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a b s t r a c t

This paper presents 2D thermal model of a fuel cell to elucidate some of the issues and important param-
eters with respect to temperature distributions in PEM fuel cells. A short review on various properties
affecting the temperature profile and the heat production in the polymer electrolyte fuel cell is included.
At an average current density of 1 A cm−2, it is found that the maximum temperature of the MEA is ele-
vated by between 4.5 and 15 K compared to the polarisation plate temperature. The smallest deviation
eywords:
EM fuel cells
emperature distribution
eat sources
ater phase change

corresponds to one dimensional transport, while the largest corresponds to the two dimensional trans-
port considering anisotropic thermal conductivity. The two dimensional thermal model further predicts
increased lost work. While most of the heat generation is allocated in the cathode, it is shown that the
heat effect may be balanced by the water phase change in the anode. The most significant factor in deter-
mining the temperature distribution is the gas channel geometry (width and channel type), followed by

of th
ell design the thermal conductivity

. Introduction

The vast majority of fuel cell work, both experimental and the-
retical, assumes isothermal conditions when in reality isothermal
onditions are extremely difficult to maintain, especially at mod-
rate and high current densities. Single cells are often externally
eated during experiments while stacks require significant cooling
nd temperature gradients will exist both within a cell and within
he stack. Understanding the temperature distribution is impor-
ant not only as the lost work from reversible heat is temperature
ependant, but also because the membrane may be exposed to
detrimental temperature and humidity regime. In addition, ele-

ated temperatures contribute to degradation rates which can be
xacerbated by high temperatures and large gradients. Further, the
ffect of water phase change can, depending on the rate, have a
ignificant impact on the resulting temperature distributions.

The operating temperature of a fuel cell is usually taken to be

he temperature measured at some distance from the electrodes,
ften in the end plate, and this value can be significantly different
rom temperature at the electrodes. In fact, some measurements
ave shown that the temperature in the gas channels can be as

Abbreviations: BPP, bi-polar plate; HP, high compaction pressure; LP, low com-
action pressure; MPL, micropouros layer; PEM, polymer electrolyte membrane;
TL, porous transport layer.
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much as 8 ◦C cooler than that adjacent to the electrode itself [1].
While the effects are smaller, this trend is also demonstrated in
non-optimised cells with unique temperature sensors embedded
in the electrolyte [2]. Knowing the actual temperatures at the elec-
trodes is important for several reasons: (a) the reaction kinetics are
dependent upon the temperature of the electrode, (b) the trans-
port properties are functions of the local temperature, (c) the rate
of phase change is strongly dependent on the local temperature
and (d) Nafion electrolytes must be reasonably maintained below
120 ◦C at 1 atm to avoid irreversible damage by humidified air
[3].

According to Bauer et al. [3,4] Nafion will significantly and per-
manently decrease its ionic conductivity at elevated temperature.
The elastic strength of Nafion, the E-modulus, was measured both
as a function of temperature and as a function of access to water.
This property is lowered by increased temperature and increased
water accessibility. When the E-modulus is sufficiently weakened
and water is adequately accessible, the membrane material will
swell to self-destruction. Nafion is resistant to failure by temper-
ature elevation if the access to water is limited. It was revealed
that Nafion exposed to 100% RH at 1 atm will undergo irreversible
damages at 120 ◦C. Between 90 and 95 ◦C, Bauer et al. found that
the E-modulus of Nafion in contact with liquid water started to
decrease dramatically with increased temperature. This result sug-

gests that Nafion in contact with liquid water at approximately
95 ◦C may undergo detrimental changes. Further, it was shown
that by lowering the relative humidity the maximum temperature
recommendation for Nafion would increase, i.e. at 1 atm approxi-
mately 91% RH/130 ◦C, 85% RH/140 ◦C and 75% RH/150 ◦C. Taking

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pharoah@me.queensu.ca
mailto:burheim@gmail.com
dx.doi.org/10.1016/j.jpowsour.2010.03.024
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Nomenclature

j current density (A cm−2)
k thermal conductivity (W K−1 m−1)
E electrochemical potential (V)
H enthalpy of reaction (J mol−1)
I current (A)
Q′ heat flux (W m−2)
S entropy of reaction (J mol−1 K−1)
T temperature (K or ◦C)
W width of channel (m)

Greek letters
˛ net water drag
� vapour multiplier (˛ + 0.5)
� combined overpotential (V)
� conductivity of membrane (S m−1)
� water content in membrane water/sulphonic group
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� amplitude of current distribution
� change in state

nto account Nafions response to temperature elevation, water
ccessibility and that water is liquid up to almost 120 ◦C (for gases
t 2 atm), a PEMFC may, in this region (90–120 ◦C), be irreversibly
amaged. It is well known among most fuel cell scientists that
afion is better humidified by liquid water than from fully humidi-
ed air—despite equal chemical potentials of water in the two cases.
his is known as Schroeder’s Paradox [5]. The weakening of Nafion
t some high temperature conditions may lead to cracking of the
embrane under fuel cell operation. The temperature range chosen

or the measurements [3] may have been based on an understand-
ng that the fuel cell was isothermal, as was the general perception
round 2001. Additionally, it should be mentioned that modified
afion materials, typically containing zirconia, sustain both higher

emperatures and gas pressures under operation and that increased
emperature improves the kinetics of the fuel cell reaction [6]. Nev-
rtheless, the temperature gradients within the fuel cell are of the
ame significance regardless of whether the operation temperature
n the bi-polar plate is 50, 80 or 120 ◦C.

