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Cost and durability of polymer electrolyte fuel cells (PEFCs) remain the

major obstacles in the way of their commercialization. Optimizing these
devices for high current density with low catalyst loading can reduce the
cost of PEFCs. Mathematical modeling is an ideal tool for illustrating the
complex interplay of reactant and water transport, electrochemical
performance, and heat generation in PEFCs. In this work, we develop a
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“1+2D” model, in which a 2D fuel cell sandwich model is successively
stepped along a channel to simulate downstream effects without the
computational cost associated with 3D models. We highlight similarities and
differences in water and thermal management for proton exchange

membrane and anion exchange membrane fuel cells.

1. INTRODUCTION

Polymer-electrolyte fuel cells (PEFCs) have
the potential to revolutionize the way in which
we use energy, particularly in the
transportation sector, where zero-emissions
fuel-cell buses and cars have become
increasingly popular. However, optimizing
reactant and water transport in PEFCs remains
critical for improving performance and
enabling wide-spread adoption[1].
Computational  modeling of  transport
phenomena in PEFCs is an ideal tool for
optimizing cell parameters.

In this work, we explore two classes of
PEFCs: proton-exchange-membrane fuel cells
(PEMFCs) and anion-exchange-membrane
fuel cells (AEMFCs). Both classes of PEFCs
convert reactant hydrogen and oxygen gases
to water and electricity, but the oxidation and
reduction half-reactions are balanced by
protons (H") or hydroxide anions (OH)
respectively:

2H, - 4H* + 4e™, (1)
0, + 4H* + 4e~ - 2H,0, (2)

for PEMFCs, and

2H, + 40H™ - 4H,0 + 4e", 3)
0, + 2H,0 + 4e~ > 40H", (4)

for AEMFCs. Water management is critical in
both types of cells. Flooding of the cell must
be avoided, since liquid water will
significantly reduce reactant mass transport
and accessible catalyst active area. This is
balanced by the need for humidification and
hydration by the ion-exchange membranes
used in each cell motif. Equations (1-4)
highlight the differences in water management
between the two cases: in PEMFCs, water is
produced at the cathode, whereas in AEMFCs,
water is consumed at the cathode and
produced at the anode. Furthermore, the water
production rate per electron in AEMFCs is
double that of PEMFCs, so flooding at the
anode might occur more rapidly.

To explore the operational aspects, we utilize
a previously developed 2D fuel cell model [2,
3] and iterate them along the channel to
construct a “1+2D” model that captures
downstream  effects of humidification,
heating, and reactant consumption. The 1+2D
framework was extended from our previous
1+1D work [4, 5]. This approach allows for
simulation of along-the-channel effects using
a sophisticated 2D MEA model without the
computational complexity and computation
time required for a full 3D simulation. In this
work, we use the 1+2D model to compare and
contrast downstream effects of humidification
and reactant consumption in PEM and AEM
fuel cells.
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2. MATHEMATICAL MODEL

To model along-the-channel effects, the
channel is divided into multiple segments, and
a 2D membrane-electrode assembly (MEA)
model is used at each segment to model the
local current flowing through that segment, as
shown in Figure 1. The details of the 2D
models for both the PEMFC [2] and AEMFC
[3] have been previously published; key
equations are summarized here.
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Fig. 1. Schematic of the 1+2D approach. (a) Full 3D
stack with different cross-section steps along flow
direction. (b) Schematic of 2D cross-section model.

Transport of ions and water are coupled by
electro-osmosis, in which water is dragged
along by flowing ions, and the streaming
current, in which water movement down a
chemical potential gradient induces a
corresponding ion flux. These phenomena are
described by Equations (5 and 6) [6]:

i =—kvo — Ly, ()
£ 3
No = —2vo - (a+5) vu,, (6)

where i is the ion current density, k is the
ionic conductivity, @ is the electric potential,
¢ is the electro-osmotic coefficient, F is
Faraday’s constant, u, is the chemical
potential of water, N, is the water flux, and «
is the water transport coefficient. The
membrane is assumed to have liquid-
equilibrated and vapor-equilibrated values of
a,k,and &, as described in [6]. Two-phase
flow of gases and liquid water is modelled by
Darcy’s law for each phase:

K

where v, K, uy, and P, are the velocity,
absolute permeability, viscosity, and pressure
of phase k. Stefan-Maxwell diffusion is used
to model diffusion of reactant gases:

— (xj—wj)vpP
Ji = —pew; Xj Dij (ij +%G) +

PcWiVg, (8)

where J; represents the mass flux of species i,
p¢ Is the gas density, w; and x; are the mass
and molar fractions of species i, and D;; is the
inverted binary diffusion coefficient between
species i and j.

