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The aim of this study is to calculate the through-plane thermal conductivity of commercial polymeric
ion-exchange membranes. Different membranes were considered to study the influence of membrane
properties on the thermal conductivity values. In particular we focused on reinforcement, ion exchange
capacity and membrane density and thickness. For this purpose, we use a simple experimental setup and
a numerical simulation to estimate the thermal conductivity from the experimental temperature profiles.
Once the system is calibrated, the model includes as the only unknown parameter the membrane ther-
mal conductivity. To validate the method, the thermal conductivity of the well-known Nafion membranes
has been determined, a very good agreement was achieved in context from reliable literature values.
The study also provides the thermal conductivity of other polymeric ion-exchange membranes with great
potential in diverse applications under non-isothermal conditions. The calculated thermal conductivity
for the different ion-exchange membranes is in the range from 0.04 Wm~'K-! to 0.42 Wm~'K-'. The
results show that the reinforcement leads to lower values of thermal conductivity whereas a higher den-
sity or heterogenous structure leads to higher thermal conductivity values. The approach presented here,
combining experimental and simulation techniques, may provide a basis for confirming the effect of the
polymeric ion-exchange membrane properties on the thermal conductivity and may shed light on the
best choice for the electrolyte of membrane-based applications performance under non-isothermal con-
ditions.
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1. Introduction of the fuel cell and essentially on the ion-exchange membrane as

its properties depend on its degree of hydration. Therefore, a full

The development of renewable nontoxic and environment-
friendly energies has promoted new energetic technologies such
as those based on transport processes through polymeric ion-
exchange membranes. Their applications spread through energy
conversions devices such as fuel cells, reverse electrodialysis or
polymer electrolyte membrane electrolyzer. All these applications
share one common characteristic: a polymeric ion-exchange mem-
brane used as electrolyte. Nowadays, these devices are still under
development for an optimum performance to ensure stability and
durability even under temperature changes. So, temperature has
been confirmed as a relevant factor to ensure high performance of
the device because any variation has an effect on each component
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knowledge of the temperature distribution inside the device may
lead to more efficient designs and it has been the aim of a vast
number of studies in the literature. Despite many different proton
exchange membrane fuel cells (PEMFC) models have been exten-
sively reported in the literature [1-5] to analyze the temperature
distribution, very few of these dynamic studies include the temper-
ature distribution. This could owe to the fact that scarce informa-
tion about thermal properties, in particular the thermal conductiv-
ity, is available for polymeric ion-exchange membranes except for
the Nafion membranes.

Thus, a better knowledge of the membrane properties, and
in particular the thermal conductivity, is not only essential in
heat transfer processes but it may be crucial for the selection
of the membrane as electrolyte for predicting and understand-
ing the energetic efficiency in applications under non-isothermal
conditions.
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The classical Lee’s disc method, has extensively probed as a
simple tool to determine the thermal conductivity of materials
with low thermal conductivity and polymers [6,7]. Some studies
proposed modified and optimized Lee’s disc apparatus [8] to over-
come the limitations of the classical model. Other studies pro-
posed alternative methods such as desalination techniques [9,10],
the steady-state heat flow technique [11], or different direct mea-
surements such as transient plane source method [12] or tempera-
ture profiles [13-16]. Precisely, when the temperature is known at
least at two positions inside a heat-conducting solid, the Inverse
Heat Conduction Technique (IHCP) [17-19] has revealed as an ef-
fective tool to estimate the thermal properties and the heat flux.
New approaches optimized this technique to estimate temperature
dependent properties [20,21]. Recently it is becoming increasingly
widespread thanks to the successful results obtained in applica-
tions so different such as aerothermodynamics, renewal energies
or even membranes including soft tissues [22-24]. All these meth-
ods shed light on new studies to estimate both thermal conductiv-
ity and contact resistance in different non-isothermal applications.
In particular, the study of thermal conductivity and the contact re-
sistance of fuel cells is a line of priority research and of great inter-
est worldwide with new techniques emerging every day [25-29].

