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A B S T R A C T

Electrodialysis (ED) and reverse electrodialysis (RED) are processes for the production of desalinated water (ED)
and power (RED). Temperature of the feed streams can strongly influence the performance of both processes. In
this research, commercial membranes are used for the investigation of temperature and temperature gradients
on ED and RED processes. We find that the energy required for ED processes can be reduced by 9% if the
temperature of one of the feed streams is increased by 20 °C, while maintaining the charge-selectivity of the
membranes. The direction of the temperature gradient did not have a significant influence on the efficiency and
selectivity of ED in the Ohmic regime. In RED, we find an increase in obtained gross power density over 25% for
the process when one feed stream is heated to 40 °C instead of 20 °C. This work experimentally demonstrates that
utilization of low-grade waste heat from industrial processes can yield significant reduction of energy costs in ED
processes, or result in higher power densities for RED systems where the increase in temperature of a single feed
stream already yields significant efficiency improvements.

1. Introduction

Electrodialysis is a technique applied on industrial scale for the
deionization of aqueous feed streams. In electrodialysis (ED), a mem-
brane stack containing alternating anion (AEM) and cation exchange
membranes (CEM) is used for the selective transport of ions by applying
a potential gradient over the system [1], as is schematically shown in
Fig. 1a. Anions will be transported through the AEM and blocked by the
CEM, while for the cations the opposite is true, resulting in an ion en-
riched (concentrate) and an ion depleted (diluate) stream at the outlet
of the stack [2]. ED is applied on an industrial scale in the treatment of
aqueous solutions for various applications such as desalination for
drinking water, nitrate removal, salt removal from protein and sugar
solutions and the deionization of whey [1]. In commercial systems, ED
is operated in the so-called Ohmic regime, to prevent concentration
polarization and minimize pressure drops in the solution adjacent to the
membrane [3].

In reverse electrodialysis (RED), as the name suggests, the opposite
is occurring as the energy of mixing two streams with different inlet salt
concentrations is harvested in a membrane stack, as schematically de-
picted in Fig. 1b. RED processes can be of use at natural points where
two streams containing different salt concentrations are contacting,

such as for instance river estuaries (low salt concentration) in the sea
(high salt concentration) [4–7], or in hypersaline brines [4]. RED pro-
cesses are currently being tested at lab and pilot plant scales [8].

Both ED and RED have been studied extensively in the past decades
[1,9–11], regarding membrane selectivity and optimizing flow patterns
adjacent to the membranes as two prominent goals to improve the ef-
ficiency of both processes. Typically, most commercial membranes
exhibit a selectivity above 90% [10]. Ion transport from the liquid
phase to the membrane is of large influence on the efficiency of ED and
RED, and partially determines the required or obtained potential.
Transport can be enhanced by continuously mixing the solution in order
to reduce the development of an ion depleted boundary layer or by
enhancing the transport of ions in the solution. Optimization of the flow
patterns can be achieved using profiled membranes or spacers [12–14].
In both ED and RED, there is transport of water as a result of the os-
motic gradient. This water transport results in a drastic reduction in
efficiency of the process [15], most significantly in ED-processes. For
cation exchange membranes, the direction of the water transport in
systems where only a temperature gradient is applied (no applied po-
tential gradient) depends on the coupling between the electrolyte and
the water [16–18]. If only an osmotic gradient is present, water
transport will be from the solution with a low salt concentration
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towards the higher salt concentrations, therefore in the opposite di-
rection of ion transport [16]. In addition to osmosis, there is water
transport as a result of electroosmotic flows, in which the water is
transported alongside the ions that are moving as a result of the electric
field. In ED, the direction of electroosmotic transport of water is the
same as the osmotic water transport, while in RED they are in opposite
directions [19]. The efficiency losses as a result of water transport are
reported to increase with increasing concentration differences and in-
creasing temperature in the system [15,20]. Elevated temperatures can
yield additional limitations in the process, such as the degradation of
the membrane material and the precipitation of low solubility com-
pounds on the membranes [21]. On the contrary, elevated temperatures
might yield a lower energy requirement for the ED process [22] and can
enhance the obtainable power from RED processes [10].

