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Abstract

Internally humidified, edge-air-cooled PEFC stacks are promising for portable systems in terms of specific power and specific cost. However,
their main drawbacks are thermal power limitations due to limited heat removal from inside the stack. The aim of this work is to minimize the
cooling limitation with a simultaneous cost and weight reduction by optimization of the stack geometry. A steady-state, thermal FE-model was
developed and validated against experimental temperature distributions. The model includes anisotropic heat conduction and heat convection by the
cooling air. Cell voltage, liquid water fraction and limiting temperature were experimentally determined for improved accuracy. Complex flowfield
structures were approximated with the numerical volume averaging method to reduce computational cost. As a result of the optimization study
specific power was improved by +86% with simultaneous reduction of specific cost by —35%.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Itis widely recognized that the transition from prototype scale
fuel cells to marketable, portable power supplies will only suc-
ceed if a significant cost reduction with a simultaneous increase
in power density can be achieved. In the power range of 200 W to
2 kW, polymer electrolyte fuel cell (PEFC) systems for portable
applications have a specific cost target of below 2€ W~ !and a
specific power target of above 100 W kg~![1] in order to com-
pete with conventional gen-sets. In 2001 Ballard introduced the
Nexa® power module, an area-air-cooled, 1200 W PEFC sys-
tem with a specific cost of about 5€ W~! and a specific power
of about 92 W kg~!. Other potential low-cost, air-cooled PEFC
stack concepts for portable applications have also been put forth
[2-5]. The group at Siemens [4] reported a specific cost of about
2.8€ W~! for their prototype-stack in 2002.

* Correspondingauthor. Tel.: +41 563104189; fax: +41 563102199.
E-mail address: reto.flueckiger @psi.ch (F.N. Biichi).

0378-7753/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2007.05.079

On the one side, specific cost is strongly influenced by the
cost of the electrochemical components such as membrane and
catalyst, but on the other side it is also strongly dependent on
stack construction and system integration. Therefore a simple
and cheap design and fabrication method is needed to consid-
erably reduce cost. As the main burdens in the fuel cell system
are cooling and humidification [6], the system layout can be
simplified by including reactant humidification into the stack
[7], and choosing air as the cooling media. At least three dif-
ferent arrangements of heat removal by air are possible: (i)
cooling air is passed through the stack, so-called area-air-cooling
[2—4]; (i) excess process air is used as cooling air [8]; (iii)
cooling air is passed on the surface of the stack, so-called edge-
air-cooling. Because area-air-cooling requires a complex stack
design the solutions (ii) and (iii) with only two media in the
stack allow for simple and cheap designs. Cooling with excess
process air can involve difficult performance stability (mem-
brane drying), cathode contamination (high air volumes through
cathode) and high air pumping power (high air volumes).
Therefore the edge-air-cooling solution is the most favorable
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air-cooling option offering constructive and operational advan-
tages.

The development at Siemens [4] has shown the advantages,
with respect to fabrication, of the “stamp and punch” approach
for bipolar plates. However, with the metal substrates chosen,
corrosion problems were hampering lifetime. A stack concept
which combines the advantages of internal reactant humidifica-
tion, “stamp and punch” approach and simple edge-air-cooling
has been proposed by Ruge and Hockel [9]. They used carbon-
based bipolar plates to avoid corrosion problems and ensure
high thermal and electrical conductivity. The only drawback of
this concept is the thermal power limitation caused by the heat
removal from the stack surface only. It can be minimized by
optimizing cell geometry with respect to active area size and
plate thicknesses.

This challenge is tackled by means of a finite element (FE)
model focusing on global heat source/sinks and transport. Start-
ing from a base case used for model validation, optimization
of the geometry with respect to watt-specific cost and weight-
specific power was performed.

For a better understanding of the system we first resume the
design of the prototype-stack. Then a detailed description of the
model and model parameters follows. As a first result the suc-
cessful model validation is presented. Finally the optimization
of the specific cost and specific power is discussed.

