designed using
CFD analysis, shown in Figures 2.6(a) and 2.6(b), such that uniform channel flow
from the inlet to outlet headers with minimal along-the-channel pressure drop at
significantly high flow rates of 20 [slpm] was achieved and, subsequently, verified
experimentally. Further, the use of high flow rates was tested and shown, via neutron
imaging, to minimize the accumulation of liquid water within the channels (which was
also consistent with the boundary conditions implemented for liquid water transport
in this model). As a result of the flow uniformity, high flow rates, and differential
pressure drops on both the anode and cathode, the cell design was shown to effectively
yield a quasi-1D cell behaviour such that the test setup was consistent with the
development and validation needs for the 1-D performance model described here.
The hardware and test setup presented a number of key benefits in that it allowed
for the accurate validation of reduced dimensionality models such that numerical cost
of large scale simulations was eliminated thus allowing the focus of the model to be
placed on understanding the underlying physics and the various complex couplings.
Further, the test hardware allowed an understanding of the statistical variations of
the MEA materials in a manner which essentially decoupled them from the inherent
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3-D variation of operating conditions found within typical cell hardware and enabled
validation of the performance model on a statistical basis.

(a)

(b)

Figure 2.6: Simulated flow analysis of the validation test hardware for (a) Inlet-tooutlet velocity and (b) channel-to-channel flow sharing distributions

2.2.3

Performance Model Physics

The performance model solves a baseline set of transient or steady-state conservation
equations for (1) Charge (Electrons & Protons), (2) Energy, (3) Mass, (4) Chemical
Species, (5) Dissolved water (ionomer), and (6) Liquid Water. In addition to the conservation equations, sub-models for the HOR and ORR kinetics were implemented
using a modified agglomerate form based on the work and observation of [40], [16],
and [33]. Table 2.3 shows the implemented physical transport equations and solved
variables arranged by domain sub-region.

In order to lay out the coupled physical transport equations that comprise the performance model in more detail, the upcoming discussion is structured around the
individual conservation equations with sub-sections laying out the details of implementation on a component-by-component basis. The component-by-component discussion moves from the outermost (closest to the flow field) relevant component layer
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Table 2.3: Implemented Transport Equations and Solved Variables

Transport
Equation

Solved
Variable

Electrons

φe

Protons

φp

Hydrogen

w H2

Oxygen

w O2

Water Vapour

w H2 O

Dissolved Water

Cd

Energy (Heat)

T

Mass
Liquid Water

Anode
PTL

Cathode

CL

MEM

CL

PTL

-

-

-

-

-

-

-

-

-

pmix

-

s

-

on the anode and then moves through the components step-wise until the outermost
relevant component layer on the cathode side is reached.
2.2.3.1

Charge: Electrons

Electrons within the model domain flow uphill from a point of low potential to one
of a higher potential under fuel cell operation with the reverse true when operating
as an electrolyzer. The transport of electrons within the domain is described using
Ohm’s law:
− cVdl

 ∂φe

+ ∇ · σeeff ∇φe = Se
∂t

(2.30)

where σeeff is the effective electronic conductivity of the media, Se is a source or sink
term that represents a generation or consumption of electrons, and cVdl is the volumetric capacitance within the layer.
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The key transport property in equation 2.30 is the effective electronic conductivity and, within this 1-D model, all of the layers that are involved in the transport
of electrons fall within the class of random, heterogeneous porous media. Effective
medium theory is a commonly applied method used to establish values for the properties of porous media [16, 33, 40, 63–66]; a general form for the effective electronic
conductivity, using effective medium theory, can be written as:
σeeff = σeb νeb

τeb

(2.31)

where σeb is the bulk electron conductivity, νeb is the volume fraction, and τeb is the
tortuosity of the electron conducting base material within the component that participates in the electron transport process, respectively.

Anode Porous Transport Layer
The anode PTL is a porous media comprised of carbon fibre and, potentially, multiple
sub-layers of graphitic particles that are typically known as a microporous layer. The
anode PTL serves a variety of functions within the unit cell, the first of which is to
provide a pathway for the transport of electrons between the conductive flow field
plate and the anode catalyst layer where the hydrogen oxidation reaction takes place.
For the anode PTL, electrons are conducted from the anode catalyst layer through to
the anode flow field plate and, as per the nomenclature in Figure 2.2, electrons flow
uphill such that the electron potential at the interface with the anode catalyst layer
will be lower than that at the interface with the anode flow field plate.

For the APTL, the source term on the right-hand side of equation 2.30 is set equal to
zero; which essentially implies that any corrosion or secondary electrochemical reactions that may occur within the layer during cell operation are neglected. However,
the overall model code is flexible in that if there was a desire to study other modes
of operation and/or degradation mechanisms, such as cell reversal or GDL carbon
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corrosion, the source term could be modified accordingly.

In practice, the effective electron conductivity can be measured via a variety of
techniques, such as the Van der Pauw method (4-point probe method for in-plane
measurements), and it is typical when applying these methods for fuel cell materials
that additional consideration is given for the effect of compression on the measured
values; assembly of a fuel cell stack or unit cell is generally done using some type of
compression-based fixture or clamping system. Overall, the electronic conductivity
of the PTL is anisotropic due to the nature of the fabrication and unique values are
commonly observed in the along-the-machine, cross-the-machine, and through-thethickness directions. However, given the 1-D nature of this model, the anisotropy
and impact on the model results is not included and only the through-the-thickness
conductivity is of interest.

As part of this work and as part of a broader performance and durability model
development project, a micro-structural model of the PTL was developed by this
author. This model was constructed such that it was able to generate random, heterogeneous media representative of the process by which PTLs are manufactured. The
details of the construction process are not repeated here for brevity but are laid out
in detail in [67]. The micro-structural PTL model was based on a fibrous substrate
with Teflon™ impregnation and the use of multiple graphitic sub-layers; a typical sublayer generated through this process is shown in Figure 2.7 and these structures were
used as the model domain in order to simulate the effects of compression and the
presence of liquid water on the various PTL effective properties. It is important to
note that the PTL used in [67] is different than the one applied in this work but the
overall process used for generating the effective properties was the same. Based on
the structure shown in Figure 2.7, as well as others generated through the random
eff
seeding process, a mean value for the effective electronic conductivity, σe,APTL
, was

determined; this value and its statistical variation (discussed in section 3.1) was held
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constant over the course of the work as experimentally the same PTL design was used
in each of the experimental performance tests. This is consistent with the purpose of
the overall project and this model development which was to study of the role and
eff
behaviour of the catalyst layers. The mean value of σe,APTL
determined using the

method employed by [67] was approximately 800 [S/m].

Figure 2.7: Micro-structural model for the PTL used to obtain effective properties
with (a) the full PTL with sub-layers and (b) a cross-section of the domain

In the case of the anode PTL, the value of the volumetric layer capacitance was
set to zero as the parameter is directly related to the interface between the electronic
and ionic materials which does not exist within the PTL.

Anode Catalyst Layer
Where the porous transport layers are comprised of a carbon-based fibrous substrate,
graphitic particles (sub-layers), and Teflon™ ; the anode catalyst layer (ACL) is comprised of a graphitic carbon particle upon which platinum-based catalysts are deposited and a dispersed, ionically conducting ionomeric phase. Typically particle
sizes for the graphitic support materials are in the range of 15 - 50 [nm] while catalyst particles range from approximately 2.5 - 5 [nm] at beginning-of-life (BOL). The
platinum loading and composition of the anode catalyst layer are shown in table 2.1.
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The overall role of the anode catalyst layer is to oxidize hydrogen gas molecules into
two protons and two electrons according to the electrochemical reaction shown in
equation 1.2. In order for this reaction to proceed, the anode catalyst layer must
be electrically conductive and, similar to the anode porous transport layer, effective
medium theory can be applied in determining the value for the ACL:
σeeff = σeC ν C

τ C

(2.32)

where σeC is the conductivity, ν C is the volume fraction, and τ C is the tortuosity of the
graphitized carbon support material used in the anode catalyst layer, respectively.

From equation 2.32, it is clear that a predominant assumption in this model is that
the carbon-based catalyst support materials play the primary role in the transport
of electrons within the layer. While this is likely true for the catalyst layers used
within this study due to the low volume fraction of the catalyst metal content, it
is important to acknowledge that other designs may have differing structures and
compositions such that the participating volume fractions are wholly different and
the form of equation 2.32 must be revisited and revised accordingly. The values used
for σeC were based on the results published by [68] in which the conductivity of the
support material was estimated to be in the range of 2,000 [S/m] or more. Values
for τ C were based on a micro-structural model developed by the author for the anode
and cathode catalyst layers – the tortuosity of the support material was ascribed a
value of 1.65; which, coincidentally, is very close to the Bruggeman approximation of
1.5 for a packed bed of spheres.

The volume fraction of the graphitic support material, ν C , was calculated via a unique
methodology applied in the development of this model that effectively linked the predicted performance and the catalyst layer compositions; this methodology is discussed
in section 2.2.3.8.

54

The layer capacitance shown in equation 2.30 is a simplification of the physical process
that occurs in the double layer within the electrodes and, to achieve a mechanistic
basis, should be represented by a more detailed interface model as that developed
by Franco et al. [69]. However, the method used does serve for the moment as a
placeholder that approximates the behaviour observed and provides the ability to
study the relative time scales of the various transport processes in comparison to the
charging/discharging of the layer; the integration of a more detailed approach is left
as a task for future work.

Determination of the double layer capacitance was done using both CV and EIS methods with the value for the volumetric capacitance, cVdl , determined to be 1.041×107
[F/m3 ] which was applied to both the anode and cathode electrodes.

Within the anode catalyst layer, the source/sink term on the right hand side of equation 2.30 reflects the generation of electrons due to the hydrogen oxidation reaction
(equation 1.2):
HOR
Se = Srxn

(2.33)

HOR
is the HOR current source in [A/m3 ] determined using equation 2.169
where Srxn

Cathode Catalyst Layer
The structure of the cathode catalyst layer is very similar to that of the anode catalyst layer with the exception that the layer composition, catalyst type, and overall
catalyst metal loading may vary; the loading and parameters for the baseline cathode
catalyst layer are shown in table 2.1. Overall, the role and function of the cathode
catalyst layer follows closely to that of the anode catalyst layer in that it is required
to carry out an electrochemical reaction, namely the Oxygen Reduction Reaction as
shown in equation 1.6; as such, the requirement for the cathode catalyst layer to be
electrically conductive also holds.
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The effective electronic conductivity of the CCL is determined using effective medium
theory, similar to equation 2.32 for the ACL:
σeeff = σeC ν C

τ C

(2.34)

where σeC is the conductivity, ν C is the volume fraction, and τ C is the tortuosity of the
graphitized carbon support material used in the cathode catalyst layer, respectively.

The values of σeC and τ C are consistent with those of the anode catalyst layer as
the base support materials and general composition/manufacturing process of the
cathode catalyst layer was similar in this work. The volume fraction of the electrically conducting phase, ν C , was determined using a unique composition/performance
coupling methodology, similar to the ACL, which is outlined in section 2.2.3.8.

Within the cathode catalyst layer, the source/sink term on the right hand side of
equation 2.30 reflects the consumption of electrons due to the oxygen reduction reaction (equation 1.6):
ORR
Se = Srxn

(2.35)

ORR
where Srxn
is the ORR current sink in [A/m3 ] and is determined using equation 2.144

The values for the layer capacitance were set similarly to those used for the anode catalyst layer with cVdl having a value of 1.041×107 [F/m3 ].
Cathode Porous Transport Layer
The cathode porous transport layer (CPTL) is identical to that of the anode porous
transport layer as the same component material was used on the anode and cathode
sides of the MEA in the experimental testing. Based on this, the effective electronic
conductivity of the CPTL, σeeff , was assigned a mean value of 800 [S/m] consistent
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with that of the APTL and the results of the micro-structural modelling methodology
of [67] which are shown in Figure 2.7. Additionally, the volumetric capacitance was
set to zero for the same reasons as discussed for the APTL.

Boundary Conditions
In the case of steady-state operation, the exact form of the boundary condition for
electron transport within the MEA depended on whether the cell was under potentiostatic or galvanostatic operation; the location of the boundary conditions are shown in
Figure 2.8. Beginning with the two most interior interfaces, namely the ACL/PMEM

Figure 2.8: Domain interface locations for the electron transport equation
and the PMEM/CCL boundaries, the interior boundary conditions here are set such
that there is no flux of electrons into or across the polymer membrane consistent with
the earlier assumption that the membrane material behaves as a perfect insulator.
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For electron transport, this no-flux or Neumann condition at the interface takes the
following form:
∂φe
∂n

=0

(2.36)

i

where i is an interface index which in this case refers to the ACL/PMEM and
PMEM/CCL boundaries.

In the case of potentiostatically controlled operation, a pair of Dirichlet conditions are
ascribed to the two remaining boundaries; specifically, the Anode Flow Field-Anode
Porous Transport Layer (AFF/APTL) and Cathode Porous Transport Layer-Cathode
Flow Field (CPTL/CFF) interfaces.

Beginning with the AFF/APTL interface, the value of the electrical potential is set
to a reference value of zero:
φe |AFF/APTL = 0

(2.37)

The use of a zero reference at this interface is typical in most fuel cell modelling
and is in part due to the fact that the hydrogen oxidation reaction (via the standard
hydrogen electrode) is used as the reference electrode for the derivation of the kinetic
overpotentials (discussed in section 2.2.3.8). The application of a zero reference at the
AFF/APTL boundary is shown in the Figure 2.2 and it is important to note that this
methodology does have implications on the interpretation of the electrical potential
within the anode layer which can be observed to have a negative value under normal
fuel cell operating modes.

Given the use of a zero reference on the AFF/APTL interface, the value for the
electrical potential at the CPTL/CFF interface is then associated directly with the
desired value of the cell voltage following from:
set
= Vc − Va
Vcell

(2.38)
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set
where Vcell
is the user-prescribed or ‘desired’ cell voltage, Va is the anode potential at

the AFF/APTL interface, and Vc is the cathode potential at the CPTL/CFF interface
which is determined by (noting that V and φe are used interchangeably):
set
− Rc ie
φe |CPTL/CFF = Vcell

(2.39)

where Rc is the areal-specific contact resistance of the CPTL/CFF and ie is the current density for electrons evaluated at the interface.

The current density at the interface can be evaluated using the cell centre adjacent
to the interface such that:
ie |CPTL/CFF
where the

dφe
dn



eff dφe
= σe
dn

(2.40)
CPTL/CFF

is the potential gradient across the interface and σeeff of the interface

which is typically determined via methods such as harmonic averaging.

For galvanostatic operation, a value for the flux at the CPTL/CFF interface is applied
according to:
Γe |CPTL/CFF = iset
e

(2.41)

where Γe is the flux of electrons across the interface in [A/m2 ].

Equation 2.41 can also be written as:
dφe
dn

=
CPTL/CFF

iset
e
eff
σe,CPTL

(2.42)

The use of equation 2.41 or 2.42 is equivalent and the selection of the equation depends on the base software that is used for the model implementation.
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In the case of transient operation in a current controlled mode, the current was
specified as a function of time with the specific value computed at each time step
and the boundary condition at the CPTL/CFF interface adjusted accordingly based
on equation 2.41; a similar process was applied for potentiostatic operation with
the cell voltage specified as a function of time and the boundary condition on the
CPTL/CFF interface determined using 2.39. Various profiles of current and voltage
with time were implemented and investigated with the exact profiles discussed in the
validation section of this work.
2.2.3.2

Charge: Protons

The movement of protons within the membrane electrode assembly occurs within the
ionomer phase present in the anode and cathode catalyst layers as well as the solid
polymer membrane; a schematic of the domain indicating the participating layers
and interfaces is shown in Figure 2.13. Overall, Ohm’s law was used to describe the
transport of protons within the ionomer phase, similar to that of electrons, and the
general equation is shown in equation 2.43 (note that the equation is opposite in sign
to equation 2.30 which reflects the convention for charge transport adopted in this
work and shown in Figure 2.2):
−∇ ·



dφp
σpeff
dx



= Sp

(2.43)

where σpeff is the effective proton conductivity of the participating component layer
and Sp denotes the source/sink of protons originating from the electrochemical reactions in the anode or cathode catalyst layers. Note that the time dependence related
to a double layer component for the proton transport has been neglected as a more
detailed model of the electrochemical interface was not included and, based on the
gross simplification for the double layer behaviour, the full double layer capacitance
was implemented in the electron transport equation shown previously.
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The effective proton conductivity is typically determined using effective medium theory and has the following form:
τion
σpeff = σpion νion

(2.44)

where νion is the volume fraction and τion is the tortuosity of ionomer conducting
ion
material within the layer. σp,i
is the proton conductivity of the pure ionomer material

within the component layers and was correlated with temperature and ionomer water
content by [70] as shown in equation 2.45 below:

1
1
ion
σp,i
= 100 5.139 × 10−3 λ − 3.26 × 10−3 e1268( 303 − T )

(2.45)

where λ is the water content dissolved within the ionomer which is expressed in units
of [mol H2 O]/[mol SO-3 ] and can be found via a calculation based on the dissolved
water concentration, Cd,H2 O , within the ionomer and its equivalent weight using equation 2.115:

Correlations for water content within the ionomer with relative humidity have been
reported by many groups including [70–75]; specifically, the correlation published
in [70] and shown in equation 2.46 has been used here as part of the experimental
data analysis and will be referenced again regarding the dissolved water transport.
λ = 0.043 + 17.81 · RH − 39.85 · RH2 + 36 · RH3

(2.46)

where the relative humidity is determined via the ratio of the partial pressure of water
vapour divided by the saturated vapour pressure from equation 2.106:
RH =

xH2 O pmix
pvsat

(2.47)
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Equation 2.45 is valid between 30 - 80◦ C, for temperatures lower than this or below zero an alternative relationship or modified form is used [76]. Additionally, the
coefficients of equation 2.45 imply that it is not valid for an ionomer water content
below ∼0.642 as the value of the bulk conductivity will become negative and [70]
indicates that the lower limit on the correlation is a water content of 1 which corresponds to an RH ∼5 - 6%. This lower limit on the RH may in fact represent the
percolation threshold of dissolved water within the ionomer below which the water
channels within the ionomer are not sufficiently aligned/connected as to allow transport of protons. Aside from the limitations on the lower value of the water content
that are imposed by equation 2.45; equation 2.46 is valid for a relative humidity
range of 0 to 100%; beyond a value of unity, Schroeder’s paradox occurs and the water content within the ionomer increases rapidly up to a value of approximately 16.8
- 22 [mol H2 O]/[mol SO-3 ] depending on the membrane history. Figure 2.9 shows a
plot of the water content vs. relative humidity relationship for a bulk perfluorinated
sulphonic acid (PFSA) ionomer with lower and upper bounds imposed based on a
minimal water content according to equation 2.45 and Schroeder’s Paradox (assuming
a max of 22 [mol H2 O]/[mol SO-3 ]), respectively.
Anode and Cathode Catalyst Layer
Both the anode and cathode catalyst layers were fabricated from a catalyst ink containing a mixture of carbon, platinum catalyst, ionomeric materials, and various
solvents which was printed directly onto the Nafion membrane. The final structure
of the layer was composed of graphitic carbon, metal catalyst, and a dispersed phase
of ionomer. As indicated in equation 2.44, there are three primary parameters of
interest for the effective proton conductivity of the layer: (1) the volume fraction, (2)
the tortuosity, and (3) the bulk proton conductivity of the ionomeric material.
The volume fraction of the ionomeric material within the catalyst layers is addressed
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Figure 2.9: Ionomer water content vs. relative humidity with upper and lower bounds
in section 2.2.3.8 in which the calculations for the volume fractions of the layers are
outlined. The tortuosity of the ionomer phase in the catalyst layer was estimated
based on numerical reconstructions and experimental data generated by the method
outlined by Young et al. [77]. Based on the data collected via this method, the effective proton conductivity as a function of relative humidity and ionomer composition
is shown in Figure 2.10. The experimental data in this figure is consistent in that
each of the relationships increase with relative humidity as expected; however, there
are discrepancies in the trend with ionomer content at 100% RH as the effective conductivity for the 30% and 38% I:(Pt:C) ratio catalysts is essentially reversed. The
source of this discrepancy is unclear and could be related to many factors such as
experimental accuracy, flaws in the measurement method, or human error in which
the numbers were accidentally transposed. From the plot, it is clear that in general
the model estimations are within range of the experimental measurements; the model
estimations were based on numerical reconstructions of the catalyst layer via a microstructural generator and effective property simulator (developed by this author with
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Figure 2.10: Effective proton conductivity vs. relative humidity of the cathode catalyst layer for various ionomer contents (experimental data shown as points and model
estimations using effective medium theory as lines)
others) and an example of the type of output is shown in Figure 2.11 (details of the
catalyst micro-structural model can be found in the B and [78]). The x,y,z indices in
the figure refer to the principal directions of the numerically generated sample and the
data set absent a directional index refers to the overall average of the three directions.
Based on the EIS measurements and the numerical model reconstruction, it was found
that a tortuosity of ∼1.4 best represented the 23 - 38% ionomer content cases with
the 12% and 50% remaining as outliers. In each of the experimental cases, data was
collected for relative humidities of 60, 80, and 100% (experimental conditions were set
to 120% to ensure fully saturated inlet gases) and some interesting trends within the
experimental data set were observed related to water. For the 60% and 80% cases,
it was observed that the overall tortuosities were comparable; while at 100%, the
tortuosity of the 23, 30, and 38% ionomer wt.% cases decreased significantly which
may have been indicative of liquid water accumulation in the catalyst layer structure
resulting in a shortened path length for proton transport thus increasing the average
effective conductivity. Figure 2.12 shows a comparison of the experimental data and
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Figure 2.11: Ratio of effective protonic conductivity to bulk protonic conductivity vs.
ionomer content for relative humidities less than 100%
model predictions (based on a tortuosity of ∼1.4) for the effective proton conductivity
at 80% RH for each of the ionomer compositions; the model data set is relatively close
to the experimental values over the range of compositions. While the value of τ =1.4
provided a generally good description of the experimental data, the micro-structural
model was used on an on-going basis in the validation of the unit cell model in order
to estimate the tortuosity for each new set of CCMs; this process was deemed necessary as the experimental thickness and platinum loading for the CCMs was observed
to have some inherent variation due to production methods using the in-house high
volume manufacturing process.

The anode and cathode catalyst layers are responsible for carrying out the electrochemical reactions outlined in equations 1.2 and 1.6, respectively. As such, under
normal fuel cell operation, the anode becomes a source of protons while the cathode
becomes a sink and the source term, Sp , can be written as:
HOR
Sp,ACL = Srxn

(2.48)
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Figure 2.12: Predicted effective protonic conductivity comparison to experimental
data using a tortuosity of ∼1.4 at 80% RH and 75◦ C for various ionomer contents
(wt.%)

ORR
Sp,CCL = Srxn

(2.49)

HOR
ORR
where Srxn
and Srxn
are source/sink terms related to the local production or con-

sumption of current within the anode and cathode catalyst layers due to the HOR
and ORR, respectively.