When a temperature gradient is applied over a membrane separ-
ating two solutions of equal salt concentration, a thermal membrane
potential is measured, indicating a thermoelectric effect over the
membrane [23–26], which can be harvested as electric work
[24,27,28], similar to the RED principle. Additionally, a thermoosmotic
water flux might be established [29,18,30], of which the direction is
dependent on the membrane at hand [16]. It is stressed that this

temperature gradient does not necessarily result in the development of
a concentration gradient over the membrane [25]. If, in addition to the
temperature gradient a potential or concentration gradient is applied
over the membrane, the selective transport of ions might be enhanced
by the coupling of effects resulting from temperature gradients with the
other transport phenomena in the system. When the temperature gra-
dient in ED is applied in the same direction as the electric field, the
relative flux of counter-ions can be enhanced when compared to the co-
ion flux, increasing the efficiency of the separation of ions from the
solution [31]. The total ionic current can be increased if temperature
gradients or elevated temperatures are applied over the membrane, as a
result of the increased diffusivity of ions in the solution [31,32]. Ex-
perimental [33,34] and theoretical [35] investigations have shown that
elevated temperatures are beneficial for the obtainable power density in
RED systems with highly saline feed solutions, albeit at isothermal
conditions. The effect of temperature gradients in realistic ED and RED
set-ups also containing a salt or potential gradient have, to the best of
our knowledge, not been investigated experimentally. These situations
are interesting for applications where there is a natural temperature
gradient between two inlet feed streams, e.g. where a river meets a sea,
or for industrial plants that deal with low-grade waste heat. Moreover,
applying a temperature gradient vs. isothermal operation may reduce
the negative side-effects of high temperature operations, such as scaling
and increased water transport [21].

In this paper, we experimentally study the effect of imposed tem-
perature gradients in ED and RED systems. We measure the required
power for desalination in ED in the industrially relevant Ohmic regime,
as well as the obtained power density from the RED system under
various temperature settings. The temperature settings are chosen as
such that they are obtainable by utilizing waste heat for heating the
feed streams. Additionally, we measure ion concentrations to in-
vestigate the effect of temperature gradients on the selectivity of
membranes and the efficiency of the ED system. Our experiments show
that we can enhance the energy efficiency of ED systems by working
with temperature gradients and at elevated temperatures, and improve
the power density of RED systems in the same manner. The selectivity
for ion transport remained constant, meaning there was no loss of
membrane selectivity and functionality at elevated temperatures. These
results show the potential use of waste heat to improve either desali-
nation or power generation in ED and RED processes.

2. Experimental details

Experiments were performed using a cross-flow RED stack, with an
active area of 10 × 10 cm2, provided by REDstack BV (The
Netherlands). The two feed inlet streams are perpendicular to each
other, resulting in a relatively high heat transfer between the two
streams which are in cross-flow configuration. Four cell-pairs consisting
of commercially available cation and anion exchange membranes with
an intermembrane distance (channel height) of 260 µm were assembled
in the stack. The membranes used are Neosepta® CMX and
Neosepta® AMX (obtained from Eurodia, France), which are punched to
size using an in-house build mold. The 260 µm thick spacers with a free
volume of 0.726 and a free surface fraction of 0.476 were provided by
Deukum GmbH (Germany). End-plates were tightened using screws and
the side-plates of the RED stack were sealed. Electrical measurements
are done using a Metrohm Autolab PGSTAT302N equiped with a FRA
module (Metrohm Autolab, The Netherlands), which is controlled by
NOVA 2.0 software. Current or potential was applied through Pt coated
Ti electrodes (provided by Magneto Special Anodes BV, The
Netherlands), located in the stack end plates.