2. Stack design

The stack design of Ruge and Hockel is based on the concepts
of internal humidification [7], punching of carbon-based bipolar
plates [9] and edge-air-cooling.

2.1. Bipolar plate

The bipolar plate is composed from a separator plate and two
perforated plates for each flowfield. The separator plate with an
unoptimized thickness of dsp, = 0.55 mm not only separates the
anode and cathode gases but acts simultaneously as a cooling rib
as showed in Fig. 1. It is laterally extended over the active area
of the cell in order to be cooled by the cooling air massflow. Two
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Fig. 1. Top view of an open cell with the bipolar plate (flowfield plate + separator
plate) and the spacer frame with the hydrogen and air humidification flowfields.
Ambient air is blown in negative z-direction over the separator plate.

cooling fan

separator plates

Fig. 2. Photograph of the 500 W prototype-stack with 30 cells. The separator
plates are visible behind the transparent sidewall.

perforated plates with a thickness of dgf = 0.29 mm complement
one another to a continuous serpentine flowfield. The channels
are staggered and rectangularly shaped with a depth of 0.58
mm and a width of 1.3 mm. Perforated plates can be made in
mass production by punching at unrivaled cost. For the separator
and flowfield plates SIGRAFLEX®from SGL Carbon was used.
This material is a good electric (o = 16000 S m~!) and excellent
thermal conductor (k = 290 W m~! K1) and readily available
at low cost.

2.2. Cell

A cell is assembled from a bipolar plate, a membrane elec-
trode assembly (MEA) and a spacer frame. The MEA is a
pMembrain H300 from Umicore based on Nafion 112. The
spacer frame ensures a homogeneous compression of the MEA
and sealing. It also provides the humidification flowfields for
both gases. The humidification concept is discussed in detail in
[7]. The active area of a prototype cell is A = 63 cm?.

2.3. Stack

The 500 W prototype-stack shown in Fig. 2 is assembled from
30 cells. For the cooling of the separator plates, a controllable fan
is integrated directly into the stack, blowing cold air in negative
z-direction over the separator plates. This stack configuration
had a specific power of 85 Wkg~! and the specific cost was
estimated at 3.2.€ W~! before optimization.

2.4. Cooling design

Fig. 3a shows a schematic of an area-cooled and Fig. 3b of
an edge-cooled three-cell stack. In area-cooled designs, like the
Ballard NEXA®module, the cooling air is distributed over the
entire cell area by means of small channels. This air distribu-
tion allows for local heat removal and reduces the temperature
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Fig. 3. Simplified schematic of the cooling design. (a) Plan and section view
of an area-cooled three-cell stack. (b) Plan and section view of an edge-cooled
three-cell stack.

gradients. On the other hand the stack complexity increases and
the power demand of the fan grows due to significant pressure
losses in the small channels. An edge-air-cooled design omits
these drawbacks as cooling air is passed in wide channels along
the edges of the active cell area. A negative effect of the edge-
air-cooled concept is an amplification of the cooling limitation
as the thermal diffusion path to the cooling air is considerably
elongated.

3. Model

The model is a steady state, thermal model of a cell includ-
ing the cooling air. Its main objective is the investigation of heat
transport bottlenecks within edge-air-cooled cells. Due to these
bottlenecks the cells have to be operated at lower current den-
sities. Otherwise the temperature limit in the center of the cell
would be exceeded. The model automatically adjusts the current
density in order that the preset maximum temperature 7Tjjmj; iS
not surpassed.

3.1. Assumptions

In order to have an efficient model for extensive optimization
studies, the following simplifying assumptions have been made:

e steady-state conditions,

e Nernst potential and overpotentials replaced by experimental
current—voltage characteristic,

e homogeneous heat source in the cathode catalyst layer,

constant liquid water fraction in exit gases,

no liquid water transport,

no heat transport by process gases (7% conservative error),
no heat transfer resistances between solid—solid boundaries,
perfect isolation to the environment, and

laminar cooling air.

