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Thermoelectric Power of Ion Exchange Membrane Cells Relevant to Reverse
Electrodialysis Plants
Kim R. Kristiansen,1,* V. María Barragán,2 and Signe Kjelstrup1
1

PoreLab, Department of Chemistry, Norwegian University of Science and Technology, N-7491 Trondheim,
Norway
2
Department of Structure of Matter, Thermal Physics and Electronics, Complutense University of Madrid, 28040
Madrid, Spain
(Received 20 September 2018; revised manuscript received 10 March 2019; published 12 April 2019)
A thermoelectric cell is designed and experiments are carried out in order to measure Seebeck coefﬁcients of ion exchange membranes at diﬀerent constant concentrations of NaCl in water. The purpose
of the investigation is to explore how a temperature gradient may be applied to increase the eﬃciency of
saline power plants, in particular, of the process of reverse electrodialysis (RED). To evaluate measurements and RED applications, we derive an expression for the thermoelectric potential for a cell with a
single membrane and for a RED unit cell. The Seebeck coeﬃcient is interpreted in terms of the Peltier
heat of the cell, and further expressed in terms of transported entropies. We ﬁnd the Seebeck coeﬃcient
of the cell, after correcting for temperature polarization, by gradually increasing the membrane thickness.
The contribution to the Seebeck coeﬃcient from the membrane varied between 1.41 and 0.98 mV/K in
FUMASEP FKS-PET-75 cation exchange membranes, and between 0.56 and 0.48 mV/K in FUMASEP
FAD-PET-75 anion exchange membranes. The precision in the results is 1%, for NaCl concentrations
between 0.03 and 0.60 mol/kg. Measurements on the RED unit cell with water samples taken from realistic fresh- and salt-water sources conﬁrmed that a temperature diﬀerence has a signiﬁcant eﬀect, increasing
the emf by 1.3% per kelvin of temperature diﬀerence.
DOI: 10.1103/PhysRevApplied.11.044037

I. INTRODUCTION
Energy eﬃciency improvements of industrial processes
[1,2] constitute a major way to meet the growing energy
demand worldwide. Cullen and Allwood [3] indicate
that low-temperature applications of high-grade energy
sources, such as fossil fuels, imply losses of around
40%–80% of the potentially useful energy. A substantial
fraction (> 60%) of this turns out as low-grade waste heat
at temperatures below 100◦ C [4]. The high-temperature
end is well exploited by heat engines, but it is diﬃcult to
exploit heat at lower temperatures. Thermoelectric generators are interesting in this context, and the aim of this work
is to study the utilization of low-temperature heat sources
in thermoelectric energy conversion.
The dominating thermoelectric generators are presently
made of solid-state semiconductors. Their eﬃciencies
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range from 5% to 8% of the Carnot eﬃciency. Further
development of these devices seems restricted by expensive nanoscale engineering [5]. This gives a motivation to
explore diﬀerent materials for thermoelectric energy conversion – ion exchange membranes, see Ref. [6]. Such
membranes are already being used to develop saline power
plants, like reverse electrodialysis (RED) [7]. In these
plants, the Gibbs energy of mixing of sea water and brackish water is exploited in areas such as estuaries, where the
two aqueous solutions naturally meet.
The interesting question to pose, is whether the unit
cell of the RED plant can beneﬁt from localized heating,
thereby adding thermoelectric power to the concentration
cell. The aim of this work is to give a quantitative answer to
this question. With RED on its path to commercialization,
an assessment of its potential for waste-heat harvesting
in addition to its standard operation can provide useful
input to future engineering solutions. We will study the
thermoelectric properties of the membranes systematically
as a function of salt concentration. The idea is inspired,
e.g., by the work of Kang et al. [8], who investigated the
possibility to use thermoelectric energy conversion with
high-temperature waste heat in the metallurgical industry
in connection with a concentration cell. They observed a
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signiﬁcant increase in the total potential by combining a
molten carbonate concentration cell with a thermoelectric
cell.
Much notable experimental work on the thermoelectric potential of cation exchange membranes was done
by Tasaka and co-workers before the turn of the century
[9–14]. The authors demonstrated that the measured potential depended on the ﬂow rate in their cell, suggesting
eﬀects of the diﬀusion layers adjacent to the membrane.
Barragán et al. [15] reported a correction procedure to
account for these eﬀects. While the idea to measure thermoelectric potentials of ion exchange membranes is not
new [16–18], see Ref. [6] for a detailed review, we present
results for other membranes. While it is beneﬁcial to raise
the average temperature of the unit cell [18], an eﬀect
of a temperature diﬀerence in practical applications has
not been reported. Temperature polarization, which diminishes the temperature gradient across the system, may have
played a role in past experiments. We account properly
for polarization eﬀects, using a complete description of the
coupled transport phenomena in the cell.
The paper starts with the necessary theoretical description of the experimental cell and the RED cell, before we
present the experiments and the results. We conclude with
a discussion on how a thermoelectric potential might be
used to enhance the concentration cell potential in reverse
electrodialysis cells.
II. THEORY