Both ED and RED experiments are done at four different tempera-
ture configurations; (1) isothermal at 20 °C, (2) feed 1 at 20 °C, feed 2 at
40 °C, (3) feed 1 at 40 °C, feed 2 at 20 °C and (4) isothermal at 40 °C, as
is summarized in Table 1. Feed solutions were kept at the desired
temperatures using two Julabo F12-ED Refrigerated - Heating

Fig. 1. (a) Schematic representation of an electrodialysis (ED) stack, in which equi-
concentrated feed streams are separated in a concentrated and diluted stream under the
influence of an externally applied electric field. (b) Schematic representation of a reverse
electrodialysis (RED) stack, in which two streams with different ionic strengths are fed
through compartments between alternating cation and anion exchange membranes and
electricity is produced as a result of concentration-gradient induced ion transport. In both
systems, the electrodes are flushed with a redox solution, providing electrons for charge
transport and to avoid gas formation.
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Circulators. The system was allowed to settle to thermal equilibrium
and outlet temperatures were measured using AMA-digit ad 15th
thermometers (Amarell, Germany) before and after the electrical
measurements.

All measurements are done at a constant flow rate of 50 mL/min,
which corresponds to a flow speed (linear flow velocity) of 0.81 cm/s in
the compartments. Flow was pumped using peristaltic pumps (Cole-
Parmer) and flow pulsations were suppressed using in-house built
pulsation dampeners. The flow rate was controlled using an in-house
built flow meter (TCO, University of Twente, The Netherlands), con-
taining a McMillan Co. 101 flo-sen flow sensor. The membrane packing
was ensured by applying an 0.1 bar overpressure on the electrolyte
stream (flow rate was adjusted accordingly), using a simple needle
valve.

2.1. Electrodialysis

For experiments in the electrodialysis (ED) mode a feed solution of
1 g/L NaCl (0.017 M) is pumped through all compartments of the stack.
The electrolyte used in ED mode contained 0.017 M NaCl and 0.1 M
K4Fe(CN)6 and 0.1 M K3Fe(CN)6 as the redox pair. All chemicals were
obtained from Sigma Aldrich (the Netherlands). Both depleted and
enriched outlet streams are recycled into the feed container, which is
continuously mixed using aquarium mixers (Wavereef®Auto Top Off
System, Single Level Sensor WIC-01S, obtained from Aquaria Veldhuis
BV, The Netherlands). The system was allowed to equilibrate in tem-
perature before measurements were started.

Constant current measurements (chronopotentiometry) are done at
a current of 0.15 A, corresponding to 15 A/m2, which was confirmed to
be in the Ohmic regime of this stack (by measuring IV responses) to
avoid any influences of concentration polarization on the measure-
ments as the goal of these experiments was the investigation of tem-
perature gradients in the Ohmic regime. The required potential to
sustain this current is measured for 600 s.

Samples are taken during the measurements to evaluate the salt
concentrations in the outlet streams by means of ion chromatography
(IC). Conductivity of inlet and outlet streams was monitored during the
experiments using a WTW Cond 3310 conductivity meter equiped with
a WTW Tetracon 325 sensor (WTW, Germany), to check if depletion
and enrichment of the streams is as expected. Anion concentrations
were quantified with IC (Metrosep A Supp 16 - 150/4.0 column on a
Metrohm 850 Professional IC). Cation concentrations were measured
with IC as well (Metrosep C6 - 150/4.0 column on a Metrohm 850
Professional IC).

2.2. Reverse electrodialysis

Reverse electrodialysis experiments were done with model solutions
of 30 g/L (0.513 M,“sea water”) and 1 g/L (0.017 M, “river water”)
through the different compartments. The electrolyte used in RED mode
contained 0.25 M NaCl and 0.1 M K4Fe(CN)6 and 0.1 M K3Fe(CN)6 as
the redox pair. No recycling of the outlet streams is done in these ex-
periments, as the salt gradient is reduced during the measurement. The
pressure drop in both sea and river water streams was monitored be-
tween the inflow and the outflow of the solutions, using a differential
pressure meter (Endress + Hauser Deltabar S, Germany).