These assumptions are explained and justified in the follow-
ing. In reality reactant stoichiometry, current density, reactant
pressure and cell temperature influence the thermal manage-
ment of the stack. The current density has the strongest impact
on the thermal management. It determines the operating point
and therewith the fraction of energy transformed into heat. The
model considers a variable current density. For the determina-
tion of the cell voltage a static current voltage characteristic at
a given stoichiometry, pressure and temperature was used.

The influence of the temperature distribution on the cooling
behavior is the main purpose of the model. However, the influ-
ence of the temperature to the reaction kinetic and the liquid
water transport is not explicitly considered, but taken account of
by the static current voltage characteristic. Liquid water trans-
port is not considered as the dew point was assumed to be
significantly below the cell temperature. Nevertheless the influ-
ence of liquid water on the enthalpy of formation is accounted
for.

In the base case at 3880 A m~2, the mean heat removal by
the reactant gases was estimated to be Q = 1.1 W per cell at
a reactant massflow of sz = 0.0665kgh™! with a mean heat
capacity of ¢, = 15001J kg~ ! K~! and a temperature difference
of AT =40°C. This contribution is only 7% of the total heat
removal of Q = 16 W in the base case. The influence of the
stoichiometry on the cooling was therefore neglected. The stoi-
chiometry is accounted for as a constant in the current—voltage
characteristic.

Higher reactant pressure reduces overpotential and therewith
the heat loss. The used current—voltage characteristic was mea-
sured at a relatively low pressure of 1 bar ensuring a conservative
determination of the heat loss.

3.2. Domain and geometry

The model domain and the coordinate system definition are
shown in Fig. 4. The domain comprises the smallest repeat unit
of a single cell which results from a bisection along the z-axis.
The model distinguishes seven domains for heat transport:

21 membrane,

£2, anode/cathode gas diffusion layers (GDL),
£23 anode/cathode flowfields,

§24 anode/cathode humidification flowfields,
§25 spacer frame,

§2¢ separator plate, and

§27 air channel.

To further reduce the complexity of the model geometry and
to accelerate the computation we applied the numerical volume
averaging method (NVAM) as described in [10]. By means of
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Fig. 4. Schematic horizontal (top) and vertical (bottom) sections through the
model domains (figures are not to scale). §2: domains, d§2: boundary conditions.

Table 1
Intrinsic and effective thermal conductivities of the flowfields

Kff,x Kff,z Kff,y
Intrinsic (Wm~' K1) 290 290 12.1
Effective (Wm~! K1) 21.7 138.1 1.71

this method the meander-like structure of the flowfields §23 were
approximated by simple, unstructured domains. These domains
incorporate the averaged, effective thermal conductivities of
Table 1 that correspond to the real configuration.

The real flowfield structure was considered in a separate 3D
sub-model (Fig. 5) of the smallest repeat unit of a flowfield
ignoring bend geometries. The effective conductivities for every
direction were determined by applying a virtual temperature dif-
ference to the sub-model. The resulting, integrated heat flux and
the applied temperature difference were used with an approxi-
mation of Fick’s first law to obtain the effective conductivities.

flowfield plate 1

flowfield plate 2

Fig. 5. Numerical volume averaging model of the flowfield. Smallest repeat unit
(without bend geometry) of two staggered, perforated plates.

3.3. Governing equations

The basic physical model is described by the steady state,
frictionless energy conservation law in Eq. (1). Although the
transient thermal behavior is important, steady-state conditions
are sufficient for the investigation of heat transport bottlenecks:

V(]’lairpair?)) = Dip — Vi: +q (H

Therein p,ir is the temperature-dependent air density, A the
temperature-dependent air enthalpy, D, p = 9, p + vV p the total
time derivative of the pressure (3; p = 0), ¥ the air velocity deter-
mined by solving the Navier—Stokes equation, F the conductive
heat flux and g is the heat source. The conductive heat flux Fis
given by Fick’s first law in Eq. (2):

F=—«xVT (2)

k is the anisotropic conductivity tensor as given in Eq. (3):

ky 0 O
k=10 «x, 0 3)
0 0 «;

Anisotropic heat conduction is considered in the GDLs (£27),
the flowfields (§23) and the separator plates (£2¢). The other
domains show an isotropic thermal behavior. Heat convection
is only accounted for in the cooling air channel (£27). The left
hand side of Eq. (1) is zero for all solid domains including the
flowfields. The heat source g is set to zero in all domains since
the heat is released by means of an internal boundary condition.

