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Abstract: Reverse electrodialysis and electrodialysis can be combined into a closed energy storage
system, allowing for storing surplus energy through a salinity difference between two solutions.
A closed system benefits from simple temperature control, the ability to use higher salt concentrations
and mitigation of membrane fouling. In this work, the permselectivity of two membranes from
Fumatech, FAS-50 and FKS-50, is found to be ranging from 0.7 to 0.5 and from 0.8 to 0.7 respectively.
The maximum unit cell open-circuit voltage was measured to be 115 £ 9 mV and 118 £ 8 mV
at 25 °C and 40 °C, respectively, and the power density was found to be 1.5 & 0.2 W m2. at 25 °C
and 2.0 + 0.3 W miZ at 40 °C. Given a lifetime of 10 years, three hours of operation per day and 3%
downtime, the membrane price can be 2.5 + 0.3 $ m~2 and 1.4 + 0.2 $ m~?2 to match the energy price
in the EU and the USA, respectively. A life-cycle analysis was conducted for a storage capacity of
1 GWh and 2 h of discharging. The global warming impact is 4.53-10° kg CO, equivalents/MWh
and the cumulative energy demand is 1.61-10> MWh/MWh, which are 30% and 2 times higher than
a lithium-ion battery pack with equivalent capacity, respectively. An electrodialytic energy storage
system reaches a comparable global warming impact and a lower cumulative energy demand than
a lithium-ion battery for an average life span of 20 and 3 years, respectively.

Keywords: electrodialytic energy storage system (EESS); reverse electrodialysis (RED); permselectivity;
life-cycle analysis (LCA)

1. Introduction

The prognosis for 2050 of the world’s electricity production done by DNV-GL [1] shows
that over 63% of the production will stem 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.

Examples of ways to store energy are with hydrogen, lithium-ion batteries, capacitors and phase
change materials where each storage system has its niche, e.g., cheap, long-lived, high power or high
efficiency. A potential storage system which is cheap, easy to scale and chemically flexible is storage
by salinity gradients. 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 M] of available energy, which is equivalent to the volumetric energy density of hydrogen
at 3 bar.
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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 concentration 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. The very same system can also be charged using waste-heat and has
hydrogen as output [5,6]. An illustration of a general energy storage system with solutions of different
concentrations is given in Figure 1.
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Figure 1. Illustration of an energy storage system: discharging (left) by mixing the solutions and

- Concentrated solution |:| Dilute solution

charging (right) by increasing the concentration difference.

Examples of combinations of technologies which together make up a salinity gradient energy
storage system (SGESS) 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). A model comparing these SGESSs is carried out by Jalili et al. [7],
where RED/ED and PRO/RO were preferred over CDP/MCDI, and at higher temperatures, RED/ED
had the highest power density and efficiency. This work is based on these findings and focuses on
the electrodialytic energy storage system (EESS) based on RED and ED.

An EESS was first suggested by Kingsbury et al. in 2015 [8]. Kingsbury modelled and did
experiments on an EESS using concentrations in the range of naturally occurring concentrations
(0.25 mol/kg and 0.5 mol/kg), where the solutions were circulated in the cell stack during
the experiment. The round-trip efficiency was measured to a maximum of 34% and the power
density was found to be from 0.07 to 0.44 W m~2. Egmond et al. [9] later conducted experiments
and modelled an EESS at elevated temperature (40 °C). The solution concentrations were close to
naturally occurring concentrations (0.02 mol/kg and 0.85 mol/kg) and were circulated in the cell
stack (like Kingsbury et al. [8]). Egmond found that the ohmic resistance was relatively constant
throughout the concentration difference range except at the highest difference due to high resistance in
the dilute compartment. By increasing the temperature, the ohmic resistance decreased, which increased
the power density, while the net water transport through the membrane increased with temperature,
lowering the power density. The net effect on efficiency was that increasing the temperature increased
the EESS efficiency.

Both Kingsbury et al. and Egmond et al. circulated the solutions and used constant currents. In our
study, the concentration of the solutions is kept constant while controlling the potential and measuring
the current with concentration close to saturation point of the NaCl (6 M) to increase the chemical
potential. Polarisation curves give information regarding kinetics in EESS and an energy storage
efficiency based on realistic operating current densities. By keeping 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. [7]),
the charging current can be calculated, together with the total efficiency of the EESS.



Energies 2020, 13, 1247 3 of 26

The power output from an EESS is highly dependent on the concentration difference between
the two solutions [8,9], 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) [10], while higher concentrations are relevant for a closed system.

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 permselectivity
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.

2. Theory

A schematic of the EESS while discharging is shown in Figure 2. In the discharging process,
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(Il/IIl)chloride is used as a redox solution.
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Figure 2. The figure shows the discharging process of an Electrodialytic energy storage system (EESS).
The sodium and chloride ions travel from the concentrated solutions to the dilute solutions, through
cation exchange membranes (CEMs) and anion exchange membranes (AEMs), respectively. At both
electrodes, iron(II/Il)chloride is circulated. Chloride ions are absorbed by the redox solution at
the anode and released from the redox solution 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 as follows:
Anode: Fe?™ — Fe®t + e~

Cathode: Fe*T + e~ — Fe?t

)

The electrons conduct from the anode to the cathode while discharging. When the EESS is
charging, electrons are forced in the opposite direction using an external power source.
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The open-circuit voltage (OCV) over a unit cell is derived from the Nernst equation:

_RT CcYe
E =2n—1 2
ocv = 20— n(%’m)' ()

where R is the ideal gas constant, T is the temperature in Kelvin, F is the Faraday constant, z is
the valence number and « is the arithmetic mean of the permselectivities of the CEM and AEM.
The permselectivity of the membranes expresses the capability to discriminate between two ions
with different charge. It is highly dependent on solution concentration and transport number of salt
and water but less dependent on solution temperature [10]. ¢ and ¢4, and 7. and <4 are the molarity
and activity coefficients of the concentrated and dilute solution, respectively.

