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ARTICLE INFO ABSTRACT

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 0.503 Wm ™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$m ™2 for each of the technologies. Utilisation of waste heat to increase the
temperature to 60 °C increases the power density to 8.54, 6.04 and 0.708 W m ~ 2, which allows for 25% higher
osmotic membrane price (3.7$ 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.
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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
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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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Nomenclature

a membrane permselectivety

N number of membranes

F Faraday constant

An membrane area

A osmotic pressure

R universal gas constant

T temperature

APy, hydrostatic pressure

p density

Pe conductivity concentrated solution
Pd conductivity dilute solution

Re Reynold number

Ky permeability of membrane respect to the water
Jw water flux across the membrane
ca concentration for dilute solution
Ce concentration for concentrated solution
Eocp open circuit potential

i current density

Ro ohmic resistance

Raem ohmic resistance in AEM

Rcem ohmic resistance in CEM

B shadow factor of the spacer on the membranes
hq height of the dilute flow channel

he height of the concentrated flow channel

€ porosity spacer

P power density

u viscosity

l length flow channel

tres residence time

dy hydraulic diameter

Sep surface of the spacer filaments

Vep volume of the spacer filaments

w work density

n efficiency

Eponnan  the Donnan potential

E, capacitive potential

Eco start capacitive potential

t time

C capacitance of porous electrodes (MCDI and CDP)
Rejectrode  T€Sistance porous electrodes (MCDI and CDP)
teycle cycle time for MCDI and CDP

My mass salt transported through membrane
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Fig. 1. Forecast of global energy production towards 2050 as of DNV-GL [5].

be significant, depending upon the relative salt concentrations. For
instance, the energy released when mixing river- and seawater is
around 2 kJ/1 of river water, approximately equivalent to a 200 m head
of water [1,10]. In that perspective, the energy potential is comparable
to that from pumped hydro [2]. Harvesting this energy by membrane-
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Fig. 2. California net electricity load requirement [7] with forecasts for 2020.

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 2.0 Wm™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, 0.05 Wm ~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 28.1 Wm ™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.
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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™? for a system with 1.02 and
0.04 M NaCl solutions when concentration polarisation was neglected,
and 6.2 W m~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.

Charging
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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 > 1 M NaCl.
Consequently, 1 M 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 1 M, i.e. concentrations are varied from 0.01 M 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

Discharging

. Concentrated solution
Mixed solution

Dilute solution

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
.Sl-d“"e (e.g. potential or pressure), in combination with resistance R; and
flux ¥; gives a power density on the form

P = &IMVF + RiFE, e))

where ¢+’ is used when charging and ¢ —’ when discharging the system.
Differentiation with respect to the flux allows for determination of the
peak power density, PP, as well as the corresponding flux, FP=¥.
Fluxes and driving forces are used to define a reversible power density,

(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, p, hydraulic diameter of the compartments, Dy,
and residence time, t,s, of solutions flowing in the channels [41]:

rev drive
P = &,

48ul’he

P, =
pump pump .2 32
tresdh

3)
In the above equation, I and h are the length and height of the flow
channel respectively, and f,,.mp 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 @i = I/tye.

The viscosity of the solution, i (Pas), is defined as [43]:
"= 1.234 X 10—680A00212£:M+1965/T’

G

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

4e
2 1—-e(~
/h+ (1= 9G) )
where % is the ratio between the surface and volume of the spacer
sp
filaments.

The energy density, W;, is calculated by integrating the power
density with respect to the time:

t —
W = [ R(®dt = RAL ©

where P is the average power density and t is the total processing time.
The energy densities are used to determine the efficiencies of charging
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by process i and discharging by process j, as well as corresponding
round-trip efficiency for the combined process ij:

rev
j f
Woump + Wj %]
Wpeak — W
77discharge = i pump
i u/l_rev ®)
k Tev
; . | 4 Wi
7,}round—mp _ 7)chau'ge discharge __ i pump J
ij - i - : Tev
Woump + W \ W, ©)]

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, Egcp, 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

