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Abstract

performance calculations for high-temperature fuel cells, have typically been
obtained by two distinct computational methods; either by applying a sim-
ple kirchhoff-ohm relationship in two-dimensions, or by solving detailed three-
dimensional poisson equations. the motivation for this study was to compare
quantitively the results of the two models, not only by comparison with each
other, but also with detailed experimental data. the novelty is that this is the
first such comparison to be undertaken. key results include the observation
that both models can predict overall performance and current density distribu-
tions, with good agreement. when local current densities are compared, slight
differences in extrema are observed, however by-and-large, the results are mu-
tually consistent. the simpler method cannot capture the three-dimensional
nature of the current density distribution throughout the interior of the fuel
cell. therefore, if the required additional computational power is available, a
more comprehensive picture can be obtained from the detailed model. however,
the simpler model may also be used as a predictive tool. the present contribu-

tion to the literature was obtained for a polymer electrolyte fuel cell, however
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the conclusions may readily be applied to other high temperature fuel cells.

Keywords: fuel cell, mathematical modeling, computational fluid dynamics,
current density

Nomenclature

English

C Molar concentration, mol m—3

Cp Specific heat, Jkg ' K~!

DT Effective diffusion coefficient, m?s~!
E, Nernst potential, V

F Faraday’s constant, Cmol ™!

H Enthalpy, Jmol ™!

h Thickness, m

i Current density, A cm—2

i0 Exchange current density, Am~ or Acm™2
Jo Electronic/protonic source term, A m~3

K Permeability, m—2

ket Effective thermal conductivity, Wm™! K~!

n Number of electron transfer

P Pressure, Pa

Q Heat source, Wm™3

R Ohmic resistance,  cm?; mass source/sink, kgm=3s7!
R, Universal gas constant, Jmol 'K~!



S Entropy, Jmol ' K~!
T Temperature, K
1

U Velocity, ms™

% Voltage, V

Y Mass fraction

Greek

e Transfer coefficient

n Activation overpotential, V
% Power exponent

A Stoichiometric factor

L Viscosity, kgm~!s~!

w Relaxation factor, Q2 cm?

10) Potential, V

p Density, kgm™3

o Electrical conductivity, Sm™*

1. Introduction

The polymer electrolyte fuel cell (PEFC) is a promising energy conversion
device that directly converts chemical energy into electricity with high efficiency
and no polluting emissions. It has attracted much attention [IHE] in recent
decades, and great technical advances have been achieved, such as catalyst load-
ing being greatly reduced, power density increasing and new industrial appli-

cations being identified. However, the commercialization of PEFCs for mobile



and stationary applications is still limited by several technical issues, includ-
ing water and thermal management, impurities of carbon monoxide, sluggish
electrochemical cathode kinetics and the high-cost of components [5].

A phosphoric acid doped polybenzimidazole (PBI) membrane is employed
in HT-PEFCs. In light of this, high-temperature PEFCs (HT-PEFCs), which
operate at temperatures of 140 — 180 °C, provide an alternative way to solve the
aforementioned issues. Due to their high operating temperatures, water only
exists in the vapor phase, which means that the flooding problem in conventional
PEFCs does not arise and water management is much easier by comparison to
conventional PEFCs. Another consequence of the high operating temperature
is the high carbon monoxide (CO) tolerance and a simplified cooling system
[7-9].

However, the advantages presented by HT-PEFCs are still not promising
enough for widespread utilization in industrial applications. Several challenges

still must be addressed, including:

e Comprehensively studying the influence of operating conditions and ma-

terial properties [T0HI3]

Reducing degradation, improving durability and conducting long-time

tests [T4HIT]

e Enhancing the sluggish oxygen reduction reaction that is related to the

use of phosphoric acid as the electrolyte [18].

Developing alternative electrolytes that do not block the Pt catalyst [18].

Reducing catalyst loading and the cost [18].

Considering various operating conditions and material properties, conduct-
ing comprehensive experimental measurements to resolve the effects of each
parameter are fairly expensive and difficult [19]. In addition, in-situ measure-
ments for fluid flow, heat and charge transfer within the confines of PEFCs

are limited. The mathematical models that are able to predict the local and



overall behaviors of PEFCs offer reliable tools for fuel cell design and optimiza-
tion. With the development of high-performance computing facilities, numerical
simulations can be performed with fewer constraints.

The earlier mathematical models concerning PEFCs mainly focused on con-
ventional low temperature PEFCs with operating temperatures of 60 — 80 °C.
These first studies were conducted by Springer et al. [20] and by Bernardi and
Verbrugge [2I]. The models developed at that time were one-dimensional (1-
D), steady state and isothermal, while the principal transport phenomena were
considered, including water transfer in the membrane, species transfer and elec-
trochemical reactions. In addition, the overall cell performance was predicted
and analyzed, in terms of polarization curves. These served as foundations for
subsequent numerical investigations. Nguyen and White [22] provided a heat
and water management model to evaluate the effectiveness of three different hu-
midification approaches and their effects on cell operation. Meanwhile, Tham-
pan et al. [23] developed a predictive transport model based on a dusty-fluid
model that drew on the generalized Maxwell-Stefan equations. This model was
capable of reliably predicting the results of membrane conductivity under vari-
ous operating conditions, such as prescribed relative humidity and temperature.
Marr and Li [24] implemented a simplified performance model that incorporated
electrochemical reactions, cell voltage losses and reactant gas transport, where
various operations and designs were studied. In turn, Berning et al. [25] devel-
oped a 3-D model that incorporated all of the major transport phenomena in the
flow channels, porous electrodes and the electrolyte membrane. Lin and Beale
[26], meanwhile, considered two distinct approaches and implemented them in
a commercial CFD software package to evaluate the local-scale phenomena of
a straight-channel and industrial PEFC designs. Correspondingly, Schwarz and
Beale [27] obtained computational results for a full-scale cell design with a non-
conformal unstructured mesh. All of these earlier models can be modified to
studies of HT-PEFCs by neglecting the liquid water influence. However, the
different electrolyte behaviors must be taken into account [7, 28] 29]. The rel-

ative humidity in the cell has an impact on the proton conductivity of the



phosphoric acid as well as on the phosphoric acid doped PBI. In addition the
transport mechanisms of protons in phosphoric acid are different compared to
Nafion based membranes, which is why electroosmotic drag does not play a sig-
nificant role with regard to water transport in an HT-PEFC. As a consequence
modified models for the description of the membrane/electrolyte behavior must
be implemented in HT-PEFC models.

