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Model of a Direct Methanol Fuel Cell Stack

Resistive “Spots” and Stack Performance
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We report on a model of a direct methanol fuel cell stack. The model is based on our recent model of a single cell with parallel
straight channels. The stack model accounts for voltage loss due to in-plane currents in the bipolar plates and local “spots” of
contact resistance. A 100 cell stack with a various number of spots is simulated. The effect of spots is twofold: they (i) increase
local current and polarization voltages in the unaffected part of the cells, and (ii) induce in—plane parasitic current in bipolar
plates. The growth of local current in the unaffected part of the cells reduces limiting current density of the stack. The stronger
stack contamination with the spots, the lower the limiting current density. In the studied range of parameters, voltage loss in the

bipolar plates is negligible.
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In recent years direct methanol fuel cells (DMFCs) have at-
tracted much attention in academic institutions and companies. The
advantage of a liquid fuel makes DMFC a viable candidate for re-
placement of Li—ion batteries in mobile applications.

The major problems in DMFCs are sluggish kinetics of methanol
oxidation and methanol crossover from the anode to the cathode
side.! CO, bubbles in the anode channel may also seriously decrease
DMFC performance.z'4

To achieve high volumetric power density, the cells are as-
sembled in a stack, which typically consists of 10-100 cells. This
leads to another overhead: transport of current through the stack
induces voltage losses in bipolar plates (BPs), which interconnect
individual cells. Qualitatively, when the distribution of local current
over the surface of adjacent cells is essentially different, a significant
fraction of current is transported along BPs and wastes electric
power.

Another problem in DMFC stacks is numerous spots of local
resistance, which arise due to noneven distribution of clamping pres-
sure, local corrosion, etc. The spots increase the amount of current
transported along the bipolar plates and enlarge the anode and the
cathode polarization voltages in the “contaminated” cells (see be-
low).

Buttin et al.’ developed a 5 cell DMFC stack with the stainless
steel BPs. They compared the performance of the first and fifth cells
in the stack with the performance of the single cell equipped with
the graphite current collectors. Both cells in the stack exhibited sig-
nificantly lower performance than the stand—alone cell. This result
was attributed to the effect of contact resistance in the stack, though
no detailed analysis was reported.

So far modeling studies were focused on the simulation of indi-
vidual cells.*”'%. To our knowledge, in the literature there are no
models of DMFC stacks. In this work we develop a model of a
stack, which enables us to study the effects of stack contamination
by the spots of high contact resistance and to calculate voltage loss
due to in—plane current in the BPs.

The structure of the work is as follows. First, we present the
general descri})tion of the model of a single cell with equipotential
electrodes.'>!®> Then we show how to take into account voltage
variation along the BPs. Local currents in the adjacent cells deter-
mine potential distribution along the BP, which interconnects these
cells. Local potential difference between two neighboring BPs in
turn determines local voltage of the cell between them. The stack
model is thus formulated as a selfconsistent problem of voltage and
current distribution in the cells and BPs. Finally, we study the effect
of resistive spots on stack performance.

* Electrochemical Society Active Member.
* E-mail: A.Kulikovsky @fz-juelich.de

Model of an Individual Cell in a Stack

General description.— Individual cells in a stack are described
within the scope of the model.'>"® The idea which stands behind the
model equations is as follows.

Consider DMFC equipped on both sides with the single straight
channels (Fig. 1). The inlets of oxygen and methanol channels are
located at z = 0 (coflow conditions, Fig. 1). The distribution of re-
actants, potentials, and currents in the plane shown in Fig. 1 is a
solution to the respective 2D problem.

Analysis of governing equations shows that in the membrane
electrode assembly (MEA) z—components of all fluxes are small as
compared to their x—components (Fig. 1).® This enables us to split
the 2D problem in Fig. 1 into a local 1D problem along the x—axis in
the MEA and a 1D problem of the flow along the z—axis in the
channels.'>"? Following commonly accepted terminology, this is a
1D + 1D approach.

The model'"? takes into account diffusion of reactants across
the cell (including methanol crossover) and their convective trans-
port along the channel. The rates of electrochemical reactions on
both sides of the cell are assumed to obey the Tafel law. The
model ! is developed for ideally conductive (equipotential) cur-
rent collector plates. The equations which describe voltage loss due
to in-plane current in bipolar plates are derived in Ref. 5. The ap-
proach described there is used here to take into account variation of
potential along the BPs. The respective changes to the model are
described in the next section.
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Figure 1. Sketch of the individual cell.
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Figure 2. (top) Stack fragment. (bottom) Voltage distribution along the bi-

polar plate a. Note that \7(1 is calculated with respect to plate voltage at z
= 0; potentials of the other plates are also calculated with respect to their
potentials at z = 0.

