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Abstract In order to accomplish the objective of studying
and optimizing the flow channel geometries and dimen-
sions for high-temperature proton-exchange-membrane
(PEM) fuel cells (with operating temperatures above
120 °C), a mathematical model has been developed in this
work. As the major step of the modeling, the average
concentrations of gas species in bulk flows as well as in the
layers of electrodes are calculated through mass transfer
analysis in one-dimensional direction normal to the mem-
brane-electrodes layers. Therefore, the concentration: and
activation polarizations are simulated with much less
computational work compared to a three-dimensional
numerical model. The ohmic loss is taken into consider-
ation through analysis of a representative network circuit
simulating the electron and proton conduction in the ele-
ments of electrodes and electrolyte, respectively. The
simulated results for high-temperature PEM fuel cells were
compared with experimental results from literature. The
results from the simulation and experimental tests showed
good agreement, which validated the mathematical model.
As the model requires less.computational work, it was used
to analyze a large number of cases with different gas flow
channel dimensions and operating conditions, and optimi-
zation to the dimensions of channels and ribs was
accomplished.
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List of symbols

A Interface area (m?)

Achannel  The area of the cross-section of a channel (m?)

C; Species/mole concentration (mol/m?)

D; Species diffusivity (m?/s)

Dygaro . Hydraulic diameter (m)

E Electromotive force (V)

Ex Activation energy (J/mol)

F Faraday constant (96485 C/mol)

hmass_i ~ Mass transfer coefficient (m/s)

1 Current (A)

i Current density (A/m2)

J; Mass flux of species (kg/s)

Ji Mass flux of species per unit area (kg/s/m?)

M; Species molecular weight (kg/mol)

P Pressure (Pa)

Pohannet  Perimeter of channel (m)

R Universal gas constant 8.314 (J/mol/K); ratio of
Lr/Lo

T Temperature (K)

v Diffusion velocity (m/s)

X; Mole fraction of species

Greek symbols
&g Porosity

o Transfer coefficient

y  Concentration exponentials

p  Species mass concentration (kg/m>)
n  Activation polarization (V)

0  Thickness of a porous layer

x  PBI membrane conductivity S/m
Subscript

a Anode side

&
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¢ Cathode side

oo Bulk flow

S Surface of GDL facing bulk flow

int Interface between GDL and an electrode layer
ia  Interface between anode catalyst layer and PBI

membrane

ic  Interface between cathode catalyst layer and PBI
membrane

Superscript

H, Hydrogen

(0)) Oxygen

H,O Water

Highlights

e A mathematical model for high-temperature PEM fuel
cell was developed.

e Modeling results were validated by experimental
results from literature.

e The cell performance V-I curves at different operating
conditions were simulated.

e The dimensions of gas flow channels/ribs for flow field
were optimized.

Introduction

Recognized as clean power sources, proton-exchange
membrane (PEM) fuel cells have a number of advantages,
such as low emissions, high power density, and relatively
fast start-up. Application of PEM fuel cells has become
wider in recent years for power sources of cars, and por-
table or stationary backup power units at various power
levels [1].

Based on operating temperatures, PEM fuel cells may be
divided into two categories: low-temperature PEM fuel
cells and high-temperature PEM fuel cells. Low-tempera-
ture PEM fuel cells have a low operating temperature
below 100 °C, whereas high-temperature PEM fuel cells
work at temperatures above 100 °C, typically in the range
from 120 to 180 °C [2]. The heat and mass transport
phenomena and material properties of low-temperature and
high-temperature PEM fuel cells have some significant
differences. A low-temperature PEM fuel cell typically
needs and produces liquid water to keep the membrane
hydrated, which incurs complicated heat and mass trans-
port processes [3]. A high-temperature PEM fuel cell does
not have liquid water in operation, which thus has different
water transport mechanism compared to low-temperature
PEM fuel cells.
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Low temperature PEM fuel cells have been studied by
many researchers during the past using various modeling
and experimental approaches [4—13]; while high-tempera-
ture PEM fuel cells only have been studied in recent times
due to the tough barrier of membrane development. One of
the most outstanding characteristics of high-temperature
PEM fuel cells is their tolerance for higher level of carbon
monoxide than that of low-temperature PEM fuel cells
[14]. High temperature PEM fuel cells also have improved
water management and faster electrochemical kinetics
[15]. When the fuel cell temperature is maintained above
100 °C, the produced water is in the form of vapor, which
reduces the occurrence of flooding; however, this is the
major problem for low temperature PEM fuel cells, in
which the water flooding may block the flow of the reactant
gasses and reduces the performance of the fuel cell.
Nonetheless, high-temperature PEM fuel cells also have
drawbacks. These include increased chances of membrane
dehydration, decreased proton conduction, and cell degra-
dation [16]. These drawbacks must be closely watched to
ensure that a high temperature fuel cell does not have
performance falling below acceptable levels. As high
temperature proton conductive membranes, polybenzimi-
dazole (PBI) membranes are doped with different acids
[one of which is Phosphoric acid (PA)] to improve the
proton conductivity. It was found that doping the PBI
membrane with about 500 mol% of PA resulted in a better
property [17].