3.4. Boundary conditions

The problem description was completed with boundary con-
ditions for the unknown temperature and pressure fields. As
shown in Fig. 4 there are three different boundary conditions: (i)
cooling air inlet (3521 ): the temperature field is set to the ambi-
ent temperature Typ and the pressure field is defined to satisfy
the cooling air massflow #i¢q01. (i1) Cooling air outlet (9£2;): the
pressure is set to ambient pressure pamp. (iii) Cathode catalyst
layer (0423): the normal heat flux through this internal bound-
ary condition is increased with ¢ as described in Eq. (4). The
other boundaries are perfectly isolated, hence VT = 0 applies.
This means, that fringe effects of the endplates are not consi-
dered.

3.5. Model parameters

The model contains three sensitive parameters: (1) cell volt-
age as a function of current density, (2) liquid water fraction, and
(3) limiting temperature. They are determined experimentally as
described in the following.

3.5.1. Cellvoltage

Different operating points involve different losses resulting
in different heat sources. Instead of solving Laplace equation for
electron conduction and implementing the overpotential mod-
els to determine the cell voltage in real time, we used the
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Fig. 6. Measured current—voltage characteristic and heat source as a function of
liquid water fraction sy. Aajr = 3.3, Ay, = 1.3; 1.0 bar anode/cathode pressure;
70° C mean cell temperature; and 250 h of operation.

experimental current—voltage characteristic in Fig. 6. This static
current—voltage characteristic allowed for significantly shorter
computation times and is justified by using the same type of
MEA for the optimization study. The current—voltage charac-
teristic was measured at a cathode/anode pressure of 1 bar,
an air stoichiometry of X,;; = 3.3, a hydrogen stoichiometry of
AH, = 1.3, amean cell temperature of 70 ° C and after an oper-
ation time of 250 h. This accounts for a certain degradation and
ensures a conservative determination of the losses. All the stud-
ies below were performed around a mean cell temperature of
70°C. Therefore the current—voltage characteristic of Fig. 6 is
applicable. Cell voltages above 6000 A m~2 were extrapolated
linearly. Mass transport limitations at high current densities were
consciously ignored in order to investigate the thermal limitation
independently.

3.5.2. Heat source distribution

The cell overvoltage and the entropy change of the electro-
chemical reaction are losses transformed into heat. This heat
source depends on the liquid water fraction s and is assumed to
be released in the cathode catalyst layer. Eq. (4) gives the heat
production per unit area as a function of the operating point and
the enthalpy of formation of water A Hy:

. A Hg Ui 4
C]—<2F— >] @

The current density j is normally inhomogeneous over active
area of technical relevance. These inhomogeneities along the
channel have been extensively investigated in the past [11].
Largely inhomogeneous current density distribution for co-flow
and current densities below 6000 A m™2, caused by insuffi-
cient membrane humidification, were observed. However, in the
present case the following facts have an averaging effect on tem-
perature inhomogeneities and justify the use of a homogeneous
heat source in this model:

e The large thermal in-plane conductivity of the bipolar plate
material (kgp = 290 W m~!' K1) results in small temperature

gradients in the active area. Hence a high local heat production
is dispersed to the total active area.

e The serpentine type, counter-flowfield has an averaging effect
on the membrane humidification and the current density dis-
tribution consequently.

e The stack is operated at relatively high stoichiometries due to
the staggered flowfield design. This results in small oxygen
depletion and homogeneous reaction distribution along the
channel.

e The long heat conduction paths to the cooling channels result
in averaged global heat fluxes which are not sensitive to local
temperature inhomogeneities.

Nevertheless, for validating the model, different virtual heat
source profiles were investigated.