Local cell potential— Consider the fragment of a stack (Fig. 2).
Individual cells (MEAs) are denoted by capital letters (A, B, C); the
bipolar plates are marked with the small letters (a, b). We ignore the
details of BP structure (channel/rib) and assume that each BP is a
thin parallelepiped with isotropic conductivity.

The variation of potential across the BP (along the x—axis, Fig. 2)
can be ignored, because the thickness of BP (=0.1 cm) is typically
3 orders of magnitude lower than its length L (=10 cm). Further-
more, we assume that BP width w along the axis perpendicular to
the plane of Fig. 2 is much smaller than L; this makes it possible to
ignore the respective variation of potential. Each cell in our stack is
clamped between two 1D BPs (Fig. 2); BP potential V is thus a
function of z only.

Variation of V along z occurs due to in—plane current in the plate.
The reference point for V(z) is plate potential at z = 0. Local voltage
drop V,, between the plates a and b is then

Vap = Vo + Vo(2) = Vi(2) (1]

where Vy = V,,(0) is voltage drop between a and b at z =0 and
V,(z) and V,(z) are potentials of the plates a and b, respectively.
The subscript “0” marks the values at the inlet (z = 0).

V. is equal to the voltage of cell A V,,; (Fig. 2). The latter is
given by

Vcell = Voc - T]a(Z) - T]C(Z) - RC(Z)](Z) [2]

Here V. is cell open-circuit voltage, m“ and m° are polarization
voltages of the anode and the cathode sides, respectively, R, is local
contact resistance, and j is local current density in cell A. The su-
perscripts a and ¢ refer to the anode and the cathode sides, respec-

tively.
Equating Eq. 2 and 1, we find
1%(2) + m°(2) = Eg = [Va(2) = Vi(2)] = Rij(2) (3]
where
EO = Voc - VO [4]

is voltage loss in the cell at z = 0.
It is convenient to introduce dimensionless variables
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Here b is Tafel slope on the anode side, jji,, = 6FD“c“yy/l* is the
limiting current density due to methanol transport through the anode
backing layer, D is methanol diffusion coefficient in the backing
layer of a thickness [, ¢“ is the total molar concentration in the
anode channel, £ and s are oxygen and methanol molar fractions in
the respective channel, and &, and s, are their inlet values.

Using explicit expressions for 1 and ﬁ"lz in Eq. 3, we get

1n<i~> - ln(] - %) + In(1 + B) +p|:ln(i~>
q¥ ¥ agg
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Here p = b°/b“ is the ratio of Tafel slopes on the cathode and the

anode sides, B« = B/(1 + B), B = D,,I°/(Dl,,) describes the rate of

methanol crossover through the membrane, and D,, is methanol dif-

fusion coefficient in membrane of a thickness /,,. Qualitatively, the

larger crossover, the larger B and B (note that 0 =< B« = 1).
Parameters ¢, a, and y are

14 [iSc, ( c”§0> 2001“( cfgo) .
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Here [, is the thickness of the catalyst layer, i is the volumetric
exchange current density (A cm™), D¢ is the oxygen diffusion co-
efficient in the backing layer of the thickness I, cf,; and cj,; are
reference molar concentrations of methanol and oxygen, respec-
tively, and ¢ is total molar concentration in the channel.

The left side of Eq. 6 contains voltage losses on both sides of the
cell due to activation of electrochemical reactions, transport of re-
actants through the respective backing layer, and methanol crossover
through the membrane (the terms with B and B:). For the detailed

discussion of the terms on the left side of Eq. 6, please see Ref. 11
and 12.

>:|=Eo -(V,= V) —Rj [6]

q

Effective cell potential and voltage loss in the cell— Equation
2 shows that cell voltage depends on z. The external circuit, how-
ever, “feels” a single value of effective cell voltage V., which is a
function of current in the stack only. Evidently, the sum over all
cells 2V = Viaer, Where Vi, is the stack voltage.

Vg results from the following arguments. Using Eq. 4 we can
rewrite Eq. 2 as

Vcell(z) =Voe = Eg + [Va(Z) - Vb(Z)] [8]

Multiplying Eq. 8 by wj(z) and integrating the result over z, we get
total electric power generated in cell A

L L
P = Wf VcelljdZ = WLJ(VUC - EO) + Wf (Va - Vb)]dZ [9]
0 0

where

1 L
J= Zf jdz [10]

0

is the mean current density in the cell.
Clearly, V. is the voltage, which provides the same value of P

WLJVeffz P [ll]

It is convenient to introduce the total voltage loss in the cell U
according to

Vet = Voe = U [12]



Al674
1.5f .
g s z' |
7s
0.5 | .
. cell A N\
~— bipolarplate
1.5¢ .
~ J
i b
0.5+ :
3 cell B
0 0.2 04 0.6 0.8 1
z/L

Figure 3. To the transport of current along the bipolar plate. Local current j,
in cell A linearly decreases with z and in cell B local current Jj is constant.
To fulfill local balance of currents the difference (j, — j)dZ (dotted area) has
to be transported from Z to Z’ along the bipolar plate.