Much effort has been devoted to improving high-tem-
perature PEM fuel cells. For membrane materials, Ong
et al. [18] experimentally studied the material compositions
for MEA, which affects the proton conductivity and the
polarization curves of a high-temperature PEM fuel cell.
Mamlouk et al. [19] experimentally studied the effects of
PBI loading and acid loading on anode and cathode layers
and carbon supports, as well as the use of Pt alloy catalysts,
on the performance of high-temperature PEM fuel cells.
Harris et al. [20] developed a casting test bed for a poly-
phosphoric-acid (PPA)-based membrane material used in
high-temperature PEM (HT-PEM) fuel cells with operating
temperatures of up to 160 °C. Zhai et al. [21] studied the
stability of Pt/C electrocatalysts in a PA-doped PBI-
membrane-based HT-PEM fuel cell. For operation condi-
tions, Zhang et al. [22] have studied the dependence of fuel
cell performance on temperature and oxygen stoichiometry
through experimental test. Li et al. [23] also studied the
poisoning effect of carbon monoxide on a Pt/C catalyst in a
high-temperature PEM fuel cell which used phosphoric-
acid-doped PBI membrane at a temperature range from 125
to 200 °C. For numerical modeling, Shamardina et al.
developed a simple model of a high-temperature PEM fuel
cell. They validated the model against experimental test
results [24]. Cheddie et al. [25] presented a one-
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dimensional mathematical model for high-temperature
PEM fuel cells based on PBI membranes. They also
developed an improved three-dimensional model of a high-
temperature PEM fuel cell with polybenzimidazole (PBI)
membrane [26]. Their model was used for a parametric
study, and they concluded that the greatest potential for
improving PBI PEM fuel cell performance was to increase
the conductivity of membrane and also the performance of
the catalyst [27]. Lobato et al. [28] implemented a three-
dimensional half-cell model into a computational fluid
dynamics (CFD) software. Their simulated cell has a high-
temperature polyelectrolyte membrane (HT-PEMFC) in an
area of 50 cm”. They also developed a neural network-
based model and studied the effect of operating tempera-
ture on high-temperature PEM fuel cells [29]. Grigoriev
et al. [30] reported a mathematical model of high-temper-
ature PEM fuel cells, with H;PO4-doped polybenzimidaz-
ole (PBI) being used as the solid polymer electrolyte, and
they conducted geometry optimization for important cell
components.

The effect of flow field layout on high-temperature PEM
fuel cell performance is another important issue, which
aims at finding a uniform distribution of fuel and oxidizer.
Efforts on this issue include some works that originated
from Bejan’s constructal theory [31-36], as well as studies
such as those by Taccani et al. [37], which reported that a
serpentine flow field yields higher performance compared
to a parallel flow field in their experimental tests. Through
numerical analysis, Lobato et al. [28] also found that ser-
pentine flow channels performed better than the flow field
with pin arrays. Therefore, serpentine flow field was chosen
in the present study for high-temperature PEM fuel cells.

It needs to be noted that the optimization of flow
channel dimensions has not drawn sufficient attention,
which is in fact a very important issue. Therefore, this
paper focuses on developing a numerical model to not only
study the effect of operating conditions of temperatures,
pressures, and stoichiometry. coefficients, but also the
effect of flow channel dimensions (width of ribs and
channels) on the cell performance. Consequently, both fuel
cell design and operating parameters can be optimized for
high power output. The mathematical model of high-tem-
perature PEM fuel cells is for operating temperatures above
120 °C, which allows the authors to analyze the perfor-
mance of fuel cells using flow channels in different
dimensions (width of channels versus ribs) and thus opti-
mize the gas channels. This is especially important because
once all of the major designs have been decided, opti-
mizing the flow channel dimensions will not change the
overall layout, but will improve the performance of the fuel
cell significantly. The general procedures of the present
modeling of high-temperature PEM fuel cells stem from
Ref. [1] for low-temperature fuel cells; however, details of

mass transfer analysis, the activation polarizations, the
membrane and its proton conductivities are different from
that for low-temperature fuel cells. The effects of operating
conditions on the high-temperature PEM fuel cell perfor-
mance were also studied in this paper. The electrode acti-
vation polarizations and PBI membrane conductivities as
functions of operating temperatures are also examined
through comparison of modeling results and experimental
data from literature.

Mathematical modeling

Figure 1 presents a view of the cross-section of a pair of
flow channels (fuel and air) in a high-temperature PEM
fuel cell. The PBI membrane is sandwiched by the two
electrodes layers. Because the electromotive force and the
irreversible losses due to activation polarization and con-
centration polarization are all related to the gas species
concentrations and partial pressures at the reaction site
(interface of electrolyte and electrode), mass transfer ana-
lysis s required in-the model. Consequently, the electro-
motive - force, the concentration and activation
polarizations, and ohmic losses are all determined from the
given conditions of fuel cell current density, operating
temperature, and pressure.