AE CEM AEM CE AEM is reversed, and ions move back from the concentrated to di-
lute solution, eventually re-establishing the initial condition.
Cl- Na*®
cr
Na*® A
4 /
. cr o | |e 2
Na* = Na*
a2t cl L) c
@ O
B Na* (o]}
)
cr
cr
Na* Na*
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; xRT
Exe ep=Eocr = 2N, = ln(&),

F e 10)

where c. and cq4 are concentrations of the concentrated and dilute so-
lutions respectively, F is Faraday's constant, T is temperature, R is the
universal gas constant, N,, 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:

Pep = Eocpirp + Raigp, an

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

= Raem
=15
where Rapm and Rcgy are the area resistances of the AEM and CEM
respectively and f is the mask fraction or spacer shadow factor [8]. hg
and h, are the heights of the dilute and concentrated solution channels,
e 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]. p.
and pq are the resistivity of the concentrated and dilute feed, respec-
tively, given as:

1-8 e2 ez’ 12)

Rcem " phe | paha

Ro +

Psol, 10 = a-cb

a = 0.1476 + 0.0077Qm
b = —0.959 + 0.013Qm, 13)
based on data from [47], where py,10 is the solution resistivity at 10 °C
(@m) 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]:

31.1K

Peol = Psol 10— 557 51 (14)

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

kb = iepEoce. (15)

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

£

[ —\
@r
Na*
Na* cr
Na*
Cl Cl
Na*
Na*
) cr
Na al

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

Prep = Eocpirep — Roigep, (16)

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

>

2Rq a7)

ipeakpower —
where the peak power density is:

4Rq (18)

It is worth mentioning that Egs. (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:
WEy

u/pump + Wep (19)

Correspondingly, substituting igp = 0.5 X iPZP™" (following from the

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

Nep =

max _ iepEoce Ejcp/4Ra _4

Tep = B i + RoiZy  E2cp/4Rq + E2cp/16Rg 5 (20)

The efficiency of the discharging process is given as:

7 _ WIE}?:?Jk - VVPump

o O 1)
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:

max _ E(%CP/4RQ _ 1

"ReD = B2 /2Rg T 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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WED + I’Vpump

peak .
Wgep — I’Vpump ( lED )
- I )

IRED

Mep-RED = MED"RED = [
(23)

which, as of Egs. (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 (1.75%) higher at the outlet than at the inlet. Even if the
pumping power at the outlet of the waterside lowers to 0.06 (0.25%) 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]:

Edve ro=AT = 2RT(c. — c4), @9

where Ax is the osmotic pressure, c. and cq are the concentration of

concentrated and the dilute solutions respectively (with unit mol/m?,

equal to 1000 M), R is universal gas constant and T is temperature.
The hydrostatic pressure for RO can be calculated by:

APy = At + Jro,
Ky (25)

and the corresponding power density is:
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Pro = JroAPy = Artlgo + Jio

RO — JRO h = RO Kw 5 (26)
where Jyo is the water flux and K,, is the permeability of the membrane
with respect to water. The reversible power density is:

Prg = Amtlro 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]:

APh:An'—JP—RO

Ky, (28)
The power density of PRO is the product of water flux across the
membrane and the hydrostatic pressure drop according to Eq. (29):
Jivo
Ppro = Jpro APy = Amtlpro — ——
PRO PRO PRO Kw (29)
The peak power density is obtained when the water flux is defined as
Eq. (30):

K,

peakpower __ Dw
JerO =5 Ar,

(30)

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

K,
P = Keame,

31
while the reversible power density is defined as:

Prro = Amtlpro (32)

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

_ (WS — Woump)
e WiRo 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:

max _ KwAm?/4 1

PRO TR AT2 2 (349
corresponding to that found for RED.
The efficiency of RO is expressed as:
Wiy
RO = 777 L e "
(%ump + WRO) (35)

Substituting Jpo = 0.5 X JESXPO¥" and neglecting pumping losses,
the efficiency of RO under the prescribed conditions is:

JroAT Ky Am?/4 4

T oA + J2o/Kw  KyAm?/4 + K, A72/16 5 (36)

Tro

The efficiency of the osmotic energy storage system (yro-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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peak __
WPRO
’

Woump . . Jro )
Wro + Woump ~ JprO (37)

Nro-rro = (

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 MCD], 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

@

@

cr
cr

cb

cb

direction
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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-, Eponnan, and capacitive potential, E,, i.e.