Polymer Membrane
As the polymer membrane is a solid layer of ionomeric material, the transport of protons within the membrane directly follows equation 2.43. The proton conductivity
is determined via equation 2.45 which is, as previously mentioned, a function of the
local water content, λ, and temperature, T. The local water content and temperature
within the membrane layer were determined according to equations 2.113 and 2.52
respectively.
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Boundary Conditions
The transport of protons within the 1-D steady state model developed here was assumed to occur only within the ionomeric phase which constrained the transport to
occur only in the catalyst layers and polymer membrane. As such the component
interfaces of interest from a boundary condition perspective were located between
the APTL/ACL and CCL/CPTL layers; a schematic of the locations is shown in
Figure 2.13. At both the APTL-to-ACL and CCL-to-CPTL interfaces, a Neumann

Figure 2.13: Domain interface locations for the proton transport equation
boundary condition was imposed that applied a no-flux condition consistent with the
assumption that protons were unable to migrate or conduct within either the anode or
cathode porous transport layers. Effectively, the use of a pair of Neumann conditions
results in a “floating” potential which can cause stability issues; however, the source
terms indicated in equations 2.48 and 2.49 are shown in a section 2.2.3.8 to have a
dependency on the local electronic potential and this serves to “anchor” the proton
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potential distribution. Overall, the boundary conditions for each interface were as
follows:

2.2.3.3

dφp
dn

APTL/ACL

dφp
dn

CCL/CPTL

=0

(2.50)

=0

(2.51)

Energy: Heat

Similar to the movement of electrons, the transport of energy (in the form of heat)
within the model is assumed to occur via conduction and the process involves all
components within the model domain; as such, a general form for the heat conduction
equation is as follows:
(ρCp )ef f


∂T
− ∇ · KTeff ∇T = ST
∂t

(2.52)

where the term (ρCp )ef f is the effective volumetric heat capacity, KTeff is the effective
thermal conductivity, and ST is the source/sink term for heat generation or consumption within the layer.

Anode & Cathode Porous Transport Layer
The volumetric heat capacity for the anode and cathode porous transport layers was
determined using the values of density and heat capacity for carbon (reported by [51]),
liquid water, and the gas mixture based on a volume weighted average:
g
(ρCp )eff = νC ρC Cpc + sνpore ρlH2 O Cpl + (1 − s) νpore ρmix Cp,mix

(2.53)

where ρC , ρlH2 O , and ρmix are the densities of the carbon fibre materials, liquid water,
and the gas mixture, respectively. Cpc , Cpl , and Cpg are the specific heat capacities of
the carbon fibre materials, liquid water, and the gas mixture, respectively. Note that
in the case of the PTLs, the volume fraction of the carbon (or solid phase), νC , is
equal to (1 − νpore ).
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The specific heat capacity of the gas was determined using a mole weighting mixing law:
g
Cp,mix

=

n
X

Cp,i xi

(2.54)

i=1

The effective thermal conductivity, KTeff , was determined using a volume weighted
average of the individual conductivities similar to the method employed by Shah et
al. (2007):
eff
KTeff = KTg (1 − s) νpore + KTl sνpore + KT,PTL

(2.55)

where the first two terms represent the thermal conductivity related the gas mixture
in the unsaturated pore space and the liquid water in the saturated pore space while
eff
the term KT,PTL
is the effective conductivity of the fibre/particle structure of the

PTL and MPL (noting that this was already inherently weighted against the fibre
volume fraction via the method explained below).

The effective thermal conductivity for the baseline PTL components was determined
using the results of the micro-structural modelling work conducted by others with this
author [67]. Figure 2.14 shows the predicted thermal conductivity of the PTL microstructures generated via the stochastic micro-structural work and the comparison to
experimentally measured values for physical PTL components; from the figure, the
data entitled “substrate and sub-layers” reflects the value of the thermal conductivity
for the finished PTL which ranged from approximately 0.33 - 0.40 [W/(m K)]. As per
the figure, the predicted value for the effective thermal conductivity was very close
to that measured experimentally. As the focus of this work and the broader project
was the CCM and more specifically the catalyst layers; the PTL materials were held
constant throughout this work and, as such, the simulated values from the microstructural model were used directly as inputs as opposed to translating the data into
an effective medium theory form.

69

Figure 2.14: Predicted thermal conductivity for generated PTL micro-structures of
both the substrate and substrate + sub-layers
Given the stochastic nature of the numerically constructed micro-structural PTL
model, the value of the effective thermal conductivity from Figure 2.14 had an associated statistical variation; the implications of which are discussed in section 3.1 where
the steady-state model is extended to operate on a statistical basis.

Within the porous transport layers, the sources of heat generation or consumption
within the layer were due to the liquid-vapour phase change of water and joule heating arising from the flow of electrons. The heat source/sink in equation 2.52 can be
defined as:
joule
ec
ST = ST,H
+ ST,e
2O

(2.56)

joule
ec
where the ST,H
and ST,e
are sources/sinks of heat due to the evaporation/condensation
2O

of the liquid-vapour phase change of water and joule heating due to electron flow, respectively; both source/sink terms have units of [W/m3 ].

The heat released or consumed via the vapour-liquid phase change of water was
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determined according to:
ec
ec
ST,H
= ∆vl HH2 O SM,H
2O
2O

(2.57)

where ∆vl HH2 O is the change in enthalpy between the vapour and liquid states of
ec
water which has a corresponding value of ∼2.257×106 [J/kg] and SM,H
is the
2O

mass exchanged between the vapour and liquid phases of water due to evaporation/condensation. The driving force for evaporation/condensation was the difference
between the local humidity and the saturated vapour pressure while the local value
of saturation established an on/off behaviour limit – this process is described in the
ec
liquid water transport section with the definition for SM,H
shown in equation 2.130.
2O

The heat generated via joule heating was determined using:
joule
ST,e

=



∂φe
∂x

2

σeeff

(2.58)

where φe and σeeff are the electron potential and electron conductivity within the layer
(both previously defined), respectively.

Anode & Cathode Catalyst Layers
For this model, one of the key aspects is that it provides the capability to study the
electrode layers on a composition basis. In order to accomplish this, the effective
properties must be linked to the respective volume fraction that participates in the
transport process; in the case of the heat transport via conduction, all of the solid
phases of the catalyst layer are assumed to participate in the transport process such
that the effective volumetric heat capacity can be written as:
g
(ρCp )eff = νs ρs Csc + νpore sρl Cpl + νpore (1 − s) ρmix Cp,mix

(2.59)

where ρs and Cps are the density and specific heat capacity of the solid phase material
in the catalyst layer while all the remaining terms have the same definitions as noted
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in equation 2.53.

Values for the ρs and Cps were determined using volume averages based on the volume
fractions of the materials within the layer:
ρs = νC ρC + νion ρion + νpt ρpt

(2.60)

Cps = νC CpC + νion Cpion + νpt Cppt

(2.61)

and,

where CpC , Cpion , and Cppt are the specific heat capacities of carbon, Nafion™ , and platinum, respectively.
In the case of the specific heat capacity for Nafion™ and as noted by [79], the specific
heat capacity of many fuel cell materials (in particular the PFSA ionomers) are not
precisely known and, as such, the value for Cpion was estimated using values reported
for Teflon™ as referenced by [51].

The effective thermal conductivity for the catalyst layers was also determined using a volume weighted form similar to equation 2.55:
eff
= K g (1 − s) νpore + K l sνpore + KT,s νsτs
KT,CL

(2.62)

where the term KT,s νsτs refers to the effective conductivity of the solid phase materials
(platinum, carbon, and ionomer) within the layer and the remainder of the terms are
as previously defined.

The term (KT,s νsτs ) from equation 2.62 was simulated using the catalyst microstructural model in which the tortuosity, τs , and the blended solid phase thermal
conductivity of the base materials, KT,s , were the primary outputs. The effective
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thermal conductivity of the catalyst layer for a variety of material compositions and
compression pressures was investigated by Burheim et al. [80]; overall, the microstructural model predicted a mean value of ∼0.1 [W/m· K] which was in close agreement with the values reported by Burheim et al. from ∼0.06 - 0.11 [W/m· K] under
compaction pressures between of 4.6 and 16.1 [bar]. Burheim et al. also noted that
the conductivity of the catalyst layers was very low with effective values only about
4× greater than that of air (which has a value of ∼0.025 [W/m· K]), and about 10x
less than those of the PTL (which had values ranging from ∼0.3 - 0.7 [W/m· K])
—depending on the catalyst layer composition. While the thermal conductivity of
air was only 4x lower that of the layer, the presence of liquid water within the layer
has a far more significant effect on the thermal conductivity depending on the operating level of saturation/liquid water fraction.

The potential sources of heat generation or consumption within the anode and cathode catalyst layers included phase change of water, joule heating (from both proton
and electron flow), entropy changes between the reactants and products of the electrochemical reactions, and irreversibilities encountered in driving the electrochemical
reactions in preferred directions:
p
e
i
i
ST = ST,vl + ST,joule
+ ST,joule
+ ST,∆S
+ ST,irr

(2.63)

where the superscripts ‘e’, ‘p’, and ‘i’ refer to the electron phase, proton phase, and
specific electrochemical process (i.e. HOR, ORR) while the subscripts ‘∆S’ and ‘irr’
refer to the heat generated due to the entropy change between the reactants and products and irreversibility associated with driving the denoted electrochemical reaction,
respectively.

e
The terms ST,vl and ST,joule
have the same forms as shown in equations 2.57 and

2.58. The additional term in equation 2.63 for joule heating due to proton transport
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has the same form as that for electrons except that the proton potential and effective
conductivity are used:
p
ST,joule

=



∂φp
∂x

2

σpeff

(2.64)

The term S∆S describes the heat generated or consumed in the electrochemical conversion of the reactants to products due to entropy changes:
i
ST,∆S

i
Srxn
=±
nF





T ∆Si

(2.65)

i
where Srxn
refers to the volumetric current source term for the denoted process and

the index i refers to the HOR or ORR processes occurring at the anode and cathode,
respectively.

ORR
would be negative (recalling the
Under normal fuel cell operation, the value of Srxn

convention for current flow and overpotentials discussed earlier) while the entropy
change for the cathode reaction, shown in equation 1.6, has a value of approximately
-162.2 [J/(mol K)] consistent with that used or reported in [9–11, 81]. Based on this,
the leading term of equation 2.65 for the cathode was assigned to be positive such
that heat was released due to entropy changes between the reactants and products for
the ORR. In the case of the anode, ∆SHOR was assigned a value of ∼0.104 [J/(mol
K)] according to a calculation for the HOR entropy change based on the work of
Lampinen and Fomino [11]. Given the positive nature of ∆SHOR , the leading term
of equation 2.65 was set to be negative such that under fuel cell operation (in which
the anode current source term would be positive) the anode would reflect a slight
endothermic nature and present a heat sink.

The source term for heat generated or consumed due to irreversibilities which arise
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in driving electrochemical reactions was determined according to:
i
i
|ηact |
ST,irr
= Srxn

(2.66)

i
where Srxn
is as previously defined, the index ‘i’ refer to the specific electrochemical

process (i.e. HOR or ORR), and the subscript ‘act’ denotes the activation portion of
the cell overpotential losses determined according to equation 2.164.

The treatment of the terms within equation 2.66 involved the taking the absolute
value of both the volumetric current source term and the activation overpotential.
The absolute value of these variables were used regardless of whether the reaction
was proceeding in a forward or reverse direction (i.e. in fuel cell or electrolyzer operation) as energy was still expended in driving the electrochemical reactions in the
desired direction and at the desired rate.

Polymer Membrane
Where the PTLs and CLs had specific heat capacities that were determined as
weighted averages based on the operating states, the polymer membrane was treated
as having only one value due to a lack of data on the base material and any changes
that may occur as a function of the dissolved water content. As mentioned earlier, the
specific heat capacity of the polymeric material was set to that reported for Teflon™
according to [51] and the references contained therein.

The effective thermal conductivity of the membrane was based on the work of Burheim
et al. in [79] in which the conductivity of Nafion™ (N112, N115, N117, and N1110
forms) was measured and correlated with water content such that the relationship for
thermal conductivity had the following form:
eff
KT,PMEM
= (0.177 ± 0.008) + (3.7 ± 0.6) × 10−3 λ

(2.67)
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Values for the thermal conductivity of Nafion as predicted by the above equation
are in the range of those measured or determined by others in [42, 82–84]. One
other form that is of interest was that reported by Kim et al. in [84] in which the
thermal conductivity of the membrane was determined via a volume averaging method
according to:
eff
KT,PMEM
=

(EW/ρPMEM ) KPMEM + (λMw,H2 O /ρH2 O ) KH2 O
(EW/ρPMEM ) + (λMw,H2 O /ρH2 O )

(2.68)

where EW and Mw,i are the equivalent weight of the ionomer (Nafion™ , in this case)
and molecular weight of the material or compound indicated by index i, respectively
(in this case with the subscripts referring to water, H2 O, and, the polymer membrane,
PMEM).

Equation 2.68 yielded values for the membrane thermal conductivity that were in
the same order of magnitude as those determined via equation 2.67 and it was the
latter correlation that was implemented in this work as it allowed for the variation of
the thermal conductivity with equivalent weight and density of the ionomer materials;
this allowed the possibility to study different membrane types in later application of
the model.

Referring back to equation 2.52, the sources of heat within the membrane were assumed to arise primarily through the effect of joule heating as, at this stage, heat
generated or consumed due to the reaction between cross-over hydrogen and oxygen
on platinum in the membrane or as the result of the phase change of water between the
dissolved and liquid states in the membrane and pores, respectively, was neglected;
as such, the heat source/sink term from equation 2.52 within the membrane has the
following form:
p
ST = ST,joule

(2.69)
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p
where the heat generation from joule heating due to proton flow, ST,joule
, is the same

as that shown in equation 2.64.

Boundary Conditions
The transport of energy in the form of heat within this model involved each of the
individual domains as shown in Figure 2.15. The boundary conditions for the conductive heat transport within the model were placed at the interfaces between the
PTLs and the flow-fields; the physical test hardware used to generate the validation
data was liquid cooled and, due to the high thermal conductivity of the graphite plate
material, the interface temperatures at the PTL/Flow Field Plate boundaries were
assumed to have the same temperature as the cooling fluid. Based on this assumption,

Figure 2.15: Domain interface locations for the conductive heat transfer equation
the AFF-APTL and CPTL-CFF interfaces were each ascribed a Dirichlet condition
that fixed the value of the temperature at the interfaces to be equal to the experi-
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mental coolant set points used in the generation of the validation data; the value for
the anode and cathode coolant streams is shown in table 2.2 and the equations for
the boundary conditions at each interface are shown in equations 2.70 and 2.71 for
the anode and cathode, respectively.
T |AFF/APTL = Ta

(2.70)

T |CPTL/CFF = Tc

(2.71)

where Ta and Tc refer to the anode and cathode coolant temperatures shown in table
2.2.

For transient operation, both the anode and cathode Flow Field/PTL interface temperature could be defined as functions of time such that perturbations of the coolant
temperature over time, a gradual start-up in which the coolant temperature slowly
ramps, or a gradual cooling based on a shutdown event could be simulated.

2.2.3.4

Mass: Gas Phase

The standard equation for the conservation of mass is:
∂ρmix
− ∇ · (ρmix~vavg ) = SM,g
∂t

(2.72)

As previously shown in Figure 2.5, the model was 1-D and in this case the momentum
equations were not solved in the through thickness direction of the MEA. As such,
there was a need to determine the mixture pressure and associated pressure drop
within the domain. Equation 2.87 shows a re-arranged form of Darcy’s law which,
when substituted into equation 2.72, yields a modified form of the continuity equation in which the solved variable becomes the mixture pressure which is the current
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parameter of interest:


Mwmix
RT





κwet
∂pmix
g
− ∇ · ρmix
∇pmix = SM,g
∂t
µmix

(2.73)

where κwet
is the gas-phase wet permeability and ρmix , µmix, and pmix are the density,
g
average dynamic viscosity, and pressure of the mixture, respectively. The source/sink
term, SM,g reflects any generation or consumption of the individual species and phase
change between the liquid and vapour water phases. Note that the subscripts ‘M’
and ‘g’ refer to mass and the ‘gas’ phase, respectively.

The density of the mixture required in equation 2.73 was determined using:
ρmix =

pmix Mwmix
RT

(2.74)

where Mwmix is the average molecular weight of the mixture, and R and T have their
previously ascribed definitions.

The average molecular weight of the mixture, Mwmix was evaluated using a mole
fraction weighted average [85]:
Mwmix =

n
X

xi Mw,i

(2.75)

i=1

where the index i refers to the individual species of the gaseous mixture in the electrode compartment and Mw,i and xi are the molecular weight and the mole fraction
of the prescribed species, respectively. The molecular weight of the various species
included in the simulation are listed in table 2.4

The mole fraction of species i needed in equation 2.75 was calculated using a relationship between the mole fraction, mass fraction, and the molecular weight of the
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individual species as shown in [85]:
wi
Mw,i

xi = P
n

j=1

wj
Mw,j

(2.76)

where wi is the mass fraction of species i and is the solved variable in equation 2.86

Returning to equation 2.73, the average mixture viscosity is needed and, similar to
the mixture molecular weight, can also be determined using a mole fraction weighted
average of the species’ viscosities:
µmix =

n
X

xi µi

(2.77)

i=1

where the dynamic viscosity of the individual species, µi , are shown in table 2.4. It
should be noted that the viscosity of the individual species are generally functions of
temperature [86]; however, this has been neglected at this stage.

The last remaining parameter of interest needed in order to solve equation 2.73 is
the wet gas-phase permeability, κwet
of the respective layer of interest. The wet, gasg
phase permeability refers to the permeability of the media under a scenario in which
it is partially filled with liquid water. For the calculation of the gas-phase continuity equation the liquid phase was treated as immobile and the local saturation level
effectively reduces the overall permeability of the media from its dry basis by some
saturation-based correction factor as shown below:
κwet
= (1 − s)m κdry
g

(2.78)

where s is the local saturation of the media, κdry is the dry permeability, and ‘m’ is
exponent that is based on experimental data or micro-structural modelling.
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The exponential factor ‘m’ has been the focus of various studies [64, 67, 87] and the
values used here are reported in the relevant component section.

Anode & Cathode Porous Transport Layers
Within the Anode and Cathode PTLs, the value for the gas-phase permeability on
a dry-basis (no liquid saturation) was determined using the micro-structural PTL
model, similar to the manner used to determine the thermal and electronic conductivities. Figure 2.16 shows values of the average permeability determined for the PTL
structures generated using the random construction process; based on the data generated using the micro-structural model, reported in [67], and experimentally measured
in-house – a value of ≈ 6.0 × 10−13 [m2 ] or 0.6 [darcy] was used which included both
the substrate and sub-layers (it is worth noting again that the same PTL component
was used for the anode and cathode PTLs in the physical experiments and thus the
same properties are used for each layer in this model). The value for the exponential

$ !"#
Figure 2.16: Predicted gas phase permeability, on a dry-basis, for one generated
structure of the PTL substrate and substrate + sub-layers
factor ‘m’ from equation 2.78 was set to a value of 3 in part based on the work of [67]
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in which the relative (wet) permeability was simulated and compared to various other
approaches and corrections.

The source/sink term for mass in the gas phase within the PTL layers arises through
the phase change between the liquid and vapour states of water such that the term
SM,g can be defined as follows:
ec
SM,g = −SM,H
2O

(2.79)

vl
where SM,,H
is the source/sink term related to the exchange of mass between the
2O

vapour and liquid phases of water due to evaporation or condensation which is described in equation 2.130.

Anode & Cathode Catalyst Layers
The anode and cathode catalyst layer permeabilities are generally difficult to determine as measurement methods typically have difficulty with the nature of the thin
catalyst layer films as well as the high localized pressures that can occur during flow
measurements. In this work, the catalyst layers are presumed to have some similarity
to the microporous layers in that their volume is largely dominated by the carbon
micro-structures and the perfluorinated polymers; as such, an assumption was made
that the permeability of a given catalyst layer was similar in order of magnitude
to that of the MPL. The work of [88] estimated the permeability of micro-porous
layers based on various type of particles and Teflon™ contents; an MPL comprised
of Black Pearls carbon particles and Teflon™ binder had a dry permeability of approximately 1.07×10-13 [m2 ]. In addition to the experimental work of Wang et al.,
unpublished studies were completed as part of the larger project (of which this work
was a subset) and in those studies the estimated permeability of the catalyst layers
was determined to fall between ∼ 0.1×10-13 – 4×10-13 [m2 ]; though it should be noted
that the work was not perceived as reliable due to the high degree of uncertainty in
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the measurements. From a modelling standpoint, numerous numerical codes have
been developed and studies completed on various aspects of transport phenomena
within PEMFCs and a selection of these authors have reported values of around
∼ 1.0×10-13 [m2 ] [88–90]; this value was implemented for both the anode and cathode
catalyst layers.

Based on the dry permeability value selected for the catalyst layers, the wet, gasphase permeability was determined using equation 2.78 in which the value of ‘m’ was
set to be 3.0. A cubic relationship between the ‘(1-s)’ correction term and the wet,
gas-phase permeability is one of the most commonly used forms as noted by Das
in [91]; Das further went on to compare the effect and use of various other forms of
saturation corrections on the dry, gas-phase permeabilities.

The source/sink of mass within the catalyst layers was similar to that of the PTLs in
that it includes a term for the mass exchange between the vapour and liquid phases;
however, within the catalyst layers there was an additional term present related to
the consumption of reactants and the mass exchanged with the ionomer via adsorption/desorption such that the overall source term had the following form:
ad,v
ec
SM,g = −SM,H
+ SM,H
+ SM,i
2O
2O

(2.80)

ec
where SM,H
is the vapour-liquid exchange of water as described in equation 2.130,
2O
ad,v
SM,H
is the exchange of water between the vapour-dissolved phases via adsorp2O

tion/desorption, and Sm,i is the mass consumed via the electrochemical reactions
(the index ‘i’ refers to hydrogen species, H2 , consumed via the HOR at the anode
and oxygen species, O2 , consumed via the ORR at the cathode),

The mass consumed via the electrochemical reactions in the anode and cathode elec-
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trodes was determined as a function of the current density:
SM,i = ±Mw,i

j
Srxn
nF

(2.81)

where the indexes ‘i’ and ‘j’ are paired and refer to hydrogen and the hydrogen
oxidation reaction (HOR) and oxygen and the oxygen reduction reaction (ORR),
respectively. The variable n refers to the number of electrons transferred in the electrochemical reaction per mole of reactant as denoted in equations 1.2 and 1.6 and
the leading ± sign of the term is ‘-ve’ for the HOR reaction and ‘+ve’ for the ORR
reaction.

Polymer Membrane
The polymer electrolyte membrane in this model was assumed to be impermeable
to reactant and product gases and, as such, forms a barrier between the anode and
cathode compartments. While in practice this is a simplification as both reactant
and product gases are solubility within the ionomer materials and once dissolved can
subsequently be transported via diffusion within the ionomeric structure (noting that
there is on-going discussion regarding whether the transport of the dissolved gases
occur along the ionomer backbone material or in the water channels), the effects of
this cross-over process are most notable in the very low current density ranges or
in scenarios which involve catalyst contamination and poisoning, startup-shutdown,
accelerated stress testing, and freeze-thaw cycling.

Boundary Conditions
The boundary conditions for the re-cast mass transport equation shown in 2.73 involve a pair of Dirichlet and a pair of Neumann conditions imposed at the AFF/APTL
and ACL/PMEM interfaces for the anode and the CPTL/CFF and PMEM/CCL interfaces for the cathode; the interface locations of the boundary conditions are shown
in Figure 2.17. In the case of the anode, the boundary condition at the AFF/APTL
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interface was set to be equal to the wet inlet pressure as noted in table 2.2:
pmix |AFF/APTL = pwet
a,total

(2.82)

While the ACL/PMEM interface was ascribed a no-flux condition with the gradient
of pressure at the interface equal to 0, according to:
dpmix
dn

=0

(2.83)

ACL/PMEM

With respect to the cathode; the boundary condition at the CPTL/CFF interface
was, similar to the AFF/APTL interface, set equal to the wet inlet pressure (in this
case the cathode wet pressure) which is noted in table 2.2:
pmix|CPTL/CFF = pwet
c,total

(2.84)

Lastly, the gradient in pressure at the PMEM/CCL interface was set equal to 0,
similar to equation 2.83:
dpmix
dn

=0

(2.85)

PMEM/CCL

Essentially, these boundary conditions coupled with the governing equation result
in pressure drops occurring within the compartments according to the exchange in
mass between the gas and liquid phases as well as due to any consumption or generation of reactants and products, respectively.

