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Abstract: By thermoelectric power generation we mean the creation of electrical power directly from
a temperature gradient. Semiconductors have been mainly used for this purpose, but these imply
the use of rare and expensive materials. We show in this review that ion-exchange membranes may
be interesting alternatives for thermoelectric energy conversion, giving Seebeck coefficients around
1 mV/K. Laboratory cells with Ag|AgCl electrodes can be used to find the transported entropies
of the ions in the membrane without making assumptions. Non-equilibrium thermodynamics can
be used to compute the Seebeck coefficient of this and other cells, in particular the popular cell
with calomel electrodes. We review experimental results in the literature on cells with ion-exchange
membranes, document the relatively large Seebeck coefficient, and explain with the help of theory its
variation with electrode materials and electrolyte concentration and composition. The impact of the
membrane heterogeneity and water content on the transported entropies is documented, and it is
concluded that this and other properties should be further investigated, to better understand how all
transport properties can serve the purpose of thermoelectric energy conversion.
Keywords: ion-exchange membrane; thermoelectric power; transported entropy

1. Introduction
Thermoelectricity involves the direct coupling of fluxes of heat and electric charge. The coupling
can refer to the way a temperature difference can produce electricity, or to the reverse, how
an electric current can create a temperature difference. The first part of the thermoelectric effect,
the conversion of heat to electricity, was discovered in 1821 by Thomas Seebeck [1]. The second
effect was explored in more detail by Jean Peltier, and is referred to as the Peltier effect. They
are linked by the Onsager reciprocal relations (see below). Thermoelectric devices provide the
only direct possibility to convert low-temperature heat sources into electric power. This property
makes them potential candidates for industrial waste heat conversion. In contrast to heat engines,
thermoelectric generators have no moving parts. Thermoelectric energy converters have in practice,
since long been made from semiconductors [2], and there are several ideas for their improvement,
e.g., nanostructured materials [3–5]. The ideas were proposed by Hicks and Dresselhaus already in
1993 [6,7]. Semiconductors are, however, often expensive or rare, and do not offer particularly large
Seebeck coefficients, typically 200–300 µV/K, even if colossal values have been found for peculiar
conditions [8].
It may therefore be interesting to examine the potential of other conductors. Materials such as
solid state ionic conductors and electrolytes [9], or ionic liquids [10,11], are relevant. Granular porous
media [12] and electrically conductive polymers [13] also show thermoelectric effects. This review
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will, however, focus on a large class of materials which may be more accessible, namely ion-exchange
materials. In the last several years, the possibility of using ion-exchange membranes in renewable
energy technology is in the crosshairs [14–19].
The aim of this work is to review state-of-the-art knowledge on thermoelectric energy conversion
in cells with ion-exchange membranes. The hope is to provide a basis for further explorations of their
use, i.e., in reverse electrodialysis (RED) [18,20]. In a RED concentration cell, isothermal alternating
compartments of sea water and brackish water separated by ion-selective membranes permit the
production of electric power [21]. Recent work demonstrates that a thermoelectric potential can be
added to the RED concentration cell to increase the electromotive force by 10% per 20 K difference
for given electrolyte conditions [20]. The class of ion exchange materials may provide cheaper cell
components than presently used and help make renewable technologies more competitive. We shall
review experimental results from cells with ion-conducting membranes.
The energy conversion that takes place in these cells can be well described by non-equilibrium
thermodynamics. This theory relates properties that are critical for energy conversion, and we shall
decompose measurements as far as possible in terms of these properties.
The typical experimental cell for thermoelectric energy conversion, or thermocell for short, which
is relevant for waste heat exploitation (below 100 o C), can be schematically written as
T, Ag|AgCl | MCl(aq) |membrane| MCl(aq) | Ag| AgCl, T + ∆T
Salt solutions of MCl are separated by an ion-exchange membrane. The electrodes here are
reversible to the chloride ion. Other electrodes are also relevant. The temperature difference is ideally
across the membrane alone.
The study of such cells is not new. Already in 1956, Tyrrell [22] described this type of cells.
In 1957, Hill et al. [23] described the potential difference in terms of irreversible thermodynamics.
A year later, Ikeda and coworkers [24,25] reported a thermal membrane potential of 24.6 µV/K with
0.1 M KCl solutions for collodion membranes. However, Tyrrell et al. [22] had obtained a value
10 times higher with ion-exchangers.
Non-isothermal transport phenomena in charged membranes have been reported occasionally in
the literature since then [26–29]. In the 1970s and 1980s, Tasaka and co-workers were central [30–37],
while new researchers joined in the 1990s [38–52]. Different aspects were studied, such as the influence
of the membrane type [40–42,51,52], the concentration and nature of the electrolyte solutions in contact
with the membrane [39,42], and the membrane-transported entropy of ions [42,45]. Experimental
techniques were refined, to resolve thermal polarization of membranes and quantify contributions
from thermo-osmotic processes [48]. Temperature effects were also an issue [49].
Non-equilibrium thermodynamics [28,53–57] can be used to describe the conversion of thermal
to electric energy. Two sets of variables are then relevant: the practical set according to Katchalsky and
Curran [53], which consists of measurable variables, and the set most often used of ionic variables.
We consider it an advantage to have two equivalent paths for derivation of expressions to be used
in the laboratory, but shall systematically use the practical set and compare it to the other in the end.
The practical set is suited to make clear the relation between experiment and theory and give advice
on experimental design.
The reader who is interested in the experimental results alone may go directly to the end of Section 4
where we present the final equations, which enable us to explain and compare experimental results.
The main aim of this work is thus to bring out the potential of a new class of materials,
the ion-exchange materials, for thermoelectric energy conversion purposes. In spite of good knowledge
about thermoelectric generators in general, see, e.g., [12,13], properties of cells with ion-exchange
membranes have scarcely been studied systematically. It is our hope that this work can provide a basis
and pinpoint needs for further research.
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2. The Cell
The typical cell membrane has transport of salt and water, see Figure 1 for an illustration.
We consider electrodes of silver and silver chloride, but other electrodes (calomel) have often been
used. The membrane is cation- or anion-selective. We can imagine that waste heat sources are used
to maintain a temperature difference across the membrane. In a saline power plant, say the reverse
electrodialysis plant, there is already a concentration difference across the membrane [21]. A pressure
difference can also arise, but this possibility will be neglected for now.
The transport processes that we consider take place along the horizontal axis of the cell.
This will be referred to as the x-axis. The system is normally stirred and therefore homogeneous
in the y-z plane for any fixed x-coordinate. All membrane fluxes can then be given by the scalar
x-component of the vectorial flux. The membrane surfaces can be assumed to be in local equilibrium.
We shall mainly examine emf -experiments, which are carried out in the limit of very small current
densities (open circuit potential measurements). The electrodes are connected to a potentiometer via Cu
wires. The potentiometer is at room temperature T0 , while the electrodes have different temperatures,
T or T + ∆T, like their thermostated electrolyte solutions, respectively. We are seeking an expression
for theemf of the cell in terms of properties that can be measured.

¨I

T0

Tm

MCl
H2O

Tm

M

T2

MCl
H2O

Ag|AgCl

Ag|AgCl

T1

T0

Figure 1. A schematic illustration of the electrochemical cell with electrodes of Ag(s)|AgCl(s), kept
at temperatures T1 and T2 . The potentiometer is kept at temperature T0 . The membrane, M, is
surrounded by two MCl electrolyte solutions, of the same or different compositions. T1m and T2m show
the temperature at both membrane surfaces.

The emf of the cell in Figure 1, ∆φ, represents the ideal electric work done that can be done by
the cell, and can be found by adding contributions along the circuit, from the leads that connect the
electrodes to the potentiometer (two contributions giving ∆ext φ, from the left and right electrodes
(giving ∆el ) and from the membrane (∆m φ). The emf is thus
∆φ = ∆ext φ + ∆el φ + ∆m φ.

(1)
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Subscripts on the symbol ∆ indicate the origin of the contributions; from the connecting leads
(“ext”), from the electrodes a and c (“el” ), and from the membrane (“m”). The electrolyte solutions are
stirred, so they are isothermal and fully mixed. Therefore, they do not contribute to the emf, ∆aq φ = 0.
3. The Electromotive Force of the Ag|AgCl-Cell
We derive the expression for the measured electromotive force (emf ), ∆φ, of the cell, in terms
of measurable properties of the cell. The cell has nine distinct phases—two connecting leads from
electrodes to a potentiometer, anode- and cathode-surfaces, two bulk electrolyte solutions, a membrane,
and two interfaces between the membrane and the solutions. Out of these nine phases, eight can be
considered pairwise physically equivalent, differing only in parameter values. We consider aqueous
solutions that are uniform and in local equilibrium with the membrane on each of the membrane sides.
3.1. Connecting Leads
The wires connecting the Ag|AgCl electrodes to the potentiometer conduct heat as well as charge.
The entropy production per unit volume, σext , is [55]
σext = Jq0 ∂ x

1
1
− j ∂ x φ.
T
T

(2)

Here Jq0 is the measurable heat flux, and j is the electric current density. The contribution to the overall
emf is measured under reversible conditions (when σext = 0). The emf -contribution depends on the
temperature difference as

( ∂ x φ ) j =0

1
=−
T

Jq0
j

!
∂x T =
dT =0

Se∗−
∂x T
F

(3)

where we have applied the Onsager relation between transport coefficients, see [56] for details.
The definition is in accordance with Haase [58] and with Goupil et al. [59]. The heat transported
reversibly with the electric current is the transported entropy of the charge carrier, Se∗− . For all practical
purposes, it is constant with temperature. We integrate Equation (3) for the a-side and the c-side,
and obtain the first contribution to Equation (1).
∆ext φ =

Se∗−
S∗−
[( T0 − T − ∆T ) + ( T − T0 )] = − e .∆T
F
F

(4)