The apparent permselectivity is here defined as the measured cell potential, with zero concentration
gradient and zero flux of water and charge, divided by the theoretical EMF (chemical potential divided
by Faraday constant). The effective permselectivity is here defined as the observed /measured open
cell potential in a process where solutions flow through the cell and concentration layers build up due
to osmosis and migration, divided by the theoretical EMF [11]. The apparent cell potential does not
include osmotic water transport but accounts for the electroosmotic drag (t.,) as this coupling directly
affects the open cell potential as described in Equation (3). The effective permselectivity is affected by
osmosis of water in the sense that water diffuses from the dilute to the concentrate solution and lowers
the concentration difference; this changes as water flows through the cell (adjacent to the membranes)
at different velocities. It also changes as the current density changes because of boundary layer
diffusion phenomena.The co-transport of water due to electroosmosis is water carried as a hydration
shell around the counterions and co-ions (hydration number). Given a higher flux of counterions than
co-ions, the water transported due to electroosmosis will flow from the concentrated to the dilute
solution, thus increasing the permselectivity. The permselectivity for an ion exchange membrane (IEM)
is given in Equations (3) and (4) (modified from Reference [10] to be valid for concentrations higher
than 0.6 M; see Appendix A for a detailed derivation):

Amg

=ts — twMy———
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for mq 75 my (3)
o = ts — tywMymsg for my =my 4)

where t; and t are the transport numbers of salt and water respectively, M, is the molar weight of
water (0.018 kg mol 1), m; is the molality of the salt solution and A is the difference in molality of
the solutions on each side of the membrane. Given the constant transport numbers 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 [12]. FAS-50 and FKS-50 have averages of 0.13 mol and 0.10 mol
fixed charges per square meter membrane, respectively [13,14].

Zlotorowicz et al. [10] measured the transport number of water and salt in the membranes
FAD-PET-75 and FKD-PET-75 from Fumatech at a concentration up to 0.6 M, where the transport
numbers of salt were 0.93 and 0.998 for CEM and AEM, respectively. Dtugotecki et al. [15] modelled
the transport number of salt in the same membranes as used by Zlotorowicz et al., where linear
regression gives the following salt transport numbers for FKS and FAD from Fumatech:

HEM — 009 ¢ +1

5
tSEM — _0.03c+1 ©
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where c is the molarity of the solution. In this study, c is the arithmetic mean of the concentrations on
each side of the membranes, which is ¢ = 2.525 M for all our cases.

The water transport number is dependent on osmotic and electroosmotic effects [16]. The osmotic
effect will be higher with larger concentration differences, while the number of water molecules per
ion is lowered with concentration [17]. Zlotorowicz et al. [10] 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 the concentrations used by Zlotorowicz et al., the water
transport number in AEM and CEM for the model is varied between 0 and 10 [18]. The permselectivity,
given salt transport number equal to Equation (5), average water transport number: t,, = 5 and activity
coefficients following Equation (6), is plotted in Figure 3.
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Figure 3. Permselectivity for AEM (a) and CEM (b) calculated with Equation (3): tw = 5, ts
follows Equation (5), with the membrane concentration equal to the average concentration between
the solutions and activity coefficients following Equation (6). Values on the diagonal of equal
concentrations are interpolated and do not show the correct values obtained with Equation (4).

Fumatech reports a permselectivity of 0.97-0.99 and 0.92-0.96 for FKS-50 and FAS-50 respectively [13,14]
at 25 °C and 0.5 M NaCl.

Activity coefficients for solutions with higher concentrations than 1 M lie beyond Debye-Hiickel,
Davies and Truesdell-Jones model limitations. Stokes and Robinsons equation is therefore used [19,20]:

AZZVT h
Y+ = exp (H—ZB;Q\/\—/T — ;1n<aW) —In(|1+ (Mw(v — h)m|)> ©)

where [ is the ionic strength, with 1 mol kg’1 as reference; z4 is the mean of the valence of the cation
and anion (1 for NaCl); v is the number of ions per molecule (2 for NaCl); / is the hydration number of
NaCl; and a is the distance of the closest approach (the minimum distance between the center core of two
particles before it is reflected back). / and a are found to be 5.2 and 0.42 nm respectively from curve fitting
to Reference [21]. The hydration number and the distance of the closest approach is found to depend
on temperature and concentration [17]; however this is not taken into consideration for the modelling
in this work. A and B are temperature dependent and given in Equation (7) (A = 1.18 (kg/mol)'/2
and B = 3.29 - 10° (kg/mol)!/2 m~1 at 25 °C [22]):

&2 3/2
A =2 Vi
(27Napw) <4neoerlkaT>
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where Ny is Avogadro’s number, py is the density of the solvent (for simplicity, set to 1000 kg m~3),
e is the elementary charge, €y is permittivity of vacuum and kg is Boltzmann constant. ey is
the dielectric constant of the solvent [23] (here, water) and given in Equation (8) (rewritten to use
Kelvin instead of Celsius):

€rw = 87.74 — 0.4008 - (T —273.2) +9.398 - 10~* - (T — 273.2)> —1.410-10 7% - (T —273.2)> (8)
In Equation (6), ay is the water activity as a function of the salt concentration given in Equation (9) [24]:

aw = YwXw

Yw = exp (@, NaCIX2 + Bayy NaCIXS)
_ m )
X T T 1/ My
UMy
Y m 41/ My

where 7, is the activity constant of water (equal to 1 with no salt present), x is the mole fraction
of water, a,  Nac1 and By, NaCl are constants found from Miyawaki to be 1.825 and —20.78 for NaCl
respectively [24]. x; is the mole fraction of salt.

The modelled activity coefficient from the Stokes—Robinson equation (Equation (6)) is plotted
in Figure 4 together with the data from Pytkowicz [21]. One reason for the deviation between
the 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. [25]
suggest an exponential dependence on concentration and negligible dependency of temperature,
while Onori [26] gives a linear dependence on concentration and states that the hydration number
increases with 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 Equation (10) for charging and in Equation (11) for discharging.

Echarging = Eocy + rnicharging (10)
Edischarging = Eocy — rQidischarging (11)
where i is the current density per cross-sectional area and rq, is the ohmic resistance (Q m?) 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,
Telectrodes Can be assumed negligible for a stack containing a large number of unit cells [27]. However,
on the laboratory scale (fewer or single unit cells), the electrode resistance needs to be considered.