The factors which significantly affect the temperature distribu-
ion include: (1) component conductivities, (2) contact resistances,
3) heat losses from the system, (4) the electrode reactions, (5)
he local rate of water phase change and (6) the geometry of the
ell. Point one and two refers to the selected materials for the
ell, the compaction forces and the local environment, i.e. residual
ater. Recently, Burheim et al. [7] demonstrated how the increas-

ng compaction pressure and residual water in the PTL increases the
hrough plane thermal conductivity of PTLs. However, these results
onsider only the through plane thermal conductivity. According
o Ramousse et al. [8], based on the model by Danes and Bardon,
he in-plane thermal conductivity of a PTL should be between ten
nd twenty times the through plane thermal conductivity, depend-
ng on the fibre structure. Ironically, Danes and Bardon developed
he model for porous carbon fibre felts intended for insulation
9]. However, measurements of in-plane thermal conductivities
re not yet reported. Because measurements of through plane
hermal conductivity support the modelling work by Ramousse
nd Bardon, it is very likely that the PTL is highly anisotropic,
hough the in-plane thermal conductivity may not depend on com-

action pressure and residual water to the same degree as the
hrough-plane thermal conductivity. Nitta et al. [10] studied the
ffect that the flow channel has on the PTL structure. By com-
ressing a Sigracet PTL to different fractions of the original PTL
hickness with a surface having a small hole (presenting the gas
er Sources 195 (2010) 5235–5245

flow channel) the thickness of PTL material intruding into the gas
channel was measured. It was found that compressing a 380 �m
PTL to 300 �m under the land resulted in a PTL channel intru-
sion of approximately 70 �m, meaning that the PTL is almost not
compressed under the gas channels for such and smaller compres-
sions.

The lost work in the fuel cell, i.e. ohmic heating and the overpo-
tential, as well as the local rate of water phase change will depend
on local temperatures and current density deviations in the fuel
cell. Pharoah et al. [11,12] report that, if running a fuel cell at
moderate to high current densities, a serpentine gas flow channel
will give decreased current underneath the channel while parallel
flow fields will have the opposite effect. The prediction is based
on modelling a half-cell, using an air cathode. Reum et al. [13]
report measurements of similar effects for a fuel cell using par-
allel gas flow channels. Running their fuel cell at moderate current
density of 0.4 A cm−2 with fully humidified oxygen/hydrogen the
maximum current density underneath the gas channel is twice the
minimum current density below the lands. Replacing oxygen with
air increases this effect so that the maximum current density is
more than ten times the smallest.

There is a large body of modelling based work in the litera-
ture and only recently has it become common to model thermal
affects. This situation is well summarized by Bapat and Thynell
[14]. Bapat and Thynell introduce a model similar to this work,
neglecting water management, possible current density profiles
and different thermal conductivities of both the PTL and its contact
to the polarisation plate [14]. Additionally, the basis for several of
the heat transport parameters was not up to date or thoroughly
based on experimental values. Considering the experimentally and
theoretically verified effects the gas flow field design imposes
to the current density distribution and that the MEA is liter-
ally insulated by its surrounding PTL, we present a 2D thermal
model of a fuel cell to elucidate some of the issues and impor-
tant parameters in fuel cell design. The goal of this paper is
to present a simple and efficient model to estimate the maxi-
mum temperature generated within a fuel cell, and to distinguish
those parameters which are most important in determining this
maximum.

2. A 2D thermal model

A steady 2D thermal model is developed using the commercial
finite element code COMSOL Multiphysics 3.3. A 1D thermal model
was also developed, primarily for comparison to other 1D thermal
models. This was done simply by replacing the gas channel volume
with the polarisation plate material. We give the problem geometry
first, the thermodynamics second and the model formulation at the
end of this section.

2.1. The problem geometry

The domain of interest is depicted in Fig. 1 and includes bi-
polar plates, porous transport layers (sometimes referred to as gas
diffusion layers) coated with micro porous layers, catalyst layers
and a Nafion electrolyte. All dimensions are given in Fig. 1. The
gas flow channel geometry was chosen as a repetitive pattern,
1 mm × 1 mm, except where otherwise noted. Thermal contact
resistance is accounted for between the bi-polar plate, and the
porous transport layer, but is currently neglected for all other inter-

faces. This is a reasonable assumption, since the MEA is hot pressed,
reducing most other contact resistances in the system. It has been
shown for a PTL, very similar to the one investigated by Nitta et
al. [10], that the under land compression at 5–15 bar compaction
pressure leads to approximately 5–10% compression [7]. Thus it
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Fig. 1. Problem geom

s suggested that the PTL material for all practical reasons would
ulge 10–20 �m into the 1 mm deep gas channels, considering the
ompaction pressures recommended by most PTL manufacturers.
eglecting this bulge is therefore a good simplification when using

he model geometry of Fig. 1.