In this paper we propose a simple experimental setup in com-
bination with a numerical simulation to estimate the thermal con-
ductivity of commercial ion-exchange membranes.

Although numerical simulations have been proven as an ad-
equate support for the previous performance of the membrane-
based applications, to the best of our knowledge, no study has per-
formed a finite element simulation to determine the thermal con-
ductivity of ion-exchange membranes from the temperature pro-
files. We performed a stationary study using a parametric sweep to
determine the thermal conductivity by fitting the simulated tem-
perature profile to the experimental one.

2. Materials and methods
2.1. Experimental

2.1.1. Membranes

Different polymeric ion-exchange membranes have been ana-
lyzed in this work. Two homogeneous non-reinforced membranes,
Nafion 115, Nafion 117, three heterogeneous membranes, Ralex
AM(H) PES, Ralex CM(H) PES and MK 40, and three homogeneous
membranes with reinforcement in their structure, Fumasep FKS-
PET-75 and Selemion CSO with internal reinforcement, and Nafion
N324, with external reinforcement.

Nafion 115 and Nafion 117 are homogeneous membranes con-
sisting of a polytetrafluorethylene backbone and long fluorovinyl
ether pendant side chains regularly spaced, terminated by a sul-
fonic acid group. Both have equivalent weight 1100 and a similar
structure, but both differ in their thickness and specific weight.
Ralex membranes possess basic binder on base of PE polyethy-
lene with a fitting fabrics PES polyester and have also a similar
structure, but AM(H) PES is an anion-exchange membrane while
CM(H) PES is a cation-exchange membrane. MK-40 is a sulphonic
polystyrene divinylbenzene membrane of heterogeneous type pre-
pared by the inclusion of a finely ground ion-exchange resin in
a polyethylene binder. In Fumasep FKS-PET-75, the polymer back-
bone is based on a hydrocarbon polymer material, with and in-
ternal PET reinforcement and in Selemion CSO the base polymer is
St/DVB, with internal PVC reinforcement. Nafion N324 is a 0.15 mm
thick Nafion membrane (with one layer having equivalent weight
1500 and thickness 0.0254 mm, and the other layer having equiv-
alent weight 1100 and thickness 0.127 mm) fabric-reinforced with
polytetrafluoroethylene fiber. The result is a “bimembrane” with a
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nominal thickness of 0.28 mm. Table 1 shows some properties of
the studied membranes.

Membrane thickness was measured with a PCE-THM-20 mate-
rial thickness meter with a resolution of 0.0002 mm. Final value
of membrane thickness was obtained by averaging the results of
at least ten measurements made at different points of the sample
under study. The value of the membrane density was determined
by measuring the area and the mass of each membrane samples.
Results are also shown in Table 1.

Fig. 1 shows SEM (scanning electron microscope) images of the
membranes used in this work. The images show important mor-
phological differences between the different studied membranes.

2.1.2. Experimental device

Fig. 2 shows the device used to obtain the experimental
temperature-time profiles. The device consisted of two copper
cylinders, with the membrane sample positioned at the center and
sandwiched between both cylinders in a symmetrical manner. In
their external face, the cylinders had an orifice to permit the inlet
and outlet streams of water at a controlled selected temperature.
In these experiments, water was only made circulate in one of the
cylinders. The external face of the other cylinder was in contact
with air at ambient temperature. A holder permitted to accommo-
date the cylinders in horizontal position and kept the membrane
sample sandwiched between them. The apparatus was designed to
give a one-dimensional heat flux. For this purpose, they were thor-
oughly insulated in the radial direction with an insulated shell.