Sifggl/CDP = EDonnan + EC! (38)
while the cell potential is expressed as [25]:
Enmcpr/cpp = Eponnan + Ec — iRq, (39)

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

Cq
Eponnan = 26{& In (;p)’

zF Cel (40)

differing slightly from the Nernst equation (Eq. (10)), due to the spe-
cification of the concentration in the spacer, c,, and electrode, c.. 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 Egs. (41) and (42), respectively:

E, =E.y — t
c,CDP c,0 CCDP CDP (41)
imcpI
Ecmcp1 = Eco + teprs
¢ ¢ Gucepr (42)

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

C .
tvepr = 7(_Ed — Eco + iRq) (43)

C .
tepp = T(Ed + Eco — iRq) (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 o.h
dd -AEM CEM C
R(al.CDP = Rsrle.Kl\I/lIOCVSI = 1-8 m + (;_2 + Relectrodes

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

(45)

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.

Flow
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AEM
Na* cr <
Na*
A
CI]
cr
(e
8
D\CI'
Cl)
cr
& c)
dilute, with resistance equal to:
Raem Rcgm | Paha
Rremove - Radd - + +R . "
Q,CDP Q,MCDI 1— [), 1— 6 62 electrodes (46)

In Egs. (45) and (46), Ragm and Rcgy are the area resistances of the
AEM and CEM respectively, 3 is the shadow factor of the spacer, h. and
hq are the heights of the concentrated and dilute compartment re-
spectively, ¢ is the porosity of the spacer and p. and pq is the resistivity
of the concentrated and dilute solution respectively (Egs. (13) and
(14)).

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

¢ ' h
EédDC}, = Zo_cg ln(ﬂ) + Ec,O — Lt _ i(RAEM + Rcﬂ pczc)
F Cel c 1-8 1-8 c “7)
Efpp™ = 207§1n S + E.o— it _i Raem n Rcem paha
F Cel ’ C 1-8 1-8 2
(48)
RT C i R R n
EXd =2a—In[ 2| + Eo + by Raem | Reem Paha
F el () 1-8 1-8 2
(49)
c : W
Eyicpr” = 26T [ S $Eo+ —t—i Raem + Reem L e
F Cel ' c 1-— 6 1— ﬁ )
(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%.

03

direction
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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.

Flow

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 Egs.
(51) and (52):

EDonnan + EC,O

-add
léDP = S add add + ~padd
2624/ Cadd 4 2RAU D, 1)
iremove _ EDonnan + Ec,o
cor T Qremove / Cremove ZRéegS\{)e’ 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 44 and £°™°¢ 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 1 M is given in Fig. 9.

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

- Temove

jaad _ _ lepp

MCDI 2 (53)
- add

jremove _ __ lcDP

MCDI =

(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:

1 5 1 tzadd 1,femove
p—_—_ — add remove,
P=— ‘/t'l Pt = ‘/t'l PRt + jt'l move PPEmOved |,
(55)
where Atadd — tzadd _ tladd and Affemove — tzrernove _ tlremove are the

02— Fig. 8. Potential with respect to the

o 1 10 time in MCDI (a) and CDP (b) for two

02 4 E g\ . e cycles. Light colour indicates a dilute

2 01 ) 5 > o1 \ . \\ ¢ 5 E solution, where ions are added to the
g Q- _::;;‘:‘:m é N\ FAL 7 qie 9 - :g:gg:;or electrodes for MCDI and removed in
3z 0 : ohmic T 0 o £ ohmic CDP. Dark colour indicates a con-
< T ol poreintial 5 5 o r o G |T_lowmlpoteintall - centrated solution, where ions are re-
S 04 € g moved from the electrodes for MCDI
02 o é and added for CDP. (For interpretation
-10 of the references to colour in this figure

03 N2—E s E e legend, the reader is referred to the

web version of this article.)
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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.