The ohmic resistance in one unit cell is given in Equation (12) [28]:

(Sm 51’11 55 53
= + T
oaem(1 —B)  oapm(1 —B)  04e?  oc€?

where Jy,, is the membrane thickness, oagy and ocgpy are the ionic conductivities in the AEM and CEM
(Sm~1!) respectively and B (dimensionless) is the spacer shadow effect [29] or the part of the membrane
that is covered by a spacer. Js is the thickness of the spacer, and € (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 ratio (the ratio of the apparent gravity and the specific
gravity of the spacer, see [28]) and squared to represent the tortuous behavior of the ion transport
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in the spacer-filled channel. ¢4 and o are the conductivity of the dilute and concentrated solution
respectively (S m~!). Theoretical values are deduced from conductivity measurements of NaCl in
water at 25 °C from [30] (Wt% to mol L~! and pS em™! to S m~!) and fit to Kohlrausch’s equation
given in Reference [31] (p. 22):

Ool,25 = k1€ — kac®/? (13)
ki =11.84+02Sm™!

ky =27+0.15/(molm™ )"

where oy, 25 is the solution conductivity at 25 °C (S m~1). The theoretical temperature effect on
the resistance is based on data from Schlumberger [32]:

1 465°C
Psol. = s T+215°C

(14)

—T=10C © Pytkowicz, T=10C
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Figure 4. Modelled activity coefficient for NaCl for different concentrations and temperatures, together
with data from Pytkowicz [21]: The model follows the Stokes—-Robinson equation, where 2 and & are
found from curve fitting to data from Reference [21].

The temperature T has the the unit °C.
The power density per unit cell (uc) area, P (W m;2), is the electrode voltage (per unit cell, AEM
and CEM), E (V) from Equation (11), multiplied by the current density, i (A m~2):

Plcl}cmrglng = Eocv jcharging +7r0 (icharging)Z (15)

discharei . . oy .
Puésc arging _ Eocv Ichschargmg _ rn(ldlschargmg)Z (16)

Following the duck curve constraint (see Jalili et al. [7]), the current density while charging is
approximately half the current density while discharging.

The efficiency of discharging the EESS is the net power density produced, where power used
for pumping is subtracted, divided by the reversible power density. The efficiency of charging is
the reversible power density divided by the power density used by ED and the power used for
pumping. The equations of the current density, power losses in pumping and the EESS efficiency can
be found in Jalili et al. [7]. Given no pumping losses and purely ohmic losses, the power density per
unit cell (uc) area, P (W m{lzc), is the electrode voltage (per unit cell, AEM and CEM), E (V) Equation (11),
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multiplied by the current density, i (A m~2), and discharging is 0.8 and 0.5 respectively; the total
efficiency of the EESS is 0.4 [7].

2.1. Life-Cycle Analysis

Life-cycle analysis is a valuable technique for targeting the environmental impacts associated
with a product and can be very useful for assessing emerging technologies, providing environmental
guidance at an early stage of development [33]. Two ISO standards (ISO 14040 and 14044) describe
the framework and principle for conducting an LCA. There are four phases: (i) goal and scope
definition, (ii) life-cycle inventory compilation, (iii) life-cycle impact assessment and (iv) interpretation
of results.

2.1.1. Goal, Scope and Boundaries Definition

This study aims to perform the environmental profile associated with the production of a full-scale
EESS system. A cradle-to-gate assessment was performed, which is the analysis of a partial product
life cycle from resource extraction (cradle) to the factory gate, i.e., focusing in the manufacturing stage,
before the transportation to the consumer. The functional unit chosen was 1 MWh of energy storage.
The system boundary includes the production of the material used in the manufacturing of EESS,
considering its transports, energy, infrastructure, equipment and emissions associated.

2.1.2. Life-Cycle Inventory Compilation and Data Quality

Life-cycle inventory (LCI) data is provided by primary data obtained in experiments from
the RED-stack. Background data from Ecoinvent v3.4 database was used for upstream processes, such
as material and electricity production. For the LCA, the Cut-off U system was used. This system
implies that the impact for producing a product is allocated to the first user, and potential recycling of
the product does not benefit the LCA [34]. Using the cut-off system also implies that any use of recycled
materials in the production only includes the impact of the recycling process and not the impact of
the production of materials itself. The LCI data is shown in Section 4, with details on the total mass of
each material needed for building a full-scale EESS.

2.1.3. Life-Cycle Impact Assessment

The life-cycle assessment considers the potential environmental impact assessment of the full-scale
EESS system. Two impact categories were evaluated: global warming potential (GW) and cumulative
energy demand (CED). The CED quantifies the primary energy (in MWh) required in the production
of an EESS system. The GW refers to those emissions contributing to global warming, such as CO,,
CH, and N,O, measured in kg CO; equivalent [35]. The software SimaPro v8.3 is used for the LCA,
where the characterisation factors from the midpoint (H) ReCiPe 2016 method v1.1 [36] and CED
method v1.10 [37] were used for determining GW and CED, respectively.

3. Methodology

The maximum concentration in the experiments was set to 5.0 M, even though the solubility limit
of NaClis 6 M, to avoid possible precipitation of salt. The dilute solution starts at 0.05 M due to high
ohmic resistance at lower concentrations [7] resulting in a drop in power density (see Equation (16)).
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 run with the solution temperature at both 25 °C
and 40 °C, and the material and cell properties are given in Table 1. The model does not account for
losses due to concentration polarisation, and stability analysis regarding time and ageing of the system
is not taken into consideration.
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Table 1. Materials and cell properties for the cell stack used in the experiments and in the modeling.