for this cell is used to interpret the measurements with such
a cell.
The cell, common to both purposes, has compartments
of aqueous NaCl solutions separated by an ion exchange
membrane and Ag|AgCl electrodes, see Fig. 1. We divide
this cell into subsystems that are treated separately, following Kjelstrup and Bedaux [19]. For each subsystem,
we identify the local entropy production in terms of the
relevant gradients in thermodynamic variables. In the chosen experimental setup, we can neglect eﬀects of viscous
ﬂow parallel to the membrane (uniform solutions), and
consider the transport problem to be one dimensional. The
most important contribution, the membrane contribution,
is described ﬁrst. The contributions from the aqueous solutions, the connecting leads, and the electrode reactions are
next added to obtain the total cell potential. The derivation skips some technical steps, which can be found in
more detail within the Supplemental Material [20] where
relevant.
A. Contribution from the membrane
Consider the membrane as a planar Gibbs dividing
surface, separating two aqueous solutions of NaCl. The
temperature T, the electrochemical potentials μ̃i of the
ions Na+ and Cl− , and the chemical potential of water
vary between the sides. With ﬂuxes of total energy (Ju ),
ions (Ji ), and water (Jw ), the entropy production takes the
bilinear form [19]

We derive a general expression for the emf of a membrane cell with concentration and temperature gradients.
Under simplifying conditions, the expression gives the
thermoelectric potential that we measure, and the Seebeck
coeﬃcient, ηS , from this

ηS :=

φ
T


.

(1)

j =0

Here φ is the cell emf, T is the temperature diﬀerence
across the cell, and j is the electric current density. The
general expression is also used to ﬁnd the emf of a RED
cell in the presence of a temperature gradient. The equation

1
μ̃Na+
μ̃Cl−
− JNa+ ,r
− JCl− ,r
T
T
T
μw
− Jw ,r ,
T

σ = Ju ,r

with diﬀerence notation n,k f = fk − fn . Conventions and
nomenclature are taken from Refs. [19,21]. Subscripts 
and r indicate the left and right compartments, respectively. The electrochemical potentials are μ̃i = μi + zi Fψ,
with ψ the electrostatic potential, F the Faraday constant, zi the charge number, and the chemical potential
μi = Hi − TSi , with Hi and Si the partial molar enthalpy
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FIG. 1. The single-membrane unit cell
considered in this paper. We indicate the
energy ﬂux Ju , and the molar component ﬂuxes Ji . The positive ﬂux direction
is deﬁned to be counterclockwise in this
ﬁgure.
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and entropy. The entropy production can be rewritten to
1
μe
μw
φ
− Jw ,r
− j ,r ,
σ = Ju ,r − Je ,r
T
T
T
T

(3)

j = F (JNa+ − JCl− )
μe = μNa+ + μCl−

(4)

φ = ψ + c+ μNa+ /F − c− μCl− /F,
with aﬃne coeﬃcients c+ + c− = 1. We have the electric current density j , the eﬀective electrolyte ﬂux Je , the
chemical potential μe , and the electric potential φ. The
coeﬃcients c± are determined by the electrode reactions.
The electrodes considered here are reversible to the anion,
such that the eﬀective electrolyte ﬂux is solely due to the
cation ﬂux, giving c− = 1, c+ = 0. The electrolyte ﬂux is
not a local ﬂux of electrolyte, but measures the net transfer of electrolyte between the two compartments due to a
combination of the cation ﬂux and the electrode reactions
[22]. The stationary-state energy ﬂux is constant through
the membrane


Ju = Jq + Je He + Jw Hw + j φ 


= Jqr + Je Her + Jw Hwr + j φ r

(5)

with measurable heat ﬂux Jq , which is the ﬂow of heat that
is measurable by a thermometer. The diﬀerences in μi /T
are expanded to linear order in temperature, see Ref. [20]:
μi
1
1
,r = ,r μi (Tr ) + H  ,r
T
Tr
T
1
1
= ,r μi (T ) + H r ,r
T
T