3.5.3. Liquid water fraction
A Hy depends on the state of the water formed by the oxygen
reduction reaction:

liquid water : AHgj = —285.8 x 10° Jmol

gaseous water : AHpo = —241.8 x 10° J mol

The heat production as a function of current density is illus-
trated in Fig. 6 for different liquid water fractions. To estimate
the liquid water fraction, the prototype-stack was operated at
a known current density jo and cathode massflow rate, while
the cathode outlet temperature 7, was measured. The gaseous
water pressure was determined by assuming a fully humidified
gas at T¢ o. From this the liquid water fraction s; was determined
according to Eq. (5):

{0, .
si=1———=jp

&)
'H,O

where 7itg,0,¢ is the water vapor massflow at the cathode outlet

and ry,0 is the total water production rate.

A constant liquid water fraction s; was assumed as the
anode/cathode pressure and the maximum cell temperature were
kept constant. With the upper limit of the liquid water fraction
s1 = 0.17 £ 0.06 the enthalpy of formation was finally deter-
mined according to Eq. (6):

AHr = s1AHg) + (1 — s))AHyg (6)

3.5.4. Limiting temperature

The power output of a PEFC is temperature dependent. Fig. 7
shows the measured power output over temperature at three
different currents. At high temperatures the membrane water
content is reduced resulting in higher ohmic losses. Exceed-
ing a critical temperature threshold, the limiting temperature
Tiimit> should be prevented. Above this temperature irreversible
damages are expected.

Fig. 7 illustrates that the optimum and limiting temperature
do not strongly depend on the current as the stoichiometry was
kept constant. Therefore these two parameters are applicable
to all the operating points with the same stoichiometries. The
limiting temperature is defined at 95% of the maximum power
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Fig. 7. Measured power output per cell as a function of cell-edge temperature
for three different currents. Ayir = 4.5; payr = 1.0bar; py, = 1.5bar; and A =
62.6cm?.

output above the optimum temperature. According to Fig. 7 the
optimum temperature at the edge of the active area is around
65° C and the limiting temperature is around 71 °C. Knowing
that the average temperature difference between the edge and the
hottest point in the cell is about 4 °C, the critical temperature for
this system was defined at Tjjp;; = 75 °C.

Table 2 gives an overview of the base case model parameters.
The values j, titcool, dsp, wir and Igr are optimized in terms of
specific cost and weight.

Table 2
List of base case model parameters
Symbol Description Value
Hicool (kgh™ 1y Cooling air massflow per cell 1.33
j(Am™2) Current density 3880
1 Liquid water fraction 0.17 £0.06
AH; (kI mol~1) Enthalpy of formation of product water ~ 251.95
Tiimit (°C) Limiting temperature 75
Tamp (°C) Ambient temperature 25
Pamb (Pa) Ambient pressure le5
kitx (Wm™'K™!)  Flowfield thermal x-conductivity 21.7
Kgr, (Wm™T K1) Flowfield thermal z-conductivity 138.1
ketty (W m~ K1) Flowfield thermal y-conductivity 1.71
Kespx (W m~' K1) Separator plate thermal x-conductivity 290
Kespz (W m~ K1) Separator plate thermal z-conductivity 290
Ksp,y (W m~ K1) Separator plate thermal y-conductivity 3.5
Kgdlxe (W m'K~!)  GDL thermal x-conductivity 23
Kgal; (Wm~™! K=!)  GDL thermal z-conductivity 23
Kgdl,y (W m~'K~!)  GDL thermal y-conductivity 1.7
ki (Wm~' K1) Cell frame thermal conductivity 0.23
(isotropic)
Kmem (Wm~™'K™!)  Membrane thermal conductivity 0.45
(isotropic)
df (mm) Cell frame thickness 0.8
dmem (Mm) Membrane thickness 0.0508
dgr (mm) Flowfield thickness 0.29
wgr (Mm) Flowfield width 58
Il (mm) Flowfield length 108
wgp (Mm) Separator plate width 122
dsp (mm) Separator plate thickness 0.55

3.6. Implementation

The model was realized with the FE-based multiphysics
software NMSeses [12]. Depending on the parameter-set the
simulation of one operating point took 3-5 min (Pentium 4,
3.2GHz, 1 GB RAM). For the optimization studies the maxi-
mum cell temperature was iterated to the limiting temperature.
For this purpose a Perl-Script was implemented to check after
every simulation whether the maximum cell temperature is
above or below the limiting temperature. The current density
was then adjusted according to the bisection method [13] and a
new iteration was started.