In this model the average concentrations of gas species
along the main flow direction are analyzed to decide the
average partial pressures of gasses at the reaction site.
Therefore, the model is one-dimensional in nature, in the
direction perpendicular to the plane of the PBI membrane-
electrode-assemble (MEA). The variation of concentrations
of gas species from bulk flow to the surface of gas diffusion
layer (GDL) and from across the GDL and the electrode

Anode Plate

Anode Gas Channel
Anode Gas Diffusion Layer (GDL)

Anode Catalyst Layer (Electrode)

PBI Membrane
Cathode Catalyst Layer (Electrode)

Cathode Gas Diffusion Layer (GDL)
Cathode Gas Channel

Cathode Plate

Fig. 1 The cross-section of a pair of fuel and air channels in a high-
temperature PEM fuel cell
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layer needs to be determined. The advantage of the one-
dimensional model is the simplicity but still with an
acceptable accuracy [1]. It can be used to conduct para-
metric studies (of large number of cases) for optimization
of design and operation, which a three-dimensional model
is inconvenient to do due to a heavy load of computations.
Some assumptions are made here for the modeling: (1) the
operating temperature and pressure in both fuel flow and
airflow are assumed to be maintained constant; (2) water in
the fuel cell is in vapor state due to the high operating
temperature well above 100 °C; (3) the reactant and
product species in anode and cathode channels are all ideal
gases; (4) the laminar flows of both air and fuel are
incompressible.

Mass transfer analysis

The mass transfer from bulk flow to PBI membrane
experiences three processes—from bulk flow to the surface
of gas diffusion layer (GDL), across the GDL, and across
the electrode layer, as illustrated in Fig. 2. Humidified
hydrogen and air are delivered to the anode and cathode
gas channels, respectively. These gas species transfer
through the GDL correspondingly to the electrode catalyst
layers, where hydrogen molecules experience electro-
chemical reaction to become protons on the anode, and
oxygen in cathode catalyst layer receives electrons from
external loop to become anions. The released electrons on
anode go through an externally closed loop (where a load is
connected) to reach cathode where electrons are reused in
the cathode electrochemical reaction.

Species mass transfer in flow channels

Analogous to the process of convective heat transfer and
heat transfer coefficient h, a:mass transfer process has a
mass transfer coefficient A,,.. The laminar convective

H2 § Proton .+ H0 @ N2 Bo28 021ons @

-
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Anode flow out Gas d Gas 02+N2+H20
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Fig. 2 Schematic of the gas species mass transfer in a high-
temperature PEM fuel cell
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mass transfer coefficient can be evaluated from a known
Sherwood number as defined in Eq. (1). The Sherwood
number for different flow channel geometries is listed in
Table 1. The needed parameters in Eq. (1) are the
hydraulic diameter of the flow channel and the diffusivity
of the species of interest in the rest of the flow. The
hydraulic diameter is the value of four times of the cross-
sectional area divided by the perimeter of the cross section
of the flow channel. The diffusivity between gas species in
binary or more than binary mixture is a property to be
discussed later.

D:

Pinass_i = Sh—="= 1

mass__i DHydro ( )

DHydro _ 4Achannel_cross (2)
P channel

The mass transfer rates of humidified hydrogen on the
anode side at the surface of GDL can be obtained from
Egs. (3) and (4) [39]. As there is no water generation on
anode side, the mass flux of water on the anode side is zero.
It is also assumed that the water flux across the PBI
membrane is zero.

JHz = Ahmass,Hz (,0?2 - ,0];2) (3)
JHZO_HEt k| Ahmass_Hgo(pi{zo - pIO'IOzO) = O (4)

where p. represents the bulk flow average mass concen-
tration and it is determined as the average concentration of
species in inlet and outlet flow. The difference of the
concentration of species in the outlet flow from inlet flow is
caused by the consumption or production of species
resulting from the electrochemical reactions in fuel cells.
The concentration p, represents the average mass concen-
tration of a species on the surface of GDL.

On the cathode side, the convective mass transfer fluxes
of species from bulk flow to the surface of GDL are given
in Egs. (5)—(7).

JOZ = Ahmass_Oz (P?z - p(o)oz) (5)
JNZ = Ahmass_NZ (PIS\IZ - pl\oloz) =0 (6)
JHZO_cathode = Ah;?;?:iel{ZO(p ?i(c)alhode -p I_olozgcathode) (7)

Table 1 Sherwood number of laminar flow mass transfer in rectan-
gular channels with only one surface having mass transfer [22, 38]

o 0.2 0.4 0.7 1.0 2.0 2.5

Shy 083 142 202 244 319 339
Sh. 096 1.60 226 271 354 378

Note: a (=bla) is for the channel aspect ratio, with b and a as the
channel dimensions. The subscripts ¢ and f for Sh are for constant
concentration at wall and constant mass flux, respectively
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The mass consumption rates of hydrogen and oxygen,
Ju, and Jo,, correlate with the operating current density in
the form of Egs. (8) and (9), where My, and Mo, represent
the molecular weight of hydrogen and oxygen, respec-
tively. The mass flux of water generated on cathode is
calculated using Eq. (10). The direction of a positive mass
flux is from wall toward the bulk flow. Therefore, a mass
flux from the bulk flow to a wall due to mass consumption
is negative.

