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Abstract: Thermoelectric energy converters based on galvanic cells (TGC) offer the possibility of direct
conversion of low-temperature waste heat into electrical energy and could therefore be a promising
approach for an increase in the overall efficiency of energy conversion. Due to an externally applied
heat source, a temperature gradient across the electrolyte is induced, leading to a gradient in the
chemical potential of the species and an electrical potential difference between the electrodes. The aim
of approaching an internal equilibrium state leads to various coupled molecular transport mechanisms
taking place in the electrolyte, impacting the open circuit voltage (OCV) and the performance of the
TGC. By applying the theory of non-equilibrium thermodynamics (NET) to describe these coupled
processes, the interactions that occur can be characterized in more detail. In this work, a polymer
electrolyte membrane (PEM)-based TGC with two H2/H2O electrodes of different temperatures and
gas compositions is experimentally investigated. By controlling the gradients in temperature and
concentration, different impacts on the resulting OCV can be identified. In addition, we present
the measured coupling coefficient, representing the singular relation between the transport of the
hydrogen ions inside the membrane and the electrical potential difference between the electrodes for
a wide variety of working conditions.

Keywords: thermogalvanic cell; polymer electrolyte membrane; energy conversion; non-equilibrium
thermodynamics; coupled molecular transport mechanisms

1. Introduction

As a byproduct of many technical processes, low-temperature heat is widely available
in large quantities, but it is often dumped into the environment as waste heat. A more
efficient overall energy conversion is possible by heat harvesting, and thus, the resource
usage for the energy supply can be reduced [1,2]. A promising approach in this context
is the direct conversion of low temperature waste heat into electrical energy using a
thermoelectric generator (TEG). There are different working principles available, such as
semiconductor based thermoelectric cells (TEC) or thermogalvanic cells (TGC). While the
first are commonly used at higher overall temperatures and temperature differences due to
their increasing efficiency and economic added value, the latter can convert low-grade waste
heat (T < 100 ◦C) into electricity [3]. A TGC consists of an electrolyte, which contains a redox
couple, and two identical electrodes with a non-zero Seebeck thermoelectric coefficient
connected to an external electric circuit. Due to the temperature-dependent redox reaction,
an applied temperature difference between the electrodes provides an electromotive force
(EMF), which induces the anodic oxidation reaction associated with the cathodic reduction
reaction of the redox couple. There are different concepts of TGCs available: those that
contain all the reactants in the electrolyte, making a continuous operation possible as all
species are transported through the electrolyte [4–6], and others that need the reactants
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provided externally at both electrodes [7–9]. For steady operation of the latter, the reactants
must either be recirculated or the electrodes sequentially heated and cooled [10]. In addition
to these different concepts, TGCs also vary in redox couples and electrolytes, which is well
summarized in [11]. Due to its increasing availability and without any climate impact,
the use of green hydrogen as a reactant in TGC shows great potential, which has already
been proven in other thermoelectric energy converters [12–14]. As the amount of low-
temperature waste heat increased continuously over the past years, the TGC could find
application in several fields, such as stable devices (energy source: i.e., solar radiation,
geothermal sources, household appliances) or wearable and portable devices (energy
source: i.e., human body, automobiles) [15].

In this work, a TGC consisting of a solid polymer membrane as the electrolyte (PEM)
and two humidified hydrogen gas electrodes of different temperatures is considered, as
presented in [10,16,17] (see Figure 1). An EMF is generated due to the temperature gradient
between the electrodes. When load is applied to the cell, the hydrogen oxidation reaction
occurs at the anodic electrode, whereby H+ ions and electrons are released:

H2 → 2·H+ + 2·e− (1)
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Figure 1. Schematic of a PEM-based thermogalvanic cell, including the heat flux Jq, the water flux
JH2O and the proton flux H+.