2.1. Along-the-channel mass and heat
balance

At each segment, consumption of reactant
gases (hydrogen and oxygen) and production
of water vapor are calculated and used in a
mass balance along the channel to compute
the species fluxes and concentrations entering
the following segment:

Nij+1= Nij+ Lgep JI Si, 9)

where N; ; is the molar flux of species i along
the channel at step j, L., is the length of the
channel step (on the order of 5 mm), and S;
represents the molar sources and sinks of
species i, integrated over either the anode or
the cathode, which is obtained from the 2D
fuel cell model. Gas concentrations for the
next segment are computed from the fluxes:

Njjt1
Xi ;i = — 10
L,j+1 ZL’NL',j+1 ( )

and a heat balance determines the temperature
of the segment:

h(T —T.) = Qcen + Hin X N;j—
Hoye Xi N ji1, (11)

where h is the heat transfer coefficient
between the bipolar plate and the coolant



(typically about 1 W cm? K™, T is the
temperature of the segment, T, is the
temperature of the coolant, Q.. is the sum of
heat sources from the 2D model, including
resistive heating, exothermic electrochemical
reactions, evaporation, and condensation, and
H;, and H,,,; are the enthalpies of the gas
flowing into and out of the channel,
respectively.

3. RESULTS AND DISCUSSION
3.1. PEMFC modeling

The 1+2D model developed in Section 2 was
used to simulate a segmented H-air PEM fuel
cell.  From the local current-density
distribution in Figure 2a, it can be seen that
there is a large difference in performance from
cell inlet to cell outlet, with a maximum in
current density occurring about two-thirds of
the way along the channel. The increase in
current density along the channel is caused in
part by membrane hydration (Figure 2b).
Water produced by the cell in one segment
hydrates the membrane further downstream,
resulting in increased ionic conductivity. The
temperature  increases due to  cell
inefficiencies as well as water condensation,
thereby also altering the local relative
humidity. The increase in conductivity is
offset by increasing mass-transport losses due
to the consumption of reactants and flooding
within the porous media at high relative
humidity, resulting in a decrease in current
density near the cell outlet despite full
humidification. These limitations could be
overcome with adjustments to the pressure
and flow rate, for example, or with flow-field
engineering to improve mass transport as
discussed in Section 3.3.

3.2. Anion exchange membrane modeling

AEMFCs exhibit a different set of challenges
related to thermal and water management. The
properties of AEMs tend to be more
dependent on humidity than PEMs, resulting
in increased sensitivity to relative humidity in
operating AEMFCs [7]. Additionally, as noted
above, water is consumed by the oxygen

reduction reaction at the cathode, and
produced by the hydrogen oxidation reaction
at the anode. These effects impact the current
distribution (Figure 3a) and relative humidity
(Figure 3b)
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Fig. 2. Along-the-channel model for a H,-air proton
exchange membrane fuel cell. The operating
temperature was 60 °C and inlet pressure was 150 kPa.
The applied potential was 0.707 V. Flow rates were
1.5x stoichiometric flow for the anode and 2x
stoichiometric flow for the cathode. (a) Local current
density distribution illustrates a maximum when the
membrane becomes fully hydrated. (b) Water produced
from electrochemical reactions disperses through the
MEA to humidify the anode and cathode inlets.

along the channel in the AEM fuel cell. The
anode floods rather quickly (even with a pure
hydrogen feed), resulting in a sharp drop in
performance at the point the anode reaches
full humidification. In contrast, the cathode is
never fully humidified, although enough water



diffuses across the membrane to raise
gradually the cathode relative humidity. By
using pure oxygen instead of air, consumption
of oxygen gas is negligible, and cell
performance remains flat after the flooding
event.
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Fig. 3. () Local current density distribution and (b)
relative humidity of anode and cathode gases along the
channel for an H,-O, anion exchange membrane fuel
cell. The operating temperature was 60 °C, inlet
pressure was 150 kPa. Flow rates were 2.8x
stoichiometric flow for the cathode and 1.4x
stoichiometric flow for the anode.