In the case of transient operation and similar to the temperature boundary conditions in the previous section, the wet mixture pressures on both the anode and
cathode were prescribed as functions of time such that perturbations in the system
pressure due to pumps and compressors, system failures due to a rapid pressure drop
on either electrode, and/or various start-up or shutdown scenarios could be simulated
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Figure 2.17: Domain interface locations for the recast mass transport equation
and studied.
2.2.3.5

Mass: Chemical Species

The transport of chemical species is governed by a convection-diffusion equation of
the following form:
ρmix


∂wi
eff
− ∇ · ρmix Di,mix
∇wi − ρmix~vavg wi = SM,i
∂t

(2.86)

where ρmix is as previously defined in equation 2.74, i is the gas species index, and
eff
Di,mix
, wi , and ~vavg are the effective diffusivity of the given species in the background

mixture, the mass fraction, and the average local velocity of the mixture, respectively. SM,i is the source or sink of mass of the individual gas species due to various
phenomena such as evaporation/condensation, adsorption/desorption, and/or elec-
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trochemical reaction.

The anode and cathode electrodes were composed of different subsets of gases; the
anode was comprised of hydrogen and water vapour with the species index defined according to i ∈ (H2 , N2 , H2 O) whereas the cathode was comprised of oxygen, nitrogen,
and water vapour with the species index defined according to i ∈ (O2 , N2 , H2 O). The
fluid properties of each of the reactant and product species for both the anode and
cathode compartments are shown in table 2.4. The average local velocity of the mixTable 2.4: Fluid Properties of Reactant/Product Gas Species

Property
Molecular Weight
Viscosity (ref) [86]
Diffusion Volume [92]

H2

O2

N2

H2 O

Units

2.002

32

28.01

18.02

[kg/mol] ×10−3

7.99842 2.4403 2.1045

1.25

[kg/(m s)] ×10−5

12.7

[-]

7.07

16.6

17.9

ture, ~vavg , used in the equation 2.86 and previously in equation 2.73, was determined
using Darcy’s Law:
vavg = −

κwet
g
∇pmix
µmix

(2.87)

where κwet
is the wet, gas-phase permeability and µmix is the dynamic viscosity of the
g
mixture both of which were determined using previously shown equations, specifically
equations 2.78 and 2.77, respectively.

The effective diffusivity in equation 2.86 was evaluated using effective medium theory
similar to that of the other effective transport properties; in this case, the effective
diffusivity was a function of the unsaturated porosity of the component layers, the
tortuosity of the connected pores, and the base diffusivity of the species of interest
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into the background mixture:
eff
τpore
Di,mix
= (1 − s)n νpore
Di,mix

(2.88)

where the term (1 − s)n reflects a correction factor on the porosity of the component
layer raised to its tortuosity factor based on the fraction of the pore space occupied
by liquid water which is denoted by the value of the local saturation, s. The variables
νpore , τpore , and Di,mix represent the volume fraction of the pore space within the
layer, the tortuosity of the connected pores, and the base diffusivity coefficient of the
specific species in the background mixture.

The base diffusion coefficient of species i into the background mixture was calculated using a lumped species diffusivity model:
1 − xi
Di,mix = P

n 
xj
j=1
i6=j

(2.89)

Di,j

where Di,j is the binary diffusivity and was determined using the empirical Fuller,
Schettler, and Giddings (FSG) correlation [92]:

Di,j

1/2

T 1.75 M1w,i + M1w,j
 · 10−7
=  
1/3
1/3
p
(Σk Vk,i ) + (Σk Vk,j )
pstd

(2.90)

where pstd is the standard pressure of 101,325 [Pa] and Vk,i and Vk,j are the atomic
diffusion volumes for species i and j respectively; values for the atomic diffusion volumes are tabulated by Cussler in [92] and are shown here in table 2.4 for species
relevant to the fuel cell reaction.

It is useful to stop here and consider the merits of the use of not just the FSG
correlation but also the use of a multi-component, mixture-based Fickian approach
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to diffusion versus either the simplified Fickian using a dilute, lumped diffusivity or
the full, multi-component Stefan-Maxwell approach using binary diffusivities. In general, the use of a simplified Fickian approach in which a single diffusivity is used for
the species of interest into a fixed background has been applied by others in order
to reduce numerical complexity [93]; however, this type of approach can lead to over
and under estimates of the species diffusivities as the background mixture changes
due to consumption/generation through the electrochemical reactions (and as a result, generate potentially large errors in the predicted current density or voltage of
fuel cell simulation). Alternatively, the use of a full, multi-component approach via
the Stefan-Maxwell equation is considered the gold standard in describing the diffusive, multi-component species transport within fuel cell simulations; however, the
main drawback to the use of the Stefan-Maxwell equation is the overall computational expense which has been observed to significantly slow large scale simulations
or models with a significant scope of applied physics (i.e. transient, degradation,
and statistical models). As such, the diffusivity model implemented within this work
was considered a ‘half-way’ approach in which the majority of the numerical accuracy was retained for a minor amount of the computational expense. The use of a
mixture-based Fickian approach shown in equation 2.89 allows the species diffusivities to reflect any changes in the background mixture dynamically as the simulation
proceeds while avoiding significant overhead due to multiple matrix manipulations
required as part of the Stefan-Maxwell approach; overall, the mixture-based Fickian
approach has been shown to provide solutions within a few percent of those predicted
by the Stefan-Maxwell equation.

Anode Porous Transport Layer
As mentioned earlier, the gas mixture within the anode compartment was a multicomponent mixture comprised of hydrogen, nitrogen, and water vapour. For such a
multi-component system it is typical to solve transport equations for the (n-1) species
with the nth species determined via a closure equation. Within the anode compart-
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ment, hydrogen and water vapour were treated as the (n-1) species and the nth species
was selected as nitrogen; based on this, the transport equations within the anode PTL
for the hydrogen and water vapour species took the following form based on equation
2.86:

∂wH2
− ∇ · ρmix DHeff2 ,mix∇wH2 − ρmix~vavg wH2 = 0
∂t

v
− ∇ · ρmix DHeff2 O,mix ∇wH2 O − ρmix~vavg wH2 O = SM,H
2O

ρmix
ρmix

∂wO2
∂t

(2.91)
(2.92)

The closure equation for nitrogen is essentially a re-arranged summation equation
that requires the sum all of the species mass fractions to be equal to unity and the
re-arrangement of the equation allows for the determination of the ‘n-1’ species as
shown in equation 2.93 below:
wN2 = 1 − wH2 − wH2 O

(2.93)

Within the anode PTL, determination of the effective diffusivity using equation 2.88
required both the porosity of the material as well as the tortuosity factor. The porosity of the anode PTL was estimated to be approximately 50% based on the in-house
measurements and micro-structural modelling [67] while values for the tortuosity were
estimated to be approximately 3.75 which were inline with those estimated in [67].

Noting equations 2.91 and 2.92, there is no source/sink term on the right hand side
of the hydrogen transport equation within the APTL as there was no consumption or
generation of hydrogen within the layer while there is a source/sink term for the water
transport equation as mass was exchanged between the vapour and liquid phases of
water via evaporation or condensation. The source/sink term for the water vapour
transport equation, SM,H2 O , was determined using equation 2.130 to yield:
v
ec
SM,H
= −SM,H
2O
2O

(2.94)
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ec
where SM,H
reflects the mass exchanged between the liquid and vapour states based
2O

on the activity of water as the driving force.

Anode Catalyst Layer
The overall governing equations for the species transport within the anode catalyst
layer are similar to equations 2.91 to 2.93 for the APTL with the exception that
additional source terms were added to equations 2.91 and 2.92 that reflect the consumption/generation of hydrogen from the anode electrochemical reaction and water
released via the adsorption/desorption from ionomer within the layer. As such the
species transport equation for H2 had the following form:
ρmix


∂wH2
− ∇ · ρmix DHeff2 ,mix∇wH2 − ρmix~vavg wH2 = SM,H2
∂t

(2.95)

The mass source/sink of H2 was defined as:
SM,H2 = −

Mw,H2 HOR
S
2F rxn

(2.96)

where the value of ‘2’ in the denominator reflects the number of electrons transferred
in the anode half reaction per mole of reactant, equation 1.2.

The governing equation for the movement of water vapour within the ACL can be
written as:
ρmix



∂wH2 O
v
− ∇ · ρmix DHef2fO,mix ∇wH2 O − ρmix~vavg wH2 O = SM,H
2O
∂t

(2.97)

where SM,H2 O is the total source/sink of water vapour within the layer and includes
the adsorption/desorption of water from the ionomer and the water exchanged between the vapour and liquid states due to phase change.
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v
SM,H
can be defined as:
2O

ad,v
v
ec
SM,H
= −SM,H
+ SM,H
2O
2O
2O

(2.98)

ad,v
where the term SM,H
on the right hand side refers to the mass of water exchanged
2O

between the vapour phase within the pores and the dissolved water phase within the
ad,v
ionomer via adsorption/desorption; SM,H
was determined using equation 2.118.
2O

The volume fraction of the pores within the ACL (i.e. the porosity) was determined as a function of the composition of the layer; the method of which is shown
in section 2.2.3.8. In general the porosity of the anode catalyst layer, based on its
composition and physical thickness, was approximately 72-73% while the value of the
tortuosity, based on micro-structural simulations of various catalyst micro-structures,
ranged from 7.5 to 12. For the purposes of single simulated polarizations within this
work, an average value of 10 was adopted for the tortuosity.

Polymer Membrane
The polymeric membrane was assumed to be impermeable to reactant and product
gases and as a result no transport of gas-phase mass was allowed across the layer.
This assumption was manifested in boundary conditions for each of the gas-phase
species, shown in the upcoming boundary condition sub-section, that essentially enforced a no flux condition across the shared interfaces between the membrane and
the adjacent anode and cathode catalyst layers. It is important to note that while
gas phase transport was not allowed, water as a species was allowed to cross via
an adsorption/desorption process between the liquid/vapour states and the dissolved
water phase within the ionomeric material.

Cathode Catalyst Layer
The governing equations for the species transport within the cathode catalyst layer
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included the transport of oxygen, water vapour, and a closure equation similar to
that shown in equation 2.93. The transport equation for oxygen in the CCL could
be written similar to equation 2.95 for hydrogen in the ACL such that it had the
following form:
ρmix


∂wO2
eff
= SM,O2
− ∇ · ρmix DO
∇w
−
ρ
~
v
w
O
mix
avg
O
2
2
,mix
2
∂t

(2.99)

The mass source/sink of O2 was defined as:
SM,O2 = −

Mw,O2 ORR
Srxn
4F

(2.100)

where the value of 4 in the denominator reflected the moles of electrons transferred
per mole of reactant according to equation 1.6.

The governing equation for the transport of water vapour was similar to that used
for the ACL:
ρmix


∂wH2 O
v
− ∇ · ρmix DHeff2 O,mix ∇wH2 O − ρmix~vavg wH2 O = SM,H
2O
∂t

(2.101)

where the source/sink term for water vapour is the same as that shown for the anode
catalyst layer in equation 2.98.

Note that the product water from the electrochemical reaction was not included
here as it is presumed to be produced in liquid form which was consistent with the
assumption made in determining the value of the open circuit voltage (OCV) shown
earlier.

The closure equation for the species transport at the cathode was similar to that
used at the anode except that the hydrogen mass fraction was replaced by that for
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oxygen:
wN2 = 1 − wO2 − wH2 O

(2.102)

where wO2 and wH2 O are the solved variables of both of the independent transport
equations shown above.

The porosity of the CCL was described as a function of the composition of the layer
using the method referred to in section 2.2.3.8. For the baseline composition and
range of experimentally measured cathode catalyst layer thicknesses, the porosity of
the CCL was approximately 72-73% (similar to the ACL) and, given that the baseline
compositions of the ACL and CCL were similar, the value of the tortuosity for the
CCL was also set to an average value of 10.

Cathode Porous Transport Layer
The transport of oxygen and water vapour within the cathode porous transport layer
followed the same equations shown for the cathode catalyst layer (namely equations 2.99, 2.101 and 2.102) with the exception that the source/sink terms on the
right hand side were modified to reflect the absence of oxygen consumption due to
the electrochemical reactions and the mass exchange between the liquid/vapour phase
of water in the pores and the dissolved water phase within the ionomer.

Given this, the oxygen transport equation within the CPTL had a form in which
the right hand side was set to zero such that the governing equation could be written
as:
ρmix


∂wO2
eff
− ∇ · ρmix DO
∇wO2 − ρmix~vavg wO2 = 0
2 ,mix
∂t

(2.103)

The governing equation for water vapour transport equation had the same form as
equation 2.92 (with the same process for evaluation of the source term as was done
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in equation 2.130):
ρmix


∂wH2 O
v
− ∇ · ρmix DHeff2 O,mix ∇wH2 O − ρmix~vavg wH2 O = SM,H
2O
∂t

(2.104)

The value of the porosity and tortuosity for the CPTL was the same as set out for
the APTL as both physical layers were the same and, aside from any random variation of the micro-structure, the average values would reasonably been expected to be
identical.

Boundary Conditions
The boundary locations for the species transport equations are shown in Figure 2.18.
For both the anode and cathode PTL/Flow Field interfaces the ascribed boundary
conditions were mass fractions whereas the interfaces adjacent to the polymer membrane had a condition of no-flux imposed consistent with the assumption that the
membrane was impermeable to gases. At the AFF/APTL interface, input values for
the incoming gas feed’s mole fraction of hydrogen on a dry-basis (with the allowed
compositions ranging from pure hydrogen to a hydrogen/nitrogen mix) and desired
relative humidity were used in combination with other variables in order to determine
the wet basis mass fractions; the wet basis mass fractions were imposed as boundary
conditions to the species transport equations.

Beginning with water vapour, the wet basis mole fractions were determined as functions of the incoming stream’s saturation pressure (the incoming gas feed stream was
assumed to be equilibrated at the cell coolant temperature prior to entry into the
cell) according to:
xH2 O |AFF/APTL =

pvsat RH|APTL/AFF
pwet
a,total

(2.105)

where pwet
a,total is the input value of the anode inlet wet pressure (discussed previously),
RH|APTL/AFF is the input value of the gas feed relative humidity, and pvsat is the
saturated vapour pressure of water which was determined using a form correlated
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Figure 2.18: Domain interface locations for the species transport equation
from the steam tables in [59]:
pvsat = 1.26837e−4 T 4 − 1.49827T 3 + 6.70916e2 T 2 − 1.34832e5 T + 1.02503e7 (2.106)
where T is the temperature in Kelvin and the resulting value of pvsat is in [Pa]. This
correlation is valid over a temperature range of 50 - 100◦C.

The term in the numerator of equation 2.105 is the equivalent to the partial pressure of water vapour in the wet stream, paH2 O , and, using this, the mole fraction of
hydrogen in the wet stream could be according to:

xH2 |AFF/APTL =

 dry
a
pwet
−
p
a,total
H2 O xH2
pwet
a,total

AFF/APTL

(2.107)
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where xdry
H2

AFF/APTL

is the mole fraction of hydrogen of the pre-humidified (or dry)

stream at the AFF/APTL interface.

The closure equation for nitrogen followed a similar summation re-arrangement as
shown previously for the mass fraction such that the value could be determined via:
xN2 |AFF/APTL = 1 − xH2 − xH2 O

(2.108)

The mass fraction boundary condition of each of the species at the AFF/APTL
boundary could then be determined using a rearranged form of equation 2.76:
xi Mw,i
wi |AFF/APTL = P
n
xj Mw,j

(2.109)

j=1

A similar process was followed in order to determine the mole fractions of water
vapour, oxygen, and nitrogen for the CPTL/CFF interface; beginning with water
vapour, the mole fraction of water vapour was determined using the same form as
equation 2.105:
xH2 O |CPTL/CFF =

pvsat RH|CPTL/CFF
pwet
c,total

(2.110)

where pwet
c,total and RH|CPTL/CFF are user input values for the cathode inlet wet pressure and relative humidity, respectively; the saturated vapour pressure of water, pvsat ,
was determined using equation 2.106 – similar to AFF/APTL interface above.

Using the mole fraction of water in the inlet wet gas feed, the partial pressure of
water vapour (which is denoted pcH2 O and is the numerator of equation 2.110), and
the mole fraction of oxygen in the dry stream – the wet mole fraction of oxygen was
found using:
xO2 |CPTL/CFF =

 dry
c
pwet
c,total − pH2 O xO2
pwet
c,total

CPTL/CFF

(2.111)
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where xdry
O2

CPTL/CFF

is the user input for the mole fraction of oxygen of the pre-

humidified stream at the CPTL/CFF interface.

The wet mole fraction of nitrogen could then be determined using closure according to:
xN2 |CPTL/CFF = 1 − xO2 − xH2 O

(2.112)

Lastly, the mass fractions required for the individual species boundary conditions at
the CPTL/CFF interface were determined using the rearranged form of equation 2.76
as in equation 2.109.

The transient implementation of the boundary conditions for hydrogen and oxygen
(on a dry-basis) —as well as the RH set point for the anode and cathode inlet wet
streams —were all set as functions of time such that various scenarios such as start-up
(in which hydrogen would flood the anode compartment or shutdown in which a slow
hydrogen bleed down would occur), periodic dry-out cycles (for the purposes of water
management), and/or the perturbation of the oxygen content (as required for various
loss analysis methods) could be studied.
2.2.3.6

Mass: Dissolved Water

Within the component layers of the PEMFC, the water in the pores could exist in
either a liquid or vapour state; however, the polymer electrolyte itself will also uptake
water forming a dissolved phase within its structure. The existence of a dissolved water phase within the catalyst layer ionomer and the polymer membrane is a key factor
in the overall proton conductivity of the fuel cell and, as such, has been an on-going
topic of interest such that the uptake, distribution, and correlation of dissolved water
content with proton conductivity have been key points of research. The governing
equation for the movement dissolved water within the ionomeric materials and the
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membrane in this model was based on the work of Shah et al. [34]:


∂Cd
5
diss
diss
νion
− ∇ · νion DH2 O ∇Cd +
λνion σp ∇φp = SM,H
2O
∂t
44F Υion

(2.113)

where νion is the volume fraction of ionomer in the layer, DHdiss
is the diffusivity of
2O
diss
dissolved water in the ionomer, Υion is the fixed-charge site density, and SM,H
is the
2O

source/sink term of dissolved water within the layer

The fixed-charge site density for Nafion 211 was determined using the equivalent
weight (EW) of the membrane and the approximated dry density for the material
according to:
Υion =

ρdry
ion
EW

(2.114)

3
™
where ρdry
ion is the dry density of the ionomer (reported to be ∼1.98 [g/cm] for Nafion

211 [94]) and EW is the equivalent weight; which in this case was 1100 [g/molSO3− ]
for NR211.

The water content of the ionomer, λ, was determined using the fixed-charge site
density and the dissolved water concentration, Cd ; the latter of which is the solved
variable of equation 2.113:
λ = Cd /Υion

(2.115)

where Υion is determined via equation 2.114 above.

The diffusivity of the dissolved water within the ionomer was calculated as a function
of the local water content, λ, based on the form reported by [95]:

DHdiss
2O


 3.1 × 10−7 λ e0.28λ − 1 e −2436
T
,
(0 ≤ λ ≤ 3)
=

 4.17 × 10−8 λ 1 + 161e−λ e −2436
T
, (3 < λ ≤ 22)

(2.116)
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where DHdiss
has units of [m2 /s].
2O
Returning to consideration of equation 2.113, the first term on the left hand side
reflects the movement of water due to concentration gradients within the ionomer
while the second term reflects movement due to osmotic drag arising from the transport of protons from the anode to the cathode. The effect of temperature differences
between the anode and cathode on the movement of dissolved water was currently
neglected as was any detailed interfacial effects related to the adsorption/desorption
of water into the ionomer structure. Further, improvement of this model and the introduction of alternative water transport models, such as those by Weber et al. [96],
has been considered and remains a topic of on-going work by others as an extension
of the framework presented here.

Anode & Cathode Catalyst Layer
Within the anode and cathode catalyst layers, the governing equation for the transport of water is shown in equation 2.113 with the source term on the right hand side
of the transport equation defined according to:
ad,v
ad,l
diss
SM,H
= −SM,H
− SM,H
2O
2O
2O

(2.117)

ad,v
ad,l
where SM,H
and SM,H
are source terms for the adsorption/desorption of water
2O
2O

from the pore volume in its vapour and liquid phases into or out of the dissolved
water phase in the ionomer, respectively.

The mass exchanged between vapour water and the dissolved water phase of the
ionomer was determined using a form in which the driving force was formed via the
departure from (above or below) the maximum water content:
ad,v
∗
SM,H
= hvad Cd − Cd,v
2O



(2.118)
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where hvad is a mass transfer coefficient for the adsorption/desorption process and
∗
Cd,v
reflects the maximum value of dissolved water possible in the ionomer based on

the local activity of water which was evaluated using the local conditions within the
catalyst layer, equation 2.46, and any limits discussed regarding the equation bounds.

The mass transfer coefficient for the adsorption/desorption of water vapour to/from
the ionomer within the catalyst layers was calculated using a continuously differentiable form published by Shah et al.:
hvad

∗
Cd − Cd,v
1 v
=
k (1 − s) λ 1 +
∗
2 des
Cd − Cd,v

!

∗
Cd − Cd,v
1 v
+ kads (1 − s) λ 1 −
∗
2
Cd − Cd,v

!

(2.119)

v
v
where kads
and kdes
are the rates of the adsorption of water vapour into and desorption

of water vapour out of the dissolved phase of water in the ionomer, respectively.

v
v
Values of kads
and kdes
were fitted to experimental data by Ge et al. [97] and the
v
approximate values reported by Shah et al. [34] were used here (kads
∼ 1.1 × 10−6 and
v
kdes
∼ 3.33 × 10−6 [m/s]).

The mass exchanged between liquid water and the dissolved water phase of the
ionomer was found using a form similar to that for adsorption/desorption from the
vapour phase:
ad,l
∗
SM,H
= hlad Cd − Cd,l
2O



(2.120)

where hlad is the mass transfer coefficient for the adsorption/desorption of liquid water
∗
by the ionomer in the catalyst layer and Cd,l
is the maximum water content of the

ionomer in the presence of liquid water; this was set to a value of 22 based on the
work of Springer et al. [70].
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The mass transfer coefficient for the adsorption and desorption of liquid water to
and from the ionomer was determined using a similarly continuously differentiable
form as that shown in equation 2.119:
hlad

1 l
=
k
2 des
1 l
+ kads
2

∗
Cd − Cd,l
1+
∗
Cd − Cd,l

!

∗
Cd − Cd,l
1−
∗
Cd − Cd,l

!

(2.121)

l
l
where kads
and kdes
are the rates of adsorption and desorption of liquid water from

the ionomer within the layer which were set, consistent with the values reported by
l
l
Shah et al. [98], to be kdes
∼100 and kads
∼10 [1/s].

Polymer Membrane
The transport of the dissolved water within the membrane followed directly from the
form shown in equation 2.113 in which the value of the volume fraction of ionomer,
νion , was set to unity and the source term on the right hand side was set to zero;
noting that νion was set to unity to reflect the assumption that the membrane was
diss
not porous and SM,H
was set to zero as there were no sources or sinks of dissolved
2O

water within the membrane.