.2. Thermodynamic background

In order to optimise a fuel cell, it is important to understand
here potential work is lost. Eq. (1) follows directly from the first

aw of thermodynamics written per unit time. The work per unit
ime extracted from the system is the power delivered by the fuel
ell, PFC. Assuming that the reactants enter the system at the same
emperature and pressure as the products leave the system, the
hange in internal energy is given by the change in free energy for
he fuel cell reaction, �G = �H − T �S. A real system will also lose
eat to the environment, due to (i) the energy needed to drive the
lectrochemical reaction (often referred to as activation losses), �j,
nd (ii) due to ohmic heating, Rj2. This can be expressed as the sec-
nd half of Eq. (1), where the thermo-neutral voltage, Etn = −�H/nF
xpresses the total energy, and all other terms represent losses from
he point of view of power extracted from the fuel cell. The term
elated to the entropy change for the reaction, T �S, gives rise to
heat release which is reversible, Qrev while the other two terms

re irreversible. For the PEM fuel cell reaction the entropy is neg-
tive and the reversible heat represent lost work proportional to
he temperature. We shall see how this reversible heat production
s dependent on the local reaction temperature imposed by cell
esign and further the available electrochemical potential. We will
lso evaluate the lost work due to the activation overpotential by

onsidering that it changes with current distributions imposed by
as flow channel design.

FC = −�H

nF
j + T �S

nF
j − �j − Rj2 = ETNj + Q ′

rev − Q ′
�j − Q ′

˝ (1)
ed for the modelling.

2.3. Model formulation

Since the goal of this work is to predict the temperature distri-
bution within a fuel cell, we solve the heat diffusion equation over
the domain shown above, and apply source terms to account for the
heat generated by each of the mechanisms discussed above. One
additional consideration however relates to the phase changes of
water within the system. In considering the entropy and enthalpy
changes for the fuel cell, a choice has to be made for the state of the
product water. If water vapour leaves the system, then the enthalpy
change is lower while if it leaves as liquid, it is higher by the heat
of vaporisation of water. It is still possible however for water to
undergo phase changes within the system which can significantly
change the temperature distribution. These changes do not affect
overall conservation of energy though, as long as water enters and
leaves the system in the same phase and the appropriate enthalpy
and entropy changes are used. As an argument to consider the dif-
ferent water scenarios later introduced in the modelling work one
can think of different ways to operate fuel cells in practice. Some
modern fuel cells are designed to be self humidified under opera-
tion, meaning that the feed gases are not required to be humidified.
On the other hand, some fuel cells are operated with partially or
fully humidified feed gases. As such, the effects imposed by the
water management are important to bear in mind when modelling
thermal effects in fuel cells. In the present model, water profiles
are not explicitly solved for but the temperature effects due to
phase change of water are accounted for by assuming a net drag of
water, ˛, condensing (absorbing into the membrane) at the anode
and a maximum of this water plus the electrochemically produced
water, �, progressing to the vapour state by evaporation (desorp-
tion) at the cathode. Various assumptions about the state of water

can be investigated by independently varying ˛ and �. For example,
an operating condition with a well-humidified anode but a dryer
cathode would correspond to an ˛ close to 1.2, with most of the
product water evaporating such that � = 1.7. As the cathode humid-
ity increases, both � and ˛ will drop. In the case of a dry anode
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Table 1
Material thermal properties for the domains depicted in Fig. 1 [7].

Dry Weta

Contact resistivity PTL-BPP—R′′
PTL-BPP (10−4 m2 K W−1) 1.8 0.9

Through plane thermal conductivity PTL—k⊥,LP

(4.6 bar)/W K−1 m−1
0.27 0.45

Through plane thermal conductivity PTL—k⊥,HP

(9.3 bar)/W K−1 m−1
0.36 0.54

Thermal conductivity of MPL and catalyst layer k
(W K−1 m−1)

0.5 0.5
ig. 2. The current distributions used in the model. The current densities are
mposed from applying different gas flow channel patterns and choice of gas on
he cathode side.

owever, there is no water available in the gas stream such that
would be close to zero. These parameters will be used in order

o estimate the relative contribution of phase change on the tem-
erature distribution in the extreme cases. The water content in
he membrane is considered to be homogeneously distributed. This

ay seem as a rough and shallow assumption at first glance because
he water is likely not to be evenly distributed. Both the thermal and
lectric conductivity depend strongly on the local water content.
n the other hand, as shall be demonstrated, the ohmic heating

mposed by electric current through the membrane is by far the
mallest heat source in the system, meaning that the results are
ot sensitive to this assumption.

