
ISBN 978-82-326-4278-6 (printed ver.) 
ISBN 978-82-326-4279-3 (electronic ver.) 

ISSN 1503-8181

Doctoral theses at NTNU, 2019:341

Kjersti Wergeland Krakhella

Energy Storage
by Salinity Gradients

D
oc

to
ra

l t
he

si
s

D
oct oral theses at N

TN
U

, 2019:341
K

jersti W
ergeland K

rakhella

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Th

es
is

 fo
r 

th
e 

D
eg

re
e 

of
P

hi
lo

so
ph

ia
e 

D
oc

to
r

Fa
cu

lt
y 

of
 N

at
ur

al
 S

ci
en

ce
s

D
ep

ar
tm

en
t o

f M
at

er
ia

ls
 S

ci
en

ce
 a

nd
En

gi
ne

er
in

g



Thesis for the Degree of Philosophiae Doctor

Trondheim, November 2019

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Materials Science and Engineering

Kjersti Wergeland Krakhella

Energy Storage
by Salinity Gradients



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Natural Sciences
Department of Materials Science and Engineering

© Kjersti Wergeland Krakhella

ISBN 978-82-326-4278-6 (printed ver.) 
ISBN 978-82-326-4279-3 (electronic ver.) 
ISSN 1503-8181

Doctoral theses at NTNU, 2019:341

Printed by NTNU Grafisk senter



Acknowledgement

The work in this thesis was carried out at the Department of Material Science and the
Deparment of Energy and Process Engineering from 2015 to 2019, at the Norwegian
University of Science and Technology, in the renewable lab at Kalvskinnet and the lab
at the Department of Energy and Process Engineering. I am grateful for the financial
support from NTNU, though the Energy and Sensor Systems group (ENERSENSE),
making this work possible.

Firstly, I want to thank my supervisors for guiding and supporting me through this
PhD. I want to thank Kristian Etienne Einarsrud for your guidance in all the theory
and simulations, and for all the priceless feedback on all written work. Thank you
for calming me when the work was difficult; even while on paternity leave, you
made sure everything was going well with the PhD and with me. I want to thank
Odne Stokke Burheim for all your time spent on explanation, discussion and the
time you spent in the lab with me. You are an idea machine and have come up
with new ideas throughout the PhD, and you have also shown great involvement
throughout my work. I want to thank Frode Seland for guidance in electrochemistry
in meeting and at the lab, and for always quickly answering email regarding ’out of
the ordinary’ CV and EIS curves. I still have not found anything you cannot answer
in electrochemistry.

I would also like to thank my fellow PhD collegue and friend Zohreh Jalili, whom I
worked together with throughout the PhD and published a paper with. Thank you
for all the time you used on explaining flow phenomena and simulation, and for all
the social events where we got to relax from all the simulations and writing. You
have become a close friend that I am truly grateful to share this PhD work with. I
would like to thank Ellen Synnøve Skilbred and Yash Raka for numerous discussions
and problem solving of membrane characterisations and RED stack measurements. I
also want to thank Dr Robert Bock for all this contribution at the end of my PhD,
with measurements, proofreading and discussion; without you, the finishing of
this PhD would have been close to impossible. Another person who deserve great
acknowledgment is Håvard Karoliussen, whom always welcomed me to ask questions
on measurement setups and membrane properties. Håvard also copy-edited a large
part of my thesis, which I am truly grateful for.

I have also been blessed with the best collegiate imaginable thought the researching
program ENERSENSE: Laurina Felius, Jacob Lamb, Markus Wahl, Ian Muri, Md
Hujjatul Islam, Felix Kelberlau, Ebrahim Hashemi and Ailo Aasen. Thank you for all

i



the lunch-table discussions at Kalvskinnet, which contributed with much laughter,
and for all the social events. And a special thanks to Katie McCay for numerous talks,
dinners, brunches and games, for proofreading parts of my thesis and for always
being optimistic. All of you have contributed to four years full of laughter, which is
the key to succeeding in anything.

Throughout the PhD, I have been lucky enough to have four summer students:
Kristina Lopez Hatlen, Oda Nicolaisen Brønseth, Ida Johanne Haga and Eilif Som-
mer Øyre. Kristina and Oda started the RED stack measurement, contributing to
much discussion on the equipment. Kristina continued working at the lab, further
optimising the equipment and made the measurements problems seem smaller by
always remaining positive in the face of challenges. Ida did measurements and much
of the writing of an ECS transaction paper. As a collaboration between the fellow
PhD student Markus Wahl, working on optic sensors, Eilif measured the temperature
drop inside the flow channel with FBG sensors, concluding with a need for better
temperature regulations of the salt solutions. Thank you both for enlightening me
about the temperature challenges, and for politely explaining optical phenomena for
the n-th time to me.

I have also received much support from my family: My mother, Astrid, my father,
Kåre, and my sister and brother in law, Ingrid and Olav. Thank you asking questions
and for listening to me babble about physics, mathematics and chemistry, and for
supporting me throughout whatever choice I have taken through my life to get here.
Without my parents’ guidance, help with schoolwork and encouragement, I would
probably still have chased the childhood dream of becoming a princess. I would
also like to thank my friends here in Trondheim, those who have moved to Oslo or
elsewhere, and those I know from childhood, for talks, visits, hikes and board games,
calming me and taking my mind off the PhD work. And thank you all for listening to
more scientific talk than what is reasonably endured by anyone outside academia.

Finally, I would like to thank my supportive and patient husband, Jens Wergeland
Krakhella. In periods of stress you calmed me. In periods where my self confidence
was dropping, you encouraged me. Whenever I doubted ever managing to finish
the PhD, you always found a way to turn things around. During the last month of
Thesis-writing, when you had a well deserved vacation from teaching, you got up
with me in the morning and proofread all of my thesis. Without you, I would never
have managed it through a PhD. Thank you.

ii



Abstract

Storing energy in salinity gradients can solve the problem of renewable energy
sources being intermittent. A salinity gradient energy storage system (SGESS)
is easy to scale for large capacities, uses non-toxic and environmentally friendly
materials, and is relatively cheap. Another advantage is the increase in power
and efficiency with increased temperature, which is an advantage when low-grade
energy (e.g. heat) is available. An SGESS is charged by increasing the difference in
salt concentration between two solutions, which can be done by applying surplus
electrical energy or thermal energy. Both techniques are investigated in this thesis.
The system can produce electricity or hydrogen gas (directly).

Three SGESSs that use electricity for charging and have electricity as an output are
compared using mathematical modelling. The systems are combinations of mixing
technologies; reverse electrodialysis (RED), pressure retarded osmosis (PRO) and
capacitive Donnan potential (CDP) with a desalination technologies; electrodialysis
(ED), reverse osmosis (RO) and membrane capacitive deionisation (MCDI). Two
SGESS that use thermal waste energy for charging and with hydrogen as output are
compared using modelling and by experimentally measuring certain key parameters.
The first thermal separation process uses heat and decompression to evaporate water
from one solution, after which the water is added to another salt solution thereby
creating difference in concentration. The second thermal separation process removes
heat from one solution to precipitate salt, whereupon the salt is added to another
solution. This process requires heat to increase the solution temperature and to
dissolve the salt. The membrane conductivity of a suitable salt for the precipitation
process is measured, and the result is used to calculate the hydrogen production
from RED. The energy needed for the evaporation and the precipitation process is
calculated per volume of hydrogen produced. The SGESSs are closed systems where
the concentrations are not restricted by naturally occurring solutions (like river and
seawater). Stack and permselectivity measurements of the electrodialytic energy
storage system (EESS) using NaCl concentrations close to saturation were conducted.
The results were used for a simple life-cycle analysis for a 1 GWh EESS with two
hours discharging time per day for 20 years.

The power density for the EESS (RED-ED) and the osmotic energy storage system
(PRO-RO) at room temperature was found from modelling to be 5 W m-2, while the
power density of the capacitive energy storage system (CDP-MCDI) was 0.5 W m-2.
Raising the temperature to 60 ◦C increased the power density of the EESS by
80 %, and made EESS the SGESS with the highest power density. For EESS to
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match the electricity prices in the EU the membrane prices need to be lower than
5.2 $ m-2. KNO3 was found to have a steep change in solubility with temperature
and was therefore chosen as the salt to be used in the thermally driven RED. The
membrane conductivity of KNO3 at 40 ◦C was found to be 1.1±0.9 mS cm-1 in
FAS-50 (Fumatech) and 1.8±0.7 mS cm-1 in FKS-50 (Fumatech). FKS-50 showed
similar conductivity for K+ and Na+, while FAS-50 showed three to eight times
higher conductivity for Cl− compared to NO−

3 . The reason for the difference in
conductivity between the two ions was not possible to determine, but it is dependent
on the size of the ions. The results from the conductivity measurements were
used to calculate the hydrogen production, which was 2.6±1.3 g s-1 m-2 using
concentrations relevant for the evaporation process and 1.1±0.7 g s-1 m-2 using
concentrations relevant for the precipitation process. The evaporation process uses
700±300 kWh per kg (55±22 kWh m-3) hydrogen produced, while the precipitation
process uses 104.8±0.6 kWh per kg (8.23±0.05 kWh m-3) hydrogen produced.
Using RED together with the precipitation process has comparable energy demand
per volume hydrogen as proton exchange membrane water electrolysis (PEMWE)
and alkaline electrolysis, but the energy input to PEMWE and alkaline electrolysis
is high-grade energy while the Heat to H2 system uses low-grade energy. For EESS
using electricity for charging, and NaCl concentrations close to saturation (5.0 M),
the permselectivity was found to be 0.7±0.1 in FAS-50 and 0.84±0.07 in FKS-50
(dilute concentration of 0.05 M), which is much lower than the permselectivity using
seawater (0.92-0.99). The maximum power density from EESS was found to be
2.0±0.3 W m-2 at 40 ◦C. The life-cycle analysis of the production of an EESS showed
a global warming factor of 75 kg CO2 equivalents per MWh and cumulative energy
demand of 0.26 MWh per MWh produced.

The analyses done in this PhD show how SGESS can be used to store electrical and
thermal energy in salinity gradients and be used to produce electricity or hydrogen
gas.
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Part I

Thesis

This part gives an introduction to the field of salinity gradient energy storage, where
relevant theory and methodology is presented. It continues with summaries of
the papers, an overall conclusion and a suggestion for further work. It should be
emphasised that most of the information provided in this part is given in the papers
as well.





1Introduction

In the early 1800s, John Tyndall first discovered what is now called the greenhouse
effect [1, p.3]. Although the awareness of human influence on climate and attention
towards non-polluting energy sources has increased, recent research shows that 80 %
of the global energy still originates from oil, gas, coal and bio-fuels [2]. However, it
is predicted that by 2050 70 % of the energy production will come from solar and
wind energy [3]: The so-called green transition. Both these sources are intermittent,
and wind in particular is most efficient in rural areas according to the Norwegian
Water Resources and Energy Directorate [4]. Due to the intermittent behaviour
and location of renewable energy sources, energy storage technology will play an
essential role in the green transition.

Large scale rechargeable batteries is one solution to store energy. An extensive
effort into battery development has been conducted, however many problems re-
main. The main drawbacks are low capacity and efficiency, high cost, short lifetime,
hazardous environmental materials (like lead and sulphuric acid), and specialised
manufacturing technologies which make battery products expensive [5]–[7].

Among different sources of energy to utilise in a battery, capturing and storing
chemical energy associated with salinity gradients and converting it to electricity
was introduced by Pattle in 1954 [8]. In 1970 and 2000 the interest in so-called
blue energy (energy driven by osmotic power [9]) increased, which overlaps with
increased oil prices [10], [11]. This type of energy has many advantages compared
to other renewable energy sources, e.g. its continuity with respect to time, unlike
wind or solar energy which have a cyclic nature.

Available energy from a salinity gradient as a function of concentrations has been
studied by several research groups [8], [12]–[15]. Post et al. [14] demonstrated that
for every cubic meter of river water mixed with seawater, 2.3 MJ of available energy
is released. In other words, the osmotic pressure corresponds to the pressure from a
water column of 250 m. In this perspective, the available energy is comparable to
the pumped hydro that already exists. Using a combination of saturated and highly
diluted NaCl solutions, the available energy is 15 MJ m-3 [14], which is comparable
to compressed hydrogen at 3 bar. Since other salts are usable in the same setup, the
energy density could potentially be even higher.
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A salinity gradient energy storage system (SGESS) can be charged using a desali-
nation technology, increasing the concentration difference between two solutions,
while the discharging process is through a mixing technology, decreasing the concen-
tration difference between the two solutions. Given the use of the same solutions
throughout the charging-discharging cycle, this storage technology could be a closed
system, where effects of biofouling can be made negligible, and the temperature is
easy to control. An illustration of an energy storage system utilising salinity gradients
is shown in Fig. 1.1.

Concentrated solutionMixed solution Dilute solution

Charging Discharging

Fig. 1.1: Schematic diagram of a salinity gradient energy storage system. During
charging, energy is stored in the form of higher concentration difference,
while discharging is the mixing of the two solutions, and electric energy is
generated.

Examples of combined mixing and desalination systems are reverse electrodialysis
(RED) and electrodialysis (ED), pressure retarded osmosis (PRO) and reverse osmosis
(RO), and capacitive Donnan potential (CDP) and membrane capacitive deionisation
(MCDI). The separated mixing and desalination technologies have been discussed
in various literature for energy generation [5], [11], [14], [16]–[19], but so far
RED/ED is the only technology mentioned as a pair [5], [20].

To evaluate the potential and power available in the three suggested coupled systems,
a model was made where input parameters for the three systems were kept as equal
as possible. For the electrodialytic energy storage system (EESS), experimental data
on membrane and stack performance is obtained to evaluate the available power
density, and for using RED as a hydrogen-producing unit. In addition, two different
process that use heat to separate the mixed salt solutions are evaluated.

To determine the charging and discharging conditions for a SGESS the duck curve
constraint was used [21]. This constraint is evident in the net electric load of the grid
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system in California [22] which includes a forecast for 2020. The data is plotted in
Fig. 1.2. Due to installation of solar cells, the energy peak during midday decreases
from 2012 to 2020, while the power peak in the evening remains, resulting in a
so-called duck curve. During the low power at midday energy can be stored for use
during peak demand in the evening. The peak in the evening is approximately half
of the peak at midday, which indicates the need of a charging current density half
the discharging current density.
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Fig. 1.2: California net electricity load requirement [22] with forecasts for 2020.

The driving force of an EESS, the liquid junction potential, increases with temper-
ature [20], where surplus waste heat can be used to increase the temperate of
the solutions in EESS. In Norway alone, the annual available waste heat between
25 ◦C and 140 ◦C is 20 TWh [23]–[25]. Given the high availability of more or less
free thermal energy, all modelling and experiments were carried out at elevated
temperatures in addition to room temperature.

1.1 Aims of this Thesis

This PhD thesis aims to develop new large scale energy storage systems using the
available energy in salinity gradients. The overall aim of this thesis can be limited to
the following goals:

• Build and optimise test stations for membranes and stack measurements for
SGESSs.

• Present and compare possible combinations of mixing technologies and desali-
nation technologies to form SGESSs.

• Conduct stack, permselectivity and membrane ion conductivity measurements
at relevant temperatures and concentrations for the SGESSs.

• Investigate alternative charging mechanisms for the SGESSs.

• Investigate the use of RED as a hydrogen-producing unit.

1.1 Aims of this Thesis 5





2Background

2.1 Donnan Potential

The potential between two solutions with different concentrations is called the liquid
junction potential [26, p.107]. If the solutions are separated by a semi-permeable
membrane the potential is referred to as a Donnan potential. The open-circuit
voltage (OCV) is given as:

EOCV = α
RT

zF
ln
(
ac

ad

)
, (2.1)

where R is the ideal gas constant, T is the temperature in Kelvin, F is Faraday
constant, z is the valence number, and ac and ad are the activities of the concentrated
and dilute solutions respectively. The average permselectivity, α, is defined in the
next section.

2.1.1 Permselectivity

The permselectivity expresses the ability to discriminate between ions with different
charge. It is highly depended on solution concentration and transport number of
salt and water, but it is less dependent on solution temperature [27], and normally
within in the range of 0.9 to 1 [27]–[29] for concentrations resembling those of
sea and river water. The theoretical permselectivity for an ion exchange membrane
(IEM) is given in Eq. (2.2) [27]:

α = ts − tw ×MW ×
b1 − b2

ln((b1 × γ1)/(b2 × γ2)) (b1 6= b2)

α = ts − tw ×MW × b1 (b1 = b2),
(2.2)

where ts and tw are the transport number of salt and water respectively, Mw is
the molar weight of water (0.018 kg mol-1), and b1 and b2 are the molalities of
the solutions on each side of the membrane. Given a constant transport number
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of salt and water, the permselectivity will rise with an increasing difference in
concentration.

The transport number of salt is defined as the fraction of the total current carried
by the counterion [30]. If more co-ions are transported along the salt gradient, the
transport number decreases. The amount of co-ions in the membrane is dependent
on the external salt concentrations and the concentration of fixed charges in the
membrane [30]. An anion exchange membrane (AEM) and a cation exchange
membrane (CEM) from Fumatech (FAS-50 and FKS-50) has an average of 0.13 mol
and 0.10 mol fixed charges per square meter membrane, respectively [28], [29].

Zlotorowicz et al. [27] measured the transport number of NaCl in the membranes
FAD and FKD from Fumatech at a concentration up to 0.6 M, and found the transport
numbers 0.93 and 0.998 for CEM and AEM, respectively. Długołęcki et al. [31]
modelled the transport number of NaCl in the same membranes as Zlotorowicz et al.
[27], where linear regression gives these salt transport numbers for FKS and FAD
from Fumatech (NaCl):

tAEM
s = −0.09× c+ 1 mol L-1

tCEM
s = −0.03× c+ 1 mol L-1 (2.3)

where c is the molarity of the solution. For our use, c is set to be the mean value
of the solutions on each side of the membrane. It should be emphasised that
both Długołęcki et al. [31] and Zlotorowicz et al. [27] operated at low NaCl
concentrations (0.5 M and 0.6 M), whereas in this thesis, the concentrations range
from 0.05 M to 5 M. However, it should be noted that Eq. (2.3) is solely used for
calculating a point of reference for the measurements.

The water transport number is affected by osmosis and electroosmosis [32]. The
water transport due to osmotic forces is from the dilute to the concentrated solution,
and this reduces the permselectivity. The electro-osmotic water transport is water
carried as a hydration shell around the ions (hydration number), mainly going
from the concentrated to the diluted solution, increasing the permselectivity. The
osmotic effect increases with difference in concentration, while the number of
water molecules per ion is lowered with concentration [33]. Zlotorowicz et al.
[27] measured the transport number of water to be 8 and 6 for CEM and AEM
respectively. The permselectivity is plotted in Fig. 2.1, with a salt transport number
given Eq. (2.3), water transport number equal to 5, and activity coefficients equal to
unity.
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Fig. 2.1: Permselectivity for AEM (left) and CEM (right). Water transport number equal
to 5 and transport number of salt given by Eq. (2.3) and activity coefficient
equal to unity.

2.1.2 Activity

The activity of a solution is the product of the concentration, b (mol kg-1), and the
activity coefficient, γ. The activity coefficient is typically set to 1 for low concentra-
tions (<0.1 M) [26]. For most of the work carried out in this PhD the concentrations
exceed this limit and reach an upper limit of 5 M. Activity coefficients for solutions
with concentrations greater than 1 M lie beyond Debye-Hückel, Davies and Truesdell-
Jones models limitations. The Stokes-Robinson equation is therefore used [34],
[35]:

γ± = exp

(
A× z2

± ×
√
I

1 +B × ai

√
I
− h

ν
ln(aw)− ln(|1 + (Mw(ν − h)× b|)

)
(2.4)

where I is the ionic strength, with 1 mol kg-1 as reference, z2
± is the mean valence

number of the anion and cation (1 for NaCl) and ν is the number of ions per molecule
(2 for NaCl). h is the hydration number and ai is the distance of the closest approach
(the minimum distance between the center core of two particles before it is reflected).
h and ai for NaCl are found to be 5.2 and 0.42 nm from curve fitting to data from
[36] using Eq. (2.4). The hydration number is dependent on temperature and
concentration [33]; this is however not taken into consideration for the modelling
in this thesis. The variables A and B from Eq. (2.4) are temperature dependent and
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given in Eq. (2.5) (A = 1.18 (kg/mol)1/2 and B = 3.29 × 109 (kg/mol)1/2 m-1 at
25 ◦C [37]).

A = (2πNAρw)1/2
(

e2

4πε0εr,wkBT

)3/2

B = e

(
2NAρw

ε0εr,wkBT

)1/2

,

(2.5)

where NA is Avogadro’s constant, ρA is the density of the solvent (here water and
set to be 1000 kg m-3 for simplicity), e is the elementary charge, ε0 is permittivity of
vacuum and kB is Boltzmann constant. εr,w is the dielectric constant of the solvent
[38] and given in Eq. (2.6) (rewritten to use Kelvin instead of Celsius):

εr,w = 87.74− 0.4008(T − 273.2) + 9.398× 10-4(T − 273.2)2

−1.410× 10-6(T − 273.2)3 (2.6)

In Eq. (2.4), aw is the water activity as a function of the salt concentration given in
Eq. (2.7) [39]:

aw = γw × xw, where

γw = αawx
2
s + βawx

3
s,

xs = b

b+ 1/Mw
and

xw = 1/Mw

b+ 1/Mw
,

(2.7)

where γw is the activity coefficient of water (equal to 1 with no salt present), xw is
the mole fraction of water, xs is the mole fraction of salt, αaw and βaw are constants
found by Miyawaki to be 1.825 and -20.78 respectively for NaCl [39].

The predicted activity coefficient for NaCl from the Stokes-Robinson equation
(Eq. (2.4)) is plotted in Fig. 2.2 together with the data from Pytkowicz [36].

One reason for the deviation between the activity coefficients predicted by the
Stokes-Robinson equation and the measured activity coefficient for NaCl is the
assumption of no temperature or concentration dependency in the hydration number.
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Fig. 2.2: Predicted activity coefficient for NaCl for different concentrations and temper-
atures, together with data from [36]. The model follows the Stokes-Robinson
equation, with aNaCl and hNaCl found by curve fitting to data from [36].

Afanasiev et al. [40] suggest an exponential dependence on concentration and and a
negligible dependence on temperature, while Onori [41] gives a linear dependence
on concentration and states that the hydration number is dependent on temperature.
For simplicity, neither the dependence on temperature nor concentration is taken
into consideration for this work. The difference between measured and modelled
data increases with increasing concentration and decreasing temperature and is a
maximum of 11 % (at 5 M and 10 ◦C).

Increasing the difference in solution activity in the EESS will increase the OCV and
thus the power density. The activity is also affected by the temperature, but the
impact is less than that of the concentration.

2.1.3 Solution Density

When combining equations which use molality (mol kg-1) with equations using
molarity (mol L-1), there is a need for an equation to transpose between the mass of
the solvent (in molality) and the volume of the solution (molarity). From [42] wt%,
density and molarity of NaCl is given at 25 ◦C. The temperature dependence on the
density is not taken into consideration, whereas the change is approximately 4 %
from 0 to 100 ◦C [43]. The density of a NaCl solution is then given as:

ρNaCl = 0.03709× c+ 1.002 kg L−1 (2.8)

For all the calculations using KNO3 the concentrations were in molality.
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2.2 Salinity Gradient Energy Storage Systems

Three SGESS are investigated in this PhD. The first and most in-depth investigated is
an EESS. The second is an osmotic energy storage system (OESS), and the third one
is a capacitive energy storage system (CESS). These three systems are described in
detail in this section.

2.2.1 Electrodialytic Energy Storage System

An EESS combines ED (charging) and RED (discharging) [5], [20], [21]. Alternating
AEMs and CEMs separate flow channels with alternating concentrated and dilute
solutions. At each end of the membrane stack, a redox solution is circulating at
the electrodes, converting the ionic current to an electric current. When the system
is charged, external power is used to force the ions from the dilute solution to
the concentrated solution, where the membranes induce a net migration of anions
towards the cathode and a net migration of cations towards the anode [21]. During
discharge the ionic current is reversed and a voltage over the electrodes can be
utilised. An illustration of RED, with NaCl as the driving salt and FeCl2 and FeCl3 as
the redox couple, is given in Fig. 2.3.

Fig. 2.3: The figure illustrates a RED cell stack which utilises the salinity gradient
between two solutions with different concentrations. To convert from a flow
of ions to a flow of electron, FeCl2 and FeCl3 is used as a redox couple at the
electrodes .

An advantage with RED and ED is the flexible operation with a wide range of
suitable inorganic salts and the possibility of being run in reverse without the need
for exchanging chemicals or the cell stack. ED is most widely used in the food
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industry and desalination. This technology is also proposed and developed for the
mining industry when enriching minerals in process streams (cf. [44] for more
information on this topic). The technology where ED shows the most potential is in
the use of salinity gradient between sea and river water [26].

When the system is discharged, chloride ions migrate from the redox to the mem-
brane stack at the cathode, while the chloride ions migrate from the membrane stack
to the redox at the anode side. The reactions at each electrode are:

Anode: Fe2+ → Fe3+ + e−

Cathode: Fe3+ + e− → Fe2+
(2.9)

When charging the EESS electrons are forced from the anode to the cathode using
an external power source, reversing the reactions given in Eq. (2.9).

The driving potential of the EESS is the liquid junction potential, EOCV, given in
Eq. (2.1). The total cell potential for charging and discharging is given in (2.10):

Echarging = EOCV + rΩ · icharging

Edischarging = EOCV − rΩ · idischarging
(2.10)

where i is the current density per membrane area and rΩ is the ohmic resistance
(Ω m2) of a unit cell. The latter is the sum of the resistance of one AEM, one CEM,
one compartment of dilute and one compartment of concentrated solution. The
electrode resistance, relectrode, can be assumed to be negligible for a stack containing
a large number of cell pairs [16], but at laboratory scale, it needs to be considered.
The ohmic resistance in one unit cell is given in Eq. (2.11) [45]:

rΩ = rAEM

(1− β) + rCEM

(1− β) + d

ρdε2
+ d

ρcε2
, (2.11)

where rAEM and rCEM (Ω m2) are the ohmic resistances of the AEM and CEM respec-
tively, β (dimensionless) is the spacer shadow [46] or the part of the membrane
covered by a spacer, d (m) is the thickness of the spacer, ε (dimensionless) is porosity
or the factor to correct for the occupied volume by the spacer and equal to 1 with no
spacer. The porosity is defined as 1 minus the volumetric ratio (ratio of apparent
gravity and the specific gravity of the spacer) [47]. ρd and ρc are the resistivity of
the dilute and concentrated solutions respectively (Ω m). Theoretical values are
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deduced from conductivity measurement of NaCl in water at 25 ◦C from [48] (wt%
to mol L-1 and µS cm-1 to S m-1), and fitted to the Kohlrausch’s equation given in
[30, p.22]:

σNaCl
sol,25 = k1 × c− k2 × c3/2 (2.12)

k1 = 11.8± 0.2 S m-1 L mol-1

k2 = 2.7± 0.1 S m-1 (L mol-1)3/2

where σNaCl
sol,25 is the conductivity of a NaCl solution at 25 ◦C (S m-1) and c is the

molarity. The effect of temperature on resistance was correlated via the following
relationship [49]:

ρNaCl
sol = 1

σNaCl
sol,25

46.5 K
T − 251.5 K

(2.13)

where the equation is rewritten to use Kelvin instead of Celsius.

The conductivity of a solution with KNO3 is found from Isono [50]. The relevant
temperatures for this salt is 25 ◦C and 40 ◦C, where Isono [50] measured the
conductivity at 25 ◦C, 35 ◦C and 45 ◦C (amongst others). The conductivity at 40 ◦C
is taken to be the average between the conductivity at 35 ◦C and 45 ◦C. Theoretical
values are deduced from conductivity measurement of KNO3 from [50], and fitted
to Eq. (2.12) with constants equal to:

k25 ◦C
1 = 12.2± 0.3 S m-1 L mol-1

k40 ◦C
1 = 15.8± 0.4 S m-1 L mol-1

k25 ◦C
2 = 3.4± 0.2 S m-1 (L mol-1)3/2

k40 ◦C
2 = 4.5± 0.3 S m-1 (L mol-1)3/2
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The power requirement for charging the EESS unit cell and the power gained from
the discharging the EESS, excluding pumping power consumption, is the product of
the current density and the potential (Eq. (2.10))

Pcharging = EOCVicharging + rΩi
2
charging,

Pdischarging = EOCVidischarging − rΩi
2
discharging,

(2.14)

while the reversible power density is given as:

P rev = iEOCV. (2.15)

The derivative of Eq. (2.14) is used to find the current at peak power density for the
discharging process:

ipeak power
discharging = EOCV

2rΩ
, (2.16)

while the peak power density is (inserted Eq. (2.16) into Eq. (2.14)):

P peak
discharging = E2

OCV
4rΩ

. (2.17)

The charging current is set to be half the discharging current, explained in the
introduction. This give a power density for charging equal to:

Pcharging = 5E2
OCV

16rΩ
. (2.18)

2.2.2 Osmotic Energy Storage System

An OESS uses RO to charge and PRO to discharge. Semipermeable membranes are
used where water is transported through the membranes, while the salt is stopped.
The water transport is spontaneous from dilute to concentrated solution (PRO),
but needs an applied pressure that exceeds the osmotic pressure to go from the
concentrated to the dilute solutions (RO).
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Reverse osmosis was developed around 1960 for water desalination [51], where
the first plant was build in Kuwait speeding up the research on osmotic membranes
[52], [53]. Over 60 % of today’s capacity on desalination is with RO [54]. A
high-pressure pump and vessel provides pressure higher than the osmotic pressure,
typically 20-25 bar between the river water and seawater [14]. A typical operating
pressure in RO is around 60-80 bar when using a conversion system of seawater
to freshwater utilising commercial membranes [53]. When water is transported
through the membrane, demineralised water is accumulated on one side of the
membrane and impurities and salt are left on the other side.

Pressure retarded osmosis was invented by Prof. Sidney Loeb in 1973 [55], [56],
but got most attention after the first plant opened in Norway in 2009 [56], [57]. In
PRO water diffuses through the membrane from a low salinity solution to a high
salinity solution due to the driving force of the chemical potential gradient across
the membrane. The pressure is lower in PRO than in RO. A simplified sketch of an
OESS is shown in Fig. 2.4.