Mathematical models of HT-PEFCs have been studied in recent years. Ched-
die and Munroe [30H32] provided one of the first of these models. The work [30]
presented a parametric study that represented overall cell performance in light
of various geometric factors, including porous media characteristics and mem-
brane and catalyst properties. They also carried out a 1-D mathematical model
that was validated via experimental results [31I]. A 3-D mathematical model
was later derived [32] and also validated a model that accounted for the ma-
jor transport phenomena in HT-PEFCs. Oxygen depletion and temperature
variations were also presented and analyzed.

Hu et al. [33] developed a 2-D model for HT-PEFCs with a focus on the
cathode side electrochemical reaction. Experimental results, including electro-
chemical impedance spectroscopy and polarization curves, were measured and
used to validate the numerical model. This model was then used to investigate
the performance degradation of fuel cells under long-term operating conditions
[34]. Ubong et al. [35] employed a 3-D mathematical model to investigate the
performance of HT-PEFCs under various operating conditions for temperature,
pressure, and air stoichiometrical factors. In addition, experimental measure-
ments were conducted to validate the model. Lobato et al. [36] presented neu-
ral network-based models of HT-PEFCs to investigate the effects arising from
variable operating temperatures. Three types of neural network models were
applied, namely by Multilayer Perceptron, Generalized Feedforward Network
and a Jordan and Elman Network. They found that the Multilayer Perceptron
model showed the best predictions under various thermal conditions compared
to the other two. A 3-D nonisothermal HT-PEFC model was developed by

Jiao and Li [37] to analyze the effects of temperature, phosphoric acid doping



level and the surrounding relative humidity on cell performance. This model
applied a semi-empirical correlation to compute the PBI membrane proton con-
ductivity, which was based on an Arrhenius equation and previous experimental
data. Shamardina et al. [38] described a pseudo-2-D, steady-state and isother-
mal model to account for the reactant crossover through the membrane. In this
work, promising results were obtained from the model by taking into account the
transport processes in the catalyst layer. Chippar et al. [39] conducted an inves-
tigation of the mechanical stress of fuel cells under various clamping conditions
by combining the thermal stress analysis and the computational fluid dynamics
(CFD) methodology. Meanwhile , Yin et al. [I2] provided a 3-D, steady-state,
nonisothermal numerical model for HT-PEFCs that used a novel sulfonated
polybenzimidazole membrane with the correlation from previous experimental
data. Unnikrishnan et al. [40], in turn, implemented an electrochemical model
for hydrogen oxidation and oxygen reduction based on elementary multi-step
single electron transfer reactions. This model considered carbon monoxide ad-
sorption and desorption and was coupled with a 2-D fuel cell model to simulate
transport phenomena in single cells. In addition, mathematical models, concern-
ing carbon monoxide effects [41H43], dynamic behavior [13], 44H47], degradation
[34, [48, [49] and large scale or stacks [50H55], have attracted attention.

The application of mathematical models have mainly been aimed at im-
proving fuel cell performance by optimizing the operating conditions, material
properties and geometrical factors. Su et al. [I0] conducted CFD studies on
the effects of operating conditions in terms of inlet gas temperature, system
pressure, and inlet gas flow rate on the cell performance. They found that bet-
ter performance can be obtained by increasing the inlet temperature, system
pressure or flow rate. Similarly, Ferng et al. [56] performed experimental and
numerical investigations on different designs and operating conditions by means
of PBI loading, operating temperature, inlet flow rate, electrode thickness and
porosity, as well as phosphoric acid doping level, to improve cell performance.
It was thereby shown that lower PBI loading, higher operating temperatures,

thinner electrode thickness, decreased porosity and higher acid doping levels



contributed to better cell performance. Sun et al. [57] analyzed numerically
the effects of operating temperature, gas diffusion layer (GDL) thickness and
porosity on cell performance. It was found that overall performance can be en-
hanced by increasing operating temperature and GDL porosity and/or decreas-
ing GDL thickness resulting in decreased mass transfer limitations. Chippar and
Ju [58] applied a numerical model to simulate gas crossover through the mem-
brane under various conditions, including operating current density, operating
temperature, and gas crossover diffusivity. The gas crossover was found to be
insignificant in new membranes. Non-uniformities, meanwhile, were observed in
reactants and current density distributions due to gas crossover.