 ⎤
⎡
Lqq
Jqr
⎢ J ⎥ ⎢L±q
⎢ e⎥ = ⎣
⎣ Jw ⎦
Lwq
Lφq
j

⎡

with the new variable set

Je = c− JNa+ + c+ JCl−

following linear ﬂux-force relations [19]:
Lq±
L±±
Lw±
Lφ±

Lqw
L±w
Lww
Lφw

where the subscripts T of the chemical potentials denote
evaluation at the temperature T . By solving for the electromotive force ,r φ across the membrane at open-circuit
conditions (j = 0), we ﬁnd
,r φ

j =0

=−

Lφq ,r T Lφ±
Lφw
−
,r μe,T −
,r μw,T .
Lφφ Tr
Lφφ
Lφφ
(9)

We denote by subscript rev the conditions that ,r T = 0,
,r μe = 0, and ,r μw = 0. The conductivity matrix {Lij }
is symmetric [21], and we identify two of the ratios as [22]
 
tm +
Lφ±
L±φ
Je
=
=
=: Na
Lφφ
Lφφ
j rev
F
(10)
 
Lφw
Lwφ
Jw
tw
=
=
=: .
Lφφ
Lφφ
j rev
F
Here tNa+ is the number of moles of electrolyte transported reversibly with the electric current per Faraday of
charge. It is equal to the transport number of Na+ , deﬁned
as the fraction of total charge transfer that is carried by
the cation. Likewise, tw is the transference coeﬃcient of
water, deﬁned as the number of moles of water transported
reversibly with the electric current per Faraday of charge.
The last ratio is
Lqφ
Lφq
1
=
=
Tr Lφφ
Tr Lφφ
Tr

(6)

and the Hi and φ terms in the energy ﬂux are replaced. Two
equivalent forms of σ can be obtained:

⎤ ⎡  (1/T) ⎤
Lqφ
,r
−1
⎥
−T
L±φ ⎥ ⎢
⎢  ,r μe,T ⎥ ,
Lwφ ⎦ ⎣−T−1 ,r μw,T ⎦
Lφφ
−T−1 ,r φ
(8)



Jqr
j

=:
rev

r
,
Tr F

(11)

where we identify the membrane Peltier coeﬃcient r ,
deﬁned as the measurable heat carried reversibly with the
electric current. The left-hand side of Eq. (11) is identiﬁed
as the Seebeck coeﬃcient


Lφq
,r φ
=−
=: −ηSm,r . (12)
Tr Lφφ
,r T j =0,μe,T =0,μw,T =0

,r φ
1
,r μe (T )
,r μw (T )
− Je
− Jw
−j
T
T
T
T
1

μ
(T
)

μ
(T
)


,r e r
,r w r
,r φ
= Jq ,r − Je
− Jw
−j
.
T
Tr
Tr
Tr
(7)

To proceed, we use the relation between the measurable
heat ﬂux and the entropy ﬂux:

We proceed for the moment with the upper form of the
entropy production, with reference temperature T and heat

ﬂux Jqr . This form of the entropy production leads to the

with Sir the partial molar entropy of component i evaluated
at side r. We then express the reversible contribution to the
total entropy ﬂux Jsr in terms of the transported entropies



σ = Jqr ,r



Tr−1 Jqr = Jsr − Ser Je − Swr Jw ,
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Si∗ of the ions, in accordance with Refs. [21,23]. Using Eq.
(10), we arrive at
r
= tm
S ∗r − tm
S ∗r − tm
S r − tw Swr
Na+ Na+
Cl− Cl−
Na+ e
Tr
∗r
∗r
r
∗r
r
= tm
SNa
+ + SCl− − Se − SCl− − tw Sw ,
Na+

B. Contribution from aqueous solutions
The contribution to the Seebeck coeﬃcient of the aqueous solution has a form similar to that of the membrane.
The contributions to the emf from the aqueous solutions
left and right of the membrane amount to

(14)

aq

aq

aq φ = ηS 1,2 T − ,r T −

thus identifying the Seebeck coeﬃcient


∗r
∗r
∗r
r
ηSm,r = F −1 tm
Ser − SNa
(15)
+ − SCl− + SCl− + tw Sw
Na+
such that the electromotive force contribution to the cell
potential from the membrane is
m φ = ηSm,r ,r T −

tm
Na+

,r μe,T −

F

tw
,r μw,T .
F

tm
Na+
F

,r μe (Tr ) −

ηS

=F

−1

m

∗
∗
∗

tNa+ Se − SNa
+ − SCl− + SCl− + tw Sw .
(18)

To linear order in the temperature, we have that
(19)

with Tm = (T + Tr ) /2 the mean temperature.
Identify

m,
m
ing the mean Seebeck coeﬃcient ηS = ηS + ηSm,r /2,
with the averaged entropies between the two faces of the
membrane, we also ﬁnd
m φ = ηSm ,r T −

tm
Na+
F

,r μe (Tm ) −

(21)

C. Contribution from connecting leads

tw
,r μw (Tr ),
F
(17)

,r μi (T ) + ,r μi (Tr ) = 2,r μi (Tm ) ,

1,2 μe,T − ,r μe,T .