Three holes were made, spaced at intervals of 1 c¢cm, in each
copper cylinder. Pt100 sensors were placed inside each hole, to
measure the temperature at this position. Thus, temperature was
measured in six points, as it is shown in Fig. 2a. T; corresponds
to the nearest value to the hot water inlet, and the rest were
numbered sequentially. Thus, sensors T3 and T4 correspond to the
temperatures measured next to the membrane on its two sides.
The ambient temperature was measured by placing a digital ther-
mometer around the device. Changes in ambient temperature were
recorded and monitored in some of the experiments.

The procedure followed to determine the temperatures in the
stationary state was the same for all the samples analyzed. The
membrane sample was always positioned between the two cylin-
ders. When the temperature of the water bath reached the selected
value, the water started to circulate through one of the cells using
the corresponding orifice, and the temperature was recorded dur-
ing a time interval between 4 and 5 hours. This interval time was
previously assessed as the one required to reach the steady state. A
first measurement was made with the cell without the insulating
cover and without any membrane located between the two cylin-
ders (Fig. 2a), to verify and calibrate the model of the numerical
simulation.

2.2. Finite element simulations

To determine the through-plane thermal conductivity of the
tested membranes, we have used Comsol Multiphysics® (Comsol
Inc., Burlington, MA, USA) that implements the FE numerical tech-
nique. Thus, we calculate the temperature profiles at the same six
positions measured with the experimental setup. A simple model
with no isolation, was designed to validate the experimental setup,
denoted as SysCu, from now on. The model consists of two identi-
cal solid copper cylinders with a radius of 2.5 cm and a height of
3 cm. The system is placed horizontally with both cylinders stuck
without gap between them. Six holes with a diameter of 0.5 cm,
are designed to simulate the Pt100 Sensors. Temperature probes
are placed inside these holes to determine the temperature values,
denoted as T;, i=1 to 6. Unlike experimental sensors, these probes
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Fig. 1. SEM images of the membranes used in this work (Spanish National Centre for Electron Microscopy ICTS).
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Table 1
Properties of the ion-exchange membranes used in this work. (*Provided by the manufacturer. ** Measured.).
Membrane Short Name Structure IEC*(eq kg™1) p**(103kg m~3) d*(10-% m)
Nafion 115 NF115 Homogeneous 0.96 2.00 131
Non-reinforcement
Nafion 117 NF117 Homogenous 0.94 1.98 186
Non-reinforcement
Selemion CSO Ccso Homogeneous 2.0 1.30 80.6
Internal reinforcement
Fumasep FKS-PET-75 FKS Homogeneous 0.9 1.00 94.1
Internal reinforcement
Nafion N324 N324 Homogeneous 1.1 1.55 271
External reinforcement
MK-40 MK40 Heterogeneous 2.6 112 450
Ralex CM(H) PES RXCPES Heterogeneous 2.34 0.82 431
Ralex AM(H) PES RXAPES Heterogeneous 1.97 0.94 454

: —
*= Hot water inlet (49.5 °C]
a)

Fig. 2. Experimental cell used to measure stationary temperatures. a) Configuration
used to calibrate the device (without external insulating shell and without mem-
brane). b) The device with the external insulating shell.
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Fig. 3. Model designed in Comsol.

may provide, the minimum, the maximum and the average tem-
perature value along the hole. In addition, the numerical simula-
tion may include probes to measure temperature at both sides of
the membrane under test so the experimental setup was not able
to provide these values. The outer temperature is fixed at the ex-
perimental ambient temperature. Two additional hollow cylinders
located perpendicular to left and to right of the system with same
radius, 0.2 cm, represent the hot water inlet and outlet and the
cylinder at ambient temperature. In most cases the ambient tem-
perature was about 293.15K but the simulation allows to consider
a possible temperature interval that accounts for sudden changes
observed during some measurements. A stationary study with a
parametric swept was performed using the Heat Transfer Module
of Comsol. The iterative process of fitting the calculated tempera-
ture profile to the experimental one, determines the thermal prop-
erties of the solid materials used in the experimental model. Fig. 3
shows the model designed in Comsol.

Table 2
Properties of the materials used for the calibration model in the numerical sim-
ulation.