Lobato et al. [59] conducted numerical simulations on the influence of flow
channel geometry on cell performance. Three types of flow field designs were
compared, namely: ‘serpentine’, ‘parallel’ and ‘pin’. The results showed that
the ‘serpentine’ and ‘pin’ type flow fields provided higher power output, while
the ‘parallel’ design performed the least well. Grigoriev et al. [60] numerically
analyzed the optimization of the geometrical factors of the key components,
bipolar plates (BPPs) and GDLs, in fuel cells. It was demonstrated that the
ratio of the rib width to the sum of the width of the rib and channel was approx-
imately in the range of 0.30 - 0.35. Sousa et al. [61] applied a 3-D isothermal
and steady-state model to analyze the effect of different flow field designs on
performance. The results showed that the ‘pin’ type flow path performed better
than other designs. It was also found that the ‘interdigitated’ flow field exhib-
ited the highest power output. However, a heterogeneous current density with
‘hot spots’ was also observed. The work of Jiao et al. [62] considered various
flow channel designs and carbon monoxide poisoning effects on cell performance.
Similar to the results from Sousa et al. [61], an ‘interdigitated’ design produced
the highest power output when pure hydrogen was supplied. The carbon monox-
ide poisoning effects on cell performance were found to be the reverse, with the
‘parallel’” designs showing the least influence and the ‘interdigitated’ design the
most affected. A novel flow field design, which was modified from the ‘serpen-

tine’ design, was numerically and experimentally studied by Singdeo et al. [63].



It was observed that the new design exhibited higher uniformity in current den-
sity distribution compared to a traditional serpentine design. Various operating
conditions, flow field designs, material properties, etc. were also studied.

It can be seen that numerous models have been developed in recent years.
Typically these were based on one of two widely applied approaches. In the first
approach, the catalyst layers were treated as thin surfaces [64], while the cell
output voltage, V, is calculated with a locally two-dimensional (2-D) Kirchhoff-
Ohm relationship, in terms of the ideal, or Nernst potential, E,, minus losses

due to activation and Ohmic overpotentials,

V=F,—n.—Ri (1)

where R represents the area-specific ohmic resistance, i(z,y) is the local cur-
rent density, and 7 is the local activation overpotential. Equation [I] which
employs widespread application in various forms, is typically combined with the
equations for conservation of mass, species, momentum, and energy to obtain
three-dimensional solutions for fuel cells. This may be seen as a reasonable ap-
proximation in thin planar membrane-electrolyte assemblies. The anodic activa-
tion overpotential is negligible compared to the cathode side. This is confirmed
by the second approach in this study, where the maximum ratio of the mean
values in the anode to cathode electrodes is 0.6% in the simulation range.

In the second approach, the electrodes can be treated as volumetric regions,
where through-plane variations in species concentrations can be taken into ac-
count. The protonic and electronic potentials are obtained by solving a pair of

coupled Poisson equations:

V- (0V) = J, @)

where ¢(z,y,z) is the local protonic or electronic potential, o represents the
electric conductivity, and J, is the source/sink term due to electrochemical
reactions with a unit of Acm™3. Equation [2|is also widely used in the research

community.



Although the applications of both basic approaches abound with numerous
protractors and detractors, the authors are not aware of any scientific compar-
isons of the two basic methodologies having been undertaken. The goal of the
present work, then, is to formulate a comparison between the results of one code
based on Eq. [1} and another derived from the approach of Eq. [2|for a geometry
for which in-house experimental data are available. The two approaches are
referred to, below, as models 1 and 2, respectively. These were implemented
into the open-source library, OpenFOAM-V6 [65]. The aim of the present study
is, therefore, to conduct a detailed comparison of the two approaches, with
both numerical verification/comparison and experimental validation performed
in this and earlier studies [64]. The fuel cell prototype considered was an in-
house design [29] 66} [67], while the experimental measurements and numerical
simulations were conducted and presented in a previous study by Kvesi¢ et al

[54].

2. Numerical considerations

In the PEFC applications, the overall thickness of CL electrodes varies
greatly, e.g. 20 pm - 120 pm [68][69]. The simplification in Model 1 assumes the
catalyst electrodes as thin surfaces. This may result in significant deviations if
thicker electrodes are assembled in PEFCs. Therefore, Model 2, which considers
the electrodes as volumetric regions, is preferable. In addition, the 3-D nature

of electron and proton transfer is taken into account.

2.1. Assumptions

The assumptions made in the present numerical models are as follows:

e The simulations are in a steady state.

e Fluid flow is laminar for both the anode and cathode sides with maximum

Reynolds numbers of less than 300.

e Gases obey the ideal gas law.
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e The material properties for GDLs, MEA, and BPPs are assumed to be

isotropic and homogeneous.

e Change to the material properties due to compression during cell assembly

is not accounted for.
e The membrane is not permeable to fuel/oxidant gases.
e The membrane conductivity is assumed to be constant.

e Water is produced in a vapor phase and only exists in this phase due to

the elevated operating temperature.

2.2. Governing equations

o

Model 1— — — - .| channel
Model 2—— |

BPP — |

GDL ~
membrane —

cL —|

GDL — |

BPP —

fuel |
channel |

(2) (b) (©)

Vo= 0V

Fig. 1: Sketch of the computational domain (Model 1 and Model 2): (a) Master region; (b)
sub-regions, including fluid, solid; (c) sub-regions, charged. (BPP: bipolar plate; GDL: gas
diffusion layer; CL: catalyst layer)

The present study, employs multiple meshes to consider transport phenom-
ena in different regions. Three types of sub-domains are defined: fluid, solid,

and charged regions. A sketch of the computational domains is shown in Fig. [T}
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The fluid region consists of air and fuel sub-regions, including flow channels and
the porous media. The solid region accounts for the solid parts, by means of
the membrane and BPP regions. The charged regions consider the electron and
proton transfer in electrically conductive parts. In addition, the master region
that represents the total fuel cell is used to solve the heat transfer, where heat
sources/sinks are mapped from the appropriate sub-regions and temperatures
are mapped back. It should be noted that the charged regions are only used by
Model 2. Based on the simplifications in Model 1, current density is considered

on 2-D catalyst surfaces rather than in the charged regions shown in c).

2.2.1. Fluid regions
The continuity equation This yields,
dp

5 TV (PU) = B (3)

where p is the mixture gas density, U represents the gas velocity, and Ry, is the
mass source/sink term. The transient term is neglected in steady state simula-
tions. Moreover, the transient term 0/0t is always zero in steady simulations,
which is also true for the following equations.