Equating Eq. 9 and 11, and taking into account Eq. 12, we get

L
1
U=Ej+— | (V.- V,)jdz [13]
L),

In dimensionless variables Eq. 13 reads
[
U=Ey+ = f (Vo = Vp)jdz [14]
JJo

To characterize the stack we use the average voltage loss per cell in

the stack ﬁav = (E,»[/,-)/Nceu. Here summation is performed over all
cells and N is the number of cells in the stack.

Local potential of the plate— The right side of Eq. 6 contains

local voltage drop \70 - \7;, between two BPs, which clamp cell A
(Fig. 2). Potential of BP obeys the Poisson equation.5 In the dimen-
sionless variables Eq. 5, the equation for plate a reads

B

V, o~
ﬂZ; =R(jc-J) [15]

where ¢ is local current in cell C (Fig. 2) and R is dimensionless
resistivity of BP.*

Physically, each BP transports along z the difference of local
currents in the adjacent cells. BP serves as an equalizer; it redistrib-
utes along z the excess of local current generated in cell A in order
to transport this current through cell B (Fig. 3). Formal analysis5
leads to Eq. 15.

Quite analogous, for plate b we write

—— =R(G - Jp) [16]

where jp is local current density in cell B.

"R, (Q cm?) is expressed through the conductivity of BP material ¢ as R = L*/ah,
where £ is BP thickness.
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Mass conservation equations.— Polarization voltages of the an-
ode and the cathode sides in Eq. 6 depend on methanol and oxygen
molar fraction in the anode and the cathode channel, respectively.
These fractions obey the mass conservation equations

)\af% =-[+Bb =N $0)=1 [17]

”Z_i- = [+ -7] &0)=1 [18]

Here A\ and A€ are stoichiometry of methanol and oxygen flows,

respectively, and J= I (l)fdf is dimensionless mean current density in
a cell.

The right sides of Eq. 17 and 18 describe consumption of feed
molecules in the useful reactions (the term —j) and in the direct
“burning” on the cathode side due to methanol crossover (the terms
with B+). For a detailed discussion of Eq. 17 and 18, please see Ref.
12 and 13.

Equation for local current.— It is convenient to transform Eq. 6
into a differential equation for ;. Differentiating Eq. 6 with respect

to Z and using Eq. 17 and 18 to exclude derivatives /97 and 9197,
respectively, we get

17_N o
S3=p J0=h [19]
where
) L | 0R,
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= NB(L + p)b + BA(p] + vE) + N(yE - J)] [20]

and
D; == \NT( + B - DIBY + J - (1 + BIEIR,
+ NNU(1+ BB — pE + p(B - vE)]
+ 1+ p(1+ B)IWE - U — (1 + p)B?} [21]

Initial condition J, for Eq. 19 is a solution to the equation

ln<j—0> —In(1 = jy) + In(1 + B) +p{ln(j—0>
q aq

B ln|:1 _ Jo + B(1 = jo)

” = Ey- R0)j,  [22]
Y

which is Eq. 6 with =0,y =£=1, and V, = V, = 0.

Stack Model

Equations 17-19 with V,, and V,, given by Eq. 15 and 16, respec-
tively, describe the performance of an individual cell clamped be-
tween two BPs with the finite conductivity. Using these equations
we can assemble a stack model as follows.

Consider two adjacent cells A and B in the stack (Fig. 2). Local
potential of cell A is equal to the difference of local potentials of
bipolar plates a and b. According to Eq. 15 and 16, these potentials
are in turn determined by the local current densities in the adjacent
cells (Fig. 2). For the stack we thus have a selfconsistent problem,
which has to be solved iteratively:
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Table 1. Parameters for the simulation.