The Seebeck coeﬃcient and transport number refer to the
two bulk compartments of equal composition. The ﬁrst
term is usually referred to as temperature polarization,
while the second term is called concentration polarization.
In the experiments, we use a method that eliminates both
eﬀects simultaneously, see Sec. II F for details.

When the electrodes are held at diﬀerent temperatures,
there is a net contribution from the electron transport in
the temperature gradient across the connecting leads. The
external leads are homogeneous conductors (Cu). They
connect the platinum wires of the silver electrodes with the
potentiometer, where both terminals are at room temperature. The Pt-Cu junctions have, however, the temperatures
T1 and T2 , respectively. This gives the contribution

with the Seebeck coeﬃcient
m,

F

(16)

We now return to the equivalent form of the entropy pro
duction with heat ﬂux Jq and reference temperature Tr .
The same derivation leads to the expression
m φ = ηSm, ,r T −

tNa+

tw
,r μw (Tm ) .
F
(20)

In the ﬁrst experiments that we want to describe, this form
is advantageous because the two reservoir temperatures are
varied in such a way that the average temperature Tm is the
same for all experiments. Therefore, the chemical potential
terms remain unaltered by adjustments to the temperature diﬀerence. In the RED cells that are considered, the
entropies S  and S r can diﬀer substantially, on account of
the diﬀerent salt concentrations.

e φ =

Se∗−
1,2 T,
F

(22)

where Se∗− is the transported entropy of electrons, and
− Se∗(Pt)
is the diﬀerence in the transported
Se∗− = Se∗(Cu)
−
−
entropy between the two diﬀerent materials.
D. Contributions from the electrode reactions
The contributions due to potential changes at the interfaces between electrodes and solutions remain. At the
interfaces, the electric current couples with the electrode
reactions as the charge carrier is changed across the interface. The electrode reaction is
Ag + Cl− → AgCl + e− .
The steady-state entropy production at such an interface
can be expressed as


j
n G
σchem = −
i,o φ +
,
(23)
T
F
where n G is the Gibbs reaction energy of the neutral
components [19]. The ﬂux-force relation close to equilibrium is


Lφφ
n G
j =−
i,o φ +
,
(24)
T
F
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which means that
i,o φ

j =0

=−

n G
.
F

F. Data-reduction procedure for experiments with
single-membrane cells
(25)

By adding the potential jumps across both electrodesolution interfaces we ﬁnd, in terms of component
entropies
c,1 φ + 2,a φ =

SAg − SAgCl
1,2 T.
F

SAg − SAgCl − Se∗−
.
F

(27)

The corresponding potential jumps at the two electrode
interfaces, combined with the potential drops over the
electronic leads, is thus
el φ = ηSel 1,2 T.

Finally, the total emf of the cell in Fig. 1 is obtained
by summing all contributions that we derive. The emf
becomes
(29)

or
aq

φ = ηSel 1,2 T + ηSm ,r T + ηS 1,2 T − ,r T
−

tm
Na+
F

,r μe,T −

tw
,r μw,T
F

tNa+
F

1,2 μe,T − ,r μe,T .

(31)

where m is the mean molality of the electrolyte, ae the electrolyte activity, Mw the molar mass of water, and R the
universal gas constant. The slope of ηSm vs ln(ae ) gives the
apparent transport number of Na+ , ta . This quantity is often
encountered in the literature, see Ref. [24] for a discussion
and further references. We use this expression to compare
results obtained at diﬀerent electrolyte concentrations.
Experiments were done with the same electrolyte concentrations in both half cells. In the ideal case, that
the concentration- and temperature-polarization eﬀects are
zero, Eq. (30) becomes
φ = ηSm + ηSel 1,2 T.

