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Electrostatic cooling at electrolyte-electrolyte junctions
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Electrostatic cooling is known to occur in conductors and in porous electrodes in contact with aqueous
electrolytes. Here we present evidence of electrostatic cooling at the junction of two electrolyte phases. These
are, first, water containing salt and, second, an ion-exchange membrane, which is a water-filled porous layer
containing a large concentration of fixed charges. When ionic current is directed through such a membrane
in contact with aqueous phases on both sides, a temperature difference develops across the membrane which
rapidly switches sign when the current direction is reversed. The temperature difference develops because one
water-membrane junction cools down while the other heats up. Cooling takes place when the inner product of
ionic current I and field strength E is a negative quantity, which is possible in the electrical double layers that
form on the surface of the membrane. Theory reproduces the magnitude of the effect but overestimates the rate
by which the temperature difference across the membrane adjusts itself to a reversal in current.
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“There are few facts in science more interesting than those
which establish a connexion between heat and electricity,”
wrote James Prescott Joule in 1841 [1], and this is possibly
as true today as it was the case then.

Joule heating is the irreversible electrostatic heating de-
scribed by I2R, where I is the current density (in A/m2)
and R a local resistance (in � m) [2,3]. Joule heating is
always positive: Only heating is predicted to occur. However,
cooling due to current is possible as well, for instance, at the
junction of two materials that allow current to pass. Examples
are the contact point of two thermoelectric materials (the
Peltier effect) [4,5] and the electrical double layer (EDL) in
porous electrodes [6–11]. Electrostatic heating and cooling
in EDLs are both described by the inner product of I and
field strength E, a term which can be both positive and nega-
tive [9–21]. When Ohm’s law applies and thus current flows
in the direction of the field strength, the classical expression
I2R results (Joule heating), but when additional driving forces
act on the charge carriers, the electric power density I · E
does not directly depend on the resistance R and can also be
negative, which implies local cooling. These additional forces
operate, for instance, in porous electrodes, plasmas [15,18],
semiconductor devices [22], the earth’s ionosphere [23–25]
and magnetosphere [26], and in other examples of thermo-
electric effects [2,3]. Though the formulation of electric power
density as the inner product of I and E can be encountered
in the above-mentioned sources, there is not much, if any,
corroboration that it indeed can lead to electrostatic cooling,
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except for experiments involving (semi)metallic conductors
and electrodes.

In this paper we show evidence of electrostatic cooling
in an electrolyte, i.e., a phase with ions as charge carriers,
not in contact with any electron-conducting interface. In our
experiments we measure the temperature development on
both sides of an ion-exchange membrane (IEM) in contact
with a salt solution (see Fig. 1). In this system, we have two
electrolyte-electrolyte junctions very near one another, one on
each side of the IEM. An IEM is a polymeric gel-like layer
that is permeable to ions and water and contains a very high
concentration of fixed charges, bound to the polymer network
(more than X = 5 M of fixed charges per volume of water
for commercial IEMs). When the membrane contains fixed
negative charge, it is highly permeable to cations, and thus
is a cation-exchange membrane (CEM) (or cation-selective
membrane). When ionic current runs through such an IEM,
in most regions the electric power density is positive, namely,
wherever the current runs towards lower electrical potentials,
and at all these positions heat is produced. However, in one of
the EDLs, on one face of the membrane, the current runs to a
higher electrical potential, and thus the electric power density
is negative. The local cooling in this EDL, while the other
EDL heats up, should lead to a temperature difference across
the membrane �T which changes sign when the current
direction is reversed. We aim to measure the temperature
developments on each side of a CEM with current flow and
present theory to describe these temperature changes.