Different parameters were measured during a single RED measure-
ment. Open circuit voltage (OCV) was measured prior and after the
stack resistance measurements (both AC and DC mode). The total stack
resistance is a result of the Ohmic resistance (resulting from the re-
sistance of the feed streams and the membranes) and the non-Ohmic
resistance (caused by concentration changes due to ionic transport). To
be able to uncouple the Ohmic resistance from the total stack re-
sistance, measurements in AC mode are required. In AC measurements
there is no net ionic current due to the alternating direction, which does
not cause these non-Ohmic effects [34]. For determination of the Ohmic
stack resistance, alternating currents with a frequency between 1 and
10 kHz are applied, while measuring the impedance. Total stack re-
sistance is measured in DC mode (direct current, 17 steps of 40 s each,
from 0 to 40 A/m2 and back), and the non-Ohmic resistance is calcu-
lated as the difference between the total and Ohmic resistance of the
stack. A blank measurement is done to determine the resistance of the
electrolyte and the outer CMX membrane, in which no salt solutions are
fed.

3. Results and discussion

3.1. Temperature profile development in the system

In our measurements, we controlled the inlet temperature of both
feed streams and measured the outlet temperatures. For the non-iso-
thermal cases, we found that the cold feed stream (independent of its
salt concentration) had a higher outlet temperature ∼ °( 32 C) than the
outlet of the hot feed stream ∼ °( 28 C). This indicates a high amount of
heat exchange between the two streams, as was expected. Note that we
measure the average outlet temperatures of both streams, and are not
able to record local temperatures inside the stack. For isothermal sys-
tems, both hot and cold, the outlet temperatures of both streams were
equal. For the low temperature isothermal cases, the streams showed a
slight increase in temperature, to ∼ °22 C, while for the isothermal high
temperature case, the outlet streams were cooled down to ∼ °32 C due
to the temperature of the surroundings of ∼ °25 C. Heat is conducted
well through our, mostly steal, membrane stack. Thermal insulation is
present around the reservoir and the feed tubes towards the stack, but
not the total stack. Thermal insulation of the total stack would prevent
leakage of heat, but also inhibit our visual observations of the bubble
formation in the stack as a result of the elevated temperatures. By
measuring both the in- and outlet temperatures of the stack we obtain
an estimate of the heat losses to the surroundings which are taking into
account in our model.

In order to estimate the local temperature profile within the stack,
the following partial differential equations (Eq. (1)) were solved in
MATLAB using polynomial collocation with a Chebyshev polynomial
basis [36]. This model is a simple extension of the existing cross flow
heat exchange temperature profile model to include heat losses to the
environment from both the cold and hot streams [37]. In this approach,
the heat losses/gains from the environment are approximated as being
proportional to the temperature difference between each respective
stream (river/sea) and the environment (treated as a constant wall
temperature). Qualitatively similar results are obtained from the 2D
analytical solution without heat loss, particularly with respect to the
average temperature difference between the hot and cold streams at
any given point in the stack [37].
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In Eq. (1) k is overall heat transfer coefficient between hot and cold
streams, h is the heat transfer coefficient to the environment, A the heat
exchange area, m is the mass of fluid in the respective stream (in this

Table 1
Tested temperature configurations in ED and RED experiments.

Case TD (river) [°C] TC (sea) [°C]

Cold isotherm 20 20
Hot concentrate 20 40
Hot diluate 40 20
Hot isotherm 40 40
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case equal for hot and cold and equal to the flowrate multiplied by
residence time), Cp the heat capacity and X and Y represent the length
of the x and y path respectively. hA is estimated based on the measured
values for the in- and outlet temperatures, together with our relevant
system parameters, and is found to be =hA 3 J. m/K. kA is estimated
based on the flow rate in our system and assumed to be 2.35 J. m/K.
Using these values, a local temperature profile within the stack can be
estimated. The average outlet temperatures are compared with the
experimentally measured outlet temperatures and are in good agree-
ment.

Results from this model are shown in Fig. 2, which shows the di-
mensionless temperatures = − −θ T T T T( ( )/( )C in H in C in, , , , with T as the
local temperature, TH in, and TC in, as the respective hot and cold inlet
temperatures) in the hot and cold streams along with the difference.
From our model, we can predict a temperature gradient in the same
direction at all locations in the stack (see Fig. 2c). At the outlets, the
temperature difference is dramatically reduced when compared to the
difference in inlet temperatures. The temperature profiles for both hot

(flow in vertical direction, from bottom to top) and cold (flow in hor-
izontal direction, from left to right) streams are shown as well, from
which one can see that the cold stream is heated mostly at the side at
the inlet of the hot stream (left in Fig. 2b). The hot stream is, as is
expected, cooled down the most at the inlet side of the cold stream
(bottom of Fig. 2a).