With respect to the source term, the ascribed value of zero implied an additional
assumption; specifically, that the membrane surface itself does not participate in any
exchange between the dissolved and vapour phases of water. This may or may not be
a good assumption as it would depend on the degree to which the membrane surface is
exposed to the gas pores relative to the total surface area of the ionomer also exposed
to the pores – essentially this creates an argument related to the ratio of the exposed
surface areas such that neglecting the membrane’s role in adsorption/desorption was
based on the premise that the exposed surface area of ionomer to gas pores was substantially larger than that of the membrane surface.
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Boundary Conditions
The boundary conditions for the dissolved water consisted of implementing no flux
conditions at the interfaces shown in Figure 2.19. This approach was used as the
dissolved water only existed in regions where the ionomer was present such that there
should have been no flux of dissolved water from the catalyst layers into the PTLs and,
as such, this approach was applied for both the steady-state and transient implementation of the model. The boundary condition for the APTL/ACL and CCL/CPTL

Figure 2.19: Domain interface locations for the dissolved water transport equation
interfaces was then:
dCd
dn

=0

(2.122)

int

where the subscript ‘int’ refers to the APTL/ACL and CCL/CPTL interfaces which
were alluded to above.
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2.2.3.7

Mass: Liquid Water

Liquid water within the model was represented by the variable ‘s’ which refers to the
volume fraction of water residing within the pore space. The transport of liquid water
within the domain was governed by:
∂s
ρlH2 O
∂t

−∇·



ρlH2 O κlrel
µlH2 O



dpc
∇s − ∇pmix
ds



l
= SM,H
2O

(2.123)

where ρlH2 O is the density, κlrel is the relative permeability, and µlH2 O is the dynamic
viscosity of liquid water, respectively. The variable pc refers to the capillary pressure
relationship for liquid water in the porous media which was differentiated in the equal
tion with respect to saturation and SM,H2O
is the volumetric source/sink term reflect-

ing the generation or consumption of liquid water due to condensation/evaporation,
desorption/adsorption from the ionomer phase, and/or the generation/consumption
via electrochemical reactions occurring within the component layers.

The relative permeability of liquid water was determined as a function of the saturation and the dry permeability of the media according to:
κlH2 O = κdry sn

(2.124)

where κdry is the dry permeability of the media which was discussed previously in
section 2.2.3.4 and ‘n’ is an exponential factor on the saturation correction. Note
that in this form, when the saturation is zero, the liquid permeability is also zero
which can result in numerical issues with equation 2.123; in order to eliminate this, a
small value on the order of twice the machine precision was added to the saturation
argument ‘s’.

Going back to equation 2.123, the value of the capillary pressure, pc , is still needed;
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according to Bear [99], the capillary pressure is determined according to:
pc = pnw − pw

(2.125)

where pnw and pw are the pressure of the non-wetting and wetting phases, respectively.

Leverett proposed a semi-empirical approach to determine the capillary pressure for
unconsolidated sands in [100]:

J=



pc
γ

s

k
νpore

(2.126)

where γ is the surface tension between the two fluids and κ is the permeability.

The square root of the ratio



k
νpore



may be interpreted as a representative aver-

age pore diameter and ‘J’ of equation 2.126 is known as the J-Leverett function [99].
This method was first applied in fuel cell modelling by Wang et al. [101] in which the
authors re-arranged the equation such that it could be written in the following form:
pc =

r

νpore l
γ J cos θc
κdry H2 O

(2.127)

where γl is the surface tension of liquid water, θc is the contact angle of the nonwetting phase, and J is the Leverett function which is typically correlated for a given
media as a function of saturation.

According to Si et al. [102], Udell in [103] and Pasaogullari et al. in [104] published polynomial fits of ‘J vs. s’ based on Leverett’s data in [100] such that the
J-Leverett function had the following correlation with saturation:

 1.417 (1 − s) − 2.120 (1 − s)2 + 1.262 (1 − s)3 , θ < 90◦
c
J=
 1.417s − 2.120s2 + 1.262s3 ,
θc > 90◦

(2.128)
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Many groups have evaluated and reported on the accuracy of using the relationships
shown in equation 2.128 [34,98,101–105] while others have proposed alternative, more
thermodynamically correct approaches departed from using layer saturation as the
transport parameter [106, 107]. Kumbur et al. noted that in their assessment, the
traditional Leverett J-function showed poor results with the method over predicting
the saturation values within the porous media and that their empirical fit of the
data published by Gostick et al. [108] gave superior better accuracy. Ultimately, the
approaches presented by [101] and [106] both end up fitting parameters (such as the
liquid permeability or the contact angles) in order to match a given polarization curve
and, as such, until a broader study has been completed and a forward predictive liquid
water transport sub-model developed, the methodology adopted by Shah et al. [34]
has been selected for implementation here.

Lastly, the use of equation 2.123 required two additional parameters to be specified; the first was the surface tension of water, γl , which is a function of temperature
and has been tabulated by various groups with the work of Vargaftik et al. [109] used
here (for reference, the surface tension of liquid water as reported by Vargaftik et al.
was 6.267×10-2 [N/m] for a temperature of ∼80◦ C) and the second parameter needed
was the density of liquid water which was assigned a value of 1000 [kg/m3 ] within
this work (consistent with reported values in [34, 89, 98]).

Anode & Cathode Porous Transport Layers
Within the anode and cathode porous transport layers, the exponential factor ‘n’ of
equation 2.124 was set based on the work of Nam and Kaviany [64] in which a value
of 3 was chosen such that the relative liquid permeability was a cubic relationship
with the local saturation. This form and the value of ‘n’ is consistent with the power
law relationship for the liquid water permeability presented by Kaviany in [63] and
used by others in [38, 89, 104, 110]. The PTLs were assumed to behave hydrophobically and a contact angle of ∼90◦ was assigned in this work to best represent the
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general teflonation of the structure and also more closely capture the experimental
performance data of the baseline case beyond 1.4 [A/cm2 ]; it is worthwhile to note
that Shah et al. [34] used a value of 120◦ and for one to recall that the contact angle
and permeability of liquid water models are frequently employed as ‘fitting’ or ‘free’
parameters for the purposes of calibration to experimental data.

l
The source term, SM,H2O
, of equation 2.123 was implemented according to:

l
ec
SM,H2O
= SM,H
2O

(2.129)

ec
where SM,H
is the source/sink term representing the exchange of mass between the
2O

liquid and vapour phases due to evaporation and condensation.

The evaporation and condensation process was assumed to be driven by the departure
of the local vapour water content from the local saturated vapour pressure according
to:
ec
v
SM,H
= Mw,H2 O hvl
ec (pmix xH2 O − psat )
2O

(2.130)

where hvl
ec is the mass transfer coefficient for evaporation or condensation of the liquid
and vapour phases of water and was implemented using the continuously differentiable
form presented by Shah et al. [34]
hvl
ec



kc νpore (1 − s) xH2 O
|xH2 O pmix − pvsat |
=
1+
2RT
xH2 O pmix − pvsat


ke νpore sρlH2 O
|xH2 O pmix − pvsat |
1−
+
2Mw,H2 O
xH2 O pmix − pvsat

(2.131)

where kc and ke are the condensation and evaporation rate constants which were chosen in this work to be 1 × 106 [1/s] and 1 × 10−7 [1/(Pa s)], respectively.

Shah et al. [34] noted that they obtained their rate constants for evaporation and
condensation from He et al. [111] where the values of the kc and ke were reported
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to be 100 [1/s] and 9.869 × 10−4 [1/(Pa s)], respectively. He et al. noted that the
values selected for kc and ke were based on the premise that they were fast enough
and it was observed in this work that the reported values of Shah et al. and He et
al. resulted in a persistent super saturation of water vapour in the gas phase under
steady-state operation. As such, the values within this work were selected to ensure
that there is minimal deviation of the RH above a value of 1 under steady-state operation which was based on the assumption that the rate of condensation should be
sufficiently fast compared to the rate of evaporation thus prohibiting the formation
of a super saturated water vapour phase within the cell.

Anode & Cathode Catalyst Layers
Within the anode and cathode catalyst layers, the contact angle was set consistent
with that of the PTLs at 90◦ based on the assumption that overall the layers are
hydrophobic but not extremely so due to the presence of mixed phases of the carbon
supports and Nafion™ (which may have hydrophobic and hydrophilic surface regions).
A cubic relationship for the relative liquid permeability was adopted similar to that
used for the PTLs; though, this remains an area recommended for future study as the
mechanisms of liquid water transport within the catalyst layers and the interaction
with interface components, such as the MPLs and PTLs, has remained to date a topic
of much discussion and research.

Within the anode catalyst layer, the source/sink of liquid water was the similar to
that shown for the PTLs with an added term reflecting the potential for mass exchange between the liquid and dissolved phases of water, the latter present in the
ionomer material within the layer:
l,ACL
ad,l
ec
SM,H2O
= SM,H
+ SM,H
2O
2O

(2.132)
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Whereas, for the cathode catalyst layer, the source/sink of liquid water included the
phase change between the vapour and liquid phases, adsorption/desorption with the
dissolved phase in the ionomer, and electrochemical generation via the ORR:
l,CCL
ad,l
ec
ORR
+ SM,H
+ SM,H
SM,H2O
= SM,H
2O
2O
2O

(2.133)

ORR
The term SM,H
is the water generated in the electrochemical reaction shown in
2O

equation 1.6 which was calculated according to:
ORR
SM,H
=−
2O

ORR
Srxn
Mw,H2 O
2F

(2.134)

where the factor ‘2’ in the denominator comes from the ratio of the moles of electrons
transferred per mole of water produced according to equation 1.6 and the ‘-ve’ sign in
front of the equation reflects the fact, that according to the nomenclature introduced
ORR
ORR
earlier, the term Srxn
will be negative under fuel cell operation such that SM,H
will
2O

become ‘+ve’ and thus a source of water product.

Boundary Conditions
The boundary conditions for the mass transport of liquid water were located at the
interfaces shown in Figure 2.20. At the ACL/PMEM and PMEM/CCL interface
locations a no flux condition was implemented:
ds
dn

=0

(2.135)

int

where the subscript ‘int’ refers to the ACL/PMEM and PMEM/CCL interfaces, respectively.

At the channel interfaces shown in Figure 2.20 the value of the saturation was
set to zero for both the steady-state and transient implementations of the model; this
approach to keep the water content at the Flow Field/PTL interfaces set to zero was
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Figure 2.20: Domain interface locations for the liquid water mass transport equation
based on the neutron imaging data shown below in addition to the selected operating
mode chosen for the STC hardware —high flow rates were used in order to prevent
water accumulation within the channels and maintain the differential operation of the
cell —as such, the boundary condition for liquid water at the flow field PTL interfaces
was set according to:
s|int = 0

(2.136)

where the subscript ‘int’ refers to the AFF/APTL and CPTL/CFF interfaces respectively.

Setting each of the channel interface conditions to a point of zero saturation implied a high rate of liquid flux at the interface. This behaviour was chosen to reflect
the high mass flow rates which were applied in the experimental testing and to mimic
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the observations from the neutron imaging, shown in Figure 2.21, which identified
that for this hardware design and applied flow rates there was little to no water
accumulation within the channels regions.

Figure 2.21: Neutron imaging and water content of the STC hardware at 0.6V under
standard conditions

2.2.3.8

Composition Models & Electrochemical Kinetics

As mentioned earlier, both the anode and cathode catalyst layers were comprised of a
mix of ionomer, platinum catalyst supported on carbon, and pore space. In the transport equations the effective properties were determined as functions of these volume
fractions; while other characteristics, such as the effective catalyst surface area, were
derived from details of the carbon-supported platinum catalyst and directly affected
the kinetics processes. Given the interplay of a catalyst layer’s material composition
in both the transport and electrochemical behaviour of the unit cell —it was important to ensure that both aspects were properly linked to representative compositions
that reflected actual experimental fabrication methods; a schematic of the calculation
process and linkage to cell performance is shown in Figure 2.22.

As shown in the Figure 2.22, the overall process started with determining the mass
loading of each of the materials within the catalyst layer. Generally from an experimental standpoint, the design basis of a catalyst layer is done using a specified
geometric platinum loading (mPt ), mass ratio of platinum to carbon (RPt:C ), and mass
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Figure 2.22: Schematic of the link between catalyst layer composition and cell performance
ratio of ionomer to carbon and platinum (RIon:(Pt:C) ); as such, each of these variables
were set as user inputs within the model. From these inputs, the geometric loading
of carbon was calculated according to:
mC =



1 − RPt:C
RPt:C



mPt

(2.137)

and, geometric loading of the ionomer could then be found using:

mion =

RIon:(Pt:C)

1 − RIon:(Pt:C)

!

(mPt + mC )

(2.138)

From the three geometric mass loadings, the volume fractions of the materials within
the catalyst layer were then be determined using the following three equations:
νPt =

mPt
ρPt tCL

(2.139)

νC =

mC
ρC tCL

(2.140)

νion =

mion
ρion tCL

(2.141)
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where ρPt , ρC , and ρion are the densities of platinum (21,450 [kg/m3 ]), the carbon
support material (2,230 [kg/m3 ]), and the ionomer (1,980 [kg/m3 ]), respectively.

The catalyst layer thickness, tCL , was a user-input value which was derived directly from the measurement of catalyst layers produced using the desired fabrication
method; the latter has a significant effect on the overall structure of the catalyst layer
and as a result the thickness – this observation is generally referred to as a manufacturing effect and is one of the reasons why various models differ from their associated
experimental data or fail to reproduce secondary, independent sets of experimental
validation data.

The values of the volume fractions were directly integrated into each of the effective properties and physical transport equations as previously described such that
the effect of the catalyst layer composition on the transport properties of the cell and
subsequently the fuel cell’s overall performance could be studied.

The link between the composition and the electrochemical performance of the cell
was established via two parameters, the electrochemical surface area (ECSA) which
is also referred to as the effective platinum surface area (EPSA) and the film thickness
of ionomer surrounding the agglomerates and/or catalyst particles. The EPSA for
a PEMFC can be determined via several methods: (1) A calculation based on the
particle size and a utilization factor, (2) A micro-structural simulation, and (3) via
surface area measurements from physical components. The first and third methods
could be applied directly within this code while the second required the use of an additional model; beginning with the first option, the surface area calculation involved
the geometric loading, density, and average particle radius of the platinum catalyst
such that the calculation had the following form:
Aeff
Pt =

3mPt µPt
ρPt rPt

(2.142)
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where µPt is the utilization factor of the surface area in the layer and rPt is the average
radius of the platinum particles.

In general, the primary drawback of equation 2.142 was the requirement to know
the utilization factor, µPt , for the specific manufacturing method and the fact that it
may be influenced by other composition parameters (such as the ionomer content and
the platinum to carbon ratio). Due to this, the 2nd and 3rd methods were preferred as
inputs where no direct knowledge of the manufacturing process was available; these
methods could also be employed to establish the behaviour of the utilization factor
across a range of compositions for a given catalyst layer manufacturing method. Figure 2.23 shows an example plot of the EPSA of a catalyst layer as a function of the
ionomer weight ratio, RIon:(Pt:C) and Figure 2.24 shows the experimental measurement
of EPSA vs. platinum loading for a fixed manufacturing method. Based on the data
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Figure 2.23: EPSA predictions using the micro-structural model based on mPt =0.4
[mg/cm2 ] and a normally distributed platinum particle size with a mean particle
radius of 4.5 [nm].
presented in Figure 2.24 and the particle size distribution data measured via TEM
and XRD, a utilization for the manufacturing method could be determined as a function of ionomer content and the value obtained for 23 wt. % was in the range of 65 75% (µPt = 0.65 —0.75). Using this methodology and the determined utilization factor data, predictive studies could be performed in order to investigate optimization of
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Figure 2.24: Measured ECSA obtained using CO stripping methods for MEAs with
a range of catalyst platinum loadings.
the composition (such as the optimal ionomer content) while validation studies could
use the EPSA data as directly measured and shown in Figure 2.24 to confirm model
accuracy. Note that the particle size of the actual MEAs was approximately 25%
smaller than that used in generating Figure 2.23; the figure was part of a broader
study in which the loss of platinum surface area via platinum agglomeration was the
topic of interest and the figure is shown here as a representative image only.

The link between the effective platinum surface area and the electrochemical performance is discussed in detail in two upcoming sections focused on the HOR and
ORR electrochemical processes. Lastly, the ionomer film thickness used in this work
was determined via calculations based on the composition of the layer – this parameter has in past been left as a free parameter by others and used as either a fitting
parameter or for parametric studies exploring the role of the agglomerate structure
on performance [16–18, 33, 81]. The method from which the ionomer film thickness
was determined, for the purposes of this work, relates heavily to the overall approach
for the agglomerate models, this linkage will be left to section 2.2.3.8 for further discussion.
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Cathode Agglomerate Model & the ORR
There has been considerable interest in the ORR reaction occurring in the cathode
catalyst layer as it is the more sluggish of the two primary electrochemical reactions
occurring within a PEMFC. As such many groups have endeavoured to understand
the origin of the limitations, methods for improving the catalyst materials, and an
overall understanding of the multi-step reaction kinetics that underlie the simplified
reaction shown in equation 1.6 [12, 23–32, 112, 113]. While the model developed here
does not implement the multi-step reaction kinetics for the ORR reaction, it is the
focus of a secondary portion of the overall project of which this work was a part and
will form a future extension of this model. For the purposes of this model, a typical
Butler-Volmer form for the ORR kinetics was used —similar to that published by
others [16, 18, 33, 81, 114]:
ORR
Srxn

=

Aeff
Pt io

CO 2
COref
2



exp






αa F
αc F
ηact − exp
ηact
RT
RT

(2.143)

Now within this model, a modified form of the agglomerate model originally published
by Sun et al. [16] and used previously by this author in [33] has been implemented; a
typical image of an agglomerate model is shown in Figure 2.25. As noted in [16], the

Figure 2.25: Agglomerate model schematic with Platinum (red), Carbon (Black),
Water/Ionomer (dark blue), and Ionomer film (light blue).
agglomerate model includes the dissolution of oxygen into the ionomer, transport of
oxygen within the ionomer phase, and simultaneous reaction and diffusion through
the core.
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Using the methodology shown in [16, 33, 34], the source term for the current production can be written as:
ORR
Srxn

= −4F



pO 2
H O2

 

1
agg
Er krxn (1 − νpore )



+



(ragg + tfilm ) tfilm
ion
Aagg
SV ragg DO2

−1

(2.144)

where HO2 is the Henry’s Constant for O2 dissolution, Er is the effectiveness factor
agg
for spherical agglomerates, krxn
is the reaction rate constant for the agglomerate, ragg

is the radius of the agglomerate, Aagg
SV is the effective specific agglomerate surface area,
ion
and DO
is the diffusion coefficient of oxygen dissolved within the ionomer.
2

Henry’s Constant, HO2 , for O2 dissolution in the ionomer was determined using the
form published presented in [115] with the temperature correction published in [116];
note that the form was converted to obtain units of [(Pa m3 )/mol O2 ]:
HO2 = 2.685 × 10

4





 −1
−5209.69
1
− T1
)
(
R
T
ref
e

(2.145)

where Tref is the reference temperature for this form which is 333 K.

The agglomerate radius, ragg was estimated via SEM and TEM imaging of catalyst layers fabricated for this work; as well as observations from the catalyst microstructural modelling work. A value of approximately 200 [nm] was used for the
agglomerate radius and it was assumed that the agglomerate radius was constant and
a function of the manufacturing process for the catalyst layer ink.
The effective specific agglomerate surface area, Aagg
SV , is the surface area to volume
ratio on a geometric basis of the spherical agglomerate and this was determined using
its simplified form according to:
Aagg
SV =

3
ragg

(2.146)
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The effectiveness factor for spherical agglomerates was calculated using the form
shown in [16] which was referenced to [117] and derived in [118], note that other
forms for the effectiveness factor of a 1st order reaction were shown in [40, 117]:
1
Er =
ΦL



1
1
−
tanh 3ΦL ΦL



(2.147)

where ΦL is a dimensionless parameter known as Thiele’s modulus for chemical reactions which is determined using [16]:
ragg
ΦL =
3

s

agg
|krxn
|
eff
DO2 ,ion

(2.148)

eff
where DO
is the effective diffusivity of dissolved oxygen within the agglomerate
2 ,ion

structure which was evaluated using a Bruggeman-type correlation for a packed bed
of spheres:
agg 1.5
eff
DO
= (νion
) DO2 ,ion
2 ,ion

(2.149)

agg
where νion
is the volume fraction of Nafion™ within the agglomerate and DO2 ,ion is

the diffusion coefficient of dissolved oxygen within the ionomer in units of [m2 /s].

DO2 ,ion was found using the equation given by [116] and adopted by other agglomerate
models [16, 33, 110]:
DO2 ,ion



2.51 × 104
= 4.38 × 10 exp −
RT
−6

(2.150)

The value of the Nafion™ film thickness surrounding the agglomerates has in past
been treated as a fitting coefficient or a parametric coefficient to investigate the role
of transport resistances due to ionomer surrounding the agglomerates. However, it
was shown by [33] that this parameter is extremely impactful on the performance
estimates from an agglomerate-based fuel cell model; further, the amount of ionomer
agg
within the agglomerate, νion
, and in the whole of the catalyst layer, νion , was not
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independent from that consumed in forming the film thickness and very few models
have considered this mass conservation aspect when altering the amount of ionomer
within the agglomerate or that surrounding it. As such a modified procedure has
been proposed here for treating the volume fractions of materials which comprise an
agglomerate and subsequently calculating the ionomer film thickness such that it is
no longer an free parameter within the model rather it is instead coupled to the composition of the layer.

Assuming that all the active catalyst surface area, as measured by CO stripping,
exists near the outside of the agglomerate and that all active platinum must be in
contact with and covered by ionomer, the film thickness of ionomer around the agglomerate can be estimated using:
tfilm =

νion
APt
SV

(2.151)

Using this form, the total volume of the agglomerate and the ionomer film surrounding
it can be determined by using the difference between the volume of the agglomerate
with the film and the volume without:
agg+film
Vion

 
4
π (ragg + tfilm )3
=
3

(2.152)

The total number of agglomerates within the catalyst were determined using the total
solid volume of the catalyst layer and the volume of an agglomerate with the ionomer
film:
Nagg =

Ageom tCL (1 − νpore )
Vagg+film

(2.153)

In order to determine the volume of ionomer located within a single agglomerate,
the total volume of ionomer within the catalyst layer less that used in the films was
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calculated and normalized by the number of agglomerates, Nagg :
agg
Vion
=

mion Ageom − ρion



4
3

π (ragg + tfilm )3 −
ρion Nagg



4
3



3
πragg



(2.154)

It was assumed that in this representation platinum and carbon do not exist outside the agglomerate structure, thus the volume of carbon and platinum in a single
agglomerate could be determined using:
Viagg =

mi Ageom
ρi Nagg

(2.155)

The volume fractions of ionomer, carbon, and platinum within the agglomerate could
then be determined using:

agg
3Vion
3
4πragg

(2.156)

νCagg

3VCagg
=
3
4πragg

(2.157)

agg
νPt

agg
3VPt
=
3
4πragg

(2.158)

agg
νion
=

agg
At this point, definitions for tfilm and νion
have been established such that equation

2.144 for the volumetric production of current via the ORR pathway and equation
2.149 for the effective diffusivity of oxygen within the agglomerate are appropriately
coupled to the compositional inputs of the catalyst ink and fabricated catalyst layer.

Turning attention back to equation 2.144, the reaction rate constant for the agglomagg
erate, krxn
, had a Butler-Volmer type form:

agg
krxn

=



APt
SV
4F (1 − νpore )



iref
o,T
COref2

!

exp



αa F ηact
RT





αc F ηact
− −
RT



(2.159)

where APt
SV is the geometric volume specific platinum surface area within the catalyst layer, iref
o is the temperature corrected exchange current density of the ORR on
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platinum, COref2 is the reference oxygen concentration at which the exchange current
density is measured or corrected to, αa is the anodic transfer coefficient, αc is the
cathodic transfer coefficient, and ηact is the activation overpotential applied to drive
the reaction at a given rate in the preferred direction.

The geometric volume specific platinum surface area was calculated as a function
of the EPSA and catalyst layer thickness according to:
APt
SV =

EPSA
tCL

(2.160)

where the EPSA is a dimensionless number with units of [m2Pt /m2geom ] and tCL is the
catalyst layer thickness measured via SEM cross-sectioning which has a relationship
with the geometric platinum loading, mPt , as shown in Figure 2.26 for the manufacturing method used here.
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Figure 2.26: Measured ECSA obtained using CO stripping methods for MEAs with
a range of catalyst platinum loadings.