3.2. The Electrochemical Reaction at the Interface
The electrochemical reaction takes place at the electrode-solution interfaces. The general
expression for the entropy production of the anode contains terms from heat and component fluxes into
and out of the electrode surface, see [55] for details. Under reversible conditions only two contributions
are effective, the term due to reaction and the electric potential jump:
σa = 0 = − j

∆a,aq φ
∆n G a
− rs
T
T

(5)

where rs is the chemical reaction rate, and ∆n G is the reaction Gibbs energy of the neutral components
of the chemical reaction. The expression for the right-hand side electrode interface (the cathode) are
similar. The reaction rate is proportional to the electric current, rs = j/F. The electric potential drop
can be alternatively expressed by the electrochemical potential difference of the chloride ion. The emf
contribution for the anode is therefore
∆a,aq φ = −

∆n G a
1
= − [µAgCl ( T ) − µAg ( T )] .
F
F

(6)
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There is a similar contribution for the other electrode, c. Subscript (a,aq) denote that the property
belongs to the interface between the solid phases a and the aqueous solution. By adding the two
electrode surface contributions, respectively, ∆a,aq φ and ∆aq,c φ, we obtain the next contribution to the
emf in Equation (1)
∆el φ = ∆a,aq φ + ∆aq,c φ = F −1 (SAg − SAgCl )∆T.
(7)
This expression gives the contribution from the electrode reactions to the Seebeck coefficient.
3.3. The Membrane
The emf -measurements take place under reversible conditions, and one can safely assume
equilibrium at the membrane solution interfaces. This makes it convenient to deal with the membrane
as a discrete system [57]. The entropy production has contributions from the membrane transport of
heat, mass, and charge. In the membrane frame of reference, we have
0 (2)

σm = Jq

 
∆m µw ( T1 )
∆m µMCl ( T1 )
1
1
− Jw
− JMCl
− j ∆m φ.
∆m
T
T1
T1
T1

(8)

In order to arrive at this expression, we eliminated the measurable heat flux at the 1-side
using the constant energy flux through the membrane under steady-state conditions. The choice
of variables is not unique, but a practical one. Four flux equations follow. The equation for the emf is
obtained setting j = 0 in the equation for the electric current density. The result is well established,
see, e.g., [26,53,56].
∆m φ = −

Lφq
Lφw
Lφe
∆m T −
∆m µw ( T1 ) −
∆m µMCl ( T1 ) .
T2 Lφφ
Lφφ
Lφφ

(9)

Concentration differences contribute to the emf, not only through the last two terms in
Equation (9) but also through the concentration dependence of the entropies. We identify the coefficient
ratios by means of Onsager relations:
Lφe
Leφ
1
=
=
Lφφ
Lφφ
F



Lφw
Lwφ
1
=
=
Lφφ
Lφφ
F



JMCl
j/F



Jw
j/F

dT =0,dµi =0


dT =0,dµi =0

1
=
F



JM+
j/F



tm
=: w .
F

=:
dµi =0

tm
M+
F

(10)

With the present choice of electrodes, the transfer of electrolytes follows the cation flux.
The transport number tm
is the fraction of the total charge transfer across the membrane carried by
M+
the cation. The water transference coefficient tm
w is the average number of moles of water transferred
(reversibly) with electric current through the membrane per Faraday of charge. The reversible
contribution to the heat flux is given by the entropy flux at isothermal conditions. There are two
contributions: the entropies related to the nature of charge transporters and the entropy carried along
with the components.
0 (2)

Jq

/T2 = Js − SMCl,2 JMCl − Sw,2 Jw .

(11)

We assume that the reversible contribution to the total entropy flux can be attributed solely to the
transport of the ions
(12)
( Js )dT =0,dµi =0 = SM∗ + JM+ + SCl∗ − JCl− .
The relation that can be taken to define the transported entropies Si∗ of the ions. The last coefficient
ratio in the expression for the emf can now be identified through its Onsager relation
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 0 
(2)
Lφq
Lqφ
1  Jq 
=
=
T2 Lφφ
T2 Lφφ
FT2 j/F

dT =0,dµi =0

(13)


1  m ∗m
=
t M + SM + − t m
S ∗m − t m
S
− tm
w Sw,2 .
Cl− Cl−
M+ MCl,2
F
The emf -contribution from the membrane becomes
tm+
tm
w
∆m µw ( T1 ) − M ∆m µMCl ( T1 )
F
F

(14)


1  m ∗m
t M + SM + − t m
S ∗m − t m
S
− tm
w Sw,2 .
Cl− Cl−
M+ MCl,2
F

(15)

∆m φ = ηSm ∆m T −
where we have defined ηSm as
ηSm := −

The entropy of the electrolyte is the standard entropy minus a term that depends on the logarithm
of the activity
o
SMCl = SMCl
− 2R ln a± .
(16)
The expression for the membrane potential depends thus on the electrolyte activity via the
electrolyte entropy, but also via the last terms in Equation ( 14). We distinguish now between two well
defined experimental situations.
In the first situation, the electrolyte solutions are stirred, and the last terms are zero. In the second
case, the temperature gradient across the membrane leads to separation of components across the
membrane. At the time this has occurred (t = ∞, Jw = 0, JMCl = 0, j = 0), there is a balance of forces.
This balance is called the Soret equilibrium. We may neglect coupling between the mass fluxes and
find the balance of forces expressed by
∆µi,T = −

qi∗
∆T
T

i = MCl, w.

(17)

The electrolyte contribution (the two last terms of Equation (14)) can be determined in this
case. The electrolyte contribution can also be contracted [60] using the Gibbs–Duhem relation for the
electrolyte solution on the integrated form, provided the concentration difference is small:
∆m µw,T = −mMw ∆m µMCl,T

(18)

with m as the molality and Mw as the molar mass of water. By using Equation (18) to eliminate the
chemical potential of water, we have

−


tm+
tm
2R m
w
∆m µw ( T1 ) − M ∆m µMCl ( T1 ) = −
tM+ − mMw tm
w ∆m ln a± .
F
F
F

(19)

The bracketed combination is referred to in the literature as the apparent transport number of
the membrane. The chemical potential differences (taken at constant temperature) between the two
sides are most often zero in thermocell measurements. They are not zero, in the Soret equilibrium state,
but this state is difficult to realize in the experiment with membranes, because of the time taken to
obtain the state.
3.4. The Seebeck Coefficient of the Complete Cell
We consider here the experimental situation with identical electrolytes on the two sides of the
membrane. The total cell emf is obtained by adding the contributions derived above.

Entropy 2018, 20, 905

7 of 25

At initial time (t = 0, no Soret equilibrium), the Seebeck coefficient ηS of the cell is
ηS = ηSel + ηSm

(20)

ηSel = F −1 (SAg − SAgCl − Se∗− )

(21)



o
ηSm,t=0 := − F −1 tm
S ∗m − t m
S ∗m − t m
(SMCl
− 2R ln a± ) − tm
w Sw,2 .
M+ M+
Cl− Cl−
M+

(22)

where
and
We combined Equations (15) and (16) in the last step. These relations are suited to interpret
experiments. We obtain a clear separation between electrode contribution, solution dependent
contributions, and membrane-dependent contributions.
4. The emf of the Cell with Calomel Electrodes
Most experiments reported in the literature have been done with calomel electrodes, rather than
with Ag|AgCl electrodes. We need the expression for the emf to interpret these experiments. The cell
has Hg|Hg2 Cl2 electrodes which are kept at the temperature of the potentiometer, T0 . A salt bridge
with saturated KCl is linking the electrode chambers to the electrolyte solution. The salt bridge on the
left-hand side of the cell is exposed to a temperature difference T − T0 , while the salt bridge on the
right-hand side is exposed to a temperature difference T + ∆T − T0 . The membrane compartments
are kept at temperatures T and T + ∆T as before. Therefore, there is no net contribution from the
two electrode reactions. There is also no net contribution to the chemical potential differences at
t = 0. As the two electrodes are symmetrically positioned, these contributions cancel. Furthermore,
the expression for the membrane contribution has the same form as for the Ag|AgCl system.
When the electrolyte concentrations in membrane compartments are the same, we obtain the membrane
contribution ηSm as defined in Equation (15). The membrane contributions to the emf can thus be taken
from Section 3.
In addition to the contributions discussed, there is a thermocell contribution from the two liquid
junctions. This point has so far been overlooked in the experimental literature.
The entropy production of the salt bridge is
σlj =
with the measurable heat flux

Jq0 ∂ x

 
1
JKCl
j
−
∂ x µKCl,T − ∂ x φ
T
T
T
Jq0
T

= Js − SKCl JKCl .