(32)

We compute ηSel from data in the literature. From this and
the slope of φ vs 1,2 T, we determine ηSm .
Polarization eﬀects are diminished by ﬂowing the solution past the membrane surfaces [15], and by stacking
membranes together such that the eﬀective membrane
thickness increased.
The results (see below) justiﬁed a posteriori that the
temperature polarization dominated, so it became suﬃcient
to consider only the temperature proﬁle across the system.
We derive in Ref. [20] an expression for the observed Seebeck coeﬃcient as a function of membrane-stack thickness
dm

aq

−

2R m
t + − mMw tw ln (ae ) ,
F  Na 

ta

(28)

E. The total cell potential

φ = aq φ + m φ + el φ

ηSm ∝ −

(26)

This expression is now combined with Eq. (22) to give the
contributions to the Seebeck coeﬃcient due to electrode
and connecting leads:
ηSel =

When the concentration dependence of ηSm is solely due
to the concentration dependence of the mean partial molar
entropies, S e and S w , one can show that [20]

aq

(30)

This is the full expression that also applies to half a unit
cell of a reverse electrodialysis plant, when the membrane
is exposed to solutions of diﬀerent salinity, as well as to a
temperature diﬀerence.
The expression will be used to understand the eﬀects
of temperature and concentration gradients, as well as
temperature- and concentration-polarization eﬀects, on the
total cell potential.
When the mean temperature and the concentration is
aq
kept constant, we can identify ηSm + ηS by plotting the emf
vs the temperature diﬀerence across the membrane (see
below).
To describe a half cell in operation, we add the ohmic
resistance drop and the electrode overpotentials. Flux
equations must be solved for concentration and temperature proﬁles.

ηSobs =

φ
ηS
ηSm
≈ ηSel +
+
,
1,2 T
1 + ρdm
1 + 1/ρdm

(33)

where ρ is a ﬁtting parameter deﬁned in Ref. [20]. As the
membrane thickness increases, it follows that a larger proportion of the total temperature diﬀerence is maintained
across the membrane. The limit values
lim ηSobs = ηSel + ηSm

dm →∞

aq

lim ηSobs = ηSel + ηS

(34)

dm →0

are useful for interpretation of the results.
G. Emf of the nonisothermal reverse electrodialysis
cell
The expression for the single-membrane cell emf can be
used to ﬁnd the emf of a RED power plant. A minimal
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Δφ

Reservoir T1

Unit cell

−

e

CEM

Na+

T2

T1

T2

T1

Brackish

Salt

Brackish

Salt

+

F

1,2 μe,T

− tAEM
tCEM
w
w
1,2 μw,T .
F

(35)

The second term is the primary contribution to the emf. It
comes from the Gibbs energy of mixing of the two solutions. The third term is an electroosmotic contribution due
to co-transport of water across the membranes. The thermoelectric contribution, which is the focus of this paper, is
contained in the ﬁrst term.
For the sake of completeness, we give the expression for a real RED plant. Let N be the number of
unit cells. Assuming that temperature- and concentrationpolarization eﬀects are absent, the emf of the system
sketched in Fig. 2 is
φ = − ηSel + ηSCEM 1,2 T
+

tCEM
Na+

1,2 μe,T +

F
+ N φunit .

(2)
(1)

(5)

version of such a plant is sketched in Fig. 2. The RED
plant consists of a series of single-membrane cells, and
the emf of the RED plant is obtained by adding singlemembrane contributions. The unit cell consists of a pair of
cation and anion exchange membranes separating chambers with diﬀerent salt concentrations. The emf of one unit
cell is
− tAEM
tCEM
Na+
Na+

(4)

(3)

Reservoir T2

FIG. 2. A minimal reverse electrodialysis cell, with the repeating unit cell indicated by the dashed box.

φunit = ηSAEM − ηSCEM 1,2 T +

(3)

(1)

Cl−

V

Cl−

V

Na+

CEM

(5)

V

Cl−

AEM

e−

tCEM
w
1,2 μw,T
F
(36)

When N = 0, the expression reduces to the expression for
a single-membrane cell with a cation exchange membrane
(CEM).
III. EXPERIMENT
A. Single-membrane experiments
The thermoelectric cell sketched in Fig. 3 is designed
to measure thermoelectric potentials across stacks of ion

FIG. 3. Sketch of apparatus used for the thermoelectric measurements. Solutions are thermostatted and pumped through the
thermocell. Electrodes (1) and thermocouples (3) are indicated
on each side of the membrane stack. Back-ﬂow tubing (5)
allowed equalization of pressure across the membrane stack.