(a) (b)

Fig. 2.4: The figure shows a schematic of the OESS where (a) illustrates the charging
mode (RO) and (b) illustrates the discharging mode (PRO). Darker colour
indicates higher salt concentration.

The driving force in OESS is the pressure difference between the two solutions and
it is defined as [16]:

Edrive
RO/PRO = ∆π = 2RT (cc − cd), (2.19)
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where ∆π is the osmotic pressure, and cc and cd are the concentration of the
concentrated and the dilute solutions respectively ([c]= mol m-3=1000 M).

The hydrostatic pressure for charging and discharging the OESS can be calculated
by [16]:

∆ph,charging = ∆π +
Jcharging

Kw
,

∆ph,discharging = ∆π −
Jdischarging

Kw
,

(2.20)

where J is the water flux and Kw is the water permeability of the membrane.
The water permeability for osmotic membranes typically varies between 0.41 and
10 pm (Pa s)-1 [16], [58], [59], and is dependent on diffusivity inside the membrane,
membrane swelling and density of solution which all are temperature dependent
[60]. However, in the modelling of the OESS, the water permeability is independent
of both temperature and concentration.

The power density is the product of water flux across the membrane and the hydro-
static pressure drop (analogous to the electric current and potential in RED/ED)
according to Eq. (2.21):

Pcharging = Jcharging∆ph,charging = Jcharging

(
∆π +

Jcharging

Kw

)
Pdischarging = Jdischarging∆ph,discharging = Jdischarging

(
∆π −

Jdischarging

Kw

)
,

(2.21)

The derivative of the discharging power density in Eq. (2.21) is used to find the
water flux at peak power density for the discharging process:

Jpeak power
discharging = Kw

2 ∆π (2.22)

This way to express the water flux is to keep an analogy to EESS and CESS. The
water flux while charging is set to half the water flux while discharging, due to the
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duck curve constraint [21]. The peak power density for charging and discharging is
calculated as:

Pcharging = 2× 5Kw

16 ∆π2

P peak
discharging = 2× Kw

4 ∆π2,

(2.23)

The factor two in Eq. (2.23) and (2.24) is to keep the analogy to the two other
energy storage systems; one membrane is needed per unit cell for the OESS, while
two membranes are needed for the current density used in EESS and CESS. The
reversible power density is defined as:

P rev = 2× J∆π (2.24)

2.2.3 Capacitive Energy Storage System

A third energy storage technique analysed in this PhD is a CESS, combining MCDI
and CDP. During both charging and discharging, ions enter and leave two porous
electrodes [61]–[63].

The charging of the system is based on MCDI, first introduced by Claude et al. [64],
[65]. Membrane capacitive deionisation is used for desalination, as in RO and ED,
but it is also used in insulin purification, and in general as an assistant in multiple
separation processes [54]. An illustration of the MCDI system is provided in Fig. 2.5.
An AEM and a CEM are placed on each electrode, enabling selective ion transport.

There are four steps in one cycle of MCDI. In the first step, there is no current
flowing (open circuit), and the chambers between the electrodes are filled with a
mixed solution. During the second step the circuit is closed and a potential is applied
over the electrodes. The positive ions flow to the negative electrode and negative
ions to the positive electrode forming an electrical double layer [65], [66] and a
Donnan potential over the two membranes. The outlet solutions from the cell are
less concentrated than the inlet solutions. The third step happens at open circuit
again, and the channel between the electrodes is filled with a new solution. During
the fourth step, the outer circuit is closed, and the potential is reversed compared
to the second step. Ions are forced from the electrodes to the solution. The outlet
solution from the system is now more concentrated than the inlet, where the outlet
solution is lead to a new compartment compared to the outlet flow from step two.
Continuous alternations between solutions and current directions gradually increase
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Fig. 2.5: Illustration of the charging of the CESS (MCDI). A solution flows into the
system which alternates between producing a dilute (left) and concentrated
solution (right) by alternating ion exchange with porous electrodes. Elec-
trodes are charged when producing the dilute solution and discharged when
producing the concentrated solution. Each solution is stored in separate
containers.

the concentration difference between the two solutions, and in this way charges the
storage system.

The discharging of the CESS is based on CDP, first proposed by Sales et al. in
2010 [67]. The cell design of CDP can be identical to the cell design of MCDI [68],
promoting a combined energy storage system. An illustration of a CDP system with
ionic flow is shown in Fig. 2.6.

A full CDP cycle has four steps. The first step happens at open circuit, and the
membrane-covered electrodes are polarised by immersing them in a concentrated
solution, resulting in a Donnan potential over each of the membranes. In the second
step, the electrodes are connected to an external load closing the outer circuit and
allowing ions to flow from the concentrated solution in the channel, through the
membranes, to the less concentrated solution in the pores of the electrode. The
flow of electrons and ions stops when the electrodes attain charge neutrality. The
outlet solution from the channel is less concentrated than the inlet solution. In the
third step, the circuit is open again, and a dilute solution replaces the concentrated
solution. The electrode pore concentration is forthwith higher than the concentration
in the channel, promoting ion transport from the pores, through the membranes, to
the channel due to the reversed Donnan potential [69]. In the fourth and last step,
the electrodes are connected to an external load, where the electrons flow in the
opposite direction compared to the second step. The outlet flow of solution from
the channel is more concentrated than the inlet solution. Continuous alternations
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Fig. 2.6: The figure shows an illustration of the CDP technology. Concentrated (left)
and dilute (right) solutions flow alternately into the system producing a solu-
tion of mixed concentration. Electrodes are charged while the concentrated
solution is flowing and discharged to the dilute solution in a spontaneous
process.

between concentrated and dilute solution, and alternation of the current directions
gradually decreases the concentration difference between the two solutions, and
thereby discharging the storage system. [70]

The driving force in CESS stems from the Donnan potential, EDonnan, and from the
capacitive potential, Ec:

Edrive
MCDI/CDP = EDonnan + Ec, (2.25)

Including the ohimc losses the total cell potential in CESS is [70]:

EMCDI/CDP = EDonnan + Ec − irΩ, (2.26)

The current density is defined as positive while adding ions to the electrode (see
Fig. 2.6) and negative when ions are removed from the electrode. The Donnan
potential in the CESS is equivalent to Eq. (2.10), where the concentration difference
is between the solution in the electrode and the solution in the flow channel:

EDonnan = 2αRT
zF

ln
(
ach

ael

)
, (2.27)
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where ach is the activity of the solution in the flow channel and ael is the activity of
the solution in the electrode pores. During both charging and discharged of the CESS
the potential alternates between positive and negative depending on the direction of
the salinity gradient between the flow channel and the electrode pores [68], [71].

The capacitive potential for CDP and MCDI is given as:

Ec,MCDI = Ec,0 + iMCDI

CMCDI
tMCDI

Ec,CDP = Ec,0 −
iCDP

CCDP
tCDP,

(2.28)

Ec,0 is the initial capacitive potential when charging or discharging the electrodes
and C is the capacitance of the unit cell. tMCDI and tCDP is the time it takes from a
new solution entering the flow channel until the total potential (Eq. (2.26)) reaches
zero:

tMCDI = C

i
(−Ed − Ec,0 + irΩ)

tCDP = C

i
(Ed + Ec,0 − irΩ)

(2.29)

The ohmic resistance in MCDI and CDP are similar to ED and RED, but the unit cell
contains only one compartment. The flow channel concentration is concentrated
while adding ions to the electrodes in CDP and while removing ions from the
electrodes in MCDI. The resistance is equal to:

radd
Ω,CDP = rremove

Ω,MCDI = rAEM

1− β + rCEM

1− β + ρchc

ε2
+ relectrodes (2.30)

The solution in the flow channel is diluted while removing ions from the electrodes
in CDP and while adding ions to the electrodes in MCDI. The resistance is, therefore,
equal to:

rremove
Ω,CDP = radd

Ω,MCDI = rAEM

1− β + rCEM

1− β + ρdhd

ε2
+ relectrodes (2.31)
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By including the cell resistances (Eq. (2.30) and (2.31)) in the equation for the total
cell potential (Eq. (2.26)), the total cell potentials while charging and discharging
the OESS are given as:

Eadd
CDP = 2αRT

F
ln
(
csp

cel

)
+ Ec,0 −

i

C
t− i

(
rAEM

1− β + rCEM

1− β + ρchc

ε2

)
Eremove

CDP = 2αRT
F

ln
(
csp

cel

)
+ Ec,0 −

i

C
t− i

(
rAEM

1− β + rCEM

1− β + ρdhd

ε2

)
Eadd

MCDI = 2αRT
F

ln
(
csp

cel

)
+ Ec,0 + i

C
t− i

(
rAEM

1− β + rCEM

1− β + ρdhd

ε2

)
Eremove

MCDI = 2αRT
F

ln
(
csp

cel

)
+ Ec,0 + i

C
t− i

(
rAEM

1− β + rCEM

1− β + ρchc

ε2

)
.

(2.32)

The switching of solutions in the flow channel is set to occur when the total potential
reaches zero. Fig. 2.7 shows the total potential as a function of time, given constant
current for two cycles for CDP and MCDI.

(a) (b)

Fig. 2.7: Potential with respect to time in MCDI (a) and CDP (b) for two cycles. Light
color indicates a dilute solution, where ions are added to the pores in the
electrodes for MCDI and removed in CDP. Dark color indicates a concentrated
solution, where ions are removed from the electrode pores for MCDI and
added for CDP.

Similarly to the two other SGESS, the current density for discharging set to maximise
the power density. This is given in Eq. (2.33):

iadd
CDP = EDonnan + Ec,0

2tadd/Cadd + 2radd
Ω,CDP

iremove
CDP = EDonnan + Ec,0

2tremove/Cremove + 2rremove
Ω,CDP

,

(2.33)
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To keep the analogy to the two other SGESS, with fixed current density and water
flux with time, comparable conditions are assumed for CESS. The maximum power
density and corresponding current density is determined graphically from plots
generated by varying tadd and tremove in Eq. (2.33). This is illustrated in Fig. 2.8.

Fig. 2.8: The power density is plotted versus current density to find the peak power
current density in CDP. (a) shows the power density while adding ions to the
electrodes and (b) shows the power density while removing the ions from the
electrode. The arrow indicates direction of increasing concentration.

The discharging current is half of the charging current and vice versa:

iadd
MCDI = − i

remove
CDP

2

iremove
MCDI = − i

add
CDP
2 ,

(2.34)

The time average of the power density between adding and removing ions from the
electrodes, in both CDP and MCDI, is:

P = 1
∆t

∫ t2

t1
Pdt = 1

∆tadd + ∆tremove

∫ t2add

t1add
P adddt+

∫ t2remove

t1remove
P removedt

 ,
(2.35)

where ∆tadd = t2
add− t1add and ∆tremove = t2

remove− t1remove are the times required
to add and remove ions from the electrodes respectively before reaching zero
potential.
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The reversible power density in CESS is the product of the reversible/driving poten-
tial and the current density:

P
rev
j = 1

∆t

∫ t2

t1
ij(EDonnan + Ec)dt (2.36)

2.2.4 Energy Efficiency of the Three SGESS

The energy density from each of the three SGESS, Wi, is the integrated power density
over the total time, t:

W =
∫ t

0
P (t)dt = P∆t (2.37)

P is the time average of the power density and t is the total processing time for each
system.

For the EESS, the efficiency for charging and discharging, and the total round-trip
efficiency, is given in Eq. (2.38). The energy is found by integration as shown in
Eq. (2.37), and the pumping energy is given in the papers.

ηEESS
charging =

W rev
charging

Wpump +Wcharging

ηEESS
discharging =

W peak
discharging −Wpump

W rev
discharging

ηEESS = ηEESS
chargingη

EESS
discharging =

W peak
discharging −Wpump

Wcharging +Wpump

( icharging

idischarging

)
,

(2.38)

Converting the maximum power density from EESS given in Eq. (2.17) and (2.18) to
energy density defined in Eq. (2.37), and using icharging = 0.5× ipeak power

discharging (following
from the duck-curve), the the maximum efficiency for charging the EESS is 4/5,
while the maximum efficiency for discharging the EESS is 1/2. It follows that the
maximum round-trip efficiency of the EESS is 0.4.
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For the OESS, the efficiency for charging and discharging, and the total round-trip
efficiency, is demonstrated in Eq. (2.39).

ηOESS
charging =

W rev
charging

(Wpump +Wcharging)

ηOESS
discharging =

(W peak
discharging −Wpump)
W rev

discharging

ηOESS = (
W peak

discharging −Wpump

Wcharging +Wpump
)
(
Jcharging

Jdischarging

)
,

(2.39)

Converting the maximum power density from OESS given in Eq. (2.23) to energy
density (Eq. (2.37)), and substituting Jcharging with 0.5× Jpeak power

discharging (following from
the duck-curve), the the maximum efficiency for charging the OESS is 4/5 and the
maximum efficency for discharging the OESS is 1/2. It follows that the maximum
round-trip efficiency of the OESS is 0.4.

Corresponding to the other technologies, the relevant efficiencies in CESS are given
as Eq. (2.40):

ηCESS
charging =

W rev
charging

Wcharging +Wpump

ηCESS
discharging =

W peak
discharging −Wpump

W rev
discharging

ηCESS = ηCESS
charging η

CESS
discharging =

W peak
discharging −Wpump

W rev
discharging

W rev
charging

Wcharging +Wpump

(2.40)

Neglecting the pumping losses, the maximum efficiency can be found to be equal
to the other technologies, i.e. 0.5 for discharging, 0.8 for charging and 0.4 for the
round-trip efficiency.

2.3 Separation Techniques

As described in the previous sections, external power is used to increase the concen-
trations difference between the two outlet solutions. However, the separation of the
streams can also be done with phase change, adding and removing thermal energy.
Two processes using waste heat are suggested in this thesis; water evaporation and
salt precipitation. The motivation for using thermal energy is the availability of
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waste heat from industry, as mentioned in the introductions; particularly in Norway
where this work is conducted.

The two techniques are explained briefly below. Neither of the techniques are tested
experimentally, but one challenge with the precipitation system is addressed by
measurements, and calculation of the hydrogen production and energy demands is
conducted for both systems.

2.3.1 Water Evaporation

In the evaporation process the concentrated outlet solution from RED is decom-
pressed to evaporate water at room temperature. Before compressing the steam
back to atmospheric pressure, the steam is heated to avoid condensation in the
compressor. The thermal energy in the high-temperature steam can then be used to
heat the decompressed concentrated solution through a heat exchanger, resulting
in condensation of the steam. This heat exchanger is needed due to a drop in
temperature as water evaporates; thus, more thermal energy is required to continue
the evaporation. The water is added back to the dilute outlet solution from RED, and
the concentrated outlet solution is circulated back to the RED stack; the net result of
the process is an increased concentration difference between the two solutions. A
schematic of a separation system using evaporation is shown in Fig. 2.9.

Fig. 2.9: Sketch of principle of separation by evaporation
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The energy needed for maintaining the evaporation in this technique is substantial.
However; assuming the thermal energy would be lost if not used, the energy input
can be neglected.

The concentration difference between the inlet solutions have no restraint due to
the separation system, and the limitation is therefor on the resistance of the dilute
inlet solutions and the solubility of the inlet concentrated solution.

2.3.2 Salt Precipitation

In the precipitation process thermal energy is removed from the dilute outlet solution
from RED to precipitate salt. The salt is then transported from the dilute solution
and added to the concentrated outlet solution from RED using an Archimedes pump
or screw pump based transport unit. To reduce losses, the energy removed from the
dilute outlet solution can be added back to the refreshed dilute solution, after the
salt slurry is removed. However, some heat needs to be added to the concentrated
solution to heat and dissolve the newly added salt and water. An illustration of the
precipitation system is given in Fig. 2.10.

Fig. 2.10: Sketch of principle of separation by precipitation

The solubility of the salt determines the choice of concentration for the precipitation
system. The inlet concentration should be at the solubility limit of the operating
temperature in RED (40 ◦C due to the membranes), while the dilute concentration
needs to be higher than the solubility at the temperature of the cooled dilute outlet
solution. If the dilute concentration is lower than this limit, no salt will be removed
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in the precipitation process. To minimise energy consumption while cooling, natural
cooling systems can be used, e.g. seawater, at a temperature around 10 ◦C.

For NaCl the solubility changes with less than 0.5 g L-1 from 10 to 40 ◦C (see
Fig. 2.11) corresponding to 0.004 V per unit cell. With this unit cell potential,
the RED stack needs to have (theoretical) 290 unit cells to potentially split water.
Due to the small change in solubility other salts were considered for use with the
precipitations process, where KNO3 had a change in solubility from 250 to 650 g L-1

(see Fig. 2.11), corresponding to 0.05 V per unit cell. With this unit cell potential,
the RED stack needs to have ten times fewer unit cells than if NaCl is to be used.
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Fig. 2.11: Solubility of KNO3 and NaCl at different temperatures.

2.4 Hydrogen Production with RED

The theoretical potential in one RED unit cell at 25 ◦C using seawater and river
water is 0.14 V (see Eq. (2.1)), where stacking multiple unit cells increases the
electrode potential. If the potential is raised over the potential needed for splitting
water, hydrogen can be produces at the cathode [72], [73]. The electrode reactions
are as follow:

Anode: 4OH− → 2H2O + O2 + 4e−

Cathode: 4H2O + 4e− → 2H2 + 4OH−
(2.41)

Hydrogen has been produced from RED earlier. Tufa et al. combined RED with
an alkaline polymer electrolyte water electrolysis for a hydrogen production of
50 cm3 h-1 cm-2 [74], and Raka et al. did an economical evaluation of hydrogen
production with RED using amonium bicarbonate [75].
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3Methodology

Important factors affecting the driving potential, peak power and peak power current
density of the SGESS are the permselectivity and the ohmic resistance, where the
membrane resistance is a significant part of the stack resistance. Methods for
measuring theses factors are described in this chapter. Operating conditions like
flow, electrode kinetics and transport phenomena are investigated from EESS stack
measurements, whose methodology is included at the end of this chapter.

3.1 Permselectivity

The membrane being analysed was placed between two glass containers, while
rubber rings on each side of the membrane prevented leakage. Two solutions with
different salt concentrations were added to the glass containers and stirred with
magnetic stirrers throughout the experiments. A salt bridge was placed in each
glass container, with half of each salt bridge containing 3 M KCl agar and the other
half being filled with solution from the glass container. The end of the salt bridge
containing the agar was placed in a saturated KCl solution together with a double-
junction Ag/AgCl reference electrode. The permselectivity setup can be seen in
Fig. 3.1.
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Fig. 3.1: The setup used for measuring the permselectivity of membranes, inspired by
[27]. In the figure 1) is the membrane, 2) are the sealing rings, 3) are the
glass containers with solutions, 4) are the magnets for stirring, 5) are the
thermometer, 6) are the Agar/KCl-salt bridges, 7) are the double junction
Ag/AgCl reference electrodes and 8) are the saturated KCl solutions.
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The OCV was measured for a minimum of one hour between the reference electrodes
by a 5000E Interface Gamry Potentiostat. The measured potential was divided by
the available theoretical potential given in Eq. (2.1) (divided by 2 to represent the
potential across one membrane).

3.2 Membrane Ion Conductivity

The membranes tested in this work (FAS-50 and FKS-50 from Fumatech [28], [29])
were delivered dry with Br− and H+ as counterions. These ions were substituted by
soaking the membranes in large containers with a solution containing the ions of
interest for at least 48 hours. The containers were kept in a temperature regulated
cabinet holding the desired temperature.

The setup used for measuring ion conductivity was developed in-house, and mem-
brane conductivities were tested for known conductivities and compared to literature.
For further details concerning the ion conductivity test see [76]. An illustration
of the setup is given in Fig. 3.2, where the membranes are placed between two
platinum disk electrodes of area 3.14 cm2 and thickness of 1 mm. Platinum wires
connect the platinum disk electrodes to the potentiostat, with hard polyester shells
protecting the wires. The design of the setup is close to what is used in literature
[77], [78].

45 1223

Fig. 3.2: The cell used for measurements of conductivity. In the figure 1) is the
membrane, 2) are the platinum disc electrodes, 3) is the heating coil, 4) is the
thermocouple and 5) are the platinum wires connecting the disc electrodes to
the potentiostat.

The pressure on the membrane was equal in each test. Constant pressure was
achieved by placing the setup in a holder with a screw-clamp on a bolt at one end. A
torque wrench was used to fix the torque in each experiment.
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A thermocouple was in contact with one of the platinum disks to control the temper-
ature. At 40 ◦C the setup was placed in a heating cabinet, but for increased effect, a
heating coil was added to the setup (see Fig. 3.2).

The thickness of the membranes was measured three places on the membrane right
after they were removed from the solution. Before placing the membranes in the
measurement setup, they were dipped in the solution to prevent drying. When
pressure was applied, excess solution flowed out of the cell shell.

The bulk resistance of the membrane was established using electrochemical impedance
spectroscopy (EIS) with a Gamry 5000E Interface potentiostat (see Sec. 3.2.1). Three
tests were carried out to examine stability. An impedance test over the cell without
the membrane follows each test of membranes, to eliminate the impedance of the
electrodes and wires, and the internal inductance in the potentiostat.

The impedance of the blank cell (without membrane) was subtracted from the
impedance of the cell with the membranes, using Impedance Subtraction soft-
ware from Gamry Analyst. The membrane resistance was found as described in
Sec. 3.2.1.

Each membrane type was measured with 1, 3 and 5 membranes in the cell, subse-
quently the area resistance is plotted versus the total membrane thickness of the
membranes measured. The slope of the curve gives the membrane resistivity, with
the membrane conductivity being the inverse of this resistivity.

Between each experiment (1, 3 and 5 membranes) the electrodes were polarised
between 0.1 and 1.6 VSHE until a stable polarisation curve was achieved or for
a minimum of 30 cycles. The platinum electrodes were polished in case of non-
stabilising polarisation curves.

3.2.1 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy is an analysis technique where the current
(or voltage) oscillates at a certain frequency, and the amplitude and phase shift of
the potential (or current) is measured. From this data the impedance of the system
can be obtained.

A system consisting of two electrodes separated by a membrane has three main con-
tributors to the impedance: Two electrode-membrane interfaces and the impedance
of the membrane. The electrode-membrane interface consists of a double layer
capacitance, but the double layer is not a perfect capacitor and are therefor usually
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represented by a constant phase element (CPE) in the equivalent circuits [79]. The
impedance from a CPE is:

ZCPE(w) = 1
(iwCdl)n

, (3.1)

were w is the frequency, Cdl is the double layer capacitance and n represent the
degree of deviation from a perfect capacitor (between 1/2 and 1, where n = 1 is a
pure capacitor).

The membrane contributes to the impedance with a bulk resistance, Rb, in parallel
with a capacitor, Cb, representing the double layer in the pores and cavities inside
the membrane. The impedance from the membrane is given as:

Zmem(w) =
( 1
Rb

+ iwCb

)−1
. (3.2)

The total impedance of the system is:

Z(w) =
( 1
Rb

+ iwCb

)−1
+ 1

(iwCdl)n
. (3.3)

Plotting the real and imaginary part of Eq. (3.3), gives the Nyquist plot in Fig. 3.3

0
0.
2

0.
4

0.
6

0.
8 1

1.
2

Z
r
/

0

0.1

0.2

0.3

0.4

0.5

0.6

-Z
i
/

R
b

|
ω=(CRb)-1

ω

Fig. 3.3: The theoretical Nyquist plot of two electrodes separated by a membrane. The
equation for the plot is given in Eq. (3.3), where Rb is the bulk resistance of
the membrane. (In the figure Rb=1, Cb=10-6, Cdl=1 and n=0.5.)

At low frequencies, the electrode-membrane interface dominates the impedance,
shown as a straight line. At increased frequency, the double layer at the electrode
will be similar to a well-conducting wire, and the impedance of the membrane is

32 Chapter 3 Methodology



the only contributor. At high frequencies (around 1 MHz), the capacitor effects from
the membrane dominate the impedance response [79]. To find the bulk resistance
of the membrane, the frequency should be varied, and the result can be read from
where the impedance is (close to) the real axis (see Rb in Fig. 3.3).

The setup used for the EIS measurements is provided in Tab. 3.1.

Tab. 3.1: EIS settings for the potentiostat

Variable Value
AC current [A rms] 0.001
DC current [mV rms] 0
Initial frequency [Hz] 1 000 000
Final frequency [Hz] 5
Points/decade 10

3.3 Stack Measurements

Stack measurement of the EESS was carried out with an ED stack from Fumateck
(ED-40). The stack contained FAS-50 and FKS-50 membranes separated by a com-
bined layer functioning as a spacer (polyester) and gasket (polyvinyl chloride), and
electrodes of titanium and iridium plasma coated stainless steel. The stack was
pressed together by two endplates of polyether ether ketone (PEEK). An illustration
of the setup is shown in Fig. 3.4.

Con. in Dil. out

El. rins

AEM

CEM

Spacer

Electrode

Gasket

Con. outDil. in

El. rins

Fig. 3.4: The EESS cell stack and the connection to the potentiostat.

The dilute and concentrated solutions entered the stack through two separate open-
ings at the endplate. Inside the cell, the solutions entered the flow compartments
through two holes, and the spacer distributes the solutions over the membranes.
Every second spacer had an opening to let either the dilute or the concentrated
solution enter the flow compartment, resulting in alternating dilute and concentrated
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solutions in the compartments. Both solutions emerge from the cell through two
holes at the opposite end plate (see Fig. 3.4). The redox solution, which enters the
electrode flow compartments through two different holes, is distributed over the
electrodes by a spacer and leave the cell on the opposite side of the electrode from
where it entered (same side of the stack).

The ED-40 cell was delivered with a NaCl solution, therefore no substitution of ions
in the membranes was necessary. Before each experiment, the solutions to be tested
was circulated in the cell until a stable OCV was obtained.

Linear sweep voltammetry (LSV) [80, p.178] was used to record the current at
different voltages. The current-voltage curve was used to find the OCV and the
ohmic resistance of the RED-stack. Chronopotentiometry measurements of the cell
containing the electrodes, redox solution and one AEM was carried out to compensate
for the potential losses at the electrode. The current steps were randomised and
maintained for 1000 s. Between every current step, the current was set to zero for
100 s. At the end of every step, the resistance was found by dividing potential by
the current. The resistance was plotted versus the current density to find the ohmic
region and its ohmic resistance, Rblank. The unit cell potential is then found from

Euc = Etotal −Rblank × I
N

(3.4)

where Etotal is the total stack potential, Rblank is the total resistance of the wires,
electrodes redox-solution and one AEM, I is the current (A) and N is number of unit
cells.
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4Paper Summaries

4.1 Paper I

In paper I three SGESSs are presented, namely the combination of RED and ED, PRO
and RO, and CDP and MCDI. All of these membrane systems can be used to store
large quantities of energy in the form of two solutions with different salt concen-
trations. Mathematical models are used to determine the influence of temperature,
concentration and residence time on the power densities and efficiencies of the
SGESSs. The paper also includes a brief economical analysis of the three systems.

The driving potentials were found to increase with rising temperature and concentra-
tion difference for all three SGESS. The contribution to the driving potential in EESS
is purely from the Donnan potential, while the driving potential in CESS also has
a contribution from the capacitive potential between the porous electrodes which
separates each unit cell. The driving force in OESS is the osmotic pressure over the
membranes. For EESS and CESS the maximum driving potential per unit cell was
found to be 271 mV and 136 mV, and the maximum osmotic pressured per unit cell
in OESS was found to be 5.75 MPa.

The ohmic losses (only relevant for EESS and CESS) were found to increase with the
concentration difference (due to a decrease in concentration for the dilute solution),
but decrease with increasing temperature. The dependency on concentration and
temperature is more pronounced for the EESS resistance than the CESS resistance,
due to the substantial contribution from the unit cell electrode resistance in CESS
which is affected by neither the temperature nor the concentration.

Peak power density was calculated from the driving potentials and pressure, and the
ohmic and water permeability losses. The results are given in Tab. 4.1. The pumping
losses are calculated using the flow channel geometry, flow velocity and viscosity of
the solutions. From the power densities and the pumping losses, the efficiencies for
the three SGESS are calculated and given in Tab. 4.1.

The calculation of the power density is used for a cost evaluation for each technology,
presented in Fig. 4.1. There is a threshold for the cost of different membranes at 5.2,
3.7 and 0.43 $ m-2 for the EESS, OESS and CESS respectively.
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Tab. 4.1: Peak power densities and total efficiencies from all three SGESSs (maximum
efficiencies are 0.4)

T Pmax
RED Pmax

PRO Pmax
CDP ηPmax

ED-RED ηPmax
RO-PRO ηPmax

MCDI-CDP
◦C W m−2 W m−2 W m−2 # # #

10 3.18 4.36 0.403 0.390 0.393 0.364
25 4.69 4.83 0.503 0.395 0.396 0.379
40 6.28 5.33 0.593 0.397 0.397 0.387
60 8.54 6.04 0.708 0.399 0.398 0.393
80 11.0 6.78 0.823 0.399 0.399 0.395

0 1 2 3 4 5 6 7

Membrane cost / $ m
-2

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

C
o
s
t/
 $

/k
W

h

RED 25 °C

PRO 25 °C

CDP 25 °C

RED 60 °C

PRO 60 °C

CDP 60 °C

Energy price EU

Energy price USA

Fig. 4.1: Cost of electric energy generation ($ kWh-1) for RED, PRO and CDP at 25 ◦C
and 60 ◦C compared to the energy price in EU and USA. Residence time is
20 s.