(23)

(24)

With arguments similar to those in Section 3, we find the contribution to the emf from the liquid
junctions (salt bridges)


∆lj φ


j =0



1
tK+ SKCl − SK∗+ + tCl− SCl∗ − [( T − T0 ) + ( T0 − T − ∆T )]
F


1
= − tK+ SKCl − SK∗+ + tCl− SCl∗ − .∆T
F

=

(25)

The concentration contributions of the two salt bridges cancel, so that we are left with
a thermoelectric contribution only. In the interface region between the salt bridges and the electrolyte
solutions of MCl, another emf -contribution may arise due to variations in the transport numbers and
chemical potentials of the salts MCl and KCl in this region. In general, these variations give rise to
a bi-ionic potential that will depend on the cation M+ and the concentrations. For a detailed exposition,
we refer to [55]. In the present case, we simply consider M = K and assume that the transport number
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tK+ = 0.5 throughout the liquid junctions. In this case, the total thermoelectric contribution of the salt
bridges to the cell emf can be quantified as
∆lj φ = −


1
SKCl,2 + SCl∗ − − SK∗+ ∆T.
2F

(26)

We expect that this expression provides a good lowest order approximation to the contribution [55].
The observed Seebeck coefficient of a cell with calomel electrodes and KCl electrolyte is


∆φ
∆T


j =0






1 m ∗m
1 ∗
1
m ∗m
m
∗
m
=−
t + S + − tCl− SCl− −
SKCl,2 − tw Sw,2 .
S + − SCl− − tK+ −
F K K
2 K
2

(27)

Whenever the electrolyte is different from KCl, we expect non-trivial, but not necessarily large,
deviations from this expression. This complication is avoided when Ag|AgCl electrodes are used,
and we therefore recommend these electrodes for measuring thermoelectric potentials.
Theory of Tasaka and Coworkers
Ikeda [24] made one of the first attempts to derive the thermoelectric potential,
but Tasaka et al. [27] were first to use irreversible thermodynamics. They found the following
expression for the thermoelectric potential in 1965:


−

∆ψ
∆T



=
j =0

with

R
(2t+ − 1) ln a± + (t+ α+ + t− α− )
F


o
S+
o
+ τ0 S0
α+ = η −
F

 o
S−
o
− τ0 S0 .
α− = η +
F

(28)



(29)

Lakshminarayanaiah [28] derived a similar expression. Not all details were reported, but a± is the
mean salt activity. The η appearing in Equation (29) was called the differential or pure thermo electric
coefficient. In the terminology used here, (Fη = tm
S ∗m − t m
S∗m ). The entropy Sio is the partial molar
M+ M+
Cl− Cl−
o
entropy of an ion, and S0 is the partial molar entropy of the solvent. The superscript o refers to the
reference-state, infinitely dilute system for all components. The quantity τ0 is the reduced transport
number of water (τ0 = tm
w /F ). The transport numbers t± are, in our notation, the membrane transport
m . In order to see the correspondence, we switch to the notation from the previous
numbers tm
and
t
M+
Cl−
section. With this notation, Equation (28) becomes


−F

∆ψ
∆T


j =0

0
0
= R (2t+ − 1) ln a± − Fτ0 S0o − (t+ S+
− t − S−
) + Fη

(30)


o
m ∗m
m ∗m
o
m o
= R 2tm
− 1 ln aMCl − tm
w Sw − tM+ SMCl + SCl− + tM+ SM+ − tCl− SCl− .
M+
o = So + So . In their derivation, Tasaka and coworkers
We identified the electrolyte entropy SMCl
M+
Cl−
tacitly made the assumption γ+ = γ− , with γi being the ion activity coefficients. This allowed their
o − R ln a . Making also the identification S
o
identification S− = S−
±
MCl = SMCl − 2R ln aMCl and setting the
o → S , we find
water entropy Sw
w

∆ψ
−F
∆T



j =0


m ∗m
m
= tm
SM∗m
+ − SMCl − tCl− SCl− − tw Sw + SCl− ,
M+

(31)
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which gives the electrostatic potential difference ∆ψ across the membrane for a given temperature
difference. From invariance of the entropy production, the relation between ∆ψ and the
emf -contribution ∆φ between chloride-reversible electrodes is
∆φ = ∆ψ − F −1 ∆µCl− .

(32)

We identify here ∆µCl− = −SCl− ∆T, such that the corresponding emf -contribution is given by


−F

∆φ
∆T


j =0


m ∗m
m
= tm
SM∗m
+ − SMCl − tCl− SCl− − tw Sw .
M+

(33)

This is exactly our expression in Equation (15) for the membrane contribution to the cell emf,
when the electrolyte concentration is uniform. For the KCl electrolyte, the addition of the salt
bridge contributions derived in the previous section gives Equation (27). By writing out the activity
dependence of the electrolyte entropy, we have


−F




∆φ
1
1 ∗
∗
o
m
∗m
m
m ∗m
S
= tm
−
S
SKCl
− tm
S
−
t
−
t
−
S
−
(
)
+
w Sw,2 + R (2tK+ − 1) ln aKCl,2 .
Cl−
K+ K+
K+
Cl− Cl−
∆T j=0
2 K
2

(34)

where the observed activity dependence of the Seebeck coefficient is explained principally by the
last term. The term in 2tK+ is attributed to the membrane. The −1-part, however, is here correctly
attributed to the KCl salt bridges. This crucial point has not been pointed out earlier, and is important
for interpretation of experimental results.
The electrolyte entropy terms provide here a linear dependence of the Seebeck coefficient on the
logarithm of the electrolyte activity. As the electrolyte concentration is varied, the partial molar entropy
of water will also change in general. Neglecting its variation with temperature, it can be related to the
electrolyte activity by means of the Gibbs–Duhem relation
dSw = 2RMw md ln aMCl

(35)

with m as the electrolyte molality and Mw as the molar mass of water. Since the activity and molality
are related by aMCl = γMCl m, the change in Sw will generally not be linear in ln aMCl . For small variations
at low concentrations, however, we may approximate
o
Sw = Sw
+ 2mRMw ln aMCl

(36)





1
1
m
m
o
m
2R tm
−
ln
a
−
t
S
=
2R
t
−
mM
t
−
ln aKCl,2 − tm
+
+
w
KCl
,2
w,2
w
w
w Sw
K
2
|K
{z
} 2

(37)

such that

tm
a

where we have again identified what is commonly known as the apparent transport number tm
a of the
membrane. We see from this approximation that water transport gives a slight change in the slope
of the Seebeck coefficient vs. ln aKCl . While this analysis may be useful, it may also be good to keep
the two entropy terms separate, because the activity of water in the electrolyte solutions is generally
well known. We will, however, use Equation (37) to interpret the dependence of the observed Seebeck
coefficient on the electrolyte activity.
5. Review of Experimental Results
In the review of experimental results that follow below, we will first discuss conditions for good
experimental results. A compilation of data found in the literature is given in Tables A1 and A2.
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We proceed to test the theoretical expressions above using these data. In the end, we address factors
that can enhance Seebeck coefficients of thermocells with ion-exchange membranes.
5.1. Experimental Issues: Temperature Polarization
The Seebeck coefficient shows that the electric potential measured across an ion-exchange
membranes is proportional to the temperature difference between the adjacent electrolyte solutions.
Thus, the Seebeck coefficient can be determined from the slope of the plot of the measured
potential vs. the temperature difference. Unstirred electrolyte layers next to the membrane surfaces
may hamper the determination of the temperature difference across the membrane. If the temperature
between the electrolyte solutions is ∆T 0 , the true temperature difference across the membrane is
∆T < ∆T 0 , and there is a temperature difference ∆T 0 − ∆T across the external solution. This situation
is called temperature polarization. Using ∆T rather than ∆T 0 may give a wrong estimate of the
Seebeck coefficient [37,48]. Experimental results have shown that thermal membrane potential for
cation-exchange membranes increases when solutions are stirred [27,37,48,49]. In accordance with
this, Seebeck coefficients for anion-exchange membranes were observed to increase with the solution
stirring rate [43,61]. We expect that whether stirring increases or decreases the observed Seebeck
coefficient depends on the relative strength of the thermoelectric contributions from the membrane
and the external solution. If the membrane has a stronger contribution than the solution, then stirring
will increase the Seebeck coefficient of the system, while if the membrane has a weaker contribution
than the solution, stirring will decrease the observed Seebeck coefficient.
Temperature polarization can be handled by exploiting its dependence on the electrolyte stirring
rate. We assume then that the effect disappears in the limit of infinite stirring. An increase in the
stirring rate will decrease the thickness of the polarized layer and increase ∆T across the membrane.
Barragán et al. [48] designed a scheme to handle such temperature polarization in a systematic way.
Many of the early works did not take this into account [36,37,39]. Moreover, although the solutions
next to the membrane surface were stirred, the Seebeck coefficient usually refers to an unknown fixed
stirring rate. This makes it difficult to compare results from different authors.
An applied temperature difference may eventually lead to a separation of components.
At infinite times, the chemical potential difference will be balanced by the thermal driving force
(Soret equilibrium). Jokinen et al. [17] suggested that this effect explains observed discrepancies
between experimental reports. The Soret effect can be included in the description, as described by
Equation (17). This is not relevant for the short times considered here.
5.2. Properties Derived From Experimental Results
5.2.1. Electrode Contributions
We have seen in the theoretical section that there is a distinct contribution to the thermoelectric
potential from the entropy of electrode components, when the electrodes are held at different
temperatures. These contributions may in certain cases be attractive in the way that they make
the cell potential large. Large contributions were for instance obtained from electrode gas
reactions [62]. In any case, they are straightforward, understandable contributions arising from
thermodynamic entropies.
In the analysis of experiments, the contribution due to simple electrodes, such as Ag|AgCl,
can be separated from the membrane contribution. Kjelstrup et al. [47] studied a thermoelectric cell
with a membrane stack of 55 Nafion 117 membranes in a cylinder of plexiglass. The Ag|AgCl electrodes
were held at different temperatures, and their contribution to the Seebeck coefficient was 0.66 mV/K.
This is the same as recently observed [63]. The Seebeck coefficient of a polymer electrolyte membrane
Nafion 1110 in a cell with two hydrogen electrodes was equal to 0.67 mV/K [14]. The electrode
contribution to this number was small (0.04 mV/K) with 1 bar of hydrogen pressure on both sides.
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This contribution can change much, however, as the entropy of the gas changes with the logarithm of
the hydrogen pressure (see [62]).
When calomel electrodes have been used to measure thermoelectric potentials, the electrode
reactions have taken place at the same temperature. Nevertheless, there is a temperature gradient
across the liquid junction, different in the two half cells. As we have seen in Equation (30), the electrode
components will not contribute to the emf, and the concentration variation in the two liquid junctions
will not contribute much. The cell symmetry gives a small contribution from variations between the
two junctions [55] for KCl solutions. However, the temperature gradient contributions from the two
junctions do not cancel when added. The contribution was here computed with good accuracy for
a cell with KCl as an electrolyte. With other electrolytes, bi-ionic potentials need to be added [55].
A measurement of the thermoelectric potential of a cell using Ag|AgCl electrodes avoids this
uncertainty. These electrodes can also be used for all chlorides, as well as mixtures, and such
a measurement is therefore our recommendation for new experiments with such electrolytes.
A novel electrode concept, introduced by Sales et al. [64], may extend the choice of electrodes.
Their concept combined an ion-exchange membrane and porous carbon electrodes immersed in
aqueous electrolytes. These electrodes permitted the extraction of electric energy from small
temperature differences, taking advantage of the created transient temperature gradient. Hu et al. [65]
used carbon multiwalled nanotube (MWNT) buckypaper electrodes in a thermo-electrochemical cell,
obtaining three times higher efficiencies than in a similar device with Pt electrodes. This suggests that
nanostructured electrode materials with fast kinetics and large amounts of electrochemical accessible
internal surface area might also significantly enhance the efficiency of a thermoelectric cell with
ion-exchange membranes.
Abrahams et al. [66] obtained −1.41 mV/K using Pt electrodes and a 0.4 M aqueous solution
of K3 Fe(CN)6 /K4 Fe(CN)6 . The electron transfer reaction in this cell involves complexes with high
entropy, explaining the large value. Electrolyte complexing agents such as EDTA [67] may similarly
produce large effects due to changes in entropy upon complexation.
Electrode reactions which involve gases or complexing agents may enhance the thermoelectric
effect [56]. The emf is not only proportional to the temperature difference across the cell electrodes;
there is also an effect of a pressure difference. This is the so-called streaming potential. The possibility
to add the streaming potential to the Seebeck coefficient is interesting, and not yet exploited (see,
however, Sandbakk et al. [15]). These authors reported a large enhancement of the isobaric Seebeck
coefficient by application of a pressure difference.
5.2.2. Electrolyte Property Variations
As we have seen in the theoretical section, the Seebeck coefficient of a cell with an ion-exchange
membrane has a predicted variation with the electrolyte activity via the term RF (2tM+ − 1) ln a± cf.
Equation (34). In order to discuss how this proportionality is reflected in published data, we are
plotting ηS vs. ln a± . Most data are available for calomel electrodes, so we use Equation (34) for
the analysis.
A dependence on log10 a± was documented early [26,27,30,31,33–35,37,43,45,46,49,52]. Figures 2
and 3 give a summary of results obtained with calomel electrodes and KCl as electrolyte with
cation- and anion-exchange membranes, respectively. The observed relation was similar when
other electrolytes were used [31,37,43,51], and the slopes were almost the same as the theoretical
value 0.1984 mV/K obtained for ideal selective membranes, neglecting the effect of water transport.
They were interpreted using the Tasaka expression (Equation (28)).
A deviation from the theoretical ideal value was observed, however, only for increasing
electrolyte concentrations for some membrane systems. The deviation was attributed to less selective
membranes [30,33,37]. This could be an explanation. However, according to Equation (34), there
can also be contributions from water transport and from the liquid junction as well. The entropy of
water depends on the electrolyte entropy via Gibbs–Duhems relation (35). It provides a term that is
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generally not linear in ln a± and provides a change in the linear slope for small concentration variations.
Whether this contribution increases or decreases, the value of the slope depends on the sign of tm
w.
The sign gives the direction of water transport in the membrane, which tends to be positive for cation
exchange membranes and negative for anion exchange membranes.
By using Equation (37), we estimated a mean value of the apparent transport number for each
concentration interval of the curve. For the cation exchange membranes shown in Figure 2, we obtained
values between 1 and 0.75. The higher the Seebeck coefficient is, the higher the apparent transport
number is. The results of Ikeda et al. [61] also showed an increase of the thermal membrane potential
with the apparent transport number in cation-oxidized collodion—and anion aniline-formaldehyde
resin-cellophane matrix membranes. They found that the thermoelectric potential increased with
the apparent membrane transport number. They did not find the linear trend expected from theory
with constant heats of transfer in the membrane. As explanation, they suggested that the heats of the
transfer in the membrane were a function of the apparent transport number in the membrane. For the
anion exchange membranes shown in Figure 3, we obtained apparent transport numbers that were
always smaller than 0.11. They showed less variation. The interpretation of these results is unclear,
as long as water transference coefficients and the liquid potential contribution is unknown.
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Figure 2. Seebeck coefficients for cells with cation-exchange membranes and a KCl electrolyte of
varying concentration, plotted versus the logarithm of the mean salt activity. Calomel electrodes were
used in the measurements.