Name Symbol  Value
Solutions
Flow salt solution Dgoutions  7-0 mL min~!
Flow redox solution D edox 7.0 mL min—!
Flow salt solution (® /(60 - 10° - &5 - w - €)) Vsolutions ~ 0-0012ms~1
Flow redox solution (® /(60 - 10° - - w - €)) Vredox 0.011ms™!
Concentration dilute solution c4 0.05-2.525 M
Concentration concentrated solution (c. = 5.05 —cq)  c¢c 5.0-2.525M
Temperature T [297, 313] K
Dielectric constant (T = [297, 313] K) Tw [78.4,73.2] [23]
Resistance
Resistance AEM RAEM 1.44-10~% Q m? [14]
Resistance CEM Rcem 1.00-10~* Q m?2 [13]
Cell geometry
Channel thickness s 1.55-1074 m*
Channel width w 4010 2Zm*
Channel length ) 9.010 Zm*
Membrane thickness Om 50105 m*
Area space and membrane Atot 130 mm - 90 mm [38]
Effective area membrane Am 90 mm - 60 mm [38]
Spacer parameters
Open area OA 0.65 **
Thread thickness Ot 8.0-107° m **
Mesh opening Jo 3.37-10~% m **
Maximum spacer shadow (1 — OA) B 0.35 ***
Specific gravity (polyester) 5Gpoly 1380 kg m~3 [39]
Weight fabric Mspacer 0.0333 kg m2*
Apparent gravity AGspacer 2146 kg m—3
Porosity (1-AGpoly / SGpoly) € 0.844 ***

* measured, ** in correspondence with Fumatech, *** calculated.

3.1. Membranes

The membranes used in the stack measurements and the measurements of the permselectivity
were FAS-50 and FKS-50, delivered wet in an ED-40 stack from Fumatech. The membranes were chosen
due to their high permselectivity, low area resistance and relatively low price [13,14]. At the same time,
the membranes were requested to have a certain mechanical strength to not break when pressure was
added. Their specification are given in Table 2.

Table 2. Membrane properties.

Properties FAS-50 FKS-50

Type Anion Exchange Membrane  Cation Exchange Membrane
Thickness 45-55 pm 45-55 pm

Specific Area Resistance  0.6-1.5 (in C1~ form) Q) cm? 1.8-2.5 (in Na™ form) Q cm?
Specific Conductivity 3-8 (in Cl- form) mS cm ™! 2.0-3.0 (in Na* form) mS cm ™!
Ton Exchange Capacity ~ 1.6-2.0 (in Cl- form) meq g~!  1.2-1.4 (in Na+ form) meq g !
Selectivity 92-96% 97-99%

Swelling 0-1% (H2O at 25 °C) 0% (HpO at 25 °C)
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The cell contained NaCl solution; thus, the membranes were already ion-exchanged to Nat
and ClI~ 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 permselectivity, where the membranes were stored in a NaCl solution for minimum one week
before the permselectivity was measured.

3.2. Permselectivity Measurements

The membrane was placed between two solutions with different concentrations, where 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 junction
Ag/AgCl electrodes with the 3 M KCl solution were set in the saturated KCI solution at the end of
the salt bridge. The setup can be seen in Figure 5.

uj‘*‘ 9
“ 2 12

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

The OCV was measured for a minimum of one hour using a Gamry Interface 5000E potentiostat.
The permselectivity was found by dividing the measured OCV by the calculated OCV given in
Equation (2) (with a = 1).

Each membrane (FAS-50 and FKS-50) was 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 measurements, with one exception:
The stack measurement carried out with solutions of equal concentration (2.525 M) had a calculated
OCV of 0V, making the calculation of the permselectivity invalid. The concentrations were set to
2.525 M and 2.800 M instead.
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3.3. Stack Measurements

The cell used for stack measurements was a Fumatech ED-40 cell. The stack contains
membranes (FAS-50 and FKS-50), spacers (polyester) and gaskets (PVC), in addition to two electrodes
(titanium and iridium plasma coated stainless steel) [38]. The electrodes are very robust and made for
much more intense chemistry (low pH and higher half cell potential). The electrodes were chosen for
their very high stability and a strong catalyst for oxygen evolution. In the longer term, other electrodes
and electrode improvements are topics for investigation—as for the entire RED and ED systems [40].
All the layers are pressed together by two end plates of PEEK. An illustration of the setup is shown
in Figure 6.

[]AEm

[ ]cem
Spacer
B Gasket
[ Electrode

(@ (b)
Figure 6. The figure shows the Reverse electrodialysis (RED) stack used for all stack experiments
sketched in (a) and photographed in (b). The holes on 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).

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 Figure 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 FeCl, (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.

To reduce the loss in temperature between the heated inlet solutions and the flow channels
inside the RED stack, the RED stack and the tubing 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) [41] (p. 178) was run for each concentration and temperature.
In all LSV experiments reported in this work, scan rates of 5 mV s~ 1 were used. From these experiments,
the current and voltage were recorded directly using a Gamry Interface 5000E potentiostat.

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

E —R I
Euc _ total N blank , (17)
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where Ej, is the total stack voltage; Ryjank is the resistance of wires, electrodes, redox solution and one
AEM; [ is the current; and N is number of unit cells (not including the last AEM).

3.4. Life-Cycle Analysis

An energy storage capacity of 1 GWh for the EESS 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 [42]).
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 -10° m? with NaCl solution are
needed: one for the dilute and one for the concentrated solution. Operating within 90% of the state of
charge is considered. The energy is assumed to be used during 2 h in the evening (duck curve [7]),
with an energy to power ratio (E2P) of 2. The power density needed is defined by the number of unit
cells and the total membrane area, where the power needed from the RED stack is 0.5 GW (E2P = 2).
The power density from the RED stack is found from measurements and can be used to find the total
membrane area and the end-plate area (from the number of unit cells). The materials considered in
the life-cycle inventory for the production of EESS are detailed in Table 3. The base scenario considers
polyamide 6.6 (PA 6.6) as spacer material; however, polyamide 6 (PA 6), polyethylene terephthalate
(PET) and polypropylene (PP) were also analysed (see Table 3). The GW (kg CO; equivalents) per
kg produced material and the CED (Wh) per kg for all the materials included in the EESS is given in
Table 3.

Table 3. Materials used in an EESS (1 GWh storage capacity).

Component Material Density l?ng 0, eq/kg 1?5\1?1 Ikg
Salt solution NaCl 2.525mol L=1*  0.305 1.14
Redox solution  FeCl, 0.5mol L1 0.300 1.19
Redox solution  FeClj 0.5mol L1 0.642 2.53
Gasket Polyvinylchloride 1380 kg m 3 2.03 16.9
CEM Cationic resin 1100 kg m~3 1.88 10.7
AEM Anionic resin 1100 kg m =3 3.60 17.6
Electrode Graphite 2000 kg m~3 2.29 15.0
End-plate Aluminium scrap 2700 kg m~3 0.833 0.155
Water DI water 1000 kg m~3 9.92-10~* 5.39-103
Tank Lean concrete 2300 kg m—3 0.0753 0.106
Polyamide 6.6 1140 kg m~3 6.74 38.5
Spacer Polyamide 6 1130 kg m 3 9.88 34.3
Polyethylene terephthalate 1350 kg m—3 3.28 22.0
Polypropylene 905 kg m 3 2.18 21.2

* mean value of the concentrated and dilute concentration.