Properties Cu Insulating Shell

8962 298
0.035
1880

Density (kg.m=3)
Thermal Conductivity (W.m~1.K-1) 388
Heat Capacity at constant pressure (Jkg='.K-') 385

Then, we proceed to add the insulating shell of polyethylene
around the system. This insulating shell consists of two hollow
cylinders with same radius, 2.5 cm, and thickness of 1 c¢cm. This
system is denoted as SysIinsCu, from here on out. A similar proce-
dure leads to check the thermal properties of the insulating ma-
terial provided by the manufacturer. Table 2 shows the properties
used for the material of the experimental setup.

Once the system has been characterized, the membrane is
placed between both cylinders with no gap between them and
without any membrane holder. The membrane samples were sim-
ulated as a cylinder of the same radius of the cylinders and the
thickness of the membrane as height. All membranes were dry. The
membrane is set as a thin thermally resistive layer in the numer-
ical modeling. Both sides of membrane were modeled as thermal
contacts. Each contact was considered as a thin resistive layer with
a thermal conductivity and a thickness. In our study the thick-
ness was known but the thermal conductivity was the unknown
parameter. A finite element mesh was built for our model. In or-
der to generate a precise description of the temperature gradient
along the model, each tetrahedron must occupy a region that is
small enough for the gradient to be adequately interpolated from
the nodal values. Therefore, there is a compromise between the
size of the finite element mesh, the level of accuracy and comput-
ing resources. Due to the fact that the dimension involved in the
different parts of the system vary by several orders of magnitude
(microns for the membrane compared with millimeters for both
external cylinders), an adaptative mesh is used so that the size of
the basic tetrahedron is varied for the different regions. Therefore,
in order to obtain an accurate result for the temperature gradi-
ent within the membrane, the number of tetrahedra in this region
had to be considerably higher (~80000 for the membrane) than
the corresponding number for the region occupied by both copper
cylinders (~12000). We performed again a similar iterative process
considering the membrane thermal conductivity as the only un-
known variable for the simulation. Each one of the systems with
the membrane are denoted as the corresponding membrane name,
for example: NF117, NF115, etc. In our numerical modeling, we can
also consider the possible convection losses due to the flow of wa-
ter to the left of the device. The main sources of convection losses
in our model were the hot water circulating through the cylinder
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Fig. 4. Temperature-time curves obtained for (a) copper cell without the insulating layer and without the membrane (b) MK-40 membrane.

to the left of the model and the external cylinder. The former is
modelled as a forced convection consisting of a long horizontal
tube with water circulating at a velocity of 0.51m/s at the bath
temperature. The outer cylinder was modelled as external natural
convection of a long horizontal cylinder and the rest of the bound-
aries were opened at ambient temperature. In view of the results
shown later on, the effect of these losses may be of great impor-
tance to understand the experimental results.

To validate this method as a tool to estimate the thermal con-
ductivity of polymeric ion-exchange membranes, we have chosen
the Nafion membranes, NF117 and NF115, as tests standard because
their thermal properties are well documented in the literature.

The advantages of the proposed method are twofold: firstly, it
is not necessary a previous calculus neither the heat flux nor the
thermal contact resistances; secondly the required membrane sur-
face is small and only the knowledge of the membrane density and
thickness is enough to estimate the thermal conductivity. Although
this study has focused on thin membranes, we would like to point
out that the approach presented here may be applicable to deter-
mining the thermal properties of any other membrane or even of
any other solid material.

3. Results and discussion
3.1. Experimental temperature-time profiles

Fig. 4 shows, as examples, the experimental temperature-time
values for two of the studied cases. The curves shown in Fig. 4a de-
pict the results obtained with the copper cell, without the insulat-
ing layer and without the membrane, whereas the curves of Fig. 4b
depict the temperature-time profiles obtained with the heteroge-
neous membrane MK40. Similar results were obtained with all the
tested membranes. As it can be observed, temperature-values show
an initial transitory trend with time followed by a stationary-state.
A gap was observed between T3 and T, depending on the tested
membrane.