Momentum equation This takes the Darcy term into account to consider

the flow in both the flow channel and porous media, which yields:

9 (pU)
ot

+V-(pUU) =-Vp+ V- (uVU)+ Sp (4)

where p is the pressure, u represents the dynamic viscosity, and Sp is the Darcy
source term, which is given by,
wU

where K is the permeability for porous media.

12



Species transfer equation This accounts for the species transfer in multi-

component gases, which results in:

9 (pYi)
ot

where the subscript i means the index of species, Y is the mass fraction, Dfft

+ V- (pUY;) = V- (pD{"VY)) + R; (6)

represents an effective diffusion coefficient, and R; is the mass source for species
i. The computation of effective values of diffusion coefficient was introduced in

previous work [70].

2.2.2. Charged regions
The electron and proton transfer in these regions are only taken into account

by Model 2. The general formulation of potential equation is expressed as by

Eq.

The current density, i, is a vector that can be obtained from:

i=—oVp (7)

It should be noted that the current density for Model 2 usually refers to the

current density in the normal (through-cell) direction.

2.2.3. Master region

The heat transfer equation is solved on the master mesh, which is described

by:

9 (CppT)
ot

where C), is the specific heat of the gas mixture, T" represents the temperature,

+pUC, - VT =V - (k*TVT) + Q (8)

k% is an effective thermal conductivity, and @ is the heat source. The effective

thermal conductivity is calculated as follows:

kT = kg + (1 — )k (9)

13



where ¢ is the porosity of the porous region and € = 0 in the solid regions,
such as BPP and the membrane. In this study, the solid regions only provide

necessary material properties for heat transfer.

2.3. Electrochemical reaction

The electrochemical reactions in PEFCs take place inside the CLs on both
the anode and cathode sides.

Model 1: In HT-PEFCs, the activation overpotential at the anode side is so
minor that it can be readily neglected when using pure hydrogen as fuel. There-

fore, the reaction is only considered at the cathode side with a Tafel equation:

. Co, > e [ <TLOéCF ) ]
= —— -2 e C 10
=10 <Coz, o Xp RgT Ul ( )

where iy represents the exchange current density, with a unit of Acm™2, Cret

means the reference molar concentration,  represents the reaction order, n is
the number of the electron transfer, « is the transfer coefficient, F is Faraday’s
constant, Ry is the universal gas constant.

The relation between the ohmic resistance R and the electric conductivity o

gives,

h
R=- 11
. (11)
where h is the thickness.
and E, is the Nernst potential that results in the following:
H, - S5T R,T
E,=— L S Y 12
Z nkF nkF e (12)

i
where H is enthalpy, S is entropy, p; represents the normalized partial pressure

of species i, and a; means the stoichiometric coefficient.

In order to solve the local current density, ¢, Eq. is inverted:
R,T i (Coyret \
e = —2 I — (=t (13)
naF 10 Co,
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Substituting Eq. [[3]in Eq. [[] and defining a new function:

T ] re: e
M@ai&m«;(%zf))mv (14)

The local current density can therefore be obtained using Newton’s method,

n_ o 90)

where the superscripts n and o refer to new and old values, respectively. It is

computed iteratively until, e.g., [i" —i°| < 1.0 x 1076,

Note: the current density is only resolved on the 2-D catalyst electrode
surface, and so is the activation overpotential.

Model 2: The electrochemical reaction on the anode and cathode sides are

described by Butler-Volmer equations, respectively:

. . Cu Ta no,F —n(l —a,)F
a — a 2 a | — =— Y 1
’ m’<@mM> Fm(Rﬂw) eW( R, (16)

oy Co, \ ox _nozCF Cex n(l — a)F (17)
Jc =10, ¢ COQJef P RgT Tlc p RgT Tlc

where i represents the exchange current density. The calculation of activation

overpotential n yields,

na:¢E _¢P_En,a (18)

and

Ne=¢r —¢p — En, ¢ (19)
where the subscripts P and E represent the proton and electron, respectively.
In case of pure hydrogen, the reference concentration Cy,, rof equals the local
hydrogen concentration Cy, because there is no other species present. The
model parameters o and exchange current density i have been obtained by a
fit to the experimental polarization curve in the Tafel region (i < 0.2 A cm~2).

The ohmic resistance was obtained from impedance spectroscopy.
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2.4. Source terms

The source terms of the governing equations in the present study are sum-

marized in Table [Tl

2.5. Boundary conditions

Boundary conditions are important in numerical simulations. The prescrip-
tion of boundary conditions of this paper is based on the operating conditions,
which are listed in Table [2| In addition, pure hydrogen and dry air are supplied
at inlets under the ambient pressure and the cell is operated at a temperature
of 439 K. The stoichiometric factor, A, is defined as the ratio of the supplied
fuel/oxidant to the actual amount consumed. The inlet velocity for air and fuel

can be calculated by means of:

U= % (20)
where the subscript i is the index of species, representing O, and Hs for air and
fuel, respectively.

The potential at the bottom of the anode side is fixed, 0 V, as is shown in Fig.
The cell output, represented by V; on the cathode side, is first prescribed by
a user-defined value. The fuel cell was operated under galvanostatic conditions

in this study, and therefore the value of V; will be updated according to the

mean current density at the top surface,

Vit =V +w(ih i) (21)

where the superscripts, n and o, are the new value and old value, respectively,
while w is the relaxation parameter, and 7; represents the mean current density

at the top surface, while 7 is the prescribed mean current density.