The parameters for the LCA of the EESS are given in Table 4. The table includes results from
the measurements and calculations.
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Table 4. Parameters considered in the inventory of EESS (1 GWh storage capacity).

Name Value
General
Usable capacity 1GWh*
Discharging time 2h*
Operation time 20 years *

13 of 26

Available energy in NaCl solutions 4167 Whm—3 [3]

Water tanks
Total storage capacity needed ? 10 GWh ***
Volume water tanks 2.4-100 m3 ***
Number of tanks 2%
Height 100 m *
Radius 276 m ***
Wall thickness 0.30m *
RED Stack
Power density needed (E2P=2) 0.5 GW ***
Number of unit cells 500 *
Height flow channel 155 pm **
Height redox channel 155 pm **
Porosity flow channel 1
Thickness membrane 50 pm **
Thickness electrode 3.5 mm*
Thickness endplate 0.05m*

Power density per membrane area RED 1W m? #*
Total membrane area needed 5.00-108 m? ***
Cell area needed (Amem./2Nuyc) 5.00-10° m?2 ***
Volume redox solution 155 m3 ***
Volume NaCl solution in cell 7.75-10% m3 #*+

* set, ** measured, *** calculated, “considering 90% of state of change.

4. Results and Discussion

This section contains all the experimental results from permselectivity and stack measurements,
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 Figure 7.

The measured permselectivity is in the same range as given in the literature: Daniilidis et al. [43]
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. [44], pointed out that
the losses from co-ion transport increase with increasing concentration 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 deduce 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 Figure 7, and salt
transport numbers given in Equation (5) (0.8 for AEM and 0.9 for CEM), the water transport number
is as given in Table 5. The large uncertainty in the permselectivity leads to large uncertainty in
the transport numbers. Zlotorowicz et al. [10] found the water transport number tobe 8 £ 7and 6 + 1
for two similar membranes from Fumatech but at lower concentrations.
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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 (Equation (3)), with water transport number equal to 5 (error bars

with water transport number of 0 and 10) and salt transport numbers equal to Diugotecki et al. [15]
(see Equation (5)).

Table 5. Transport number of water in Fumatech membranes FAS-50 and FKS-50 given salt transport
numbers from Equation (5) and measured permselectivities given in Figure 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

Smaller concentration differences need to be evaluated to find the exact contribution from
the water and salt transport number on the permselectivity [10]. However, in this work, the aim
is to find the permselectivity at operating conditions.

4.2. Stack Measurements

The resistance of a blank cell with one AEM and redox solution is shown in Figure 8, where
the ohmic resistance of the blank cell is 3-1073 ) m?. At an absolute current density lower than
30 A m~2, the non-ohmic losses are negligible. As shown later, the operational current density of
the full RED/ED stack is mainly in the ohmic region and a constant resistance is subtracted.

R/ Q m?
» 4r b
X * »
wn® 3y oy ¥
R 3
2,
1,
%107
Q N Q
> S s N
i/Am?

Figure 8. Resistance of the blank RED cell with one AEM and redox solution at 25 °C.
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The polarisation curves for the EESS stack measurements are given in Figure 9. The unit cell
potential given in the graph is calculated from Equation (17).

Unit cell potential, 25 °C/ V Unit cell potential, 40 ‘C/ V
0.2r 0.2
0 50M0.05M 0 50M0.05M
O 45M/0.55M O 45M055M ox
somzosm 0157 o> somzosm (015 o
O 2525M/2.525 M 2 aotc* O 2525M/2525 M 666
o ®
0‘6(, oF™ o®
o Qo o
o (¢ 3 _'9-59 0&)3 ..
4% @ & i i & ..
| | O’Gn’@ ‘ L | | ‘ | | 2% P | | ‘
80 P 40520 ©| 20 40 60 80 80 _-69® 40 20 ¢® 20 40 60 80
P © Current density / A m™ 9 | Current density / A m2
5™ 0.05f 8005
**Q x'o’«)
(a) (b)

Figure 9. Polarisation curves for all measurements obtained at 25 °C (a) and at 40 °C (b). Markers [J,
(O, + and x of same colour indicate reproducibility of a given experiment.

The OCV of the RED-stack gained from Figure 9 is plotted in Figure 10a together with
the calculated potential from Equation (2) (with «
measurements. The unit cell resistance (Rpjnk subtracted), together with the calculated resistance,

is given in Figure 10b.
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Figure 10. (a) Experimental open-circuit voltage (OCV) for one unit cell (dots) and calculated,
theoretical OCV from Equation (2) (solid lines), compared to dilute concentration. (b) Measured unit
cell resistances (dots) with the evaluated, calculated unit resistance from Equation (12) (dashed line),

compared to dilute concentration. ¢ = 5.05 — c4.

The theoretical OCV (a = 1) is two times as high as the measured OCV. One of the reasons is
the drop in the permselectivity mentioned in Section 4.1. Tedesco et al. [45] and Daniilidis et al. [43]
also measured half of the theoretical potential using similar concentrations for the concentrated feed

as in our experiments.

The low OCV from the stack measurements compared to the calculated OCV with the measured
permselectivities can also be due to concentration polarisation. The solutions were stirred during
the permselectivity measurements, while the flow in the cell was low to keep the pumping losses down.
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The measured resistance is higher than the calculated resistance. The membrane resistance used
in the calculation is obtained from the Fumatech datasheet [13,14]. This value is representative for
0.5 M NaCl, while the mean concentration is 2.525 M in the experiments conducted in this work.
Conductivity measurements carried out on FAS-50 and FKS-50 soaked in up to 4.3 mol kg~! NaCl,
indicating a decrease in conductivity with increasing mean concentration. For FAS-50, the conductivity
decreased from 4 to 2 mS cm ™! from 0.9 to 4.3 M in concentration at 23 °C and from 8 to 3 mS cm ™!
at 40 °C. The conductivity in FKS-50 decreased from 2 to 1 mS cm ™! from 0.9 to 1.8 M and from 4 to
1mS cm~? from 0.9 to 1.8 M at 40 °C [5]. These measurements indicate that the calculated resistance in
Figure 10b is too low.