The reference exchange current density, iref
o,T , was the temperature corrected form
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as the oxygen concentration correction was included explicitly when the reaction rate
agg
ORR
constant, krxn
, and the volumetric reaction source term, Srxn
, were combined. The

temperature correction for the exchange current density was done using an Arrheniustype relationship:
iref
o

=

iref
o exp



Ea
−
R



1
1
−
T
Tref



(2.161)

where Ea is the activation energy and Tref is the temperature at which the uncorrected, base exchange current density, iref
o , is measured.
Values of Ea were reported by Sun et al. in [16] based on an empirical fit of the
data reported by Parthasarathy et al. in [116]. Sun et al. reported values of 76.5
[kJ/mol] and 27.7 [kJ/mol] for the low slope and high slope regions of the data, respectively. In this work, only the value of the low slope region was used as it was
desired to constrain the kinetics (Tafel slope) to a single slope of approximately 60
[mv/dec] and, as such, a value Ea = 76.5 [kJ/mol] was adopted for the activation
energy.

The value of iref
o was measured separately from this work but as part of the broader
project. The measurement of iref
o was based on the application of an RRDE setup in
which catalyst inks were deposited on glassy carbon electrodes and tests were completed using perchloric acid electrolyte. Figure 2.27 shows images of the catalyst inks
deposited onto the glassy carbon electrodes; a total of 8 samples were made for the
highly graphitic carbon-supported catalyst materials with 4 used for measurement
and the other 4 sent out for external analysis to establish the total amount of platinum loading deposited by the method.

Based on the data shown in table 2.5 an average value of 4.5×10−4 [A/m2Pt ] was
used for iref
o and, based on the correction shown in the footnotes of the table, the
value of the reference temperature, Tref , in equation 2.161 was set to be 303 K and
the reference oxygen concentration of equation 2.159, COref2 , was set at 40.22 [mol/m3 ].
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Figure 2.27: Glassy carbon disks with catalyst ink deposited on the surface for exchange current density measurements.
Table 2.5: Exchange current densities for Pt measured via RRDE in perchloric acid
at room temperature

Sample

Pt Area

ik (0.9V)

*
icorr
o

#

[m2 /g]

[µA/cm2pt ]

[A/m2Pt ]

7

39

267

4.5×10−4

8

43.9

349

4.9×10−4

9

37.6

250

4.0×10−4

10

40.9

352

5.9×10−4

* Corrected

for O2 solubility in perchloric acid

and adjusted to reference conditions of 1 [bar]
and 30◦ C

The charge transfer coefficients shown in equation 2.159 were determined using the
symmetry factor and n:
αa = n (1 − β)

(2.162)

αc = nβ

(2.163)

where n was set to a value of 2 and β had a value of ∼0.55.

Based on the values for n and β, αc had a value of ∼1.10 which corresponded to
a Tafel Slope for the cathodic direction of approximately 60 mV/dec at 60◦ C. Now
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it should be noted that the use of αa and αc is this manner is not strictly correct
and that for a multi-step reaction they have a specific meaning related to the rate
determining step; however, in general these two parameters are frequently treated as
fitting parameters for the electrochemical reaction or are selected arbitrarily and, as
the ORR process is in fact a multi-step reaction pathway, the use of the Butler-Volmer
type form is in itself a gross over simplification [33, 119].

Lastly, a definition for the activation overpotential was needed; the activation overpotential is a measure of the energy applied to the reaction in order to drive it in a
preferential direction and at a desired rate. It can be defined as the potential difference between the metal and solution potential according to various electrochemistry
sources [114,120] and in the case of the fuel cell this can be translated to the difference
between the electronic and protonic potentials against a selected reference:
ηact = φe − φp − φref

(2.164)

where the reference potential was chosen to be determined against the standard hydrogen electrode such that the value of φref for the ORR was equal to the open circuit
voltage (OCV) of the cell.

Anode Catalyst Layer & the HOR
In the majority of fuel cell models, the anode hydrogen oxidation reaction is treated
in a simplified form or in some cases neglected completely based on the argument
that the overall process is extremely fast as compared to the ORR [15, 19, 20, 50,
65, 101, 121–125]. However as platinum loadings on both the anode and cathode are
driven lower in order to achieve the cost targets needed for the commercial success of
PEMFCs, the importance of anode reaction losses and understanding the lower limits to which the anode loading can be decreased necessitate further improvement in
the complexity of the anode reaction models included in fuel cell simulations. Karan
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in [40] studied the performance of ultra-low platinum loadings for the fuel cell anode
using a dual-pathway, reversible reaction mechanism for the HOR based on the work
of Wang et al. [126]. Given that the role of the fuel cell model developed here has
been to allow the study of the composition of the catalyst layers and, ultimately, to
allow extension of the base model to future areas of analysis such as carbon corrosion, platinum dissolution, membrane degradation, and fuel contamination; the anode
HOR model was based on the work published by Karan but has adopted the modified
agglomerate approach shown previously for the cathode catalyst layer.

The overall dual-pathway, reversible HOR mechanism on platinum published by Wang
et al. [126] involved three steps:
H2 + 2Pt ↔ 2H − Pt

(2.165)

H2 + Pt ↔ H − Pt + H+ + e−

(2.166)

H − Pt ↔ Pt + H+ + e−

(2.167)

The process shown in equations 2.165 to 2.167 is referred to as the Tafel-HeyrovskyVolmer (THV) mechanism and, as employed by Karan (2007), the kinetic reaction
rate derived by [126] can be expressed in a Butler-Volmer- like form:
iHOR
rxn

=



C H2
CHref2

h

 F ηact
i

F ηact F ηact
F ηact
iOT 1 − e ζRT + iOH e 2RT − e ζRT e 2RT

(2.168)

Adopting the agglomerate model applied at the cathode for the ORR and based on
an assumption that the anode HOR behaves as a first order reaction, the source of
current generated by the HOR can be written as (in [A/m3 ]):
HOR
Srxn

= −2F



pH 2
HH2

 

1
agg
Er krxn (1 − νpore )



+



(ragg + tfilm ) tfilm
ion
Aagg
SV ragg DO2

−1

(2.169)
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The volume fraction, film thickness, agglomerate radius, and agglomerate volume
specific surface area were calculated consistently with the methods shown in the agglomerate derivation for the cathode and ORR.

The solubility of hydrogen in the ionomer needed for equation 2.169 was determined
based on the review and analysis published by Mann et al. in [127] in which the
authors reported the hydrogen solubility in Nafion™ based on the data of Yeo and
McBreen [128] and added a temperature dependence based on their analysis of other
data related to hydrogen solubility in water:
HH2



170
= 2.55 × 10 exp
T
−4



(2.170)

where the units of HH2 are consistent with those for HO2 in [(Pa m3 )/mol] and T is
the local temperature in Kelvin.

The effectiveness factor, Er , had the same form as shown in equation 2.147 and,
in the case of the HOR, Thiele’s modulus can be written as:
ragg
ΦL =
3

s

agg
|krxn
|
eff
DH2 ,ion

(2.171)

where DHeff2 ,ion is the effective diffusivity of dissolved hydrogen within the agglomerate
structure which was determined using a Bruggeman correlation for a packed bed of
spheres:
agg 1.5
DHeff2 ,ion = (νion
) DH2 ,ion

(2.172)

agg
where νion
is the volume fraction of ionomer within the agglomerate and DH2 ,ion is

the diffusion coefficient of dissolved hydrogen within the ionomer in units of [m2 /s].

While there are numerous publications looking at the permeability of various gases
across ionomeric membranes [129–133], [130] commented that in their study the dif-
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fusion of H2 was too fast to accurately measure the appropriate coefficients. Across
these various publications, the majority of interest was focused on the permeability,
solubility, and diffusivity of oxygen in the various forms of Nafion™ for given temperatures, exchanged forms, and water contents; additionally, there was at least two orders
of magnitude variability in the data reported by Ogumi et al., Jiang and Kucernak,
and Kocha et al. for the permeability of hydrogen in Nafion™ . Karan in [40] used
a diffusivity of hydrogen in Nafion™ at 80◦ C of 1.28×10−9 [m2 /s] based on explicit
interpolation of the data reported by Broka and Ekdunge in [131]. Within this work,
the diffusivity of hydrogen in Nafion was estimated by using the permeability data reported by Kocha et al. in [133] in combination with the data for the solubility shown
in equation 2.170 and the relationship between diffusivity, solubility, and permeability
for a polymer such that the diffusivity had the following form:
6.6 × 10
DH2 ,ion =

−11

exp

h

HH2

−21.03×103
RT

i

(2.173)

where the units of the permeability of H2 in Nafion™ shown in the numerator are
[mol/(m s Pa)] and the units of the diffusivity, DH2 ,ion are in [m2 /s].

Using the form shown in equation 2.173, the diffusivity of H2 in the ionomer is approximately two orders of magnitude lower than that used by Karan (2007); however,
this difference arises directly from the variability in the reported permeability data
and more certainty is required in the experimental data in order to address the correct
order of magnitude for the dissolved hydrogen diffusion coefficient.

agg
The kinetic rate constant, krxn
, for the hydrogen oxidation reaction can be writ-

ten using the form for the current density on an [A/m2Pt ] basis published by [126] and
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adopted by Karan in [40]:
agg
krxn



APt
1
SV
=
4F (1 − νpore )
CHref2





F ηact
F ηact
F ηact
F ηact
ζH RT
ζH RT
ref
ref
2RT
2RT
+ iOH e
iOT 1 − e 2
−e 2 e


(2.174)

ref
ref
where the parameters iref
OT , iOH , CH2 , and ζH2 are the exchange current densities for

the Tafel-Volmer and Heyrovsky-Volmer pathways, the reference hydrogen concentraref
tion at which iref
OT and iOH were measured, and the potential range constant for the

adsorption isotherm used by Wang et al. in deriving the THV mechanism.

Values for these parameters were taken directly from Wang et al. [126] in which
the authors fit the THV mechanism to the data of Chen and Kucernak [134]. From
ref
2
Wang et al., the values for iref
OT and iOH were 4700 and 100 [A/mPt ], respectively;

while, values for the reference hydrogen concentration, CHref2 , and the potential range
constant for the adsorption isotherm, ζH2 , were 0.59 [mol/m3 ] and 1.2, respectively.

The activation overpotential for the anode catalyst layer can be written similarly
to that for the cathode, shown in equation 2.164, in which the standard hydrogen
electrode (SHE) was adopted as the reference:
ηact = φe − φp

(2.175)
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Chapter 3
Model Validation

3.1

Statistical, Steady-state Model

To date, performance models developed for PEMFCs have taken a one-off fitting or
validation approach typically using data published by others on cell hardware that
was not specifically designed with validation of a numerical model in mind. In this
work, a specially designed cell was used to generate experimental performance data
for a range of membrane electrode assemblies in order to validate the performance
model described in Chapter 2. One of the primary goals of this work was to present a
new method of validation for PEMFC performance models which was more representative of the experimentally observed data sets. From an experimental standpoint,
due to the heterogeneous nature of the porous media (PTLs and CLs), manufacturing variation, and inherent variation in the material properties of the base materials;
measured performance data is rarely, if ever, observed to produce a single, consistent
polarization curve. Rather, MEAs that are manufactured using the same batch of
materials and tested using consistent operating conditions and the same or similar
test stations produces a range of polarization curves. The fact that a range of polarization curves is produced for what is arguably the same material set at the same
operating conditions naturally leads to questions regarding the validity and broad
applicability of models that are fit or validated using a single polarization curve.
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Figure 3.1: Polarization curves collected on a subset of baseline MEAs using baseline
operating conditions
Using the baseline MEA composition outlined earlier in table 2.1 and operational
conditions as set out in table 2.2, a set of 20 individual MEAs were conditioned and
tested with the polarization curve results for a sub-set of the data shown in Figure
3.1. From the figure, it can be observed that there is no “single” representative polarization curve that can be used to represent the data set; rather, it is best represented
by statistical methods in which a mean polarization curve and standard deviation are
defined such that a set of statistical bounds based on a selected confidence interval
could be used for model validation. Such a representation is shown in Figure 3.2 for
the full set of 20 individual MEAs and it is interesting to note that as the voltage
drops the size of the confidence interval increases which inherently suggests that cells
run at higher current density experience a greater amount of performance variation
compared to those run at a lower ones. In order to validate a performance model
using the statistical mean and 95% confidence intervals shown in Figure 3.2 several
additional elements are required: the first is a coupling of the compositional input
parameters of the layers in such a manner as to appropriately link the transport phe-
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Figure 3.2: Polarization curves collected on a subset of baseline MEAs using baseline
operating conditions
nomenon such that a model inherently applies a trade-off based on the underlying
physics, the second is a data set of input parameters which has been statistically
determined either via micro-structural sub-models or through experimental measurement and QA/QC methods, and the third is a front end to the performance model
which can randomly determine the appropriate input parameters of the model for
each run based on the statistically-defined material properties. The model developed
within this work was derived to provide these features and capabilities.

The statistical input data used in this model was selected based on parameters,
compositional data, QA/QC measurements, ex-situ analysis, and/or micro-structural
modelling work that was available for the materials used in the baseline MEA shown
in table 2.1. A summary of the specific component properties and the variation of one
standard deviation is shown in table 3.1. From the variations in the table and using
an assumption that all the parameters are normally distributed, as a first approxi-
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Table 3.1: Statistical variation of properties within selected component layers

Component & Component Property

Units

% Variation (1 Std. Dev)

[µm]

±8%

[-]

±3%

Permeability (dry)

[m2 ]

±5%

Pt:C Ratio (wt.%)

[-]

±1%

Ion:(Pt:C) Ratio (wt.%)

[-]

±1%

[mg/cm2 ]

±1.25%

[nm]

±10%

Exchange current density

[mA/cm2pt ]

±10%

Tafel slope (αa ,αc )

[mV/dec]

±2.5%

Thickness

[µm]

±4%

Tortuosity

[-]

±3%

Permeability (dry)

[m2 ]

±5%

Thickness

[µm]

±2%

Catalyst Layers/Catalysts
Thickness
Tortuosity (gas/ionomer)

Pt Loading
Pt particle size

Porous Transport Layers

Membrane

mation, a randomly chosen value for each of the inputs was determined at the start
of each simulation. A sample size consisting of a total of 75 individual simulations
runs was used in order to ensure that the mean and standard deviation of the sample
was a good approximation to that of the overall population of potential performance
curves. An example of the run-by-run determination of the input variables is shown in
figures 3.3 to 3.6; these figures outline randomly determined values for the thickness
of the PTLs, the platinum geometric loading of the catalyst layers, the electrochem-
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ically active surface area (ECSA/EPSA), and the intrinsic exchange current density
of platinum based on the assumption of a normally distributed variable population
with 1 standard deviation equal to the prescribed variation reported in table 3.1 (note
that the variations shown were used for the cathode and that separate distributions
were also calculated for the anode properties).

Figure 3.3: Randomly selected values of PTL thickness for 75 independent polarization simulations

Figure 3.4: Randomly selected values of cathode catalyst layer platinum loading for
75 independent polarization simulations
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Figure 3.5: Calculated ECSA based on randomly selected values of platinum particle
size and platinum loading for 75 independent polarization simulations

Figure 3.6: Randomly selected values of the intrinsic platinum ORR exchange current
density for 75 independent polarization simulations

From the figures, it can be observed that there was the potential for random combinations of parameters (such as a thicker PTL combined with a lower platinum
loading and ECSA) that would interact such that very low performing or very high
performing MEAs could result. The key aspect for all individual runs was the inher-
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ent coupling between the kinetic, ohmic, and mass transport related phenomena such
that the trade-off between the transport processes was done inherently within the
model itself. It should be noted that the same process of statistical uncertainty could
also be applied to operating conditions such that the accuracy of the inlet conditions
could be studied in a manner which would be coupled to the material variability –
such an approach would begin to mimic the process that actually occurs within the
experimental test itself and is responsible for the variation observed in the polarization curves of Figure 3.1.

Based on the parameter variations of table 3.1, the 75 individual randomized polarization runs were completed and reduced to a mean polarization curve and a set of
upper and lower bounds based on an applied confidence interval of 95%. A comparison of the statistically-driven model simulations using the two-phase implementation
and the statistically represented experimental data from Figure 3.2 are shown in
Figure 3.7. From this figure, the overall mean between the two data sets was very
close and the overall confidence intervals overlay quite well with the model showing
slightly less variation than the experimental data – likely indicating further study of
the parameter variability and inclusion of additional statistical inputs were required.
It was interesting to observe that there were clear combinations of parameters that
resulted in high performing MEAs and those that resulted in very low performing
ones. This observation was based on the lower confidence interval for the 75 model
runs in which there was a significant drop off in voltage at current densities in excess
of 1.3 [A/cm2 ] as compared to the upper confidence interval which showed no decline
at all – consistent with the experimental data. It could be concluded that this effect
was a combination of parameters that resulted in significant “transport limitations”
which may not be observed via conventional one-off simulation approaches and may,
in part, answer questions related to experimental observations of “under-performing”
MEAs which contribute to low cell phenomena within stack assemblies. Further, a
model of this type could be used to study the role of manufacturing tolerances of
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Figure 3.7: Statistical validation of the performance model using 75 simulation runs
and an experimental data set of 20 individual MEAs
specific components or for the MEA as a whole in light of a targeted nominal cell performance requirement such that nominal tolerances for the components or the MEA
can be derived based on the use of a appropriately sized statistical sample set.

To this end, based on the observations of the lower bound performance of the 95%
confidence interval, individual parameters were probed from a statistical standpoint
in order to observe their effect on the cell performance. Figures 3.8 to 3.10 show
the effects of variation in the Tafel Slope of the ORR reaction on platinum, the intrinsic ORR exchange current density of platinum, and the tortuosity of the ionomer
phase within the cathode catalyst layer. Each of these properties were probed using
both the single-phase and two-phase implementations of the performance model, the
single-phase effects are shown in the figures as it was of interest to study there effect on the reaction kinetics and gas-phase transport processes separately from effects
due to liquid water. From the figures, a 2.5% variation in the Tafel Slope (modified
via the symmetry factor) was far more impactful than an equivalent variation in the
intrinsic exchange current density of the ORR on platinum. This observation was
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due in part to the form of the Butler-Volmer representation of the ORR used in this
model as the terms related to the Tafel Slope exist within the exponential terms while
the exchange current density is simply a scaling factor. Consideration for the tortuosity of the ionomer phase within the catalyst with respect to proton transport was
of interest as the determination of the proton conductivity via EIS methods was a
source of uncertainty and measurement variability. This variability has the potential
to significantly impact the results of a performance model and further improvement
in existing measurement methods is necessary in order to fully validate the microstructural models or provide better inputs into a model similar to the one presented
here. From the standpoint of two-phase transport, the choice of the dry permeability
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Figure 3.8: Effect of 2.5% standard deviation in the ORR Tafel Slope (via variation
in the symmetry factor) on the cathode using the single-phase performance model
of the porous transport and catalyst layers has been a topic of interest and uncertainty. The parameter was identified in this work as an influential one based on the
results of a variation of approximately 5% as per table 3.1. In order to fully convey
the sensitivity of the performance of the model to the parameter, an order of magnitude analysis was completed as shown in Figure 3.11. From this figure, it can be seen
that the dry permeability dramatically affected the accumulation of water within the
porous media and as a result the onset and shape of the mass transport-related losses

137
1

Cell Voltage [V]

0.9

0.8

0.7

0.6

0.5

0.4
0

Predicted Mean
Predicted Variability (1 Std. Dev.)
Predicted Variability (1 Std. Dev.)
Experimental Mean
Experimental Variability (1 Std. Dev.)
Experimental Variability (1 Std. Dev.)
200

400

600

800

1000

1200

1400

1600

2

Current Density [mA/cm ]

Figure 3.9: Effect of 2.5% standard deviation in the intrinsic ORR exchange current
density of platinum on the cathode using the single-phase performance model
1

Cell Voltage [V]

0.9

0.8

0.7

0.6

0.5

0.4
0

Predicted Mean
Predicted Variability (1 Std. Dev.)
Predicted Variability (1 Std. Dev.)
Experimental Mean
Experimental Variability (1 Std. Dev.)
Experimental Variability (1 Std. Dev.)
200

400

600

800

1000

1200

1400

1600

Current Density [mA/cm2]

Figure 3.10: Effect of 10% standard deviation in the tortuosity of the ionomer phase
on the cathode using the single-phase performance model
developed at higher current densities. It was interesting to observe that the orders
of magnitude simulated in Figure 3.11 were consistent with those used by others and
helps explain in part the wide variety of observations that have been observed and
reported in modelling studies. In the case of this model, the actual permeability used
was determined using validated micro-structural simulations of the PTL (as discussed
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Figure 3.11: Effect of the order of magnitude of the dry permeability of the PTLs on
the two-phase performance model
in Chapter 2) and values for this are in the range of O(-13) [m2 ].

3.2

Steady-state Model

Following completion of the statistical validation using the baseline data set, the
steady-state model was further validated with a focus on the composition of the
catalyst layer and the ability of the model to predict the effects of the catalyst layer
design on the unit cell performance; specifically, the design of the catalyst layer from
a fabrication and catalyst layer ink perspective was considered through investigation
of the following parameters:
1. Platinum to Carbon Ratio
2. Ionomer to Platinum and Carbon Ratio
3. Platinum loading
In each compositional scenario, a substantial amount of experimental analysis, both
ex-situ and in-situ, was collected and this information is included here, where appropriate, to supplement the modelling results and provide an explanation for the
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observations in context of the applied model physics.

Platinum to Carbon Ratio
Beginning with the Platinum to Carbon ratio study, a variety of Pt:C ratios were
tested for the cathode catalyst layer using the baseline conditions shown in table 2.2
with the results of the performance testing shown in Figure 3.12. From the MEAs
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Figure 3.12: Experimental BOL performance for Pt:C ratios from 30 - 80 wt.% under
baseline operating conditions
fabricated across the various Pt:C ratios, a subset of untested and post-performance
tested MEAs were characterized via ex-situ methods in order to establish the catalyst
layer thickness, porosity, and Nafion™ volume fraction (with the latter two variables
computed based on the composition and thickness data consistent with the methodology shown earlier). It can be observed from Figure 3.13 that the thickness of the
catalyst layer declined as the ratio of platinum to carbon was increased and more
platinum was concentrated on the carbon supports; from a modelling standpoint,
this type of behaviour is an extremely important one to capture as the overall cat-
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alyst thickness change results in significant cascade effects through the agglomerate
model and effective transport properties. Additionally, the EPSA (or ECSA) for the
Pt:C ratio study, shown in Figure 3.14, demonstrated a declining trend such that
higher mass ratios of platinum to carbon resulted in progressively lower catalytic surface area consistent with an observed growth in the overall platinum particle size as
the ratio increased. Note that the (Pt:C)=80% case in Figure 3.13 departed from
the trend of the other cases with respect to the ionomer volume fraction and layer
porosity; from extensive ex-situ analysis (not shown), including SEM cross-sectioning
and layer thickness measurements, the catalyst layer was shown to be significantly
denser (thinner but with appropriate platinum loading) than the other layers and this
structure was further reflected in the observed performance shown in Figure 3.12 as
it was the lowest performing of all the cases.