3.2. Electrodialysis

Six measurements were done at every temperature configuration
shown in Table 1. During the first three measurements no samples were
taken to not disturb the flow patterns in the system, while samples were
taken during the additional measurements. Results of the constant
current measurements =I( 0.15A which corresponds to a current den-
sity of 15 A/m )2 , for which the potential was recorded, are shown in
Fig. 3. As can be observed, there is a distinct difference between the
different temperature configurations, as is expected. The highest

Fig. 2. Temperature profiles inside the stack, resulting from numerical calculations of local temperatures. Temperature in the hot stream, θH (a) (flow from bottom to top, as indicated by
arrow) and temperature in the cold stream, θC (b) (flow from left to right, indicated by arrow) as a function of location in the stack. (c) Local temperature difference −θ θ( )H C between
hot and cold streams, indicating a positive temperature gradient in all locations of the stack.
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potential is required for measurements with an isothermal low tem-
perature, while the lowest potential is required for measurements with
an isothermal high temperature. The cases in which there is a tem-
perature gradient applied require a moderate potential for the same
current, but no significant difference between the two directions of the
temperature gradient was measured. The variance between the dif-
ferent measurement runs (six per temperature configuration), were very
small (a relative error of ∼ 2% at maximum).

The settling time for the potential to become stable is ∼ 20 s, after
which the potential becomes very stable. This indicates that we are in
the Ohmic regime and the current is still linearly dependent on the
potential that is applied, which was also confirmed by an IV-sweep of
the total stack, where the transition from the Ohmic regime towards the
limiting regime is observed around 0.24 A (24 A/m2).

Most of the drop in required potential for the transport of current
can be explained by the altered diffusivity of ions at higher tempera-
tures. If the temperature of the feed is higher, the diffusivity (and
therefore the conductivity) of the solution is increased, and thus the
resistance of the total stack is reduced. The conductivity of the solution
is increased by approximately 27% [38] at 40 °C, which is also ap-
proximately the drop in required potential. Surprisingly, our potential
measurements did not show a significant difference between the mea-
surements in which a temperature gradient was applied, which we
mainly attribute to the efficient heat transfer between the different flow
compartments leading to a smaller gradient vs. inlet conditions, as was
discussed in the previous section.

To establish if the imposed temperature (gradient) has an influence
on the selectivity of the membranes or the ratio between cation and
anion fluxes, samples were taken of both streams during the measure-
ments around t = 300 s. Both cation and anion concentrations in these
streams were measured. For cations, there were significant concentra-
tions of Na+ and K+ in the outlet streams. The presence of K+ is a
result of cation exchange with the electrolyte, in which K+ is the main
cation. The inlet concentration that was measured is slightly higher
than the feed concentration of salt at the start of the experiments
(0.020 M versus 0.017 M), which is also contributed to the flux of ions
from the electrolyte towards the salt solution. Total inlet cation con-
centration (measured at the end of all experiments) is compared to the
total outlet cation concentration, consisting of both measured cations.

From the anion analysis only Cl- ions were found to be present in the
solution. The total average concentration of the outlet streams was
increased, also as a result of a concentration gradient between the
electrolyte solution and the feed solutions, which results in leakage of
the ions towards the salt solutions.