For ideally permselective membranes, we do not expect any effect of co-ions on the thermoelectric
potential. This property is seen in Figure 4 for membranes of each type, and for concentrations up
to 0.1 M. For these two membranes, the value of the counter-ion transport number estimated from
the corresponding slopes in Figures 2 and 3 was practically unity. Similar results about the influence
of co-ion were found for all the membranes showing linear behavior of the Seebeck coefficient vs.
the logarithm of the mean salt activity. Unfortunately, no results have been found about the effect of
co-ions on the thermoelectric potential for the membranes that deviate from ideal behavior. A loss of
selectivity of the membrane would involve a larger influence of the co-ion nature at higher electrolyte
concentrations, and it would permit analysis if other terms in Equation (34) cause the deviation from
the ideal behavior.
We have seen that the sign of the thermoelectric potential of the calomel electrode cell follows
mostly from the type of ion-exchange, cation, or anion. This can also be concluded from the term
R(1 − 2tm
) ln a± . Can the thermoelectric potential of a cell with a particular membrane change its
M+
sign? Hanaoka et al. [43,46] suggested this possibility at high electrolyte molalities for some membrane
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system, for instance, for the Neosepta AM-1 membrane with KIO3 at concentrations higher than
0.1 mol/kg [43]. A sign reversal was observed with the perfluorosulfonic cation-exchange membrane
Flemion S [46], for which the thermal membrane potential in HCl solution varied from positive to
negative for concentrations above 0.05 mol/kg. They attributed this effect to a water contribution
to the thermal membrane potential. This may, however, also be an effect of the bi-ionic potential in
the interface region between the salt bridge and the electrolyte solution. The term R(1 − 2tm
) ln a±
M+
in Equation (34) may change sign with the transport number and the logarithmic term. The water
transference coefficient tm
w may also contribute to this behavior through the dependence of the water
entropy on the electrolyte activity.
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Figure 3. Seebeck coefficients for cells with anion-exchange membranes and a KCl electrolyte of varying
concentration, plotted versus the logarithm of the mean salt activity. Calomel electrodes were used in
the measurement.

Figure 4. The effect of co-ions on the Seebeck coefficient at different electrolyte molalities [31].
(a) Amberlite XE-69 cation-exchange membrane. (b) Amberlite XE-119 anion-exchange membrane.

5.2.3. Membrane Structure, Counter Ion, and Water Content
In this review, we examine the contributions to the Seebeck coefficient and how they vary.
We have seen in the theoretical section that membrane contributions to the Seebeck coefficient
come from the type of membrane (structure), the apparent transport number (the water transference
number and the ion transport number), and the transported entropy of the ions in the membrane.
Membrane structure and water content may have an impact on all transport properties.
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Membrane structure
Heterogeneous ion-exchange membranes contain more than one charged polymer. It was found
that heterogeneous ion-exchange membranes have in general larger thermoelectric potentials
than homogeneous ion-exchange membranes, both cationic and anionic membranes [31,37].
Laksminarayanayah [26] and Huda et al. [52] studied the effect of crosslinking of membrane
polymers. The degree of crosslinking of the polymethacrylic acid membrane did not have
much impact [26] on the Seebeck coefficient. But membranes made of poly(4-vinylpyridinecostyrene) [45] gave thermoelectric potentials that increased with an increase in weight fraction
of hydrophobic hydrocarbon matrix, or in the molality of fixed charges. Poly(styrene)-based
copolymer anion-exchange membranes with divinylbenzene were investigated in the presence
of various electrolyte solutions [52]. Positive contributions were found with KIO3 solutions,
and negative for more hydrophobic Cl− -form membranes. The water term seemed predominant
for IO3− -form membranes with high water contents. The value of the thermoelectric potential was
always negative, which seems to show that the contribution from water on the thermal membrane
potential is significant. More systematic studies of the degree of cross-linking as well as membrane
hydrophobicity may help obtain better membranes for thermoelectric energy conversion.

•

Membrane counter-ion
The type of ion in the membrane has a clear impact. Figure 5a,b show Seebeck coefficients
for different ion-exchange membranes as a function of the radius of unhydrated counter-ion.
We see that, in general, the Seebeck coefficient for cationic membranes increases with the atomic
number of the cation involved. With HCl and alkali metal chloride solutions, the thermoelectric
potential varies roughly with the inverse of the radius of the ions. However, the opposite trend was
also observed for some membrane systems [26,46,48]. With anion-exchange membrane Amberlite
X-119, the magnitude of Seebeck coefficient increased with increasing molecular weight of halogen
ions except for F− ion. Similar results were found by Huda et al. [52] with poly(styrene)-based
copolymer anion-exchange membranes. This property may have some bearing on the transported
entropy which enter the expression for ηS .
Kiyono et al. [44] reported that the size of the Seebeck coefficient depended on the ion-exchange
capacity and the membrane water content. They found larger Seebeck coefficients for
KCl-solutions than for NaCl, but this was at variance with results of Laksminarayanaiah [28]. It is
difficult to see that ion-exchange capacity per se should have an impact on ηS . Indirectly it may
play a role, through its impact on the transported entropies, however. No systematic study has
been made of the transported entropy and its dependencies.
At constant selectivity, cation oxidized collodion and anion cellophane membranes gave
an absolute value of the thermoelectric potential higher for anion-exchange membranes than
for cation-exchange membranes using calomel electrodes [61]. Tasaka et al. [31] measured
thermoelectric potentials between 0.85 mV/K and −0.9 mV/K, respectively, with Amberlite XE-69
cation-exchange membranes and Amberlite XE-119 anion-exchange membranes and a 10−3 M
aqueous KCl solutions.