While the ions are transported through the electrolyte, the electrons flow via an
external electric circuit to the cathodic electrode, where the reduction reaction takes place
and hydrogen is formed again:

2·H+ + 2·e− → H2. (2)

Hence, there is no net consumption of hydrogen in the overall process.
The concept of the TGC presented in this work shows great potential in terms of quick

feasibility and availability due to the use of common PEM fuel cell (FC) components in
the cell setup and the self-supplied hydrogen electrodes, which can easily be obtained.
However, similar PEM-based TGCs investigated in previous studies show comparably
low open circuit voltages (OCV) (Ucell,0,max < 80 mV) and maximum power densities not
exceeding 0.45 W/m2 [10,17]. Prior to the commercial use of such TGC, its performance,
including the OCV, needs to be improved and internal losses minimized.

The overall reaction as well as the rising OCV strongly depend on the working
conditions of the TGC and the coupled transport mechanisms taking place in its electrolyte.
By analyzing these coupled transport mechanisms, the local entropy production rate as
well as the internal losses can be characterized in more detail according to the theory of
Non-Equilibrium Thermodynamics (NET). The experimental investigation of different
impacts on the OCV of the PEM-based TGC is the subject of this work.
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2. Theoretical Background

Based upon the condition of an electrochemical equilibrium under open circuit condi-
tions inside the TGC, the electrical cell potential as follows [18]:

Ucell,0 = φc − φa = ∆φc − ∆φa + ∆φm (3)

with
∆φa = (φa − φma) = − 1

2·F ·µH2(T
a, pa)

= −
[

Gθ
m,0,H2

(Ta)

2·F + Rm·Ta

2·F · ln
(

f a
H2

(
Ta, xa

H2

)
pθ

)]
(4)

∆φc = (φc − φmc) = − 1
2·F ·µH2(T

c, pc)

= −
[

Gθ
m,0,H2

(Tc)

2·F + Rm·Tc

2·F · ln
(

f c
H2

(
Tc, xc

H2

)
pθ

)]
(5)

leading to its Nernst equation:

Uθ
cell,0 = OCV =

Gθ
m,0,H2

(Ta)

2·F −
Gθ

m,0,H2
(Tc)

2·F + Rm·Ta

2·F · ln
(

f a
H2

(
Ta, xa

H2

)
pθ

)

− Rm·Tc

2·F · ln
(

f c
H2

(
Tc, xc

H2

)
pθ

)
+ ∆φm.

(6)

One can see that the OCV of the TGC is impacted by the electrode temperatures, the
gas composition of the supplied gas mixtures, and a gradient in the electrical potential
across the membrane ∆φm. The latter is impacted by the resulting coupled processes in
the membrane due to the interactions of the present forces and fluxes. These processes
can be described and analyzed by means of the Non-Equilibrium Thermodynamics (NET)
established by L. Onsager [19,20]. In terms of the NET, the volumetric entropy production
rate results from the sum of all existing fluxes and forces in a given system as follows:

.
sv,irr =

n

∑
i

Ji·Xj. (7)

Any one-dimensional flux Ji occurring in a system arises from a combination of all
existing forces Xj and their related coupling coefficients Lij. This coupling can be sufficiently
approximated to be a linear function [21]:

Ji =
n

∑
i

Lij·Xj. (8)

By applying this theory to the PEM-based TGC with two H2/H2O electrodes of
different gas compositions and temperatures, the resulting fluxes of water, hydrogen ions,
and heat inside the electrolyte can be described as:

J′q = −Lqq

(
1

T2
dT
dx

)
+ Lqw

(
− 1

T
dµ

dx

)
+ Lqφ

(
− 1

T
dφ

dx

)
, (9)

Jw = −Lwq

(
1

T2
dT
dx

)
+ Lww

(
− 1

T
dµ

dx

)
+ Lwφ

(
− 1

T
dφ

dx

)
, (10)

j = −Lφq

(
1

T2
dT
dx

)
+ Lφw

(
− 1

T
dµ

dx

)
+ Lφφ

(
− 1

T
dφ

dx

)
. (11)
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When considering open circuit conditions (j = 0) and assuming constant coefficients
throughout the electrolyte membrane, one can express the electric potential difference
across the electrolyte membrane by rearranging Equation (11) as:

∆φm = −
(

Lφq

Lφφ
·∆Tm

Tm +
Lφw

Lφφ
·∆µw,m

)
. (12)