That electrostatic cooling occurs somewhere in an
electrolyte-membrane system can be inferred on conceptual
grounds from considering the technology called osmotic
power or blue energy [27–29], a method in which electrical
power is extracted from the controlled mixing of water of
high and low salinity, for instance, by the use of many
parallel IEMs in reverse electrodialysis (RED). Assuming
two ideal salt solutions, with different salinity but the same
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FIG. 1. A temperature difference develops across a cation-
exchange membrane (CEM) when ionic current runs through the
membrane. At almost all locations the electrical potential φ decreases
in the direction of current, leading to Joule heating because of an
ionic resistance, but there is cooling in one of the Donnan regions
(electrical double layers) located on the outsides of the membrane.

temperature, when they are mixed without extraction of
power, the temperature must stay the same (assuming no
heating due to fluid friction). When, instead, electrical energy
is extracted in an RED device that is fed with these two
solutions, the solutions that leave the device must be colder
than the inlet streams [20]. This is because when the extracted
electrical energy is used to later heat up these exit streams,
they must (on average) end up at the same temperature as
in the case of no extraction of energy, namely, the same as
the temperature of the inlet streams. Therefore, prior to being
heated by the generated electrical energy, the solutions that
leave the RED device must have become colder than the inlet
streams. The question then is, where does this cooling take
place? In Ref. [21] it was suggested that this happens on one of
the surfaces of the IEMs, always on the side of the low-salinity
solution, because at this surface the term I · E is negative
in the EDL. In this paper we provide indirect support for
this prediction in our combined experimental and theoretical
study of such temperature effects in an IEM in contact with
aqueous solutions. Our experiment, however, is not based on a
spontaneous process such as RED but was done with solutions
of 0.5 M KCl in water on both sides of the membrane. The ad-
vantage is that with equal salt concentrations on each side, the
experiment becomes more symmetric, with the temperatures
on each side of the membrane expected to respond in the same
way after each current reversal, irrespective of the direction of
current.

Experiments were performed at Troom with a CEM pre-
pared from a cationic ionomer solution [FKS solution,
16 wt. % of polymer dissolved in NMP (Fumatech, Germany),
thickness ∼200 μm, density of fixed negative charge X =
4.5 ± 0.5 M]. The membrane is placed in a Ø 0.95-cm circular
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FIG. 2. Schematic of the experimental setup to measure temper-
ature differences across an ion-exchange membrane in response to an
applied current.

hole in between two cylindrical compartments (Ø 2 cm, length
∼6 cm) with electrodes on either side (see Fig. 2). Near both
electrodes the compartments are open to air to allow gases
that develop at the electrodes to escape. During an experiment
there is no flow of water. Temperature detectors [miniature
RTD Sensor-Pt100, TC Direct (UK), connected to a PT-104
platinum resistance data logger, Pico Technology (UK)] were
placed on each side of the membrane near the center of the
circular membrane area, contacting the membrane. The wires
are 0.5 mm in diameter, with the temperature detector placed
on the very tip. Experiments are done at various currents, with
the switching of current every 60 or 90 s. Reported values for
current density refer to the area of the membrane. Experiments
with uncharged membranes are discussed at the end of this
paper.

As Fig. 3(a) shows, upon applying a current (switched
every 60 s), the two measured temperatures (one on each
side of the membrane) steadily increase over time due to
Joule heating by the ionic resistances in water and membrane.
Because of heat loss, for instance, along the sides of the
6-cm-long compartments, the temperatures gradually level
off. Zooming in on individual 60-s periods, we see that, upon
current reversal, one measured temperature decreases while
the other increases. We average the two temperature-time
traces and fit a second-order polynomial to obtain the base-
line temperature TBL. After subtracting TBL, we obtain the
temperature signals in Fig. 3(b), which show how during each
60-s period one temperature decreases and the other increases,
a trend which is reversed upon changing the current. For each
current density, this experiment is done for about 1 h (60
reversals) and we consistently see that the measured tempera-
tures display the countercyclic behavior as shown in Fig. 3(b).
We can measure the maximum temperature difference in each
period �Tmax and plot these versus current in Fig. 3(c), which
shows how �Tmax is roughly proportional with current. As
Fig. 3(b) suggests, after 60 s the temperature changes within
the 60-s period have stabilized, an observation supported by
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FIG. 3. The temperatures T measured on each side of an ion-exchange membrane placed between two 0.5 M KCl solutions (a) gradually
go up with time t , (b) but on a shorter timescale, with every 60 s the current direction being reversed, the two T -t signals reverse, with one
membrane face now starting to cool down and the other heating up. (c) The temperature difference between the two sides �T increases with
current.

similar data with switching times of 90 s, which more clearly
show that after 30–60 s the temperature signal levels off
[Fig. 4(b, iv)].