Paper I concludes that there is a comparable power output at room temperature
for the EESS and the OEES, while the CEES is 10 % of their output. The EESS
outranks the OESS using solutions at temperatures exceeding 40 ◦C, since the power
output increases by a factor of 3 from 10 ◦C to 80 ◦C, while the OESS and the CESS
increasing by a factor of 2. The reason for the increase in power with temperature
is an increase in the OCV (EESS and CESS) and the osmotic pressure (OESS) and
the reduction in the ohmic resistance (EESS and CESS) in the cell. The water
permeability of the osmotic membranes is also affected by the temperature (see
Section 2.2.2), however this is not taken into consideration for the model. The
viscosity is also reduced with rising temperature, decreasing the pumping losses for
all three systems. Reducing the residence time by a factor 10 reduces the pumping
losses by a factor of 100. By increasing the temperature from 25 ◦C to 40 ◦C, the
osmotic membrane price can be 25 % higher and still be economically viable, while
the ionic exchange membrane for the EESS and CESS can be 80 % and 40 % higher
and still be economically viable. There is a need for a significant reduction of the
membrane cost in all mentioned SGESS.
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4.2 Paper II

Paper II presents two separation methods for the outlet solutions from RED using
low-grade energy (waste heat). The first method is precipitation of salt by lowering
the temperature of the solution. The precipitated salt is removed from one solution
and added to another, increasing the concentration difference between the solutions.
Waste heat is used to dissolve the salt and to heat the total solution to the operation
temperature in RED. The second separation technique is to use waste heat to
evaporate water from the outlet concentrated solution and add the water to the
spent dilute solution, increasing the concentration difference. The two separation
techniques are shown in Fig. 2.9 and 2.10 in Section 2.3.

For the precipitation process, a salt with a pronounced SCTD is needed to achieve a
high concentration difference between the solutions. The most common salt in RED,
NaCl, has a low SCTD, while the salt KNO3 show higher SCTD values. One of the most
significant contributors to the potential losses in RED is the ohmic resistance, where
the membrane resistance contributes the most. Therefore membrane conductivity
measurements are carried out with KNO3 and compared to NaCl for the same
membranes. The measured membrane conductivities are given in Fig. 4.2.
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Fig. 4.2: Ion conductivity at 23 ◦C in a) CEM and b) AEM, and at 40 ◦C in c) CEM and
d) AEM, with 95 % confidence interval.
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The conductivity of KNO3 in CEM was similar to NaCl, while the conductivity of
KNO3 in AEM was significantly lower than of NaCl in AEM. Temperature dependence
was only visible for NaCl due to too large deviations in KNO3 using 95 % confidence
interval.

The resistances and the relevant concentrations are used for modelling the OCV and
the hydrogen productions from RED. At 40 ◦C the OCV was found to be 0.18±0.03 V
and 0.06±0.01 V for concentrations relevant for the evaporation and precipitation
process respectively. The measured membrane resistance, together with the modelled
stack resistance and calculated OCV, corresponds to the hydrogen production at
peak power current density given in Fig. 4.3. A simplified cost analysis, including
the cost of the membrane and the salt, show that the cost per kg hydrogen produced
is 56 $ and 370 $ for the evaporation and precipitation system.
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Fig. 4.3: The modelled hydrogen production from RED at peak power current den-
sity using concentrations relevant for the precipitaiton and the evapoartion
processes.

Paper II also includes an energy evaluation of RED with precipitation and evaporation
per mass and volume hydrogen produced. For this analysis the mass flow of solution,
salt and water is calculated for each process, and the energy required for separation
is calculated. The modelled energy consumption per volume hydrogen produced
was found to be 55±22 kWh m-3 (700±300 kWh kg-1) for RED using evaporation,
which exceeds the energy requirement of PEMWE or alkaline water electrolysis by
a factor of 10. The energy consumption per volume hydrogen produced by RED
using precipitation is 8.23±0.05 kWh m-3 (104.8±0.6 kWh kg-1) which is similar
to the energy consumption in PEMWE and alkaline water electrolysis. A significant
advantage of the Heat to H2 system, compared to PEMWE and alkaline electrolysis,
is its use of low-grade energy which has limited other applications.
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4.3 Paper III

Paper III presents measurements of an energy storage system where RED and ED is
combined into an EESS. The EESS is a closed system, where the concentrations can
be higher than that of naturally occurring concentrations (e.g. seawater at 0.5 M).

Most research on AEM and CEM to RED or ED is carried out at room temperature
and using seawater concentrations. This article presents data from permselectivity
measurements of NaCl concentration close to saturation point. The data from the
measurements are given in Fig. 4.4.
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Fig. 4.4: Measured permselectivity of AEM and CEM at 23 ◦C with 95 % confidence
interval. The calculated permselectivities are with water transport number
ranging from 0 to 10, and salt transport numbers equal to Długołecki et al.
[31].

Measurements show that the mean permselectivity (between AEM and CEM) de-
creases from 0.95 using seawater, to mean permselectivities ranging from 0.6 to
0.8 using concentration ratios from 2.800 M/2.525 M to 5.000 M/0.05000 M. The
decrease in permselectivity with mean external concentration is affected by the
osmotic gradient from the membrane pores to the external solution, decreasing the
amount of water in the membrane pores. Less water in the pores leads to less ionic
conductivity.

Stack measurements of the EESS were conducted with LSV to find the OCV, the
stack resistance and the power density. The losses from pumping and the efficiency
of the system were calculated. The OCV at 5.000 M/0.05000 M was measured to
115±9 mV at 25 ◦C and 118±8 mV at 40 ◦C. The measured OCV was 50 % of the
theoretical OCV (α = 1). The peak power density and current density from EESS at
40 ◦C is given in Tab. 4.2. For the higher concentration differences, the efficiency
was 0.4 (compared to the reversible potential).
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Tab. 4.2: Peak power current density, peak power density and charging power density
at different concentration fractions.

cc/cd [M/M] idischar. [A m-2] P dischar.
max [W m-2] P char. [W m-2]

5.000/0.05000 42±7 2.0±0.3 3.8±0.9
4.500/0.5500 21±2 0.58±0.02 0.8±0.1
3.000/2.050 3±2 0.015±0.008 0.019±0.009
2.525/2.525 0.08±0.09 (1.2±0.4)×10-5 (2.2±2.1)×10-5

A simple LCA was conducted for the EESS. The storage capacity was set to 1 GWh
per day, where extraction was assumed to occur during 2 hours in the evening (duck
curve constraint), and a lifetime of 20 years. Using the power density measured
in this article and the calculated power losses of pumping, the impact on global
warming and the CED for producing each component in the EESS as given in
Fig. 4.5.

0.0014

0.0084

0.75

2.2

3.5

6.8

15

17

30

0 10 20 30

Global warming impact / kg CO
2
 eq. /MWh

FeCl
2
+FeCl3

Gasket

DI water+Tank

Electrode

CEM

AEM

Endplate

Spacer

NaCl

(a)

5e-06

7e-05

0.0029

0.0036

0.014

0.02

0.033

0.075

0.11

0 0.05 0.1

Cumulative energy demand / MWh/MWh

FeCl
2
+FeCl3

Gasket

Endplate

DI water+Tank

Electrode

CEM

AEM

Spacer

NaCl

(b)

Fig. 4.5: Impact on global warming (kg CO2 eq./MWh) (a) and the CED
(MWh/MWh)(b) for each component in the production phase.

The global warming factor was found to be 62-75 kg CO2 eq. per MWh, which is in
the same range as large-scale energy storage with Li-ion batteries (16 and 333 kg CO2

eq. per MWh [81]–[84]). The cumulative energy demand for the production of
EESS is 0.22-0.26 MWh/MWh, mostly lower than the CED from 1 GWh of Li-ion
batteries (0.24 to 0.55 MWh/MWh [83]). This study indicates an energy demand
for producing the EESS that is the same or smaller compared to the energy demand
in Li-ion battery production.
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5Overall Conclusions

The main objective during this PhD has been to investigate energy storage oppor-
tunities using salinity gradient energy and waste heat. Using the energy in salinity
gradients and available waste heat for large scale energy storage will help enable
the transformation from oil and gas to intermittent renewable energy sources.

By combining a mixing technology (e.g. RED, PRO or CDP) with a desalination
technology (e.g. ED, RO or MCDI), electric energy can be stored in salinity gradients
for use in periods with low energy production and high energy demands. An EESS
and an OESS can produce the same energy per membrane area at room temperature
(5 W m-2), while the power density of a CESS is 10 % of the power density of the
two other storage systems. If the temperature is increased to 60 ◦C, the power
density of the EESS is 60 % higher than the power density of OESS: 8.54 W m-2 for
EESS, versus 6.04 W m-2 for OESS. With a large amount of waste heat available for
heating the solutions in the SGESS, these results show that the EESS will provide the
highest power output at elevated temperatures. The output power density of EESS
increases with a factor 3 from 10 ◦C to 60 ◦C. The results from the modelling were
used to determine the maximum cost of membranes for energy production to be
economically feasible. The membrane price for EESS needed to be below 5.2 $ m-2

for the system to be economically feasible.

Alternative separation processes for the outlet solutions from RED were investigated
and compared. The two methods analysed in this work were the removal of water
by evaporation, where the pressure of the concentrated outlet solution from RED
was lowered and thermal energy was added to evaporate water, and the removal of
salt through precipitation, where thermal energy was removed from the dilute outlet
solution from RED to precipitated salt. The evaporation process does not affect
which concentrations can be used for the inlet solutions in RED. The precipitation
process, however, can only precipitate salt until the solubility limit at the operation
temperature of the separation process is reached. Thereby, the two separation
methods will produce solutions with different concentrations, and thus the driving
potential in RED with the evaporation process will be three times higher than
the driving potential in RED using concentrations relevant for the precipitation
process (at 40 ◦C). Due to the demand for a pronounced dependence on saturation
concentration temperature in the precipitation process, KNO3 is recommended to be
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used as salt in the process. Conductivity measurements of KNO3 in IEM are carried
out and included in a model to find the power density and hydrogen production of
RED using concentrations relevant for the precipitation and evaporation process.
The hydrogen production of RED was 2-4 times higher using the evaporation process
compared to using concentrations relevant for the precipitation process. However,
the energy demand for evaporating water is higher than the energy needed for
solution heating and dissolving of salt. The energy demand for the evaporation
process per cubic meter of hydrogen produced is 7 times higher than the energy
demand per cubic meter hydrogen using the precipitation process. The precipitation
process uses 104.8±0.6 kWh per kg of hydrogen, which is comparable to the energy
demand in PEMWE or alkaline water electrolysis. A point of interest is the loss of
energy quality in PEMWE and alkaline water electrolysis which uses high-grade
energy (electricity), as opposed to the low-grade energy input (heat) of the Heat to
H2 system.

An investigation on how raised concentrations of NaCl affect the permselectivity of
the membranes and the stack measurements of RED is conducted. Given a closed
energy storage system, the concentration used in RED and ED does not need to be
naturally occurring like river water and seawater. However, most work conducted
on RED and ED is on concentrations and salts found in nature (typically NaCl at
0.5 M). Using concentrations on the saturation limit, the permselectivity is assumed
to change due to changed water up-take and the density of fixed charges, among
others. The permselectivity for NaCl at concentrations ranging from 2.8 M/2.525 M
to 5.0 M/0.05 M (cconcenrated/cdilute), was measured to 0.5-0.7 for AEM, and 0.7-0.8
for the CEM, while the permselectivity at 0.5 M is reported to be 0.92-0.96 for AEM
and 0.97-0.99 for CEM. The OCV of the RED stack was found to be half of the
theoretical OCV, and the maximum power density was 2.0±0.3 W m-2 at 40 ◦C.

A closed EESS is a new (2015) method to store large scale energy, and a brief LCA of
the system is therefore conducted to investigate how this large scale energy storage
system affects the global warming factor and the amount of energy needed in the
EESS production per energy produced. For the production of 1 GWh EESS, with an
operating life of 20 years, two hours discharging time every day and with optimised
spacer material for lowest impact, the global warming factor is 62 kg CO2 per MWh
energy produced. The energy demand in the production of the EESS is 0.22 MWh
per MWh energy produced.

Different measurement setups have been built and optimised within this PhD. The
permselectivity setup was changed from two closed glass containers to have a flow-
through of solution for reducing diffusion effects from the OCV. New containers
with flat surfaces at the bottom were made to make the assembly of the cell easier.
Reference electrodes were removed from the test-solutions, to prevent interaction
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with the experiments, and connected with salt bridges. The electrode preparation
for the membrane conductivity setup has been optimised for reproducibility of the
measurements. A new cell was constructed for the electrode polarisation, where a
closed container with nitrogen gas reduces the amount of impurities in the electrolyte
drastically, and the electrodes were stabilised. The electrode preparations were also
standardised to be as equal as possible before each experiment. The assembly of
an in-house made RED stack was also heavily optimised. Cutting forms, to be
used in a punching machine, for membranes, gaskets and spacers were constructed.
Temperature control of the solutions inside the RED-stack was implemented, and
the temperature was measured by an optical sensor (fibre Bragg grating), and the
temperature was found to drop drastically from the inlet solution to the RED flow
channel. Consequently, all measurements above room temperature were conducted
in a heating cabinet while the temperature was monitored.

The overall goal of this PhD was to find a way to store a large amount of energy so
that when renewable, but intermittent, energy sources are utilised in large scale,
there will be an environmentally friendly and easy-to-scale way to store the energy.
This PhD has shown the potential of three SGESS, pointed at challenges and given
sensitivity to operation temperature, residence time and concentration. Thermal
separation processes have been analysed for charging the SGESS for areas with
available waste heat (e.g. industry areas), and hydrogen has been examined as a
product from the SGESS as an alternative to electricity. The work conducted in this
PhD has given an overview of the potentials in energy storage by salinity gradients.

43





6Further Work

The permselectivity of the two tested IEMs was lower for NaCl concentrations close
to saturation (5 M) compared to the permselectivity measured using concentrations
close to seawater (0.5 M). For use in a closed SGESS where high concentrations are
beneficial, other IEMs should be tested to find membranes with higher permselectivity.
The closed system also opens for using different salts, which could be tested to see
if the permselectivity could be improved. The setup to measure permselectivity
can be even more optimised, to lower the uncertainty and thereby make it possible
to measure the transport number of salt and water. Another factor affecting the
permselectivity is the water uptake and the swelling factor. These factors would
have been highly interesting to measure if time had been available.

The conductivity of NO−
3 in the AEM tested in this thesis were low compared to the

conductivity of Cl−. A screening test at a relevant concentration could be carried out
for various salts with pronounced change in solubility with temperature (e.g CaCl2,
NaOH or KI), and for multiple membranes. The membrane resistance was found
to have a significant impact on the power density from RED, making it essential to
minimise the losses of the membranes. The electrode preparation procedure and the
measurement setup are reliable and do not need any immediate improvements.

The model made for the three SGESS gives a good insight into OCV and power
output from the systems, and how they vary with concentration and temperature.
The calculations in the model are easy to follow; however, they should be extended
to include the concentration polarisation, which will give valuable information
regarding the ideal flow velocity. The model should also take into consideration the
change in solution concentration from inlet to the outlet from the RED-stack, like
the model of the mass flow carried out for the hydrogen production system does.

Prototypes of the precipitation process and evaporation should be constructed to
verify the mass flow of water and solutions, and to do the next step in the proof of
concept started in this PhD. The hydrogen production from a RED stack should also
be measured to verify the model.
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A B S T R A C T

Three energy storage systems based on mixing and desalination of solutions with different salt concentrations are
presented, namely, reverse electrodialysis, pressure retarded osmosis and capacitive Donnan potential, coupled
to their corresponding desalination technologies: electrodialysis, reverse osmosis and membrane capacitive
deionisation.

Conceptual mathematical models are used to assess power densities and efficiency, and to address the in-
fluence on the performance of factors such as temperature and residence time. The maximum power densities for
electrodialysis, osmotic and capacitive energy storage systems are calculated as 4.69, 4.83 and 0.503Wm−2,
respectively, at 25 °C and residence time of 20 s, corresponding to an average fluid velocity of 5 mm/s. In order
to achieve competitive economic energy (in the EU) with this power density, the membrane price needs to be
lower than 2.9, 3.0 and 0.31$m−2, for each of the technologies. Utilisation of waste heat to increase the
temperature to 60 °C increases the power density to 8.54, 6.04 and 0.708Wm−2, which allows for 25% higher
osmotic membrane price (3.7$m−2), and over 80% and 40% higher price (5.2 and 0.43$m−2) for the ionic
exchange membrane used in the electrodialytic and capacitive energy storage system respectively, while still
having economic energy production. Advantages and disadvantages of the proposed energy storage systems are
discussed, along with the cost evaluation for each technology.

1. Introduction

In order to secure a more sustainable energy supply, reduce carbon
emissions and dependency of fossil fuels, renewable energy sources
have received considerable attention in research and industrial devel-
opments over the last decades. Significant technological improvements
have been made, enabling energy production utilising wind, solar, tidal,
geothermal and salinity gradient power sources (SGP) [1–4]. A study
and forecast made by DNV-GL [5] on the global energy production from
2015 to 2050 is shown in Figure 1.

Fig. 1 indicates a steady increase in energy production and that the
growth mainly will be in photovoltaics and wind, both of which depend
on large-scale storage due to their intermittent nature [6]. Large-scale
energy storage is also expected to play a role in resolving issues related
to peak energy consumption and production typically being out of
phase. Fig. 2 shows the net electric load (electricity demand minus the

renewable energy supply) for the California grid system operator, with
forecasts for 2020 [7]. Data for 2012 and 2013 indicate that the energy
demand has two distinct peaks, one in the morning and one during the
evening. Following 2014, the net energy demand is decreasing during
the daytime, due to increased photovoltaic capacity, resulting in the so-
called duck curve [7]. Extrapolating beyond 2020 it is possible to
imagine a potential over the generation of energy during daytime
hours, followed by an abrupt ramp in demand during the evening.

Energy storage is a viable solution for smoothing out the duck curve,
allowing for energy to be generated when it is available and dispatched
when and where it is needed. Despite recent advances in battery
technology for small and medium scale applications, achieving low
cost, high-efficiency large-scale energy storage systems with long life
cycles remains a challenge [8,9]. Energy storage based on salinity
gradients can potentially overcome some of these challenges.

The energy that can be stored in solutions with different salinity can
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be significant, depending upon the relative salt concentrations. For
instance, the energy released when mixing river- and seawater is
around 2 kJ/l of river water, approximately equivalent to a 200m head
of water [1,10]. In that perspective, the energy potential is comparable
to that from pumped hydro [2]. Harvesting this energy by membrane-

based techniques such as reversed electrodialysis (RED), pressure re-
tarded osmosis (PRO) and capacitive Donnan potential (CDP) has been
described by several authors, demonstrating the potential for power
generation [1–4,11–17]. For a system consisting of 0.5 and 0.05 M NaCl
solutions, Post et al. [2] demonstrated maximum power densities of
over 2.0Wm−2 for RED and 1.2Wm−2 for PRO, albeit with similar
average power densities due to differences in discharge times. The
power density of CDP is expected to be lower, 0.05Wm−2 as of Hatzell
et al. [15].

Combining SGP technologies with corresponding desalination
technologies allow for scalable and sustainable energy storage, as
proposed by Yip et al. [18]. Kingsbury et al. [8] and Egmond et al. [19]
have both demonstrated a concentration battery based on (reverse)
electrodialysis ([R]ED), a concept further developed by Li et al. [20],
demonstrating the potential for large-scale storage. An alternative has
been proposed by Skilbred et al. [21], suggesting an energy storage
system based on RED as a hydrogen production unit, combined with
precipitation and evaporation for desalination, with a maximum power
density of 28.1Wm−2 using KNO3 at 40 °C. Raka et al. conducted an
economic study of hydrogen production with RED and ammonium bi-
carbonate finding an upper limit for the membrane cost of 20 €/m2
[94].

Enhanced performance relies upon further development in mem-
brane technology as well as optimising system chemistry and geometry.

Nomenclature

α membrane permselectivety
Nm number of membranes
F Faraday constant
Am membrane area
Δπ osmotic pressure
R universal gas constant
T temperature
ΔPh hydrostatic pressure
ρ density
ρc conductivity concentrated solution
ρd conductivity dilute solution
Re Reynold number
Kw permeability of membrane respect to the water
Jw water flux across the membrane
cd concentration for dilute solution
cc concentration for concentrated solution
EOCP open circuit potential
i current density
RΩ ohmic resistance
RAEM ohmic resistance in AEM

RCEM ohmic resistance in CEM
β shadow factor of the spacer on the membranes
hd height of the dilute flow channel
hc height of the concentrated flow channel
ϵ porosity spacer
P power density
μ viscosity
l length flow channel
tres residence time
dh hydraulic diameter
Ssp surface of the spacer filaments
Vsp volume of the spacer filaments
W work density
η efficiency
EDonnan the Donnan potential
Ec capacitive potential
Ec,0 start capacitive potential
t time
C capacitance of porous electrodes (MCDI and CDP)
Relectrode resistance porous electrodes (MCDI and CDP)
tcycle cycle time for MCDI and CDP
mm mass salt transported through membrane

Fig. 1. Forecast of global energy production towards 2050 as of DNV-GL [5].

Fig. 2. California net electricity load requirement [7] with forecasts for 2020.
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However, as each of the technologies considered have been developed
separately for other applications than energy storage, optmisation has
so far been done only for specific technologies and not for combina-
tions. Considering for instance reverse osmosis (RO), the membrane
must have high salt rejection while an optimised membrane for PRO
should have high water permeation. Since the premises for salinity
gradient energy storage is to produce power in high demand periods
and utilise cheap electricity when demand is low, optimisation with
respect to PRO is more critical than RO, as long as the salt rejection
does not become so low that separation in RO is impeded.

For energy storage systems based on ED-RED, the principal focus
should be on system characteristics such as stack resistivity [22,4,23],
closely related to flow conditions. As demonstrated in simulations by
Jalili et al. [24], flow promoters in the dilute solution channels reduce
the stack resistivity, while the opposite effect was found in the con-
centrated channel.

Capacitive systems, i.e. membrane capacitive deionisation (MCDI)
and CDP are also strongly influenced by flow conditions, in particular
with regard to phenomena related to the inherent switching between
concentrated and diluted streams [25,26].

Each of technologies considered are to some extent influenced by
concentration polarisation, which reduces mass transport rate through
the membranes [27–29] and thereby also the attainable power density.
The influence of concentration polarisation was investigated with re-
spect to water flux and power density for PRO by Achilli et al. [30]. The
maximum power density was 10.2Wm−2 for a system with 1.02 and
0.04M NaCl solutions when concentration polarisation was neglected,
and 6.2Wm−2 when included. Corresponding effects have been iden-
tified by several authors [31–37] indicating that concentration polar-
isation reduces the efficiency of PRO by at least 30%. Changing the
solutions into hypersaline solutions increases the energy densities, po-
tentially overcoming energy losses and costs, but such salinities re-
quires further advances in the membrane design. For RED additional
losses occur due to co-ion transport and electro-osmosis, most notably
at low current densities [4].

Pretreatment of water and bio-fouling are the other practical and
operational challenges that have to be considered in membrane-based
technologies, as well as reduced membrane lifetime due to high salinity
[38,39]. Fouling is considered less relevant for the closed systems
considered here.

The present work aims to present conceptual mathematical models
of three closed salinity gradient energy storage systems (SGES); ED-
RED, RO-PRO and MCDI-CDP, allowing for parametric studies of how
parameters such as concentration, residence time or temperature im-
pact on the system performance, i.e. peak power densities. A round-trip
efficiency will be calculated for each proposed energy storage system to
compare the performance and operational ranges. Also, applicability
will be identified, and scientific challenges will be highlighted, aiming
to describe system specific challenges rather than challenges related to
isolated technologies.

2. Principles of salinity gradient energy storage

A general schematic of an SGES is shown in Fig. 3, in which darker
colours indicate higher concentrations. In a closed system, the con-
centration difference out of the cell stack is not dissipated, but fed back
into the reservoirs, an essential advantage of SGES, improving the ef-
ficiency compared to salinity gradient energy.

In order to arrive at a model framework in which the different
technologies can be compared, the following assumptions were made:

1. The concentration range is limited up to 1 M, considering the range
of concentration of ions in river/freshwater and seawater. Egmond
et al. [19] showed that there is an additional energy loss in RED
because of osmotic water transport for concentrations> 1M NaCl.
Consequently, 1M is chosen for the maximum concentration in the
concentrated solution channel. As the system is considered to be
closed, the sum of concentrations in dilute and concentrated
streams is always 1M, i.e. concentrations are varied from 0.01M to
0.5M for the dilute solution and from 0.99M to 0.5M for the
concentrated solution.

2. The power consumption related to pumping of the solutions is as-
sumed to be identical for all three systems, as described below.

3. The solutions are assumed to be ideal, and concentrations are used
rather than activity coefficients. The impact of this assumption is
investigated in Appendix B, showing that power densities at most
are changed by 16%.

4. Membranes are assumed to be semi-ideal in the sense that salt
transport through RO-PRO membranes, and water transport
through the ED-RED and MCDI-CDP membranes is neglected.

5. Concentration polarisation is not considered in the current work
model for all different types of the studied concentration energy
storage system. Although the effect of polarisation is considerable,
resulting in at least 30% loss in efficiency [32], it is expected that
losses are similar for all three technologies – thus not influencing
the comparison.

6. The influence of fouling is neglected as the system is considered to
be closed.

7. The membrane selectivity is assumed to be temperature and con-
centration independent as data for his dependency is scarce in our
concentration region of operation [40].

8. The models developed consider only a unit cell, and losses which do
not scale linearly with the number of unit cells are not considered
(e.g. electrode losses for ED-RED).

9. The remaining losses are assumed to be proportional to the relevant
membrane fluxes, i.e. current density in ED-RED and MCDI-CDP
(Ohmic losses) and water flux in RO-PRO.

10. The energy demand is shown in Fig. 2 is assumed to be re-
presentative of the current case, implying that the peak energy
demand occurs over a shorter time period than that of low demand.
This is interpreted as a constraint on fluxes related to charging and
discharging – the flux related to charging is assumed to be half of

Fig. 3. The figure shows a schematic diagram of the concentration energy storage system. While charging (left), energy is stored in the form of chemical potential by
creating low and high salinity solutions. While discharging (right), two feed solutions with different concentrations are mixing, and energy is produced.
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that related to discharge.

For each of the proposed technologies, the (ideal) driving force
i
drive (e.g. potential or pressure), in combination with resistance i and

flux i gives a power density on the form

= ±P ,i i i i i
drive 2 (1)

where ‘+’ is used when charging and ‘−’ when discharging the system.
Differentiation with respect to the flux allows for determination of the
peak power density, Pi

peak, as well as the corresponding flux, i
peak.

Fluxes and driving forces are used to define a reversible power density,

=P ,i i i
rev drive (2)

which is interpreted as the theoretical maximum power density, used as
a normalisation factor to determine efficiencies.

The pump power density can be obtained by Eq. (3) as a function of
the solution viscosity, μ, hydraulic diameter of the compartments, Dh
and residence time, tres, of solutions flowing in the channels [41]:

=P f µl h
t d

48
pump pump

2

res
2

h
2 (3)

In the above equation, l and h are the length and height of the flow
channel respectively, and fpump is a factor accounting for the electrical
efficiency of the pump, set to 1.5 based on the study by Daniilidis et al.
[42] for a RED system. The average flow velocity is given as =u l t¯ / res.

The viscosity of the solution, μ (Pa s), is defined as [43]:

= × +µ e1.234 10 ,T6 0.00212c M 1965/ (4)

where c is given in M, T is the temperature in Kelvin, andM is the molar
mass. Finally, the hydraulic diameter of the channel is defined as [41]:

=
+

d
h

4
2/ (1 )( )

,S
V

h sp
sp (5)

where S
V

sp
sp
is the ratio between the surface and volume of the spacer

filaments.
The energy density, Wi, is calculated by integrating the power

density with respect to the time:

= =W P t P t( )dt ¯ ,i
t

i i0 (6)

where P̄ is the average power density and t is the total processing time.
The energy densities are used to determine the efficiencies of charging

by process i and discharging by process j, as well as corresponding
round-trip efficiency for the combined process ij:

=
+

W
W Wj

j

j

charge
rev

pump (7)

=
W W

Wi
i

i

discharge
peak

pump
rev (8)

= =
+

W W
W W

W
Wj i

i

j

j

i
ij
round trip charge discharge

peak
pump

pump

rev

rev (9)

In the following sections, application specific derivations are given
for each of the systems considered.

2.1. Electrodialytic energy storage system; ED-RED

A schematic of an electrodialytic energy storage system is shown in
Fig. 4. Charging is performed by ED, while the corresponding dischar-
ging process is performed by RED.

Electrodialysis is a membrane-based demineralisation process rea-
lised by an imposed electric potential. The conventional ED system
consists of a series of anion and cation-exchange membranes (AEM and
CEM) alternately placed between two electrodes. A cell pair (unit cell)
is the assembly of a CEM, a concentrated solution compartment, an
AEM and a dilute solution compartment. In industrial applications, an
ED stack consists of 100–200 cell pairs [44].

In a RED cell, ion-exchange membranes separate the channels in
which concentrated and dilute solutions are fed in an alternating pat-
tern. Anions migrate through the AEM towards the anode and cations
move through the CEM towards the cathode. As a result of the migra-
tion of cations and anions in opposite directions, a net ionic current is
produced. Simultaneously, the chemical potential difference between
the concentrated and dilute solutions generates a voltage across each
membrane. Thus, a portion of the Gibbs free energy of mixing is con-
verted to electrical energy and can be harvested continuously [1,22].

2.1.1. Charging the electrodialytic energy storage system
Charging of the electrodialytic energy storage system occurs

through the movement of ions from the dilute to the concentrated so-
lution. The driving force opposing this transport is the open circuit
potential, EOCP, given as [45,8]:

Fig. 4. The figure shows a schematic of the electrodialytic
energy storage system. (a) During charging by ED, ions move
from dilute solution towards the concentrated solution. (b)
During discharging by the RED process, the electrical current
is reversed, and ions move back from the concentrated to di-
lute solution, eventually re-establishing the initial condition.
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= =E N
F

c
c

2 ¯RT ln ,mED/RED
drive

OCP
c

d (10)

where cc and cd are concentrations of the concentrated and dilute so-
lutions respectively, F is Faraday's constant, T is temperature, R is the
universal gas constant, Nm is number of membrane pairs and ¯ is the
average permselectivity. The permselectivity expresses the capability of
the membrane to transport a specific type of ion, either cation or anion.