Ju, = —Mm, - l/(2F> (8)
jOz = _Moz ' l/(4F) (9)
jHZO_Cathode = MH;O ' l/(2F) (10)

Mass transfer in porous media

Three mechanisms contribute to mass transfer in the porous
media in a fuel cell based on the Nernst—Planck equation
[40], as shown in Eq. (11).

Nl‘ = fz,'u,-FciV¢fDch,~+civ (11)

The first term of the equation is due to migration of the
charged species which is caused by a potential gradient A®
with associated charge number z;, concentration c;, and
mobility u;. With no consideration of the potential gradient
(D) effect (as it is usually small), the mass transfer only
consists of mass diffusion due to concentration difference
and the convection mass transfer due to the species’ motion
from a surface to the bulk flow. Therefore, the Nernst—
Planck equations for species’ mass transfer per unit area
across the GDL can be simplified to:

ji, = =Dy w00 VPG + PabiLVEnL (12)
J,0_anode = —Di,0-1y(et)VPgpr, + Lo VapL (13)
Jo, = _DOZ—miX(ef)nglz)L + ng)L"C (14)
J8: = ~Dr;-mixien VPG FPgLY (15)
JH0_cathode = _DHzo—mix(ef)ng]z)?_ + P v© (16)

where Vp' s are concentration gradients of species across
the porous GDL. The terms, v* and V¢ are the anode and
cathode diffusion velocities, respectively, due to the overall
mass flux in the porous GDL, which are given as:

a __ jH
VS o an
VC _ ]Oz +.]H20 (18)

- pOZ + pHZO + pN2

The effective diffusivity of the humidified hydrogen in
the porous layers (GDL and catalyst layer) is related to
binary ordinary diffusivity Dy,_p,0 and porosity (g,).

Table 2 High temperature PEM fuel cell parameters and material
properties

Physical property or parameter Value
GDL porosity [42] 0.4
Electrode porosity [42] 0.4
Gas diffusion layer thickness [43] 380 pm
Electrode layer thickness [43] 50 pm
Membrane thickness [43] 60 um

Detailed information of porosity is listed in Table 2. The
effective diffusivity for hydrogen is calculated using
Eq. (19) [25]. The ordinary diffusivity of two species is
presented in Eq. (20), where Vy, = 7.07, Vy, = 17.9,
Vo, = 16.6, V0 = 12.7-[41].

Dijer) = & D (19)
0.5
b 0.0101377 (55 + 57)
ij P[V,-UB N le/3]2

(20)

Three species are involved in mass transfer on the
cathode side. The effective diffusivity of humidified air
components (oxygen, nitrogen, and water vapor) are pre-
sented in Eq. (21). Diffusivity of multiple species is
obtained from Eq. (22), where x; is the molar fraction of
species and it is obtained from Eq. (23).

Difmix(ef) = 8;5Di,mix (21)
o (1 — )Cl‘)
Z xj/Di.j

J#i
=) [ 1) o)

Introducing the following effective diffusivities in gas
diffusion layer and electrode:

Di,mix (22)

D, _,(etfy = DH,—H,0(ef) szl;—z(p)HZO (24)
D,_1,0(cft) = DPu,0-H,(ef) szptlizgm (25)
D:_o,(ett) = Do, —mix(ef) % (26)
De_Ny(etf) = DNy —mix(ef) W (27)
De._n,0(eft) = DH,0-mix(ef) % (28)

We can obtain the mass flux equations in compact forms
as:

’r @ Springer
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Jo, = — Dasz ( eff)v sz (29) Table 3 Electrochemical parameters [27]
. H,O Parameters Value
0 = ju, = Da_,0(ett) V Panode (30)
0, Reference exchange current density il 1 x 10° (A/m*)
. . 0
Jo, — PN szOJ 1,0 = —Dc_oyem) VP (31) Reference exchange current density il 0.1 (A/m?)
N Concentration exponentials y, 0.5
. . .
Ju:0 +jo, = De_n0(et) VP (32) Concentration exponentials 7, 1.0
szO o Transfer coefficient o, 1.0
. Cathode - _ 2
JH,0 — Nt pO: Jo, = —De_n,0(ett) V Pcathode (33) Reference H, molar concentration Cjf 40.88 mol/m’
Reference O, molar concentration C&r 40.88 mol/m’

Similar approach of analysis is applicable to the mass
transfer flux and diffusivity in porous electrode layers.
Therefore, the species’ mass concentration at the electro-
chemical reaction site—the interface between electrodes
and PBI membrane, could be obtained at any given current
density. Finally, partial pressures of each species are given
as the product of the total pressure and the molar fraction of
the interested species, as shown in Egs. (34)—(36).