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{ev 1

)
=— ij (E; + Eo)dt
J At Yo j( ‘Donnan c)

(56)

2.4. Efficiency of CDP and MCDI

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

peak
WCDP - %Hmp

7) =

CDP Wé%’p (57)

Tev
"mcpr = T
Waept + Woump 8)
and
k

. — . _ ngap - I"[/E)ump Wl\r/?éDI

Mepi-cpp = "mcpi’lcpp W, Wacepr + Woump (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

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 2x 10 % m [41]
Channel length 1 0.1m [41]
Channel width w 0.1m [41]
Porosity spacer € 0.7 [41]
Open area spacer o 0.5 [41]
Ratio surface to volume spacer Ssp/Vep 8/h
filament
Hydraulic diameter Dy See Eq. (5)
Power losses pump Poump See Eq. (3)
Mean permselectivity CEM and a 0.97 [62-64]
AEM
Resistance AEM TAEM 1.0 x 107*Qm? [62,63]
Resistance CEM reem 1.0 x 107*Qm? [62,64]
Concentration, concentrated Cce(ce=1—-1¢q) 0.99-0.51 M
solution
Concentration, dilute solution ca 0.01-0.49M
Conc. porous electrodes (MCDI & Cm 0.5M
CDP)
Temperature T [283 298 313 333 353] K
Viscosity solution u Eq. (4)
Solution resistivity Pesd Egs. (13) and (14)

Water permeability in membrane K, 41 x 10" ¥ m(Pas)” ! [4]

Residence times tres [10 20 40 70 100]s [41]*

Corresponding velocities based i [10 5.0 2.5 1.4 1.0l mm/s
on U/tyes

Capacitance (CDP &MCDI) C 4x 10" ?Fm~? [61]

Resistance electrodes (MCDI & R, 4.4 x 1073 Qm? [65]
CDP)

Molar mass NaCl M 58.44mol g !

Faraday's constant F 96,485 Cmol !

Universal gas constant R 8.314JK 'mol !

2 Vermaas et al. [41] considered residence times from 0.5 to 200s 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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Fig. 10. Open circuit potential for one unit cell of RED and ED. ¢, = 1 — cq.

energy storage system, is presented in Fig. 11. The maximum power
density is at a dilute concentration between 0.046 and 0.026 M, where
the RED power density is changing from 3.18 to 11.0 Wm ™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 10s 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

Power density ED/ W m?

N Q"\ Q(‘L Q(‘b Q‘b‘ Q(p

Concentration dilute solution /M

(a)
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Fig. 12. This figure shows the pumping loss per unit cell area in electrodialytic
and osmotic energy storage systems at different temperatures at C4 = 0.25M
and C. = 0.75M.

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 20s. 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, Az, 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 6.78 Wm 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

12
—T=10"C
10+ —T=25°C
—T=40°C
8- —T=60C
—T=80C

Power density RED/ W m™
D

0 Il 1 1
N
© Q- Q{}/ Q{'b Q‘b( Q(p

Concentration dilute solution / M

(b)

Fig. 11. Power per unit cell area while charging (a) and discharging (b) the electrodialytic energy storage system. c. = 1 — cq.
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Fig. 13. Efficiency at different residence times for (a) ED, (b) RED and (c) total electrodialytic energy storage system at T = 25 °C and ¢, = 1 — cq4.

increased residence time, due to the decreasing in pumping losses.

The efficiencies of RO and PRO for different temperatures at fixed
residence time, t..s = 20, 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.
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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 MCDIL

Efficiency ED-RED battery /#

(®) —T-10C

—T=257C

01r=——T=40"C

8, ——T-=60"C

g, —T-=80"C
© o N N s N
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(b)

Fig. 14. Efficiency at different temperatures for (a) ED and (b) RED and (c) total electrodialytic energy storage system. t,.s = 20s and c. = 1 — cq.

Concentration dilute solution / M
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Fig. 15. Osmotic pressure difference for PRO and RO. ¢, = 1 — cq.

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, t,s = 20s 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.
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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] (10000$ 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 20s.

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 (3h 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.

[68]. Other researchers like Pirsaheb et al. [69] reported that
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Fig. 17. Efficiency at different residence times for (a) RO, (b) PRO and (c) the total osmotic energy storage system. T = 25°C and ¢, = 1 — cg.