•

Water content
It is difficult to separate the effects of water content from that of, say, the ion exchange capacity.
The properties are interrelated and the first of them is strongly dependent on the membrane
structure. Both properties have only an indirect effect through their impact on the transport
numbers and transported entropies appearing in Equation (34). Nevertheless, the larger Seebeck
coefficients have been found for membranes with low water content [36,43,45]. Kiyono et al. [45]
atributed this behavior to the restricted movement of ions in the membrane with small water
content and high weight fraction of hydrophobic backbone. A hydrophobic membrane matrix
affects the state of the counter-ion, and therefore also the transported entropy in membrane.
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Huda et al. [52] altered the hydrophobicity of anion-exchange membranes by changing the length
of the alkyl chain of benziltrialkilammonium groups. They observed that the thermoelectric
potential decreased roughly with hydrophobicity of the ion-exchange groups.
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Figure 5. The effect of counter-ions on the Seebeck coefficient for (a) different cation-exchange
membranes and (b) for Amberlite XE-119 anion-exchange membrane [31]. Lines are only a visual guide.
Radii values taken from [68].

In general, the absolute value of thermoelectric potential decreases with the membrane water
content (Figure 6). Tasaka et al. [37] also related the decrease in the absolute value of the
thermoelectric potential to the water content, leading to a much smaller value of the transported
entropy of counter-ion. As can be seen in Figure 6, anion-exchange membranes on the whole
have relatively low water content (high apparent transport numbers). It may be explained by the
smaller deviation from the theoretical slope of the Seebeck coefficient with the logarithm of the
electrolyte concentration observed for anion-exchange membranes (Figure 3). The relatively small
ion-exchange capacity does not have much of an impact. The cation-exchange membrane Ionics
61CZL386, with a high ion-exchange capacity, shows a Seebeck coefficient similar to those of other
membranes with lower IEC value. In Equation (34), a high water content may mean a high water
transport number, positive for cation-exchange membranes [60]. The membrane structure may
have an impact on the transported entropy of the counter-ion in the membrane phase.
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When we compare the anion-exchange membranes Nepton AR-111 (homogeneous) and Nepton
XE-119 (heterogeneous), we find a higher Seebeck coefficient for the heterogeneous XE-69
membrane with large water content. High water transport numbers are expected for membranes
with high water contents. The water transport numbers are negative in anionic membranes [60],
so according to Equation (34), a higher water content would increase the Seebeck coefficient.
This explanation agrees with the observed experimental results.
The Seebeck coefficient depends on the solvent, but aqueous solutions seem favorable for a high
value [66].
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Figure 6. Ion-exchange capacity, water uptake, and Seebeck coefficient (in 0.001 m KCl) for different
ion-exchange membranes. Cation-exchange membranes, C1: Nepton CR-61 [37], C2: Nepton CR-51 [37],
C3: Interpolymer [37], C4: XE-69 [31], C5: Ionics 61CZL386 [48]. Anion-exchange membranes,
A1: XE-119 [37], A2: Nepton AR-111 [37], A3: Aciplex A-201 [43], A4: Aciplex A-211 [43], A5: MPS-10
[46], A6: HPS-2 [46].

5.2.4. Membrane Temperature: Other Barriers to Transport
The measured potential depended not only on the applied temperature difference but also on the
mean temperature of the membrane [49]. For the Ionics 61 CZL 386 cation-exchange membrane and
a KCl electrolyte solution, a maximum value was found at 293 K. It was related to the water content of
the membrane and to the transported entropies.
Leinov et al. [69] reported thermoelectric coefficients of intact sandstone samples saturated
with NaCl brine. With Ag|AgCl electrodes at different temperatures, values were obtained between
0.370 (low salinity, 10−4 M) and 0.055 mV/K (high salinity, 1 M). The sandstone can be seen as
a non-selective membrane, which explains the relatively low Seebeck coefficient. It is unclear how it
can be used for power generation.
6. Competing Thermoelectric Materials
Many materials show thermoelectric effects, and a tailoring to purpose is relevant.
Härtel et al. [70] proposed a novel heat-to-current converter using charged supercapacitors.
With commercially available supercapacitors, they observed a coefficient near 0.6 mV/K.
Organic materials, in particular intrinsically conducting polymers, can be considered as competitors
to classical thermoelectric materials (semiconductors), and their figure of merit has been improved
several orders of magnitude in the last few years [71].
Hu et al. [65] showed that carbon-nanotube-based thermo-electrical cells could be used to harvest
waste thermal energy. Values of 1.4 mV/K were obtained with carbon MWNT electrodes. Cells with
ion-exchange membranes may compete well with these for low temperature waste heat utilization.
Xu et al. [72] studied the possibilities of electrolyte solutions confined in nanopore carbon. Using MD
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simulations, they obtained that the inhomogeneous ion/charge distribution leads to a net electrical
potential difference across the solid/liquid interface with energy conversion efficiencies compared
with those of conventional thermoelectric materials.
Børset et al. [62] reported the Seebeck coefficient of thermoelectric cells with gas electrodes and
a molten electrolyte of lithium carbonate at high temperatures. The presence of an inorganic oxide
enhanced the result, increasing it from 0.9 to 1.2 mV/K. Kandhasamy et al. [73] reported larger Seebeck
coefficients (1.5 mV/K) for lower temperatures using multi-component mixtures.
7. The Potential for Thermoelectric Energy Conversion
For thermoelectric energy conversion, not only the Seebeck coefficient is essential. Other properties
need also be considered. To bring out the potential of ion-exchange membranes for thermoelectric
energy conversion, we also need to know the thermal and electric conductivity. At a mean temperature
T, the three transport properties can be combined in the lumped variable N.
N := T

κηS2
,
λ

where

κ := −

j
∆φ/dm

0≤N≤1



∆T =0


0(1)
0(2)
Jq + Jq

λ := − 
2∆T/dm

(38)

(39)
∆φ=0

are the electrical conductivity at constant temperature and the thermal conductivity of the short-circuited
membrane, respectively, and dm is the membrane thickness. The quantity N has a lower and an upper
bound, stemming from the requirement that the determinant of transport coefficients is positive [55].
The open circuit thermal conductivity, λ j=0 , is related to the conductivity at short-circuit
conditions, as follows:
λ j =0 = λ (1 − N ) .
(40)
The factor ZT is the so-called figure of merit, defined first by Ioffe [74]. It is related to N by
ZT := T

κηS2
N
=
.
λ j =0
1−N

(41)

Furthermore, ZT is a non-negative quantity, but now there is no upper bound. When the figure
of merit is equal to zero, there is no coupling between heat and charge transfer, and the process is
completely irreversible. The other extreme is a completely reversible process, where N → 1 and thus
ZT → ∞. In this situation, the entropy production is (close to) zero; there is no loss of work. In practice,
we may seek to maximize N or ZT, which means that we want a small thermal conductivity, in order
to inhibit irreversible heat transfer, and a large ionic conductivity, in order to reduce ohmic losses.
In a dynamic approach, one may choose as objective function for minimization, the total entropy
production of the system. It is then possible to also include geometric variables and constraints.
This has been done successfully for several unit operations [75].
Ion-exchange membranes are widely used in many applications involving electrochemical energy
conversion, such as reverse electrodialysis or fuel cells. The electrochemical process efficiency (voltage
efficiency) depends mainly on the overall electric resistance of the device, which is significantly affected
by the electrical conductivity of the membrane. The ionic conductivity of ion-exchange membranes
has been widely studied in the literature. Temperature, type and concentration of the electrolyte,
and membrane water content are parameters that strongly affect the ionic conductivity of the
membrane [76–80]. A typical value for ionic conductivity of Nafion membranes at room temperature
is 2.3 Sm−1 [77].
Data about thermal conductivity of ion-exchange membranes are, however, scarce. For Nafion
membranes values between 0.18 and 0.25 WK−1 m−1 have been measured at 20 ◦ C, depending on its
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water content [81]. Values in the range 0.10 and 0.20 WK−1 m−1 were also reported [82] for Nafion
membranes, depending on the temperature. The thermal conductivity is found to decrease with
increasing temperature [82,83].
An interest in thermoelectric studies has been recently increasing because its also gives direct
access to a quantity more difficult to measure, namely the Peltier heat. It is increasingly recognized that
local temperature effects and profiles can affect the performance of a fuel cell [84,85]. The temperature
profile of such a cell cannot be accurately modeled without knowledge of the (large) Peltier effects [14].
It was probed that thermoelectric contributions to the cell potential can improve the cell performance
in the otherwise isothermal reverse electrodialysis cell [20,63].
The importance of the thermoelectric phenomena, their inherent symmetry and impact,
lead us to conclude that there are many reasons to increase this area of research and obtain a more
complete picture.
8. Conclusions and Perspectives
We have seen above that the following can be said about the Seebeck coefficient of thermoelectric
cells with ion-exchange membranes:
•

•
•
•
•
•
•
•
•

It typically varies between absolute values 0.4 and 1 mV/K. Major contributions to this value come
from the electrode compartment (including the electrodes) and from water and ion transport
in the membrane. These values are relatively large, compared to values for semiconductors.
In the calomel electrode system, the sign of the coefficient is typically positive for cation-exchange
membranes and negative for anion-exchange membranes. This sign change is attributed mainly
to the thermoelectric potential across the salt bridges in the system, but also to water transport
when the electrolyte concentration is high.
It predicts a reduction for ideal membranes with the logarithm of the electrolyte activity.
This variation is experimentally validated.
It has a possible optimal value with respect to the mean temperature across the membrane.
It does not depend significantly on water content in spite of its dependence on the water
transference number.
It does not depend significantly on the membrane ion exchange capacity. One explanation is that
the transport number is the ratio of the ionic and the total conductivity.
It depends on membrane heterogeneity, probably because this has an impact on the transported
entropies of the ions in the membrane.
It increases in absolute value with the radius of the un-hydrated counter-ion.
It may have positive contributions from a membrane pressure difference.
In order to have access to the membrane dependent terms in the Seebeck coefficients, it is
advantageous to use electrodes without salt bridges, such as the Ag|AgCl-electrode.