The power requirement for an ED unit cell, excluding pumping
power consumption, is:

= +P E i R i ,ED OCP ED ED
2 (11)

where i is the current density (e.g. flux of charge) and RΩ is the ohmic
area resistance for a ED-RED unit cell, calculated as [41]:

= + + +R R R h h
1 1

,AEM CEM c c
2

d d
2 (12)

where RAEM and RCEM are the area resistances of the AEM and CEM
respectively and β is the mask fraction or spacer shadow factor [8]. hd
and hc are the heights of the dilute and concentrated solution channels,
ϵ is the porosity (open area) of the spacer, where the spacers keep the
CEM and AEM apart and enhance the mixing of the solutions [46]. ρc
and ρd are the resistivity of the concentrated and dilute feed, respec-
tively, given as:

=
= ±
= ±

a c
a
b

·
0.1476 0.0077 m

0.959 0.013 m,

b
sol,10

(13)

based on data from [47], where ρsol,10 is the solution resistivity at 10 °C
(Ωm) and c is the concentration (M) (the concentration is rewritten
from ppm to M using [48]). The theoretical temperature effect on the
resistivity is also obtained from [47]:

=
T

31.1K
251.5K

,sol sol,10 (14)

where T is the temperature in Kelvin. The reversible power density is
given as:

=P i E .ED
rev

ED OCP (15)

2.1.2. Discharging the electrodialytic storage system
Discharge of the electrodialytic energy storage system occurs

through the (spontaneous) movement of ions from the concentrated to
the dilute solution. The power density is expressed as:

=P E i R i ,RED OCP RED RED
2 (16)

where EOCP is obtained using Eq. (10). The current density corre-
sponding to the peak power density of the discharging process is:

=i E
R2

,RED
peakpower OCP

(17)

where the peak power density is:

=P E
R4

.RED
peak OCP

2

(18)

It is worth mentioning that Eqs. (17) and (18) are valid if the stack
and load resistances are equal [4,6].

2.1.3. Efficiencies for the electrodialytic energy storage system
Integration as of Eq. (6) gives the following charging efficiency:

=
+

W
W WED

ED
rev

pump ED (19)

Correspondingly, substituting = ×i i0.5ED RED
peakpower (following from the

duck-curve) and neglecting pumping losses, the maximum efficiency of
ED can be expressed as:

=
+

=
+

=i E
E i R i

E R
E R E R

/4
/4 /16

4
5ED

max ED OCP

OCP ED ED
2

OCP
2

OCP
2

OCP
2 (20)

The efficiency of the discharging process is given as:

=
W W

W
,RED

RED
peak

pump

RED
rev (21)

expressing the ratio of the net energy generated by RED and the (po-
tential) chemical energy between two solutions. Neglecting the
pumping losses, the efficiency can be expressed as:

= =E R
E R

/4
/2

1
2

,RED
max OCP

2

OCP
2 (22)

i.e., the maximum efficiency of RED is 0.5, considering the proposed
definition of efficiency [6].

The round-trip efficiency of the electrodialytic energy storage
system is:

Fig. 5. The figure shows a schematic of the osmotic energy sto-
rage system. (a) During charging by RO, ions concentration is
increased in one solution compared to the other solution due to
water movement from high salinity solution towards to low sali-
nity solution. (b) During discharging by PRO, the water flux is
reversed, and water moves back from the dilute to concentrated
solution, eventually re-establishing the initial condition. Further
details of RO-PRO with pressure exchanger (PX) and all flow
streams can be found in [13,51].
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= =
+

W W
W W

i
i

,ED RED ED RED
RED
peak

pump

ED pump

ED

RED (23)

which, as of Eqs. (20) and (22) has a maximum efficiency of 0.4.

2.2. Osmotic energy storage system; RO-PRO

Reverse osmosis is a separation method using semipermeable
membranes, where water is transported through the membrane when a
pressure exceeding the osmotic pressure is applied. The technology was
developed in the late sixties for desalination [49,12].

An operating pressure around 30–80 bar is typically used for a
conversion system of seawater to freshwater utilising commercial
membranes [49]. In RO, water is transported through the membrane;
thus, demineralised water is accumulated in one side of the membrane
and impurities are left in the other side.

Pressure retarded osmosis is the opposite process of RO [2,50].
Water diffuses through the membrane from a low salinity solution to a
high salinity solution due to the driving force of the chemical potential
gradient across the membrane. An illustration of the osmotic energy
storage system is shown in Fig. 5.

Reverse osmosis applies hydrostatic pressure as the driving force for
separation, which has to counteract the osmotic pressure that would
otherwise favour water flux from the dilute to the concentrated solu-
tion. Accordingly, in RO, there is a need for a high-pressure pump and
high-pressure vessel to provide a level of energy that can overcome
natural osmotic pressure; typically 20–25 bar between the fresh water
and seawater [2]. The efficiency can be increased by implementing
pressure exchangers (PX) which transfer energy from the high-pressure
stream to a low-pressure stream. In the RO-PRO energy storage system,
the low-pressure feed stream into RO (high salinity) can be pressurised
by the high-pressure draw stream exiting from PRO, reducing the re-
quired energy by up to 60% [13,51].

The power needed for pumping water through the two channels in
the RO-PRO system is considered to be the same for both channels. This
simplification underestimates the power required because the flow
velocity is different in the two channels. Consider for example the flow
at the end of the membrane in a PRO module; because 70–80% of the
feed solution ends up in the draw solution, the flow rate at the outlet
becomes 7 times larger on the salty side than on the water side (1.75/
0.25=7). Because pumping power is proportional to the square of the
velocity, the pumping power in the end region of the draw side becomes
3 times (1.752) higher at the outlet than at the inlet. Even if the
pumping power at the outlet of the waterside lowers to 0.06 (0.252) of
the inlet need, the total pumping power needs increases by up to 50%
compared to the simplified assessment in this study. Because of the non-
linearity of this type of calculation, we consider the selected simplifi-
cation to be sufficient. We find this because the pumping power is ty-
pically less than 10% [3] of the system power output so that the net
power output only varies with a few percentages (up to 5%).

2.2.1. Charging the osmotic energy storage system
The charging step of the proposed energy storage system is per-

formed by RO. The pressure difference between the two solutions acts
as the driving force for this process and is defined as [4]:

= = c c2RT( ),RO/PRO
drive

c d (24)

where Δπ is the osmotic pressure, cc and cd are the concentration of
concentrated and the dilute solutions respectively (with unit mol/m3,
equal to 1000M), R is universal gas constant and T is temperature.

The hydrostatic pressure for RO can be calculated by:

= +P J
K

,h
RO

w (25)

and the corresponding power density is:

= = +P J P J J
K

,RO RO h RO
RO
2

w (26)

where JRO is the water flux and Kw is the permeability of the membrane
with respect to water. The reversible power density is:

=P JRO
rev

RO (27)

It should be noted that the water flux is normally expressed as a
function of hydrostatic and osmotic pressure, cf. [4,2,3,50], however, to
keep an analogy to ED-RED and MCDI-CDP the reverse relation is used
in the current work.

2.2.2. Discharging the osmotic energy storage system
Discharging the osmotic energy storage system occurs when water

from the low salinity solution diffuses to the high salinity solution.
Contrary to RO, PRO is a low-pressure process. In PRO, the applied
hydrostatic pressure, which is needed to pressurise the high salinity
solution, is described by Eq. (28) [4]:

=P J
Kh
PRO

w (28)

The power density of PRO is the product of water flux across the
membrane and the hydrostatic pressure drop according to Eq. (29):

= =P J P J J
KPRO PRO h PRO
PRO
2

w (29)

The peak power density is obtained when the water flux is defined as
Eq. (30):

=J K
2

,PRO
peakpower w

(30)

analogous to Eq. (17) when determining the current density in RED.
The corresponding peak power density is given as [4]:

=P K
4

,PRO
peak w 2

(31)

while the reversible power density is defined as:

=P JPRO
rev

PRO (32)

2.2.3. Efficiencies for the osmotic energy storage system
Following the definitions introduced earlier, the efficiency for PRO

is given as:

=
W W

W
( )

,PRO
PRO
peak

pump

PRO
rev (33)

again expressing the ratio of (the net) energy generated by PRO and the
(potential) chemical energy between two solutions. Neglecting the
pumping losses, the maximum efficiency can be expressed as:

= =K
K

/4
/2

1
2

,w

w
PRO
max

2

2 (34)

corresponding to that found for RED.
The efficiency of RO is expressed as:

=
+

W
W W( )

.RO
RO
rev

pump RO (35)

Substituting = ×J J0.5RO PRO
peakpower and neglecting pumping losses,

the efficiency of RO under the prescribed conditions is:

=
+

=
+

=J
J J K

K
K K/

/4
/4 /16

4
5w

w

w w
RO

RO

RO RO
2

2

2 2 (36)

The efficiency of the osmotic energy storage system (ηRO−PRO) can
be defined as Eq. (37) as a measure of the fraction of the power den-
sities by discharging and charging.
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W W

J
J

( )( ),RO PRO
PRO
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pump

RO pump

RO

PRO (37)

again limited to maximum efficiency of 0.4 at when following the duck-
curve constraint and peak-power discharge water flux.

2.3. Capacitive energy storage system; MCDI-CDP

A third technique to store energy via salinity gradients can be rea-
lised by combining MCDI and CDP. During both charging and dis-
charging, ions enter and leave the porous electrodes [52–54]. Conse-
quently, the capacitance of the system is playing an essential role in the
performance of this energy storage system.

2.3.1. Charging the capacitive energy storage system
The charging of the system is based on MCDI, first introduced by

Claude et al. [55,56], as illustrated in Fig. 6. An AEM and a CEM are
placed on each electrode, enabling selective ion transport.

Membrane capacitive deionisation consists of four steps. In the first
step, a mixed solution flows between two membrane-covered electrodes
at open circuit. During the second step, a potential is applied over the
electrodes, making the positive ions flow to the negative electrode and
vice versa, forming an electrical double layer [57,56] and a Donnan
potential, where the outlet solution is less concentrated than the inlet.
In the third step, the outer circuit is opened again, letting some ions
travel from the electrodes to the solution. During the fourth step the
potential is reversed compared to the second step, and the ions are
forced from the electrodes to the solution. The outlet solution from the
system is now more concentrated than the inlet and is led to a new
compartment.

During addition and removal of ions, step 2 and step 4, the time-
dependent capacitive potential gradually reduces the drive potential.

2.3.2. Discharging the capacitive energy storage system
Capacitive Donnan potential was first proposed by Sales et al. in

2010 [58] and can be realised with a cell design corresponding to MCDI
[59]. An illustration of a CDP system with the ionic flow is shown in
Fig. 7.

The CDP process consists of four steps. In the first step, the mem-
brane-covered electrodes are polarised by immersing them in a con-
centrated solution at open circuit, resulting in a Donnan potential at
each electrode. In the second step, the electrodes are connected to an
external load allowing a flow of an electric current in an outer circuit,
until electrodes attain charge neutrality. In the third step, the circuit is
open again, and the concentrated solution is replaced by a dilute so-
lution. The concentration in the electrodes is now higher than the
concentration in the solution, promoting ion transport to the solution
due to the reversed Donnan potential [60]. In the last step, the

electrodes are connected to an external load again, where the electrons
flow in the opposite direction compared to the second step.

2.3.3. Potential from CDP and MCDI
The model of the capacitive energy storage system takes the second

and fourth step into account, while excluding the two steps in which the
solution in the cell is changed. The driving force is the sum of the
Donnan-, EDonnan, and capacitive potential, Ec, i.e.

= +E E ,MCDI/CDP
drive

Donnan c (38)

while the cell potential is expressed as [25]:

= +E E E iR ,MCDI/CDP Donnan c (39)

where i is the current density, defined as positive when adding ions to
the electrode and negative when ions are removed, and RΩ is the ohmic
resistance. The Donnan potential is calculated as:

=E
c
c

2 ¯ RT
zF

ln ,Donnan
sp

el (40)

differing slightly from the Nernst equation (Eq. (10)), due to the spe-
cification of the concentration in the spacer, csp, and electrode, cel. The
potential in MCDI and CDP alternates between positive and negative
depending on whether the concentration is highest in the spacer or in
the electrode [59,61]. The capacitive potential for CDP and MCDI is
given in Eqs. (41) and (42), respectively:

=E E i
C

tc,CDP c,0
CDP

CDP
CDP (41)

= +E E i
C

t ,c,MCDI c,0
MCDI

MCDI
MCDI (42)

where Ec,0 is the initial capacitive potential at the start of a new step in
the cycle, C is the capacitance of the unit cell and tMCDI and tCDP is the
time between a new concentration entering the cell, until the total
potential reaches zero, i.e.:

= +t C
i

E E( iR )MCDI d c,0 (43)

= +t C
i

E E( iR )CDP d c,0 (44)

When adding ions to the electrodes in CDP and removing ions from
the electrodes in MCDI, the solution in the spacer is concentrated. The
resistance is in this case given as:

= = + + +R R R R h
R

1 1,CDP
add

,MCDI
remove AEM CEM c c

2 electrodes (45)

Correspondingly, while both removing ions from the electrodes in CDP
and adding ions to the electrodes in MCDI, the solution in the spacer is

Fig. 6. The figure shows an illustration of the MCDI technology. A
solution flows into the system which alternates between produ-
cing a diluted (left) and concentrated solution (right) by alter-
nating ion exchange with porous electrodes. Electrodes are
charged when producing the dilute solution and discharged when
producing the concentrated solution. Each solution is stored in
separate containers.
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dilute, with resistance equal to:

= = + + +R R R R h
R

1 1,CDP
remove

,MCDI
add AEM CEM d d

2 electrodes (46)

In Eqs. (45) and (46), RAEM and RCEM are the area resistances of the
AEM and CEM respectively, β is the shadow factor of the spacer, hc and
hd are the heights of the concentrated and dilute compartment re-
spectively, ϵ is the porosity of the spacer and ρc and ρd is the resistivity
of the concentrated and dilute solution respectively (Eqs. (13) and
(14)).

By substitution, the potential adding and removing ions to and from
the electrodes for CDP and MCDI is:

= + + +E
F

c
c

E i
C

t i R R h
2 ¯ RT ln

1 1CDP
add sp

el
c,0

AEM CEM c c
2 (47)

= + + +E
F

c
c

E i
C

t i R R h
2 ¯ RT ln

1 1CDP
remove sp

el
c,0

AEM CEM d d
2

(48)

= + + + +E
F

c
c

E i
C

t i R R h
2 ¯ RT ln

1 1MCDI
add sp

el
c,0

AEM CEM d d
2

(49)

= + + + +E
F

c
c

E i
C

t i R R h
2 ¯ RT ln

1 1
.MCDI

remove sp

el
c,0

AEM CEM c c
2

(50)

Fig. 8 shows the potential with respect to the time, given constant
current for two cycles for CDP and MCDI. The solutions are switched
when the total potential is zero, and the model is run until the change in
initial capacitive potential is less than 0.1%.

2.3.4. Current density in the capacitive energy storage system
The current density for adding and removing ions to and from the

electrodes in CDP, is chosen at maximum power density, given in Eqs.
(51) and (52):

=
+

+
i

E E
t C R2 / 2

,CDP
add Donnan c,0

add add
,CDP

add (51)

=
+

+
i

E E
t C R2 / 2

,CDP
remove Donnan c,0

remove remove
,CDP

remove (52)

Since a fixed current density and water flux is used in the modelling
of ED-RED and RO-PRO, corresponding conditions are assumed for
MCDI-CDP for the sake of comparison. The maximum power- and
corresponding current density is determined graphically from plots
generated by varying tadd and tremove in Eqs. (51) and (52). An example
of power density as a function of current density at 25 °C for 30 dif-
ferent concentrations between 0 and 1M is given in Fig. 9.

The discharging current is half of the charging current and visa
verse, corresponding to the systems described previously:

=i i
2MCDI

add CDP
remove

(53)

=i i
2MCDI

remove CDP
add

(54)

2.3.5. Power and energy density from CDP and MCDI
The average power density, while adding and removing ions from

the electrodes in both CDP and MCDI is:

= =
+

+P
t t t

P P¯ 1 P dt 1 dt dt ,
t

t

t

t

t

t
add remove

add remove
1

2

1add
2add

1remove
2remove

(55)

where Δtadd= t2add− t1add and Δtremove= t2remove− t1remove are the

Fig. 7. The figure shows an illustration of the CDP technology.
Concentrated (left) and dilute (right) solutions flow alternately
into the system producing a solution of mixed concentration.
Electrodes are charged while the concentrated solution is flowing
and discharged to the dilute solution in a spontaneous (energy
producing) process.

Fig. 8. Potential with respect to the
time in MCDI (a) and CDP (b) for two
cycles. Light colour indicates a dilute
solution, where ions are added to the
electrodes for MCDI and removed in
CDP. Dark colour indicates a con-
centrated solution, where ions are re-
moved from the electrodes for MCDI
and added for CDP. (For interpretation
of the references to colour in this figure
legend, the reader is referred to the
web version of this article.)
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time which take to add and remove ions from the electrode respec-
tively.

The reversible power density from one cycle of CDP and MCDI is the
product of the current density and the drive potential, where the latter
is the summation of Donnan potential (Eq. (40)) and the capacitive
potential (Eq. (41)).

= +P
t

i E E¯ 1 ( )dtj t

t
j

rev
Donnan c

1

2

(56)

2.4. Efficiency of CDP and MCDI

Corresponding to the other technologies, the relevant efficiencies
are given as:

=
W W

W
,CDP

CDP
peak

pump

CDP
rev (57)

=
+

W
W WMCDI

MCDI
rev

MCDI pump (58)

and

= =
+

W W
W

W
W WMCDI CDP MCDI CDP

CDP
peak

pump

CDP
rev

MCDI
rev

MCDI pump (59)

Neglecting the pumping losses, the maximum efficiency can be
found to be equivalent to the other technologies, i.e. 0.5 for CDP, 0.8 for
MCDI and 0.4 for the round-trip efficiency.

3. Results and discussion

The following section describes the results for each energy storage
system separately, where each subsection contains drive potential,
power density and efficiency of the charging and discharging, in ad-
dition to the total efficiency. The maximum power density with respect
to concentrations is also calculated for each discharging process for
temperature varying from 10 °C to 80 °C. Finally, the average electricity
price in USA and EU is compared to the cost of all three energy storage
system, given different membrane prices. The input parameters for the
three models are given in Table 1.

3.1. Electrodialytic energy storage; ED-RED

The open circuit potential with respect to the concentration of dilute
solution at different temperatures is demonstrated in Fig. 10, while the
ohmic resistance over one unit cell is plotted in Fig. A.25(a) in
Appendix A. The main contributor to the resistance is the resistivity of

the dilute solution. The peak power current density to discharge the
electrodialytic energy storage system, is depicted in Fig. A.25(b) in
Appendix A.

The peak power current density (Eq. (17)) is proportional to the
open circuit potential, and inversely proportional to the resistance. As
the resistance is increasing faster than the open circuit potential at low
concentrations, the overall effect is a reduction in the peak power
current densities at these concentrations, as shown in Fig. A.25(b).

The power density of charging and discharging of electrodialytic

Fig. 9. Power density as a function of current density for CDP while adding ions to the electrodes (a) and removing the ions from the electrode (b). The black dotted
lines give the maximum power density, where the arrow indicates direction of increasing concentration. The temperature is 25 °C.

Table 1
Input values used for models of the three energy storage systems. A discussion
regarding additional parameters is given in Appendix D.

Name Symbol Value

Channel height h 2×10−4 m [41]
Channel length l 0.1 m [41]
Channel width w 0.1 m [41]

Porosity spacer ϵ 0.7 [41]
Open area spacer σ 0.5 [41]
Ratio surface to volume spacer

filament
Ssp/Vsp 8/h

Hydraulic diameter Dh See Eq. (5)
Power losses pump Ppump See Eq. (3)

Mean permselectivity CEM and
AEM

¯ 0.97 [62–64]

Resistance AEM rAEM 1.0×10−4Ωm2 [62,63]
Resistance CEM rCEM 1.0×10−4Ωm2 [62,64]

Concentration, concentrated
solution

cc (cc= 1− cd) 0.99–0.51M

Concentration, dilute solution cd 0.01–0.49M
Conc. porous electrodes (MCDI &

CDP)
cm 0.5M

Temperature T [283 298 313 333 353] K
Viscosity solution μ Eq. (4)
Solution resistivity ρc/d Eqs. (13) and (14)
Water permeability in membrane Kw 4.1×10−13m (Pa s)−1 [4]
Residence times tres [10 20 40 70 100] s [41]a

Corresponding velocities based
on l/tres

ū [10 5.0 2.5 1.4 1.0] mm/s

Capacitance (CDP &MCDI) C 4×10−2 Fm−2 [61]
Resistance electrodes (MCDI &

CDP)
Re 4.4×10−3Ωm2 [65]

Molar mass NaCl M 58.44mol g−1

Faraday's constant F 96,485 Cmol−1

Universal gas constant R 8.314 J K−1mol−1

a Vermaas et al. [41] considered residence times from 0.5 to 200 s to cal-
culate power density from salinity gradient using RED, demonstrating that both
too high and too low values were detrimental for system performance.
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energy storage system, is presented in Fig. 11. The maximum power
density is at a dilute concentration between 0.046 and 0.026M, where
the RED power density is changing from 3.18 to 11.0Wm−2, corre-
sponding to temperatures from 10 °C to 80 °C. The power density at
lower dilute concentration is more affected by the drop in current
density due to resistance, than the increase in the open circuit potential.
The reduction in power density with decreased dilute concentration is
in agreement with the theoretical and experimental research by Eg-
mond et al. [19].

The pumping loss as a function of concentration changes less than
0.2% over the total concentration range at fixed temperature and re-
sidence time. The pumping loss is plotted as a function of residence
time, i.e. the time the fluid spends from inlet to outlet, and temperature
in Fig. 12. At lower residence time the influence of temperature on the
pump power consumption is greater than at higher residence time.
However, at lower temperatures, the influence of residence time is
more notable than at higher temperatures. The pumping power loss is
reduced by a factor of 100 when increasing the residence time by a
factor of 10; from 10 s to 100 s, corresponding to a decrease in velocity
of factor 10. Changing the temperature from 10 °C to 80 °C, lowers the
pumping loss with a factor 25.

The efficiency of charging and discharging the electrodialytic en-
ergy storage system at different residence times is displayed in
Fig. 13(a) and (b), while the total efficiency is shown in Fig. 13(c) for a
fixed temperature, T=25 °C.

At the beginning of the discharge process, due to the high con-
centration difference between the two streams, the energy storage

system has a high efficiency where the power generation is higher than
the pump power consumption. The efficiency is decreasing as the
concentration difference decreases, due to relatively higher energy
consumed by the pumps compared to the energy produced. The effi-
ciencies for ED and RED with respect to temperature are given in
Fig. 14(a) and (c), respectively. The total electrodialytic energy storage
system efficiency, is given in Fig. 14, considering a constant residence
time equal to 20 s. The efficiency in RED and ED increases by elevating
temperature, due to temperature dependency on drive potential, re-
sistance and pumping losses.

3.2. Osmotic energy storage; RO-PRO

The osmotic pressure difference, Δπ, for different temperatures is
demonstrated in Fig. 15, while the corresponding water flux for peak
power density is shown in Fig. A.26 in Appendix A.

The power densities produced from PRO and consumed in RO are
given in Fig. 16. The maximum power density for PRO is changing from
4.36 to 6.78Wm−2 corresponding to temperatures from 10 °C to 80 °C,
while the pumping losses are the same as for the electrodialytic energy
storage system (see Fig. 12).

The efficiency of charging and discharging for different residence
times, with respect to the dilute concentration and constant tempera-
ture, T=25 °C, is shown in Fig. 17(a) and (b). The total efficiency is
given in Fig. 17(c). The efficiencies of PRO and RO are enhanced by

Fig. 10. Open circuit potential for one unit cell of RED and ED. cc= 1− cd.

Fig. 11. Power per unit cell area while charging (a) and discharging (b) the electrodialytic energy storage system. cc= 1− cd.

Fig. 12. This figure shows the pumping loss per unit cell area in electrodialytic
and osmotic energy storage systems at different temperatures at Cd=0.25M
and Cc=0.75M.
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increased residence time, due to the decreasing in pumping losses.
The efficiencies of RO and PRO for different temperatures at fixed

residence time, tres= 20 s, is shown in Fig. 18(a) and (b), where the
total efficiency of osmotic energy storage system is given in Fig. 18(c).
The efficiency for PRO and RO increases by elevating temperature, due
to the temperature dependency of viscosity and osmotic pressure.

Similarly to the efficiency of the ED-RED energy storage system in
Fig. 14, the efficiency of osmotic energy storage system decreases as the
concentration difference decreases. The efficiency of the energy storage
system is dominated by the PRO process at the early stage of the curve,
while the RO energy consumption is controlling the late stage of the
curve. Also, as the energy consumption by pump increases (i.e. re-
sidence time decreases), the efficiency of osmotic energy storage system
decreases at a constant concentration of the dilute solution.

3.3. Membrane capacitive energy storage system; MCDI-CDP

The mean drive potential with respect to time in the membrane
capacitive energy storage system is presented in Fig. 19, while the
ohmic resistance of a unit cell is presented in Fig. A.27(a) (Appendix A)
at different temperatures. The ohmic resistance is higher in the mem-
brane capacitive energy storage system compared to the electrodialytic
energy storage system due to the resistance of the porous electrodes
included in every unit cell.

Depending on the concentration in the spacer and the state of
charge, the current at peak power density changes. The current density
decreases at lower concentrations, due to an increased cell resistance.
The average power densities gained from CDP and the average con-
sumed power density in MCDI are shown in Fig. 20. The power density
obtained from CDP is 0.8 of what is consumed by MCDI.

Fig. 13. Efficiency at different residence times for (a) ED, (b) RED and (c) total electrodialytic energy storage system at T = 25 °C and cc= 1− cd.

Fig. 14. Efficiency at different temperatures for (a) ED and (b) RED and (c) total electrodialytic energy storage system. tres= 20 s and cc= 1− cd.
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The pumping power consumption in the capacitive energy storage
system is half of the pumping consumption in the electrolytic and os-
motic energy storage system, since MCDI and CDP only have one flow
compartment per unit cell. The efficiency of MCDI and CDP for different
residence time at fixed temperature, T=25 °C, is given in Fig. 21(a)
and (b), while the total efficiency is given in Fig. 21(c). The efficiency
for MCDI and CDP are decreasing rapidly with residence time due to the
increase in power consumption of pump.

The temperature effect on the efficiency of MCDI and CDP at fixed
residence time, tres = 20 s is given in Fig. 22(a) and (b). The total ef-
ficiency of the membrane capacitive energy storage system is given in
Fig. 22(c). The efficiency increases by elevating temperature, due to
temperature dependency of drive potential, resistance and pump power
consumption.

3.4. Energy price and membrane cost

A comparison of minimum, maximum and mean values of energy
price between EU and USA are shown in Figure. 23 . The energy cost of
each energy storage system needs to be competitive with the energy
prices given in Fig. 23 to take its market share. A more optimistic
market constraint would consider being paid to dump surplus elec-
tricity, as is seen in Europe, cf. Appendix C.

The cost of the membrane for ED and MCDI was reported two or
three times higher than that for RO according to Van der Bruggen et al.
[68]. Other researchers like Pirsaheb et al. [69] reported that

considering the capital, operational and maintenance costs, ED mem-
branes are more expensive than RO membranes based on a case study.
For separation technology, ED has received less attraction compared to
RO. Although RO membranes are cheaper than ED membranes, there
are several factors which make ED more attractive compared to RO at
certain conditions as reviewed by Westerling [70], reporting that ED is
more tunable for specific membranes and constant flow rate. ED re-
quires cross-flow separation using ion exchange membranes, and it
operates at lower pressure range (approximately 7 bar) which requires
less physical space, easier maintenance and longer lifetime compared to
RO (typical range of pressure is 30–80 bar).

The capacitive and electrodialytic energy storage systems are using
AEMs and CEMs; either as a separate layer or as a coating applied di-
rectly onto the electrodes. NAFION 117 is a popular membrane [60]
with a cost of approximately 1$ cm−2 [71] (10 000$m−2), while
membranes from Fumatech is approximately 0.05$ cm−2 (500$m−2)
at lab scale. The cost of the osmotic membrane is typically 20–50$m−2

[72,17]. Post claims the electrodialytic membrane is 2–3 times more
expensive than the osmotic membrane, but the installed area cost of
membranes considering pump, turbine and pressure vessels, evens out
this cost difference [23]. Based on a financial feasibility study of a RED
power plant by Daniilidis [17], the most influential parameter on the
cost is the price of the membranes. For simplicity and initial estimate,
all other sources of the cost are neglected. The lifetime for all three
batteries is assumed to vary from 3 to 10 years [3,16] for comparison,
with 3% down-time [17]. According to the duck curve constraint, the
battery is discharging approximately 3 h a day.

The peak power densities from ED-RED, RO-PRO and MCDI-CDP are
given in Table 2. The total cost per total membrane area is estimated
and is shown in Fig. 24 by varying the cost per membrane area, for a
constant temperature of 25 °C and 60 °C and residence time of 20 s.

The maximum energy price in EU is 0.23$/kWh and in the USA
0.31$/kWh (see Fig. 23). To generate electricity below these prices by
the three storage systems with an operational time of 5 years (3 h per
day and 3% downtime), considering power densities given in Table 2
for 25 °C, the membrane cost needs to be lower than 2.9, 3.0,
0.31$m−2 for RED, PRO and CDP respectively. Increasing the tem-
perature to 60 °C, the membrane can cost up to 5.2, 3.7 and 0.43$m−2

for RED, PRO and CDP respectively.

3.5. Evaluation of the three energy storage systems

The maximum peak power densities and the total efficiencies at
tres = 20 s for all three energy storage systems are given in Table 2.

Fig. 15. Osmotic pressure difference for PRO and RO. cc= 1− cd.

Fig. 16. Power per unit cell area used in RO (a) and gained from PRO (b). cc = 1− cd.
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3.5.1. Power density
The maximum power density of the electrodialytic energy storage

systems is higher than the power density of the osmotic energy storage
systems at temperatures over 40 °C, while the maximum power density
of the capacitive energy storage system is approximately one-tenth of
the power density of the other studied discharging processes.

The average discharging power density of the electrodialytic energy
storage system by Kingsbury et al. [8], was in the range of
0.07–0.44Wm−2, which is less than the average power density of our
electrodialytic energy storage system (1.7Wm−2 at 25 °C). The differ-
ence in power density is due to difference in the operating conditions
like lower temperature (18.5 °C), lower average permselectivity (91%)
and lower concentration difference (0.5M and 0.25M). They con-
sidered pumping losses, Faradaic losses (which is mostly influenced by
osmosis) and losses in the model. It is important to mention that

Kingsbury et al. [8] did the first experimental study that demonstrated
that ED-RED could be used for energy storage. Also, the Kingsbury et al.
study showed that by comparing experimental measurements and
modelled results, the performance of the ED-RED battery could be
successfully modelled based on known ED-RED and mass transport.