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
0.07-0.44 W m ™2, which is less than the average power density of our
electrodialytic energy storage system (1.7 Wm ™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
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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 10.0 Wm ™~ 2 for a system containing river and sea water as feed and
draw solutions, respectively. Utilising the other manufactured
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Efficiency PRO/ #

&
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Concentration dilute solution / M
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Fig. 18. Efficiency at different temperatures for (a) RO, (b) PRO and (c)
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membranes with lower salt permeability but with less water perme-
ability resulted in reducing the peak power density as 6.1 Wm ™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 0.205 W m ™2 using concentration of 0.02 M and
0.5M and a constant current [25], while Sales et al. [58] had a max-
imum power density of 0.060 Wm™2 with the same concentration
difference as Liu et al. Hatzell et al. increased the power density from
0.5Wm™2 to 0.9W m ™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 4.10 Wm ™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 (11.0 Wm ™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

N
N}
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b
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Concentration / M
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CDP at 25 °C is 1.21 W m ™ 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 6.7 Wm ™ 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 (0.6 Wm ™2 at 60 °C).

Anastasio et al. [77] reported an increase of power density for PRO
from 1.3 to 4.0 Wm ™2, by increasing the temperature from 20 °C to
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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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Fig. 21. Efficiency at different residence time for (a) MCDI, (b) CDP and (c) the total capacitive energy storage system. T = 25°C. c. = 1 — cq.

40 °C for distilled water and brine (0.5 M). 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].
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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
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Fig. 22. Efficiency at different temperatures for (a) MCDI, (b) CDP and (c) the total capacitive energy storage system. t,.s = 20s and c. = 1 — cq.
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Fig. 23. Electricity prices for residential consumers in USA and EU, with
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values averaging over all countries or states [66,67].

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 3.7-5.2 W m ™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].

Journal of Energy Storage 24 (2019) 100755

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.

Table 2
P™* for RED, PRO and CDP at t,.; = 20 s and the total energy storage systems efficiencies (recall that the maximum total efficiency for the energy storage systems are
0.4).
o) PR (Wm ™) PR (Wm™?) RS} (Wm™?) nED ke # 7o # T _cop #
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

16



Z. Jalili, et al.

70
= RED 3 years operation
60 H— — RED 5 years operation
===RED 10 years operation
50— PRO 3 years operation
- = = PRO 5 years operation
= ==='PRO 10 years operation
X 40| -
B CDP 3 years operation
=) | CDP 5 years operation
3 30 CDP 10 years operation
O
20t
10
0
N Q (19

Membrane cost / $ m2

(a)

Journal of Energy Storage 24 (2019) 100755

0.35¢ N 7
Z
0.3F /;0’ Va s -
/'¢ V4 7’
0.25} 7. 1
) l,// 2 - i
s & 7 |——RED25°C
X 02f g + 5 )
> A, |eRoas’c
‘g 015 ,’ ’ -7 CDP 25 'C
e °
o A ~ —RED60 C
L e °
0.1 VAR = =PRO60 C
R CDP 60 C
0.05 o'/, i Energy price EU
;‘/ = Energy price USA
0 1 1 1 T T T ]

Q N Q 2 ™ ) o A
Membrane cost / $ m™

(b)

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 20s. Due to the similar power density from RED and PRO at 25 °C, the lines for the two energy generating systems overlap.
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Appendix A. Resistance, current density and water flux
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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.
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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 — cq.
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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.

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
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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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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.
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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.

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.
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Fig. C.31. Energy prices for different sectors in USA from 2000 to 2017.

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 um [86,871, while Vermass et al. [62] found the optimal channel height to
be less than 100 um. Changing to 300 um 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 pm 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/(Pas) [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/(Pas)) and a
high salt rejection (96.1%). Increasing the water permeability from 0.41 to 1.51 pm/(Pas) increases the maximum power density from PRO with
70%.

The membrane conductivity varies a lot with membrane type. Porada et al. and Giiler et al. summarised properties from over 20 different ion
exchange membranes, where the membrane resistance was varying between 0.8 and 17 Q cm? [92,93]. Given a membrane resistance of 0.8 Q cm?,
increase the RED and CDP power density with up to 10% and 1% respectively. Increasing the membrane resistance to 17 Q cm? 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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