We construct a theoretical model based on ion mass bal-
ances and a thermal energy balance (also called heat equa-
tion). For the salt solutions (on each side of the membrane),
ion transport is described by the Nernst-Planck equation, and
assuming electroneutrality and equal ion diffusion coefficients
(well approximated for KCl, with D ∼ 2.0×10−9 m2/s), we
arrive at the salt mass balance [29]

∂c/∂t = D∇2c, (1)

where c is salt concentration and t is time. The heat equation
is given by [8,9,12,16,21]

ρcp∂T /∂t = ∇ · (λ∇T ) + I · E, (2)

where ρcp is the heat capacity (of water, ρcp =
4.2 MJ/m3/K) and λ the thermal conductivity (for water
λ = 0.6 W/m/K). The field strength is E = −VT∇φ, where
VT = kBT/e and φ is the dimensionless electrical potential.

For the assumptions underlying Eq. (1), the current density I
relates to φ according to I = −2DcF∇φ [29]. Equation (2)
is also used in the membrane but with ρcp = 2.1 MJ/m3/K
(based on 30 vol % water in the membrane and ρcp of the
polymer 30% of that of water). We assume a membrane that
is perfectly selective to only allow cations to go through,
and no anions. Thus, in the membrane we can assume an
ion concentration equal to X , and thus in the membrane
we only have migration (Ohm’s law) and we can replace
I · E in Eq. (2) by I2Rm, with Rm = VT/XFD. At each
membrane-water edge, we have Donnan equilibrium, where
the Donnan potential �φD (potential in membrane minus
outside) is given by

�φD = − sinh−1(X/2c∗), (3)

where c∗ is the salt concentration in the water next to the
membrane, just outside the EDL, as obtained from Eq. (1).
Equation (3) assumes an ideal salt solution with ion statistics
in the EDL described by Boltzmann’s law. For a very thin
layer, such as an EDL, where gradients in potential are strong
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FIG. 4. (a) Theoretical calculations for the temperature increase of each membrane interface over time. (b) Data [(i) and (iv)] and theory
[(ii), (iii), and (v)] for the temperature after subtracting the baseline temperature, for 60- and 90-s switching times.

and we expect strong changes in the temperature gradient, we
can evaluate Eq. (2) by neglecting the accumulation term on
the left-hand side. We can then integrate Eq. (2) across the
membrane-water interface, i.e., across the EDL, which we can
to be planar, to result in

(λ∇T · n)in − (λ∇T · n)out = I · n VT�φD, (4)

with n the unit vector directed at right angles into the mem-
brane. Equation (4) describes both electrostatic heating and
cooling in an infinitely thin region with non-negligible voltage
drop �φD. This reversible heating or cooling is solely due to
running a current through a Donnan voltage step as found in
EDLs at charged interfaces and is thus totally separate from
Joule heating, which relates to a resistance to current across
a layer of nonvanishing thickness. Note that across the EDL,
i.e., from one end to the other, the temperature is continuous
and only its gradient makes a step change between two points
on either side of the EDL, as described by Eq. (4). This is
different for the potential φ and ion concentrations ci, both of
which have different values on either side of the EDL.