Figure 3.13: Thickness of the cathode catalyst layer as a function of the Pt:C ratio

Using the baseline operation conditions shown in table 2.2, the MEA composition
and properties for all other components (except the Pt:C Ratio, thickness, and EPSA
of the cathode catalyst layer) which were shown in table 2.1, and the parameters
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Figure 3.14: Experimentally measured (CO-stripping) ECSA/EPSA of the cathode
catalyst layer as a function of the Pt:C ratio
and values discussed in the derivation of the model; the validation of a single-phase,
steady-state application of the model is shown in Figure 3.15. From this figure, it
was observed that effects due to liquid water began to influence the model validation
after approximately 1000 [mA/cm2 ] but that the slope of the linear ohmic and nonlinear activation loss regions were relatively well captured with the baseline material
characterization inputs and physics of the model. Adding in the effect of liquid water
by moving the model to a full two-phase, steady-state implementation, as shown in
Figure 3.16, resulted in the model more accurately capturing the discrepancy that
emerged between the model and the experimental results around 1000 [mA/cm2 ].
However, there appeared to be a somewhat significant sensitivity in the model as the
simulation began to approach 2 [A/cm2 ] that was not observed in the experimental data; the 30% Pt:C Ratio experienced a more severe decline in voltage than the
60% case at an equivalent current density. This discrepancy between the model and
the experiment was found to arise due to an increased sensitivity to the total water
content within the catalyst layer in the 30% case as compared to that in the 60%
case; this phenomena appears to have arisen as the thickness of the 30 wt.% case was
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Figure 3.15: Single phase, steady-state model validation for Pt:C Ratios of 30 and 60
wt.%
extremely thick with a value of ∼32 – 33 microns as compared to ∼8 – 9 microns for
the 60 wt.% case which, coupled with the oxygen transport across the layer, resulted
in a higher total resistance in the 30 wt.% case. This observation provided further
feedback on the importance of future improvements to liquid water transport models
within the catalyst layer which are still difficulty to measure and present a significant
challenge numerically from a micro-structural model perspective. Despite the issues
at the extremely high current end of the polarization curve in Figure 3.16, the model
did a relative good job of capturing the majority of the polarization curve. As mentioned earlier, the 80 wt.% case represented a significant outlier and it was of interest
to determine if the model would be capable of predicting the outlier based on the
measured EPSA and layer thickness. Figure 3.17 shows the results of the model run
on the 80 wt.% case for the single phase, steady-state model and it can be observed
from the figure that given the significant reduction in thickness and EPSA in the 80
wt.% case that the impact of liquid water transport occurs much earlier than that
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Figure 3.16: Two phase, steady-state model validation for Pt:C Ratios of 30 and 60
wt.%
observed in the single-phase data for the 30 and 60 wt.% shown in Figure 3.15. The
validation data for the two-phase model for the 80 wt.% case is shown in Figure 3.18
and, unlike the issues with the thick catalyst layer of the 30 wt.% case, the model
appears to have accurately captured the effect of the liquid water transport relative
to the thinner layer.

Overall, the effect of the platinum to carbon ratio was well captured by the model
in that little overall sensitivity was observed over the bulk of the polarization curves
with little difference observed between the respective Pt:C wt.% ratios. Essentially,
one could interpret the model results as suggesting that there would be little to no
improvement in the cell performance obtained by adjusting or optimizing the platinum to carbon weight percent ratio.

Ionomer to Platinum-Carbon Ratio
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Figure 3.17: Single phase, steady-state model validation for Pt:C Ratio of 80 wt.%
80% Pt:C
1
0.9

80% Pt:C (Run#1)
80% Pt:C (Run#2)
2-phase Model, Pt:C 80%

Cell Voltage [V]

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

0

500

1000

1500

2000

2500

Current Density [mA/cm^2]

Figure 3.18: Two phase, steady-state model validation for Pt:C Ratio of 80 wt.%
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Optimization of the ionomer content has been a topic of interest for various groups
over the last decade and a half with experimental work dating back to 2003 [135]
and earlier while numerical studies have been completed as recently as 2014 [136].
One of the objectives of this model was to provide the capability to investigate the
composition of the catalyst layers in a manner that would enable the ability to complete trade-off studies on a catalyst-composition basis as well as on an operational
conditions one.

Experimentally a range of ionomer compositions from 12 to 50 wt.% were fabricated
and benchmarked such that the only variable that was adjusted was the Ion:(Pt:C)
Ratio. The complete collection of the polarization curve data is shown in Figure
3.19. Similarly to the Pt:C ratio study, the MEAs in the ionomer content study

Figure 3.19: Experimental BOL performance for Ionomer:(Pt:C) ratios from 12 - 50
wt.% under baseline operating conditions
were characterized using various in-situ and ex-situ methods with the EPSA and
layer thickness as functions of ionomer content shown in Figure 3.20 and 3.21, respectively. From Figure 3.20, there appeared to be a parabolic relationship between
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Figure 3.20: Experimentally measured EPSA for the cathode catalyst as a function
of the Ionomer:(Pt:C) ratio

Figure 3.21: Experimentally measured cathode catalyst layer thickness as a function
of the Ionomer:(Pt:C) ratio
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the EPSA and the ionomer content with the shape of the curve largely driven by
the 50 wt.% case which was more or less an outlier to the overall trend. Further,
there was a trend in higher EPSAs being observed as the ionomer content of the
layer was decreased indicating perhaps some interaction between the CO stripping
methods, water content, and access of CO to the catalyst surface. From Figure 3.21,
the 12 wt.% and 50 wt.% cases were identified to have fabrication issues as the 12
wt.% samples did not adhere uniformly to the membrane surface and the 50 wt.%
case was significantly dense and compacted. Based on the ex-situ analysis of these
two sets of samples the 12 wt. % essentially resembled a dispersed carbon layer with
poorly dispersed binder (hence the adhesion issues) and the 50 wt.% case resembled a
carbon layer dispersed in a dense ionomer film (not a porous medium-like structure).
A parabolic relationship was observed in the thickness and the experimental data for
catalyst layer ionic conductivity —shown in Figure 3.22 —identified an abnormally
low conductivity for the 12 wt.% case (with one sample unable to even meet criteria
to test) and significant variation and a lack of repeatability for the 50 wt.% case.
This data was sufficient to identify and conclude that there were fabrication issues
with the extremely high and extremely low ionomer contents and, based on this information, the model validation was constrained to the 23, 30, and 38 wt.% cases.
The validation runs using the two phase model for the 23, 30, and 38 wt.% ionomer
contents are shown in figures 3.23 to 3.25. These figures show that the two-phase
model was accurately able to capture the effect of the changing ionomer content and
further, from Figure 3.19, that the model was also able to capture the effect of the
ionomer content which was markedly distinguishable beyond 1 [A/cm2 ] (with the differences between the ionomer contents increasing with increasing current). Further,
the combination of the composition-based agglomerate model, coupled film thickness,
and liquid water transport model demonstrated the capability to capture the more
significant mass transport effect observed in the 38 wt.% ionomer ratio case.

The

rough window for an optimized ionomer content in the cathode catalyst layer can be
gleaned by eye from Figure 3.19 and would appear to be in the range of between 23 -
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Figure 3.22: Experimentally measured cathode catalyst layer ionic conductivity as a
function of the Ionomer:(Pt:C) ratio
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Figure 3.23: Two-phase steady-state model validation for an Ionomer:(Pt:C) ratio of
23%
30 wt.% . In order to provide further clarity to the optimization window an ionomer
optimization study was performed using the model with correlated relationships for
the catalyst layer thickness vs. ionomer content and EPSA vs. ionomer content as
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Figure 3.24: Two-phase steady-state model validation for an Ionomer:(Pt:C) ratio of
30%
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Figure 3.25: Two-phase steady-state model validation for an Ionomer:(Pt:C) ratio of
38%
inputs representative of the fabrication process. From the study, the optimal ionomer
ratio was identified to fall into a range between 30 - 32% for current densities less
than 800 [mA/cm2 ] and approximately 26 - 28% for current densities greater than
800 [mA/cm2 ] as shown in Figure 3.26. The rational behind the split optimization
above and below 800 [mA/cm2 ] is a balance related to the proton conductivity and
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oxygen transport as at low current densities maximizing the proton transport does
not significantly hamper the oxygen transport in the recommended ionomer ranges
while for the higher currents the oxygen transport begins to dominate, in part due to
the impacting effect of accumulating liquid water, requiring a lower ionomer content
and thus thinner films around the agglomerate and less diffusive resistance within the
layer.
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Figure 3.26: Two-phase steady-state model results for an Ionomer:(Pt:C) ratio optimization study
It was further observed experimentally that the ionomer content within the cathode catalyst layer played a significant role in the overall performance of the cell under
lower RH operation. The effect of the inlet relative humidity for the 30 and 38 wt.%
ionomer contents is shown in Figure 3.27. From the experimental data, it is clear that
the effect of a 60% inlet RH was nearly equivalent in both the lower ionomer content
and higher ionomer content MEAs; although there was a slightly higher voltage for
the higher ionomer content at lower RH, the differences were largely within experimental error. For the case of a 100% inlet RH, the 38 wt.% ionomer content showed a
consistently lower performance over the range of the polarization curve for the reasons
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eluded to previously. Overlaying the model simulations for the high RH and low RH
cases on the 30 wt.% (Figure 3.28) and 38 wt.% MEAs (Figure 3.29) showed that
the model was capable of capturing the effects of a broad shift in relative humidity –
it is interesting to note that a predominance of the additional voltage losses between
the 60% and 100% RH cases for both the 30 wt.% and 38 wt.% were attributable to
increased ohmic losses due to proton transport with the largest fraction due to the
membrane itself.
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Figure 3.27: Experimentally measured performance for Ionomer:(Pt:C) ratios of 30
wt.% and 38 wt.% under inlet relative humidities of 60% and 100%

Platinum Loading & Oxygen Partial Pressure
Given the on-going goal of reducing the cost of the PEM fuel cell unit cell and stack,
a significant focus has been placed over the last several years on reducing the catalyst
loading in both the anode [40,41] and cathode [28,29,112] catalyst layers. There have
also been observations of increasing performance sensitivity to both oxygen partial
pressure [7] (as well as liquid water) as the platinum loadings in the cathode catalyst
layer have been reduced [57].
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Figure 3.28: Comparison of the predicted and experimentally measured performance
for an Ionomer:(Pt:C) ratio of 30 wt.% at RH=60% and RH=100%
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Figure 3.29: Comparison of the predicted and experimentally measured performance
for an Ionomer:(Pt:C) ratio of 38 wt.% at RH=60% and RH=100%
Based on these observations and the development goal of this model in demonstrating
the capability to capture key phenomena related to MEA design; the effect of reduced
platinum loadings and oxygen partial pressures coupled with a two-phase liquid water
implementation was of significant interest. Typically, state-of-the-art cathode elec-
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trodes will have a maximum platinum loading in the range of 0.4 [mg/cm2 ] with rare
exceptions where the loadings can be in excess of 0.5 [mg/cm2 ]. Operationally, given
the sluggishness of the ORR kinetics, the drive to loadings below 0.3 [mg/cm2 ] is
not practical; though, in the interests of ensuring that the model developed in this
work is applicable across as broad a range as possible, platinum loadings as low as
0.05 [mg/cm2 ] have been considered. Figure 3.30 shows the experimentally measured
performance data for each of the cathode catalyst platinum loadings tested as part
of this work; in the case of the second lowest loaded layer (0.1 [mg/cm2 ]), the data
was neglected as there were issues with the coating process which were detectable at
a visual level. As per the composition coupling process laid out in section 2.2.3.8, the

Figure 3.30: Experimental polarization curves for various platinum loadings using the
baseline MEA composition
cathode catalyst layer thickness was a key variable needed as input to the model. The
cathode catalyst layer thickness, as discussed previously, is a function of the manufacturing process, the catalyst composition, and the substrate on which it is deposited.
Given the ease with which experimental fabrication of a catalyst can be carried out,
many layers were made and analyzed using cross-sectional imaging techniques in a
scanning electron microscope (SEM) in order to determine the average thickness of
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the layer; Figure 3.31 shows the result of these measurements as a function of the
applied loading (it should be noted that for each catalyst layer loading the other variables of the composition were held consistent with the baseline MEA defined earlier).
As was expected, the effective platinum surface area (EPSA) changed as a function

Figure 3.31: Measured catalyst layer thickness as a function of the electrode platinum
loading using the baseline MEA composition
of the catalyst loading and, in a case where the utilization of the available platinum
surface had been constant amongst all the fabricated layers, the relationship between
the EPSA and the platinum loading would have been linear. However, as shown in
Figure 3.32, the slope of the relationship has curvature associated with it. Given that
the platinum:carbon ratio was the same (within statistical limitations) for each of the
fabricated layers, it is reasonable to expect that the average platinum particle size
would also have been relatively consistent (note that this was measured and confirmed
but the data is not presented here) for each catalyst layer and, as such, the departure
from the idealized linear relationship between platinum loading and the EPSA is reflective of the variations in the layer structure and resulting platinum utilization that
occurred during the manufacturing process. This changing utilization was captured
in a separate relationship and used as a model input which reflected the fixed man-

155
ufacturing process used for the MEA produced as part of this work. The validation

Figure 3.32: Measured EPSA as a function of the electrode platinum loading using
the baseline MEA composition and standard operating conditions
of the model was done across the loadings shown in Figure 3.30 and three specific
platinum loading data sets were selected for discussion here. These selected loadings
represent the state-of-the-art loading today, an approximate 50% reduction in that
state-of-the-art loading, and a very low loaded lower limit in order to understand the
role of various transport phenomena in an extreme case. The state-of-the-art loading
had a value of approximately 0.4 [mg/cm2 ] platinum loading in the cathode catalyst layer and a comparison of the model predictions to the experimental results is
shown in Figure 3.33. From the plot, it can be observed that the model captured the
performance well for the standard partial pressure of oxygen at 21%. The variation
of the performance in Figure 3.33 between the different oxygen partial pressures is
clearly not linear. Considering the performance of the cell at 1.5 [A/cm2 ], it is clear
that the gain in performance between the case of pure oxygen and that of air is less
than the voltage drop between the case of air and a 50% reduction in the available
oxygen. This observation is particularly interesting when consideration is given to
the fact that the reaction order with respect to oxygen for the kinetics was set to 1.
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Figure 3.33: Model Validation for a platinum loading of 0.408 [mg/cm2 ] and three
different oxygen partial pressures
In general, what is being observed is the phenomena related to the “reaction zone”
location and its effect on the observed losses within the catalyst layer; in cases of high
oxygen content, the location of the “reaction zone” is weighted towards the membrane
as proton transport dominates with shifts away from the membrane interface due to
the formation of the liquid water phase and some slight drop in the local oxygen
content. For the lowest oxygen content, the “reaction zone” is heavily dominated by
oxygen transport and further compounded by liquid water formed within the structure which effectively overcomes the proton transport within the layer as the limiting
effect; however, as the “reaction zone” is further pulled towards the cCL/cPTL interface the overall magnitude of the proton related losses increases though the overall
process still remains dominated by the low oxygen content.

The same observation

can be made using the results shown in figures 3.34 and 3.35 with an additional observation that the effect was exacerbated as the platinum loading within the layer
was further reduced. However; as the layer became extremely thin, as is the case for
the 0.05 [mg/cm2 ] results shown in Figure 3.35, the ability for the layer to deal with
the water production (across a point of comparable current density) was dramatically
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Figure 3.34: Model Validation for a platinum loading of 0.190 [mg/cm2 ] and three
different oxygen partial pressures

Figure 3.35: Model Validation for a platinum loading of 0.05 [mg/cm2 ] and three
different oxygen partial pressures
reduced. This phenomena was observed and reported on as a water storage effect by
Zenyuk et al. [57] and this has also been observed here. This water storage effect
essentially results in a scenario where the overall water content in the catalyst layer is
substantially higher as compared to that of a higher loaded electrode; the increased
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water content reduces the effective diffusivity of oxygen within the layer more severely
than the gains the low loaded structure receives due to reduced transport resistance
for electrons, protons, and oxygen due to the layer thickness reduction. This effect
can be observed from the plots of the water saturation profiles for the 0.408 [mg/cm2 ]
and 0.05 [mg/cm2 ] cases which are shown in figures 3.36 and 3.37, respectively.

Figure 3.36: Water saturation in the cathode compartment for a platinum loading of
0.408 [mg/cm2 ]
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Figure 3.37: Water saturation in the cathode compartment for a platinum loading of
0.05 [mg/cm2 ]

3.3

Transient Model

The validation and application of the developed model on a transient basis was based
on the desire to build the capability of the model to the point where various diagnostic techniques such as cyclic voltammograms, current interrupts, and/or non-linear
current or voltammetric sweeps could be implemented in order to provide further validation data as well as expanding the applicability of the model into the area of predictive voltage loss breakdown analysis, accelerated stress testing, startup-shutdown,
contamination and poisoning, and freeze-thaw cycling.

To that end, the model was validated using a non-linear electrochemical diagnostic
sweep method in which a non-linear sweeping method was applied either in current
or voltage and the associated response was measured. As part of this methodology,
MEAs were conditioned and then run at either a fixed voltage or current density
until reaching a steady-state; this process essentially fixed a water content within the
porous media of the electrode assembly. Upon reaching steady-state behaviour, the
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unit cell was then rapidly run through a non-linear time dependent current profile
and the associated performance measured; the resulting performance curve was then
used in combination with other diagnostic techniques in order to complete an analysis of the limiting characteristics of the fuel cell performance behaviour. A typical
sweep profile is shown in Figure 3.38 and it can be observed that the current density
was stepped in graduations that became progressively larger as the time interval progressed with a very rapid progression in the current having occurred towards the last
few seconds of the profile.

Figure 3.38: Non-linear sweep voltammetry profile used for transient analysis of unit
cell performance

In order to simulate the physical process used in the actual experiment, the model
was run under galvanostatic operation until it reached steady-state operation with the
resulting solution set used to determine the initial conditions for the actual non-linear
current sweep. Once the initial conditions had been applied, the model was swept
through the current vs. time profile shown in Figure 3.38 and the voltage was logged
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at each time step. The raw unprocessed sweep profile had a form as shown in Figure
3.39 in which it can been observed that the model first returned from the high current
conditioning point and then progressively moved towards an OCV point. From the
OCV point, the sweep of the non-linear profile was initiated and the model output began to resemble a polarization curve. The performance data was then extracted from

Figure 3.39: Predicted voltage response for the non-linear sweep voltammetry profile
Figure 3.39 by starting at the peak voltage and then plotting the voltage produced
from each successive time step such that a transient polarization curve was produced.
A comparison of the experimental results for the non-linear current sweep methodology and the respective model prediction is shown in Figure 3.40. The membrane
electrode assembly used in the experimental data set was the same as that used in the
earlier baseline results and it can be observed that the model results fell within the
95% confidence intervals with some slight discrepancy from the mean values for the
experimental data which could be due to the fact that the model result was generated
based on a single polarization rather than a full statistical sampling.

Underlying the experimental process was the assumption that the water content in
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Figure 3.40: Comparison between the experimentally generated transient polarization
data and the model predictions
such a sweep profile must effectively remain constant and, based on the model results
shown in Figure 3.41 in which the change in water content is shown at the beginning of the non-linear voltammetry and selected intervals up to the end of the sweep
profile, it can be observed that this assumption was not entirely accurate. However,
although the MEA did not dry out completely, there was approximately a 30% drop
in the total liquid water content at the peak point in the profile over the course of
the transient sweep.

The total change in the water content was a function of the speed of the sweep process
and in this case the sweep was slow enough that there was a moderate amount of water loss. Further, the total water production over the course of the sweep was actually
very small consistent with the total amount of charge passed and, as such, the loss
of water was a strong function of the drying rate —which in this development was
artificially high as the model was meant to mimic a high flow rate and quasi-1D unit
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Figure 3.41: The change in the local liquid saturation within the cathode compartment at t=0, 3, 6, & 8.1 [s] during the non-linear current sweep
cell architecture. Towards the end of the transient current sweep, the water content
at t=8.2 [s] was observed to have started to increase again within the catalyst layer
region and, ultimately, if the current was held at this point for additional time, the
water content would eventually rise to a value in the vicinity of that observed initially
around t=0 [s].
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Chapter 4
Summary

4.1

Conclusions

The focus of this work was on development and validation of a transient, multi-scale,
and mechanistic performance model of a PEMFC. As part of the multi-scale coupling,
two micro-structural models were developed; the first, for the Porous Transport Layers
(PTL) and, the second, for the catalyst layers. Each of the micro-structural models
were used to generate key effective property relationships which were then coupled to
the unit cell performance model in combination with various sets of ex-situ and in-situ
characterization data (such as layer thickness, platinum loadings, particles sizes etc.).
The coupling of the unit cell model to the micro-structural models and experimental
characterization data sets allowed for it to be run in a manner in which the data sets
could be randomly sampled thus generating statistically-based performance predictions. Using this methodology and the resulting performance model, the following
key conclusions were reached:
1. The presented methodology for validation of unit cell models using statistical
data sets has been shown to address performance variations on a test-to-test
and MEA-to-MEA basis whereas existing methods cannot
2. A coupling methodology for compositional linkages in the catalyst layers and
micro-structural simulations to a unit cell level transport and performance
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model has demonstrated design trade-off capability for the catalyst layer
(a) An optimal ionomer content in the cathode catalyst layer of a state-of-theart MEA is approximately 30 - 32 wt.%
3. A multi-scale model incorporating micro-structural simulations and a transient,
2-phase performance model has been developed and validated
(a) The model can be used to design commercial MEAs and determine/set
required manufacturing tolerances within the design process
(b) The model can capture the emergence of low performing unit cells arising
from material and property variation in manufacturing processes coupled
with variations that occur in operational conditions
4. Performance analysis using the model has shown that the observed drop-off
in the performance of low loaded MEAs and additionally under low oxygen
concentration can be due to liquid water accumulation in thinner catalyst layers
5. The transient model has identified that diagnostic methods typically employed
within industry cause water content changes within the MEA which impact the
experimental results
Overall, the model has demonstrated the ability to be employed as a design and
manufacturing tool within the process of PEMFC development with the capability to
complete key trade-off and analysis studies.

4.2

Contributions

The work presented herein has made various contributions in advancing the current
state-of-the-art in the modelling and understanding of PEMFC performance. These
contributions have been made through both the development of the model and its
application and include:
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1. Dissemination of an open-source, validated, multi-scale, two-phase, transient
MEA performance model
2. Development of the first performance model with the capability to drive the
specifications and tolerances for commercial manufacturing
3. Determination of a plausible explanation for the performance of low loaded
catalyst layers and their increased sensitivity to low oxygen concentrations
4. Creation of a new comprehensive multi-scale modelling methodology that allows
for design trade-off and manufacturing specification analysis
5. Demonstration of an improved approach for model validation of forward predictive models which accounts for test-to-test and MEA-to-MEA variations
6. Development of a transient model that has the capability to be a predictive
numerical tool for standard fuel cell diagnostics
7. Improvement in the understanding of current fuel cell diagnostic techniques and
their underlying assumptions related to transport and performance coupling
A key aspect in ensuring that these contributions have an impact in the area of fuel
cell design and simulation is the release of the model developed in this work under an
open-source license. This release provides the opportunity for the model source code
to be used as a template as it is readily extensible to 3-D and can provide a base from
which future models and/or improvements can be implemented. The open-source
approach ensures that future developments can begin from a current state-of-the-art
baseline rather than continually from scratch.

Further, the new methodology with respect to model validation is a very important
one in the area of fuel cell modelling as existing methods have to-date been one-off
comparisons with experimental data. The previous one-off process has resulted in
models that lose applicability once applied to additional test data and the normal
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variations that are seen in experimental testing. This model, however, presents a
first of its kind in that the random variation of the MEA parameters generated from
both micro-structural component models and ex-situ characterization were used to
simulate a distribution of “possible” MEA scenarios thus mimicking real experiments.
This approach naturally leads to important discussions on the statistical relevance of
some of the observed voltage differences between experimental data sets as well as
the need for more precise characterization data which is used as input for numerical
models.

4.3

Recommendations and Future Work

The overall goal of this work was to develop a comprehensive, open-source framework
comprised of a transient, two-phase, non-isothermal, non-isobaric model that included
a statistically-based approach for parameter inputs and validation, an agglomerate description for the catalyst layer substructure on both the anode and cathode electrodes
with full composition linkages to the catalyst layer fabrication process, a description
for dissolved water transport within the ionomeric phase, and a broad basis of validation across a variety of different data sets.