The cell resistance (mostly) increases with decreasing dilute concentration due to the decrease
in the resistance of the dilute flow compartment. Jalili et al. [46] simulated the resistance in
the flow compartments in RED using OpenFOAM, where they found the resistance to be 0.4 mQ m?
and 0.04 mQ m? for the dilute and concentrated solutions, respectively. These 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. This could be 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 could be the reason for the high uncertainty.

The ohmic losses can be reduced by decreasing the compartment thickness, where 100 pm
or lower is recommended by Vermaas et al. [47]. Increasing the temperature would also decrease
the resistance of the solutions [5]. 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. [7] did not show a prominent change in stack resistance, where the stack resistance was
measured to be between 1 and 2 mQ m? between 25 °C and 40 °C. It is also worth mentioning that
the model in Reference [7] uses concentrations 0.01 M to 1.0 M. However, both the study by Jalili et al. [7]
and our work show that membranes with lower resistance should be prioritised, especially at high
concentration difference and temperature.

The polarisation curves in Figure 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 [48] (p. 200). In the experiments
carried out in this work, only the sodium chloride solutions were heated and 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 volumetric flow of the solution. This will, however, increase the pumping losses.

The power density gained from RED, the power density used in ED (given a charging current
half the discharging current) and the corresponding current density at maximum power are given in
Table 6 (together with a 95% confidence interval).

The maximum power density per unit cell (uc) area from discharging the EESS is 1.5 4- 0.3 W m2
and 2.0 £ 0.3 W m at 25 °C and 40 °C respectively. The charging energy, given half the discharging
current, is 2.1 & 0.3 W m2 and 3.8 £ 0.9 W m:Z at 25 °C and 40 °C respectively.

The discharge power density for Egmond et al. [9] 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 current density of 15 A m~2.
Daniilidis et al. [43] 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. Daniilidis used membranes from
Neosepta and Tokuyama Inc. which had a mean permselectivity of almost 0.8 at maximum
concentration difference.
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Table 6. Peak power current density, peak power density and charging power density at different

temperatures and different concentrations fractions.

25°C 40°C
clc d idischar. Pinaschar. Pchar. idischar. pgiaschar. Pchar.
X X
M/M Am~? W mZ WmZ Am~? W m2 W mZ
5.000/0.05000 28 +3 1.5+0.2 21+03 42+7 20+03 3.8+09
4.500/0.5500 224+1 0.60 £ 0.08 0.76 = 0.07 21+2 0.58 £+ 0.02 0.8+0.1
3.000/2.050 48+08 0.020£0.003 0.024 +0.006 3+2 0.015 4 0.008 0.019 4 0.009

2525/2525  08+02 (543)1074

(6 +4)-1074

0.08£0.09 (1.2+04)-107°

(2.2 4+2.1)-107°

The modelled power lost in pumping is presented in Figure 11. The concentration impact on
the pumping power is small (4.5% at both 25 °C and 40 °C) while the temperature has a significant
impact; the losses decrease by 29% when raising the temperature from 25 °C to 40 °C. The efficiency
for the charging and discharging EESS, together with the total energy storage efficiency, is given in

Table 7. As seen from Table 6, Figure 11 and Table 7, the pumping losses are negligible compared to

the power density output from EESS at the higher concentration ratios.

15 %107
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L Calculated, 40 C
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>
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1.5 2
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Figure 11. The power density lost in pumping. C. = 5.05 — C;.

Table 7. The efficiency of ED, RED and ED/RED.

25°C 40 °C
ccleg HED HRED HED/RED HED HRED HED/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 0.744+0.16 047 +0.10 0.34+£0.11 0.65+0.21 040 £0.10 0.26 £0.11
4.500/0.5500 0.79+0.10 050+0.08 0.39+0.08 0.75+0.14 048 +0.04 0.36 £0.07
3.000/2.050 0.76 £0.22 047 4+0.11 036+0.13 0.78 +0.54 047 +£0.34 0.36+0.37
2.525/2.525 027 £0.17 0 0 0.013+0.009 0 0

As seen from Table 7, the efficiency of discharging the EESS is between 0.40 and 0.50, compared to
the reversible potential (#REp,max = 0.5). Below the concentration ratio 3.000 M/2.050 M, the pumping
losses are higher than the power output, and according 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
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power and kinetic losses. As seen from Figure 9, the kinetic losses are highest at the concentration ratio
5.000 M/0.05000 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. [7] 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. [43] found an energy efficiency of 15-20%
at the same concentration difference as that used in our experiments, where the efficiency decreased
with temperature from 20% to below 10% from 10 °C to 60 °C. However, Daniilidis et at. [43] used
a fixed current for all their experiments.

4.3. Energy Price and Membrane Cost

The energy cost of the EESS needs to be competitive with local energy prices to be adapted into
the marked. However, as explained in Jalili et al. [7], one can also be paid to dump surplus electricity,
as is seen in Europe. However, in this work, the energy price of EESS will be compared with the energy
price in the EU and USA.

A financially feasibility study by Daniilidis [43] found that the most influential parameter on
the RED power plant cost is the price of the membranes. A Nafion 117 membrane is a popular IEM
and costs approximately 1.2 $ cm 2 [49] (12,000 $ m~2), while the membranes from Fumatech cost
approximately 0.05 $ cm~2 (500 $ m~2) at lab scale. However, Raka et al. [6] have estimated a drop in
the price of IEMs given increased production rate. For simplicity and an initial estimate, only the cost
of the membranes is included in our analysis.

The lifetime for the system is assumed to vary from 3 to 10 years [50,51], with 3% downtime [43]
and a discharging duration of 3 h per day (duck-curve). The peak power density from EESS at 40 °C is
taken from Table 6. The energy price from an EESS is estimated and shown in relation to the membrane
cost in Figure 12.