No significant difference in the outlet ion concentrations for the
different temperature configurations was found. Measured values are
shown in the Supplementary Information. This indicates that there is no
significant loss of selectivity of the membranes in the case of elevated
temperatures and temperature gradients, but also no enhancement. We
attribute this to the fact that we operate in the commercially relevant
Ohmic regime, where we only expect minimal changes for the different
configurations depending on how close to the limiting plateau the
system is operated. The absence of concentration polarization inhibits
any differences in ion transport between the different temperature
configurations. Surprisingly, the temperature (gradients) do not sig-
nificantly influence the water transport through the membranes either,
which is unlike expectations based on previous results [16]. This is
beneficial for the efficiency of the process and enables the application
of temperature gradients in commercial systems. Cation concentrations
are consistently higher than anion concentrations (in both depleted and
enriched streams) which is attributed to the preferential leaking of
cations from the electrolyte to the feed solution through the outer CMX
membranes and the existence of additional anions in the system which
are not measured in IC measurements, such as HCO3

−. With the in- and
outlet concentrations C( in and C )out , the so-called desalination degree

− ×C C(1 / ) 100%out in [39] can be calculated, yielding a desalination
degree of ∼ 35% for cations for all cases. The desalination degree is
similar for all configurations (as was expected due the equal current
that was applied for all configurations), as the outlet concentrations are
not significantly different for the different configurations.

Another indicator of performance is the current efficiency of desa-
lination [40];

=
−

×CE
zFQ C C

NI
( )

100%f in out

(2)

where Qf is the diluate flow rate m s( / )3 , F is Faradays constant, z the ion
valency, N is the number of cell pairs and I is the current (A). This
current efficiency is an indicator of the amount of current that is being

Fig. 3. Potential required to obtain a constant current of 15 A/m2

in ED mode in the different temperature configurations. Lines are
for indication purposes only. Error bars (very small) are the
standard deviation between the measurements.
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used for effective ion transport. A current efficiency lower than 100%
indicates the undesired transport of additional charge carriers (such as
H+ or OH-) or the existence of shortcut currents in the system. For our
measurements, the current efficiency is ∼ 100%, for both cations and
anions, indicating that all current is used for selective transport of Na+

and Cl− ions. This high value is a result of measuring in the Ohmic
regime, in which there are no significant limitations in ion transport
and water splitting is not significant. Enhancing the diffusivity in the
diluted channel is not of larger influence than enhancing the diffusivity
in the enriched channel, which is counter to our initial expectations
[16,31]. At higher currents, in the so-called limiting and overlimiting
current regime [1,41], we expect the current efficiency to change for
the different temperature configurations as a result of the increased
diffusivity of the ions at higher temperatures. In the limiting current
regime, concentration polarization over the membrane results in an
enhanced resistance for ion transport, limited by the (diffusive) trans-
port of ions towards the membrane. If temperature is increased, the
transport of ions towards the interface is enhanced, resulting in a higher
current efficiency, which would be interesting for future experiments.

The total power =P UI( ) required for desalination can be calculated
for the different temperature configurations. As the current was kept
constant, the only variable in this equation is the required potential U
(Fig. 3). This potential was highest for the low temperature isothermal
case and lowest for the high temperature isothermal case. Based on the
average potential required in the steady state of our 50 mL/min mea-
surements, the power required for the low temperature isothermal case
is highest =P( 58.7 mW) and is reduced by ∼ 15% for the high tem-
perature isothermal case =P( 50.1 mW). The cases in which there is a
temperature gradient require intermediate power ∼ =P( 53.5 mW for
both cases). Heating up one of the feed streams reduces the required
power by ∼ 9%, independent on the composition of the hot stream. As
the depletion and enrichment of the different ions did not differ be-
tween the different cases, it can be concluded that the pre-heating of
(one of the) feed streams for ED processes can reduce the power input in
these processes. The heat that it would require to increase the feed
temperature of both streams accounts to 140 W, and is significantly
higher than the reduction in electric power that is obtained. However,
process plants usually need to cool down process streams before they
can be discharged into rivers, and the ED process efficiency can po-
tentially be enhanced by utilizing this waste heat for increasing the
temperature of the feed streams [42,43]. Of course, the effects of ele-
vated temperatures on membrane fouling and lifetime should be in-
vestigated in more detail as well before any conclusions for im-
plementation can be drawn.

3.3. Reverse electrodialysis

From the measurements in RED mode, the gross power density (GPD
in W/m )2 can be calculated using the measured current (I) and potential
(U), which is corrected for the resistance of the electrolyte by sub-
traction of Ublank and the total membrane area inside the four cell pairs
(A).