2.6. Computational domain

The geometry applied in this study is similar to that in the previous work

of Zhang et al. [64]. Hence the computational domain is also similar, with the
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Table 1: Source terms in the present study

Model 1 Model 2 Units
Ry, 0, Anode flow channel & GDLs
(Eq. [6) of . kgm3s7!
—2222 Anode CL
Ro, 0, Cathode flow channel & GDLs
(Eq. @) ot . kgm™3s~!
— 2222 Cathode CL
R0 0, Cathode flow channel & GDLs
(Eq. [6) | Of . kgm 357!
25522 Cathode CL
R 0, Flow channel & GDLs
(Eq. of kgm3s7!
Zi Rh CLs
Jos Ja, Anode CL
®,
(Eq. ) | - —je, Cathode CL Am~?
0, Other regions
J —Ja, Anode CL
@, P
(Eq.B) | - jo, Cathode CL Am™?
0, Other regions
(~32_v)i g, Membrane & GDLs & BPPs
Q N Membrane® s s 5
(Eq. ) i Inl = S5F) + T8+ B25, CLs | W™
0, Other regions”™
0, Other regions

t The mass flux due to electrochemical reaction is prescribed on the electrochem-
ical reaction surfaces as boundary conditions, therefore, the mass source/sink
terms are zero.

* Assumption: the heat source, including electrochemical and Joule heating,
distributes uniformly in the membrane and it is neglected in the GDLs and

BPPs.
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Table 2: Operating conditions

Description ~ Value  Unit
Pair, outlet 101325 Pa
DPtuel, outlet 101325 Pa

Aair, inlet 2 -
>\fue1, inlet 2 -
T 439 K

flow field as shown Fig. More detailed information can be found in Kvesié
et al [54]. The schematic of the cross-section for the computational domain is
also shown in Fig. [T} In turn, the geometrical information for constructing the

computational domain is listed in Table

Table 3: Geometry information

Description value Unit
Active area 212.8 (19.0 x 11.2) cm?
Channel width 1.0 mm
Channel height 1.0 mm
Rib width 1.0 mm
GDL thickness 0.28 mm
CL thickness 0.02 mm
Membrane thickness 0.05 mm

The computational mesh consists of 48.2 x 10% hexahedral elements, which
were constructed using a commercial software package, ANSYS ICEM-CFD [71].
The domain was decomposed manually using a contiguous multi-block approach
and the mesh was body-fitted to the serpentine flow fields and concentrated near

the walls. Grid independence studies have been conducted previously [(2]. The
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.8 cm

(b) (©

(d ©

Fig. 2: Computational domain: (a) Geometry; (b) flow field (reprinted from Zhang et al.
[64]); (c) sub-zone; (d) local computational grid (reprinted from Zhang et al. [64]); (e) local

cross-section grid.



sub-regions referred to in this work include ‘air’, ‘fuel’, ‘BPPs’, ‘membrane’,
‘electronic’, and ‘protonic’ media, where the former four sub-regions are used
in Model 1 and previous work [70]. In Model 2, the ‘electronic’ medium con-
sists of the electron transfer fields on both sides, including BPPs, GDLs and
CLs; meanwhile, the ‘protonic’ medium includes the anode CL, cathode CL and

membrane.

2.7. Computational procedure

The numerical discretizations and calculations were conducted with the open
source library, OpenFOAM-V6 [65]. Both models have been implemented in the
latest version of OpenFOAM, which allows for large parallel calculations. All
of the numerical simulations were performed at the Jilich-Aachen Research
Alliance High-performance Computing (JARA-HPC) facility. Approximately
24 hours were consumed for Model 1, while 72 hours were needed for Model 2,
with simulations performed for each case using 720 cores.

In conducting the numerical calculations, two linear algebraic systems (sym-
metric and asymmetric) were discretized from the governing equations and
solved. The symmetric system was computed via conjugate gradient with an
incomplete Cholesky preconditioning (ICCG) solver. The asymmetric system,
in turn, was solved with a Biconjugate gradient solver Bi-CGStab. To solve
the pressure-velocity coupling system discretized from the momentum transfer
equation, a PISO [73] algorithm, which is an extension of the SIMPLE [74]

algorithm, was utilized.

3. Results

The material properties and electrochemical parameters applied in this study
are the same as in a previous one [64]. with the values listed in Table [2l The
properties of Oz, Ny, HoO, and Hs, including enthalpy, entropy, and specific
heat, are expressed as polynomials, the coefficients of which can be found in the
work of McBride et al. [75]. The viscosity and thermal conductivity of each gas

component can be described with Sutherland’s Formula [76].
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Table 4: Material properties and model parameters.

Description value Unit
6.47  Oq
Reference concentration (Cief) molm™—3
28.15 Hs
2.5 x 10*  cathode
Exchange current density (ig) [54] Am—3
1.0 x 108 anode
0.35 cathode
Transfer coefficient («) [54] -
0.5 anode
1 cathode
Reaction order (v) _
1 anode
20000 BPPs
5000 GDLs
Electronic/protonic conductivity (o) [64 [64] Sm~!
2000 CLs
5 membrane
0.7 GDLs
Porosity (¢) [64] -
0.2 CLs
Permeability of porous media (K) [64] 1.0 x 10712 m?
1.2 GDLs
Thermal conductivity (k) [64] 0.95 membrane Wm 1 K™!
20 BPPs
568  GDLs
Specific heat (C,,) [64] 1650 membrane Jkg 'Kt
1580 BPPs
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3.1. Polarization curves

1.2

- Experimental data
£~ Model 1
—~— Model 2

Fig. 3: Polarization curves of experimental data [54] and numerical results [64].