The model considers only two dimensions, but different current
istributions across the channel (in the y-direction) are imposed
y the flow channel design and thus we can compare 3D-like flow
hannel designs. As discussed above, a serpentine flow field results
n a maximum current underneath the land, while a parallel flow
eld results in a maximum current under the channel [11–13]. Here,
e have chosen to impose characteristic distributions using half a
eriod of a cosine function.

(y) = j̄
(

1 + � cos
(

�

W
· y

))
(2)

here W is the channel dimension and � is the desired ampli-
ude. Fig. 2 depicts the cross-channel current density distributions
sed in this model. The amplitude of the distribution is relatively
mall (except in one case) such that the results should predict
he minimum effect of flow field on temperature distribution. The
mplitude, �, in Eq. (2) was chosen such that the temperature along
he midline of the membrane was as constant as possible. Again,
ne exception was made; switching from oxygen to air and broad-
ned flow channels and ribs appear to dramatically increase the
mplitude in the current distribution [13]. The three current dis-
ributions are sketched in Fig. 2, note that the x-axis in the figure
s as the fractional length of the channel width (1 and 2 mm, both
ypically used in fuel cell setups).

Considering that the compaction pressure is unevenly dis-
ributed under the rib and under the channel, the thermal
onductivity in the PTL will consequently also vary. In the presented
odel two extreme distributions were chosen; (a) isotropic and

omogeneous thermal conductivity and (b) anisotropic and non-
omogeneous thermal conductivity. In the case of an anisotropic

TL, the in-plane conductivity, k=, is taken as eight times the
owest measured through plane value, k⊥ [8], i.e. k= = 8·k⊥,
ry = 2.16 W K−1 m−1. A non-homogeneous distribution of ther-
al conductivity arises due to the uneven pressure distribution

mposed on the PTL by the bi-polar plate. In this case, we have
Thermal conductivity membrane (� = 10) kNafion

(W K−1 m−1)
0.21 0.21

a PTL with residual water.

imposed a cosine distribution to account for the variation from
under the land (High Pressure) to under the channel (Low Pressure).
This distribution is given in Eq. (3).

Unless otherwise stated, values for the thermal conductivities
under various conditions are taken from measurements under-
taken in our lab for SolviCore materials and for Nafion under various
conditions [7]. Table 1 summarizes values used for the model. It is
of note that the thermal conductivity of the PTL increases in the
presence of liquid water due to the increased fibre to fibre contact.
Accordingly, we give thermal conductivities for the two cases.

k⊥ (y) = k⊥,HP + k⊥,LP

2
+ k⊥,HP − k⊥,LP

2
cos

(
�

ıchannel
· y

)
(3)

The boundary conditions used for all simulations are Dirichlet
conditions (T = 353.14 K) along the y-axis at the edge of the bi-polar
plates (x = −L/2 and x = L/2) and no flux, or symmetry, along y = 0
and y = W. The dimensions are as shown in Fig. 1 and the material
thermal properties are given in Table 1.

Thermal generation is included for:

1. Reversible heating (T �S) in the anode and
cathode catalyst layer, using the local temper-
ature and �SAnode = −0.104 J mol−1

water K−1 and
�SCat = 163.18 J mol−1

water K−1 [15] corresponding to the
half-cell reactions at standard conditions.

2. Irreversible heating (�j) due to lumped fuel cell overpotentials
of �Anode = 0.001 V and �Cat = 0.5 + 0.07 ln[j] V. This corresponds to
imposing the working voltage of the fuel cell at the chosen cur-
rent density, given as A cm−2, and is measured with a running
fuel cell in our laboratory. The anode overpotential, �Anode, is
considered to be independent of the local current density dis-
tributions, which is reasonable since this contribution to the
heating is vanishingly small.

3. Ohmic heating in the membrane (Rj2) based on a fixed mem-
brane conductivity of 8.7 S m−1 corresponding to ten waters
per sulphonic group [16]. For a well-humidified fuel cell, 14–21
waters per sulphonic group are considered realistic. The ohmic
heating is reduced by increased water content in the membrane.
As shall be demonstrated, ohmic heating of the fuel cell is by far
the smallest heat generation within the fuel cell and thus the
results will not be overly sensitive to this parameter.

4. Water absorption and desorption in Nafion. When water vapour
absorbs in Nafion, a heat source is applied as 44.7 kJ mol−1, and
when water desorbs to the vapour phase, a heat sink is applied
as −44.7 kJ mol−1. These values have been measured by Reucroft
et al. [17] for water contents greater than � = 5. According to
these measurements, there is no heat sink or source when liquid

water enters or leaves the membrane for � > 5. This is in agree-
ment with other work showing that there is very little interaction
between the membrane material and water except for the first
three waters per sulphonic group [18]. The bottom line here is
that when water molecules enter and leave the membrane, for
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Fig. 3. Predicted temperature profiles under the centre of the gas channels. The
model considers an average current density distribution of j = 1 A cm−2 and a local
current density of 0.76 A cm−2 imposed by a serpentine flow channel design. The
control temperature in the polarisation plate was set to 80 ◦C.

the conditions considered in this model (� > 5), the heat release
is thus equal to the heat of vaporisation/condensation of water.
In this model, this is controlled by two parameters: ˛ and �. ˛
corresponds to the number of water molecules per proton which
absorbs into the membrane from the vapour phase, while � cor-
responds to the number of water molecules which desorbs to the
vapour phase. Note that because the heat of desorption of water
from the membrane to the gas phase is equivalent to the heat of
vaporisation [17] we can speak interchangeably about desorp-
tion from the membrane to the gas phase and vaporisation of
product water (and equivalently with regards to absorption to
the membrane from the gas phase). For simplicity we mostly
refer to adsorption and desorption meaning between the gas
phase and the membrane. The maximum value that � can take
is �max = ˛ + 0.5.