One challenge unique to AEMFCs is that
carbon dioxide gas can react with hydroxide
in the membrane to form carbonate and
bicarbonate ions. The carbonate and
bicarbonate ions reduce membrane
conductivity and may impact reaction kinetics
as well [8]. Including these effects in the
1+2D AEMFC model allows for computation
of carbon dioxide concentration in the cathode
and anode gas streams as a function of
position down the channel, as shown in Figure

4 for an Hy-air AEMFC with 400 ppm CO; in
the cathode feed. These results indicate
significant concentration of CO; in the anode
stream and highlight the critical need for
further study of the downstream effects of
CO, contamination in the anode gas.
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Fig. 4. Carbon dioxide concentration in the anode and
cathode gas streams as predicted by an H,-air AEMFC
1+2D model. The cell temperature was 60 °C and
pressure was 120 kPa. The operating voltage was kept
at 0.7 V, which caused a significant reduction in current
density upon introduction of CO,; hence the flow rates
for both gases are 9x stoichiometric flow.

3.3. Effects of bends in serpentine flow
fields

The results in the previous sections assume a
single, straight channel for simplicity.
Typically, fuel cells use serpentine flow
fields, with channels that wind back and forth
across the active area. At the bend point in the
serpentine flow field, the wall blockage not
only changes the direction of the gas stream,
but also increases the amount of gas flow into
the MEA sandwich (i.e., transport under the
rib/land), causing higher local convection. To
account for this increase in gas convection in
the model, one can add an increment to the
total gas pressure at the GDL/gas channel
interface near each turning point. As shown in
Figure 5, doing such a change by increasing
the gas pressure by 10% at the turn points
enables the model and experiments to come
into agreement. As shown, the model can now
predict the observed oscillations in local
current density (Figure 5a) using a segmented
cell hardware. This approach captures the
observed performance changes with hardly



any additional model complexity and no effect
on computation time.
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Fig. 5. (a) Experimental measurement and (b)
model of local current density along a serpentine
channel in a proton exchange membrane fuel cell.
The oscillations in local current observed in (a)
are due to increased convection at the bends in the
serpentine flow field. These oscillations are
modelled in (b) by increasing the gas pressure
locally.
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3. CONCLUSIONS

An along-the-channel model was presented
that allows for prediction of local changes
occurring downstream including humidity,
concentrations, temperature, etc. These
changes result in different local current
densities, which can be compared to
segmented cell data with good agreement. The
model was also applied to proton- and anion-
exchange-membrane fuel cells to compare and
contrast issues in water management. It was
shown how anion-exchange-membrane fuel
cells have a much more nuanced and complex
water management with more severe flooding
and hydration requirements. Furthermore, the
impact of carbon dioxide on anion-exchange-
membrane fuel cells was also elucidated.
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Nomenclature

D;;  Stefan-Maxwell  binary  diffusion
coefficient between species i and j (cm?/s)

F Faraday’s constant (C/mol)

H Enthalpy of inlet/outlet fluid (J/mol)

h Heat transfer coefficient (W m 2 K ™)

i Current density (A/cm?)

J; Mass flux of species i (kgm2s ")

K,  Permeability of phase k (m?)

Lgtep Length of step down channel

N,  Water flux (mol cm2s™)

Py Pressure of phase k (Pa)

Qceny Sum of heat sources within cell
(W/m?)

Si Source term for species i

T Temperature (K)

Vg Velocity of phase k (m/s)

X; Mole fraction of species i

Greek Letters

a Water transport coefficient (mol® J'!
cm's™)

K lonic conductivity (S/cm)

Uo Water chemical potential (J/mol)

& Electro-osmotic coefficient

d Electric potential (V)
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