The polarization curves from the measured experimental results, as well as
the numerical values based on the calculated results from models 1 and 2 are
shown in Fig. It can be seen that all the polarization curves are simi-
lar in terms of predicted voltages with slight deviations between experimental
measurements and numerical simulations. Given that the experimental error is
estimated to be 5%, the numerical predictions deviations are reasonable. The
experimental measurements [77] are obtained from the five-cell short stack, while
the present numerical studies are performed on a single cell, which approximates
the middle cell of the short stack. Similar to Model 1, Model 2 predicts slightly
higher voltages in lower current density conditions, the reason for which were
discussed in Zhang et al. [64]. As a Tafel relation, Eq. is applied in Model 1,
and the simulations cannot be conducted under very low current density loads.
In Model 2, however, the Butler-Volmer relation, Eqgs. [16] and [I7} is taken into
account. Therefore, calculations may be performed close to the open circuit
condition. Within the region of very low current density (i < 0.2 A cm~2), there

is no notable difference between the Tafel and Butler-Volmer formulation. Ob-
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viously, the resulting overpotential is high enough to fulfill the condition of the
Tafel approximation under all circumstances considered. The open circuit value
is not implemented in either models, rather the Nernst potential for gas phase
reaction is prescribed in Egs. and It is well-known that the actual
open circuit potential is lower than the Nernst potential in PEFCs. A detailed
discussion is considered beyond the scope of this paper, but the interested reader
is referred to the study by Reimer et al. [78]. Nevertheless, the reasonable agree-
ment between the numerical simulations and experimental results demonstrate

the capability of both models to predict the overall cell performance.

3.2. Current density in the MEA

While the overall performance may readily be predicted by both models with
similar results, comparisons of local values are important for evaluating the per-
formance of fuel cells. The current density distributions on the active cell area
as measured with a current scan shunt [79], as well as the numerical predictions
of this work, are shown in Figure [4l Figure a) shows the current density dis-
tribution predicted by Model 1, while Figs. [f{b) and [4c) present those values
at the center of the membrane and cathode catalyst electrode, respectively, as
obtained using Model 2. The total current density in the catalyst electrode

consists of protonic and electronic current densities, which are computed as:

i=ip+ig (22)

It can be observed that the general current density distributions predicted
by numerical simulations using the two approaches are fairly similar to each
other and also in good agreement with the experimental measurements. Due to
the consumption of oxygen and the production of water vapor on the cathode
side, the oxygen concentration decreases, whereas the water vapor concentra-
tion increases. This results in higher electrochemical reaction rates near the
inlet region and lower rates at the outlet region. Qualitatively and quantita-
tively speaking, both models are capable of predicting the local current density

variations for the fuel cell utilized in the present study.
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(©

Fig. 4: Global current density distributions, ¢ = 0.6 Acm~2. (a) Model 1, CL/membrane
interface, protonic current density; (b) Model 2, membrane center, protonic current density;
(c) Model 2, center of cathode CL, sum of protonic and electronic current density; (d) Ex-
perimental results [54] [80], backside (side facing away from the MEA) of the BPP, electronic

current density. (arrow: air flow direction)

Differences are observed between the current densities at the center of the
membrane and catalyst electrode, as shown in Figs. [(b) and [{c). However,
these deviations only exist locally, whereas the global current density distribu-
tions are very similar. This is true considering that the results are exhibited
at a current density load of 7 = 0.6 A cm™2, in which concentration losses dur-
ing gas diffusion in the CLs are fairly small. In Model 1, the current density
was considered uniform through the MEA (membrane and the thin electrodes).
The comparison between the numerical results and experimental results, reveals
that both models can readily provide the local current density distribution in
the present fuel cell under normal current density loads.

The statistical moments for the current density distribution are shown in
Fig. It can be seen that Model 2 exhibits a more uniform current den-
sity distribution, whereas Model 1 presents higher maximum values and lower

minimum values.
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HEEE Model 1
Il Model 2, membrane
I Model 2, cathode CL
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Fig. 5: Relative frequency for local current density, 7 = 0.6 A cm~2.
[0.65
-0.59

0.47
(2) (b) ©

Fig. 6: Local current density distribution in the sub-regions for Model 1 and Model 2 simula-

tion results, 7 = 0.6 Acm™2. (a) Model 1, CL/membrane interface, protonic current density;
(b) Model 2, membrane center, protonic current density; (c) Model 2, cathode CL center, sum

of protonic and electronic current density, Eq. @

The sub-scale local current density distributions are shown in Fig. [f] by
selecting a sub-region, as shown in Fig. It can be seen that local current
density variations can be reasonably predicted by both models. Local minima
are in good agreement for the current density in the center of the membrane
predicted by Model 1, Fig. @(a), and that by Model 2, Fig. |§|(b) Local minima
are also observed for the current density in the catalyst electrode, as shown in
Fig. Ekc) Model 1, however, predicts slightly lower local minima compared to

the results obtained by Model 2. Local maxima in the membrane are found
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to be similar for both models. However, they are located under the edges of
ribs rather than under the gas channels for the current density in the catalyst
electrode, as presented in Fig. Ekc) This is due to the higher in-plane electronic

conductivity in the catalyst electrodes.

1.35
=== Model 1
X X' —— Model 2, membrane
—— Model 2, cathode CL
1.18 A —— Model 2, BPP backside
< 1.001
0.83 1
0.65 T T T
0.00 0.25 0.50 0.75 1.00

Fig. 7: Current density along cross-line XX’, s = 0.6 Acm™2.

The current density variations along two cross-lines, also marked in Fig.
are shown in Figs. [7] and [8] respectively. It can be seen that the local variations
are similar to the results presented in the MEA for both models. Model 1
provides slightly larger local variations compared to those predicted by Model
2. Nevertheless, both models present similar current density distributions locally
and globally.