exchange membranes. The solution ﬂow tangential to the
membrane surface is measured to 28 cm/s, and the exposed
membrane area is 8.8 cm2 . The temperatures are measured
using Omega K-type ﬁne-wire precision thermocouples,
and the cell potential is measured with electrodes of chloridized pure silver. Data are acquired and logged using an
Agilent 34970A unit with a 34901A module.
The electrode bias is kept in the order 10 μV, by
refreshing the electrodes with new chloride layers whenever the bias exceeded 100 μV. The salt solutions are
prepared using distilled water with conductivity less than
1.5 μS/cm. The salt is AnalaR NORMAPUR NaCl from
VWR Chemicals, weighed in all cases to a worst-case
accuracy of 0.02%.
The FKS-PET-75 cation exchange membranes (CEM)
are delivered by FUMA-Tech in H+ form, and the FADPET-75 anion exchange membranes (AEM) in Cl− form.
According to speciﬁcations, the thickness of each dry
membrane sheet is 75 ± 5 μm. The CEMs are converted
to Na+ form by running electric current through the
membranes under isothermal conditions at 25◦ C. All membranes are further prepared by immersion in the appropriate salt solution, degassed by ultrasound, and kept at 25◦ C.
For the ﬁrst week of preparation, the solution is refreshed
every 2 days, after which it is refreshed once per week.
The thermoelectric potential is measured by ﬁrst allowing the system to relax under isothermal conditions, until
a stable voltage is read. The reservoir temperatures are
then changed such that the temperature diﬀerence is ±10
K or ±20 K, while the mean temperature is kept at 25◦ C.
The measured thermoelectric potential is taken to be the
mean voltage over a 15-min interval of stable readings.
The autocorrelation time of the system is estimated to
15 s. In addition to varying the temperature diﬀerence,
the stack size is varied between 1–20 membranes, and
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0.95

the measurements are taken at salt concentrations of 0.03,
0.10, and 0.60 mol/kg.

A. Single-membrane experiments
Typical plots of emf vs applied temperature diﬀerence
are given in Fig. 4. The fact that the lines are straight indicates that there is no signiﬁcant Thomson eﬀect, which
justiﬁes a posteriori the expansion to linear order in the
temperature. The observed Seebeck coeﬃcient is taken
from the slope of this line.
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FIG. 5. The observed Seebeck coeﬃcient vs the eﬀective dry
thickness of a stack of FKS-PET-75 (top) and FAD-PET-75 (bottom) membranes in 0.03 mol/kg aqueous NaCl solution. The
dashed lines indicate 95% conﬁdence.

IV. RESULTS AND DISCUSSION
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Measurements are carried out on the unit cell indicated
in Fig. 2. Water samples are taken from the Nidelven river
and the fjord near Trondheim for fresh- and salt-water
reservoirs, respectively. The apparatus is identical to that of
the single-membrane experiments, but with additional cell
elements stacked together with alternating FKS and FAD
membranes separating salt and fresh water. The salt water
in all compartments is pumped from the same thermostatted reservoir, and the same is done for the fresh water. The
electromotive force at open circuit is measured across the
unit cell, varying the temperature diﬀerence between the
two reservoirs. The measurements are carried out under the
same conditions as for the single-membrane experiments,
and ten membranes are stacked between each cell element.

0.8
0.75

ηSobs (mV/K)

B. RED unit-cell experiments
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FIG. 4. The observed cell potential φ vs the applied temperature diﬀerence 1,2 T over a stack of 20 FKS-PET-75 (top) and
FAD-PET-75 (bottom) membranes in 0.60 mol/kg aqueous NaCl
solution. The dashed black and red lines indicate 95% conﬁdence
and prediction, respectively.

The variation in the observed Seebeck coeﬃcient with
stack thickness is plotted in Fig. 5, along with the nonlinear
least-squares ﬁt of the model in Eq. (33) with conﬁdence
intervals acquired by residual resampling [25]. We observe
that the model ﬁts the observations, and that a dry-stack
thickness of 1.5 mm gives results close to the limit dm →
∞ within errors. The same type of convergence is also
observed with respect to systematic variation of stirring
rate in the work by Barragán et al. [15]. This fortiﬁes our
conﬁdence in both methods, that they eliminate the same
physical eﬀect.
The contribution to the Seebeck coeﬃcient from the
electrodes is calculated, neglecting the diﬀerence in transported entropy of electrons across the Pt-Cu junctions, and
using tabulated values for the entropy of electrode materials [26]. The result is ηSel = −0.545 mV/K. The membrane
contributions to the Seebeck coeﬃcient are then calculated
according to Eq. (32). We report all calculated membrane
contributions, with stack thickness 1.5 mm, in Table I. At
0.03 mol/kg salt concentration, the parameter ρ is estimated to 0.004 μm−1 for the FKS membrane, and 0.011
μm−1 for the FAD membrane.
The value in the limit dm → 0 in Fig. 5 coincides with
the value 0.63 mV/K observed for the aqueous solution
of NaCl at 0.01 mol/kg [19]. Since 0 < tm
< 1, and
Na+
mMw ≈ 0.01 at most, we expect ta to be much smaller
for the AEM than the CEM. Therefore, the concentration
dependence of ηSm , approximated by Eq. (31), is expected
to be stronger for the CEM than the AEM. The observed
Seebeck coeﬃcient of the membranes can be plotted vs
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TABLE I. Calculated values of ηSm from observed thermoelectric potentials at diﬀerent salt concentrations, according to Eq.
(32) with ηSel = −0.545 mV/K.
m
(mol/kg)
0.03
0.10
0.60