The gas channels are assumed to have stagnant gases which will
slightly affect the local temperature distributions at the gas chan-
nel/PTL interface, but which is consistent with the assumption that
all the heat generated in the system is removed by the cooling chan-
nels in the bi-polar plates. This is a reasonable assumption, as the
amount of energy removed by the gas flows at these temperatures
is small compared to the energy generated in the system.

All simulations were run until energy was conserved within at
least 0.1% and the solutions were also shown to be mesh indepen-
dent.

3. Model results

This paper considers and compares 2D thermal models of a fuel
cell. The reference case for the comparison is what we regard as a
reasonable best case scenario with respect to cooling the fuel cell.
The reference case is suitably humidified, such that ˛ = 1.2, � = 1.7,
with a serpentine flow field (SFC 1 mm × 1 mm with 1 mm lands)
with the maximum thermal conductivity in the porous transport
layer (increased level due to residual water, anisotropic and non-
homogenous thermal conductivity) when the polarisation plates
are being operated at 80 ◦C and the average current density is
1 A cm−2.

3.1. The nature of the system
The case described above is regarded as reference example for
the results in this paper and is recognised as set 1 in Table 2.
Figs. 3 and 4 depict the temperature profiles at the centre of the
channel and at the centre of the land, respectively. Under the land,
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ig. 4. Predicted temperature profiles under the centre of the ribs. The model con-
iders an average current density distribution of j = 1 A cm−2 and a local current
ensity of 1.24 A cm−2 imposed by a serpentine flow channel design. The control
emperature in the polarisation plate was set to 80 ◦C.

he maximum temperature occurs in the anode catalyst layer and
s 3.5 ◦C above that of the bi-polar plate. The contact resistance
etween the bi-polar plate and the PTL results in a temperature

ump of approximately 0.5 ◦C, and this jump is proportional to
he heat flux passing through the interface which in this case is
.48 kW m−2 to the anode plate and 2.82 kW m−2 to the cathode
late. The temperature profile is linear in the passive PTLs, and pro-
ortional to the heat flux, indicating that transport at this location

s very nearly 1 dimensional. The contribution of the various heat
ources is given in Fig. 5. The single largest contribution, represent-
ng −125% of the total heat leaving cell through the bi-polar plates,
s the sink due to 1.7 moles of water per Coulomb of charge desorb-
ng to the vapour phase at the cathode. The next largest term is the
eat of absorption of 1.2 moles water per Coulomb of charge from
he vapour phase at the anode representing approximately 88% of
he heat conducted through the bi-polar plates. The heating due to
ctivation polarisation in the cathode is nearly as significant, while
he ohmic heating in the membrane is much smaller. It should be
lear from this analysis that the state of water in the cell will be
ritical, both to the temperature distribution and to the amount of
eat that must be removed by the cooling channels. This will be

urther discussed below.

The magnitude of the current distribution was set in order to

ry to make the membrane as isothermal as possible, and as such
his case compares favourably to the results of a 1D simulation
ith the same conditions (set 0 in Table 2). These applied cur-

Fig. 5. Heat sources and heat sinks in a PEMFC, at 80 ◦C, ˛ = 1.2 and � = 1.7.
er Sources 195 (2010) 5235–5245

rent density distributions are still in agreement with experimental
and theoretical work [11–13]. It can be noted however that the
1D case represents the lowest maximum temperature possible. As
more heat is generated under the channel, this heat will be trans-
ported through the PTL towards the land resulting in a maximum
temperature under the gas channel. As such, a 2D model, consid-
ering multi-dimensional imposed effects, is essential to predict the
maximum temperatures experienced in a cell.

3.2. The effect of water

The effect from absorption and desorption of water on the tem-
perature distribution is shown in Figs. 3 and 4, under the channel
and under the land, respectively. Additional data, including the heat
conducted to the anode plate and the cathode plate is summarized
in Table 2. The difference between set 1, set 2, set 3 and set 4 is the
state of water in the PEMFC. For set 1, the reference case, 1.2 moles
of water per Coulomb of charge absorbs into the membrane at the
anode and then desorbs along with the product water at the cath-
ode side. For set 2 we consider only the water product to evaporate
at the cathode. Additional water can still be transported through
the membrane in this case, but it is assumed to have come from the
liquid phase such that no heat is liberated. For set 3 we consider
all the water to be in its liquid state with no source terms due to
absorption/desorption and for set 4 we assume that the dragged
water reaches the anode from the vapour phase, but the cathode is
saturated such that all the water leaves in the liquid state. We can
think of these three cases as limiting cases with respect to water,
and will find in reality, that different locations in an operating fuel
cell may resemble each of them. We are therefore interested in how
their thermal signature differs from one another so that we can see
whether this issue is of great significance or not.