The current density distributions through the MEA are displayed in Fig. [9]
along a line perpendicular to point P (see Fig. c)) As the catalyst electrodes
are assumed to be thin surfaces in Model 1, current density variations through
the MEA disappears. The local current density is constant and the thickness
has no real meaning for Model 1. The variations of electron and proton current
density are presented in Model 2. In the membrane, only protons are transferred

from the anode side to the cathode side, which is very close to the value predicted

26



=== Model 1

Model 2, membrane
Model 2, cathode CL
Model 2, BPP backside

0.83 1

0.65 T T T
0.00 0.25 0.50 0.75 1.00

Fig. 8: Current density along cross-line YY’, i = 0.6 Acm™2.

in Model 1. The proton current density reaches maximum values, whereas those
of the electron are always zero. In the electrodes, proton transfer occurs in
the presence of the polymer electrolyte. The proton/electron current density
decreased/increased going from the membrane to the GDL, respectively. In the
GDLs and BPPs, only electron transfer takes place.

The reactant concentration variations in both the anode and cathode CLs
are important features that are captured by Model 1. As is shown in Fig. [
the difference of current density variation between the anode and cathode sides
reveals that species concentration gradients result due to the electrochemical
reaction. In order to elucidate these variations in the CLs, Fig. shows the
reactants molar concentration in the CLs (from the membrane to the GDLs). As
is expected, the Hy concentration is nearly constant with a very small slope. The
obvious variations of Os concentration results from the reaction consumption,
the mean gradient of which is 4 mol m™3 mm™!. The difference through the
CLis 2.5%, which is minor provided there is a relative thin catalyst electrode.
However, this leads to apparent current density variations through the CL. The

deviations may be great for thicker CLs, especially with high current densities.
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Fig. 9: Current density in the MEA, 7 = 0.6 Acm~2. Note: in Model 1, the current density
is constant and the thickness has no significance.
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Fig. 10: Reactants concentrations in the CLs (membrane — GDL), i = 0.6 Acm™2. Note:

in Model 1, the Ho and Ogs molar concentrations are constant and the thickness has no
significance.
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The reactants concentration difference between Model 1 and Model 2 is within
1.7%. Hence, given 7 = 0.6 Acm~2, the effects due to different treatments of

CLs are still minor.

3.83. Current density in the BPPs: Model 2

When conducting the experimental measurements, the current scan shunt
was located on the backside of the BPPs to mitigate their influence on cell op-
eration [80]. The numerical predictions presented in Fig. @were all taken inside
of the cell: Model 2 considered the results from the middle of the membrane and
the cathode catalyst electrode, while the Model 1 results [64] were selected from
the membrane-electrode interface. To represent the smearing effects of BPPs
[80, [BT], the current density distributions at the BPPs backsides are shown in
Fig. Compared to the current density in the membrane (Fig. Eka)), it
can be seen that the distributions at the BPPs backsides are more uniform.
Nevertheless, the global tendencies of the anodic and cathodic current density
distributions exhibit reasonable agreement with the experimental data, as is

shown in Fig. [fc).

i/ Acm?

0.80
E

-0.725

F0.65
E0.575
050

(2) (b)

Fig. 11: Current density distributions of the BPPs backsides for Model 2, i = 0.6 Acm™2. (a)
cathode side; (b) anode side.

The smearing effects are not only found in the global current density distribu-
tions, but also local values. The sub-zone is selected to illustrate the smearing
effects of the BPPs, where the sub-zones were shown in Figs. 2l The local
variations are almost identical for both sides. Both results present much more

uniform current density distributions, which can be clearly seen in Figs. a,b).
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Fig. 12: Local current density distributions on the sub-zone of the BPPs for Model 2, i =
0.6 Acm™2. (a) Cathode side; (b) Anode side; (c) Section AB; (d) Section CD. (See Fig. c)

The local maximum and minimum values can still be distinguished, with the
local maximum values to be found above and below the land regions, and the
local minimum values above and below the channel regions, for the cathode and
anode BPPs backsides, respectively. As presented in Figs. a,b), the current
density distribution in the membrane is different. The local minimum current
densities are observed at the locations furthest from the gas channels, while
the local maxima are detected at the locations closest to the gas channels. In
other words, the local maximum values are located under the channel and the
minimum values under the lands.

The local variations are also plotted for current density variations along two
cross-lines in Figs. [7] and [8] It can be seen that the current density values on
the cathode BPP backside are higher than those in the MEA for both cases.
Additionally, the local maxima and minima are reversed for the current density
between those on the cathode BPP backside and in the MEA.

To account for the smearing effects of BPPs, two planes, namely AB and
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CD, as marked in Fig. c)7 are selected from the electronic region. The current
density distributions in the through-plane direction are shown in Fig. c,d).
It is easy to see the significant influence on the current density distribution due
to the presence of the gas channels. The gas channels are electrical insulators,
through which the electrical current cannot pass, i.e., the electrical current flows
around the gas channels, which leads in turn to very high current densities at the
side edges. The current density in the regions above the gas channels are smaller
compared to those above the lands. Fig. d) presents the current density
through the land region, where the distribution is more uniform. Considering
that the electrical conductivity of the porous GDLs and BPPs are very high,
as well as the presence of the gas channels, current density distributions on
the BBPs backsides are smeared, therefore, local properties (current density

distribution and local extrema) are also altered.