FKS
ηSm
(mV/K)

FAD
ηSm
(mV/K)

1.41 ± 0.02
1.22 ± 0.02
0.98 ± 0.01

0.560 ± 0.002
0.542 ± 0.002
0.482 ± 0.006

ln(ae ). Assuming that the transported entropies of the ions
are independent of the concentration of electrolyte in external solution, the slope of the line is −2 ln(10)Rta /F, see
Fig. 6. Under this assumption, we ﬁnd ta = 0.17 ± 0.07
for the AEM, and 0.89 ± 0.05 for the CEM on average
throughout the tested concentration range. Studies made on
water transport through these membranes show that tw < 0
for the AEM, and tw > 0 for the CEM [24]. This means that
water transport will always reduce the absolute value of the
apparent transport number of the counter ion in the membrane, and therefore lower the performance of the cell. We
have earlier discussed that this may be a point of attention

1.45
1.4
1.35

ηSm (mV/K)

1.3
1.25
1.2
1.15
1.1
1.05

for membrane manufacturers [24], the water-transference
coeﬃcient is preferably small.
Little is known about the transported entropies of ions
in these materials. These quantities express the coupling
strength between heat and charge transfer. Knowledge
about the quantities allows us to compare thermoelectric
properties of diﬀerent membranes.
From the literature [26], we ﬁnd Se = 178, 160, and
130 J/mol K for 0.03, 0.10, and 0.60 mol/kg solutions,
respectively. The sign of tw discussed above means [cf. Eq.
(31)] that tm
< 0.17 for the AEM, and tm
> 0.89 for
Na+
Na+
the CEM. By assuming that the membranes are perfectly
selective, i.e., that tm
= 1 for CEM and 0 for AEM, we
Na+
∗
obtain maximum estimates of SNa
+ + tw S w for the CEM,
∗
and SCl− − tw S w for the AEM, see Table II.
The water entropy, Sw0 , is also available from the literature; the standard value at inﬁnite dilution is 69.95
J/mol K [26]. Using activity data from Ref. [27], we calculate the value 70.23 J/mol K at 1 mol/kg NaCl, which
is a common standard state for electrolyte solutions. With
knowledge of the water-transference coeﬃcient, one may
check the selectivity assumption, and the calculation of
Si∗ . Reliable values of tw is presently missing for the
current membranes. Assuming that the ionic transported
entropies across the membrane do not change with the
concentration of the external solution, the concentration
dependence of the values in Table II indicates that tw
becomes smaller in magnitude at higher concentrations.
The water-transference coeﬃcient should be measured at
diﬀerent salt concentrations in order to investigate this.
In our recent review [6], the second law eﬃciency of
thermoelectric generators was discussed. The ﬁgure of
merit, ZT, can be expressed as

1

ZT = Tm

0.95
0.9
−1.8

−1.6

−1.4

−1.2

0.6

−1
log10(aNaCl)

−0.8

−0.6

−0.4

−0.2

(37)

with κ the isothermal ionic conductivity, and λj =0 the
open-circuit thermal conductivity. The ﬁgure of merit is
positive, and increases monotonously when the entropy
production is decreased. Thermal-conductivity data on the
presently discussed membranes are not generally available.
Burheim et al. [28] measured the thermal conductivity for

0.58
0.56
ηSm (mV/K)

κηS2
,
λj =0

0.54
0.52
0.5
0.48

TABLE II. Values of the total entropy transported by water and
ions in the FKS-PET-75 and FAD-PET-75 membranes, assumed
to be perfectly selective.

0.46
0.44
−1.8

−1.6

−1.4

−1.2

−1

−0.8

−0.6

−0.4

0.2

log10(aNaCl)

FIG. 6. Plot of the membrane contribution to the Seebeck coefﬁcient of the cell, with 1.5-mm stacks of FKS-PET-75 (top) and
FAD-PET-75 (bottom) membranes, against the logarithm of the
activity of the external solution. The dashed black and red lines
express 95% conﬁdence and prediction, respectively.

m
(mol/kg)
0.03
0.10
0.60
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FKS
∗
SNa
+ + tw S w
(J/mol K)

FAD
∗
SCl
− − tw S w
(J/mol K)

42 ± 2
42 ± 2
35 ± 1

54.0 ± 0.2
52.3 ± 0.2
46.5 ± 0.6

THERMOELECTRIC POWER OF ION...