The stationary temperature in each point was obtained by av-
eraging the results measured with the corresponding sensor from
a time of 8000 s. The standard deviation was always less than 0.2

Table 3

Stationary temperature values measured with the six Pt100 Sensors
for some of the different systems studied: the SysCu, SysInsCu and
for the Nafion membranes NF117 and NF115.

SystemPt100 Sensors  SysCu SyslnsCu  NF117 NF115
T; (K) 32250 31948 320.13  320.23
T, (K) 32224  320.13 32047  320.78
T; (K) 32242  320.30 32042  321.15
T4 (K) 321.03  318.88 31830 31948
T5(K) 32085 318.14 317.83  319.66
Te (K) 32062 318.14 317.51 317.87

in the most unfavorable case, with values of the order of 10~2 in
the most of cases studied. Table 3 shows the stationary tempera-
ture obtained as a function of the position in the cell for each case
studied.

3.2. Simulated temperature profiles and thermal conductivity

We calculated the temperature profile and the temperature gra-
dient for the model with membrane designed in Comsol, for each
parametric sweep under stationary state. The temperature distri-
bution in the device is shown in Fig. 5a. The presence of the mem-
brane leads to a significant temperature gradient as it is shown in
Fig. 5b, as example, for the Nafion membranes NF117 and NF115.

Fig. 6 shows the different temperature profiles obtained for the
calibration systems: SysCu (a) and SysInsCu(b) and for the Nafion
membranes, NF117(c) and NF115(d). The results for the different
membranes studied are shown in Fig. 7.

The relative difference between simulated and experimental
temperatures was between 0 and 0.25 % in the most unfavorable
case. We have estimated the contact resistances to assure that
the measured temperature differences at both sides of the mem-
brane samples are primarily due to the membrane thermal resis-
tance. From these data, we have estimated the temperatures differ-
ence due to the contact resistances for Cu-Cu and Cu-Nafion mem-
branes. We found a temperatures difference of 0.11 K for Cu-Cu
and 0.07 K and 0.12 K for Nafion 115 and Nafion 117, respectively.
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Fig. 5. a) Temperature distribution obtained for copper cell with the insolating layer and the membrane (b) Temperature gradient magnitude obtained for copper cell (left

graph) and for the system with membranes Nafion 117 and 115 (right graph).

A comparison between these values and the experimental temper-
ature differences points out that the relative contribution of the
contacts represents less than 8% of the temperatures difference for
Cu-Cu and about a 5% for Nafion membranes. These results may
confirm that the temperature differences measured next to both
sides of the thermal contact are primarily due to the thermal resis-
tance and not to other factors such as interfacial contact resistance.
As it is shown, some points of the experiments are not well fitted
to the corresponding simulated value. We think that this may be
an artifact due to accidental shifts of the sensor during the mea-
surement.

The presence of the insulating shell led to an increasing trend
to the left of the experimental system whereas a decreasing trend,
similar to the obtained for the calibration system, is always ob-
tained to the right of the membrane. This change of trend may be
due to the convection losses on the tube used to circulate the hot
water. The temperature difference between the solid copper cylin-
ders increases for the different membranes with respect to the sys-
tem without membrane, thus, the more difference the less thermal
conductivity.

Table 4
Thermal conductivity of the membranes studied.

Membrane Thermal Conductivity (W/m.K)
Nafion 115 0.22
Nafion 117 0.25
Selemion CSO 0.04
Fumasep FKS-PET-75 0.38
Nafion N324 0.11
MK 40 0.42
Ralex CM(H) PES 0.26
Ralex AM(H) PES 0.24

A later optimization fits the simulated temperature profile to
the experimental temperature values at the six positions of the
Pt100 Sensors. This fitting provides the thermal conductivity es-
timated for each membrane. In our model we set the thermal con-
ductivity value with a maximum of two significant digits. Table 4
shows the thermal conductivity values obtained for each mem-
brane from these fittings.
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Fig. 6. Experimental and simulated temperature profiles obtained for the calibration systems: SysCu and SysInsCu, and for the Nafion membranes NF117 and NF115.