4. Discussion

The two HT-PEFC models utilized in this study show the ability to predict
the overall cell performance and local current density distributions. The present
work provides new simulation results building on previous studies [64} [82]. While
the simpler Model 1 neglected the influence of BPPs on the current density
distributions, Model 2 shows smearing effects due to the BPPs and gas channels.
The overall cell performance and local current density distributions predicted
by Model 2 show good agreement with Model 1 and the experimental data [54].
The current density distributions in the sub-zones and along the cross-lines in
this study also show deviations between the membrane and BPPs backsides.
To measure the current density distribution, the current scan shunt is usually
placed between the BPPs and current collectors so that the fuel cell’s operation
is not affected. Hence, the experimentally measured current density represents
the values on the BPPs backsides. The general current density distributions can
be readily captured by this methodology. However, local values on the BPPs
backsides may be significantly altered.
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In the present study, the GDL is assumed to be homogeneous, isotropic, and
without compression. During cell assembly, it is estimated that the mechanical
compression of the GDLs may be as high as 16 - 20 %. As is shown in the study
by Froning et al. [83], the effect of uneven compression was found to be a func-
tion of the channel-to-rib width ratio, which was an important consideration in
fuel cell design and optimization. The work of Wang et al. [84] showed current
density variations due to the GDL compression, with the authors finding that
the intrusion of GDLs into the gas channel provided additional contact area for
electron transfer. The effects of the anisotropic GDLs on the current density
distributions were studied by Randrianarizafy et al. [85]. The GDL compres-
sion and heterogeneous properties are also important factors in the numerical
simulations [86] 87]. Additional work should therefore be conducted to address
this issue in the future.

Model 2 provides additional information about the electric current fields in
the computational domain, while Model 1 only provides a 2-D current density
distribution due to the thin catalyst electrode assumption. The local reactant
concentration variations through the catalyst electrodes can only be accounted
for by Model 2, where the electrodes are treated as volumes. In this study,
it can be seen that an oxygen concentration gradient exists in the cathode CL
when i = 0.6 A cm~2. They may cause deviations of current density distribution
between Model 1 and Model 2. The deviations might be significant as the species
concentration gradient in the CL increases and the concentration overpotential
is also large, if thicker catalyst electrodes are applied and/or higher current
densities are prescribed. It is to be noted that in Model 1, the reactant and
product concentrations are taken at locations immediately adjacent to the MEA.
In hindsight, it might have been better if these values are obtained at the center
of the CL through planes (the CLs in Model 1 are discretized as passive non-
reacting porous media, similar to the GDLs). Thus, only if the reaction orders,
v in Eqgs. [[7 and [I0] and ~., in Eq. [L6] differ significantly from unity would one
anticipate a difference between the two models. Of course, when the values of the

exchange current, i, become very large (see Table , the anodic overpotential
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becomes negligibly small. The reader will note that the Tafel equation, Eq.
and Butler-Volmer equations, Egs. and [I7] generate similar results for
the operating conditions prescribed here. If the current density is so large that
local starvation occurred in the CLs, neither model will predict the current
density as the underlying assumption of a simple hydrogen-oxygen reaction is
violated. PEFCs are not generally operated in this regime which rapidly leads
to degradation and failure.

In performing the numerical calculations, Model 2 typically consumes ap-
proximately three times the computational resources of Model 1. Under normal
operating conditions, both models can readily predict the overall performance
and internal current density distributions. A balance between Model 1 and
Model 2 should be struck between the computational requirement and the ac-
curacy of the predictions.

In a previous study by Cao [88], a macro-model was developed based on the
work of Kulikovsky [89], with the aim of covering the gap between Model 1 and
Model 2. The activation overpotential and mass fraction were integrated across
the CLs in through-plan direction. This model severed as an supplementary
model for Model 1 by taking the transport properties of protons and oxygen in
the CLs into consideration. It was found that this model predicted similar results
with Model 1, however, with an exception that it showed more homogeneous
current density distribution. This is somehow similar in the present study while
considering the comparison between Model 1 and Model 2. Although there
still exist some limitations in the macro-model, e.g. different values of transfer
coefficient, nonisotropic CLs, etc., Cao’s model offers valuable information on
how to conduct both more accurate and less expensive simulations. Therefore,
future studies will account for the implementation and application of different

empirical models derived from the work of Cao [88].
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5. Conclusions

With the motivation to conduct a quantitative comparison of two state-of-
the-art 3-D non-isothermal HT-PEFC models, simulations were performed on
a fuel cell prototype with an active area of 200 cm-2. Model 1 was based on a
Kirchhoff-Ohm (Nernst minus losses) relation, Eq. Model 2 considered the
3-D distribution of electronic and protonic current densities and potentials, Eq.

The key findings are as follows:

1. The overall performance, in terms of polarization curves, when compared
with experimental data, are in good agreement for both Models 1 and 2.

2. The current density distributions predicted by Model 2 compare closely
to those simulated by Model 1 and measured experimentally, on the GDL
and catalyst electrode interface and BBP backside, respectively.

3. Model 2 resolves the current density variation through the MEA and cata-
lyst electrodes, and the variation of the species in the catalyst electrode(s).
It also presents the local extreme current densities in/on the surface of the
BPP. These are beyond the capability of Model 1.

4. Both models may readily be applied in HT-PEFC simulations for normal
operating conditions. At high current density, and /or with thicker catalyst

electrodes, Model 2 may provide more accurate predictions.

Present-day MEA assemblies are typically only a few hundred microns thick, a
trend that will continue. This suggests that Model 1 is also a reasonable engi-
neering tool. It is to be stressed that while this may be true for this particular
geometry and HT-PEFC type (and by extrapolation to other high tempera-
ture fuel cells, such as solid oxide, and other high temperature electrochemical
devices such as electrolyzers). A Model 2 approach may be required in, e.g.
low temperature PEFCs, where, for example, there are large variations in the
through-plane conductivity, due to variations in hydration. Nevertheless, this
study demonstrates the similarities and differences between two currently pop-
ular CFD approaches to fuel cell modeling and will form the basis for further

comparison studies in the future. As such, it presents a contribution to the
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literature, to which future studies, may refer to, in comparative studies of other

mathematical methods, and in the development of benchmark cases for electro-

chemical research programs.
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