The temperature predictions for set 1 and set 2 are almost mirror
images about the membrane centreline. Naturally, the correspond-
ing heat flux conducted to the anode and cathode plate has also
switched between the two cases. Consequently, the maximum tem-
perature has moved from the anode in set 1 to the cathode in set 2.
This behaviour can be explained by the fact that the heat of absorp-
tion is very significant and the impact of having ˛ moles of water
transported per proton is that significant energy is transported
from the anode to the cathode. If, however, water is absorbed
and desorbed from and to the liquid phase as in set 3, the max-
imum temperature in the fuel cell increases by more than one
degree and occurs in the cathode catalyst. In addition, the total
heat energy conducted to the bi-polar plates increases by approxi-
mately 2.3 kW m−2. Set 4 represents an extreme case corresponding
to running a fuel cell with 100% relative humidity in both the feed
gases so that water can condense on the anode side but remains
in the liquid phase at the cathode. In this case, the maximum tem-
perature increases to 87.5 ◦C and the total heat conducted to the
bi-polar plates increases to 14.2 kW m−2, more than double the
amount when all the water at the cathode is in the vapour phase.
These cases serve to illustrate the significance of the state of water
in the fuel cell on both the heat rejected to the cooling system and
on the maximum temperature to which the fuel cell is subjected.

Another interesting thing we can learn from comparing pos-
sible water phase change effects is regarding the reversible heat
production, T �Sj/nF. For the model presented here, over 99% of
the reaction entropy is solely related to the cathode process [15].
The distribution of the reversible heat between the anode and the
cathode is a subject of some controversy [19], but from the above

examples it is almost certain that redistribution will not change
the maximum temperature. In reference to set 1 and set 2 it was
shown that moving a more significant amount of heat energy from
the anode to the cathode by the absorption and desorption of water
was able to change the location of the maximum, but not its mag-
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Fig. 6. Temperature profiles under the middle of the rib depending on thermal con-
ductivities and water phase change conditions in a PEMFC operated with serpentine
gas channels at 80 ◦C.

nitude. The reversible heat is exactly analogous to this, in that the
sum of the anode and cathode reversible heats must be that of the
overall reaction. Further, the magnitude of the reversible heat gen-
eration is noticeably smaller than the heat of absorption/desorption
such that the details will pale in comparison.

The distribution of the reaction entropy among the two elec-
trodes is set by nature and therefore impossible to control and the
water phase change phenomena also presents some challenges to
engineer. However, there are important parameters which can be
applied to gain control of the temperature distribution in a fuel cell.
One of them is related to modification of the thermal conductivity
of fuel cell materials and another is the geometry of the fuel cell. It
is to these effects that we now turn our attention.

3.3. Material thermal conductivities

The next subject to discuss is the material conducting the heat
out of the fuel cell. In accordance with Fourier’s law, the flux is equal
to the thermal conductivity times the thermal gradient. Accord-
ingly, if the heat flux remains the same, the temperature gradient
will increase in proportion to the thermal conductivity. This is
shown in Fig. 6 and in Table 3 which presents three cases of heat
leaving the cell with a different through plane thermal conductivity
for the PTL and different thermal contact resistance to the bi-polar
plate. In all cases, the in-plane thermal conductivity corresponds to
the base case, set 1. The lowest thermal conductivity and the high-
est contact resistance, set 5, correspond to the dry measurements
of a SolviCore PTL undertaken in our lab [7]. As demonstrated [7],
the in-plane thermal conductivity increases by 50% and the con-
tact resistance decreases by 50% when residual water, is present
in the PTL; this case is set 4. Finally, set 6 corresponds to a 10
fold increase of the through plane thermal conductivity and a 10
fold reduction of the contact resistance relative to set 5. This order
of magnitude difference in the through plane thermal conductiv-
ity has recently been measured in different commercial materials
using the technique reported in [7,22]. The effect of this difference
is herein discussed based on experiments and a multi-dimensional
model for the first time.

In comparing the temperature distributions, shown in Fig. 6, it
is clear that these factors both have a significant effect on the max-
imum temperature. The maximum temperature ranges from 3.2 ◦C
to almost 11 ◦C above the bi-polar plate temperature, with the con-

tact resistance comprising between 0.5 and 2 ◦C of this difference.
The total amount of heat generated in the system also decreases
slightly as the temperature decreases since the reversible heat pro-
duction is proportional to the temperature in the catalyst layer.
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Fig. 7. Temperature profiles under the middle of the gas channels given for various
current distribution imposed by gas flow channel design. The control temperature
in the polarisation plate was set to 80 ◦C.