A common approach to describing the phenomenological coefficients impacting the
OCV is to use classical transport coefficients [22,23]. The coefficient Lφφ represents the
specific relation between the flux of hydrogen ions and the electrical potential difference
across the membrane, i.e., when all other gradients of influence are zero. This relation can
be expressed by the electric resistivity rm or the ionic conductivity κm:

rm =
1

κm =

( dφ
dx
j

)
dµw,m=0, dTm=0

=
T

Lφφ
. (13)

Different methods for the determination of the electric resistivity of PEM depending
on the temperature and/or water content can be found in the literature [24–26]. The most
common and frequently used approximation in theoretical models is one introduced by
Springer et al. [26]:

κm =
1

rm = (0.5139·λw − 0.326)· exp
(

1268·
(

1
303
− 1

Tm

))
. (14)

An approach for Lφq and Lφw are the empirical water transference number tw,m and
Peltier coefficient πm respectively [22,27], which are beyond the scope of this work but
need to be identified in future research activities.

3. Experimental
3.1. Experimental Setup

The membrane electrode assembly (MEA) of the TGC used in this work is composed
of a stacked layer of four plain membranes and two membranes coated with catalyst ink
(Pt/C + ionomer, 0.3 mg Pt/cm2) of the type NafionTM N117 (d = 6× 183 µm = 1098 µm)
with a surface area of 25 cm2. The membranes consist of a polytetrafluoroethylene back-
bone with various perfluorinated-vinyl-polyether side chains, which contain sulphonic
acid end groups providing mechanical strength and protonic conductivity, respectively [28].
The stacking of membranes is required to increase the thermal resistance of the MEA and
to ensure a temperature gradient of up to ∆T = 60 K to be maintained. The MEA is
surrounded by two SIGRACET® 28BC gas diffusion layers, which, together with a teflon
foil for sealing purposes, are pressed between the monopolar plates using LEANCAT
compression hardware, ensuring homogeneous pressure over the entire sample cell. The
pressure on the active area of the TGC is held constant at 0.714 MPa. The stainless steel
monopolar plates (X6DrNiTi 1810) have a serpentine flow field (FF) and through-holes,
which are connected to LAUDA thermostats pumping temperature-controlled water for
heating or cooling purposes through the plates. For the conditioning of the gas flow, a
Controlled Evaporation Mixing (CEM) System by Bronkhorst is used for each electrode,
which consists of a liquid flow controller, a gas mass flow controller (MFC), and an evapo-
ration device. There is one MFC for hydrogen (purity 5.0) implemented on the cathodic site,
and two MFCs are used on the anodic site, one for hydrogen (purity 5.0) and the other for
nitrogen (purity 5.0). This gives the opportunity to set up a temperature gradient between
the electrodes while suppressing the gradient in chemical potential of the water solved
in the membrane and the partial pressure of the hydrogen, which also effects the open
circuit voltage (see Equation (6)). The gas is humidified with deionized water (κ < 1 µS).
Controllable heating wires are implemented in the tubes between the outlet of the CEM
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and the inlet of the monopolar plates in order to avoid condensation of the water vapor in
the gas stream. The schematic design of the test setup is shown in Figure 2.
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Figure 2. Schematic of test setup, including peripheric system and measuring points.

A picture of the actual experimental setup can be seen in Figure 3.
Different sensors monitor the temperature across the setup. To measure the tempera-

ture of the gas stream at the inlet and outlet of the plates, PT100 is used. Thermocouples
type K detect the temperature of the monopolar plates, the heating wire, and the water
temperature for heating and cooling the thermostats. Thermocouples of type T with a
diameter of 0.25 mm are implemented inside the flow field to measure the temperature
distribution inside the cell without impacting the cell’s operation or internal processes. The
location of the thermocouples inside the cell is shown in Figure 4.
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Figure 4. Monopolar plate with thermocouple positions in FF.