To empirically include heat loss along the sides of the
two cylindrical compartments that are on each side of the
membrane, we include on the right-hand side of Eq. (2) a term
−α(T − Text ), where α is a heat exchange coefficient and Text

is an external temperature (we do not include this term for
the membrane). We solve this set of equations dynamically,
in a one-dimensional geometry. For the membrane, Eq. (2)
is solved in a Cartesian geometry (coordinate axis directed
straight across the membrane as in Fig. 1). For the solution
compartments, we likewise consider two straight sections,
but much longer, adjacent to each electrode (L = 5.4 cm, Ø
2 cm), while we include in the calculation two short regions
with a spherical geometry right next to the membrane, i.e.,
located between the long sections and the membrane (rinner =
6.21 mm, router = 13.07 mm). This allows for a smooth tran-
sition from the smaller membrane (Ø 0.95 cm) to the wider
compartment (Ø 2 cm) while retaining a one-dimensional
model formulation. Equation (4) is solved at the two interfaces
between the membrane and the spherical sections, with I · n

replaced by the current density I that runs through the mem-
brane. Note that I decreases through the spherical section and
is less than a quarter of the value in the outer compartments
compared to that in the membrane. The external temperature
Text is set equal to the initial temperature in the system.

Theoretical calculations for the gradual temperature
change over many cycles can be fit to the data in Fig. 3(a) by
using appropriate values for α and Rm [the average of the two
theoretical T -t curves in Fig. 4(a) exactly matches the exper-
imental average in Fig. 3(a)]. We use α = 1.5 kW/m3/K and
Rm = 1.30 � m, which implies a cation diffusion coefficient
in the membrane ∼5% the value in solution (similar to a re-
duction factor derived in Ref. [29]). This membrane resistance
is approximately nine times larger than in the salt solution of
c = 0.5 M. The temperature difference that develops between
the two membrane surfaces can be reproduced by using an
optimized value for the thermal conductivity in the mem-
brane of λm = 0.13 W/m/K, similar to values in Ref. [30].
Figure 3(c) shows that experimental data for �Tmax compare
well with theoretical values for �Tmax and �Tavg, the average
temperature difference in the 60-s period.

However, despite this good fit, an important discrepancy
between theory and data is quite apparent, which is the rate of
temperature change after the current is reversed. This is much
too fast in the theory, see Fig. 4(b), where data and theory do
not compare too well with respect to the rate of temperature
change. To improve this situation, we tested various model
adjustments, but none of them improved the fit. We first made
a simplified calculation in which the salt concentration in the
solutions was assumed to stay at c = 0.5 M. This model fits
data equally well [see Fig. 4(b iii)] (fit with Rm = 1.83 � m
and λm = 0.10 W/mK), but again the temperature changes
too quickly after the current is reversed. The assumption of
an unvarying value of the salt concentration is correct for
a nonselective membrane where the anion and cations have
equally large fluxes but flow in opposite directions, which
theoretically requires an uncharged membrane and anion and
cation diffusion coefficients that are equal to one another,
both in solution and in the membrane. In reality, membrane
selectivity will be in between the limit of perfect selectivity
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(a) (d)

(b) (e)

(c) (f)

FIG. 5. Current switching experiments (I = 250 A/m2, reversal of current every 60 s), (a) and (b) with a cation exchange membrane,
(c) without a membrane, and (d)–(f) with three uncharged filters or membranes.

(on which all our other calculations are based) and the limit of
zero selectivity.

Other modifications of the model also did not improve the
situation. First, we considered that the temperature detectors
have a diameter of 0.5 mm and thus the temperature is
likely measured not at the membrane surface directly, but at
∼0.25 mm away from the membrane. Indeed, the temperature
changes more slowly at this distance (as well as farther away),
but the amplitude of the changes in temperature also dramat-
ically decreases, and thus �T also goes down. This cannot
be remedied in the theory by adjustment of any of the fit
parameters. Second, we considered that there was advection
of heat through the membrane. This may play a role because
water flows with the cation current through the membrane.
At a current density of I = 300 A/m2 this volume flow is
estimated for this membrane at ∼0.3–0.4 μm/s [31]. Assign-
ing a ρcp of water to that flow and including advection in
Eq. (2) [within a model with fixed solution salt concentration,
like for Fig. 4(b iii)], however, hardly changed the predicted
rate of temperature change. Setting up a full two-dimensional
model geometry is certainly more accurate than our present
one-dimensional model, but it is not obvious why such a
model refinement would make the calculated temperature on
the membrane faces change more gradually. Thus it remains
unknown for now why there is this discrepancy between
theory and data with respect to the rate of temperature change
after the current is reversed.