It is important to note, that these examples were carried out
with fixed conditions for the phase of water in the system, and that
the resulting temperature distributions are geometrically similar. It
is reasonable to expect that the magnitude of the changes would be
similar irrespective of the state of water. It is clear that care should
be taken in designing PTL materials not just with respect to water
transport, but also with regards to thermal conductivity.

3.4. Flow field design

The thermal conductivity is not the only parameter which can be
tailored to influence the temperature distribution. The flow chan-
nel design can have a significant impact on the current distribution
which controls where the heat is introduced into the system and
consequently the temperature profile. Here we have accounted for
this current distribution heating effect by imposing a current dis-
tribution which is consistent with more detailed observations of
the impact of flow field on current density distribution [11–13], as
discussed above. Notwithstanding the approximations inherent in
this approach we shall discuss the results in terms of the physical
interpretation. This section compares the temperature distribu-
tions which arise from having a maximum current under the land
(serpentine flow field) to the case of having a maximum under the
channel (parallel flow field). It also explores the effect of increasing
the amplitude of the current distribution as in the normal case of
using air instead of oxygen for the cathode feed. Finally the effect
of increasing the channel and land dimensions is explored. In each
case, all parameters are the same as in set 1 except for the current
distribution and in the case of set 8, the channel width. The numer-
ical results of this investigation are summarized in Table 4, while
corresponding temperature profiles at the channel centreline are
presented in Fig. 7.

On comparing set 1 and set 7, it can be seen that a current
distribution consistent with a parallel flow field results in a max-
imum temperature which is about 1 ◦C higher than in the case of
a serpentine flow field. This maximum occurs under the channel,
since more heat is produced where the current is highest and all
of this heat must be transported through the PTL to the bi-polar
plate. So far, the assumed current distribution is quite modest,
but when air is used as a feed, the amplitude can be much larger
[11–13]. This is explored with set 8, with an increased amplitude
for the current distribution and the result is an additional temper-

ature increase of 1.5 ◦C. Finally, if the dimensions of the land and
channel are doubled to 2 mm, as in set 9 the maximum tempera-
ture increases by an additional 5 ◦C as the length of the path from
the region of heat generation to the bi-polar plate increases. This
case represents a maximum temperature which is more than 10 ◦C
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Fig. 8. Possible temperature profiles in the middle of the membrane along direction
crossing the gas channels for polarisation plates held at 80 ◦C. This corresponds to
the centre line in Fig. 1.

above the polarisation plate temperature and is the largest single
effect shown. As such it warrants some further justification and
exploration.

Fig. 8 shows the temperature distribution along the centre of
the membrane for this case with a simulation imposing a uniform
current density both for a 2 mm channel width and a 1 mm chan-
nel width. In the cases of uniform current density, the temperature
profile is less extreme since proportionally more heat is generated
under the land, but even with a uniform current density, the max-
imum temperature at the channel centreline increases by almost
5 ◦C as the channel and land width increase from 1 to 2 mm. This
is explained by the fact that significantly more heat must travel
laterally through the thin and relatively low conductivity PTL in
order to reach the land. This example clearly shows that irrespec-
tive of the flow channel, or of the details of the current distribution,
the effect of changing the channel dimension is very significant for
the temperature distribution in the fuel cell. Smaller dimensions
result in much more uniform temperatures, while larger dimen-
sions can result in rather dramatic increases. As a comment to this
observation, neutron imaging of water has revealed that water is
less likely to form big droplets and further plug the gas channels
when the channels are wide and parallel [20]. Similar effects are
also observed by others [21]. These observations favour the use
of broad parallel gas channels in order to avoid local flooding and
impaired gas feed control. The present model demonstrates that
increasing the channel width, such as proposed by the neutron
imaging observations, leads to large increases in the maximum
temperature because the local current density and reaction heat is
concentrated further away from the cooling polarisation plate. Fur-
ther, this increase in local temperature will also result in a locally
increased water vapour saturation pressure and more water in the
vapour phase. This effect could help explain the neutron imaging
observations.

3.5. Lost work in the PEMFC fuel cell

Eq. (1) states that the total energy converted in a fuel cell is
equal to the enthalpy of the reaction multiplied by the current.
One component of this energy is the reversible heat, Q′

rev, which
is given by, due to the temperature entropy product, i.e. T �S. This
heat is negative for the fuel cell reaction and thus increased tem-

perature results in a decreased ability to extract work. Other fuel
cells have a positive reaction entropy, such as the coal fuel cell, and
the opposite behaviour is the case [23]. A contribution to the lost
work is due to the activation overpotential, Q′

�j, and additionally
the ohmic heat production, Q′

˝. In Table 5 we predict the total



5 of Pow

h
d
s
a
t
c

r
l
r
h
i

p
c
p
Q
p
t
a
c

w
b
h
s
i
c
t
d
n
b

i
t
s
T
i
i
a
l
a

3

t
s
a
i
t
r
i
c
t
e
d
c

a
e
o
n
s
i
t

[
[
[
[

[
[
[

244 J.G. Pharoah, O.S. Burheim / Journal

eat production contributions from the three mentioned terms
epending on various situations. Model set 10 is a combination of
et 4, set 5 and set 8. Considering parallel gas flow channels oper-
ted with maximally humidified gases and completely dry PTLs, so
hat we obtain an even higher maximum temperature in the fuel
ell.