4. Results and discussion

This section presents the validation procedure and the results
of the optimization study. First we studied the dependency of the
power output on the cooling air massflow. Then we investigated
the influence of geometry on the specific cost and finally the
effect of geometry on the specific power was analyzed.

4.1. Model validation

The model was validated by temperature measurements at the
500 W prototype-stack. The solid temperature of the separator
plate was measured by a displaceable, Type-K thermocouple
in the cooling channel (x = 16 mm) and at fixed points inside
the flowfield (z = 90 mm, z = 168 mm). The model parameters
in Table 2 used for the base case correspond to the prototype-
stack. The validation was made without the artificial tuning of
the maximum temperature towards the limiting temperature. The
only fit parameter was the cooling air massflow. It was adjusted
to the best correlation of temperature between experiment and
model prediction.

4.1.1. Temperature profiles

Fig. 8a compares the temperatures profiles along two different
z-lattices with the corresponding experimental data. One lattice
marks the middle of the cooling channel (x = 16 mm) and the
other denotes the symmetry line (x = 66 mm). The cooling air is
flowing in negative z-direction from z = 188 mm at the air inlet
to z = 0 mm at the air outlet. The dashed vertical lines at z = 40
and 148 mm define the active area where the heat is released.
The predicted profiles within the active area correlate well with
the measurements.

In Fig. 8b the temperature profile along the x-lattice at z =
90 mm is compared with experimental data accordingly. The
vertical dashed lines mark the border between the active area,
the sealing by the frame material and the cooled area of the
separator plate. The modeled temperature profile in x-direction
is also in good accordance with the experimental data which
confirms the validity of the model.

4.1.2. Inhomogeneous heat source distribution

Fig. 8 comprises error ranges attributed to the homogeneous
heat source assumption. The upper temperature limits are the
result of an unfavorable, linear heat source profile (negative
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z-gradient), when the heat generation at the cool end of the
active area (x = 148 mm) is 30% smaller and at the hot edge
(x = 40 mm) 30% larger than the mean heat source. This means
that the hottest zone in the cell is additionally heated whereas the
integral heat input remains constant. The impact on the maxi-
mum temperature is small. It increases from 71.2° C for the
homogeneous case to 72.6 ° C for the unfavorable, inhomoge-
neous case.

The lower limit of the error range is the result of a more favor-
able, yet more realistic, reciprocal heat source profile (positive
z-gradient). Such a profile is closer to reality, as the high stoi-
chiometric process air is induced to the hot side of the active area
having an additional cooling effect in this sector. However, the
calculated maximum temperature only decreases by 1.2 °C. Due
to these small temperature variations the use of a homogeneous
heat source distribution in the active area is approved.

4.2. Cooling air massflow optimization

Fig. 9 illustrates the dependency between the specific power
output and the cooling air massflow. The model shows that
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Fig. 9. Gross/net specific power and current density as a function of cooling air
massflow per cell. Three percent error bar for the net specific power. Base case
geometry. Fan efficiency 10%. Tynax = 75 °C.

the net specific power can be improved from 85 Wkg~! for
the base case to 117 Wkg ™! (+38%) by increasing the cooling
air massflow from 1.33 to Skgh™! per cell. At the same time
the specific cost decreases from 3.2 to 2.11€ W~! (—34%).
Thereby the configuration is assumed to remain unchanged. In
the following this case is refered to as the massflow-optimized
case.