H pz /M

Py = o g itpH,o M0 Panode (34)
mt
i i /M2

P = int Peamoge  (35)

T LM &l M 0=

H,0

PHZO_C _ pmi C/MH20 P athod

i - cathode

" Piot /MO + pit MNe  piO=* /M0

(36)

Over-potential due to activation polarization

The Butler—Volmer equation is commonly used to compute
the activation polarization. For high-temperature PEM fuel
cells, the simplified Butler—Volmer equations for the anode
and cathode are given by Egs. (37) and (38), respectively [43]:

.. P, “oF
=lgg| ——— | — 37
L= lo, Clr-ifMH2 RT Mact_a ( )
,}VC
. . Po o
L= 1o Crefﬁjloz exXp <- ﬁ ”acl_c) (38)

The anode and cathode exchange current densities i, ,
and i,. are both temperature-dependent as given in
Egs. (39) and (40). T is a reference temperature chosen as
453 K (for 180 °C).

o, E (1 1
S, E (1 1

The anode and cathode reference exchange current

densities l{)eg and i%f, the concentration exponentials 7, and

’r @ Springer

Activation energy E, 57176.7 J/mol

7p, the reference concentrations C{{ezf and Crezf, and the
transfer coefficient o, are given in Table 3. The activation
energy E', as listed in Table 3, was obtained from analysis
of the data given in Ref. [24].

Over-potential due to ohmic loss

The ohmic polarization of fuel cells is due to the electrical
resistances, the contact resistances in the current collection
process,. and proton conduction resistance inside the
membrane. Figure 3 presents a representative network
circuit of the current flow path from an anode-side current
collector to a cathode-side current collector. This path is
discretized into multiple segments. The circuit includes
electromotive forces and all discretized resistances. Given
a current density for the fuel cell, one can analyze the mass
transfer and find the electromotive force, and the over-
potential due to activation polarization. Then, Kirchhoff’s
current law can be applied for establishment of equations
for the potentials at all the control nodes in the circuit.
Solution to the equations will decide the potential differ-
ence between the two current collectors of the cathode and
anode sides. This model for the ohmic losses analysis has
been used successfully for analysis of low temperature
PEM fuel cells [1, 44] and solid oxide fuel cells [45, 46].

The contact resistance is affected by the contacting of
the pair of materials, which will cause a voltage drop
across the contact surfaces. The contact surfaces roughness
and contact pressure influence the contact area between the
two materials. Yoon et al. [47] experimentally studied the
effect of applied pressure on contact resistance of different
materials. They reported that the contact resistance
between two surfaces is on the order of 1077 Q m? They
also found that the contact resistance decreases when the
clamping force increases. However, it reached to a constant
when the clamping force is above a certain value. For the
present model, contact resistance is 1 x 1077 Q m>. The
resistivity of porous electrodes used in the numerical
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Fig. 3 The representative network circuit for charge transfer from a
current collector on anode side to that of cathode side

calculation is listed in Table 4. The resistivity of electrode
and GDL may vary slightly with temperature, but is viewed
as constant approximately. The resistance to proton
migration in PBI membrane depends on the material and
temperature of operation. At a temperature of 180 °C, the
PBI membrane proton conductivity is 9.825 Q m [43].
Giving this temperature (7, = 453 K or 180 °C) and the
corresponding proton conductivity (k) as reference values,
the proton conductivity of PBI membrane at other tem-
peratures is calculated using the following equation:

:p[_%@_%ﬂ (41)

where E} is activation energy, which is 20215.3 J/mol
obtained from the work in Ref. [24]; R dis universal gas
constant, and the unit of 7 is K.

=

Procedures of computation to find I-V curves

The Nernst equation for electromotive force is calculated in
the following form [48]:

E=E+ %m [<%) (Ii%) N / (PPOO)] (42)

The standard state electromotive force E° is calculated

from the systematic Gibbs free energy change, —AG", of

the global reaction based on low heating value for high-
temperature PEM fuel cell. The equation of E° given as a
function of fuel cell operating temperature [49] is:

E° = —0.000243 x T+ 1.257115 (43)

where temperature 7 is in K.

In the network circuit shown in Fig. 3, the electromotive
force, E, located inside the membrane, is the net value due
to the electromotive force by Eq. (44) subtracting the
activation polarizations from both anode and cathode. The
electromotive force from Eq. (42) considers the partial
pressures of species which thus considers the concentration
polarization. The difference of E [from Eq. (42)] due to
situations with no current output and with a current output,
is the concentration polarization at the given current, which
is obtained from Eqgs. (45) and (46).

E=E— Nact_a = MNact_c (44)
ncon(i) = EP(O) - EP(I) (45)

ozl ()

The output voltage of the high-temperature PEM fuel
cell is the potential difference between the two current
collectors on anode and cathode sides. This is obtained by
calculating the network circuit potentials at every node, as
seen in Fig. 3, using Kirchhoff’s first law while setting the
potential of anode current collector as zero.