The cell voltage is measured with a NI9211 module from National Instruments. To
determine internal cell resistances as well as the high frequency resistance (HFR) of the cell,
which is needed to determine the coefficient Lφφ, an electrochemical impedance device,
the ModuLab XM CHAS 08 by SOLARTRON ANALYTICAL, is used. Figure 5 shows
the possible range of measurement of our test setup in terms of electrode temperatures
and the chemical potential of the water. The limit for the maximum temperature is set
by the characteristics of the NafionTM membrane, which should not exceed 85 ◦C due to
degradation reasons [29]. The range of the chemical potential of the water depends on
the valid relative humidity of the gas stream, which affects the membrane water content.
The minimum acceptable relative humidity is set to 5% to ensure hydrogen ion transport
through the membrane, while the maximum relative humidity should not exceed 95% to
avoid condensation of the water at potential cold spots in the setup [30].
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3.2. Calculation of the Temperature Profile and Water Distribution in the Sample Cell

According to Equation (6), the Nernst equation of the TGC needs knowledge of the gas
composition and temperature at the membrane surface to determine the phenomenological
coefficients. Since the implemented sensors only supply information on the gas composition
at the inlet and temperatures in the flow field, a method to calculate these values at the
membrane surface is required. For this reason, the model of a previous study [23] is adjusted
so that the requested conditions at the membrane are inserted and the required conditions
at the cell inlet are then calculated in order to be adjusted at the setup. The thermophysical
fluid properties needed in the model are calculated using NIST REFPROP 10.0 [31] with
default reference state. The model considers the heat and water transport through the
membrane but neglects the gas crossover and uses classical transport coefficients as an
approach for the phenomenological coefficients, leading to uncertainty in the regulated
conditions at the membrane. A generic temperature profile calculated by the adjusted
model is shown in Figure 6.
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Figure 6. A generic temperature profile inside a test cell calculated by an adjusted model of [23].

3.3. Conditioning of the Membrane

Prior to setting up the sample cell, possible contaminants of the membrane were re-
moved, and a reproducible test condition was set during a conditioning routine established
by Møller-Holst [32]. The membranes were cleaned for 30 min in 5% H2O2 at 85 ◦C to
remove organic contaminants, rinsed in purified water for 10 min at 70 ◦C afterwards,
heated for 30 min in 0.05 M H2SO4 to eliminate metallic impurities, and finally rinsed
several times with purified water at 70 ◦C to remove the remaining acid. To ensure steady-
state conditions of the membranes’ water content when recording the measurement data,
the sample cell is fed humidified gas 20 h prior to the measurement. During this con-
ditioning period of the membrane, filtered compressed air is used as the feed gas due
to lower costs and availability. After switching to the required humidified gas stream
(hydrogen/nitrogen/water), the test cell is kept at rest for another hour prior to recording
data at the considered operation point.

3.4. Measurement of OCV

The OCV is measured for a variety of working conditions, i.e., gas composition and
temperature of the electrodes. The hydrogen volume flow is set constant to 2.5 Nl/min
while the water mass flow is adjusted between different measurements, leading to different
chemical potentials of the water inside the electrolyte. As a first approach, the chemical
potential of the liquid water inside the membrane is approximated by the chemical potential
of the water vapor of the gas feed at the electrodes using NIST REFPROP 10.0 [31]. Due
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to the phase change between a gaseous state of the water outside of the membrane and a
liquid state inside the membrane, this assumption needs to be investigated in future work
as the OCV is directly affected by the gradient of the chemical potential of the water inside
the membrane (see Equation (12)).

3.5. Measurement of Lφφ

For the measurements of Lφφ, a gradient in temperature as well as a gradient in the
chemical potential of the water across the membrane need to be avoided. This requirement
implies a cell voltage of 0 V according to the Nernst equation (Equation (6)). After setting
up the measurement conditions and reaching the cell voltage of 0 V, the electrochemical
impedance spectroscopy (EIS) is carried out with an amplitude of 3 mA in a frequency
spectrum from 1 Hz to 100 kHz. To determine the ohmic resistance of the test setup from
the impedance spectra, the measured data is fitted to an equivalent circuit diagram. By
subtracting all electrical contact resistances in the setup that were investigated prior to
the EIS measurement, the phenomenological coefficient Lφφ is determined for various
operation conditions; values are given in Table 3.