PHYS. REV. APPLIED 11, 044037 (2019)

a selection of Naﬁon membranes to about 0.2 W/Km. This
is about a third of the value for water. Using the manufacturer’s value of 20 mS/cm for the ionic conductivity
of the FAD membrane, the measured Seebeck coeﬃcients
and mean temperature give a ZT ≈ 10−3 , which is a small
value. On the other hand, the system is not optimized.
Furthermore, the thermal energy is often available, and
otherwise wasted. Conductivities and ﬂow-connecting systems should therefore be investigated and optimized for the
purpose. A ﬁrst step in this direction is presented below.
B. RED unit-cell experiments
A typical measurement series over the RED unit cell is
summarized in Fig. 7. The temperature diﬀerence T is
deﬁned as the average temperature of the fresh-water cells
minus the average temperature of the salt-water cells. The
potential across the RED unit cell is given by Eq. (35).
As could be predicted from the single-membrane results,
the cell emf increases when the fresh water is heated to
a higher temperature than the salt water, and is reduced
in the opposite case. From three independent measurements, we ﬁnd an average Seebeck coeﬃcient of 1.9 ± 0.1
mV/K. Added to the isothermal cell emf of approximately
150 mV, we ﬁnd an 1.3% increase in the cell emf per
kelvin of temperature diﬀerence used. Therefore, there are
two beneﬁts possible by heating the fresh-water source;
an increased emf and a reduction in ohmic losses that
comes with heating the electrolyte solution [18]. Lowtemperature industrial waste heat may therefore play a
role.
The water samples that are used in the experiments
are electrolyte mixtures with a large number of salts.
Their compositions are analyzed by ICP-MS, and the concentrations of the most abundant nonhalogen elements
are shown in Fig. 2 in Ref. [20]. The sodium content of the fresh-water sample is 1 order of magnitude
0.2
0.19
0.18

Δφ (V)

0.17
0.16
0.15
0.14
0.13
0.12
0.11
−20

−15

−10

−5

0
ΔT (K)

5

10

15

20

FIG. 7. The measured cell emf φ, corresponding to φunit in
Eq. (35), across the RED unit cell as the temperature diﬀerence
T between the salt and fresh water is varied.

smaller than the lowest concentrations considered in the
single-membrane experiments. Extrapolation of the singlemembrane results, taking only the eﬀect of sodium into
account, yields a predicted Seebeck coeﬃcient near 1
mV/K for the concentrations used in the RED cell. This is
barely greater than half the measured value. Further work
should focus on a systematic exploration of the eﬀect of
the most common electrolytes found in the sea-water samples, and also obtain more data with only NaCl in water, to
check whether or not the extrapolation is consistent.
Our results are also relevant for other potential applications. One may consider the application of temperature
gradient to also help reduce electrical energy requirements
in water puriﬁcation. This process called electrodialysis,
is the reverse of the present one. By reversing the temperature diﬀerence, the ideal electric potential required for
separation will be smaller.
V. CONCLUSIONS
We ﬁnd that the membranes relevant for RED applications can contribute to the overall cell potential if
exposed to a temperature diﬀerence. The electrochemical
cell potential is measured as a function of the temperature gradient, using Ag|AgCl electrodes, and the Seebeck
coeﬃcient is computed. The experimental values varied
between 1.41 and 0.98 mV/K for the FKS membrane, and
between 0.56 and 0.48 mV/K for the FAD membrane, as
the concentration of aqueous NaCl varied between 0.03
and 0.60 mol/kg. Counter-ion apparent transport numbers,
as determined from the variation in the thermoelectric
potential with electrolyte concentration, are 0.89 ± 0.05
for FKS, and 0.17 ± 0.07 for FAD. These results, combined with the information on the signs of the watertransference coeﬃcients, indicate that both membranes are
highly selective. The Seebeck coeﬃcient is interpreted
in terms of transported entropies, and the combinations
Si∗ ± tw S w are reported for both membranes under the
assumption of perfect selectivity.
The measurements on the RED unit cell conﬁrm that
a temperature diﬀerence has a signiﬁcant positive eﬀect,
increasing the open-circuit emf by roughly 1.3% per kelvin
of temperature diﬀerence. The system is not considered
under an operating nonzero current, but the heating of fresh
water, which is the part that has the highest ohmic resistance due to low electrolyte concentrations, will serve to
reduce the ohmic resistance, and therefore also improve
the performance under operating conditions [18]. We conclude that an applied temperature diﬀerence is beneﬁcial
for reverse electrodialysis.
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