Generally a higher cooling air massflow improves the convec-
tive cooling and the cell can operate at higher current densities.
But the cooling efficiency diminishes at high cooling air mass-
flows as the temperature difference between the cooling air and
the separator plate cannot increase significantly anymore. Con-
sequently the current density converges towards a limiting value
of about 8000 Am~2 for the base case. This behavior is also
reflected in the gross specific power and even amplified due to
a decreasing cell voltage with increasing current density. The
net specific power decreases at cooling air massflows above
S5kgh~! as the power demand of the fan with an efficiency of
10% becomes significant.

The exact determination of an optimum cooling air mass-
flow is difficult because the net specific power characteristic in
the range of 3-5kgh~! is flat. A relatively high massflow of
5kgh~! was used for the following geometry optimization to
avoid significant limitations in the convective heat removal. At
the same time the parasitic load of the fan at this massflow is
below 10%.

4.3. Geometry optimization

Not only the cooling air massflow but also the geometry of
edge-air-cooled cells strongly influences the cooling efficiency
and hence the possible maximum power output of the cell. There
are two relevant parameters affecting the specific power and cost,
namely the separator plate thickness and the size of active area.

The cooling channel width has a small impact. The wider the
channel, the larger is the heat exchange area. However, the tem-
perature difference at the outer edge of the channel becomes
small, reducing the cooling efficiency. The cooling channel
width was therefore kept constant at of 32 mm.
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In the following the active area is used as a placeholder for
the product of the flowfield width and length. Its aspect ratio has
an influence on the cooling behavior. A cell with a high aspect
ratio that is cooled along the long edge has a higher cooling sur-
face and shorter heat conduction paths. On the other hand the
pressure difference in the cooling channel increases and there-
with the parasitic load of the fan. Apart from that a compact
stack geometry was one of the initial requirements and for this
purpose an aspect ratio of 2:1 was assumed to be the optimum.
Calculation for an aspect ratio of 1:1 showed only a slightly
worser cooling efficiency. This underlines that the aspect ratio
of the cell is not a major parameter due to the high in-plane heat
conductivity of the used materials.

The used cost data is geometry dependent and is composed
from a fixed (e.g. periphery material, manufacturing) and a vari-
able contribution (e.g. cell material). The used weight data is also
a function of geometry and composed from a fixed and variable
contribution. The fixed contributions were split to a total of 30
cells.

4.3.1. Specific cost as a function of geometry

Fig. 10 illustrates the specific cost as a function of active
area and separator plate thickness. The optimum geometry in
terms of specific cost is around an active area of 60 cm? and a
separator plate thickness of 0.3 mm. However, the specific cost
improvement w.r.t. the massflow-optimized case is only —1.4%
(2.11-2.08 € W) as the initial geometry was already near the
optimum.

Generally the cooling of large active areas in edge-air-cooled
cellsis critical as long heat conduction paths are involved. There-
fore to avoid exceeding the limiting temperature, the operating
point of the cell has to be shifted to lower current densities as
shown in Fig. 10b. This means that large active areas in edge-
air-cooled cells are not well utilized. Bad utilization results in
a sub-proportional increase of power with active area which is
opposite to the conventional expectation for well-cooled cells.
At the same time costs are strongly rising with increasing active
area as the MEA represents about 80% of the stack cost and the
economy of scale is marginal.

For small active areas, the effective cooling does not outweigh
the high fixed cost for the periphery and the manufacturing.
This raises the specific cost at small active areas even though

there is no cooling limitation and the active area is well uti-
lized. There is an optimum size of the active area in between
which is in contrast to area-cooled cells, where the specific cost
decreases continuously with larger active areas and with thinner
plate structures.

The separator plate has almost no influence on the specific
cost. This weak dependency is due to the marginal contribution
of the separator plate to the total cost. Nevertheless at thick-
nesses below 0.3 mm the heat removal is strongly hindered and
a pronounced cooling limitation occurs. As a consequence the
specific cost curve for a separator plate thickness of 0.1 mm in
Fig. 10b is by far the most unfavorable.

