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Reverse electrodialysis has long been recognized as a tool for harnessing free energy from salinity gradients but has received little attention for its potential in energy storage applications. Here we present
the experimental and modeled performance of a rechargeable electrodialytic battery system developed
for the purpose of energy storage. Experimental round-trip energy efﬁciency ranged from 21.2% to 34.0%
when cycling the system between 33% and 40–90% state of charge. A mass transport model based on
chemical thermodynamics is also proposed to describe the system's performance. Results indicate that,
upon model calibration, the model effectively predicts experimental values. Experimental and modeled
results suggest that the membrane resistance and osmosis are the primary sources of ohmic and faradaic
energy losses, respectively. The results demonstrate that a functioning battery can be constructed using
typical reverse electrodialysis stack components. Future improvements in membrane technology and
optimization of the system chemistry offer promising avenues to improve the power density, energy
density, and round-trip energy efﬁciency of the process.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Renewable energy sources such as wind and solar power provide a pathway to a lower-carbon energy future. However, the
inconsistent and/or cyclical nature of these supplies limits their
value to electric utilities because periods of peak renewable energy
output do not necessarily coincide with periods of peak demand
for electricity. As such, the ability to store tens or hundreds of
MWh of energy is becoming increasingly important to the reliability of electric grids around the world. By storing renewable
energy when it is available (e.g. during daytime or periods of
strong winds) and releasing it when demand for electricity is the
highest, large-scale rechargeable batteries would support the
dispatchability of renewable energy supplies as well as the overall
stability and reliability of the electric grid. Energy storage technologies will thus play a signiﬁcant role in modernizing the electrical systems of developed countries and lowering the barriers to
electriﬁcation for less developed countries or regions. It is predicted that the global demand for large-scale energy storage
technologies will exceed 40 GW by 2022 [1].
While numerous technologies exist that are capable of storing
Abbreviations: AEM, anion exchange membrane; CEM, cation exchange membrane; ED, electrodialysis or energy density; OCV, open circuit voltage; PD, power
density; RED, reverse electrodialysis; SOC, state of charge
n
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such quantities of energy, few have achieved the combination of
low capital cost, long operating life, and high round-trip energy
efﬁciency that are required to make a compelling economic case
for widespread deployment [2–5]. Battery systems in particular
must often employ either rare, expensive, and/or hazardous materials (e.g. lithium, vanadium, lead, sulfuric acid) and/or highly
specialized manufacturing techniques, both of which result in high
system cost.
In this paper we propose a rechargeable concentration battery
which stores energy in the form of an ionic concentration (i.e.,
chemical potential) difference between two electrolyte solutions.
The battery is charged by using electrical energy to perform
electrodialysis (ED) on the solutions, creating a concentration
difference. The system can later be discharged by reverse electrodialysis (RED), which reconverts the chemical potential energy
into direct current electricity. To the authors' knowledge, this paper presents the ﬁrst experimental results of this type of concentration battery in the peer-reviewed literature.
Electrodialysis (ED) uses direct-current electricity and a stack of
alternating anion exchange membranes (AEMs) and cation exchange membranes (CEMs) to move ions from a feed solution to a
concentrated solution. ED has been employed for several decades
in applications such as desalination of drinking water, food processing, and the treatment of industrial wastes [6,7]. The reverse
process (reverse electrodialysis, RED) was proposed in the 1970s as
a means of harnessing electrolyte concentration differences in e.g.
seawater and river water to produce renewable electricity [8]. In
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the last decade, RED has become an active area of research [9–19],
but remains challenged by three primary sources of energy loss:
the low conductivity of the dilute solution (generally river water),
fouling by natural materials in the feed water, and performance
limitations of the ion exchange membranes (i.e. high resistance,
low selectivity, insufﬁcient power density) [12,14,15,20–22].
As long as a reversible electrode system is used, both ED and
RED can be performed using the same apparatus. Several such
electrode systems have been described in the literature [23–25].
As such, it is possible to construct a rechargeable battery system
that uses ED to charge the battery by converting electrical energy
into chemical potential energy in the form of a concentration
difference, and RED to discharge the battery by converting said
chemical potential energy back into electricity. While there has
been some research of closed-loop RED for generating energy from
low-grade heat [26–28] (in which the solutions are continuously
regenerated by thermal means), the use of a rechargeable concentration battery represents a novel approach to the problem of
energy storage which may offer several distinct advantages over
traditional battery systems.
From a materials standpoint, the electrolyte may be selected
from a variety of non-toxic, environmentally benign salts (such as
sodium chloride). This ﬂexibility would allow the system to beneﬁt
from existing economies of scale in certain electrolytes such as
road de-icing salts and well completion ﬂuids. Furthermore, the
design is inherently safer than that of a traditional battery since
the position of the electrodes within the electrodialysis stack virtually eliminates the risk of thermal runaway. Finally, the power
capacity (membrane area) and the energy capacity (electrolyte
volume) can be independently scaled to suit different application
requirements; a characteristic currently offered only by redox ﬂow
batteries [5].
Given these potential advantages, the ﬁrst objective of this
study was to build and test a laboratory-scale prototype of a rechargeable electrodialytic concentration battery. The second objective was to develop a mathematical model based on chemical
thermodynamics to describe the performance of the system. The
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model combines established concepts and equations in electrodialysis, reverse electrodialysis, and battery systems. The modeling
results provide insight into the relative impact of various design
and operating variables on the round-trip energy efﬁciency, power
density, and energy density of the system.