Number of cells in the stack 100
Methanol stoichiometry 2
Oxygen stoichiometry 2
Conductivity of the bipolar plate (Q~' cm™) 200
Bipolar plate length (cm) 10
Bipolar plate thickness (cm) 0.1
Bipolar plate resistivity (£ cm?) 5
Characteristic size of the spot A
in Eq. 23 (dimensionless) 0.02
Tafel slope of the anode side b* (V) 0.05
Limiting current density j§, (A cm™) 1
100

Dimensionless resistivity of BP R
Parameters in Eq. 6, 19, and 22:
20.038
1.0
2.805
1.0
1.727 X 107

QT 2 ™R

1. Assuming that all BPs are ideally conductive (V, =V, = 0),
solve the system 17-19 for all cells in a stack.

2. Using new local current in the cells, solve Eq. 15 for all
bipolar plates.

3. With the new V,(3), V,(%) solve the system 17-19 for each
cell in a stack.
4. Repeat steps 2 and 3 until convergence is achieved.

Because each cell transports current only between neighbors
(e.g., cell A transports current from B to C), the code can be effec-
tively parallelized. The solution of Eq. 17-19 (step 3) for each cell
(or for a block of the cells) can be performed on a separate proces-
sor. Before execution of step 2 the cells (blocks) exchange informa-
tion with the neighbors.

Results and Discussion

The results below are presented for the 100 cell stack. The cell
and operational parameters are listed in Table I. The physical param-
eters, which appear in Eq. 7 are listed in Table II.

Local resistive spots are assumed to have Gaussian shape

> =2

R, =R’ exp(— M) [23]
A

To study the effect of multiple spots on stack performance, we per-

formed a series of calculations, varying the number of randomly

positioned spots in each cell. Figure 4 illustrates the variant with the

two spots in every cell.

Table II. Parameters of the individual cells.

Diffusion coefficient of methanol in the backing 1 X 107
layer (cm? s7!)

Diffusion coefficient of methanol in the membrane 1 X 107
(em? s7h)

Oxygen diffusion coefficient in the cathode backing 3 X 1073
layer (cm? s7!)

Exchange current density on the cathode side (A cm™) 1072
Exchange current density on the anode side (A cm™) 1
Thickness of the backing layer (anode and cathode, cm) 0.01
Membrane thickness (cm) 0.01
Catalyst layer thickness (anode and cathode, cm) 0.001
Oxygen molar fraction at the inlet 0.21
Oxygen pressure at the inlet (bara) 2
Methanol molar concentration at the inlet (M) 1

Cell temperature (C) 70
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Figure 4. Sketch of 100 cell DMFC stack. Each cell has two randomly
positioned local spots of high contact resistance.

Figure 5 shows stack polarization curves (average voltage loss
per cell vs mean current density) when each cell has indicated num-
ber of spots. The main effect is clearly seen: the spots reduce stack
limiting current density. The more spots in each cell the lower the
limiting current density (Fig. 5). The reduction of limiting current is
accompanied by the decrease in the curvature of the polarization
curve (Fig. 5), which indicates high resistive losses.

The origin of limiting current reduction is clear from Fig. 6,
which shows the z—shapes of local current density and polarization
voltages of the anode and the cathode sides in the middle of the
stack (in the 50th cell). Potential of the bipolar plate separating the
49th and 50th cell is also shown. Each cell has 4 spots and total
current in the stack is close to the limiting one (the respective point
on polarization curve is indicated by the bold dot in Fig. 5). For
comparison the curves for the stack without the spots are also de-
picted.

18 T T
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Figure 5. Stack polarization curves for indicated number of spots in each
cell. Shown is average (per cell) voltage loss in the stack l7ﬂv Vs mean current

density J. All variables are dimensionless. Plate resistivity R =100 (Table T).
(short—dashed curve) Random number (in the range 0-8) of spots in each
cell. (long—dashed curve) 4 spots per cell, R = 10. 8U,,(4), the average
voltage loss due to 4 spots in each cell is the difference of the curves for 0
and 4 spots.
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Figure 6. (a) Local current density, (b) the anode and the cathode polariza-
tion voltages in the middle of the stack (cell no. 50) and (c) potential of the
bipolar plate between 49th and 50th cells. (thin lines) no spots and (thick

lines) 4 spots in each cell. Solid curves in (b) show polarization voltage of
the anode side, dashed curves of the cathode side.

Each spot locally blocks the generation of current in a cell; the
missing current has to be produced in the unaffected part of the cell.
Therefore, the anode and the cathode polarization voltages in the
unaffected part of the cell increase (Fig. 6).”

In other words, the spots increase the polarization loss in a stack.
This is the main effect of spots: in the studied range of parameters

(n=1-8, R, = 100, and o = 0.02) the average voltage loss due to
83U, (n) = U,y(n) — Uy (0) dominates the direct loss caused by the
transport of current along the bipolar plate pr = (ZVI) INe

Here U,,(n) is the average (per cell) voltage loss for the case of n
spots in each cell (Fig. 5).