4.3.2. Specific power as a function of geometry

Beside the optimum geometry in terms of specific cost there
is an optimum geometry in terms of specific power. In Fig. 11
the specific power is visualized as a function of active area and
separator plate thickness. A theoretical maximum specific power
of 256 W kg~! was observed at an active area of 300 cm? and a
separator plate thickness of 0.1 mm.

The power increases sub-proportionally with increasing
active area as already discussed. At the same time the cell
weight grows linearly and consequently the specific power
goes through a maximum. Because the active area dependency
of the cell weight is rather weak, the specific power curves
decrease slowly behind the maximum. At small active areas
the high current densities resulting from effective cooling can-
not compensate the relatively high fixed weight contributions.
This maximum is in contrast to area-water-cooled stacks, where
the specific power increases continuously with higher active
areas.

In contrast to the specific cost, the specific power shows a
strong dependency on the separator plate thickness. A thicker
separator plate improves the heat removal which positively influ-
ences the power output. But at the same time the weight and the
volume of the cell increases. With thinner separator plates the
problem of cooling limitation becomes dominating again. Due
to these two competing effects an optimum separator plate thick-
ness of 0.1 mm is observed. However, as carbon structures with
a thickness of 0.1 mm may involve difficulties with respect to
mechanical integrity and handling, a separator plate thickness
of 0.3 mm seems preferable.
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4.3.3. Specific cost as a function of specific power

InFig. 12 the specific cost of Fig. 10 is plotted against the spe-
cific power of Fig. 11 for different separator plate thicknesses.
Therein the different markers correspond to different active
areas. An optimum for specific cost and for specific power can
be distinguished. Hence edge-air-cooled cells require a trade-
off between a minimum specific cost or a maximum specific
power. For a separator plate thickness of 0.3 mm a minimum
specific cost of 2.08 € W~! can be realized with a specific power
of 158 Wkg~!. This corresponds to a specific cost improve-
ment of —1.4% and a specific power improvement of +24%
w.r.t. the massflow-optimized case. The overall improvements
w.r.t. the base case are —35% for the specific cost and +86%
for the specific power. In contrast, a maximum specific power
of 198 Wkg~! is only possible with increased specific cost of
2.58€ W~! assuming the 0.3 mm limitation for the separator
plate. This corresponds to an increase in specific power of +69%
and an increase in specific cost of +22% w.r.t. the massflow-
optimized case. The overall improvements w.r.t. the base case
are +107% for specific power and only —12% for specific cost.

The distinction of two optima is in contrast to well-cooled
cells, where improvements of specific power normally coincide
with improvements of specific cost. In the case of edge-air-
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Fig. 12. Specific cost as a function of specific power for different separator plate
thicknesses and active areas. Tnax = 75 ° C and ritgoo) = Skg hL

cooled cells low specific cost can only be achieved with well
utilized, relatively small active areas enabling high current den-
sities. High specific power on the other hand requires thin and
light-weight plate structures resulting in cooling limitations.
This increases the need for active area to obtain additional power
and therefore high specific power is expensive.

5. Conclusions

Light-weight and low-cost PEFC stacks can be realized by
using the edge-air-cooling concept. However, even when highly
heat conductive materials, such as expanded graphite are used,
the concepts suffer from a limited power output due to heat
removal restrictions. A thermal cell model has been developed
to study and quantify the thermal limitations as a function of
cell geometry and current density. The model allowed for an
extensive thermal analysis and the cell design was optimized
with respect to maximum specific power and simultaneously
minimum specific cost.

The investigation of the different cost-factors revealed that
large active areas are not preferable in terms of cost. Bigger
active areas have higher heat removal limitations and conse-
quently the expensive MEA material is not well utilized. The
separator plate thickness has only a strong influence on specific
power. High specific power requires thin separator plates and
large active areas and therefore high specific power is expensive.

Optimized edge-air-cooled cells require a trade-off between
minimum specific cost and maximum specific power. For the
investigated prototype system the optimization showed that with
the optimal cooling air massflow, the optimal active area size
and the optimal separator plate thickness an overall increase of
the specific power of +86% and a simultaneous decrease of the
specific cost of —35% are possible.
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