To maximise peak power density in the osmotic energy storage
system, membrane characteristics like water permeability, the porous
support and membrane structure factor are very important [4,23].
Chemical and mechanical stable materials with desirable separation
capability are also desired for the RO membrane due to the operating
system in high-pressure condition [50,2]. Yip et al. [50] fabricated a
thin-film composite PRO membrane to find a compromise between
water permeability and selectivity to maximise the peak power density
to 10.0Wm−2 for a system containing river and sea water as feed and
draw solutions, respectively. Utilising the other manufactured

Fig. 17. Efficiency at different residence times for (a) RO, (b) PRO and (c) the total osmotic energy storage system. T=25 °C and cc= 1− cd.

Fig. 18. Efficiency at different temperatures for (a) RO, (b) PRO and (c) the total osmotic energy storage system. tres = 20 s and cc= 1− cd.
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membranes with lower salt permeability but with less water perme-
ability resulted in reducing the peak power density as 6.1Wm−2 at
25 °C [50]. These values are comparable with the peak power densities
achieved at the studied temperature range in our work for PRO
(4.83Wm−2 at 25 °C), assuming a lower membrane water permeability
in our work compared to the water permeability of membrane reported
by Yip et al. [50].

One reason for the low power density in CDP is the constant current
constraint considering time which is applied in the capacitive energy
storage system when the current at peak power of the capacitive energy
storage system should be time dependent. Liu et al. reported a max-
imum power density of 0.205Wm−2 using concentration of 0.02M and
0.5M and a constant current [25], while Sales et al. [58] had a max-
imum power density of 0.060Wm−2 with the same concentration
difference as Liu et al. Hatzell et al. increased the power density from
0.5Wm−2 to 0.9Wm−2 using ammonium bicarbonate [60].

Another reason for the low power density in the capacitive energy
storage system is the much larger unit cell resistance in MCDI-CDP
compared to RO-PRO and ED-RED. Considering low power density in
CDP, the electrode resistance was neglected for comparison to RED and
PRO, giving maximum power densities from 1.30 to 4.10Wm−2 at
temperatures from 10 °C to 80 °C. It is important to highlight that the
maximum power density while adding ions to the electrodes is at the
same level as the maximum power densities in RED and higher than
PRO (11.0Wm−2 at 25 °C from CDP). This is due to lower resistance in
the cell with only one compartment with a concentrated solution,
leading to a higher current density (130 Am−2 at the start of discharge
at 25 °C). However, the maximum power density while removing ions in

CDP at 25 °C is 1.21Wm−2 which is low compared to the values in RED
and PRO. This is due to the high resistance in the cell with only one
compartment with diluted solution, leading to a lower current density
(15.2 Am−2 at the start of discharge at 25 °C). A time-weighted average
of maximum power density in CDP is then lower than the maximum
power densities in RED and PRO.

Despite low power density and problems with the switching time,
the capacitive energy storage system has some advantages over the
electrodialytic and osmotic energy storage system. The capacitive
system is able to produce electric energy without the need of redox
solution (see Fig. 4) used in ED-RED or auxiliary equipment such as a
turbine and a pressure exchanger in RO-PRO, thus introducing fewer
potential losses in the capacitive systems compared to the other two.

3.5.2. Effect of temperature
In our work, elevating the temperature from 10 °C to 80 °C, in-

creases the power density with more than a factor of 3 for the elec-
trodialytic discharging techniques, while the osmotic and capacitive
discharging system increases with a factor 2 for the same temperature
increase. The increase in the power density is due to the reduction in
the solution resistance and the increase in the drive potential, as well as
decreasing of the viscosity and thereby the pumping losses, at elevated
temperatures.

Jalili et al. [73] performed a simulation study to investigate the
effect of temperature on mass and momentum transport for a dilute
channel of a RED system, documenting that increasing Re number as a
result of elevated temperature, improves the mass transfer due to en-
hanced effective diffusivity at higher temperatures. Re number might
be increased either by increasing the flow velocity which inturn in-
creases the pressure drop across the channel or reducing the viscosity
by enhancing temperature which reduces the pressure drop [73]. In-
creasing of the temperature can be implemented by utilising the waste
heat. Luo et al. [74] and Benneker et al. [75] reported experimentally
an increase of the net power density of RED by the usage of the waste
heat from industrial processes. Daniilidis et al. [17] performed an ex-
perimental investigation for the energy generated by RED using brine at
5M and reported an increase in power density of almost 80% (from 3.8
to 6.7Wm−2), when temperature was increased from 25 °C to 60 °C.
Despite the increase in power density, they also found a decrease in the
perm-selectivity of the membrane at higher temperatures. The decrease
in perm-selectivity with increased temperatures is something that is not
considered in our model. Mei et al. [76] investigated experimentally
coupling of RO as a desalination process and RED as a power produc-
tion unit, but the power gained was low (0.6Wm−2 at 60 °C).

Anastasio et al. [77] reported an increase of power density for PRO
from 1.3 to 4.0Wm−2, by increasing the temperature from 20 °C to

Fig. 19. Drive potential CDP for different temperatures.

Fig. 20. Average power per unit cell area for adding and removing ions from electrode for MCDI (a) and CDP (b).
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40 °C for distilled water and brine (0.5M). It is reported by Van der
Hoek et al. [78] that RO efficiency remains almost constant by tem-
perature changes, as it is a pressure driven process. The RO perfor-
mance slightly decreases by increasing the temperature due to lower
salt rejection at higher temperature and temperature only influences on
feed pressure. The salt rejection is not included in our model, and will
lower the power density from the osmotic energy storage system. To the
author's knowledge, there is no reported research for the temperature
effect on the power density generated by CDP. The temperature effect
on the power density of RED and PRO found from our model is com-
parable to the values found in the literature.

Despite enhanced power at elevated temperatures, increasing the
temperature has some drawbacks such as thermal degradation of the
membranes. However, membranes withstanding temperatures up to
100 °C are reported in the literature [79].

Waste heat could also be utilised in other systems, such as mem-
brane distillation [80,81] (instead of ED) and for instance an organic
Rankine cycle [82,83] for power generation. Although efficiencies for
both of these technologies can be as high as 90% relative to the Carnot
efficiency [81,83], they are not as easily combined into an energy
storage system as those proposed here. As such, the utilisation of waste
heat to increase the efficiency of the proposed systems is reasonable. It
should also be noted that the consumption of waste heat would be low,
as the systems are closed and could be designed with minimum heat
losses.

3.5.3. Efficiency
From our model, the efficiency of all systems is increased for higher

concentration differences due to the increased available potential and
consequently generated energy during the discharging process. It is

Fig. 21. Efficiency at different residence time for (a) MCDI, (b) CDP and (c) the total capacitive energy storage system. T=25 °C. cc= 1− cd.

Fig. 22. Efficiency at different temperatures for (a) MCDI, (b) CDP and (c) the total capacitive energy storage system. tres = 20 s and cc= 1− cd.
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important to highlight that the efficiency of the electrodialytic and
capacitive energy storage systems are decreasing at lower dilute con-
centrations, due to the increased ohmic resistance. The relatively high
pumping loss in the capacitive energy storage system compared to the
power density obtained by CDP, gives a lower efficiency for this system
compared to ED-RED and RO-PRO. Increasing the residence time, in-
creases the efficiency of the three types of energy storage systems due to
the decrease in pumping losses. Increasing the temperature, increases
the efficiency for all systems due to reduced pumping losses and in-
creased power densities.

Kingsbury et al. [8] defined round-trip energy efficiency as the
product of current efficiency and voltage efficiency. Despite having the
small ohmic loss at low current density, the rate of self-discharging is so
high that it results in reducing current efficiency, which gives a low
round-trip energy efficiency. At higher current densities, the high
ohmic losses lead to a low voltage efficiency and thereby a low round-
trip energy efficiency. For that reason, the optimum current density is
between 11 and 17 Am−2, where the two losses become minimised.
Kingsbury et al. reported a round-trip energy efficiency between 21.2
and 34.0% by performing experiments in an electrodialytic energy
storage system and neglecting the pumping loss [8]. The efficiency of
our studied ED-RED energy storage system was calculated around 40%
at starting of discharging and charging. Note that our model does not
account losses such as concentration polarisation or osmotic losses by
neglecting the water transport through the ionic exchange membranes.

In a review by Yip et al. [18], the efficiency of an energy storage
system was expressed as the ratio of the extracted work to Gibbs free
energy of two solutions with different salinity. They documented the
efficiency of PRO for a system containing sea and river water, as 44%
with an average power density of 3.7–5.2Wm−2 based on a modelling
assessment. However, Yip et al. have used another reference values for
efficiency than what is used in our study.

For the discharging of the capacitive energy storage system, energy
efficiency up to 46% is reported using wire electrodes in parallel [84].

For the charging part of the capacitive energy storage system, the ef-
ficiency is mostly given as the charge efficiency defined as the charge
removed from the solution, where Agartan et al. reported an efficiency
of MCDI of 49% [85].

It is worth mentioning that to the best of our knowledge; there is no
reported round-trip efficiency in the literature, measured experimen-
tally or calculated through modelling approach for RO-PRO or MCDI-
CDP concentration batteries.

4. Conclusion

Energy storage systems utilising concentration gradients are one of
the solutions to a non-toxic and cheap large-scale energy storage. The
current work introduces combined salinity gradient technologies (RED,
PRO and CDP) with the corresponding desalination processes (ED, RO
and MCDI). Mathematical models were developed for comparing three
types of energy storage systems and addressing the influential factors
on the performance such as temperature or energy consumption by the
pump for the same range of concentrations. Assuming the same pump
specifications for all studied systems and isothermal conditions, the
maximum power density of an electrodialytic energy storage system is
higher than the maximum power density of an osmotic energy storage
system at temperatures above 40 °C. The maximum power density of a
capacitive energy storage system is approximately one-tenth of the
other two systems.

The power densities of the electrodialtic energy storage system in-
creases with more than a factor of 3 by elevating temperature from
10 °C to 80 °C, while the osmotic and capacitive energy storage systems
increased by a factor 2. By increasing the temperature, the open circuit
potential of ED-RED and MCDI-CDI and the osmotic pressure of RO-
PRO increases. Also, the pressure loss of the pump reduces for all three
systems at elevated temperature, due to reduced the viscosities. The
reduction in the pumping losses at elevated temperatures indicate a
potential use for waste heat. Based on our modelling assessment, the
efficiencies of the electrodialytic, osmotic and capacitive storage sys-
tems are obtained as similar. Therefore, the power density and opera-
tional conditions of implementing these energy storage systems define
which systems are more effective regarding energy storage.

Pumping energy consumption characterised by residence time and
the temperature is another critical parameter for a salinity gradient
energy storage system. Increasing the residence time by a factor 10,
decreases the pumping power consumption with a factor 100, while
increasing the temperature from 10 °C to 80 °C, decreases the power
density consumed by pump by a factor 25. Both factors will increase the
performance of energy storage systems.

A cost evaluation is presented for each technology. There is a
threshold for the cost of different membranes at 5.2, 3.7 and 0.43$m−2

for the electrodialytic, osmotic and capacitive energy storage system,
respectively, at maximum power density at 60 °C. Below this threshold,
energy generation is economically feasible, although depending on the
operational lifetime of the membrane, downtime, maximum power
density and the average electricity price. There is a need for significant
reduction of the membrane cost for storing energy through all men-
tioned concentration energy storage systems.

Fig. 23. Electricity prices for residential consumers in USA and EU, with
minimum (Louisiana and Ukraine), maximum (Hawaii and Ireland) and mean
values averaging over all countries or states [66,67].

Table 2
Pmax for RED, PRO and CDP at tres = 20 s and the total energy storage systems efficiencies (recall that the maximum total efficiency for the energy storage systems are
0.4).

T (°C) PRED
max (Wm−2) PPRO

max (Wm−2) PCDP
max (Wm−2) ED RED

Pmax # RO PRO
Pmax # MCDI CDP

Pmax #

10 3.18 4.36 0.403 0.390 0.393 0.364
25 4.69 4.83 0.503 0.395 0.396 0.379
40 6.28 5.33 0.593 0.397 0.397 0.387
60 8.54 6.04 0.708 0.399 0.398 0.393
80 11.0 6.78 0.823 0.399 0.399 0.395
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Appendix A. Resistance, current density and water flux

The ohmic resistance for the unit cell and the current density at the peak power density in RED, are given in Fig. A.25. The water flux for PRO is
given in Fig. A.26. The resistance of CDP and MCDI and the current density at the peak power density in CDP are given in Fig. A.27.

Fig. 24. Cost of electric energy generation ($/kWh) RED, PRO and CDP at (a) 25 °C and (b) 25 °C and 60 °C compared to the energy price in EU and USA. Residence
time is 20 s. Due to the similar power density from RED and PRO at 25 °C, the lines for the two energy generating systems overlap.

Fig. A.25. The figure shows the ohmic resistance of the ED-RED unit cell (a) and the current at peak power density per RED unit cell area during discharging (b). The
current density during charging is considered half of the current density during discharging based on the Duck curve constraint. cc= 1− cd.
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Appendix B. The relative effect of activity coefficients

The relative effect of the activity coefficients on open circuit potential for the electrolytic and capacitive energy storage system (Fig. B.28), power
densities (Fig. B.29) and efficiencies of ED-RED concentration battery (Fig. B.30) at different temperatures are compared to the simplified

Fig. A.26. Water flux at maximum power density for PRO. cc= 1− cd.

Fig. A.27. The figure shows the ohmic resistance in CDP and MCDI (a), and input peak power current density per unit cell area for CDP for different temperatures (b).
The current density during charging is considered half of the current density during discharging for the same concentration, based on the Duck curve constraint.

Fig. B.28. The figure shows the relative effect of the activity coefficients on open circuit potential of ED-RED (a) and MCDI-CDP (b) at different temperatures
compared to the simplified assumption where concentrations are used instead of activity coefficients.
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assumption where concentrations are used instead of activity coefficients. The comparison reveals that the power density at most is changing by 16%
while the efficiency is not be influenced considerably.

Appendix C. Market case constraint

This study assumes that electricity prices are zero when charging and local high average market when discharging. This free charging and local
high market price at discharge should be seen as a moderate market constraint and local low market prices represents non-interesting energy storage
markets. This study assumes that electricity prices are zero when charging, and maximum market when discharging. This assumption should be seen
as a moderate market constraint. A much more optimistic market constraint would consider on the one hand being paid to dump surplus electricity
like seen, e.g. in Europe, where negative electricity prices at the extreme have enabled power to gas (dumping electricity into electrolysis and feeding
hydrogen into the natural gas pipeline), and on the other hand, being paid twice (or more) the average electricity price. A pessimistic market
constraint would be to consider charging prices half of discharging prices. To justify this, one must look at the difference in electric energy cost for
industry and residential, where the industry over the years have had close to constant prices while the residents are on closed to increasing electric
energy costs (see Fig. C.31). The difference in price development can be seen as a consequence partly because of the developing duck curve where
larger industries can get power purchase agreements based on large volumes, steady load and high degree of predictability on the one hand whereas
residential on the other hand represent small consumers with “inconvenient” consumer pattern along with several others.

Fig. B.29. The figure shows the relative effect of the activity coefficients on power densities of ED-RED (a) and MCDI-CDP (b) at different temperatures compared to
the simplified assumption where concentrations are used instead of activity coefficients.

Fig. B.30. The figure shows the relative effect of the activity coefficients on the efficiency of ED-RED (a) and MCDI-CDP (b) at different temperatures compared to the
simplified assumption where concentrations are used instead of activity coefficients.
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Appendix D. Update beyond the review process

This review paper has been written over a long time, in addition to a lengthy review process, and new data has come out on all three energy
systems alongside. This is summarised as follows.

Recent reaches state that the ideal channel height should be 200–350 μm [86,87], while Vermass et al. [62] found the optimal channel height to
be less than 100 μm. Changing to 300 μm in our model lowers the maximum RED power density up to 30% and CDP up to 20%. The power density in
PRO is almost independent of channel height. Correspondingly, reducing the channel height to 100 μm increases the RED power density of RED and
CDP up to 60% and 20% respectively. However; since the concentration polarisation is not included in the model, the changes in the channel height
does not reflect all the losses in the power density.

The ideal open area of the spacer is found to be 80% [88], and lately (2018) the ideal open area for lowering the ED energy is found to vary with
current (tested for 2% and 100% [89]). Given an increase in the open area from 0.5 to 0.8 (assuming spacershadow=1−openarea), the RED power
density increases with up to 40%, while for CDP it increased with up to 10%. PRO power density is independent of the open area.

Water permeability for osmotic membranes typically varies between 0.41 and 10 pm/(Pa s) [90,91,4], while higher values typically decrease salt
rejection. A recent study [91] demonstrates a low-pressure reverse osmosis membrane showing both high water permeability (1.51 pm/(Pa s)) and a
high salt rejection (96.1%). Increasing the water permeability from 0.41 to 1.51 pm/(Pa s) increases the maximum power density from PRO with
70%.

The membrane conductivity varies a lot with membrane type. Porada et al. and Güler et al. summarised properties from over 20 different ion
exchange membranes, where the membrane resistance was varying between 0.8 and 17 Ω cm2 [92,93]. Given a membrane resistance of 0.8 Ω cm2,
increase the RED and CDP power density with up to 10% and 1% respectively. Increasing the membrane resistance to 17 Ω cm2 decreases the RED
and CDP power density with up to 80% and 50% respectively. The membrane permselectivity decreases with concentration difference [40], but in
the relevant concentration range according to this article, the permselectivity does not deviate much from 1.

It should be highlighted that this is an active field of research where the power and efficiency are always improving, further increasing the
potential for these kinds of technologies.
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Abstract: This work presents an integrated hydrogen production system using reverse electrodialysis
(RED) and waste heat, termed Heat to H2. The driving potential in RED is a concentration
difference over alternating anion and cation exchange membranes, where the electrode potential
can be used directly for water splitting at the RED electrodes. Low-grade waste heat is used
to restore the concentration difference in RED. In this study we investigate two approaches:
one water removal process by evaporation and one salt removal process. Salt is precipitated in
the thermally driven salt removal, thus introducing the need for a substantial change in solubility
with temperature, which KNO3 fulfils. Experimental data of ion conductivity of K+ and NO−3
in ion-exchange membranes is obtained. The ion conductivity of KNO3 in the membranes was
compared to NaCl and found to be equal in cation exchange membranes, but significantly lower
in anion exchange membranes. The membrane resistance constitutes 98% of the total ohmic
resistance using concentrations relevant for the precipitation process, while for the evaporation
process, the membrane resistance constitutes over 70% of the total ohmic resistance at 40 ◦C.
The modelled hydrogen production per cross-section area from RED using concentrations relevant for
the precipitation process is 0.014 ± 0.009 m3 h−1 (1.1 ± 0.7 g h−1) at 40 ◦C, while with concentrations
relevant for evaporation, the hydrogen production per cross-section area was 0.034 ± 0.016 m3 h−1

(2.6 ± 1.3 g h−1). The modelled energy needed per cubic meter of hydrogen produced is 55± 22 kWh
(700 ± 300 kWh kg−1) for the evaporation process and 8.22 ± 0.05 kWh (104.8 ± 0.6 kWh kg−1) for
the precipitation process. Using RED together with the precipitation process has similar energy
consumption per volume hydrogen produced compared to proton exchange membrane water
electrolysis and alkaline water electrolysis, where the energy input to the Heat to H2-process comes
from low-grade waste heat.

Keywords: hydrogen production; reverse electrodialysis; waste heat

1. Introduction

Renewable energy sources, like wind, solar, and wave energy, are often intermittent and
not available when and where they are needed. The mismatch between energy production
and consumption can be solved by introducing energy storage. One promising energy storage
technology is hydrogen production through water electrolysis. Due to low-grade waste heat being
readily available (20 TWh in Norway alone [1–3]), and the high power density from reversed
electrodialysis [4], this article suggests a concept of using waste heat to produce hydrogen through
reverse electrodialysis (RED).
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In reverse electrodialysis energy is converted from potential energy stored in two solutions with
different concentrations to electrical energy. The ions migrate from the concentrated to the dilute
solution, and due to the alternating AEM and CEM, the anions and cations migrate in opposite
directions inside the RED stack resulting in a net ionic current [5,6]. The concentration difference
between the outlet solutions is lower than the concentration difference of the inlet solutions.

The first research on RED was conducted in the 1950s, where all the first experiments were done
with NaCl concentrations similar to sea and river water [5–8]. The use of naturally occurring salt
solutions is affordable but introduces bio-fouling of the membranes, or the use of energy-intensive
pre-treatments of the solutions. Recirculating the salt solutions enable for a greater variety of salts,
and by not using naturally occurring solutions (like sea and river), the bio-fouling of membranes can
be avoided.

Closed-loop RED systems, using heat to separate the outlet solutions to the initial concentrations,
have already been suggested in the literature. Tamburini et al. [9] suggested multiple separation
techniques both for water and salt extraction. For water extraction they suggested separation by
evaporation with multi-effect distillation and membrane distillation, using an azeotropic mixture to
lower the evaporation temperature and forward osmosis [9]. Among the salt extraction techniques,
Tamburini et al. [9] suggested a thermolytic salt (ammonium bicarbonate—AmB), where the salt
is evaporated. The technique of evaporating the salt is also presented by other authors [10–12],
where Raka et al. [10] found the energy needed per kg hydrogen produced to be 105–480 kWh.
Membrane distillation as a separation technique with RED is also mentioned by Long et al.,
using sodium chloride [13].

Hydrogen production from RED has also been presented earlier. Nam et al. [14], Luo et al. [15]
and Hatzel et al. [16] examined hydrogen production using AmB. Nam et al. produced hydrogen
from microbial reverse electrodialysis cells (MRECs) and AmB [14]. Luo et al. optimised the cell
stack further for MRECs and AmB [15]. Hatzel et al. examined hydrogen production using different
operational currents, and compared it to the hydrogen production using the energy from RED together
with an external water electrolysis cell [16]. In the area of salt removal for solutions, the most used salt
is AmB.

Scope of This Paper

This paper describes two concepts for regenerating the concentrations used in RED by a thermal
separation unit. A general system schematic is shown in Figure 1. The first concept is to precipitate
salt from the dilute solution from RED, and the second concept is to evaporate water from the
outlet concentrated solution. For the first concept, a salt with a pronounced saturation concentration
temperature dependency (SCTD) is needed. The most common salt to use in RED, NaCl, does not
have a sufficient SCTD, and thus the relevant concentrations will not give a sufficient voltage over the
membrane using the precipitation system. A better alternative is KNO3 with a more significant change
in solubility with temperature than NaCl, allowing for a larger concentration difference and a higher
voltage over the membrane.

Most research on RED and ion exchange membranes (IEM) is reported for low NaCl concentrations
or for AmB when waste heat is used for separation. As discussed in the next section, one of the larger
contributors to the ohmic losses in RED is the ohmic resistance in the membranes. As a proof of concept
for using KNO3 as salt in RED, conductivity measurements of AEM and CEM soaked in KNO3 at
23 ◦C and 40 ◦C were performed for concentrations close to saturation point, and compared with NaCl
at the same concentrations and temperatures.

The current work is an extension and realization of preliminary concepts presented by the authors
earlier [17]. The new and refined measurements of membrane conductivity presented in the following,
combined with a more extensive theoretical framework enables lower uncertainties than what was
presented before. Furthermore, an energy evaluation of the two processes allows for a broader
comparison with other technologies, which was lacking in [17].
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Figure 1. Reversing the spent concentrations from RED using a thermal separation unit.

2. Concepts

This work presents a concept of a RED stack that recirculates the salt solutions in a closed loop.
This requires the spent solutions to be recovered to their initial concentrations. The concepts presented
here, rely on the use of low-temperature waste heat by employing phase change separation techniques,
making low-grade heat the only consumable in the closed loop RED system. Due to different achievable
concentration differences with the two techniques, the driving potential will differ, and thereby the
peak power current and hydrogen production.

2.1. Salt Extraction by Precipitation

Thermal energy is removed from the dilute solution by precipitating salt from the solution.
The salt slurry is transported from the dilute and added to the concentrated outlet solution where it
dissolves, as illustrated in Figure 2. The transportation is envisioned to take place in an Archimedes
pump or screw pump-based transport unit where a slurry of the precipitate is continuously in motion
to avoid accumulation and solid precipitation of salt.

Refreshed
dilute

Spent
dilute

Spent
concentrate

Refreshed
concentrate

Q

QH

QC

Figure 2. Illustration of the thermal separation unit (in Figure 1) using precipitation. Thermal energy is
removed from the spent dilute solution (QC), to precipitate salt. Thermal energy (QH) is added to the
spent concentrated solution after the salt slurry is added.

The amount of precipitated salt is dependent on the concentration of outlet dilute solution
and solubility limit at the temperature the separation process is operated at. The concentration of
the dilute inlet solution is therefore limited by the solubility of salt at the temperature used in the
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precipitation process. To minimise energy consumption while cooling, natural cooling systems can be
used, e.g., seawater, at a temperature around 10 ◦C.

The main contributor to the energy input needed for the precipitation concept is the heating of
the salt slurry from the cooling (10 ◦C) to the operating temperature in the RED stack (40 ◦C), and the
energy needed for dissolving the precipitated salt. To save energy, heat from the spent dilute solution,
can be exchanged with the refreshed dilute solution, as shown by the heat flux, Q, in Figure 2.

2.2. Water Extraction by Evaporation

A sketch of a principle separation system using evaporation is shown in Figure 3. The spent
concentrate solution is decompressed until the water evaporates with limited need for external thermal
energy (Q). External low-grade heat, QH, is added to the vapor to keep the gas form condensing
before the gas is compressed. The gas transfers thermal energy to the spent concentrate solution to
maintain the temperature, represented by Q in Figure 3. The evaporation will continue until the initial
concentration in the solution is recovered, where the evaporated water is added to the outlet dilute
solution from the cell. Pumps are needed in to depressurize the container.

Refreshed
diluteRefreshed

concentrate

Spent
concentrate

QH

PHigh PLow

Spent
dilute

Q

QC

Figure 3. Illustration of the thermal separation unit (in Figure 1) using evaporation. The spent
concentrated solution from RED, is decompressed to a lower evaporation temperature, before heat (Q)
is added and water evaporated from the spent dilute solution. The vaporised water is heated (QH) and
compressed, before thermal energy is exchanged with the spent concentrated, and the vaporised water
is condensed back to a liquid and added to the spent dilute solutions.

This separation technique needs more substantial quantities of thermal energy than the
precipitation, where the main energy consumption in this separation process is the evaporation
of the water. The heat exchange is also a disadvantage for the energy calculation.

2.3. Temperature and Concentration Limitaitons

The limitation on the temperature stems from the membrane since commercial membranes can
typically withstand maximum 40 ◦C [18,19], some up to 80 ◦C. The membranes used in the experiments
reported here can only operate up to 40 ◦C; therefore, 40 ◦C is set as the operating temperature for the
RED cell.

The concentration of the concentrated inlet solution in RED is limited by the solubility of the
salt at the RED operating temperature (40 ◦C), but due to more documented data in the literature
at room temperature, all measurements and modeling are also carried out at 23 ◦C for reference.
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The concentration for the dilute solution in RED, when using precipitation as the separation technique,
is set by the solubility of the salt at the temperature used in the separation (10 ◦C). The solubility of
KNO3 and NaCl is found from CRC Handbook [20] (unit: wt% per mass solution) and calculated to
molality (formula in [20]). The data is plotted in Figure 4.
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Figure 4. Solubility dependency on temperature for NaCl and KNO3 [20].

The solubility for KNO3 is 2.11, 3.16 and 6.22 mol kg−1 at 10 ◦C, 25 ◦C and 40 ◦C respectively,
and 6.11, 6.15 and 6.22 mol kg−1 at 10 ◦C, 25 ◦C and 40 ◦C respectively for NaCl. The relevant dilute
concentration for the evaporation process is not limited by solubility, but optimised for maximum
hydrogen production with modeling.

For the precipitation process using the most common salt for RED, NaCl, the dilute concentration
should be 6.1 mol kg−1 and the concentrated concentration should be 6.2 mol kg−1, while using
KNO3, the dilute concentration should be 2.1 mol kg−1 and the concentrated solution should be
6.2 mol kg−1 [20]. This corresponds to a driving potential that is over 60 times higher for KNO3 than
that for NaCl (activity coefficient and permselectivity assumed equal to unity). However; the cost of
KNO3 is almost twice that of NaCl [21], so other more affordable salts can be considered for future
work. KNO3 was chosen as a proof of concept due to its significant change in saturation concentration
with temperature and low cost. Other salts (such as CaCl2, NaOH and NaNO3) may also be relevant
alternatives, granted they possess a high saturation concentration temperature dependency, reasonable
cost and an improved permselectivity.

The concentration difference between the dilute and concentrated inlet solution can be larger in
the evaporation system compared to the precipitation system, since there is no restriction on the dilute
solution, improving the driving potential.

3. Theory

An illustration of a RED stack is given in Figure 5. Ions migrate both ways through the membranes,
but more ions are available for migration from the concentrated solution to the dilute solution than
vice versa, inducing a net ionic current of anions towards the anode and net current of cations towards
the cathode.
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Figure 5. Illustration of a RED-cell. Hydrogen is produced at the cathode and oxygen at the anode.

By stacking the membranes, as shown in Figure 5, the voltage can be increased enough to enable
water splitting (in the aqueous rinse solution) [22,23]. The water splitting reactions (also given in the
figure) are:

Anode: 4OH− → 2H2O + O2 + 4e− (1)

Cathode: 4H2O + 4e− → 2H2 + 4OH− (2)

3.1. Driving Voltage

The open-circuit voltage (OCV) or the Donnan voltage, EOCV, over a RED unit cell is given by the
Nernst equation:

EOCV = 2α
RT
zF

ln
(

bcγc

bdγd

)
(3)

where α is the mean permselectivity of the AEM and CEM in the unit cell, R is the ideal gas constant,
T is the temperature in Kelvin, z is the valence number of the ions transported, F is Faraday’s constant,
and bc/bd and γc/γd are the concentration and activity coefficients of the concentrated/dilute solution,
respectively [24].