= −GPD I U U
A

( )blank
(3)

The calculated GPD as function of current density is plotted in Fig. 4
for the different temperature configurations. As expected, the maximum
GPD is increased for the cases in which at least one of the feed streams
has an elevated inlet temperature. In the most extreme case, the total
maximum GPD is increased with almost 38% (from 0.68 W/m2 at

= °T 20 C to 0.94 W/m2 at = °T 40 C), while if only one stream is heated
the total maximum GPD is increased by over 25% to 0.85 W/m2. The
current density at which this maximum GPD is found is also shifting
when temperatures are increased in the system, which is beneficial for
the total energy that can be harvested from the RED stack.

Measured and fitted (from IV data) values for the open circuit

voltage (OCV in V) are reported in Table 2. The OCV is the potential
difference over the membrane stack as a result of the imposed ion
concentration gradients, when there is no current and no losses due to
concentration gradients in the system. For the low temperature iso-
thermal case, the measured OCV is 0.60 V and it increases when a
temperature gradient is applied, just as is expected. Consistently, the
measured OCV is slightly higher than the fitted OCV, as this results from
fitting with data points at the other applied currents. The measured
OCV values can be compared to theoretical values that are expected for
a stack of four cell pairs, based on the Nernst equation;

⎜ ⎟ ⎜ ⎟= ⎛
⎝

⎞
⎠

+ ⎛
⎝

⎞
⎠

E RT
zF

α
γ c
γ c

RT
zF

α
γ c
γ c

ln lncell CEM
c c

d d
AEM

c c

d d (4)

using the activity coefficients of the ions in both concentrate and dil-
uate streams γ( c and γd, see Appendix A), the ion concentrations c( c and
c )d , the operating temperature (T) and the universal gas constant (R).
The effect of temperature on the activity coefficients for 1:1 salts was
treated as negligible in this temperature range, as per previous results
[44]. For an actual cell, this potential has to be corrected for the non-
perfect permselectivity of the membranes using the correction factors

=α 0.907CEM and =α 0.970AEM .
For simplicity, we have calculated the expected Nernst potential at

both 20 and 40 °C, and have not incorporated the temperature gradient
in the Nernst equation, as the thermoelectric potential generated by the
temperature gradient is expected to be on the order of a few mV at most
[24,25]. At = °T 20 C the expected cell potential is 0.146 V (compared
to a measured cell potential of 0.150 V), while at = °T 40 C this po-
tential is increased to 0.161 V (measured cell potential of 0.155 V). The
differences in measured and predicted values can be explained by slight
variations in the temperature during experiments, yielding an over-
estimation of the cell potential at high temperatures and an under-
estimation of the cell potential at low temperatures.

Another important parameter for RED is the electrical resistance of
the stack, as this determines the efficiency of the system and the po-
tential power generation with it. The total impedance of the stack can
be split into an Ohmic and a non-Ohmic part. The Ohmic resistance of
the stack consists of both AEM and CEM resistance, as well as the re-
sistances in the feed streams, = + + +R R R R ROhmic CEM AEM RW SW and
can be measured using the AC mode of the potentiostat, while the total
resistance is measured in DC mode. The non-Ohmic resistance can be
calculated as the difference between the measured total and Ohmic
resistance. All resistances are shown in Table 2, and it is clear that the
total resistance of the stack goes down with increasing temperature.
This mostly is a result from a lower Ohmic resistance, which results
from the increased diffusivity of ions in both feed streams (reduction of
RRW and R )SW and thus the enhanced ion transport in the solutions. For
example, at the average temperature in the stack for inlet temperatures
of = = °T T 40 CD C , the river water resistance is decreased by approxi-
mately 27% [38] and a similar value is expected for the sea water [45].
The resistance of CMX and AMX membranes is also expected to de-
crease by approximately this amount based on previous literature [46]
and this is also the observed percent reduction in the total Ohmic re-
sistance vs. an inlet of 20 °C for both channels. The non-Ohmic re-
sistance of the stack increases with an increase of temperature in the
stack due to higher capacitive effects of the solution at higher tem-
peratures. As a result of this, a larger concentration gradient is devel-
oped in the direction of the flow because of the larger charge transport
in these cases, which results in a higher non-Ohmic resistance in the
system [47].