4. Results and Discussion
4.1. Open Circuit Voltage

All relevant features of the resulting OCV can be seen in Figure 7 as functions of the
difference in the chemical potential of the water (∆µw,m = µw,c − µw,a), the temperature
gradient between the electrodes (∆Tm = Tc− Ta) and the mean membrane temperature Tm.
The experimental data shows an increasing absolute value of the OCV and an increasing
value of the difference in the chemical potential of the water. For negative ∆µw,m, an
increasing ∆Tm is leading to higher OCVs, whereas for positive ∆µw,m a reduction of ∆Tm

results in higher absolute values of OCV. By comparing the values of a corresponding
temperature difference at the same difference in the chemical potential, it can be seen that
a larger mean membrane temperature results in a larger OCV. The measured OCV at a
temperature difference of ∆Tm = 0 K and a mean temperature of Tm = 360 K shows a
significant impact of the chemical potential difference of water on the OCV of up to−40 mV.
The maximum measured OCV at a chemical potential difference of ∆µw,m = 0 J/mol but a
present temperature gradient of ∆Tm = 37 K is less than 20 mV. Figure 7 indicates that the
difference in the chemical potential of the water and the temperature, as well as the mean
membrane temperature, have a significant impact on the OCV, which is in good accordance
with the Nernst equation (Equation (6)).

By taking a closer look at the electrical potential difference across the membrane
(Equation (12)) impacting the Nernst voltage (Equation (6)), this value can be divided into
two terms. The first one (Equation (15)) includes the relation of the coefficients Lφq and
Lφφ, which becomes multiplied with the ratio of the temperature difference across the
membrane ∆Tm and the mean membrane temperature Tm:

−
Lφq

Lφφ
·∆Tm

Tm . (15)

The second term (Equation (16)) contains the relation of the coefficients Lφw and Lφφ

and becomes multiplied with the difference in the chemical potential of the water across
the membrane ∆µw,m:

−
Lφw

Lφφ
·∆µw,m. (16)
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Figure 7. OCV depending on gradient in chemical potential of water ∆µw,m for various Tm and ∆Tm.

Comparing different operating points of the cell with varied ∆Tm, Tm and ∆µw,m, as
shown in Table 1, it can be observed that the impact on the electrical potential difference
across the membrane for a similar ∆µw,m but varying ∆Tm/Tm (OP 1, OP 2) is significantly
lower than the effect of the ∆µw,m for a constant ∆Tm/Tm (OP 2, OP 3). This could be an
explanation for the larger impact of the ∆µw,m on the OCV than of ∆Tm or Tm as already
discussed when looking at Figure 7. To confirm this assumption, a closer look at the
phenomenological coefficients in the membrane is needed.

Table 1. Calculated values of different terms contained in ∆φm for different operating points (OP) of
the cell i.e., varied ∆Tm, Tm and ∆µw,m.

OP Ucell,0 ∆φm ∆Tm Tm ∆Tm/Tm ∆µw,m

- mV mV K K - J/mol

1 −8.01 −30.1 18 350 0.051 2440
2 −14.13 −27.0 9 355 0.025 2414
3 −23.14 −36.9 9 355 0.025 3855
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4.2. Impact of ∆φm on the Open Circuit Voltage

When considering only the first term of the Nernst equation (Equation (6)) contain-
ing the difference in the chemical potential of the hydrogen between the electrodes and
neglecting the difference in electrical potential across the membrane ∆φm, one can calculate
the OCV*:

OCV∗ = OCV− ∆φm

=
Gθ

m,0,H2
(Ta)

2·F −
Gθ

m,0,H2
(Tc)

2·F + Rm·Ta

2·F · ln
(

f a
H2

(
Ta, xa

H2

)
pθ

)

− Rm·Tc

2·F · ln
(

f c
H2

(
Tc, xc

H2

)
pθ

)
.