While most of these conclusions are as expected from theory, the ones related to membrane
structure and water transport cannot be predicted. They also cannot be given a simple explanation,
as they are still not fully understood (see, e.g., [60]). Renewable energy technologies [8,15,18] could
benefit from more systematic studies of the impact of the properties on the transported entropies and
on the water transference coefficient. The trends in the true Seebeck coefficient that depends on these
properties are summarized in Table 1.
Electrode choices and electrolyte conditions, including pressure gradients [15], can help increase
the value of the Seebeck coefficient. A temperature difference can lead to a thermo-osmotic pressure.
The magnitude as well as the direction of the thermo-osmotic water transfer depends on the
membrane [86]. This additional term is little investigated. The understanding of the interplay of
thermoelectric and thermo-osmotic phenomena in membrane systems is still lacking and should
be pursued.
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Table 1. Parameters that can increase the Seebeck coefficient of cells with ion-exchange membranes.
Increasing Parameter

Trend

Section

Conclusion, cf. Bullet Point No

Electrolyte concentration
Counter-ion un-hydrated radius
Membrane hydrophobicity
Mean temperature
Pressure difference

decreasing, logarithmic dependence
increasing
decreasing
possible optimum
linear increase

5.2.2
5.2.2
5.2.3
5.2.4
5.2.1

1, 2
7
6
3
8

Not only is the Seebeck coefficient important when it comes to the application of these cells,
but the thermal and electric conductivities are as well, as they enter in the figure of merit or the entropy
production. Thermal conductivities should be small to help maintain a large temperature difference
across the membrane, while electric conductivities should be large to reduce ohmic losses [75,87]. It is
a challenge to find ion-exchange membranes that answer to all demands. Finding these is, however,
of importance for a large number of interesting waste heat utilization processes.
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Appendix A
Table A1. Seebeck coefficient, (∆φ/∆T), for cation-exchange membranes.
Membrane
(Reference)

Type

Collodion
Ikeda [24]

Electrolyte

Seebeck
Coefficient
(10−3 VK−1 )

Electrodes

KCl

1.0 × 10−1 M

0.052

Ag|AgCl

Oxidized collodium
Ikeda [61]

Apparent transport
number 0.9

KCl

1.0 × 10−1 M

0.03

Calomel

PMA
Laksminarayanaiah [26]

Crosslinked
polymetrarylic acid

LiCl
NaCl
KCl
RbCl
CsCl

1.0 × 10−2 M

1.00
0.97
0.95
0.77
0.82

Ag|AgCl

Amberlite XE-69
-polyvinyl chloride
40%
Tasaka et al. [30,31]

Heterogeneous
polystyrenesulfonate

LiCl

1.0 × 10−3
5.0 × 10−3
1.0 × 10−2
5.0 × 10−2
1.0 × 10−3
5.0 × 10−3
1.0 × 10−2
5.0 × 10−2
1.0 × 10−3
5.0 × 10−3
1.0 × 10−2
5.0 × 10−2
1.0 × 10−3
5.0 × 10−3
1.0 × 10−2
5.0 × 10−2
1.0 × 10−3
5.0 × 10−3
1.0 × 10−2
5.0 × 10−2

0.70
0.60
0.52
0.42
0.81
0.70
0.60
0.50
0.85
0.72
0.66
0.54
0.83
0.75
0.65
0.50
0.83
0.75
0.65
0.55

Calomel

NaCl

KCl

KBr

Kl

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
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Table A1. Cont.
Membrane
(Reference)

Type

Electrolyte

Seebeck
Coefficient
(10−3 VK−1 )

Electrodes

o-m-1
Tasaka et al. [30,33]

Oxidized Collodion

KCl

1.0 × 10−3
5.0 × 10−3
1.0 × 10−2
5.0 × 10−2

M
M
M
M

0.27
0.17
0.13
0.07

Calomel

i-m-1
Tasaka et al. [33]

Collodion-sulfonated
Polystyrene interpolymer

KCl

5.0 × 10−3 M
1.0 × 10−2 M
5.0 × 10−2 M

0.15
0.11
0.05

Calomel

M-10/0
Tasaka [34,37]

Heterogeneous Sulfonate
polystyrene+ PVC (40%)

LiCl
NaCl
KCl
RbCl
CsCl
NH4 Cl

1.0 × 10−3 M

0.70
0.80
0.84
0.89
0.95
0.93

Calomel

Nepton CR-61
Tasaka [37]

Homogeneous Sulfonate
polystyrene

KCl

1.0 × 10−3 M

0.66

Calomel

Nepton CR-51
Tasaka [37]

Homogeneous Sulfonated
phenol resin

KCl

1.0 × 10−3 M

0.63

Calomel

Interpolymer
Tasaka [37]

Sulfonated polystyrene
+dried collodion (95%)

KCl

1.0 × 10−3 M

0.49

Calomel

Flemion S
Hanaoka et al. [46]

Porous perfluorosulfonic
acid-type

HCl
LiCl
NaCl
KCl
NH4 Cl

1.0 × 10−2 M

0.053
0.48
0.46
0.59
0.62

Calomel

Nafion 117
Kjelstrup et al. [47]

Homogeneous Sulfonated

HCl

1.0 × 10−2 M

0.66

Ag|AgCl

Ionics 61 CZL 386
Barragán et al. [48]

Heterogeneous sulfonated

KCl

7.5 × 10−4
1.0 × 10−3
2.5 × 10−3
5.0 × 10−3
7.5 × 10−1
1.0 × 10−3

0.53
0.51
0.45
0.42
0.39
0.75
0.66
0.51
0.44

Calomel

0.67

Hydrogen

LiCl
NaCl
KCl
CsCl
Nafion 1110
Kjelstrup et al. [14]

Homogeneous Sulfonated

M
M
M
M
M
M

HCl

Table A2. Seebeck coefficient, (∆φ/∆T), for anion-exchange membranes.
Membrane
(Reference)

Type

Electrolyte

Celophane
Ikeda [61]

Anilline-formaldehyde resincellophane matrix

KCl

Amberlite XE-119
polyvinyl chloride
40%
Tasaka et al. [30]

Heterogeneous
polystyrene with
quaternary ammonium

LiCl

NaCl

KCl
KF

KBr

KI

Seebeck
Coefficient
(10−3 VK−1 )

Electrodes

1.0 × 10−1 M

−0.05

calomel

1.0 × 10−3
5.0 × 10−3
1.0 × 10−2
5.0 × 10−2
1.0 × 10−3
5.0 × 10−3
1.0 × 10−2
5.0 × 10−2
1.0 × 10−3
5.0 × 10−3
1.0 × 10−3
5.0 × 10−3
1.0 × 10−2
5.0 × 10−2
1.0 × 10−3
5.0 × 10−3
1.0 × 10−2
5.0 × 10−2
1.0 × 10−3
5.0 × 10−3
1.0 × 10−2

−0.9
−0.8
−0.7
−0.6
−0.9
−0.8
−0.7
−0.6
−0.9
−0.8
−0.7
−0.6
−0.5
−0.40
−0.85
−0.73
−0.6
−0.52
−0.8
−0.75
−0.62

calomel

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
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Table A2. Cont.
Membrane
(Reference)

Type

Electrolyte

Aciplex A-201
Hanaoka et al. [43]

Hydrocarbonsulfonic acid

KCl

KIO3
Neosepta AM-1
Hanaoka et al. [43]

Hydrocarbonsulfonic acid

KCl

KIO3

Seebeck
Coefficient
(10−3 VK−1 )

Electrodes

1.0 × 10−3
3.0 × 10−3
1.0 × 10−2
3.0 × 10−2
1.0 × 10−1
1.0 × 10−3
1.0 × 10−1

M
M
M
M
M
M
M

−0.761
−0.65
−0.55
−0.45
−0.381
−0.64
−0.36

calomel

1.0 × 10−3
3.0 × 10−3
1.0 × 10−2
3.0 × 10−2
1.0 × 10−1
1.0 × 10−3
1.0 × 10−1

M
M
M
M
M
M
M

−0.76
−0.68
−0.58
−0.46
−0.381
−0.551
−0.168

calomel

Aciplex A-211
Hanaoka et al. [43]

Hydrocarbonsulfonic acid

KCl

1.0 × 10−3 M
3.0 × 10−3 M
1.0 × 10−2 M

−0.6
−0.5
−0.4

calomel

MPS-10
Kiyono et al. [45]

Poly(4-vinylpyridineco-styrene) with methyl iodide

KCl

1.0 × 10−3
3.0 × 10−3
1.0 × 10−2
3.0 × 10−2
1.0 × 10−1

M
M
M
M
M

−0.86
−0.78
−0.72
−0.64
−0.58

calomel

HPS-2
Kiyono et al. [45]

Poly(4-vinylpyridineco-styrene) with
1.6-dibromo-n-hexane

KCl

1.0 × 10−3
3.0 × 10−3
1.0 × 10−2
3.0 × 10−2
1.0 × 10−1

M
M
M
M
M

−0.90
-0.82
−0.73
−0.64
−0.54

calomel

M-1(4.5)
Huda et al.[52]

Polysterine-based copolymer
+4.5% divinylbencene

KCl
KIO3

1.0 × 10−2 M

−0.592
−0.485

calomel

M-1(8)
Huda et al.[52]

Polysterine-based copolymer
+8% divinylbencene

KCl

1.0 × 10−2 M

−0.475

calomel

References
1.

2.

3.
4.
5.

6.
7.
8.
9.