The net power density that can be obtained with the RED stack can
be calculated using the GPD and the losses that are present as a result of
pressure drops over the effluent channels. The pressure drop was
measured to be 25 mbar on average, and the applied flowrate was
50 mL/min (0.81 cm/s) for both compartments. We did not find a sig-
nificant change in pressure drop for the different temperature
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configurations. The net power density is highest for the case where
there is a high temperature, indicating that by heating the inlet streams,
the efficiency of the RED stack can be enhanced.

4. Conclusions

In this study, we have investigated the effect of imposed tempera-
ture gradients on ED and RED performance. We have experimentally
demonstrated that the power input for electrodialysis processes for
desalinating sea water can be reduced by ∼ 15% if the temperature of
the inlet streams are increased from 20 °C to 40 °C. Surprisingly, se-
lectivity of the used commercial membranes and the degree of desali-
nation are not significantly affected if the temperature is increased. An
imposed temperature gradient over the membranes in the stack did also
increase the desalination efficiency, since the power input was reduced
by ∼ 9%, although we measured no significant influence of the direction
of the imposed temperature gradient in combination with the direction
of the electric field in the Ohmic regime. The reduced power input can
be attributed mainly to reduced stack resistance as a result of elevated
diffusivity of the ions caused by an elevated temperature. This indicates
that by using low-grade waste heat to heat even a single inlet stream in
an ED process, the total required power to produce desalinated water
can be decreased. Heating only one of the streams can also potentially

reduce the negative effects of working at elevated temperatures, such as
scaling and fouling [21].

In reverse electrodialysis, the gross power density was increased
with ∼ 38% as a result of an increased temperature from 20 °C to 40 °C.
If a temperature gradient is imposed, the GPD increased by ∼ 25%. The
Ohmic resistance of the stack decreases for higher temperatures, which
results in a higher obtainable current and thus a higher gross power
density. The current density at which the maximum power density is
obtained is shifted upwards with increasing temperature. No significant
difference in power generation was determined based on the direction
of the temperature gradient at the conditions studied, although this
may not be the case when considering mixtures including multivalent
ions or if membrane permselectivity is changing with temperature.
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Appendix A. Activity Coefficient Data for NaCl

Table 3

Fig. 4. Gross power density as function of the applied current
density in the RED-stack for different temperature configurations.
The maximum GPD increases with increasing temperature, while
the current density at which this maximum occurs also shifts
upwards. Lines are for indication purposes only. Errors are cal-
culated using the propagation of errors theory.

Table 2
Open circuit voltages and stack resistances for different temperature configurations. Our stack consisted of four cell pairs. Errors in measured values are standard deviations, errors of
calculated values are standard errors (given between brackets).

= = °CT T 20D C = ° = °C CT 20 , T 40D C = ° = °C CT 40 , T 20D C = = °CT T 40D C

OCV [V]meas 0.60 × −(5.8 10 )4 0.61 × −(1.5 10 )3 0.62 × −(5.8 10 )4 0.62 × −(1.5 10 )3

OCV [V]fit 0.57 × −(2.5 10 )3 0.59 × −(2.1 10 )3 0.59 × −(2.0 10 )3 0.60 × −(2.0 10 )3

ΩR [ ]total 1.59 × −(1.1 10 )2 1.38 × −(8.7 10 )3 1.39 × −(8.7 10 )3 1.33 × −(8.4 10 )2

ΩR [ ]Ohmic 1.56 × −(3.5 10 )2 1.30 × −(1.7 10 )2 1.29 × −(1.6 10 )3 1.19 × −(6.1 10 )3

− ΩR [ ]Non Ohmic 0.03 × −(7.0 10 )4 0.08 × −(1.2 10 )3 0.10 × −(6.4 10 )4 0.14 × −(8.9 10 )3
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Appendix B. Supplementary data

Supplementary data associated with this article can be found in the online version at http://dx.doi.org/10.1016/j.memsci.2017.11.029.
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