(17)

The values of the calculated OCV* corresponding to the measured OCV, as pre-
sented in Figure 7, are presented in Figure 8 for ∆µw,m ≥ −500 J/mol and in Figure 9
for ∆µw,m < 0 J/mol. By comparing the data of the measured OCV and calculated OCV*,
the significant impact of the difference in the electrical potential across the membrane ∆φm

(gap between OCV and OCV* in the plot) is evident and intensifies with an increasing
difference in the chemical potential of the water. While the measured OCV decreases for all
temperature variations with a change in the difference in chemical potential of the water
from negative (∆µw,m < −6000 J/mol) to positive values (∆µw,m > 5000 J/mol), the calcu-
lated OCV* shows an inverse dependence. The latter effect results from the rising difference
in the chemical potential of the hydrogen between the anodic and cathodic electrodes, di-
rectly controlling the OCV*. Figure 8 shows the results of positive values of ∆µw,m, which
implies a higher cathodic value of the chemical potential of the water than the one at the
anode. That means the gradient of temperature and chemical potential of the water appeal
in the same direction. The values of the OCV are uniformly below the corresponding OCV*,
which implies a negative value of ∆φm according to the Nernst equation (Equation (6)) for
all data points. Since ∆Tm/Tm as well as ∆µw,m are positive values, and with the knowl-
edge of positive Lφφ as discussed in a later section of this paper (see Figure 10), one can
assume positive values for Lφq and Lφw in the considered scope of the chemical potential of
water and temperatures. In the absence of gradients in temperature and chemical potential
of the water over the membrane, the OCV is expected to be zero as well (see Equation (6)).
Taking a look at this equilibrium condition shown in Figure 8, one can see an OCV slightly
deviating from zero (Ucell,0(∆Tm = 0 K, ∆µw,m = 0 J/mol, Tm = 360 K) = −0.84 mV).
This inconsistency could be explained by a small variance in the positions of the thermoele-
ments implemented in the flow field (see Figure 4), of which the temperature is used as
the controlled variable for the electrode temperatures. As a result, a slight temperature
gradient across the membrane could occur, although the measured gradient is zero. Due to
the dependency of the chemical potential of the water on the temperature, the impact on
the OCV could be even higher.

Figure 9 presents the values of OCV and OCV* for negative differences in the chemical
potential of the water between anode and cathode, meaning that this gradient is now
counteracting the gradient in the electrode temperatures. For slightly negative ∆µw,m close
to 0 J/mol the values of OCV exceed the ones of OCV*, leading to a negative value of ∆φm

and therefore showing a similar behavior as for positive ∆µw,m. As the ∆µw,m is negative,
either the value of Equation (15) needs to exceed the one of Equation (16), which is only
possible if Lφq � Lφw according to Table 1, or the phenomenological coefficients Lφw
must have a negative sign to fulfill this condition.
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Figure 8. Measured OVC and calculated OCV* using the Nernst equation without ∆φm for
∆µw,m ≥ −500 J/mol .

Considering an increase in the negative differences of the chemical potential of the
water, one can see an intersection of the measured OCV and the calculated OCV*, which
moves to greater negative values of ∆µw,m as the value of ∆Tm/Tm increases. These points
of intersection (IP), which are presented in Table 2, imply a non-existent difference in
electrical potential across the membrane as a result of the gradients across the membrane
annulling each other in accordance with Equation (12). For ∆φm = 0 mV and rearranging
Equation (12), one can calculate the ratio of Lφq and Lφw, which enables a first estimate of
the impact of the different gradients on the OCV:

Lφq

Lφw
= −Tm·∆µw,m

∆Tm . (18)
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Figure 9. Measured OVC and calculated OCV* using the Nernst equation without ∆φm for
∆µw,m < 0 J/mol.

Table 2. Point of intersection of OCV and OCV* for different operating conditions displayed in
Figure 9.