With all the above modeling work integrated, it is pos-
sible to predict the performance of a high-temperature
PEM fuel cell at given operating parameters and condi-
tions. The calculation process was programmed into Mat-
lab code. Figure 4 shows a flow chart for the computation
procedures, which includes the following steps. First, the
mass concentrations of species at the interface between
electrode and electrolyte are calculated based on given
parameters and conditions. In this calculation, the reactant
and product partial pressures at reaction site are calculated,
which can be used to decide the concentration polarization.
Second, activation polarizations are obtained based on
species concentrations at reaction site for the given oper-
ating current density. Third, internal ohmic loss is
accounted for by solving the representative electrical net-
work circuit. Eventually, the potential difference between
the two current collectors can be computed, which reflects
the cell output voltage. These computation steps are

(40)

Table 4 Resistivity of

GDL (Q m) Electrode (Q m) PBI membrane
electrodes and GDL of the
studied high temperature PEM Anode Cathode Anode Cathode 1/ion conductivity
fuel (at 180 °C)

1.89 x 107 1.89 x 107* 1.754 x 1072 1.754 x 1072 1/9.825 (Q m) [27]

o .
’r @ Springer
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Fig. 4 Procedures of
computation for finding the cell
voltage at a given current
density

Known

Properties: porosity, resistivity, conductivity, molecular weight of species
Operation condition: temperature, pressure, fuel & air stoichimetric factors
Dimensions: cell componets & flow channel

Operational current density

—

Species concentration
analysis

Concentration

NO
converged

conducted at all desired current densities to generate the
polarization curves and power density curve.

It needs to be noted that in each computation at a given
current density, the gas species concentrations have to be
used to decide the gas diffusivity if a mixture has more than
three species. Therefore, iteration of computation of the
concentration is necessary until all results are converged.

Results and discussion

The mathematical model was used for the simulation of a
high-temperature PEM. fuel cell which has experimental
results reported in literature. Comparison of the simulation
results with reported experimental results was conducted to
validate the modeling. The model was then applied for
more simulation work with the objective of optimization
for the dimensions of the gas flow channels and thus high
power output under the same other conditions.

Validation to the mathematical model

As seen from the computational flow chart in Fig. 4, with
given inlet flow rates, pressures, operating temperatures,
membrane proton conductivities as function of tempera-
tures, and current density of the fuel cell, the model can
predict the fuel cell voltage. Carrying out this simulation
for different current densities, one can predict the entire
voltage—current (V-I) curve of the fuel cell.

)
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The present validation work takes the fuel cell proper-
ties, operating conditions, and current density from
experimental work in literature [50] as input for the mod-
eling simulation. The voltage of the fuel cell is then pre-
dicted using the model. After simulations for different
current densities, the cell voltages and thus the VI curves
were predicted for comparison with experimental data.

Yu et al. [50] reported the experimental results for a high
temperature PEM fuel cell with a PA-doped PBI membrane
under an operation condition of 1.0 atm (absolute) and a
temperature of 180 °C with stoichiometric coefficients of
hydrogen and oxygen of 1.2 and 2.0, respectively. They also
reported experimental results which were tested using pure
oxygen instead of air with the same stoichiometric coeffi-
cients of hydrogen and oxygen, respectively. The present
simulation took the fuel cell properties and parameters from
the work of Yu et al. [50] for simulation. The dimensions of
anode flow channels are 1.0 mm in depth and 1.0 mm in
width, and that for cathode channels are 1.5 mm in depth and
1.0 mm in width. The width of the current collection ribs is
1.0 mm. Figure 5 shows the simulated results in comparison
with experimental results reported by Yu et al. [50]. The
results in Fig. 5a were obtained based on air, while in Fig. 5b
the results are based on pure oxygen. Obviously, the pure
oxygen allowed the fuel cell to have high power output under
the same other conditions. The simulated results and the
experimental data agree with each other quite well, which
confirms the validity of the modeling and the computational
program developed in this work.
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Fig. 6 Cell output voltage and three types of voltage losses at
operation temperature 180 °C and pressure 1.0 atm. a Constant flow
rates of hydrogen and air corresponding to a limited current density of

The three irreversible voltage losses

The mathematical model was able to predict the total and
individual irreversible voltage losses so as to identify their
contributions to the losses inside the fuel cell. For the
above simulated fuel cell cases, the ohmic loss, activation
polarization (total from both electrodes), and concentration
polarizations are presented in Fig. 6. The results in Fig. 6a
were obtained based on constant flow rates of hydrogen
and airflow; while in Fig. 6b, the results are based on
constant stoichiometric factors of hydrogen and oxygen
(from airflow).

In both the cases, the activation polarization is the
dominant loss, while concentration polarization and ohmic
losses are about the same order. In Fig. 6b, as the hydrogen
and oxygen stoichiometric coefficients are constant at all
the current densities, the concentration polarization only
has a slight increase with the increase of the current

(b)o.9
F Cell output voltage
0.8 Activation polarization
F Ohmic loss
0.7 Concentration polarization
0.6
> 05
S
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o
> 03+F
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0.1+
00 [l 1 1 1 1
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Current density, Alcm®

1.2 A/em?; b constant hydrogen stoichiometric coefficient of 1.2 and
constant oxygen (from airflow) stoichiometric coefficient of 2.0

density. However, for the case with constant flow rates of
hydrogen and airflow, the concentration polarizations are
slightly higher than that in Fig. 6b at the same current
densities; also, a sharp increase of the concentration
polarization is seen at a high current density of 1.2 A/cm?,
which incurs a significant cell voltage drop as seen in
Fig. 6a. This is because the hydrogen and oxygen flow
rates are completely used at a current density of 1.2 A/cm®
for this case. It is understandable that the ohmic loss
increases with the current density in the same way for both
the two cases in Fig. 6.