The thermal conductivity values estimated for the different
membranes studied, are in the range from 0.04 Wm~1K-! to 0.42
Wm~1K-1. The highest value is obtained for the MK40, a het-
erogeneous membrane with a polyethylene binder. The value ob-
tained is in the range from 0.33 to 0.5 Wm~1K-! [30], provided
for the polyethylene conductivity, and it may explain the high
value obtained. The value obtained for Fumasep membrane agrees
with typical values for thermal conductivity of hydrocarbon poly-
mers, in the range from 0.12-0.52 Wm~'K-! [30]. However, the
lowest value is obtained for the Selemion membrane, a mono-
valent selective cation exchange membrane that contains a thin
polyethyleneimine anion exchange layer. This low value is in the
range from 0.03 to 0.04 Wm~'K-! [30] reported as typical values
for the thermal conductivity of polystyrene.

We have studied three Nafion membranes: NF115, NF117 and
NF324. The values obtained for the NF117 and NF115 mem-
branes, 0.25 Wm~'K-! and 0.22 Wm~'K-! respectively, vali-
date this method to estimate the thermal conductivity of thin
membranes so the values obtained are in good agreement with
those reported in the literature for these well-known membranes
that varied in the interval 0.1-0.25 Wm~!K-! depending on the

used method [12,31-34]. The comparison between NF115 and
NF117 seems to confirm that higher density and lower thick-
ness lead to lower thermal conductivity values at least for the
Nafion membranes. Unlike NF115 and NF117, NF 324 is a teflon
fabric reinforced membrane. Thus, the results confirm a lower
value for the NF324 conductivity due to the presence of this
reinforcement.

In the medium range of the values obtained, are the thermal
conductivity of the two Ralex membranes studied. We considered
a cationic (RXCPES) and an anionic (RXAPES) to study the effect on
the thermal conductivity. Both membranes are composites formed
from ion-exchange resins with polyethylene basic binder with a re-
inforcement of a polyester fitting fabric. The results confirm that
cationic membrane has lower value than the corresponding anionic
one, probably due to its higher density.

Fig. 8 presents both ion-exchange capacity and through ther-
mal conductivity for the studied membranes. No relation can
be observed between these two membrane properties. We may
conclude that membrane structure is the most important fac-
tor that explains differences in the thermal conductivity of dry
membranes.
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Fig. 8. lon exchange capacity (given by the manufacturer) and through thermal
conductivity (estimated in this study) for the different membranes studied.

4. Conclusions

Combination of analytical (finite elements) and experimental
(temperature profiles) techniques shows to be a valid approach to
the characterization of the thermal properties of commercial poly-
meric ion-exchange membranes. The above experimental results
point out the capability of the proposed setup system to detect
the thermal conductivity of ion-exchange membranes from tem-
perature profiles and a simple experimental setup. Thus, the ther-
mal conductivity is determined with the only requirement that the
membrane density and thickness are known. The proposed method
is validated with the excellent agreement achieved for the Nafion
membranes in context from reliable literature values. The results
obtained for the different ion-exchange membranes studied, con-
firmed the influence of the reinforcement and the membrane den-
sity and thickness on the thermal conductivity values. The rein-
forcement always led to lower thermal conductivity values. A com-
parison between the different membranes structure, according to
homogeneous, reinforced or heterogenous, concluded that the low-
est values correspond to the tested homogenous reinforced mem-
brane. Thus, the membrane structure seemed to be the most rele-
vant factor on the thermal conductivity value. The model designed
may provide in addition to the thermal conductivity, other mag-
nitudes of interest such as the heat flow or the contact resistance
that may shed light on new studies to better and more efficient
membrane-based devices.
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