IP ∆Tm Tm ∆Tm/Tm ∆µw,m Lφq/Lφw

- K K - J/mol 103 J/mol

1 9 324 0.028 −1304 46.8
2 18 329 0.055 −1796 32.8
3 27 334 0.081 −2286 28.3
4 37 339 0.11 −2601 23.8

By taking a closer look at the calculated values of Lφq/Lφw in Table 2, one can see
the values of Lφq exceeding those of Lφw on the order of 104. This shows a significantly
larger impact of the temperature difference on the ionic flux in the membrane than the
chemical potential of the water. Due to the restricted range of temperatures for operating
the cell, the possible differences in temperature are quite small. Apparently, this leads
to a more significant impact of the difference in chemical potential in water, which may
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vary in a range of 103 and higher, as already discussed based on the data points in Table 1.
The comparison of the different IPs shows a reduction of the ratio of Lφq/Lφw with an
increasing ∆Tm/Tm and ∆µw,m meaning a comparatively greater increase of Lφw than
Lφq and therefore a growing impact of the difference in chemical potential of the water on
the ∆φm. For values of ∆µw,m below the IP-related differences in the chemical potential
of the water, the OCV exceeds the OCV*, leading to a positive value of ∆φm. This can be
accomplished either by a negative value of Lφq or a higher impact of the negative value of
Equation (16) than the value of Equation (15), whereas the latter is more likely to be true
according to the results presented in Table 2. The determination of the coefficients Lφq and
Lφw could give some definite indication of this assumption.

4.3. Phenomenological Coefficient Lφφ

Figure 10 presents the phenomenological coefficient Lφφ as determined using the EIS
(see Section 3.5) in dependence on the membrane temperature (∆Tm = 0, Tc = Ta = Tm)
and the chemical potential of the water in the membrane (∆µw,m = 0, µw,c = µw,a = µw,m)
(solid lines). All gradients except the one in electrical potential across the membrane are
suppressed. The results show an increasing Lφφ with a growth in the temperature and in
the chemical potential of the membrane water. The impact of the increasing temperature
is more significant for higher values of the chemical potential of the water. The values of
Lφφ are given in Table 3. Some values of Lφφ are missing due to the restricted range of
measurement (see Figure 5).

Table 3. Lφφ for different chemical potentials of the water and membrane temperatures in S K/cm.

Chem. Pot. of Water
µw,m [J/mol]

Membrane Temperature T [K]

313.15 323.15 333.15 343.15 353.15

−1038 5.91 8.70 15.19 35.45 42.17
−1539 6.50 7.72 9.48 16.67 22.86
−2539 3.75 4.44 5.69 6.30 9.66
−3354 - 2.34 3.16 4.04 5.46
−5538 - - 1.15 1.43 2.06
−8040 - - - 0.39 0.67

There is a conceptual difference between the phenomenological coefficients Lij and the
classical coefficients like the ionic conductivity κm, the heat conductivity k or the diffusion
coefficient Dij. The Lij arise from the multicausal approach and designate a transport
mechanism solely by one gradient. The monocausal transport mechanisms are typically
effective since other gradients are unknown. To compare the measured Lφφ with the
classical transport coefficient κm for validation purposes, one needs to translate the chemical
potential of the water into the water content in the membrane λw, as this is included in
Equation (14). A sorption isotherm [26] is commonly used as an approach to describe
the dependency of the water content of the membrane on the activity and temperature of
the water inside the membrane. Therefore, the chemical potential of the water shows a
growth in the water content with increasing chemical potential and temperature. Taking
this relation into account and applying it to the measured results, a comparison with the
experimental values of Lφφ and the calculated values of κm using Equations (13) and (14)
shows a somewhat similar behavior (structured lines in Figure 10), indicating the credibility
of the measured data, which is also in good accordance with the other literature [33].
When comparing the absolute values of the measured and calculated Lφφ as presented in
Figure 10, there are smaller values of the experimental data for low µw,m and Tm than for
the calculated data, which changes with increasing Tm for high µw,m. As the test cell used
in our work consists of a stacked layer of six membranes, internal contact resistances occur,
which can lead to a decreasing ionic conductivity of the overall test cell. In addition, some
inconsistency in the solid electrolyte, for example, air gaps between membranes, could
be a reason for the deviations. A rising Tm and µw,m lead to an increasing water content
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of the membrane λw. For a high λw, water could accumulate inside the membrane and
between the contact areas, leading to the formation of water channels that promote ion
transport and therefore increase the ionic conductivity of the membrane. To prove this
assumption, experimental investigations on Lφφ with varying amounts of membranes will
be conducted in future work.
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temperature and chemical potential of the water inside the electrolyte (∆Tm = 0 K, ∆µw,m = 0 J/mol).