From the development set out in this work, there are various valuable and relevant additions which could (and should) be made to this open-source model framework —these include extension of the ORR kinetics to a multi-step approach as this
would provide significant refinement over the existing implementation of a high-level
Butler-Volmer description, inclusion of primary cathode degradation processes such
as platinum dissolution and carbon corrosion as this would allow the model to be
applied in the study of accelerated stress test protocols and duty cycles, the move to
consider degradation would further push the refinement of the kinetic models as the
accelerated stress test protocols and duty cycles would encompass operation above
OCV, and, lastly, the inclusion of hydrogen and oxygen cross-over in the dissolved

168
water phase within the membrane as this process has been directly shown to result
in the formation of Platinum in the Membrane (PITM) which has linked to various
degradation and performance processes within the unit cell.

Outside of improvements in the physics of the model, refinements in the open-source
implementation and numerical methods could developed and applied to provide for
further speed improvements which may allow extension of the model to extremely
large scale simulations (perhaps to the level of full unit cell hardware on a commercial level or alternative approaches in simulating full fuel cell stacks).

Overall, it is the hope that this development and open-source model will be a nucleation point in the fuel cell community for the discussion of methods, physics, and the
interpretation of data based on a fundamental, first-principles approach.
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Appendices

A

Chronological Literature Review

The following is a chronological review of fuel cell literature from 2000 - 2017. The
review encompasses work relevant to the model developed herein with a particular
emphasis placed on steady-state and transient, single- and two-phase, discrete and
agglomerate, and ‘one-off’ and statistically-based unit cell performance models. The
review is not intended to be a complete review of all fuel cell modelling literature in
that time period but rather a focused review in the areas relevant to this work.

2001 – 2004
A two-dimensional, transient, and isobaric cross-channel model of the PEMFC cathode was developed by Natarajan and Nguyen [46] that included multi-component diffusion via a Stefan-Maxwell formulation and liquid water transport via a saturationdriven methodology. Given that the model was a cathode-only implementation, the
authors neglected the transport of dissolved water within the membrane and the implicit coupling and role of the anode transport and electrochemistry on the cell performance. In regards to the latter, the authors implemented an overpotential correction
of the predicted cell performance based on experimentally measured anode half-cell
potentials. The liquid water transport model included a source term implementation
for the evaporation and condensation of water via a switching term where the driving force for either of the two mechanics was based on deviation from the saturation
pressure. Overall, liquid water transport within their model was described using a
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saturation-driven approach with a linear correction of the permeability based on local
saturation which the authors noted deviated from the conventional approach of using
a cubic relationship as published by others. Natarajan and Nguyen also implemented
a form of the capillary pressure vs. saturation relationship that they derived by fitting the model to fuel cell performance data and it was shown that the fitted form
deviated significantly from that of a typically J-Leverett function; this type of fitting
approach is one in which significant concern can arise as it results in a high number of
overall model fitting parameters and reduces the significance of the model results in
regards to both predictive capability and accuracy in understanding the underlying
physics. Further, Natarajan and Nguyen opted to describe the ORR kinetics on the
cathode using a Tafel-based approach in which the overall model was fit to a cathode
overpotential curve; the use of a Tafel equation on the cathode results in a scenario in
which care must be taken when studying phenomena within the low current density
range of a fuel cell polarization curve —as well it can also limit the applicability of
a model in scenarios where the effects of durability or potential cycling around the
OCV are of interest. The authors applied the model to study the local distribution
of current within the 2-D cross-channel domain; they studied the current density as a
function of variables such as the diffusion media (Porous Transport Layer) thickness
and the overall number of channels in the gas distributor. Additionally, the transient
features of the model were employed to investigate the time response of the current
density at a fixed voltage and its implications on saturation within the diffusion media.

Mazumder and Cole published the development of a fully three-dimensional, steadystate, 2-phase performance model which was split across two back-to-back publications. The first publication focused on the development of the model without liquid
water [37] and, the second, focused on the extension of the base model to include the
2-phase behaviour [38]; given that the relevance of the publications are in their combination they will be reviewed in that manner. The liquid water implementation in the
model was similar to that of Natarajan and Nguyen in that a saturation-driven ap-
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proach was used; though Mazumder and Cole referred to the liquid water model as a
“multi-phase mixing model”. The liquid water transport was essentially implemented
in manner that resulted in the movement of liquid water being driven by differences
in capillary pressure with the numerical form then recast such that the driving force
took on a saturation-driven form. Given that the model developed by Mazumder
and Cole was implemented in a conventional CFD software, they were interested in
exploring the convective motion of liquid water due to movement of the gas phase in
the channels; to this end, the authors attempted to implement a slip term between
the phases but found that this approach resulted in numerical destabilization of the
system of equations and instead they opted to use a fitted polynomial to describe the
interactions. The use of the capillary-driven form in describing the liquid water transport process required the use of a capillary pressure vs. saturation relationship and
the authors adopted the hydrophilic form of the Leverett J-function; further, the authors included source and sink terms for phase change between the liquid and vapour
phases based on deviations from the saturation pressure. The rate constants for the
evaporation and condensation processes were set equal with values of 100 [1/(atm s)]
and 100 [1/s], respectively, while the dry permeability for the porous media was set as
O(-12) [m2 ]. Mazumder and Cole discussed the relative differences of the saturation
correction for the liquid permeability but did not explicitly call out which approach
they formally adopted; instead, they noted their choice to implement a limit on the
overall liquid transport coefficient typically denoted as the “liquid water diffusivity”.
The production of water due to the ORR process on the cathode was assumed to
occur within the liquid phase and the process of electro-osmotic drag was directly
implemented in the liquid water transport equation rather than through a separate
dissolved water transport approach. In regards to the other included phenomena,
the model was a non-isothermal implementation and included heat generation due
to joule heating, irreversibility in the electrochemical process, and phase change; the
entropy changes due to the conversion between reactants and products was also included albeit not as a separate term but directly in the definition for the heat flux.
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The electrochemical processes occurring on the anode and cathode, specifically the
HOR and ORR processes, were both described using Butler-Volmer type formulations
and the current production from the electrochemical reactions was appropriately coupled to the heat, mass, and species transport equations of the model. The authors
validated the model using experimental data reported by others and it was noted
from a review of their validation data that the model substantively departed from
the experimental data set at approximately 0.6 [A/cm2 ]. Mazumder and Cole did
not include any effects related to the effect of dissolved gases within the water or
ionomeric phases as part of the transport of reactants to or within the electrodes;
further, despite the model being non-isothermal, the authors artificially set the thermal conductivities of the materials to be high in order to essentially make the model
isothermal. The authors noted two key observations related to water transport; the
first was that the dimensionality of the model required three dimensional resolution
in order to observe the clogging effects within the porous media and channels and
the second was that the electro-osmotic drag was not influential as it had a negligible
impact on the polarization curve results while the catalyst layer porosity was much
more influential.

Weber and Newman published a multi-part series of works on the development of
a membrane model and its demonstrated use in a pseudo-2D (1+1D) steady-state
and isothermal cell model [39]. In this development, the authors implemented a detailed membrane water transport model within a simplified unit cell framework; it
should be noted that the developed membrane transport model is one of two dominating approaches commonly used in describing membrane transport typically found in
most recent model developments. The framework of the numerical model treated the
catalyst layers as infinitely thin and as such none of the detailed transport processes
occurring within the catalyst layers themselves were included. Further, the model did
not include a description of the kinetic processes and, instead, a uniform current distribution was applied across the model domain and a polarization was not predicted
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as part of the generated results. The overall species transport was described using
a Stefan-Maxwell approach with a lumped method used for the oxygen and nitrogen
species. Liquid water transport was not included and the effective diffusivity for the
gas phase transport was determined by correcting the pure gas phase diffusivity by the
ratio of porosity and tortuosity. Further, in order to attempt to describe some of the
mass transfer resistances that would develop if the liquid water transport had been
included, the authors adopted an additional mass transfer term based on deviation
of the vapour pressure from the local saturation pressure. The authors introduced
a parameter to describe the net flux of water per proton through the membrane in
order to assess the behaviour of the improved model description and they found that
the new sub-model was capable of accurately capturing the water movement across
the cell as a function of current density.

2005
Sun et al. published a two-dimensional, steady-state, single phase, isothermal cathode half-cell model focused on the development of an agglomerate description for the
catalyst layer structure [16]. The focus of the work was on the development of an
improved agglomerate model description for the underlying structure of the cathode
catalysts and, to that end, the authors implemented a spherical agglomerate model
within a two-dimensional model framework that included a first order dependence
of the ORR on the partial pressure of oxygen, a Butler-Volmer type formulation to
describe the ORR process, and a catalyst composition linkage to the agglomerate
description. In regards to the latter and while the catalyst layer volume fractions
were linked to the catalyst composition, the ionomer content in the agglomerate was
not linked to the catalyst layer ionomer content in such a manner that the mass
of total ionomer was consistent or conserved; further one of the key parameters in
the agglomerate description, namely the ionomer film thickness surrounding the agglomerate particle, was left as a free parameter. The model described the transport
of gas-phase species using a Stefan-Maxwell approach with the effective diffusivities
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determined using a Bruggeman correlation. The model was constrained in that it
did not consider the anode electrochemical or transport processes, the role of liquid
water, the effect of temperature, nor the extension of the model physics into the time
domain. However, the model is a key work in the development of catalyst layer submodels and in establishing their importance in understanding cell polarizations —the
author clearly showed that the mass transport losses observed in an experimental
data set may be partially explained by the less well understood transport processes
that can occur within the sub-structure of the layer itself.

Zeigler et al. developed a one-dimensional, two-phase, transient, isothermal, and
isobaric model of a PEMFC unit cell [47]. The model included species mass transport, liquid water mass transport, and the transport of charge (protons and electrons).
Species transport was described using a Fickian approach with the effective diffusivity
determined using a quadratic dependence on the liquid saturation and the dry diffusivity determined as a function of an immobile saturation (the value of which was
artificially imposed on the model). The transport of liquid water was implemented
using a saturation-driven approach similar to that of Natarajan and Nguyen [46]
with Zeigler et al. implementing the liquid transport on both the anode and cathode sides of the unit cell. The capillary pressure was determined using the Leverett
J-Function with an immobile saturation of 0.11 imposed within the porous domains
in an attempt to capture water which could have become trapped and immobile due
to capillary effects; additionally, the relative gas and liquid permeabilities were determined as cubic functions of the local saturation. The liquid water model also
included a description for the phase change of water driven by the departure of the
local vapour pressure of water from the equilibrium saturation pressure. The proton
conductivity within the model was determined using a two-part relationship which
was a function of the volume fraction of water within the membrane and, overall,
the authors adopted a membrane water transport model similar to that reported by
Weber and Newman [39]. The model was applied to study hysteresis observed in
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linear sweep polarizations and, based on the use of the model, the authors explained
the behaviour in context of the time constant related to water transport such that
the water content and associated polarization hysteresis were functions of the sweep
direction from high current (wet conditions) to low current (dry conditions) or viceversa. Model validation was shown for a data set corresponding to a 10 [mV/s] sweep
rate and, while the model was capable of capturing the phenomena qualitatively, it
predicted significantly different magnitudes and sizes for the hysteresis in comparison
to the experimental data leaving the conclusion of the model’s quantitative capability
unclear.

A transient, three-dimensional, non-isothermal, single phase model of a PEMFC unit
cell was reported on by Wang and Wang in [48] in which they focused on extending
the model published by Um et al. [49,50]. Implementation was done in a general, commercially available CFD software and the model included descriptions for continuity,
momentum, species transport, and proton transport. The focus of the authors was
heavily on the treatment of dissolved water within the domain and they implemented
a governing transport equation that included both diffusion and electro-osmotic drag.
In order to describe the transient behaviour of the membrane model, a time response
parameter was introduced in which the hydration of the model was described by
equating the water storage and water production terms. The introduction of the
time response parameter reflects the generally observed importance of water in fuel
cell operation and further the work to understanding hydration from a transient perspective. The authors implemented a discrete description for the catalyst layers and
within the layers they applied a blended water transport equation which included
both dissolved water and vapour water transport; the authors assumed a thermodynamic equilibrium always existed between the phases. A simplified approach was
used in describing the electrochemical processes occurring on the anode and cathode
as a Tafel equation was used for both the HOR and ORR. Overall, the model did not
include any catalyst layer sub-structure, two-phase transport, temperature effects, or
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compositional linkages to the catalyst layer formulation and validation of the model
was not presented or discussed. The authors applied the model to study the dynamic
responses of the cell to operating conditions and the overall time to reach steadystate operation (which was about 25s at 0.6 V). Further, the authors investigated
the commonly observed phenomena related to overshoots and undershoots of current
which occur during step changes in voltage which they attributed to be the result of
hydration changes within the MEA and the associated time response for the process
to re-establish steady-state.

2007 – 2008

While significant treatment had been previously dedicated to understanding and
the development of numerical approaches to describing the cathode half-cell portion of the PEMFC unit cell, Karan reported on a similar effort in improving the
understanding of the anode-half cell in [40]. In this work, Karan developed a onedimensional, steady-state, isothermal anode half cell model, similar to that reported
by Sun et al. [16] for the cathode half-cell. Karan implemented a multi-step HOR
using a Tafel-Heyrovsky-Volmer (THV) description within an agglomerate sub-model
for the catalyst layer. The model included only the anode PTL and catalyst layer
of the PEMFC and applied a description for gas phase transport using a StefanMaxwell approach with the effective diffusivities of the porous media determined via
a Bruggeman-type correction. The author linked the anode composition directly to
the agglomerate model but left the ionomer film thickness surrounding the agglomerate as a free parameter. The proton conductivity of the ionomer in the catalyst
layer was determined based on an assumed equilibrium between the vapour and dissolved water phases such that a commonly used RH vs. Ionomer Water Content
correlation could be applied. A Bruggeman-type correction was applied to describe
the distribution effects of the ionomer on the proton conductivity within the catalyst
layer. Karan applied the multi-step half-cell model to study the utilization of the
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anode catalyst layer and the potential for further reduction in the anode platinum
loading; the author concluded that conventional anode catalyst layers were transport
limited to the outer shell of the agglomerates and that, with improvements in the
layer structure targeted towards thin layers with small agglomerates, platinum loadings of approximately 0.0225 [mg/cm2 ] could be achieved.

Meng developed a transient, two-dimensional across the channel, non-isothermal, twophase model of a unit cell reported on in [51]. The model included descriptions for
mass (mixture-level), momentum, mass (species-level), liquid water, energy, charge,
and dissolved water conservation and transport. Meng implemented a saturationdriven approach for the transport of liquid water within the domain; evaporation and
condensation were included but with the rates for both were selected based achieving an instantaneous equilibrium between the phases. The transport of dissolved
water and vapour water was achieved through the use of a lumped approach which
was substantiated via the assumption of a thermodynamic equilibrium between the
phases; this may not be strictly applicable to many scenarios as it will be directly
related to the rate of adsorption and desorption across the membrane interface which
is generally a complicated process involving not just the conditions adjacent to the
membrane but also the structural aspects of the membrane itself which are themselves a function of the dissolved water content. The movement of the gas phase
within the porous media was described using a Fickian approach with the local effective diffusivities determined via a Bruggeman-type correction; the authors included
a further correction of the diffusivity based on the local value of liquid water saturation. The ORR and HOR processes were modelled using Tafel descriptions and the
water produced by the ORR was assumed to occur in the lumped vapour/dissolved
water phase. The properties of the catalyst layers were set to constants and were not
functions of composition as in the physical case nor was any catalyst sub-structure
imposed; overall, the porosity of the layers were relatively dense in comparison to the
current state-of-the-art materials with the value set at 12% for both the anode and
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cathode. The model was used to study the effect of step changes in voltage and it
was observed that, under isothermal conditions, the amount of liquid water present
in the porous layers was directly related to current density overshoots and undershoots. Meng further observed that the channel boundary condition, with respect to
the liquid saturation, played an important role with respect to the predicted results
of the model and, as such, had the capability to significantly influence the outcomes
predicted by the model.

Shah et al., with this author, developed a transient, one-dimensional, non-isothermal,
two-phase model of a PEMFC using an agglomerate catalyst sub-structure description for the cathode catalyst layer in [34]. Species transport within the model was
described via a simplified Fickian-type approach with the effective diffusivities in the
gas phase determined using a Bruggeman-type correction and a cubic correction for
the local saturation. The species transport included both diffusion and convective
transport terms; the local gas velocity was determined using Darcy’s law which was
a function of the local relative gas permeability (which was a function of the local
liquid saturation). The model included an agglomerate-type description for the catalyst layer sub-structure but no linkage was made between the sub-structure and the
overall layer composition which resulted in potential scenarios where the agglomerate
characteristics were not representative of physical catalyst layer designs. Shah et al.
assumed that the transport of energy was dominated by conduction and determined
the heat capacities and thermal conductivities of the various porous layers using volume weighted averages of the individual material properties; heat sources and sinks
due to activation losses, irreversibility of the reaction pathways, entropy changes between the reactants and products, joule heating due to charge transport, and phase
change were included. The movement of liquid water within the domain was described
via a saturation-driven approach and a hydrophobic Leverett J-function was used to
determine the capillary pressure; the liquid permeability of the various layers was
determined using a cubic relationship with the local value of saturation. The phase
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change between the liquid and vapour phases of water was described using a departure of the vapour pressure from the local value of the saturation pressure and the
rate constants for evaporation and condensation were chosen such that there would
be no overshoot of the local vapour pressure into a super-saturated regime. Shah
et al. also introduced an adsorption/desorption interface behaviour for the dissolved
water equation in which water uptake and release from the membrane was based on
a departure of local conditions from a water content of the ionomer when in equilibrium with the vapour phase. Similar to Ziegler [47], Shah et al. adopted the use of
an immobile saturation in an effort to describe water that is trapped in the structure
after conditioning which cannot be removed via capillary pressure-driven transport.
The HOR and ORR electrochemical processes occurring on the anode and cathode
catalyst layers were described using Butler-Volmer descriptions and in the case of
the cathode the electrochemical parameters were treated as fitting parameters in the
calibration of the model to the experimental polarization data. Shah et al. focused
the application of the model on the study of linear sweep voltammetry and reached
a similar conclusion to that reported by Ziegler et al. [47].

A two-dimensional cross-the-channel model of the anode of a PEMFC was developed by Secanell et al. [41] based on the earlier work of Karan [40] on the same topic.
The model developed by Secanell et al. was a steady-state, isothermal, isobaric implementation which included an agglomerate implementation for the catalyst layer
substructure and described the anode HOR kinetics using a Tafel-Heyrovsky-Volmer
(THV) mechanism. The model included the transport of hydrogen, protons, and
electrons with an assumption that the gas stream was fully humidified as reflected in
the reported mass fractions used as boundary conditions. The authors implemented
a correlation between the catalyst layer effective catalytic surface area and the overall
catalyst to support ratio as well as a constant ionomer film thickness of approximately
5 [nm]; though the latter was not explicitly linked to the ionomer content within the
layer. The catalyst layer composition was, however, linked to the overall volume frac-
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tions applied within the transport equations thus allowing for the study of the effects
of composition on the anode performance. Percolation theory was used to describe
the transport properties for both electrons and protons within the catalyst layers
while the PTL was treated as anisotropic. The concentration of hydrogen dissolved
within the ionomer in the catalyst layer was determined using a Henry’s law approach
and the author noted that the value of the Henry’s constant for hydrogen was found
to vary by up to an order of magnitude within other works. The developed model
was applied to study the most effective anode layer composition using optimization
methods that were coupled to the numerical code. The authors concluded that most
of the anode catalyst in conventional layers was not fully utilized and that changes
to the composition were appropriate in further lowering the catalyst loading.

2009
Jiao and Li developed a full three-dimensional, transient, non-isothermal, three phase
model of a single channel of a PEMFC unit cell [52]. The model included conservation
equations for mass on a mixture level, momentum, mass on a species level, liquid water, ice, dissolved water in the ionomer, frozen water in the ionomer, charge (protons
and electrons), and energy. Liquid water transport within the model was described
using a saturation-driven approach with a Leverett J-function for hydrophobic media
used to determine the capillary pressure vs. saturation relationship. Phase change
between the vapour and liquid states was driven by a departure of the local vapour
phase from the local saturation pressure; phase change between vapour and liquid,
liquid and ice, and vapour and ice was included through sources and sinks in the
respective transport equations. The liquid and gas relative permeabilities were determined using the work reported by Gostick et al. [108] with the exponential factors set
to a value of 4. The effective diffusivity for the gas species in the porous layers was
determined using a Bruggeman correction further corrected for the fraction of liquid
or ice present. The electrochemical processes on the anode and cathode electrodes
were each modelled using a Butler-Volmer expression with the partial pressure de-
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pendence of hydrogen on the anode and oxygen on the cathode set to be a half-order
and a first order dependence, respectively. The heat capacities and thermal conductivities of each of the layers within the cell were determined using a volume-weighted
mixture approach based on the specific material compositions. The dissolved water
transport within the membrane was modelled as a diffusion based process with adsorption and desorption into and out of the membrane described by the departure of
the ionomeric water content from an equilibrium value which was a function of the
local RH. The transient response of the model was validated across various cold-start
scenarios; though it was unclear as to whether the authors used the kinetic coefficients related to the exchange current, active area, and transfer coefficients as fitting
parameters. Ultimately, the authors applied the model to gain insights in the time
to failure for a PEMFC unit cell under sub-zero conditions.

A one-dimensional transient model was developed by Haddad et al. [53] which was
focused on studying the effects of the anode and cathode differential pressures on the
local water concentrations and the total water content for various membrane thicknesses as a function of current density. The model applied several modes of transport
including a Nernst-Planck formulation for water and proton transport within the
membrane phase, bulk motion of the dissolved water and protons via pressure differences described using Darcy’s Law, and conductive transport of protons and the
associated electro-osmotic drag described using Ohm’s law. Additionally, the authors
implemented an energy conservation equation in order further study the impact of
thermal effects on the three phases of the membrane; namely the bulk polymer, liquid
water, and vapour water. No validation data was presented or discussed in the context
of the model predictions and the authors primarily focused on conducting parametric
studies in order to elucidate the most important modes of transport under specific
operational conditions.

2012 – 2013
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Jung et al. developed a two-dimensional across-the-channel model for an MEA [42].
The model was steady-state, non-isothermal, two phase, and implemented a THV description for the anode HOR kinetics while using a Tafel description for the cathode
ORR kinetics. The authors implemented an agglomerate description and used a similar effectiveness factor for the spherical agglomerate as that used by Sun et al. [16].
The species transport within the model domain was described using a Fickian-based
approach in which the diffusion coefficients were corrected for local temperature and
pressure but not for changes in the local background mixture; as well, corrections
were made for the layer porosity based on a Bruggeman correction and the local water content via a relationship to the local saturation. The transport of dissolved water
within the membrane included movement due to concentration differences and due to
the movement of charge; with the latter included within the source term rather than
within the flux term. Heat generation within the model included generation due to
the heat of reaction, irreversibility, ohmic heating, and phase change. The authors
validated the model using a single set of polarization data and noted that there was
no difference in the polarization curve predicted by the model when run isothermally
or non-isothermally; generally this should be concerning as temperature effects are
observed on most experimental test setups and in numerous other simulation-based
studies —this type of result is usually one in which significant discussion of the model
input parameters would have been warranted. Despite the lack of effect on the overall
polarization curve, the authors went on to demonstrate that the use of thicker membranes resulted in higher internal temperatures within the MEA and contributed to
a shift of the maximum temperature within the MEA towards the cathode compartment.

Dadda et al. published an extension to the work of Haddad [53] in which the dimensionality of the original model was increased to two-dimensions [43]. The authors
did not explicitly describe whether the extension was in the along-the-channel or
across-the-channel cross-section; however, given that the variation in the boundary
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conditions was determined using a linear pressure drop along the surface of the membrane it could be assumed that it was the former. In this variation of the original
model, the authors set the thermal conductivity of the membrane to a value of 0.3
[W/(m K)] and, similar to the original model, the dissolved water conservation equation included transport modes for diffusion, electro-osmotic drag, and convection. The
authors validated the model by demonstrating that the model predictions matched
those reported by Eaton [137] when imposing one-dimensional boundary conditions.
The model was applied to study the time dependence phenomena within the membrane related to concentration and temperature.