83U, (n) and pr are shown in Fig. 7. It is seen that pr is much

less than Bﬁav(n). This result is also illustrated in Fig. 5, where the
long—dashed curve exhibits performance of the stack with 4 spots

°Note that 7N“ grows larger because exchange current density on the anode side is taken
to be lower, than on the cathode side (Table I).

“The calculation of V°** is described in the Appendix.
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Figure 7. Voltage losses vs mean current density in the stack for the indi-
cated number of spots in each cell. (a) Average (per cell) total voltage loss

3U,,(n) due to n spots in each cell. The meaning of U, (n) is illustrated in

Fig. 5. (b) Average (per cell) voltage loss Vhp due to in—plane current in the
bipolar plates.

per cell and 10 times lower resistivity of BP (R = 10). This curve

practically coincides with the curve for n = 4 and R = 100.

Conclusions

A model of a DMFC stack is developed. The model is based on
our recent model of a single cell, which takes into account transport
of reactants across the cell (including methanol crossover) and their
transport along the channel. Kinetics of electrochemical reactions on
both sides of the cell is assumed to obey the Tafel law.

The stack model accounts for in—plane current in the bipolar
plates and voltage loss due to the “spots” of local resistance. It is
shown that the effect of spots is twofold. They (i) increase polariza-
tion losses in the contaminated cells and (ii) induce in—plane cur-
rents in the bipolar plates. In the studied range of parameters the
main effect of spots is the growth of polarization losses.

Research Center Juelich assisted in meeting the publication costs of this
article.

APPENDIX

To calculate voltage loss due to in—plane current in the bipolar plate a we replace
the plate with the equivalent resistance, which dissipates the same electric power and
supports mean current in the stack. Thus, voltage loss on the equivalent resistance is

P
yloss _ a A-l
“ LwJ (a-1]
where P, is total power dissipated in the plate.
Local in-plane current in the plate a is® (Fig. 2)

I(z) = Wf U —J)dz [A-2]
0
Local voltage loss on the interval 8z due to current / is
3V, =1(2)rdz [A-3]

where r is linear resistivity of the plate ({2 cm™). Total electric power dissipated in the

plate is
L L L[ p: 2
IV, 2 2 P
P, = 1(2) p dz=r| Pdz=rw (e —jds | dz [A-4]
0 - 0 oo

Using Eq. A-4 and A-2 in A-1 we finally obtain
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L ¥4 2
=T f f (e - s | dz
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oh

Note that

List of Symbols

marks dimensionless variables
b Tafel slope, V
¢ total molar concentration in the channel, mol cm™
¢t reference molar concentration, mol cm™
D* methanol diffusion coefficient in the backing layer, cm? s~
D¢ oxygen diffusion coefficient in the backing layer, cm? s~!
D,, methanol diffusion coefficient in the membrane, cm? s~
Ey total voltage loss at z =0, V
F  Faraday constant, 9.6495 X 10* Coulomb mol~!
i» exchange current density per unit volume, A cm™
J mean current density in a cell, A cm™
Jj local current density in a cell, A cm™
Jim limiting current density, A cm™
h  thickness of bipolar plate, cm
| thickness of the backing layer, cm
1,, thickness of the membrane, cm
I, thickness of the catalyst layer, cm
L length of the current collector plate/channel, cm
number of cells in the stack
P electric power, W
p ratio of Tafel slopes, p = b/b*
g dimensionless parameter, 7
R resistivity of bipolar plate, { cm?
R,
U

1

contact resistance, () cm?
total voltage loss in a cell, V
d3U,,(n) average voltage loss (per cell) due to n spots in each cell to the total
voltage loss in the stack, V
V, potential of the bipolar plate a, V
V4, average (per cell) voltage loss due to in—plane current in the bipolar
plate, V
Veen local cell voltage, V
thermodynamic open-circuit voltage, V
Vo local potential between two bipolar plates at z =0, V
w  width of the bipolar plate, cm
x coordinate in the through—plane direction, cm

A1677

z coordinate along the channel, cm

Greek
o dimensionless parameter, 7
8 dimensionless parameter
B- B.=p/1+P)
A characteristic gaussian width of a spot, cm
v dimensionless parameter, 7
m polarization voltage, V
o conductivity of the bipolar plate, Q™" cm™!
N stoichiometry of feed flow
& oxygen molar fraction in the cathode channel
P methanol molar fraction in the anode channel
Superscripts
a anode side
¢ cathode side
Subscripts

Ak W=

inlet (at 7=z=10)
a  bipolar plate a
b bipolar plate b
bp any bipolar plate
lim limiting
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