2. Formulation of model to describe battery performance
2.1. Overview of battery operation and corresponding phenomena to
be modeled
At its core, the concentration battery is a closed-loop (reverse)
electrodialysis, (R)ED, system as illustrated in Fig. 1. In the system,
an (R)ED stack comprising alternating CEMs and AEMs separates
two electrolyte solutions stored in tanks, which may initially be at
the same concentration. The solutions are circulated through the
(R)ED stack by pumps in a closed loop. Working electrodes at either end of the stack (the battery terminals) allow electricity from
a power source to be transferred into the solutions as ionic current. To charge the battery, an electric current is applied to the
stack to cause ED, resulting in a net movement of ions out of one of
the solutions and into the other. As the charging process continues, a concentration gradient develops between the two solutions, and a chemical potential difference is established across the
membrane stack. When the externally-applied electric current
through the system is stopped and the circuit is kept open, the
system is effectively storing energy as a salinity gradient. When
the circuit is closed by connecting it to an electrical load, the
chemical potential drives a current in the reverse direction
through RED, discharging the system and eventually returning it to
the initial state in which both electrolyte concentrations are equal.
Thus in theory, a closed-loop (R)ED system can be charged with
electrical energy by ED to later discharge the stored energy by
RED.
The theoretical energy storage capacity of the system is given
by the Gibbs free energy of mixing between the solutions, ΔGmix ,

Power Source
or Load

Concentrated
Electrolyte
Tank

Dilute
Electrolyte
Tank

Electrode

Pump

Electrode

(Reverse)
Electrodialysis
Stack

Pump

Fig. 1. Schematic diagram of closed-loop electrodialytic energy storage system – the concentration battery. During charging by ED, ions migrate from the dilute to the
concentrated electrolyte. When discharging by RED, the direction of electrical current is reversed and ions move back from the concentrated to the dilute electrolyte,
eventually restoring the initial concentrations. (See Figs. 2 and 4 for details of the interior of the (reverse) electrodialysis stack.)
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which can be calculated as [9,10,15,29,30]

ΔGmix = ΔGC , c + ΔGD, c − ΔGC , d − ΔGD, d ,

(1)

where the upper-case subscripts C and D refer to the concentrated
and dilute solutions, respectively, and the lower-case subscripts c
and d refer to the charged and discharged states, respectively. The
Gibbs free energy in each solution is calculated as