Effect of operating temperature on high temperature
PEM fuel cells

High-temperature PEM fuel cells operate at temperatures

in the range from 120 to 180 °C. The operation tempera-
ture influences the activation polarization as well as the
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proton conductivity of the membrane significantly. The
anode and cathode exchange current densities and the
proton conductivity of the membrane ‘varying against
temperatures are shown in Fig. 7 based on the calculated
data from equations in the modeling for the case when air is
used on the cathode.

The exchange current density of the cathode is much
less than that of the anode, which is an indication that the
cathode activation polarization is much higher than that of
the anode. The exchange current densities increase with
operating temperatures, which means that the activation
polarization will decrease with the increase of tempera-
tures. The proton conductivity of the membrane increases
with the increase of the temperature as shown in Fig. 7c.
Because the high operating temperature introduces lower
activation polarization and higher proton conductivity, the
fuel cell performance will increase with operating
temperatures.

Figure 8a shows the simulation results of the fuel cell that
has the same dimensions and operating parameters as pre-
sented above, except with different operating temperatures

’r @ Springer

from 120 to 180 °C. Although the membrane must have a
limit of operating temperature due to material safety, it is
clear that high operating temperature allows for a higher
voltage output under the same other conditions. Experi-
mental tests conducted by Yu et al. [50] reported similar
results on the effect of fuel cell temperatures on the voltage—
current performance [51] as shown in Fig. 8b. Shamardina
et al. [24] conducted both experimental tests and modeling
analysis on high-temperature PEM fuel cells, and they
reported a similar conclusion that cell output performance
increases with operation temperature in the range from 127
to 180 °C.

Effect of fuel and oxygen stoichiometry on fuel cell
performance

Three different stoichiometric factors for hydrogen (1.0,
1.2 and 1.5) and oxygen (1.0, 1.5, 2.0) have been chosen to
form operating conditions different in fuel and oxygen
supplying. Air is fed for the needed oxygen. Figure 9
shows the fuel cell output voltage and power density at five
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Fig. 9 Cell output voltage and power density at different stoichiom-
etric coefficients of hydrogen and oxygen (from airflow) at operating
temperature of 180 °C and pressure of 1.0 atm

combinations of hydrogen and oxygen stoichiometric
coefficients. The baseline case has stoichiometry factors of
both 1.0 for hydrogen and airflow. The best case has
stoichiometric factors of 1.5 for hydrogen and 2.0 for
oxygen. The maximum power densities from these two
cases are quite different as seen in Fig. 9. The best case
(with a hydrogen stoichiometric factor of 1.5 and an oxy-
gen stoichiometric factor of 2.0) has maximum power
density 25 % higher than that of the baseline case.

At the oxygen stoichiometric factor of 1.0, the increase
of the hydrogen stoichiometric factor from 1.0 to 1.2 makes
a slight increase in the maximum power density. However,
compared to this case, the increase of the oxygen stoichi-
ometric factor from 1.0 to 1.5 incurs a significant
improvement of about 18.1 % of the maximum power
density. When the stoichiometry of air increases from 1.5
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and operating pressure of 1.0 atm. a Simulation results; b experimen-
tal results [50]

to 2.0, the maximum power density still has a significant
increase. Laboto et al. [18] reported a similar conclusion
based on their simulation of high-temperature PEM fuel
cells with a serpentine flow field [28]. They found that cell
output voltage increased more significantly with the
increase of the stoichiometric factor of cathode airflow than
that of hydrogen flow. A similar conclusion has been
reported from the experimental tests conducted by Sha-
mardina et al. [24].

Effect of the operating pressure on cell performance

High-temperature PEM fuel cells may safely operate at
pressures ranging from 1.0 to 5.0 atm. The effect of
operating pressure on cell performance was studied using
the present model. As shown in Fig. 10, the fuel cell V-I
curve at an operating pressure of 2.0 atm is above that of
the case of an operating pressure of 1.0 atm, and similarly
V-I curve at 3.0 atm is above that of the case at 2.0 atm.
Wang et al. have done experimental tests and modeling on
pressure effect in low-temperature PEM fuel cells at an
operation temperature of 70 °C, and obtained similar
results [41]. Zhang et al. [42] also reported their experi-
mental results on low-temperature PEM fuel cell operating
at 23 °C, and they found that a decrease of backpressure
causes a decrease of the power output. Ke et al. [43]
conducted tests for high-temperature PEM fuel cells and
studied the pressure effect at an operating temperature of
140 °C. Researchers also concluded that a high operating
pressure improves the polarization curve [52, 53].