The ratio of the activity coefficients are often assumed unity. However, due to concentrations close
to the salt saturation point, the Stokes–Robinson equation is used for the calculation of the solution
activity coefficient [25,26]:

γ± = exp

(
Az2
±
√

I

1 + BaKNO3

√
I
− h

ν
ln(aw)− ln(|1 + (Mw(ν− h)b|)

)
(4)

where I is the ionic strength (reference: 1 mole salt per kg solvent). z2
± is the mean of the valence of the

cation and anion (1 for KNO3), Mw is the molar mass of water (0.018 kg mol−1), ν is the number of
ions per molecule (2 for KNO3) and aKNO3 is the distance of the closest approach, which is dependent
on the kinetic energy of the ions, thereby also the concentration and temperature of the solution.
For simplicity, aKNO3 is set constant with temperature and concentration, and found from curve fitting
of data from Dash et al. and Marcos-Arroyo et al. [27,28] to Equation (4), and found to be 1.1 Å.
The hydration number, h, is found to have a dependence on temperature and concentration [29].
Afanasiev et al. [30] suggest an exponential dependence on concentration and negligible dependence
on temperature, while Onori [31] gives a linear dependence on concentration and states that the
hydration number is dependent on temperature. For simplicity, h for KNO3 is set constant with
temperature and concentration and taken to be the mean value from Lu et al. [32]: 5.
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In Equation (4), A and B are temperature dependent constants given in Equation (5) (at 25 ◦C
A = 1.18 (kg mol−1)1/2 and B = 3.29× 109 (kg mol−1)1/2m−1 [33]).

A = (2πNAρw)
1/2

(
e2

0
4πε0εr,wkBT

)3/2

B = e
(

2NAρw

ε0εr,wkBT

)1/2
,

(5)

where NA is Avogadro constant, ρw is the density of the solvent (here water and set to constant
1000 kg m−3 for simplicity), e0 is the elementary charge, ε0 is permittivity of vacuum, kB is Boltzmann
constant, and T is the temperature in Kelvin. εr,w is the dielectric constant of the solvent [34] (here water)
and given in Equation (6) (rewritten to use temperature in Kelvin instead of Celsius):

εr,w = 87.74− 0.4008(T − 273.2) + 9.398× 10−4(T − 273.2)2 − 1.410× 10−6(T − 273.2)3 (6)

In Equation (4), aw is the water activity as a function of the salt concentration. Sangster et al. [35]
measured the water activity in KNO3 solutions above 3 M and extrapolated the data for concentrations
down to 0 M, giving a linear trend of the water activity. An approximation of the linear equation for
the water activity in a KNO3 solution with molality b is given in Equation (7):

aw = 1− 0.018b (7)

To the author’s knowledge, the activity coefficient of KNO3 is only measured at 25 ◦C and up to
salt concentrations of 3.5 mol kg−1, by Dash et al. and Marcos-Arroyo et al. [27,28]. Their experiments
were similar, but Dash et al. used double junction reference electrode, while Marcos-Arroyo et al. used
single junction. The modeled activity coefficient from Stokes–Robinson equation (Equation (4)) is
plotted in Figure 6 together with the data from Dash and Marcos-Arroyo.
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Figure 6. Modeled activity coefficient for KNO3 for different concentration and temperatures, together
with measured activity coefficients from [27,28].

A reason for the deviation between the Stokes–Robinson equation and the measured activity
coefficient of KNO3 from Dash et al. and Marcos-Arroyo et al. [27,28] is the assumption of no
temperature or concentration dependency in the hydration number and the distance of closest approach
in the model.

The apparent permselectivity, α from Equation (3), increases with increasing concentration
difference [36]. Krakhella et al. [37] measured FAS-50 and FKS-50 from Fumatech [18,19] at elevated
NaCl concentrations, and found the permselectivity to vary (with concentrations) from 0.5 to 0.8.
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Ji and Geise [38] found that the permselectivity of two membranes dropped by approximately 2%
when the temperature increased from 14 to 31 ◦C. However, the Donnan voltage increases with
increased temperature (Equation (3)), which was confirmed experimentally by Długołȩcki et al. and
Van Egmond et al. [39,40], among others.

The total voltage in a RED stack is given in Equation (8):

E = EOCVNuc − EL − riNuc, (8)

where Nuc is the number of unit cells, i is the current density per cross-section area and r is the unit cell
area resistance given in Equation (14). EL represents lumped electrode losses, including the activation
overpotential losses and the ohmic losses at the electrodes. The power density gained from the RED
stack is the stack voltage times the current, given in Equation (9):

P = EOCVNuci− rNuci2 (9)

The voltage needed for hydrogen production is 1.23 V, while the current density is found at
maximum power density, where the derivative of Equation (9) with respect to current density is
zero. Using these two limitations, gives two equations with two unknowns (current and number of
unit cells):

EOCVNuc − riNuc = (1.23 + EL) and

EOCVNuc − 2rNuci = 0
(10)

Solving Equation (10) gives the operating current density per unit cell area,

iPmax =
EOCV

2ruc
, (11)

and the number of unit cells needed:

Nuc =
2(EL + 1.23)

EOCV
. (12)

The hydrogen production in grams per hour per cross-section area is

m(H2) =
3600iPmax M

2F
(13)

where M is the molar mass of hydrogen gas (2.02 g mol−1).
It is important to highlight that the total ohmic losses of the RED stack, irNuc, need to be

(1.23 V + EL) for all current densities and number of unit cells. This can be seen by solving Equation (10).

3.2. Losses

The losses considered in this work is the lumped electrode losses at the electrodes and the ohmic
losses per unit cell. The Tafel losses are here considered to be a lumped loss of the activation potential
and ohmic losses at the electrodes [24]. The operational current density for the RED stack is assumed
small (<100 A m−2), where the activation and ohmic losses at the electrodes are approximately 0.10 V
(see [24], p. 156).

The ohimc losses are given in Equation (14):

ruc =
dAEM

ρAEM(1− β)
+

dCEM

ρCEM(1− β)
+

ds

ρdε2 +
ds

ρcε2 , (14)

where ρCEM and ρAEM are the conductivity of the AEM and CEM [S m−1] respectively, dAEM and
dCEM is the thickness of the AEM and CEM, and β is the spacer shadow (dimensionless) [39]. d is
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the thickness of the spacer, ε (dimensionless) is the volume factor occupied by the spacer or the
porosity (for no spacer: ε = 1. For definition, see [41]). ρd and ρc are the conductivities of the dilute
and concentrated solution respectively (S m−1). Theoretical values for ρd and ρc are deduced from
conductivity measurement from [42], where the data is fitted to Kohlrausch’s equation (given in
Hamann [43], p. 22) for 23 ◦C and 40 ◦C:

ρKNO3
23 ◦C,(Aq) = k1,23 ◦Cb− k2,23 ◦Cb3/2

ρKNO3
40 ◦C,(Aq) = k1,40 ◦Cb− k2,40 ◦Cb3/2

(15)

where b is the molality, and the coefficients, k1,i and k2,i, are given in Table 1. k1,i is equivalent to the
molar conductivity of infinite dilute solution, Λ0, and k2,i is a coefficient related to the stoichiometry of
the electrolyte.

Table 1. Coefficients for Equation (15) with 95% conf. interval.

Name Value

k1,23 ◦C 12.2± 0.3
k2,23 ◦C 3.4± 0.2

k1,40 ◦C 15.8± 0.4
k2,40 ◦C 4.5± 0.2

The ohmic losses in the flow compartment should be optimised with respect to hydrogen
production (see Equation (13)). For wider compartments, the ohmic resistance increases,
while pumping energy decreases. The ideal compartment width was found to be approximately
100 µm [44]. However, the compartment thickness in the simulations in this article is taken
from Fumatechs ED-stack (given in Table 4). The solution concentration also contributes to the
ohmic losses of the flow compartment, where a lower salt concentration increases the resistance
(see Equation (15)). This would suggest higher concentrations on both sides of the membrane. However,
a higher salt concentration gradient between the compartments enhances the RED driving potential
(see Equation (3)). Optimising the solution resistance is needed for highest possible power density
and hydrogen production, and varies with cell geometry and solution flow. When these factors are
accounted for, the ionic resistance in the membranes is the main contributor to ohmic losses [8,45].

The energy losses in the RED-stack can be calculate from (unit Wh m−3 (hydrogen)):

WRED-stack = ERED-stack
2pF

3600RT
, (16)

where ERED-stack is the voltage loss over the RED-stack and p is the pressure (1 atm = 101,325 Pa).

3.3. Ionic Membrane Conductivity

The ionic conductivity in the membrane in Equation (14), depends on the concentration and
diffusion coefficient for both the counterions and co-ions [46] (Equation (8)). The concentration
of counterions in the membranes is dependent on the fixed charges, and the amount of salt and
water absorbed in the membrane pores [46,47]. The fixed charges are quantified by the ion exchange
capacity (IEC) and are given as mmol g−1, and are constant (per membrane weight) with concentration.
By increasing the IEC, the hydrophilicity of the polymer chains in the membrane increases and with
it the water uptake. Water makes the membrane swell, reducing the density of the fixed charges in
the membrane and increasing the adsorption of ions in the membrane. For the two membranes used
in the experiments in this article, the IEC is 1.2–1.4 for CEM and 1.6–2.0 mmol g−1 for AEM [18,19],
indicating a slightly better conductivity in AEM than CEM.
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The swelling of the membrane is also affected by the difference between the membrane
concentration and the external concentration. The water uptake in the membrane does not change much
with the external concentration, but if the external concentration exceeds a certain limit (the Donnan
concentration of the membrane), water can diffuse from the membrane to the solution, due to osmotic
forces [46], decreasing the water and salt content inside the membrane. This concentration limit is
around 0.07 M for Nafion 117 [48]. The result of the swelling and de-swelling, is a flux of water and
dissolved salt into the membrane at low external concentration, and a flux of water from the membrane
to the external solution at high external concentration, resulting in a strictly increasing concentration
of both counterion concentration and co-ions in the membrane pores with external concentration [46].

The concentration of co-ions is also affected by the Donnan voltage over the membrane/solution
interface, where a lower Donnan voltage between membrane and external solution leads to higher
co-ion adsorption in the membrane [46].

The other factor affecting the ion conductivity in the membrane is the diffusion coefficient [46].
For NaCl the diffusion coefficient of the counterion is reported to decrease slightly with external
concentration in CEM, while in AEM, the reported data showed no effect on the concentration [47].
However, the reported data from [47] is only conducted up to 1 M NaCl. For higher concentrations,
the diffusion coefficient is believed to decrease with external concentrations, due to deswelling of the
membrane. Kamcev et al. found the diffusion coefficient of the counterion always to exceed the co-ion,
regardless of anionic or cationic membrane [46]. This indicates a faster transport at the fixed groups
than in the pores.

Smaller particles should theoretically have a higher diffusion coefficient [49]. However, a smaller
ionic radius has more charges per area on the surface of the ion, bringing more water molecules with
it [49], increasing the hydraulic diameter. This results in two effects on the conductivity. The first effect
is increased membrane wetting, where more water increases the conductivity. The second effect is that
the physically larger ion will lower the diffusion coefficient. The crystalline and the hydrated radius of
Na+, K+, Cl− and NO−3 are found from [49] and given in Table 2.

Table 2. Crystal and hydrated radii of Na+, K+, Cl− and NO−3 . Data obtained from [49].

Na+ K+ Cl− NO−3
Crystal radius (nm) 0.101–0.117 0.138–0.149 0.181–0.194 0.179–0.189
Hydrated radius (nm) 0.178–0.358 0.201–0.331 0.195–0.332 0.340

3.4. Electrochemical Impedance Spectrocopy

In electrochemical impedance spectroscopy (EIS), an oscillating current (or potential) is applied
to the system at a specific frequency, and the amplitude and phase shift of the voltage (or current) is
measured. From this, the impedance of the system can be obtained.

The system used for the present measurements is a membrane compressed between two electrodes
(more details in Section 4.2). The equivalent circuit is therefore a series of the three components: the two
electrode-membrane interfaces, and one membrane bulk impedance. The interface impedance between
the membrane and the electrodes consists of a capacitive impedance (Cdl), due to the double layer,
in parallel with a resistance (Rdl) representing the blocking interface. The membrane impedance is a
bulk resistance (Rb) in parallel with a capacitor (Cb) due to the double layers building up in the pores
in the membrane [50]. The total impedance is given in:

Z =
1

1/Rdl,1 + iωCdl,1
+

1
1/Rb + iωCb

+
1

1/Rdl,2 + iωCdl,2
, (17)

Since no charge can pass the electrode/membrane interface, the interface impedance is merely
capacitive [50]. Electrodes with a perfectly flat surface purely have a capacitive behaviour,
although small irregularities in most electrodes lead to the use of a constant phase element (CPE)
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instead of a capacitor when analysing the impedance. The total impedance in Equation (17) can be
simplified to:

Z =
1

(iωCdl)n +
1

1/Rb + iωCb
(18)

The equivalent circuit for the electrode membrane system is given in Figure 7 and a typical
Nyquist plot of the resistance is given in Figure 8 where the bulk resistance in the membrane is marked.

Figure 7. The equivalent circuit for a wet membrane between two electrodes.

When the frequency increases the contribution from the CPE decreases, and the contribution
from the membrane increases. At a given frequency (≈1 MHz), the majority of the impedance is from
the membrane resistance, and the ohmic membrane resistance can be found from the Nyquist plot
(see Figure 8).
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Figure 8. Nyquist plot of Equation (18), and where the ohmic resistance of the membrane is found.

4. Experimental

Two membranes from Fumatech, FAS-50 and FKS-50 [18,19], with high permselectivity
(in seawater at 25 ◦C) are chosen for conductivity measurements with KNO3. The ion conductivity is
measured at 23 ◦C and 40 ◦C, where the upper limit is due to possible degradation of the membranes
above 40 ◦C.

4.1. Membrane Preparation

FAS-50 and FKS-50 are delivered dry with the counter ions Br− and H+, respectively, balancing
the fixed charges [18,19]. After punching circular samples with a radius of 1 cm, six membranes were
soaked in 500 mL of each concentration of KNO3 for minimum 36 h. To avoid precipitation of salt
(e.g., a drop in temperature before measurements start), the membrane conductivity measurements
are carried out at maximum of 4.3 mol kg−1. For comparison, both membrane types are soaked in the
same concentration (mol kg−1) NaCl.

To measure the conductivity of only the counterions, the membranes could be rinsed in deionised
water to remove salt solutions from the pores in the membranes. However, for our purpose, the ion
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conductivity of both the counterions and the ions dissolved in the pores in the membrane is of interest.
The membranes are therefore not rinsed in deionised water before measurements.

After removed from the salt solution, the membrane thickness was measured in three different
places for every sample with a micrometre and averaged, before they were placed in the setup
described below.

4.2. Ion Conductivity Measurement

The cell used to measure membrane conductivity is illustrated in Figure 9. The setup contains two
platinum disc electrodes with a radius of 1 cm and thickness of 1 mm, which the membrane sample is
placed in between. Platinum wires are connected to the electrodes and mounted in a hard cylinder
where the wires are emerging through the end. A tube is slid closely around the cylinders with the
electrodes and membrane. Similar setups are standard in this kind of measurements [51,52].

12245 3

Figure 9. Sketch of the measurement cell for membrane conductivity, with (1) membrane sample(s),
(2) platinum plates, (3) heating wire, (4) end of the thermocouple emerging from the cell, (5) end of the
platinum wire (attached to the platinum plate) emerging from the cell.

To control the pressure on the membrane, the cylinder is placed in an (in-house made) screw
clamp. The bolt (M6, hexagonal head) is tightened to a pressure of 2 Nm which is evenly distributed
on the membrane due to the screw clamp.

For the measurements at 40 ◦C, the setup is placed in a heating cabinet, where the temperature is
maintained at 40 ± 1 ◦C throughout the experiment. For some of the experiments at 40 ◦C, a heating
wire was attached outside the cylinder to heat the system faster. This is illustrated in Figure 9.

Galvanostatic electrochemical impedance spectroscopy is performed with a two-electrode-setup
using a Gamry Interface 5000E potentiostat. The settings used are given in Table 3.

Table 3. Galvanostatic EIS settings for the potentiostat. * rms = root mean square, ≈0.7× peak current.

Variable Value

DC current [A] 0
AC current [A rms] * 0.001
Initial frequency [Hz] 1 MHz
Final frequency [Hz] 5

Points/decade 10

To eliminate changes on the electrode surface in-between the experiments, both electrodes
were polarised in 1 M H2SO4 from 0.1 to 1.6 VSHE until stable (no changes between the cycles),
or minimum 30 cycles. The electrodes were also polished regularly. To account for inductance from
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the hardware, an experiment without the membrane sample was conducted, where the electrodes
are compressed with the same pressure as used during the experiments with the membrane samples.
The resulting impedance is subtracted from the impedance found with the membrane, using the
software Echem Analyst

As described in Section 3.4 , the bulk resistance of the membrane, is found at the higher frequencies
(after subtracting the blank cell), where the imaginary impedance is close to zero. In many cases,
the Nyquist plot showed a straight line where it was easy to read of the bulk resistance. In the cases
where the data was noisy at higher frequencies, a line was drawn through the lower linear data points
to find the crossing point on the real axis, as shown in Figure 10.
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Z
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 = 2.1  Z
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Figure 10. Impedance data with linear fit to find the crossing of the real axis.

For every concentration, temperature and membrane type (AEM and CEM), three experiments
were run using 1, 3 and 5 membranes samples stacked inside the cell, to find the resistance for different
thicknesses. The resistance was multiplied with the area of the membrane and plotted versus the
thickness, where the slope of the graph is the resistivity (Ωm). The interface between the membranes
is found to have a negligible impact on the resistance [17].

4.3. Power Density and Hydrogen Production

The unit cell power density is calculated from Equation (9), with all the input parameters given in
Table 4. When plotting power density versus current density, a maximum power density can be found.
The corresponding current density is used as an input to Equation (13).

As seen in Table 4 the concentrations of the concentrated solutions and the dilute solution
used with the precipitation technique are set by the solubility limits. The ideal dilute concentration
used with the evaporation process is set at maximum hydrogen production, which is found from
calculations. The driving potential, solution resistance and power density are calculated for various
dilute concentrations, giving one current density at maximum power for all the chosen dilute
concentrations. The concentration giving the highest hydrogen production was chosen as the dilute
concentration for the evaporation process.
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Table 4. Input values used to model power density and hydrogen production from RED.

Name Symbol Value

Solutions
Conc. dilute solution—evaporation beva

d calc. from Hmax
2

Conc. dilute solution—precipitation (T = 10 ◦C) bpre
d 2.11 mol kg−1 *

Conc. concentrated solution (T = [25 40] ◦C) bc [3.79 6.22] mol kg−1 *
Temperature T [297 313] K
Flow volume per unit cell Φ 5.4× 10−5 kg s−1m−2 **

Membrane
Mean permselectivity CEM and AEM α 0.63–0.96 ***
Conductivity AEM ρAEM measured
Conductivity CEM ρCEM measured
Thickness AEM dAEM 50 µm
Thickness CEM dCEM 50 µm

Cell geometry
Thickness spacer ds 155 µm [37]

Spacer parameters
Shadow factor β 0.35 [37]
Porosity ε 0.84 [37]

Electrode
Lumped electrode losses EL 0.10 V [24] (p. 156)

Constants
Molar mass KNO3 M 0.101 kg mol−1

Molar mass H2 M 0.00202 kg mol−1

Faraday’s constant F 96,485 C mol−1

Universal gas constant R 8.314 J K−1mol−1

* solubility limit for KNO3 at the given temperatures. ** recomended for the ED cell from Fumatech. *** no
data for KNO3, but datasheet reported a mean of 0.96 for 0.5 M for NaCl [18,19] and Ref. [37] reported a mean
permselectivity from 0.63–0.76 at elevated concentrations of NaCl.

4.4. Energy Used in Solution Separation

The mass balance in the two separations systems needs to be calculated to find the energy used.
In the assumption that no water is crossing the membrane, the water content of both the inlet and outlet
flow are the same, for both the concentrated and dilute solution (given in Table 4). The concentration
(mol kg−1) of the outlet solutions from RED, is dependent on the hydrogen production:

boutlet
c =

ṅinlet
c − 2ṅH2

Φw
=

binlet
c Φw − 2ṅH2

Φw

boutlet
d =

ṅinlet
d + 2ṅH2

Φw
=

binlet
d Φw + 2ṅH2

Φw

(19)

where Φw is the flow of water per second per cross-section area and ṅ is the flow of moles per second
per cross-section area.

In the precipitation system, a slurry of water and salt is removed from the spent dilute solution.
The water removed can be compensated for by adding some of the spent concentrated solution back
to the spent dilute solution. This is illustrated in Figure 11, where the water content in the slurry,
Φw,2, is defined equal to the water content in the solution removed for the concentrated solution, Φw,1,
and added back to the dilute concentration.
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Φw Φw

Figure 11. The mass flow in the precipitation system. Φw,1 is the water flow from the concentrated to
the dilute solution, while Φw,2 is the water flow from dilute to concentrated solution. For no loss of
water,Φw,1 ≡ Φw,2.

If the inlet concentration is to be kept constant, these two equation must apply, where Φw,2, is the
water flux of the precipitated slurry and Φw,1 is the water flux added back to the spent dilute solution.
The units are per time and cross-section area (flux):

ṅoutlet
c − boutlet

c Φw,1 + bslurryΦw,2

Φw + Φw,2 −Φw,1
= binlet

c

ṅoutlet
d + boutlet

c Φw,1 − bslurryΦw,2

Φw −Φw,2 + Φw,1
= binlet

d

(20)

where ṅ is the molar flux, b is the concentration and Φw is the mass flux of water (see Table 4
and Figure 11). The suffix outlet and inlet refers to the outlet and inlet solution from the RED stack,
while c and d is the concentrated and dilute solution, respectively. The concentration of the slurry is
set so that the mass of salt and water content is equal:

Φsalt
Φw

= 1→ ṅsaltMsalt
Φw

= 1→ bslurry =
1

Msalt
(21)

Solving either of the equation in Equation (20) will give the mass flux of water in the salt slurry,
Φw,2, and the water flux transferred from the concentrated to the diluted solution, Φw,1.

In the evaporation system, the water removed from the concentrated outlet solution needs to be
added back for the dilute solution. This is illustrated in Figure 12. The water flux is taken to be the
same as Fumatechs recommendations for their ED stack, and the outlet concentrations are calculated
from Equation (19).

Spent
concentrate

Spent
dilute

T≈40 °C
P<1 atm

ΦwΦw

Φw

Φw,1

Φw,2

RED
T=40 °C
P=1 atm

Φw

Figure 12. The mass flow in the evaporation system. Φw,1 is the water flow from concentrated to the
dilute solution, while Φw,2 is the water flow from the dilute to the concentrated solution. For no loss of
water, Φw,1 ≡ Φw,2.
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If the inlet concentration is to be kept constant, these two equations need to be solved, where
Φw,1, is the water evaporated and added to the dilute solution, and Φw,2 is the water content of the
solution added back to the spent concentrated solution. The units are per time and membrane area:

ṅoutlet
c + boutlet

d Φw,2

Φw −Φw,1 + Φw,2
= binlet

c

ṅoutlet
d − boutlet

c Φw,2

Φw + Φw,1 −Φw,2
= binlet

d

(22)

The enthalpy for heating and evaporating water, and the enthalpy to dissolve KNO3 is given
in Table 5.

Table 5. Input enthalpy values used to model power density and hydrogen production from RED.

Name Symbol Value

Vaporizing water ∆Hvap. 11.3 Wh mol−1 (628 Wh kg−1) [53]
Heating water ∆Hheating 0.0209 Wh (mol K)−1 (1.16 Wh (K kg)−1 )

Disolving KNO3 in water ∆Hdissolve 9.69 Wh mol−1 (538 Wh kg−1) [54]

5. Results and Discussion

The ion conductivity measurements revealed significant differences in ion conductivity for KNO3

and NaCl. The relevance of these results is demonstrated by implementing them into the described
model of the hydrogen production from RED using concentrations relevant for precipitation and
evaporation. This section contains results from the measured ion conductivity and the modelled data,
and discussion of all the results.

5.1. Ion Conductivity Measurements

The ion conductivity of KNO3 and NaCl in CEM and AEM are plotted in Figure 13.
The conductivity of KNO3 in CEM at both 23 ◦C and 40 ◦C are similar to the conductivity of NaCl.
The ion conductivity in AEM is significantly lower for KNO3 than for NaCl at both 23 ◦C and 40 ◦C
(Figure 13b,d).
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Figure 13. Ion conductivity at 23 ◦C in (a) CEM and (b) AEM, and at 40 ◦C in (c) CEM and (d) AEM,
with 95% confidence interval.

Due to high deviations, a possible change in conductivity with concentrations can only be seen
for NaCl, where the conductivity decreases with increased external concentrations. Even though the
membrane concentration should increase with the external concentration (see Section 3.3), the water
diffuses from the membrane to the external solution, both lowering the total amount of moving charges
and decreases the diffusion coefficient.

The difference in conductivity between AEM and CEM could be due to a higher ICE in AEM than
in CEM. This is the case for NaCl.

The general indication of an increase in conductivity with temperature can be due to increased
swelling, resulting in a higher solution uptake.

5.2. Modeling of Hydrogen Production

As described in the experimental section, the dilute concentration used with the evaporation
process is chosen from what gives the highest hydrogen production. The model of the hydrogen
production for various concentrations is plotted in Figure 14 where the ideal dilute concentration for
the evaporation process is found to be 0.081 and 0.101 mol kg−1 at 25 and 40 ◦C respectively.

0
0.

2
0.

4
0.

6
0.

8 1

Concentration dilute solution / mol kg
-1

0

0.5

1

1.5

2

2.5

3

H
2
-p

ro
d
u
c
ti
o
n
 u

s
in

g
 e

v
a
p
o
ra

ti
o
n
/ 
g
 h

-1
 m

-2

b=0.081 mol kg-1

b=0.101 mol kg-1

|

|
T = 25 °C

T = 40°C

Figure 14. The change in the hydrogen production as a function of the dilute concentration in RED.
The concentration of the concentrated inlet is set by the solubility limit at 25 and 40 ◦C, 3.79 and
6.22 mol kg−1.
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The permselectivity of the membranes in KNO3 is unknown but assumed to be between 0.96 and
0.63 (see Table 4). The driving potential from RED is found from Equation (3), with concentrations
given in Table 4 and Figure 14, and activity coefficients given in Equation (4). The unit cell driving
potential is plotted in Figure 15. The reason for the higher driving potential with concentrations
relevant to evaporation compared to the potential using concentrations relevant for precipitation is
only due to the increased concentration difference.
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Figure 15. Driving force for RED using concentrations relevant for the separation techniques
evaporation and precipitation.

The membrane resistance of AEM and CEM at 23 ◦C is taken to be the average over the measured
concentrations (see Figure 13) due to no significant change in the conductivity. The relevant membrane
ion conductivity for the modelling of the hydrogen is given in Table 6.

Table 6. Measured membrane ion conductivity for the relevant mean concentration of KNO3 for the
inlet to RED, 23 ◦C and 40 ◦C.

κAEM κCEM

23 ◦C 0.08 ± 0.01 S m−1 0.18 ± 0.07 S m−1

40 ◦C 0.11 ± 0.09 S m−1 0.20 ± 0.11 S m−1

The total theoretical ohmic resistance of the RED stack, including the measured membrane
resistance, is given in Figure 16. The reason for the large difference in dilute solution resistance is
the higher concentration in the inlet solutions used for the precipitation system compared to the
evaporation system.
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Figure 16. The total ohmic resistance in a RED unit cell at 23 ◦C and 40 ◦C using concentrations
relevant for (a) evaporation and (b) precipitation. The calculation of the four contributions can be seen
in Equation (14).
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Given the open circuit potential in Figure 15, a lumped electrode loss of 0.1 V (see Table 4) and the
unit cell ohmic resistance in Figure 16, the number of unit cells can be calculated from Equation (12).
The results are given in Table 7. The operation current density is calculated from Equation (11),
and given in Table 8.

Table 7. The number of unit cells needed to have a total stack potential of 1.33 V and an operating
current density at peak power.

25 ◦C 40 ◦C

Precipitation 93± 16 43± 8
Evaporation 18± 3 15± 3

Table 8. The operating current density of RED (see Equation (11)).

25 ◦C 40 ◦C

Precipitation 10± 2 A m−2 30± 18 A m−2

Evaporation 42± 9 A m−2 70± 34 A m−2

The unit cell power density from RED is given in Figure 17. Due to uncertainties, both in the open
circuit potential (permselectivity) and the membrane resistance, the propagation of uncertainty leads
to correspondingly high uncertainties in the power density.
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Figure 17. Power density from one RED unit cell (no tafel or electrode losses) per cross-section area
using concentrations relevant for the separation techniques evaporation and precipitation.

The predicted hydrogen production from the RED stack is given in Figure 18, where the production
at 40 ◦C using KNO3 is 2.6 ± 1.3 g h−1 m−2 (per cross-section area) for the evaporation process,
and 1.1 ± 0.7 g h−1 m−2 (per cross-section area) for the precipitation process.

For comparison, proton exchange membrane water electrolysis (PEMWE) has a normal operation
current density of 10 kA m−2 [55,56], resulting in a hydrogen production of 376 g h−1m−2.
The cross-section area of RED needs to be minimum 160 times higher than the cross-section area
in PEMWE to produce the same amount of hydrogen. However, the nature of the RED and PEMWE
systems are different, as hydrogen is produced from electric power in PEMWE while the Heat to
H2-system intends to use low-grade waste heat to produce hydrogen. The cell stack in the two systems
also differs significantly: The bipolar plates, separating every unit cell in PEMWE, contribute to 80% of
the weight and almost 50% of the cost in PEMWE [57]. In the RED-stack, there is no need for a unit
cell separator. The membrane is also potentially cheaper in RED, where hydrocarbon material is used
versus Nafion in PEMWE.
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Figure 18. Hydrogen production per hour and unit cell area from RED using concentrations relevant
for the separation techniques evaporation and precipitation.

5.3. Energy Consumption and Cost

The energy losses in the RED stack, are the ohmic losses per unit cell and the lumped electrode
losses. The calculation of these losses is carried out as described in Section 3.2. In the precipitation
separation process, the majority of the energy is needed for heating the solution from 10 to 40 ◦C and
for dissolving the salt. In the evaporation separation process, the major energy consumption is in the
evaporation of the water from the concentrated solution. In the calculation of the energy used per
volume hydrogen produced, the hydrogen production at 40 ◦C is used as a reference.