121
= EESS 3 years
== EESS 5 years et
1 EESS 10 years -7
EU
08 us 4

Energy price / $ kwh'!
o o
e [e2]

o
[

0 0.5 1 1.5 2 2.5 3
Membrane cost / $ m™
Figure 12. Cost of electric energy generation ($/kWh) using the EESS at 40 °C with 95% confidence

interval from measured power density (dotted lines) and 3-, 5- and 10-year lifetimes, compared to
the energy price in the EU and USA.

The average energy prices are 0.24 $ kWh~! and 0.13 $ kWh~! in the EU [52] and the USA [53],
respectively. To generate electricity below these prices using EESS with an operational time of 5 years
(three hours per day and 3% downtime), considering power densities given in Table 6 at 40 °C,
the membrane cost needs to be lower than 1.3 + 0.2 $ m~2 and 0.67 + 0.08 $ m~2 for the EU
and the USA respectively. If the membrane lifetime increases to 10 years, the price can be 2.5 &
0.3$m 2 and 1.4 + 0.2 $ m~2 to compete with the energy price in the EU and the USA respectively.
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4.4. Life-Cycle Analysis

The total mass of each material needed for building a full-scale EESS is given in Table 8.

Table 8. Inventory (material used per functional unit (1 MWh) of EESS).

Mass per Energy Stored

Name P K g/MV\%z’
NaCl 7.11-10°
FeCl, 12.6
FeCl; 9.82
End-plate 1.35-10°
Gasket 30.3
IEM 2.75-10%
DI water 4.62-10°
Electrode 7.00-10°
Tank 2.40-107
Spacer materials

PA6.6 1.42-10%

PA6 1.40-10*

PET 1.68-10%

PP 1.12-10%

The impact on GW and the CED is calculated from multiplying the data given in Table 8 with
the data given in Table 3. The impacts for the base scenario, using PA6.6 for the spacer, is given
in Figure 13.

5 |
NaCl 2.18:10 NaCl

Spacer Spacer

AEM
CEM

Endplate
AEM

CEM Electrode

Electrode DI water+Tank
DI water+Tank | 0.0549.10° Endplate
Gasket [0.000616-10° 1 Gasket
FeCl,+FeCl; 10.000101-10° ‘ ] FeCly+FeCly ‘ ‘ ‘ ‘
0 1 2 3 0 200 400 600 800 1000
GW / kg C02 eq./MWh %105 CED/ MWhused/Mthtored
(a) (b)

Figure 13. Impact on GW (kg CO, eq./MWh) (a) and the CED (MWh/MWh) (b) for each component
in the production phase.

The most significant impact on both GW and CED is the NaCl, 40% and 42% respectively,
followed by the spacer material with a contribution of 23% and 29% respectively. Some of the NaCl
(and DI water) can be substituted by brine water, which is included in the SimaPro database. However,
this alternative was omitted due to lack of information on the brine water concentration in the database.
Another solution is to decompress and heat seawater or brine water (see Reference [5]) and to therefore
make the solution more concentrated. However, the LCA of this process is an option for future work.

The spacer has more possibilities for variations. Four different spacers are included to compare their
total GW and CED. This is given in Figure 14. The best material to use for the spacer is polypropylene (PP)
with a reduction of 17% in GW and 15% in CED compare to the base scenario (PA 6.6).
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Figure 14. Impact on GW (kg CO; eq./MWh) (a) and the CED (MWh/MWh) (b) for the total production
phase using four different spacer materials.

The environmental footprint of EESS was compared to Li-ion batteries considering the same
functional unit and system boundary (only production phase). Many LCAs of Li-ion batteries
are conducted (e.g., References [54-57]), reporting on GW factors between 17,000-356,000 kg CO,
eq. per MWh capacity. The large variation originated from the different assumption on energy
demand for cell manufacturing and the amount of material needed [57]. If the use phase is considered
in the system boundary, the life span needs to be included. Three years of operation life span
for the Li-ion battery is assumed in many studies [58-60], resulting in a GW impact between
16 and 333 kg CO, eq./MWh. However, an EESS has the potential for a longer use phase with
an estimation of 20 years of life span. This will result in a GW of 62 kg CO, eq./MWh for EESS, which is
in the range of the GW factor of the Li-ion battery. Given these assumption of life span, one would need
more than 6 Li-ion batteries to match the lifetime of an EESS. The CED for Li-ion batteries is reported
to range between 267 and 580 MWh/MWHh [54]. However, if we again consider the different life spans,
the CED is between 0.24 t and 0.55 MWh /MWHh for Li-ion (three years of life span) and 0.22 MWh/MWh
(for 20 years of life span) for EESS. Thus, the CED for EESS is lower than the CED for Li-ion batteries
when the LCA includes the production and use phase.

5. Conclusions

Reverse electrodialysis and electrodialysis can be combined into an EESS, where the system is
charged by increasing the concentration difference between two salt solutions and is discharged by
mixing the same two salt solutions trough alternating AEMs and CEMs. Given this system as a closed
system, the concentrations can be higher than the naturally occurring concentration.

Permselectivities of one AEM and one CEM from Fumatech were measured at NaCl concentrations
close to saturation. The mean permselectivity decreased from 0.95 using seawater to a mean
permselectivity 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 (¢ = 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 differences 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 to potentially show a temperature
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dependency. The main objective is to increase the permselectivity of the membranes and to reduce
their ionic resistance.

A simple cost analysis of the energy production is conducted given the EESS power density
measured in this work. For a lifetime of 5 years, three hours of operation per day and 3% downtime,
the membrane price needs to be lower than 1.3 + 0.2 $ m~2 and 0.67 + 0.08 $ m~2 to match the energy
price in the EU and the USA, respectively. Given a lifetime of 10 years, the price can be 2.5 +- 0.3 $ m 2
and 1.4 + 0.2 $ m~2 to compete with the energy price in the EU and the USA, respectively.