Figure 11 shows the activation polarizations and con-
centration polarizations of the fuel cells at different operat-
ing pressures. The influence of the operating pressure on the
activation polarization is significant while the concentration
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Fig. 10 Polarization curves of a high temperature PEM fuel cell at
different operating pressures. (The operating temperature is 180 °C;
stoichiometric factors of hydrogen and oxygen (from airflow) are 1.2
and 2.0, respectively; both the widths of channel and rib are 1.0 mm.)

polarization has no appreciable change. The higher operat-
ing pressure offers improved partial pressures for the reac-
tants at the reaction site, which contributes to a lower
activation polarization. Although higher operating pressures
have positive effects on cell performance, increasing the
back pressure for the entire fuel cell system will increase the
load of the air and fuel pumps, causing a drop of the overall
energy efficiency of the entire system. In addition, higher
operating pressures also result in increased complexity of
gasket design for leakage prevention.

Dimension optimization for gas flow-channels

From previous work on low-temperature PEM fuel cells, it
is known that the cell with different flow field design could
perform significantly different. Due to better balance of
pressure loss against water removal, the flow field with
serpentine channels is considered the “industry standard”
of PEM fuel cells, which showed better performance
compared with many other designs [54, 55]. In the present
study, serpentine flow channels were considered, and
dimensions of channels and current collection ribs were
optimized for obtaining high power density under the same
other conditions.

In the analysis, the total width of the gas flow channel
and one of the channel walls is defined as Lo. The width of
the flow channel is Lc and that of the channel walls/ribs is
Lr. The present simulation chose different combinations of
Lo and the ratio of R = Lr/Lo. The range of Lo ranges
from 1.5 to 6.0 mm with increment of 0.5 mm, and the rib
ratio Lr/Lo ranges from 0.1 to 0.5 with an increment of
0.05.
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Fig. 11 Activation polarization and concentration polarization at
different operating pressures. (Operating temperature is 180 °C;
stoichiometric factors of hydrogen and oxygen (from airflow) are 1.2
and 2.0, respectively; both the width of channel and rib are 1.0 mm)

The simulation considered a fuel cell operating tem-
perature of 180 °C, a hydrogen stoichiometric factor of
1.2 and an oxygen (fed by airflow) stoichiometric factor
of 2.0. For each case, the performance curve of current
density versus power density was obtained. The maximum
power densities on the curve for every case in different
combinations of Lo and Lr/Lo are shown in Fig. 12 as a
contour.

It is seen that at a given total width of Lo, the decrease
of the ratio of Lr/Lo from 0.5 to 0.2 results in an increase of
the maximum power density. At an optimized ratio of Lt/
Lo between 0.1 to 0.2, the power density approaches
maximum. For a given constant total width Lo, the
decrease of Lr/Lo means that the width of the current
collection rib decreases while the width of channel
increases. This provides more area exposed to gas species
for an electrochemical reaction, thus creating more power
output from the fuel cell. However, when the rib ratio Lt/
Lo is too small, the current collection from the reaction site
to the ribs is under more resistance and thus the power
output cannot increase anymore.

When keeping the rib ratio Lr/Lo constant, meaning
both the rib width and the total width vary proportionally,
the decrease of the total width results in higher power
density as seen in Fig. 12. Finally, from the contour in the
figure, one can see that the high power densities located at
the corner of low total width of Lo and low ratio of Lt/Lo.
The top maximum power density can be 43 % higher than
the lowest power density, if the combinations of Lo and
R (= Lt/Lo) are properly selected, or optimized.
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Conclusion

A mathematical model has been developed in this study for
high temperature proton-exchange-membrane fuel cells.
The model calculates the average concentrations of gas
species in bulk flow as well as in the layers of GDL and
electrodes through mass transfer analysis in one-dimen-
sional direction normal to the layers. The concentration and
activation polarizations are simulated with much less
computational work, and the ohmic loss is counted through
analysis of a representative network circuit simulating the
electron and proton conduction in elements of electrodes
and electrolyte. The simulation results are compared with
experimental results from literature. The simulation and
experimental results agree very well. . The analytical model
was used to study the behavior of irreversible losses and
the effects of operation parameters to the fuel cell polari-
zation curves in high temperature PEM fuel cells. The
effects of operating pressure, stoichiometric parameters of
hydrogen and oxygen to the fuel cell performance are
similar to what is known for low temperature PEM fuel
cells. The extra supply of oxygen (at stoichiometric factor
larger than 1.0) to the fuel cell is more significant for
improving fuel cell performance than an extra supply of
hydrogen. A higher operating temperature for a high-tem-
perature PEM fuel cell results in better performance if the
temperature is within the safety limit of the membrane.

The present model was also used to study and optimize
the flow channel dimensions. The optimal total width of a
flow channel and its wall/rib as well as the ratio of a rib
against total width, were investigated for higher power
density. It has been found that a relatively small total width
and small rib-to-total width ratio are better for generating
high power density in the fuel cell.

The current mathematical model is used as a convenient
tool for the study of high temperature cell performance

0.8

- 03
0.2 Rib ratio R

under different factors as well as a tool for fuel cell flow
channel design:
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