Using the hydrogen production from Figure 18 as input for Equation (19), the outlet concentrations
from RED can be calculated, given in Table 9. The difference in concentration from the inlet to the
outlet solution from RED gives the amount of salt needed to add or remove from the outlet solutions
to regenerate the original inlet concentrations.

Table 9. Inlet and outlet concentrations for the dilute and concentrated solutions.

Precipitation

Inlet conc. concentration 6.2 mol kg−1

Inlet dilute. concentration 2.1 mol kg−1

Outlet conc. concentration 6.1 mol kg−1

Outlet dilute concentration 2.2 mol kg−1

Evaporation

Inlet conc. concentration 6.2 mol kg−1

Inlet dilute. concentration 0.1 mol kg−1

Outlet conc. concentration 5.3 mol kg−1

Outlet dilute concentration 1.0 mol kg−1

Solving Equations (20) and (22), gives the mass fluxes as given in Table 10. Using the enthalpies
in Table 5 and the fluxes from Table 10, the energy used in the two Heat to H2-systems are given in
Table 11.

For the evaporation process, 90% of the energy consumption is allocated to the evaporation of
water. The total energy consumption is over ten times higher than the energy consumption per volume
hydrogen produced with PEMWE (4.78 kWh m−3 [58], operating at 2 V) and alkaline water electrolyser
(3 kWh m−3 [59]).

For the precipitation process, the majority of the losses are distributed evenly between the
reversible work, the ohmic losses and the heating (dissolving of salt and heating of water). The total
energy consumption of the RED and precipitation process is comparable to both PEMWE and alkaline
water electrolysis.
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Table 10. Mass fluxes in the two separation systems per cross-section area.

Specific Mass Flux Mass Flux/kg h−1 m−2

Precipitation

Flux of water, Φw 8.36
Flux intlet conc. solution (from RED) 13.6
Flux intlet dilute solution (from RED) 10.1
Flux outlet conc. solution (from RED) 13.5
Flux outlet dilute solution (from RED) 10.3
Flux of salt from dilute to conc. solution 0.295
Flux of water from dilute to conc. solution 0.295
Flux of solution from conc. to dilute solution 0.476

Evaporation

Flux of water, Φw 2.92
Flux inlet conc. solution (from RED) 4.75
Flux inlet dilute solution (from RED) 2.95
Flux outlet conc. solution (from RED) 4.49
Flux outlet dilute solution (from RED) 3.21
Flux of water from conc. to dilute solution (eva.) 2.62
Flux of solution from dilute to conc. solution 2.88

Table 11. Energy needed per volume hydrogen produced from RED using evaporation and
precipitation at 40 ◦C. * Due to the restriction on the ohmic and lumped electrode losses (see Section 3.1),
there is no uncertainty.

Process V j P W W
V A m−2

cross W m−2
cross kWh m−3 kWh kg−1

Evaporation

Reversible work 1.23 70± 34 86± 42 2.57 32.7
Electrode comp. loss 0.10 * 70± 34 7± 3 0.21 2.7
Ohmic loss RED-stack 1.33 * 70± 34 93± 45 2.78 35.3
Regen. heat (eva.) 24± 10 70± 34 1600 ± 1000 49± 22 600 ± 300
Total 26 ± 10 70 ± 34 1800 ± 1000 55 ± 22 700 ± 300

Precipitation

Reversible work 1.23 30± 18 86± 42 2.57 32.7
Electrode comp. loss 0.10 * 30± 18 3.0± 1.8 0.21 2.7
Ohmic loss RED-stack 1.33 * 30± 18 40± 24 2.78 35.4
Regen. heat needed 0.341± 0.008 30± 18 10± 6 0.71± 0.02 9.1± 0.2
Regen. heat (dissolve) 0.94± 0.02 30± 18 28± 17 1.96± 0.04 25.0± 0.6
Total 3.94 ± 0.02 30 ± 18 167 ± 52 8.23 ± 0.05 104.8 ± 0.6

The cost per kg of hydrogen produced can be estimated by including the membrane cost, which
is assumed to be the most expensive part of the RED-stack materials [4], and the cost of the salt. This is
a simplification, and for a future study other costs should be considered, e.g., the cost of the separation
unit. Assuming a membrane price of 170 $ m−2 and a membrane lifetime of 4 years [10] the price
for producing 1 kg of hydrogen is 55 $ and 370 $ for the evaporation and the precipitation process
respectively. To compete with the cost of producing hydrogen using electrolysers, 4.2–14 $ kg−1 [60],
the membrane price needs to cost less than 43 $ m−2 and 6.5 $ m−2 for the evaporation and precipitation
process respectively. The cost of KNO3 is 78 $ kg−1, and the amount of salt inside the RED-stack is
1.3 kg m−2 and 4.7 kg m−2 for the number of unit cells relevant for the evaporation and precipitation
system, respectively. Assuming the doubled amount of salt is needed for the entire Heat to H2-system
and the system can operate for 100 years (membranes need to be changed more often), the cost of the
salt is 0.043 $ and 0.371 $ per kg hydrogen produced using the evaporation and precipitation system
respectively. In the present Heat to H2-system the price of the salt is negligible compared to the cost of
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the membranes. Raka et al. [10] found the contribution from heating to be over 50% of the total cost in
a system similar to the one presented here. Obtaining the heat at an energy price of 0.15 $ per kWh [4],
the cost of the heating per kg hydrogen produced is 100 $ using the evaporation process and 16 $ using
the precipitation process.

6. Conclusions

Two separation techniques for outlet solutions from RED are presented. Due to the necessity of a
large change in solubility with temperature, KNO3 is evaluated as a salt for the solutions used in RED.
Ion conductivity is measured at 23 ◦C and 40 ◦C for one AEM and one CEM (FAS-50 and FKS-50) at
three different concentrations. However, the conductivity of KNO3 did not change significantly with
concentration. The conductivity for AEM was found to be 0.8 ± 0.1 mS cm−1 and 1.1 ± 0.9 mS cm−1

at 23 ◦C and 40 ◦C respectively, while for CEM the conductivity was found to be 1.8 ± 0.7 mS cm−1

and 2.5 ± 0.9 mS cm−1 at 23 ◦C and 40 ◦C respectively. Due to the low conductivity of NO−3 in AEM
other salts should be considered, e.g., CaCl2 and NaOH.

The driving force in RED using concentrations relevant to evaporation is 5 and 3 times higher
than for the system relevant for precipitation at 25 ◦C and 40 ◦C respectively. However, due to lower
dilute concentration in for the evaporation process, the resistance of the dilute compartment is 30 times
higher for the concentration relevant for evaporation versus precipitation, increasing the total unit cell
resistance by 30%.

Comparing the measured membrane resistance to the total unit cell resistance in RED,
the membranes account for 98% of the total resistance using the precipitation process. For the
evaporation process, the membrane resistance accounts for 70–80% of the total stack resistance.
A decrease in the membrane resistivity with 50% would double the hydrogen production for the
precipitation, while it would increase with 70% for the evaporation.

The predicted power density from RED in the two processes takes into account the assumed
open circuit potential and the resistance. RED, using concentrations relevant for the evaporation
process, can deliver seven times higher unit cell power density per cross-section area then RED using
concentrations relevant for precipitation at 40 ◦C.

The hydrogen production is calculated using the current at maximum power density, and a
total RED stack potential of 1.33 V. The production of hydrogen using concentrations relevant for
the evaporation process is 4 and 2 times higher than for concentrations relevant for the precipitation
process at 25 ◦C and 40 ◦C respectively. From a cost perspective the evaporation process is preferable
over the precipitation process due to a higher hydrogen production per membrane area, while from an
energy demand perspective the precipitation process is the superior separation technique. The energy
needed per cubic meter of hydrogen produced is 55 ± 22 kWh for the evaporation process and
8.22 ± 0.05 kWh for the precipitation process. The most common renewable source of hydrogen
production today is PEMWE, which stands for 4% of the world’s total hydrogen production [61].
The results from the measurements and the modelling in this article present an alternative renewable
way to produce hydrogen with an energy consumption comparable to PEMWE, where the input
energy is otherwise lost low-grade waste heat.
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Abstract

Reverse electrodialysis and electrodialysis can be combined into an energy storage system,
where surplus energy is stored in a salinity gradient between two solutions in a closed system.
The system is charged by applying an external power source to force ions through alternating
ion exchange membranes from a dilute solution to a concentrated solution, and is discharged
by letting ions migrate through the same membranes from the concentrated solution to the
dilute solutions loading off electric energy at the electrodes. Most literature reports on
experiments on natural occurring NaCl concentration (seawater and river water), while a
closed system can have a higher salt concentration (NaCl up to 6 M). A closed system
also benefits from the ability to mitigate membrane module fouling, and the temperature is
easier to control. In this work, the permselectivity of two membranes, FAS-50 and FKS-50
from Fumatech, is tested at concentration ratios 5.000 M/0.05000 M, 4.500 M/0.5500 M,
3.000 M/2.050 M and 2.800 M/2.525 M and found to be ranging from 0.7 to 0.5 for FAS-50
and from 0.8 to 0.7 for FKS-50. The maximum open-circuit voltage from one unit cell was
measured to be 115±9 mV and 118±8 mV at 25 ◦C and 40 ◦C respectively. The power
density was found to be 1.5±0.2 W m-2uc at 25 ◦C and 2.0±0.3 W m-2uc at 40 ◦C. A life-cycle
analysis of the electrodialytic energy storage system, with a total energy storage capacities
of 1 GWh per day, 2 hours discharging time and 20 years of operation, give a global warming
factor of 62-75 kg CO2/MWh and a cumulative energy demand of 0.22-0.26 MWh/MWh
for the production phase of the EESS.
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1. Introduction

The prognosis for 2050 of the world’s electricity production done by DNV-GL [1] shows
that over 70 % of the production stems from renewable sources like wind and solar power.
These energy sources are intermittent and often not available when and where we need
energy, making a renewable-based economy dependent on energy storage.

Example of ways to store energy is in hydrogen, lithium-ion batteries, capacitors and
phase change materials where each storage system has its niche; e.g. cheap, long-lived, high
power and high efficiency. A potential storage system which is cheap, easy to scale and
chemically flexible is storage in salinity gradient power. The available energy when one
cubic meter of river water enters the sea is 2.3 MJ [2, 3] corresponding to a water column
of over 200 m [4]. Using brine and river water instead gives us 15 MJ of available energy,
which is equivalent to the volumetric energy density of hydrogen at 3 bar.

An energy storage system based on salinity gradients combines a desalination technology
with a mixing technology. The system is charged with external power increasing the con-
centration difference between two solutions, and energy is stored in the form of a chemical
potential difference. The system is discharged by mixing the two solutions, converting the
chemical potential to electricity, and decreasing the concentration difference. An illustra-
tion of a general energy storage system with solutions of different concentrations is given in
Fig. 1.

Concentrated solutionMixed solution Dilute solution

Figure 1: Illustration of an energy storage system; charging (left) by increasing the concentration difference
and discharging (right) by mixing the same solutions. The illustration is modified from Jalili et al. [5].

Examples of combinations of technologies which together make up a salinity gradient en-
ergy storage system (SGESS) are reversed electrodialysis (RED) and electrodialysis (ED),
pressure retarded osmosis (PRO) and reversed osmosis (RO), and capacitive Donnan po-
tential (CDP) and membrane capacitive deionisation (MCDI). A model comparing these
SGESSs is carried out by Jalili et al. [5], where RED/ED and PRO/RO was preferable
over CDP/MCDI, and at higher temperatures, RED/ED had the highest power density and
efficiency. Due to these findings, this article focuses on the electrodialytic energy storage
system (EESS) based on RED and ED.
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An EESS was first suggested by Kingsbury et al. in 2015 [6], with a round-trip efficiency
of up to 34 %. Egmond et al. [7] increased the solution temperature to 40 ◦C and found
that the ohmic resistance decreased with increasing temperature, but the water transport
increased. Both studies included experiments at constant current. In our study, the concen-
tration of the solutions will be held constant while controlling the potential and measuring
the current. The gained polarisation curve gives information regarding kinetics in RED/ED
and an energy storage efficiency based on realistic operating current densities. By holding
both the inlet concentrations constant while measuring polarisation curves, we can get a
better understanding of the limiting kinetics. The polarisation curve will also give the ideal
discharging current for maximum power density, and using a realistic current restriction
(e.g. the duck curve constraint explained in Jalili et al. [5]), the charging current can be
calculated, together with the total efficiency of the EESS.

The power output from an EESS is highly dependent on the concentration difference
between the two solutions [6, 7], where higher difference results in higher power density.
However, the membranes available for an EESS are mostly used for naturally occurring
concentrations and salts (seawater and river water) [8], while for a closed system, higher
concentrations are relevant.

This paper will compare the performance of EESS at two temperatures, where the power
density and efficiency are chosen as parameters describing the performance. The perm-
selectivity is measured for two relevant membranes at higher salt concentrations. Both
stack measurements and permselectivity are compared with theoretically expected values.
The results also include a brief life-cycle analysis (LCA) of the EESS.

3
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2. Theory

A schematic of the EESS while discharging is shown in Fig. 2. In the discharging pro-
cess, the chloride ions travel from the concentrated solution to the dilute solution through
the anion exchange membrane (AEM), while the sodium ions travel from the concentrated
solution to the dilute through the cation exchange membrane (CEM). At each electrode,
a redox or rinse solution is circulated. For the experiments carried out in this project,
iron(II/III)chloride is used as a redox solution.

Figure 2: The figure shows the discharging process of an EESS. The sodium and chloride ions travel
from the concentrated solutions to the dilute solutions, through AEMs and CEMs. At both electrodes
iron(II/III)chloride is circulated absorbing chloride ions at the anode and giving off chloride ions at the
cathode.

During discharge, the chloride ions enter the redox solution at the anode, while at the
cathode chloride ions leave the redox solution. The reactions at each electrode are:

Anode: Fe2+ → Fe3+ + e−

Cathode: Fe3+ + e− → Fe2+
(1)

The electrons conduct from the anode to the cathode while discharging. When the EESS is
charging, electrons are forced from the anode to the cathode using an external power source,
also reversing the reactions given in Eq. (1).

The open-circuit voltage (OCV) over a unit cell is derived from the Nernst equation:
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EOCV = 2α
RT

zF
ln
(
ccγc

cdγd

)
, (2)

where R is the ideal gas constant, T is the temperature in Kelvin, F is Faraday constant,
z is the number of electrons transferred and α is the mean permselectivity of the CEM
and AEM. The permselectivity of the membranes expresses the capability to discriminate
between two ions with a different charge. It is highly dependent on solution concentration
and transport number of salt and water, but less dependent on solution temperature [8].
cc and cd, and γc and γd are the molarity and activity coefficients of the concentrated and
dilute solution respectively.

To the author’s knowledge, the permselectivity of the membranes used in this study
is only measured at 25 ◦C and 0.5 M NaCl, where Fumatech reports a permselectivity
of 0.97-0.99 and 0.92-0.96 for FKS-50 and FAS-50 respectively [9, 10]. The theoretical
permselectivity for an IEM is given in Eq. (3) [8]:

α = ts − tw ×MW ×
b1 − b2

ln((b1 × γ1)/(b2 × γ2))
(b1 6= b2)

α = ts − tw ×MW × b1 (b1 = b2),

(3)

where ts and tw are the transport number of salt and water respectively, Mw is the molar
weight of water (0.018 kg mol-1), and b1 and b2 are the molalities of the solutions on each side
of the membrane. Given the constant transport number of salt and water, the permselectivity
would increase with concentration difference.

The transport number of salt is defined as the amount of the current carried by the
counterion. If more co-ions are transported with the salt gradient, the transport numbers
decrease, and the amount of co-ions in the membrane is dependent on the salt concentration
in the bulk and the concentration of the fixed charges in the membrane [11]. FAS-50 and
FKS-50 has an average of 0.13 mol and 0.10 mol fixed charges per square meter membrane
respectively [9, 10].

Zlotorowicz et al. [8] measured the transport number of water and salt in the membranes
FAD and FKD from Fumatech at a concentration up to 0.6 M, where the transport number
of salt was 0.93 and 0.998 for CEM and AEM, respectively. Długołęcki et al. modelled
the transport number of salt in the same membranes as Zlotorowicz et al., where linear
regression gives the following salt transport numbers for FKS and FAD from Fumatech [12]:

tAEM
s = −0.09× c+ 1

tCEM
s = −0.03× c+ 1

(4)

where c is the molarity of the solution. In this study, c is the mean value of the solutions
on each side of the membrane.

The water transport number is dependent on osmotic and electroosmotic effects [13].
The water transported by osmosis diffuses from the dilute to the concentrated solution,
reducing the permselectivity, while water transported due to electroosmosis is carried as a
hydration shell around the counterions (hydration number), moving from the concentrated
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to the dilute solution, increasing the permselectivity. The osmotic effect will be higher with
higher concentration difference, while the number of water molecules per ion is lowered with
concentration [14]. Zlotorowicz et al. [8] measured the transport number of water to be 8
and 6 for CEM and AEM respectively. However; due to the large difference between the
concentrations in the present work and concentrations used by Zlotorowicz et al., the water
transport number in AEM and CEM for the model is varied between 0 and 10 [15]. The
permselectivity given salt transport number equal to Eq. (4), and average water transport
number: tw = 5, and activity coefficients equal to unity, is plotted in Fig. 3.

(a) (b)

Figure 3: Permselectivity for AEM (a) and CEM (b). tw = 5 and ts follow Eq. (4), with the membrane
concentration equal to the average concentration between the solutions, and activity coefficient assumed
unity.

Activity coefficients for solutions with higher concentrations than 1 M lie beyond Debye-
Hückel, Davies and Truesdell-Jones modell limitations. Stokes and Robinsons equation is
therefore used [16, 17]:

γ± = exp

(
A× z2

± ×
√
I

1 +B × a
√
I
− h

ν
ln(aw)− ln(|1 + (Mw(ν − h)× b|)

)
(5)

where I is the ionic strength, here with 1 mol kg-1 as reference, z± is the mean of the valence
of the cation and anion (1 for NaCl), ν is the number of ions per molecule (2 for NaCl),
h is the hydration number of NaCl and a is the distance of the closest approach1. h and
a are found to be 5.2 and 0.42 nm respectively from curve fitting to [18]. The hydration
number and the distance of the closest approach is found to depend on temperature and
concentration [14]; however this is not taken into consideration for the modelling in this
article. A and B are temperature dependent and given in Eq. (6) (A = 1.18 (kg/mol)1/2

and B = 3.29× 109 (kg/mol)1/2 m-1 at 25 ◦C [19]):

1the minimum distance between the center core of two particles before it is reflected back
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A = (2πNAρw)1/2

(
e2

4πε0εr,wkBT

)3/2

B = e

(
2NAρw
ε0εr,wkBT

)1/2

,

(6)

where NA is Avogadro number, ρA is the density of the solvent (for simplicity set to 1000
kg m-3), e is the elementary charge, ε0 is permittivity of vacuum and kB is Boltzmann
constant. εr,w is the dielectric constant of the solvent [20] (here water) and given in Eq. (7)
(rewritten to use Kelvin instead of Celsius):

εr,w = 87.74−0.4008×(T−273.2)+9.398×10-4×(T−273.2)2−1.410×10-6×(T−273.2)3 (7)

In Eq. (5), aw is the water activity as a function of the salt concentration given in Eq. (8)
[21]:

aw = γw × xw
γw = αaw,NaClx

2
s + βaw,NaClx

3
s

xs =
b

b+ 1/Mw

xw =
1/Mw

b+ 1/Mw

(8)

where γw is the activity constant of water (equal to 1 with no salt present), xw is the mole
fraction of water, αaw,NaCl and βaw,NaCl are constants found from Miyawaki to be 1.825 and
-20.78 for NaCl respectively [21]. xs is the mole fraction of salt.

The modelled activity coefficient from Stokes-Robinson equation (Eq. (5)) is plotted in
Fig. 4 together with the data from Pytkowicz [18]. One reason for the deviation between
Stokes-Robinson equation and the measured activity coefficient of NaCl is the assumption of
no temperature or concentration dependency in the modelled hydration number. Afanasiev
et al. [22] suggest an exponential dependence on concentration and negligible dependency
of temperature, while Onori [23] gives a linear dependence on concentration and state that
the hydration number is dependent on temperature. For simplicity, neither the dependence
on temperature nor concentration, of the hydration number nor the distance of the closest
approach is taken into consideration for this work.

Increasing the solution activity difference between the two solutions in the EESS will
increase the OCV and thereby the power density. From the activity coefficient perspective,
it is beneficial to have one concentration close to 1 M and the other concentration at 0 M
or 5 M. The activity also increases with increasing temperature, but the impact is less
prominent than for concentration.

The total unit cell voltage is given in Eq. (9) for charging and Eq. (10) for discharging.

7
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Figure 4: Modelled activity coefficient for NaCl for different concentrations and temperatures, together with
data from Pytkowicz [18]. The model is following Stokes-Robinson equation, where a and h is found from
curve fitting to data from [18].

Echarging = EOCV + rΩ · icharging (9)
Edischarging = EOCV − rΩ · idischarging (10)

where i is the current density per cross-section area and rΩ is the ohmic resistance (Ωm2) of
a unit cell. The latter is the sum of the resistance of one AEM, one CEM, one compartment
of dilute and one compartment of concentrated solution. It is important to emphasise that
the electrode resistance, relectrode can be assumed negligible for a stack containing a large
number of cell pairs [24], but on the laboratory scale, it needs to be considered. The ohmic
resistance in one unit cell is given in Eq. (11) [25]:

rΩ =
δm

σAEM(1− β)
+

δm
σAEM(1− β)

+
δsρd

ε2
+
δsρc

ε2
, (11)

where δm is the membrane thickness, σAEM and σCEM are the ionic conductivity in the AEM
and CEM (S m-1) respectively and β (dimensionless) is the spacer shadow effect [26] or the
part of the membrane that is covered by a spacer. δs is the thickness of the spacer and ε
(dimensionless) is the porosity or the factor to correct for the occupied volume by the spacer
(equal to 1 with no spacer). The porosity is defined as one minus the volumetric ratio2 and
squared to represent the tortuous behavior of the ion transport in the spacer-filled channel.
ρd and ρc are the resistivity of the dilute and concentrated solution respectively (Ω m).
Theoretical values are deduced from conductivity measurements of sodium chloride in water
at 25 ◦C from [27] (wt% to mol L-1, and µS cm-1 to S m-1), and fit to the equation given in
[28, p.22]:

2the ratio of the apparent gravity and the specific gravity of the spacer (see [25])
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σsol,25 = k1 × c− k2 × c3/2 (12)
k1 = 11.8± 0.2 S m-1

k2 = 2.7± 0.1 S/(mol m-1)1/2

where σsol,25 is the solution conductivity at 25 ◦C (S m-1). The theoretical temperature
effect on the resistance is from a report of Schlumberger [29]:

ρsol =
1

σsol,25

46.5 K
T − 251.5 K

(13)

The equation is rewritten to use Kelvin instead of Celsius.
The power density per unit cell (uc) area, P (W m-2uc), is the electrode voltage, E (V)

Eq. (10), multiplied by the current density, i (A m-2):

P charging
uc = EOCVi

charging + rΩ · (icharging)2 (14)
P discharging

uc = EOCVi
discharging − rΩ · (idischarging)2 (15)

Following the duck curve constraint (see Jalili et al. [5]), the current density while
charging is approximately half the current density while discharging. The discharging current
density at the peak power density is:

idischarging =
EOCV

2rΩ

, (16)

Inserting the given current density into Eq. (15) and half the current density into Eq. (14),
the power density used while charging is given in Eq. (17) and the power density gained
during discharge is given in Eq. (18):

P charging =
5E2

OCV

16rΩ

, (17)

P discharging
max =

E2
OCV

4rΩ

, (18)

The total reversible power density is given as:

Preversible = EOCVi (19)

In this work the reversible potential is calculated from the measured OCV, and the measured
peak power current density while discharging and half this current for the reversible power
for charging.

The power loss in pumping is given in Eq. (20) [30]:
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Ppump =
12µv2δsε

0.25D2
h

· 1.5 (20)

where v is the flow velocity (m s-1) and the factor 1.5 is an approximation of the compensation
for the electric efficiency of the pump [31]. Dh is the hydraulic diameter [30, 32]:

Dh =
4ε

2/δs + (1− ε)(Ssp
Vsp

)
, (21)

where Ssp
Vsp

is the ratio between the surface area and volume of the spacer filaments.
The viscosity is given in Eq. (22) [33]:

µ = 1.234× 10-6e0.00212·c·M+1965/T , (22)
The efficiency of the discharging is the net power density produced divided by the re-

versible power density, given in Eq. (23). The efficiency of the charging of the EESS is the
reversible power density divided by the power density used by ED and the power used for
pumping, given in Eq. (24).

ηdischarging =
P discharging

max − Ppump

Preversible
(23)

ηcharging =
Preversible

P charging + Ppump
(24)

Given no pumping losses and purely ohmic losses the efficiency for charging and discharging
is 0.8 and 0.5 respectively, and the total efficiency of the EESS is 0.4.

2.1. Life-Cycle Analysis
Life-cycle analysis is a technique for targeting the environmental impacts (e.g. use of

resources and effect on human health) of a product. Two ISO standards (ISO 14040 and
14044) describes the framework and principles for conducting LCA, including the inventory
compilation, impact assessment and interpretations of the results.

The software SimaPro v8.3 is used for the LCA, where the characterisation factors from
the midpoint (H) ReCiPe 2016 method v1.1 [34] and cumulative energy demand (CED)
method v1.10 [35] were used for determining global warming potential and energy perfor-
mance, respectively. CED method calculates the energy intensity of a process (in MWh)
used for storing 1 MWh of available electricity, which is the functional unit for this LCA.
Real data is provided by experiments from the RED-stack (power density) and the model of
the pumping losses. Background data from Ecoinvent v3.4 database were used for upstream
processes, such as material and electricity production.

For this LCA the Cut-off U system is used. This system implies that the impact for
producing a product is allocated to the first user, and a potentially recycling of the product
does not benefit the LCA [36]. Using the Cut-off system also implies that any use of recycled
materials in the production only include the impact of the recycling process and not the
impact of the production of the materials itself.
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3. Methodology

The maximum concentration in the experiments was set to 5.0 M even though the solu-
bility limit of NaCl is 6 M, to avoid possible precipitation of salt inside the RED-stack. The
dilute solution starts at 0.05 M due to the assumption of a drop in power density due to
high ohmic resistance at lower concentrations [5]. When the EESS is fully discharged, both
the solutions are at 2.525 M (the average concentrations is always 2.525 M). Experiments
and the model are conducted with the solution temperature at both 25 ◦C and 40 ◦C. The
model does not account for losses due to concentration polarisation. The material and cell
properties are given in Tab. 1.

Table 1: Materials and cell properties for the cell stack used in the experiments and in the modeling.
*measured **calculated

Name Symbol Value
Soltuions

Flow salt solution Φsolutions 7.0 ml min-1
Flow redox solution Φredox 7.0 ml min-1
Flow salt solution (Φ/(60× 106 × δs × w × ε)) vsolutions 0.0012 m s-1
Flow redox solution (Φ/(60× 106 × δs × w × ε)) vredox 0.011 m s-1
Concentration dilute solution cd 0.05 - 2.525 M
Concentration concentrated solution (cc = 5.05− cd) cc 5.0 - 2.525 M
Temperature T [297, 313] K
Dielectric constant (T = [297, 313]) τw [78.4, 73.2] [20]

Resistance
Resistance AEM RAEM 1.44×10-4 Ω m2 [9]
Resistance CEM RCEM 1.00×10-4 Ω m2 [10]

Cell geometry
Channel thickness δs 1.55×10-4 m
Channel width w 4.0×10-2 m
Channel length l 9.0×10-2 m
Membrane thickness δm 5.0×10-5 m

Spacer parameters
Open area OA 0.65
Thread thickness δt 8.0×10-5 m
Mesh opening δo 3.37×10-4 m
Maximum spacer shadow β (1−OA) 0.35
Specific gravity (polyester) SGpoly 1380 kg m-3 [37]
Weight fabric mspacer 0.0333 kg m-2 *
Apparent gravity AGspacer 214.6 kg m-3 **
Porosity (1-AGpoly/SGpoly) ε 0.844
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3.1. Membrane Treatment
The membranes used in the stack measurements and the measurements of the perm-

selectivity were delivered wet in an ED-40 stack from Fumatech. The cell contained NaCl
solution; thus the membranes were already ion-exchanged to Na+ and Cl− ions. Before stack
measurements, the correct concentrations were pumped through the flow compartments until
a stable OCV was obtained. The same membranes were later used to measure the perm-
selectivity, where the membranes were kept in approximately 1 M NaCl for minimum one
week before the permselectivity was measured.

3.2. Permselectivity Measurements
The membrane was placed between two solutions with different concentrations, were

rubber rings on each side of the membrane prevented leaking. The solution was stirred
throughout the experiment with magnetic stirrers. An agar/3 M KCl salt bridge, half-filled
with the solutions from the glass containers, connected the glass containers with a saturated
KCl solution. Two double junctions Ag/AgCl electrodes with the 3 M KCl solution were set
in the saturated KCl solution at the end of the salt bridge. The setup can be seen in Fig. 5.

7 6

5

3

2 1 2

4 4

5

3

6 7

8
8

Figure 5: The setup used for the permselectivity measurements, inspired by [8]. In the figure 1) is the
membrane, 2) are the sealing rings, 3) are the glass containers, one with dilute solution and one with
concentrated solution, 4) are the magnets for stirring, 5) are the thermometers, 6) are the Agar/KCl-
saltbriges, 7) are the double junction Ag/AgCl reference electrodes and 8) are saturated KCl solutions.

The OCV was measured for a minimum of one hour. The permselectivity was found by
dividing the measured OCV by the calculated OCV given in Eq. (2) (without α).

Each membrane (FAS-50 and FKS-50) were measured with each pair of concentrations:
5.000 M/0.05000 M, 4.500 M/0.5500 M, 3.000 M/2.050 M and 2.525 M/2.525 M. The same
concentrations used in the stack experiments were also used in the permselectivity mea-
surements, with one exception: The stack measurement carried out with solutions of equal
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concentration (2.525 M), had a calculated OCV of 0 V, making the calculation of the perm-
selectivity invalid. The concentrations were set to 2.525 M and 2.800 M instead.