Seebeck, T.J. Magnetische Polarisation der Metalle und erze durch Temperatur-Differenz. In Ostwald’s
Klassiker der Exakten Wissenshaften; Oettingen, A.J.V., Ed.; Verlag Von Wilhem Engelman: Lemgo,
Germany, 1895.
Savani, I.; Waage, M.H.; Børset, M.; Kjelstrup, S.; Wilhelmsen, Ø. Harnessing thermoelectric power
from transient heat source: Waste heat recovery from silicon production. Energy Convers. Manag. 2017,
138, 171–182. [CrossRef]
Dresselhaus, M.; Chen, G.; Tang, M.; Yand, R.; Lee, H.; Wang, D.; Ren, Z.; Fleurial, J.P.; Gogna, P.
New directions for low-dimensional thermoelectric materials. Adv. Mater. 2007, 19, 1043–1053. [CrossRef]
Dresselhaus, M.S.; Chen, G.; Ren, Z.; Dresselhaus, G.; Henry, A.; Fleurial, J.P. New composite thermoelectric
materials for energy harvesting applications. JOM 2009, 61, 86–90. [CrossRef]
Caballero-Calero, O.; D’Agosta, R. Review—Towards the next generation of thermoelectric materials:
Tailoring electronic and phononic properties of nanomaterials. ECS J. Solid State Sci. Technol. 2017, 6,
3065–3079. [CrossRef]
Hicks, L.D.; Dresselhaus, M.S. Effect of quantum-well structures on the thermoelectric figure of merit.
Phys. Rev. Lett. 1993, 19, 12727–12731. [CrossRef]
Hicks, L.D.; Dresselhaus, M.S. Thermoelectric figure of merit of a one-dimensional conductor.
Phys. Rev. Lett. 1993, 24, 16631–16634. [CrossRef]
Bentien, A.; Johnsen, S.; Madsen, G.K.H.; Iversen, B.B.; Steglich, F. Colossal Seebeck coefficient in strongly
correlated semiconductor FeSb2 . EPL 2007, 80, 17008. [CrossRef]
Jiao, F.; Naderi, A.; Zhao, D.; Schlueter, J.; Shahi, M.; Sundström, J.; Granberg, H.; Edberg, J.
Ionic thermoelectric paper. J. Mater. Chem. A 2017, 5, 16883–16888. [CrossRef]

Entropy 2018, 20, 905

10.

11.
12.
13.
14.

15.
16.
17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

22 of 25

Datta, R.; Said, S.M.; Sahamir, S.; Karim, M.; Sabri, M.; Nakajo, T.; Kubouchi, M.; Hayashi, K.; Miyakazi, Y.
Thermoelectric potential of polymerscaffolded ionic liquid membranes. J. Electrochem. Mater. 2014,
43, 1585–1589. [CrossRef]
Bonetti, M.; Huang, S.N.B.; Salez, T.J.; Wiertel-Gasquet, C.; Roger, M. Thermoelectric energy recovery at
ionic-liquid/electrode interface. J. Chem. Phys. 2015, 142, 244708. [CrossRef] [PubMed]
Revil, A. Ion diffusivity, electrical conductivity, membrane and thermoelectric potentials in colloids and
granular porous media: A unified model. J. Colloid Int. Sci. 1999, 70, 555–559.
Shakouri, A.; Li, S. Thermoelectric Power Factor for Electrically conductive polymers. In Proceedings of the
International Conference on Thermoelectrics, Baltimore, MD, USA, 29 August–2 September 1999.
Kjelstrup, S.; Vie, P.J.S.; Akyalcin, L.; Zefaniya, P.; Pharoah, J.G.; Burheim, O.S. The Seebeck coefficient and
the Peltier effect in a polymer electrolyte membrane cell with two hydrogen electrodes. Electrochim. Acta
2013, 99, 166–175. [CrossRef]
Sandbakk, K.D.; Bentien, A.; Kjelstrup, S. Thermoelectric effects in ion conducting membranes and
perspectives for thermoelectric energy conversion. J. Membr. Sci. 2013, 434, 10–17. [CrossRef]
Manzanares, J.A.; Jokinen, M.; Cervera, J. On the different formalisms for the transport equations of
thermoelectricity: A review. J. Non-Equilib. Thermodyn. 2015, 40, 211–227. [CrossRef]
Jokinen, M.; Manzanares, J.A.; Kontturi, K.; Murtomäki, L. Thermal potential of ion-exchange membranes
and its application to thermoelectric power generation. J. Membr. Sci. 2016, 499, 234–244. [CrossRef]
Benneker, T.; Rijnaars, T.; Lammertink, R.G.H.; Wood, J.A. Effect of temperature gradients in (reverse)
electrodialysis in the ohmic regime. J. Membr. Sci. 2018, 548, 421–428. [CrossRef]
Hasan, S.W.; Said, S.M.; Bakar, A.S.B.A.; Sabri, M.F.M.S.; Sajid, I.H.; Hashim, N.A. Optimization of
poly(vinylidene fluoride) membranes for enhanced power density of thermally driven electrochemical cells.
J. Mater. Sci. 2017, 52, 10353–10363. [CrossRef]
Kristiansen, K.; Barragán, V.M.; Kjelstrup, S. Thermoelectric power of ion exchange membrane cells revelant
to reverse electrodialysis plants. 2018, submitted.
Vermass, D.A.; Saakes, M.; Nijmeijer, K. Power generation using profiled membranes in reverse
electrodialysis. J. Membr. Sci. 2011, 385–386, 234–242. [CrossRef]
Tyrrell, H.J.V. The Seebeck effect in a purely ionic system. Nature 1956, 177, 668–669. [CrossRef] [PubMed]
Hills, G.J.; Jacobs, N.; Lakshminarayanayah, N. Non-isothermal membrane potential. Nature 1957, 179, 96–97.
[CrossRef]
Ikeda, T. Thermal membrane potential. J. Chem. Phys. 1958, 28, 166–167. [CrossRef]
Ikeda, T. Erratum: Thermal membrane potential. J. Chem. Phys. 1959, 31, 267–268. [CrossRef]
Lakshminarayanayah, N. Transport phenomena in artificial membranes. Chem. Rev. 1965, 65, 451–465.
[CrossRef]
Tasaka, M.; Morita, S.; Nagasawa, M. Membrane potential in nonisothermal systems. J. Phys. Chem. 1965,
69, 451–465. [CrossRef]
Lakshminarayanayah, N. Transport Phenomena in Membranes; Academic Press: New York, NY, USA, 1969.
Lorimer, J.W. Nonisothermal transport in charged gels. In Charged Gels and Membranes, Part II; Sélégny, E.,
Ed.; D. Reidel Publishing Company: Dordrecht, The Netherlands, 1976.
Tasaka, M.; Nagasawa, K.M. Nonisothermal membrane phenomena through charged membranes. J. Polym.
Sci. Polym. Symp. 1975, 49, 31–42. [CrossRef]
Tasaka, M.; Hanaoka, K.; Kurosawa, Y.; Wada, C. Thermal membrane potential through charged membranes
in electrolyte solutions. Biophys. Chem. 1975, 3, 331–337. [CrossRef]
Tasaka, M.; Ichijo, N.; Kobayashi, S.; Kobayashi, H. Thermal membrane potential across charged membranes
in NaCl-NH4 Cl and LiCl-NH4 Cl solutions. Biophys. Chem. 1976, 4, 269–274. [CrossRef]
Tasaka, M.; Abe, S.; Sugiura, S.; Nagasawa, M. Thermoosmosis through charged membranes. Biophys. Chem.
1977, 6, 271–278. [CrossRef]
Tasaka, M. Thermal membrane potential across mosaic membranes. J. Membr. Sci. 1978, 4, 51–59. [CrossRef]
Tasaka, M.; Ogawa, K.; Yayazaki, T. Thermal membrane potential across charged membranes in 2-1 and 1-2
electrolyte solutions. Biophys. Chem. 1978, 7, 279–283. [CrossRef]
Tasaka, M.; Futamura, H. The effect of temperature on thermoosmosis. J. Membr. Sci. 1986, 28, 183–190.
[CrossRef]

Entropy 2018, 20, 905

37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.
48.
49.
50.
51.

52.

53.
54.
55.
56.

57.
58.
59.
60.