Because the reversible heat production depends on the local
eaction temperature, we give its values both as a result from the
ocal temperature and at the cell control temperature, 80 ◦C. The
eversible heat production in Table 5 compared to the reversible
eat at 80 ◦C, one can see that increased temperature in the cell

ncreases the reversible lost work by up to 4%.
Next, Eq. (1) shows the heat production due to activation over

otential. This term, Q′
�j, is not strongly dependent on whether the

urrent density is imposed by a serpentine or a parallel gas flow
attern, but on the amplitude of the current density distribution.
uantitatively, running a fuel cell with air and a parallel gas flow
attern, the work lost by the over potential may increase by up
o 2.5%. This value would in reality be strongly dependant on the
ctual fuel cell performance however, and would require a fully
oupled electrochemical model to explore in more detail.

In consideration of the Ohmic heating in the membrane at 10
aters per sulphonic group, 8.7 S m−1, with a 50 �m thick mem-

rane and a current density of 1 A cm−2 the lowest possible ohmic
eat production, Q′

˝, is 0.57 kW m2. Even though this gives the
mallest contribution to the heat production in the fuel cell, accord-
ng to Eq. (1) and Table 5, this term is still the most sensitive when
onsidering current density distributions. This is simply because
he ohmic heat production is proportional to the squared current
ensity. Running the fuel cell with air and parallel gas flow chan-
els we predict the lost work due to ohmic heating to be increased
y 33%.

Thus comparing the work lost as heat in set 10 compared to the
sothermal fuel cell at 80 ◦C with evenly distributed current density,
he available work has in total decreased by 5%. We present here a
implification of other work studying the lost work in greater detail.
he fact that the lost work is lowered by evenly distributed gradient
s a known phenomenon [24]. The methodology regarding lost work
s often referred to as entropy production. It should be expected that
s even a distribution of entropy production will result in the least
ost work as possible. In this case, this will correspond directly to
s uniform a current as possible.

.6. Stack considerations

It has thus far been shown that a single cell having a uniform
emperature at the edge of the polarisation plates will experience
ignificant temperature gradients. This will be notably worse in
stack. The equations solved here are linear which means that

f the boundary condition temperatures are increased, the solu-
ion will increase correspondingly. This fact has significance with
egards to the placement of cooling channels in a fuel cell stack, or
ndeed in making short stacks without cooling channels. If two adja-
ent cells are placed in contact without a cooling channel between
hem, it can be expected that to a very good approximation the
ffects shown here will be doubled as the increased temperature
ue to the first cell becoming the boundary condition to the next
ell.

Thus far, we have considered only temperature gradients which
rise due to heat generation due to electrical and electrochemical
ffects inside the fuel cell. In the case of a stack however, cooling is

ften effected by passing cooling water through the cooling chan-
els, and this is also a driver for temperature gradients in cells and
tacks. If we consider an automotive type stack of 75 kW it will be
mpossible to control the polarisation plates at uniform tempera-
ure as has been assumed thus far. The heat production in the stack

[
[
[

[

er Sources 195 (2010) 5235–5245

can be as much as 1.5 times the electric power such that 113 kW of
thermal energy would have to be removed by the coolant flow. The
required flow rate to ensure that the temperature rise of the cool-
ing water is kept below 10 ◦C would be approximately 2.5 l s−1. Of
course this flow rate must be minimized to ensure that the parasitic
losses are minimized. The net result though is that it is not unrea-
sonable to expect that the cooling channels will impose a significant
variation in the polarisation plate temperatures and depend-
ing on the inlet temperature of the coolant, this would almost
certainly result in increased maximum temperatures within the
cell.

4. Conclusions

A simplified thermal model of a PEM fuel cell has been devel-
oped and used to explore the possible temperature gradients in the
through plane of an operating fuel cell at 1 A m−2. It has been shown
that under no conditions is the cell isothermal even when both end
plates are held at a constant temperature. Important parameters are
the PTL thermal conductivity, which is significantly affected by the
presence of liquid water, state of water in the anode and the cath-
ode (absorption and desorption from the membrane) and the gas
flow field design, with a particular sensitivity to the channel width.
All things considered, it is very likely that the catalyst tempera-
ture is between 4 and 13 K higher than the end plate temperature.
This assumes however that the endplates are held at a constant
temperature: if the cooling channels are included, the increase will
almost certainly be higher, and can be expected to double if cooling
channels are only present in every second cell.

From a simple consideration of the lost work in a fuel cell, it can
be expected that as uniform a current density distribution as possi-
ble will result in the least lost work, or the highest efficiency. There
is a strong need to obtain a better understanding of the state of
water in a fuel cell, and the location of any phase changes within the
system, as this can have quite a large effect on the local temperature
and hence on the maximum efficiency.
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