3.3. Stack Measurements
The cell used for stack measurements was a Fumatech ED-40 cell. The stack contains

four elements: Electrodes (titanium and iridium plasma coated stainless steel), membranes
(FAS-50 and FKS-50), spacers (polyester) and gaskets (PVC), that are pressed together by
two endplates of PEEK. An illustration of the setup is shown in Fig. 6.

The dilute and concentrated solutions were pumped in through two separate openings
at the endplate. Two holes for each of the solutions (four in total) distribute the solution
over the membrane area, where the dilute and the concentrated solutions are distributed in
every second compartment. Both solutions flow out from the cell through two holes in the
other end plate (see Fig. 6). The redox solution is pumped in at each electrode and flows
out from the same electrode, to avoid short-circuiting by circulating the redox solution. The
redox couple used in the experiments was a solution of FeCl2 (0.5 M), FeCl3 (0.5 M) and
NaCl (1.0 M). When the cell was not in use, dilute (0.05-0.5 M) NaCl solution was pumped
in at all compartments, including the redox compartment.

Con. in Dil. out

El. rins

AEM

CEM

Spacer

Electrode

Gasket

Con. outDil. in

El. rins

Figure 6: The figure shows the RED stack used in all experiments reported in this article. The holes at the
front of the stack are the inlet and outlet of the dilute solution, the concentrated solution and the electrode
rinse (redox) solution. In the experiments, nine cell pairs were used (ten AEM and nine CEM).

To reduce the loss in temperature between the heated inlet solutions and the flow channels
inside the RED stack, the RED stack and most of the tubings were kept in a heating cabinet
throughout the measurements at 40 ◦C. The temperature was measured in the inlet salt
solutions, and at the outlet solution. The temperature was kept within 40± 1 ◦C.

Linear sweep voltammetry (LSV) [38, p.178] was run for each concentration and tem-
perature. In all LSV experiments reported in this article, scan rates of 5 mV s-1 were used.
From these experiments, the current and voltage were recorded directly.

13

6.0 Paper III 121



Chronopotentiometry measurements of the cell containing the electrodes, the redox solu-
tion and one AEM is carried out to compensate for the voltage losses at the electrode. The
current steps are held for 1000 s and randomised. Between every current step, the current
is set to zero for 100 s. At the end of every step, the resistance is found from dividing the
measured voltage by the set current. The resistance is plotted versus the current density to
find the ohmic region and its ohmic resistance, Rblank. The unit cell voltage is found from:

Euc =
Etotal −Rblank × I

N
(25)

where Etotal is the total stack voltage, Rblank is the resistance of wires, electrodes, redox
solution and one AEM, I is the current and N is number of unit cells.

3.4. Life-Cycle Analysis
In the present LCA, 1 GWh of the energy storage capacity is considered, which is 20 %

of the daily energy needed for 100’000 Norwegian households (every house using a total of
20 MWh per year [39]). The energy storage capacity of the EESS is defined by the amount
of NaCl solution available. In every cubic meter of concentrated salt solution there is 15 MJ,
or 4.2 kWh, of available energy relative to a cubic meter of a dilute salt solution [3], meaning
two tanks of 2.4×105 m3 with NaCl solution are needed; one for the dilute and one for the
concentrated solution. The number should be multiplied with 10 for operating within 90 %
of the state of charge. The energy is assumed to be used during 2 hours in the evening (duck
curve [5]), with an energy to power ratio (E2P) of 2. The operation life span is set to 20
years.

The power density needed is defined by the number of unit cells and the total membrane
area, where the power density needed from the RED stack is 0.5 GWh (E2P = 2). The
power density from the RED stack is found from measurements, while the pumping losses
are calculated from Eq. (20). From the measured power density, the total membrane area
can be calculated, together with the endplate area (from the number of unit cells). The
inventory used for the LCA analysis is given in Tab. 2 and Tab. 7 . The LCA of the EESS
indulges only the production phase, where the base scenario uses spacer material PA6.6 (see
Tab. 2). The global warming effect (kg CO2 equivalents) per kg and the CED (Wh) per kg
for all the materials included in the EESS is given in Tab. 3.
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Table 2: The materials used in an EESS

Component Name in SimaPro Density
Salt solution Sodium chloride, powder GLO 2.525 mol L-1 *
Redox solution Iron(II)chloride GLO, and Iron(III)chloride,

without water, in a 12 % iron solution state GLO 0.5 mol L-1
Iron(II) chloride GLO | market for 0.5 mol L-1

Solute Water, deionized, from tap water 1000 kg m-3
End-plate Aluminium scrap, post-consumer GLO 2700 kg m-3
Gasket Polyvinylchloride, suspension polymerised GLO 1380 kg m-3
CEM Cationic resin GLO 1100 kg m-3
AEM Anionic resin GLO 1100 kg m-3
Electrode Graphite, battery grade GLO

at user Europe without Switzerland 7 kg m-2 **
Tank material Lean concrete RoW 2300 kg m-3
Spacer materials

Nylon 6-6 GLO| market for (PA66) 1140 kg m-3
Nylon 6 GLO| market for (PA6) 1130 kg m-3
Polyethylene terephthalate, granulate,

amorphous GLO| market for (PET) 1350 kg m-3
Polypropylene, granulate GLO| market for (PP) 905 kg m-3

* mean value of the concentrated and dilute concentration
** measured in house
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Table 3: Global warming (GW) and CED per kg for all materials used in the EESS.

Resource GW CED
kg CO2 eq./kg kWh/kg

NaCl 0.305 1.14
FeCl2 0.300 1.19
FeCl3 0.642 2.53
Gasket 2.03 16.9
IEM (cationic resin) 1.88 10.7
IEM (anionic resin) 3.60 17.6
Electrode 2.29 15.0
End-plate 0.833 0.155
DI water 9.92×10-4 5.39×10-3
Tank 0.0753 0.106
Spacer materials

PA6.6 6.74 38.5
PA6 9.88 34.3
PET 3.28 22.0
PP 2.18 21.2
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4. Results and Discussion

This section contains all the experimental results from permselectivity and stack mea-
surements, where the results are compared with modelled data. An LCA of the EESS is
included at the end.

4.1. Permselectivity
The measured permselectivity at room temperature (23 ◦C) for AEM (FAS-50) and CEM

(FKS-50) is given in Fig. 7.
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Figure 7: Measured permselectivity of AEM and CEM at 23 ◦C with 0.95 confidence interval, together
with the modelled permselectivity (Eq. (3)), with water transport number from 0 to 10, and salt transport
numbers equal to Długołecki et al. [12] (see Eq. (4)).

The measured permselectivity is in the same range as given in the literature: Dani-
ilidis et al. [40] measured a mean permselectivity of 0.8 and 0.7, for concentration ratios
0.050 M/5.0 M and 0.55 M/4.5 M, respectively. Daniilidis, referring to Veerman et al.
[41], pointed out that the losses from co-ion transport increase with increasing concentra-
tion difference. An increase in the concentration difference will also increase the counterion
transport, increasing the permselectivity. However, the data obtained here cannot be used
to say anything about the two transport numbers separately.

The permselectivity of CEM is higher than for AEM, as expected, partly due to a higher
amount of fixed charges in CEM than in AEM, reducing the number of co-ions in the CEM.

Due to a constant mean concentration between the compartments in every experiment,
the salt transport number can be assumed constant. Given the measured permselectivity
in Fig. 7, and salt transport numbers given in Eq. (4) (0.8 for AEM and 0.9 for CEM), the
water transport number is as given in Tab. 4. The large uncertainty in the permselectivity
leads to large uncertainty in the transport numbers. Zlotorowicz et al. [8] found the water
transport number to be 8±7 and 6±1 for two similar membranes from Fumatech but at
lower concentrations.

Smaller concentration differences need to be evaluated to find the exact contribution
from the water and salt transport number on the permselectivity [8]. However; in this work,
the aim is to find the permselectivity at operating conditions.
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Table 4: Transport number of water in fumatechs membranes FAS-50 and FKS-50, given salt transport
numbers from Eq. (4) and measured permselectivities given in Fig. 7.

Concentration / M/M 0.05000/5.000 0.5500/4.500 2.050/3.000 2.525/2.800
tw AEM 5±7 4±2 4±4 6±9
tw CEM 5±4 4±4 5±4 5±3

4.2. Stack Measurements
The resistance of a blank cell with one AEM and redox solution is shown in Fig. 8, where

the ohmic resistance of the blank cell is 3×10-3 Ω m2. At an absolute current density lower
than 30 A m-2, the non-ohmic losses are negligible. As seen later the operational current
density of the full RED/ED stack is mainly in the ohmic region and a constant resistance is
subtracted.
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Figure 8: Resistance of the blank RED cell with one AEM and redox solution at 25 ◦C.

The polarisation curves for the EESS stack measurements are given in Fig. 9. The unit
cell potential given in the graph is calculated from Eq. (25).

The OCV of the RED-stack gained from Fig. 9 is plotted together with the calculated
potential from Eq. (2) (with α equal to 1 and the measured data given in Fig. 7) in Fig. 10a.
The unit cell resistance (Rblank subtracted), together with the calculated resistance, is given
in Fig. 10b.

The theoretical OCV (α = 1) is two times as high as the measured OCV. One of the
reasons is the drop in the permselectivity mentioned in subsection 4.1. Tedesco et al. [42]
and Daniilidis et al. [40] also measured half of the theoretical potential using similar con-
centrations for the concentrated feed as in our experiments.

The measured resistance is higher than the calculated resistance. A reason for this is
an underestimation of the membrane resistance in the calculation, where the membrane re-
sistance included in the calculated resistance is taken from the membranes datasheet from
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Figure 9: Polarisation curves for all measurements obtained at 25 ◦C (a) and at 40 ◦C (b).
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Figure 10: Figure (a) shows the OCV for one unit cell included the calculated OCV from Eq. (2). Figure
(b) shows the unit cell resistance included the evaluated resistance from Eq. (11), compared to dilute
concentration. Cc = 5.05− Cd.

Fumatech [9, 10]. However, these values are representative for 0.5 M NaCl, while the mean
concentration is 2.525 M in the experiments conducted in this work. Conductivity measure-
ments carried out on FAS-50 and FKS-50 soaked in up to 4.3 mol kg-1 NaCl, indicate a
decrease in conductivity with increasing mean concentration. For FAS-50 the conductivity
decreased from 4 to 2 mS cm-1 from 0.9 to 4.3 M in concentration at 23 ◦C, and from 8 to
3 mS cm-1 at 40 ◦C. The conductivity in FKS-50 decreased from 2 to 1 mS cm-1 from 0.9
to 1.8 M, and from 4 to 1 mS cm-1 from 0.9 to 1.8 M at 40 ◦C [43]. These measurements
indicate that the calculated resistance in Fig. 10b is too low.

The cell resistance (mostly) increases with decreasing dilute concentration, due to the de-
crease in the resistance of the dilute flow compartment. Jalili et al. simulated the resistance
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in the flow compartments in RED using OpenFOAM [44], where they found the resistance
to be 0.4 mΩ m2 and 0.04 mΩ m2 for the dilute and concentrated solutions respectively.
Thesis calculations are similar to our total calculated resistance. At 40 ◦C, the unit cell
resistance decrease from 0.05000 M to 0.5500 M. The measured stack resistance at 40 ◦C for
2.525 M/2.525 M is high compared to the other resistances at 40 ◦C, where this irregularity
was not detected during measurements but is lightly due to oxidation and precipitation of
the iron in the redox-solution. This could also have affected the measurements at a dilute
concentration of 2.05 M, and be the reason for the high uncertainty.

The ohmic losses can be reduced by decreasing the compartment thickness. As men-
tioned, 100 µm or lower is recommended by Vermaas et al. [45]. Increasing the temperature
would also decrease the resistance of the solutions [43]. Jalili et al. showed a significant
decrease in stack resistance, increasing the temperature from 10 ◦C to 80 ◦C. However, for
the temperature range used in the present study Jalili et al. did not show a prominent
change in stack resistance [5], where the stack resistance was measured to be between 1 and
2 mΩ m2 between 25 ◦C and 40 ◦C. It is also worth mentioning that the model in [5] uses
concentrations 0.01 M to 1.0 M. However, both this study and the previous study by Jalili
et al. [5] show that membranes with lower resistance, even at high concentration difference
a high temperature, should be prioritised.

The polarisation curves in Fig. 9 show dominating ohmic losses in the galvanostatic region
where the EESS is discharged. At higher current densities in the galvanostatic region (and
in the super galvanostatic region) some losses due to electrode kinetics can also be observed.
At the electrolytic region, where the EESS is charged, the losses are mainly ohmic, with
some losses from the mass transfer, particularly for the higher concentration differences.

The kinetic losses can be reduced by increasing the temperature [46, p.200]. In the
experiments carried out in this work, only the sodium chloride solutions were heated, but
not the redox solution, due to increased oxidation and precipitation of the iron at elevated
temperature. Increasing the temperature of the redox solution could be done in a sealed
container with nitrogen or argon bubbled into it. The mass transport losses can be reduced
by increasing the mixing achieved by increasing the flow of the solution. This will, however,
increase the pumping losses.

The power density gained from RED and the power density used in ED (given a charging
current half the discharging current), and the corresponding current density at maximum
power is given in Tab. 5 (together with a 95 % confidence interval).

The maximum power density from discharging the EESS is 1.5 ± 0.3 W m-2uc (per unit
cell area) and 2.0± 0.3 W m-2uc at 25 ◦C and 40 ◦C respectively. The charging energy, given
half the discharging current, is 2.1 ± 0.3 W m-2uc and 3.8 ± 0.9 W m-2uc at 25 ◦C and 40 ◦C
respectively.

The discharge power density for Egmond et al. [7] was approximately 0.5 W m-2,
0.7 W m-2 and 0.7 W m-2 for 10 ◦C, 25 ◦C and 40 ◦C respectively at a discharge cur-
rent density of 15 A m-2. Daniilidis et al. [40] measured power density from RED between
3.8 and 6.7 W m-2 from 25 to 60 ◦C respectively, with solutions of 0.01 M and 5 M. Dani-
ilidis used membranes from Neosepta and Tokuyama Inc. and had a mean permselectivity
of almost 0.8 at maximum concentration difference.
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Table 5: Peak power current density, peak power density and charging power density at different tempera-
tures and different concentrations fractions.

25 ◦C 40 ◦C
cc/cd idischar. P dischar.

max P char. idischar. P dischar.
max P char.

M/M A m-2 W m-2uc W m-2uc A m-2 W m-2uc W m-2uc
5.000/0.05000 28±3 1.5±0.2 2.1±0.3 42±7 2.0±0.3 3.8±0.9
4.500/0.5500 22±1 0.60±0.08 0.76±0.07 21±2 0.58±0.02 0.8±0.1
3.000/2.050 4.8±0.8 0.020±0.003 0.024±0.006 3±2 0.015±0.008 0.019±0.009
2.525/2.525 0.8±0.2 (5±3)×10-4 (6±4)×10-4 0.08±0.09 (1.2±0.4)×10-5 (2.2±2.1)×10-5

The power lost in pumping is presented in Fig. 11, while the efficiency for the charging
and discharging EESS, together with the total energy storage efficiency, is given in Tab. 6.
The pumping losses are neglectable compare to the power density output from EESS at the
higher concentrations ratios.
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Figure 11: The power density lost in pumping.

Table 6: The efficiency of ED, RED and ED/RED.

25 ◦C 40 ◦C
cc/cd ηED ηRED ηED/RED ηED ηRED ηED/RED

M/M (max=0.8) (max=0.5) (max=0.4) (max=0.8) (max=0.5) (max=0.4)
5.000/0.05000 0.74±0.16 0.47±0.10 0.34±0.11 0.65±0.21 0.40±0.10 0.26±0.11
4.500/0.5500 0.79±0.10 0.50±0.08 0.39±0.08 0.75±0.14 0.48±0.04 0.36±0.07
3.000/2.050 0.76±0.22 0.47±0.11 0.36±0.13 0.78±0.54 0.47±0.34 0.36±0.37
2.525/2.525 0.27±0.17 0 0 0.013±0.009 0 0

As seen from Tab. 6, the efficiency of discharging the EESS is between 0.40 and 0.50,
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compared to the reversible potential (ηRED,max = 0.5). Under the concentration ratio
3.000 M/2.050 M, the pumping losses are higher than the power output, and accord-
ing to this study, the battery should not be operated below this concentration limit. At
3.000 M/2.050 M and higher ratios, the power density shows no significant variation with
concentration ratio. The deviation from 0.5 can be explained by pumping power and ki-
netic losses. As seen from Fig. 9, the kinetic losses are highest at the concentration ratio
0.05000 M/5.000 M and 40 ◦C.

There is no significant change in efficiency with temperature indicating a proportional
change in the available energy with the measured energy. Earlier studies by Jalili et al.[5]
show an impact from the temperature on efficiency. However, the temperature range in the
study by Jalili et al. is larger than the one given here. Daniilidis et al. [40] found an energy
efficiency of 15-20 % at the same concentration difference as used in our experiments, where
the efficiency decreased with temperature from 20 % to under 10 % from 10 ◦C to 60 ◦C.
However, Daniilidis et at. [40] used a fixed current for all their experiments. Veerman et al.
[41] measured a stack efficiency of 18 % using four RED cells operating in series.

4.3. Life-Cycle Analysis
The inventory for the LCA of the EESS is given in given in Tab. 7. The table includes

results from the measurements and the modelling.
The total mass of each material needed for building a full-scale EESS with a life span

of 20 years is given in Tab. 8. The amount of mass used of every material is divided by the
number of days the battery operates (20×365=7300) since the storage capacity also is given
per day. The mass of each material per MWh stored is also included in Tab. 8.

The impact on global warming and the CED is calculated from multiplying the data
given in Tab. 8 with the data given in Tab. 3. The impacts for the base scenario, using
PA6.6 for the spacer, is given in Fig. 12.
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Figure 12: Impact on global warming (kg CO2 eq./MWh) (a) and the CED (MWh/MWh) (b) for each
component in the production phase.
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Table 7: The inventory description of EESS with 1 GWh storage capacity

Name Value
General

Usable capacity 1 GWh *
Discharging time 2 hours *
Operation time 20 years *
Available energy in NaCl solutions 4167 Wh m-3 [3]

Water tanks
Total storage capacity needed a 10 GWh ***
Volume water tanks 2.4×106 m3 ***
Number of tanks 2 *
Height 100 m *
Radius 276 m ***
Wall thickness 0.30 m *

RED Stack
Power density needed (E2P=2) 0.5 GW ***
Number of unit cells 500 *
Height flow channel 155 µm **
Height redox channel 155 µm **
Porosity flow channel 1
Thickness membrane 50 µm **
Thickness endplate 0.05 m *
Power density per membrane area RED 1 W m2 **
Power density per membrane used by pumps 0.0005 W m2 ***
Total membrane area needed 5.00×108 m2 ***
Cell area needed (Amem./2Nuc) 5.00×105 m2 ***
Volume redox solution 155 m3 ***
Volume NaCl solution in cell 7.75×104 m3 ***

* set, ** measured, *** calculated, a considering 90 % of state of change

The most significant impact on both global warming and the CED is the NaCl and
the spacer material. Some of the NaCl (and DI water) can be substituted by brine water
which is included in the SimaPro database. However, lack of information on the brine water
concentration in SimaPro, this alternative was dropped due to the transparency of the LCA.
Another solution is to decompress and heat seawater or brine water (see [43]), and thereby
make the solution more concentrated. However, the LCA of this process is not included in
this work due to time limitations.

The spacer has more possibilities for variations. Four different spacers are included to
compare their total global warming and CED. This is given in Fig. 13. The best material
to use for the spacer, concerning global warming and energy demand, is polypropylene.
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Table 8: Material used per day and per functional unit (1 MWh) for the EESS.

Name Mass per day of operation Mass per energy stored
kg/d kg/MWh

NaCl 9.76×104 97.6
FeCl2 1.72 0.0017
FeCl3 1.35 0.0013
End-plate 1.85×104 18.5
Gasket 4.15 0.00415
IEM 3.77×103 3.77
DI water 6.34×105 658
Electrode 959 0.959
Tank 3.28×103 3.28
Spacer materials

PA6.6 1.94×10-3 1.94
PA6 1.92×10-3 1.92
PET 2.30×10-3 2.30
PP 1.54×10-3 1.54
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Figure 13: Impact on global warming (kg CO2 eq./MWh) (a) and the CED (MWh/MWh) (b) for the total
prodcution phase using four different spacer materials.

The environmental footprint of EESS was compared to a system of the same storage ca-
pacity with Li-ion batteries. Many LCAs of Li-ion batteries are conducted [47–50], reporting
on global warming factors between 17’000 - 356’000 kg CO2 eq. per MWh capacity (storage
per day). The large variation originates from the different assumption on energy demand for
cell manufacturing and the amount of material needed [50]. If an assumption on three years
of operation for the Li-ion battery, the global warming factor range between 16 and 333 kg
CO2 eq. per MWh (total storage), which is in the range of the global warming factor of the
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EESS. The CED for Li-ion batteries is reported to range between 267 and 600 MWh/MWh
capacity (storage per day) [47], corresponding to a range from 0.24 to 0.55 MWh/MWh
(total storage), which mostly is higher than the CED from EESS.

Due to a large difference in efficiency between EESS (0.4) and Li-ion (≈1), the user phase
of the LCA should be included for a fair compare of CED between the two energy storage
systems.
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5. Conclusion

Reverse electrodialysis and electrodialysis can be combined to an EESS, where the sys-
tem is charged by increasing the concentration difference between two salt solutions and
discharged by mixing the same two salt solutions trough alternating AEMs and CEMs.
Given this system being a closed system, the concentrations can be higher than the natu-
rally occurring concentration.

Permselectivity of one AEM and one CEM from Fumtech is measured at NaCl concen-
trations close to saturation. The mean permselectivity decreases from 0.95 using seawa-
ter, to a mean permselectivities ranging from 0.6 to 0.8 using concentration ratios from
2.800 M/2.525 M to 5.000 M/0.05000 M, indicating a higher co-ion transport with the
counterions and/or water transport in the membranes.

Stack measurements of a RED/ED cell were conducted, measuring the current density
and voltage. The OCV at 5.000 M/0.05000 M was measured to 115±9 mV and 118±8 mV
at 25 ◦C and 40 ◦C respectively. The measured OCV was 50 % of the theoretical (α = 1),
and 60 % of the calculated OCV using the measured permselectivities.

The power density from EESS was measured to 1.5 ± 0.2 W m-2 and 2.0 ± 0.3 W m-2
at 25 ◦C and 40 ◦C respectively. The efficiency was 0.4 for the higher concentration differ-
ences, while the system was found to use more energy than gained for concentration ratios
below 3.000 M/2.050 M. The temperature impact on the OCV and power density were not
significant in this study, showing the need for raising the temperature above 40 ◦C in future
studies. The main objective is to increase the permselectivity of the membranes and reduce
their ionic resistance.

An LCA of EESS with a total energy storage capacities of 1 GWh per day, 1 W m−2
m

power density and a lifetime of 20 years, give a global warming factor of 62-75 kg CO2

eq. per MWh and a CED of 0.22-0.26 MWh/MWh for the production phase of the EESS.
This study indicates that the mass of CO2 eq. released in the production phase per MWh
storage capacity using EESS, is similar to the mass of CO2 eq. per MWh released from
Li-ion battery production, and that the CED per MWh capacity, is in the lower range of
the CED from large scale Li-ion storage.
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Nomenclature

α membrane permselectivety

αaw,NaCl constant used to define the activity of water

β shadow factor of the spacer on the membranes

βaw,NaCl constant used to define the activity of water

δ0 mesh opening in spacer

δt thread thickness in spacer

δm membrane thickness

δs spacer thickness

ε porosity water channel

ε0 permittivity of vacuum

εr,w dielectric constant of water

η efficiency

γ activity coefficient

µ viscosity

ν number of ions per molecule

Φ flow of solution

ρsol. resistivity solution

ρw density of water

ρw density water

σ conductivity

τw dielectric constant of water

A variable used in the definition of γ

a distance of closes approach between ions in solution

aw activity of water

AGspacer apparent gravity (spacer)
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B variable used in the definition of γ

b molality

c molarity

Dh hydraulic diameter

E electric potential

e elementary charge

F Faraday constant

h hydration number

I ionic strength

i current density

KB Boltzmann constant

l length flow channel

Mw molar mass of water

N number of unit cells

NA Avogadro number

OA open area spacer

P power density

R universal gas constant

rΩ area specific ohmic resistance

Rblank Ohmic resistance of the RED/ED stack with two electrodes, redox solution, one AEM
and the wires to the potentiostat

Ssp surface of the spacer filaments

SGpoly specific gravity polyester (fabric of spacer)

T temperature

ts transport number of salt

tw transport number of water
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v flow velocity

Vsp volume of the spacer filaments

w width flow channel

x mole fraction

z valence number

30

138



References

[1] DNV-GL, Renewables, Power and Energy Use Forecast 2050, Tech. rep., DNV-GL (2017).
[2] E. R. Sholkovitz, Flocculation of dissolved organic and inorganic matter during the mixing of river water

and seawater, Geochimica et Cosmochimica Acta 40 (7) (1976) 831–845. doi:10.1016/0016-7037(76)
90035-1.

[3] N. Boon, R. Van Roij, Blue energy from ion adsorption and electrode charging in sea and river water,
Molecular Physics 109 (7-10) (2011) 1229–1241.

[4] R. E. Pattle, Production of electric power by mixing fresh and salt water in the hydroelectric pile,
Nature 174 (4431) (1954) 660.

[5] Z. Jalili, K. W. Krakhella, K. E. Einarsrud, O. S. Burheim, Energy generation and storage by salinity
gradient power: A model-based assessment, Journal of Energy Storage 24 (2019) 100755.

[6] R. S. Kingsbury, K. Chu, O. Coronell, Energy storage by reversible electrodialysis: The concentration
battery, Journal of Membrane Science 495 (2015) 502–516.

[7] W. J. van Egmond, U. K. Starke, M. Saakes, C. J. N. Buisman, H. V. M. Hamelers, Energy efficiency
of a concentration gradient flow battery at elevated temperatures, Journal of Power Sources 340 (2017)
71–79. doi:10.1016/j.jpowsour.2016.11.043.

[8] A. Zlotorowicz, R. V. Strand, O. S. Burheim, Ø. Wilhelmsen, S. Kjelstrup, Wilhelmsen, S. Kjelstrup,
The permselectivity and water transference number of ion exchange membranes in reverse electrodialy-
sis, Journal of Membrane Science 523 (October 2016) (2017) 402–408. doi:10.1016/j.memsci.2016.
10.003.

[9] FuelCellStore, Fumasep FAS-50 (2019).
URL https://www.fuelcellstore.com/fumasep-fas-50

[10] FuelCellStore, Fumasep FKS-50 (2019).
URL https://www.fuelcellstore.com/fumasep-fks

[11] J. Kamcev, D. R. Paul, G. S. Manning, B. D. Freeman, Ion diffusion coefficients in ion exchange
membranes: significance of counterion condensation, Macromolecules 51 (15) (2018) 5519–5529.

[12] P. Długołecki, B. Anet, S. J. Metz, K. Nijmeijer, M. Wessling, Transport limitations in ion exchange
membranes at low salt concentrations, Journal of Membrane Science 346 (1) (2010) 163–171. doi:
10.1016/j.memsci.2009.09.033.

[13] L. Giorno, E. Drioli, H. Strathmann, Water Transport in Ion-Exchange Membranes, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2016. doi:10.1007/978-3-662-44324-8_1434.

[14] K. S. Pitzer, R. T. Pabalan, Thermodynamics of nacl in steam, Geochimica et Cosmochimica Acta
50 (7) (1986) 1445–1454.

[15] C. Larchet, B. Auclair, V. Nikonenko, Approximate evaluation of water transport number in ion-
exchange membranes, Electrochimica acta 49 (11) (2004) 1711–1717.

[16] R. H. Stokes, R. A. Robinson, Ionic hydration and activity in electrolyte solutions, Journal of the
American Chemical Society 70 (5) (1948) 1870–1878.

[17] E. Glueckauf, The influence of ionic hydration on activity coefficients in concentrated electrolyte solu-
tions, Transactions of the Faraday Society 51 (1955) 1235–1244.

[18] R. Pytkowicz, Activity coefficients in electrolyte solutions, no. v. 2 in Activity Coefficients in Electrolyte
Solutions.

[19] A. C. Ribeiro, V. M. Lobo, H. D. Burrows, A. J. Valente, A. J. Sobral, A. M. Amado, C. I. Santos, M. A.
Esteso, Mean distance of closest approach of potassium, cesium and rubidium ions in aqueous solutions:
Experimental and theoretical calculations, Journal of Molecular Liquids 146 (3) (2009) 69–73.

[20] C. G. Malmberg, A. A. Maryott, Dielectric constant of water from 0 ◦C to 100 ◦C, Journal of research
of the National Bureau of Standards (1) 1–8. doi:10.6028/jres.056.001.

[21] O. Miyawaki, A. Saito, T. Matsuo, K. Nakamura, Activity and activity coefficient of water in aqueous
solutions and their relationships with solution structure parameters, Bioscience, biotechnology, and
biochemistry 61 (3) (1997) 466–469.

[22] V. N. Afanasiev, A. N. Ustinov, I. Y. Vashurina, State of hydration shells of sodium chloride in aqueous

31

6.0 Paper III 139



solutions in a wide concentration range at 273.15- 373.15 k, The Journal of Physical Chemistry B 113 (1)
(2008) 212–223.

[23] G. Onori, Ionic hydration in sodium chloride solutions, The Journal of chemical physics 89 (1) (1988)
510–516.

[24] G. Z. Ramon, B. J. Feinberg, E. M. V. Hoek, Membrane-based production of salinity-gradient power,
Energy & Environmental Science (11) 4423. doi:10.1039/c1ee01913a.

[25] J. W. Post, H. V. M. Hamelers, C. J. N. Buisman, Energy recovery from controlled mixing salt and
fresh water with a reverse electrodialysis system, Environmental Science and Technology 42 (15) (2008)
5785–5790. doi:10.1021/es8004317.
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