23 of 25

Tasaka, M. Thermal membrane potential and thermoosmosis across charged membranes. Pure Appl. Chem.
1986, 58, 1637–1646. [CrossRef]
Kjelstrup, S.; Ikeshoji, T.; Siverund, K. Heat and internal energy changes at electrodes and junctions in
thermocells. J. Electrochem. Soc. 1990, 137, 219–228.
Tasaka, M.; Mizuta, T.; Sekiguchi, O. Mass transfer through polymer membranes due to a temperature
gradient. J. Membr. Sci. 1990, 54, 191–204. [CrossRef]
Scibona, G.; Botré, C.; Botré, F.; Fabiani, C. Nafion membrane potential in non-isothermal systems.
Electrochim. Acta 1991, 36, 135–138. [CrossRef]
Tasaka, M.; Urata, T.; Kiyono, R.; Aki, Y. Solvent transport across anion-exchange membranes under
a temperature difference and an osmotic pressure difference. J. Membr. Sci. 1992, 67, 83–91. [CrossRef]
Tasaka, M.; Hirai, T.; Kiyono, R.; Aki, Y. Solvent transport across cation-exchange membranes under
a temperature difference and an osmotic pressure difference. J. Membr. Sci. 1992, 71, 83–91. [CrossRef]
Hanaoka, K.; Kiyono, R.; Tasaka, M. Thermal membrane potential across anion-exchange membranes in KCl
and KIO3 solutions and the transported entropy of ions. J. Membr. Sci. 1993, 82, 255–263. [CrossRef]
Kiyono, R. Thermal membrane potential across charged membranes for various halide solutions.
Colloid Polym. Sci. 1993, 271, 1183–1190. [CrossRef]
Kiyono, R.; Kuwashita, A.; Tanaka, Y.; Sekiguchi, O.; Tasaka, M. Thermal membrane potential across
poly(4-vinylpyridine-co-styrene) membranes. Bull. Soc. Water Sci. Jpn. 1994, 48, 159–164.
Hanaoka, K.; Kiyono, R.; Tasaka, M. Nonisothermal membrane potential across perfluorosulfonic
acid-type membranes, Flemion S: Part II. Thermal membrane potential and transported entropy of ions.
Colloid Polym. Sci. 1994, 272, 979–985. [CrossRef]
Kjelstrup, S.; Ottøy, M.; Halseid, R.; Strømgård, M. Thermoelectric power relevant for the solid polymer fuel
cell. J. Membr. Sci. 1995, 107, 219–228.
Barragán, V.M.; Ruiz-Bauzá, C. Effect of unstirred solution layers on the thermal membrane potential
through cation-exchange membranes. J. Membr. Sci. 1997, 125, 219–229. [CrossRef]
Barragán, V.M.; Ruiz-Bauzá, C. On the dependence of the thermal membrane potential across
cation-exchange membranes on the mean temperature. J. Membr. Sci. 1997, 134, 75–84. [CrossRef]
Tasaka, M.; Kiyono, R.; Huda, M.S. Membrane phenomena in non-isothermal systems. Part 1: Theory.
Bull. Chem. Soc. Jpn. 1997, 70, 555–559. [CrossRef]
Huda, M.S.; Kiyono, R.; Tasaka, M.; Yamaguchi, T.; Sata, T. Membrane phenomena in non-isothermal
systems. Part 3: Thermal membrane potential across various hydrophobic anion-exchange membranes with
10 and 14 % divinylbenzene. Bull. Chem. Soc. Jpn. 1998, 71, 555–562. [CrossRef]
Huda, M.S.; Kiyono, R.; Tasaka, M.; Yamaguchi, T.; Sata, T. Thermal membrane potential across
anion-exchange membranes with different benzyltrialkylammonium groups. Sep. Pur. Technol. 1998,
14, 95–106. [CrossRef]
Katchalsky, A.; Curran, P.F. Nonequilibrium Thermodynamics in Biophysics; Harvard University Press:
Cambridge, UK, 1965.
Førland, K.S.; Førland, T.; Kjelstrup Ratkje, S. Irreversible Thermodynamics: Theory and Applications; John Wiley
& Sons: Hoboken, NJ, USA, 1988.
Kjelstrup, S.; Bedeaux, D. Non-Equilibrium Thermodynamics of Heterogeneous Systems; World Scientific
Publishing Co.: Singapore, 2008.
Kjelstrup, S.; Bedeaux, D. Electrochemical Energy Conversion. In Experimental Thermodynamics Volume X:
Non-Equilibrium Thermodynamics with Applications; Kjelstrup, S.; Bedeaux, D.; Sengers, J., Eds.; Royal Society
of Chemistry: Cambridge, UK, 2016.
Kjelstrup, S.; Bedeaux, D. Thermodynamics of Electrochemical Systems. In Springer Handbook of
Electrochemical Energy; Breitkopf, C., Swider-Lyons, K., Eds.; Springer, New York, NY, USA, 2017; pp. 69–91.
Haase, R. Thermodynamics of Irreversible Processes; Addison-Wesley: Reading, PA, USA, 1963.
Goupil, C.; Seifert, W.; K.Zabrocki.; Müller, E.; Snyder, G.J. Thermodynamics of thermoelectric phenomena
and applications. Entropy 2011, 13, 1481–1517. [CrossRef]
Zlotorowicz, A.; Strand, R.V.; Burheim, O.S.; Wilhelmsen, Ø.; Kjelstrup, S. The permselectivity and water
transference number of ion exchange membranes in reverse electrodialysis. J. Membr. Sci. 2017, 523, 402–408.
[CrossRef]

Entropy 2018, 20, 905

61.
62.
63.
64.

65.

66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.

77.
78.

79.
80.
81.
82.
83.

84.

24 of 25

Ikeda, T.; Tsuchiya, M.; Nakano, M. The thermal membrane potential as a function of the apparent ionic
transport number of membranes. Bull. Chem. Soc. Jpn. 1964, 37, 1482–1485. [CrossRef]
Børset, M.T.; Kang, X.; Burheim, O.S.; Haarberg, G.M.; Xu, Q.; Kjelstrup, S. Seebeck coefficients of cell with
lithium carbonate and gas electrodes. Electrochim. Acta 2015, 182, 699–706. [CrossRef]
Kristiansen, K.; Barragán, V.M.; Kjelstrup, S. Non-isothermal saline power plant: Concept proposal for
low-temperature waste heat recovery. 2018, submitted.
Sales, B.B.; Saakes, M.; Post, J.W.; Buisman, C.J.N.; Biesheuvel, P.M.; Hamelers, H.V.M. Direct power
production from a water salinity difference in a membrane-modified supercapacitor flow cell. Environ. Sci.
Technol. Lett. 2010, 44, 5661–5665. [CrossRef] [PubMed]
Hu, R.; Cola, B.A.; Haram, N.; Barisci, J.N.; Lee, S.; Stoughton, S.; Wallace, G.; Too, C.; Thomas, M.;
Gestos, A.; et al. Harvesting waste thermal energy using a carbon-nanotube-based thermo-electrochemical
cell. Nano Lett. 2010, 10, 838–846. [CrossRef] [PubMed]
Abraham, T.J.; MacFarlane, D.R.; Pringle, J.M. Seebeck coefficients in ionic liquids—Prospects for
thermo-electrochemical cells. Chem. Commun. 2011, 47, 6260–6262. [CrossRef] [PubMed]
Ikeshoji, T.; Ratkje, S.K. Thermoelectric power of a cell with complex formation. J. Electrochem. Soc. 1986,
133, 1107–1113. [CrossRef]
Volkov, A.G.; Paula, S.; Deamer, D.W. Two mechanisms of permeation of small neutral molecules and
hydrated ions across phospholipid bilayers. Bioelectrochem. Bioenerget. 1997, 42, 153–160. [CrossRef]
Leinov, E.; Vinogradow, J.; Jackson, M.D. Salinity dependence of the thermoelectric coupling coefficient in
brine-saturated sandstones. Geophys. Res. Lett. 2010, 37, L23308. [CrossRef]
Härtel, A.; Janssen, M.; Weingarth, D.; Presser, V.; van Roij, R. Heat-to-current conversion of low-grade heat
from a thermocapacitive cycle by supercapacitors. Electrochim. Acta 2015, 8, 2396–2401. [CrossRef]
Culebras, M.; Gómez, C.M.; Cantanero, A. Review on polymers for thermoelectric applications. Materials
2014, 182, 6701–6732. [CrossRef] [PubMed]
Xu, B.; Liu, L.; Lim, H.; Quao, Y.; Chen, X. Harvesting energy from low-grade heat based on nanofluids.
Nano Energy 2012, 1, 805–811. [CrossRef]
Kandhasamy, S.; Solheim, A.; Kjelstrup, S.; Haarberg, G. Electrolyte melt composition for low temperature
molten carbonate thermocell. ACS Appl. Energy Mater. 2018, in press. [CrossRef]
Ioffe, A.F. Semiconductor Thermoelements and Thermoelectric Cooling; Infosearch: London, UK, 1957.
Kjelstrup, S.; Bedeaux, D.; Johannessen, E.; Gross, J. Non-Equilibrium Thermodynamics for Engineers , 2nd ed.;
World Scientific Publishing Co.: Singapore, 2017.
Dlugolecki, P.; Ogonowski, P.; Metz, S.J.; Saakes, M.; Nijmeijer, K.; Weeling, M. On the resistances of
membrane, diffusion boundary layer and double layer in ion exchange membrane transport. J. Membr. Sci.
2010, 349, 369–379. [CrossRef]
Catalano, J.; Bentien, A. Influence of temperature on the electrokinetic properties and power generation
efficiency of Nafion 117 membranes. J. Power Sources 2014, 262, 192–200. [CrossRef]
Fontananova, E.; Messana, D.; Tufa, R.A.; Nicotera, I.; Kosma, V.; Curcio, E.; van Baak, W.; Drioli, E.;
Profio, G.D. Effect of solution concentration and composition on the electrochemical properties of ion
exchange membranes for energy conversion. J. Power Sources 2017, 340, 282–293. [CrossRef]
Zhang, B.; Hong, J.G.; Xie, S.; Xia, S.; Chen, Y. An integrative modeling and experimental study of the ionic
resistance of ion-exchange membranes. J. Membr. Sci. 2017, 524, 362–369. [CrossRef]
Zhu, S.; Kingsbury, R.S.; Call, D.F.; Coronell, O. Impact of solution composition on the resisance of ion
exchange membranes. J. Membr. Sci. 2018, 554, 39–47. [CrossRef]
Burheim, O.; Vie, P.J.S.; Pharoah, J.G.; Kjestrup, S. Ex situ measurements of through-plane thermal
conductivities in a polymer electroyte fuel cell. J. Power Sources 2010, 195, 249–256. [CrossRef]
Khandelwal, M.; Mench, M.M. Direct measurement of through-plane thermal conductivity and contact
resistance in fuel cell materials. J. Power Sources 2006, 161, 1106–1115. [CrossRef]
Alhazmi, N.; Ingham, D.B.; Ismail, M.S.; Hughes, K.; Ma, L.; Pourkashanian, M. The throungh-plane thermal
conductivity and the contact resistance of the components of the membrane electrode assembly and gas
diffusion layer in proton exchange membrane fuel cells. J. Power Sources 2016, 270, 59–67. [CrossRef]
Ramousse, J.; Lottin, O.; Didierjean, S.; Maillet, D. Heat sources in proton exchange membrane (PEM) fuel
cells. J. Power Sources 2009, 192, 435–441. [CrossRef]

Entropy 2018, 20, 905

85.
86.
87.

25 of 25

Weber, A.Z.; Newman, J. Coupled thermal and water management in polymer electrolyte fuel cells.
J. Electrochem. Soc. 2006, 153, A2205–A2214. [CrossRef]
Barragán, V.M.; Kjelstrup, S. Thermo-osmosis in membrane systems: A review. J. Non-Equilib. Thermodyn.
2017, 42, 117–236. [CrossRef]
Elsheikh, M.H.; Shnawah, D.A.; Sabri, M.F.M.; Said, S.B.M.; Hassan, M.; Bashir, M.B.A. A review on
thermoelectric renewable energy: Principle parameters that affect their performance. Renew. Sustain
Energy Rev. 2014, 30, 337–355. [CrossRef]
c 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