2014
Xing et al. reported the development of a full three-dimensional, transient, nonisothermal model of a symmetric half channel of a PEMFC [54]. Liquid water transport was described using a saturation driven approach with a hydrophobic Leverett
J-function adopted for the determination of the capillary pressure as a function of the
local saturation; further, the liquid water transport was implemented exclusively on
the cathode side of the cell. The assigned permeability of the porous media (PTLs)
was much higher than other published works and many sets of characterization data
with the assigned value on the order of O(-3) [m2 ]; a similar value was assigned to
the permeability for the catalyst layer with the exception that its value was corrected
by a term related to the porosity ratios of the catalyst layer to the PTL raised to
the power of 1.5. The rationale for the latter correction was not discussed and was
not intuitively straightforward, nonetheless it would be unlikely for the permeability
of the catalyst layer to fall below O(-5) [m2 ] given reasonable ranges of porosities for
both components. The species transport within the domain was described using a
Stefan-Maxwell approach with the effective diffusivity in the PTLs determined using
a bulk diffusivity correlation (note that a Bruggeman correlation was likely used but
was not explicitly shown or reported) while the catalyst layers were determined using
a correlation which introduced an additional term for Knudsen diffusion; the authors
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also included an additional term in the species transport which is not commonly
used in the modelling of PEMFCs, namely the Soret or thermal diffusion coefficient.
The catalyst layer was modelled as a gas diffusion electrode in which the catalyst
was deposited on a surface of the PTL rather than directly on the surface of the
membrane as done with a conventional CCM; given this, the authors implemented
an approach to calculate the catalyst composition that differs slightly from others in
that it included aspects of the PTL materials which were used as the substrate. The
implemented agglomerate model includes both an ionomer film and a dynamically
formed liquid film where the thickness of the latter was determined based on the
assumption that ionomer is hydrophilic and can take up all the available water such
that the entire surface would have been covered with a water film. With respect to the
electrochemical processes occurring on the anode and cathode electrodes, the authors
implemented a Butler-Volmer description for both the HOR and ORR, respectively;
it is worthwhile to note that the agglomerate approach implemented by the authors
was done for the cathode catalyst layer only. The authors validated the model by
fitting the thermal conductivities along with specific kinetic parameters such that the
model predictions matched a set of published experimental results. The model was
then applied to study the differences between the single- and two-phase implementations. The authors observed that there was very little difference between the two
implementations; it is possible that the cause of this observation was rooted in the
selection of relatively high permeabilities which would have yielded very low levels of
overall liquid saturation within the porous media on the cathode.

A second work was published by Xing et al. [138] in which a two-dimensional, transient, cross-the-channel, isothermal, two-phase representation of a PEMFC unit cell
was developed. This model included similar aspects of the previous development by
the authors in [54]; specifically, the transport of dissolved water, gas species, and
liquid water as well as the implemented agglomerate approach and electrochemical
kinetics within the catalyst layers. The development of the model was focused on
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studying the effect of ionomer content within the cathode catalyst layer on the performance of the unit cell and, as such, the authors extended the previous model to
fully couple the layer composition to the agglomerate representation. The ionomer
film thickness was determined dynamically and reported by the authors to fall in the
range of 100 [nm] and higher; this value is quite high in comparison to other reported
literature [16,33] in which film thicknesses on the order of 30 [nm] were shown to have
dramatic effects on the predicted polarization curves. Validation of the model was
done using a pair of polarization curves with the variation between the data sets a
function of two different catalyst layer designs. The validation showed relatively good
agreement between the model and the experimental data but, as previously noted by
the author, the model results were obtained by fitting against the experimental data;
this methodology cannot be established to be a validation of the model but rather a
calibration process albeit with a high degree of built-in parameter uncertainty. The
authors reported that an optimal ionomer fraction of ∼10% resulted in the best performance for a catalyst layer with a 0.3 [mg/cm2 ] platinum loading; this value is
seemingly low compared with the experimental observation and model predictions for
recent state of the art results which are presented in this work.

2015
One of the first publications to mention the use of statistical methods in relation to the
modelling of PEM fuel cells was published by Giner-Sanz et al. in [35]. Giner-Sanz et
al. implemented a semi-empirical mechanistic model which was fitted to experimental results and used to extract parameters from the model parameters determined via
the fitting process. These extracted parameters were then analyzed using statistical
methods in order to investigate influence of specific parameters on the overall cell
performance. The underlying model, while it was semi-empirical, was built on the
premise of a voltage loss or voltage loss breakdown methodology. The kinetic terms in
the breakdown methodology included the reference exchange current density, transfer
coefficient, and number of electrons transferred. Further, the model included voltage
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drop effects due to concentration changes and hydrogen was treated as the species
from which the limiting current would arise. The diffusivities for the hydrogen and
oxygen species were based on the assumption of transport in the Knudsen and bulk
regimes, respectively. In order to approximate the effect of some of the catalyst layer
structure, the local concentrations of hydrogen and oxygen within the catalyst layer
were determined by correcting for the solubility via the use of Henry’s Law. While
this was one of the first reported statistical approaches in fuel cell modelling, it was
not a forward predictive approach in which the model was used to assess variability
of the components or operating conditions rather the model was fitted and used to
interpret potential internal variables and coefficients —this type of fitting process
tends to yield significant uncertainty regarding the physical meaning and relevance
of the extracted parameters.

A second publication by Kwon et al. [58] also indicated the use of statistical methods
in the application of a PEMFC model. In this case, the authors used a built-in model
which was part of the Comsol™ commercial software package and included equations
describing the conservation of mass, momentum, species, and charge. Unfortunately,
the work was very rudimentary and no significant work on the model development
was undertaken nor was the model validated in any manner. The results of the model
were represented in images of parameter variations across the active area and the application of the statistical methods was in the analysis of these images. No statistical
methods were applied to the determination of the input parameters, whether on a
component or operational condition basis.

Noguer et al. published a one dimensional, non-isothermal, two-phase model for
a PEMFC unit cell [55]. The model included species transport via a Stefan-Maxwell
based approach with the diffusion coefficients including a description for the Knudsen behaviour in the catalyst layers. Dissolved water transport in the membrane
included transport due to electro-osmotic drag and diffusion with uptake described
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via an adsorption/desorption process. The model did include relationships between
water vapour and the liquid saturation where the total gas pressure was used to
determine the vapour-liquid exchange. However, there was no dependency of the vaporization term with the existing saturation resulting in scenarios where vaporization
could occur even if the saturation had reached zero; further, the lack of a coupling
to saturation would have also allowed the local saturation to exceed a value of 1. In
order to determine performance estimates from the model a process using a voltage
loss breakdown methodology was applied in which the cell polarization was deconstructed into categories for the origin of the voltage losses (i.e. activation, Ohmic,
and mass transport), similar to that used by [35]. The model did not include agglomerate catalyst layer implementations nor were the catalyst layer kinetic processes
modelled in detail; the authors did not account for reaction distributions or other
phenomena that are typically the result of including a discrete catalyst modelling
approach as discussed in [33]. One key aspect of the model that was a distinction
as compared to other works was the use of statistical methods to describe the input parameters and materials properties. Noguer et al. investigated various forms
of statistical distributions for the input parameters and the resulting effect on the
predicted cell performance; the work of the authors represents one of the first works
in which a statistical input approach was adopted albeit with a largely over-simplified
modelling approach in comparison to other unit cell performance model developments.

Continuing the development of overall unit cell models, Bao and Bessler published a
two-dimensional along-the-channel model in [36]. The model was a transient, isothermal, single-phase representation of the unit cell via a two-dimensional cross section
taken along the length of the flow channel. The model included equations for conservation of mass, momentum, species, and dissolved water in the membrane (via the
use of chemical potential). As noted the model was single phase and the authors allowed the local vapour pressures to exceed the local saturation pressures resulting in
scenarios where the relative humidity could exceed 100%. The dissolved water trans-
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port model included driving forces due to concentration differences, electro-osmotic
drag, and hydraulic differences between the anode and cathode compartments. The
authors implemented a continuously differentiable form of the water content equation
reported by Springer et al. [70] and applied a swelling correction in determining the
local concentration of water within the dissolved phase in the ionomer. In regards
to the electrochemical kinetics of the HOR and ORR reactions, the model included
a Butler-Volmer form for the ORR on the cathode while the kinetics of the HOR on
the anode was neglected entirely. The authors claimed a validated model as a result
of a fitting process done using an experimental data set and the current density fixed
at 0.67 [V]. The primary fitting parameters were the kinetic coefficients in the ButlerVolmer form used for the ORR on the cathode, namely the exchange current density
and the symmetry factor; as well, an additional parameter for an arbitrary voltage
loss was included in fitting process in order to ensure a match between the model
and the experimental data – this parameter was ultimately a collection bin of sorts
for any remaining discrepancies between the model predictions and the experimental
data. The authors applied the calibrated model to study water transport between
the anode and cathode compartments as well as scenarios of counter-flow for dead
ended anode operation which would be typical of air-cooled fuel cell systems.

2016 – 2017
Noguer et al. published a follow-on work [56] to their original model development
in [55]. In this work, the authors developed a one-dimensional, transient, two-phase
model in MODELICA-DYMOLA software. The model employed an electrical analogy
approach in describing the transport of charge and mass such that the two processes
could be translated into an associated voltage drop across the respective layers of
interest with the overall performance model was based on a simplified voltage loss
model approach. Overall, this simplified voltage drop approach to performance modelling is a departure from the trend of the development of more mechanistic-based
models that have been focused on driving improvements in the understanding of the
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underlying physics and the respective coupling to the physical structure of the various components within the MEA. The authors used the simplified voltage drop-based
performance model to evaluate the statistical effects on various component properties
related to the porous transport layers, specifically paying attention to the effect on
the transient behaviour. The reduced complexity afforded by this method was likely
chosen by the authors in order to minimize the computational expense of having to
complete many simulation runs in order to achieve the statistical basis and sampling
requirements necessary to investigate the problem they chose to study.

Further work in understanding the role of the catalyst layer composition on the performance of PEMFCs was published by Afsahi et al. in [44]. The authors employed
a two-dimensional along-the-channel model which included equations for the conservation of mass, momentum, species, and charge. In regards to the treatment of
the electrochemical processes on the anode and cathode electrodes, the HOR process
was described using a Tafel equation while the ORR process employed the use of a
Butler-Volmer form for the rate expression; a further simplification of the anode HOR
process was made over and above the presented Tafel equation in that the exponential
dependence of the current on local overpotential was omitted and the author opted
instead to adopt a linear relationship. Overall, the published model was steady-state,
isothermal, and pseudo two-phase; the local water vapour in excess of the saturation
pressure was assumed to instantaneously condense but the resulting liquid-phase was
assumed to remain fixed with no movement or transport allowed. Additionally the
movement of dissolved water across the ionomer and membrane materials between
the anode and cathode compartments was also neglected for simplicity. A Fickian
approach was used for the movement of the gas species with the effective diffusivity based on a fixed background bulk diffusivity, the local saturation (imposed via
an artificial lowering of the porosity), and the local porosity. The porosity of the
catalyst layers was determined as a function of the porous transport layer porosity
which reflected the assumption that the catalyst layers were based on GDEs rather
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than CCMs. The authors calibrated the model using limited experimental data and
did not include voltages above 0.8 [V] which would have significantly affected the
values of the kinetic parameters in the fitting process. It should also be noted that
the experimental data used to calibrate the model was significantly lower than current state-of-the-art fuel cell polarization performance with the current density only
reaching a value of 0.35 [A/cm2 ] at a voltage of 0.67 [V]. The then-calibrated model
was employed by the authors to investigate the optimal ionomer content on a performance basis and from their results they estimated that the optimal range of ionomer
content was approximately 25% on a weight basis.

A unit cell model was also developed by Yin et al. [45] in which the authors constructed a numerical model based on a one-dimensional approach in the through
thickness direction of the MEA. Yin et al. included mass, species transport, dissolved water transport, and liquid water transport in a steady-state, isothermal,
and isobaric implementation. The goal of the model development was to compare
two different approaches to liquid water transport; the first was a capillary-driven
transport methodology with evaporation/condensation and the second was a pseudoequilibrium transport approach. In the first approach, the authors allow evaporation
and condensation to occur using numerical switching terms in which the driving force
is the associated departure of the vapour pressure from the local saturation pressure. In the second approach, a semi-analytical solution was used in order to define
a pseudo-equilibrium water content based on a relation between the local vapour
pressure of water and the associated saturation pressure. In the latter approach, the
mass conservation of water was implemented such that the flux was a combined term
including both vapour and liquid phases; in both approaches the water production
from the electrochemical reactions was assumed to occur in the liquid phase. The
results of the model showed that, in the case of the evaporation/condensation switching approach, the liquid saturation predicted in the porous media was very high (in
part due to the use of very low evaporation rates) and that the vapour phase near
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the membrane/PTL boundary reached super saturated values. The authors indicated that when the evaporation/condensation switching approach was implemented
with very high condensation rates the water content results approached those of the
pseudo-equilibrium model. For the pseudo-equilibrium model, Yin et al. investigated
the exponential factor and it was found that above a threshold value there was a
very narrow and small effect on the performance predictions while more significant
differences were observed with lower values. Water profiles predicted by the pseudoequilibrium approach were studied by the authors and they concluded that a value of
10 or lower in the exponent of the saturation relationship yielded unreasonably high
liquid values on the anode PTL despite the extremely low vapour pressures that were
used. Overall the authors concluded that, for specific data sets and input parameters,
the two methods would produce comparable results; though it should be noted that
many of the scenarios that were probed were generally non-physical circumstances
from the standpoint of fuel cell operation which somewhat detracts from the relevance of the published result.

Zenyuk et al. [57] developed a two-dimensional model based on a cross-the-channel domain and a transient, multi-phase, non-isothermal, non-isobaric approach. The model
implemented a Fickian-based approach for species transport using a mixture-based
determination of the bulk gas diffusivities as well as the typically used corrections for
porosity and local saturation in order to establish the effective diffusivity values. The
kinetic process for the HOR on the anode was described using a Butler-Volmer form
while the ORR occurring on the cathode was described using a “Double-Trap” multistep pathway model. The authors also implemented an agglomerate approach on the
cathode in order to capture some of the sub-structure effects due to the additional
transport resistances that occur on that level [16]. The agglomerate approach was,
however, not included on the anode nor did the agglomerate model used on the cathode incorporate any composition linkages to the layer properties which would have
been necessary to remove the additional free parameters introduced when including
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a typical agglomerate description [33]. The authors validated the model using specifically collected experimental data that closely represented two operational scenarios:
(1) adiabatic and (2) isothermal operation; the model showed good agreement with
the isothermal operation but poor agreement with the adiabatic case. The authors
focused on applying the model to scenarios related to operation of a nano-structured
thin film catalyst layer and the associated flooding effects that frequently are observed for those type of structures —model simulations showed that thin catalyst
layers suffer from a water storage limitation which can lead to flooding issues.

B

Catalyst Micro-Structural Model

Similar to the PTL model developed in [67], a catalyst micro-structural model was
developed as part of this work in order to provide a stochastic representation of the
catalyst layer. This model was the first of its kind in numerically representing the
catalyst layer micro-structure on a particle basis and was written as custom code
in C C++; the only other work at the time of development that similarly looked
to address transport at the micro-structural level was the work of Mukherjee et al.
in [139]. However, unlike the work in [139], the reconstruction methodology developed here fully resolved the particle structures for platinum, carbon, and ionomer in
a discrete sense.

The reconstruction methodology was developed in order to represent three separate
processes that occur in the formation of catalyst layers; the first is the formation
of the carbon sub-structure, the second is the deposition of platinum catalyst on
to the carbon supports, and the third is the deposition of ionomer onto the carbon
and platinum surfaces. The algorithms developed for the formation of the carbon
sub-structure were developed to mimic the agglomeration and aggregation behaviour
observed experimentally in the analysis of carbon powders. Figure B.1 shows the
type of structure generated using the agglomeration and aggregation algorithms. It
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Figure B.1: Carbon sub-structure formed using particle placement algorithms
can be observed in Figure B.1 that the carbon particles appear to cluster and aggregate which has observed in analysis of carbon powders; further, it is this cluster
which can be said to potentially form the basis of an ‘agglomerate’ argument from
the standpoint of macro-level performance modelling.

The algorithm for the generation or ‘seeding’ of platinum within the numerical reconstruction was developed in order to simulate the physical process of platinum
deposition in which the carbon surface is functionalized in order to provide an initial
anchor point for a platinum ion in solution. Once a platinum ion has attached itself
via a chemical or electrochemical deposition process it provides an nucleation point
upon which subsequent platinum ions can then be converted and deposit (note that
in the case of chemical deposition, the carbon-supported powder is usually then heat
treated to fully convert the deposited platinum phase into platinum metal). This
process was simulated using an set of initial random seeds placed on to the carbon
surfaces and a bias in the preference for platinum to nucleate on subsequent platinum
or onto the ‘seed’ locations on the carbon surfaces; a example of the type of structure
generated after the platinum deposition algorithm is shown in Figure B.2.

The deposition of ionomer into the sub-structure of a physical catalyst layer involves
the adsorption of ionomer particles or chains on to the surface of the carbon and
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Figure B.2: Carbon-supported platinum sub-structure formed using the ‘seed’ platinum particle placement algorithms
platinum particles that have already coalesced/aggregated. This process is happening in a wet phase for ink-based coating methods and the process of deposition of
ionomer onto the carbon and platinum is occurring simultaneously with the drying
of the layer as the solvents are evaporated. A numerical representation of this process was created through algorithms which select an ionomer particle from a specified
particle size distribution (noting that the selection of a particle from a known distribution was also applied for the carbon sub-structure algorithms while the platinum
‘seeding’ process could have a particle constraint imposed or simply allowed a random growth model) and then this ionomer particle was placed based on a sticking
probability criterion for its interaction with existing carbon, platinum, and ionomer
already within the micro-structure. Figure B.3 shows a representative single particle of carbon with deposited platinum and the result of the deposition of ionomer
on to this structure. It can be observed from the figure that the ionomer has some
preference for deposition on to each of the individual surfaces and that this process
tends to create layers and/or chains of ionomer within the structures.

Using these

algorithms, a reconstruction of a portion of a catalyst layer using a stochastic basis
is shown in Figure B.4 and from the figure it can be seen that there is some ‘clustering’ effect of the particles. Figure B.5 shows a small sub-section of the domain and,
from this, the structure tortuosity can clearly be observed. It is common in ex-situ
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Figure B.3:

Ionomer deposition onto formed Carbon-supported platinum sub-

structures using a sticking probability criterion to mimic adsorption during drying

Figure B.4: Representative sample of a catalyst layer structure using the reconstruction algorithms for Carbon, Platinum, and Ionomer deposition
analysis to use TEM imaging in order to visualize the catalyst layer. A numerical
representation of the TEM imaging process was used as part of a qualitative pore
size and particle distribution validation step. This process involved a series of TEM
images taken using real catalyst layers which were analyzed for pore size distribution
using a series of in-house developed image processing methods and the generation of
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Figure B.5: A sub-section of the representative sample of a catalyst layer structure
using the reconstruction algorithms for Carbon, Platinum, and Ionomer deposition
sample TEM images from the model reconstructions that were analyzed using the
same in-house processing methods. Figure B.6 shows a pair of representative images
from this process and from the figure it can be observed that the two images are very
similar such that it is difficult to discern as to which is the experimental data; this
is indicative of the closeness of the match determined from the processing algorithms
for pore size and particle distribution. One observation that was made from data

Figure B.6: Example of qualitative validation using TEM images with the model
reconstruction (a) and experimental TEM image (b) showing similar ranges of pore
sizes (circles in yellow and red)
similar to that shown in Figure B.6 was related to ‘orphaned’ platinum. In the course
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of the catalyst processing, it has been observed from TEM images of the final catalyst
structure that there can exist platinum particles that are completely detached from
the overall structure (electronically isolated/detached) and possibly contained within
ionomer strands. These particles have been theorized to occur due to the processing
methods used in the fabrication of the layer; however, it has been observed from the
reconstructions using this model that it is possible for platinum particles to appear
‘detached’ based on the slicing algorithms and that this may also potentially be true
in the preparation of the TEM samples experimentally.

Overall, the purpose of the reconstruction of the catalyst micro-structure was two
fold in that it was intended to enable the extraction of effective properties as well as
to simulate the performance of catalyst layers [78]. The properties extracted from
the generated micro-structures included the following:
1. Proton Transport
(a) Effective Proton Conductivity
(b) Proton Transport Tortuosity
2. Electron Transport
(a) Effective Electron Conductivity
(b) Electron Transport Tortuosity
3. Energy Transport
(a) Effective Thermal Conductivity
(b) Thermal Transport Tortuosity
4. Species Transport
(a) Effective Species Diffusivity
(b) Species Transport Tortuosity
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5. Electrochemical Kinetics
(a) Effective Electrochemical Surface Area
(b) Agglomerate Size
(c) Observable Ionomer Film Thickness
The effective properties were extracted by simulating the respective transport process across the catalyst reconstructions, similar to the one shown in Figure B.4, in
each of the principal directions as shown in Figure B.7. The data was then extracted
and processed in order to create effective property relations similar to that shown in
Figure 2.11 which were subsequently used as inputs to the macro-level performance
model.

Figure B.7: Example of effective property simulations for electron, proton, and species
transport across the catalyst micro-structural reconstructions

Validation of the effective properties was done using ex-situ and in-situ extracted
data, where possible, and an example of that validation is shown in Figure B.8 in
which the diffusivity of a set of catalyst layer samples were measured and compared
to the model predictions. Further comparison is made in Figure B.8 to the predicted
diffusivity for a state-of-the-art catalyst layer reconstruction as the catalyst layers
used in the experimental testing differed in preparation method to standard catalyst
layers and it was of interest to understand the effect of the alternative processing
methods. Lastly, the extraction of the effective electrochemical surface area (ECSA)
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Figure B.8: Validation of the predicted catalyst layer diffusivity for a 0.4 [mg/cm2 ]
loading and a (Pt:C) ratio of 50:50 and Ion:(Pt:C) ratio of 23:77

Figure B.9: Active surface area schematic for the extraction of effective electrochemical surface area from the catalyst micro-structural reconstructions
from the catalyst layer reconstructions was of interest as it is a key parameter in most
catalyst macro-level performance model descriptions – regardless of whether the catalyst layer descriptions used a thin interface, discrete, or agglomerate approach [33].
However, in order to extract the ECSA from the micro-structural reconstructions a
definition of what is considered as ‘active’ with respect to the platinum surface was
required; Figure B.9 shows such a schematic. From this figure, it is clear that the consideration of ‘active’ vs. ‘non-active’ is based on the presence of contacting ionomer;
however, it is important to point out that there is debate in this area as it is possible
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that liquid water and surface migration of species along a functionalized carbon or
platinum surface may also contribute additional surface area to what is considered as
‘active’ for participation in either the HOR or ORR processes. Nonetheless, using the
definition from Figure B.9, the surface area of the catalyst layer reconstructions could
be extracted and a representative example of the output of that extraction process is
shown in Figure B.10. In general, state-of-the art catalyst layers with a 0.4 [mg/cm2 ]

Figure B.10: Effective Electrochemical Surface Area (ECSA) predicted using the
numerical reconstructions as a function of platinum loading and ionomer ratio
loading, 50:50 (Pt:C) ratio, and a 23:77 (Ion):(Pt:C) ratio have ECSAs in the range
of 150 - 180 depending on the particle sizes of carbon and platinum in the incoming
catalyst powder. Further, anode catalyst layers of the same composition but reduced
loadings of 0.05 - 0.1 [mg/cm2 ] have ECSA is the range of 20 - 50 (again dependent on
the incoming particle size). From this, the data in Figure B.10 can be observed to be
within the correct range and, while further discussion and debate is most definitely
necessary on what is an appropriate definition for what is the true ‘active’ surface
area definition, this model represents the first particle based reconstruction method
of its kind in which the effective properties, EPSA, and various other performance
and structural parameters can be extracted in a stochastic approach.