An LCA of EESS with total energy storage capacities of 1 GWh per day, 1 W power per membrane
area and a lifetime of 20 years, gives a GW factor of 62 kg CO, eq. per MWh and a CED of
0.22 MWh/MWHh for the production phase of the EESS. This study indicates that the mass of CO,
eq. released in the production phase per MWh storage capacity using EESS is similar to the mass of
CO, eq. per MWh released from Li-ion battery production. The CED per MWh capacity in EESS is in
the lower range of the CED from large scale Li-ion storage.
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Abbreviations

The following abbreviations are used in this manuscript:

AEM anion exchange membrane

CDhP capacitive Donnan potential

CED cumulative energy demand

CEM cation exchange membrane

ED electrodialysis

EESS electrodialytic energy storage system
GW global warming

IEM ion exchange membrane

LCA life-cycle analysis

LCI life-cycle inventory

LSV linear sweep voltammetry

MCDI membrane capacitive deionisation
oCcv open-circuit voltage

PRO pressure retarded osmosis

RED reverse electrodialysis

RO reverse osmosis

SGES(S) salinity gradient energy storage (system)
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Appendix A. The Apparent Permselectivity

Generally, we define the apparent permselectivity as a ratio between observed potential
and chemical potential:

E d
o = Emessued, (A1)
T

In measuring these potentials, there is a need for a framework describing the electroosmotic coupling
(between charge and water). Therefore, we turn to nonequilibrium thermodynamics.

For any monovalent salt (AC dissolving as A~ and C"), nonequilibrium thermodynamics define
the following flux—force relations:

dy dp d¢
Js = —Lss dss — Lsw d;CN - Lszp dx (A2)
dp dp d¢
Jw = —Lws dSs — Lww d;v - LW(P dx (A3)
. dps dpiw d¢
J= Loy ~Low g ~ Loy (A4)

In understanding the origin of the apparent permselectivity, it is natural to start with Equation (A4)
at zero current (j = 0), yet from the concept of the electromotoric force, we can still observe the potentials
and their linkage to each other. At open circuit (j = 0) and by dividing by Ly, we get

dp _ Lysdps  Lowdpy

dx = Tppds  Lpp dx (55

Lgs
The term L:fl/’ expresses the amount of moles transported per coloumb (moles of electrons),

. . . Low .
and likewise, the expression Lﬁ expresses the moles of water transported per coloumb. Turning to

the first expression, we by definition have

L
ts = FL—‘PS (A6)
90

and exemplifying for cationic exchange membranes
tscEm = tor —tp- =2t — 1. (A7)

For cationic exchange membranes; if the cationic transference number, t-+, is 1, then one
mole of salt is transferred per coloumb. If the cationic transference number, t-+, is 0.5, no net
transport of the salt takes place as a current passes. If the cationic transference number, ¢+, is 0.95,
then per 100 coloumb, 95 cations are moved one way and 5 anions the other way so that 0.9 moles of
salt is transferred per coloumb and ts becomes 0.9. For the transference of water,

Low

tw=F
Ly

(A8)
which is related to the electroosmotic drag or water transferred per ion and, sometimes, the hydration
shell. When t; is 1, then t,, is the amount of water dragged along per cation. The value of this is
often reported to be in the range of 5 to 10 in water solutions but can be smaller in a membrane,
which is why we use 5 + 5 when modelling permselectivity in Figure 7. When the salt transport
number, fs, is lower than 1, the water electromotoric transference number is lower because water
is dragged back due to anions (sticking to the example of CEM) moving in the opposite direction.
When modelling this, one can use the relation in Equation (A15) to describe the dependency between
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apparent permselectivity and salt concentration. Inserting Equations (A6) and (A8) into Equation (A5),

we get
dp _ _Lsdis _ twdiiw
dx  Fdx F dx’ (A9)
The Gibbs-Duhem equation states that
Y Nidp; = —SdT + VdP (A10)

i=s,w

and at constant temperature and pressure and when dividing by the mass of the solution, we get

Apw = —,%id]ls. By inserting into Equation (A9), we get
dp = —Sapg+ 0 s gy (A11)
F'"™  Fmy ©°

We then introduce the partial chemical potential of the salt

dyus = 2RTdIn|mg7ys] = 2RT (dn[ms] + dln|vs]) = RT (”Zfs + d;“) . (A12)
S S
By inserting Equation (A12) into (A11), we get generally
2RT
dp = - (tsdIn[mgys] — twMy (dms + msdIn|7ys])) (A13)

where my,! = My /pw, the density of water, py is close to one and where M, is the molar mass of

water. By integration we obtain
2RT
Ap = -5 (tsAln[mgys| — twMy (Amg + msAln[7s])) (A14)
where the term (Amg + msAlnvys) can be simplified to Amg for the system considered here. This stems
from a few practical considerations. When comparing the first term, Ams, to the second term, msAlnys,
in light of the activity coefficient plotted in Figure 4, where we can see that, under the constraint that
the sum of the two concentrations is always 5 (from the charging principle), the ratio of the two activity
coefficients is almost always between 0.9 and 1.1; Alnvy; is always +0.1. Doing this, one will find
that the term Amg is always ten times mgAlnys. Since additionally, ¢, has an uncertainty of around
+50%, we carry through with the simplification that (Ams + msAlnys) ~ Ams. The challenge with
these two terms stems from introducing the Gibbs-Duhem Equation, where we introduce ms and m,,
as constants next to the differential of the chemical potential of the salt when they really are variables;
when we have two concentrations, it becomes unclear which of the two solutions mg relates to when
calculating the apparent permselectivity, «.
Considering that the apparent permselectivity is defined by the observed potential difference
(or modelled by nonequilibrium thermodynamics) A¢n, divided by the theoretical and uncoupled one,

APiheor., We get

_ Apm_ —HL (tsAInfmsys] — b My Armis)
Adtheor. — %A]n[msfys]

B Amg

o
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Equation (A15) is always true (at zero current). However, when two concentrations are near each
other (say the ratio is between 0.6 or 1.4), Equation (A13) becomes

dp = —g [tsdIn[msys] — twMsms (dIn[ms] + din[7])] (A16)

where mg can be equal to either of the solutions or the average, given the uncertainties of the water
transference number, and Equation (A15) becomes

o = (ts — twMyms) (A17)

Although Equation (A17) is only valid when the two concentrations are similar to each other,
it offers a simple explanation on the ratio between the apparent permselectivity and ambient
concentration derived from a thermodynamic point, otherwise not possible. That is, if the membrane
have the same selectivity independent of ambient solution concentration (and several membranes do),
the apparent permselectivity can be expected to decrease as the concentration increases.
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