5. Conclusions

The experiments were carried out under a wide variety of working conditions, i.e.,
temperatures and gas compositions of the electrodes. The results show an increasing
absolute OCV with increasing chemical potential of the water, as well as an increasing tem-
perature difference and an increasing mean membrane temperature. The measured effect
of a difference in the chemical potential of the water on the OCV is clearly higher than the
impact of the temperature. The comparison of the phenomenological coefficients Lφq and
Lφw representing the solely relation between the temperature gradient and the ionic flux
as well as the gradient in the chemical potential of the water and the ionic flux, respectively,
indicate a, in an order of 104 higher value of the Lφq discounting the previous assumption.
The apparently higher impact of the chemical potential of the water is due to the restricted
range of temperature of the test setup being on the order of 103 smaller than the difference
in the chemical potential of the water. As the gradient in the chemical potential of the
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water ∆µw,m is of predominant importance to the functionality of the TGC, the current
calculation of these values shall be recalled and replaced by a more accurate one. When
taking a closer look at the Nernst equation for different working conditions, one can see a
significant impact of the electric potential difference arising across the electrolyte. To be able
to characterize this effect, the coupled transport phenomena taking place in the electrolyte
need to be investigated by measuring the coupling coefficients, starting with Lφφ. By
comparing the results from this phenomenological coefficient with the ionic conductivity as
a well-examined classical transport coefficient, similar characteristics regarding the depen-
dency on temperature and chemical potential of the water can be observed, showing a first
validation of the results. When measuring the other two phenomenological coefficients
Lφq and Lφw impacting the OCV in future work, the various effects on the OVC can be
analyzed in more detail and can be separated into their original causes. The knowledge
of these coefficients, in combination with the measurement of gradients occurring across
the electrolyte, enables the determination of the local entropy production rate. As the
latter is directly connected with the heat production, it can enable the optimization of the
performance of a TGC needed prior to its commercial use.
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Abbreviations
The following abbreviations are used in this manuscript:
CEM Controlled Evaporation Mixing
EIS Electrochemical Impedance Spectroscopy
EMF Electromotive Force
FC Fuel Cell
FF Flow Field
HFR High Frequency Resistance
MEA Membrane Electrode Assembly
MFC Mass Flow Controller
NET Non-Equilibrium Thermodynamics
OCV Open Circuit Voltage
PEM Polymer Electrolyte Membrane
TEG Thermoelectric Generator
TGC Thermogalvanic Cell
Roman symbols
D diffusion coefficient

[
m2 s−1 ]

f fugacity [Pa ]
F Faraday constant [A s mol−1]
j current density [A m−2]
Ji molar flux density [mol s−1 m−2]
J′q measurable heat flux density [W m−2]
Jw molar water flux density [mol s−1 m−2]
k thermal conductivity [W m−1 K−1]
Lij phenomenological coefficient [-]

Lφφ phenomenological coefficient
[
S K cm−1 ]
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Lφq phenomenological coefficient [A K cm−1]
Lφw phenomenological coefficient [K mo lV−1 s−1 cm−1]
r electrical resistance [Ω]
Rm universal gas constant [J mol−1 K−1]
.
sv,irr volumetric entropy production rate [J K−1 mol−1]
tw,m water transference number [-]
Ucell,0 open circuit voltage [V]
x molar fraction [-]
X intrinsic corresponding force [-]
Greek symbols
κ electrical conductivity

[
S cm−1 ]

λ water content [-]

µ chemical potential
[
J mol−1 ]

π Pelter coefficient
[
J mol−1 ]

φ electrical potential [V]
Subscripts
a anode
c cathode
m Membrane
max maximum
w water
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