To support our claim that in a charged membrane (ion-
exchange membrane) there is local heating and cooling in
the EDLs at its surface, dependent on the membrane charge
and current direction, we performed additional experiments
without a membrane and with uncharged membranes, see

Fig. 5, where we show the temperatures measured by the two
sensors that are placed on each side of the membrane. As
before, the baseline due to the gradual temperature increase,
see Fig. 3(a), is subtracted from the data. Figure 5(a) shows the
same data as already presented in Fig. 3(b) (I = 250 A/m2,
switching of the current every 60 s), while Fig. 5(b) is a
repeat experiment with a new membrane and new temperature
sensors (all of the same type as before). We see in Fig. 5(b)
the same countercyclic temperature changes on the two sides
of the membrane as in Fig. 5(a), though the amplitude of the
signal is about 50% higher. Using these new sensors, Fig. 5(c)
presents the temperature profiles without any membrane and
Figs. 5(d)–5(f) show data for filter materials/membranes with
decreasing pore sizes. Without a membrane, and for filter
materials with a pore size of ∼8 μm [Fig. 5(d)] and ∼50 nm
[Fig. 5(e)], we do not observe temperature oscillations. For
the membrane with the smallest pore size (a membrane that
blocks molecules heavier than those with a molar mass of
∼4 kg/mol [Fig. 5(f)]) the temperature signal has larger
variations around the baseline, but this signal is not correlated
with the 60-s half-cycle time and does not have any other clear
pattern. The two sensors mostly have a synchronous time re-
sponse, which is in stark contrast to the countercyclic and very
repetitive behavior found in charged ion-exchange membranes
[Figs. 5(a) and 5(b)]. These additional experiments underpin
our claim that in charged membranes (ion-exchange mem-
branes) with EDLs formed on the outer surfaces, there is a
source of heating and cooling that does not occur in uncharged
membranes. [Details of these three filter materials/membranes
are as follows: Fig. 5(d), a MF-Millipore Membrane Filter
(Merck Millipore) consisting of a mixture of cellulose acetate
and cellulose nitrate, with a porosity of 84% and a thickness
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of 135 μm; Fig. 5(e), an Isopore Membrane Filter (Merck
Millipore) made of polycarbonate, porosity 5%–20%, and
thickness 25 μm; and Fig. 5(f), a Nadir UH004-P (Microdyn-
Nadir) made of polyethersulfone and polypropylene, with a
thickness of 250 μm.]

In conclusion, we measured the temperatures on each side
of an ion-exchange membrane through which current runs.
We attribute the temperature difference (and its response to
switching the current direction) to electrostatic cooling at one
of the membrane-solution interfaces, a junction between two
electrolyte phases. We can reproduce the observed switch-
ing of temperature in a theory that includes the electrical
power density described by the inner product I · E, a term
which predicts cooling when the ionic current flows in a
direction of increasing electrical potential (against the electric
field) as occurs in one of the electrical double layers on the
membrane surface. When the same experiment is repeated
with uncharged membranes, where EDLs are not formed on
the outside surfaces, the oscillations in temperature which
are observed for charged ion-exchange membranes (with the

two sensors on each side of the membrane responding in
a countercyclic and repetitive manner) are not found. Our
results contribute to our understanding of the structure of the
EDL at the interface of membranes that are used in water treat-
ment and desalination, as well as for energy recovery from
water salinity differences. In addition, heating and cooling
during nerve signal transduction also relate to ion transport
and charged membranes, and electrostatic heating and cooling
can also play an important role here [32–36].

This work was performed in the cooperation framework of
Wetsus, European Centre of Excellence for Sustainable Water
Technology. Wetsus is cofunded by the Dutch Ministry of
Economic Affairs and Climate Policy, the Northern Nether-
lands Provinces, and the Province of Fryslân. This work is part
of the Veni research programme with Project Number 15071,
which is partly financed by the Dutch Research Council
(NWO).
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