ΔG = RT ∑ ni ln ai ,

(2)

i

where ni is the number of moles of species i in solution, ai (–) is
the activity of species i in solution, T (K) is the absolute temperature, and the constant R represents the universal gas constant
(8.314 J/mol K).
By using the activity in Eq. (2), Eq. (1) accounts for non-ideal
solution–solvent interactions. Replacing the activity with the mole
fraction x i (–) yields

ΔGideal = RT ∑ ni ln xi ,
i

(3)

which represents the ideal free energy change based on mixing
entropy [9,10,15]. Using Eqs. (1)–(3), it is possible to calculate the
total amount of energy available from the mixing of two volumes
of electrolyte solution.
The electrical characteristics of ED and RED systems (e.g. voltage, resistance, power density) have been modeled extensively.
However, since these processes are continuous-ﬂow, they reach a
steady-state, which simpliﬁes modeling of mass transport through
the membranes and allows some phenomena to be neglected. For
example, in RED, water transport by electro-osmosis tends to
offset transport by osmosis [16,31]. To model the performance of
the closed-loop concentration battery proposed in this work and
estimate the electrical characteristics of the system using ED/RED
equations, it is necessary to develop a time-dependent model that
accounts for all processes that move ions or water from the concentrated to the dilute solution (or vice versa). These calculations
must be carried out for a discrete time step and integrated over an
entire charging or discharging stage to be meaningful. The remainder of this section formulates such a model.

The state of charge (SOC) of a battery system is related to how
much of its chemical energy is available for discharge. For the
concentration battery, we propose a deﬁnition for SOC based on
how the transportable ions are distributed between the concentrated and dilute solutions. At 100% charge, all of the transportable ions are in the concentrated solution, while at 0% charge,
the ions are evenly distributed between the two solutions (i.e. the
concentrations are equal). Using this frame of reference, the state
of charge can be expressed as

∑i CC , i − ∑i CD, i
∑i CC , i + ∑i CD, i

,

Given a certain SOC, the electrical characteristics of the concentration battery can be calculated using familiar equations from
ED/RED. The open circuit voltage developed in an (R)ED apparatus
that separates two electrolyte solutions of different concentration
is determined by the membrane potentials (i.e., the potentials
across each individual AEM or CEM). Membrane potentials are the
result of Donnan potentials arising from the discontinuity in the
ion concentration at each membrane interface, and diffusion potentials arising from the dissimilar mobility of anions and cations
inside the membrane phase [31–34]. The membrane potential
(ψmem , volts), Donnan potential (ψDon , volts) and diffusion potential
(ψdiff , volts) for any given membrane are expressed by [31–34]:

ψmem = ψDon1 + ψdiff − ψDon2,

(5)

a¯
RT
ln i ,
z iF
ai

(6)

ψDon = −
and

ψdiff = −

(4)

where CC , i and CD, i represent the concentration (mol/L) of species i
in the concentrated and dilute solutions, respectively, and the
summation extends over all the ions that can move through the
membrane. Note that changes in the relative volumes of the solutions due to the addition or subtraction of water (e.g. by osmosis) are implicitly accounted for in the concentration terms, but
that the SOC does not depend on the absolute volumes of the
solutions. In a practical system, it is unlikely that 100% charge
would ever be reached; the resulting extreme concentration gradient would cause enough back-diffusion of salt into the dilute
compartment that some residual ions would always be present.

RT
F

a¯ i,2

t
∫a¯ ∑ zi d ln ai,
i,1

i

i

(7)

respectively, where subscripts 1 and 2 indicate the two membrane–solution interfaces (i.e., interfaces with the concentrate and
dilute solutions), subscript i represents either the co-ion or
counter-ion (in Eq. (6)) or all ionic species (in Eq. (7)), t¯i (mol/mol
charge) is the membrane phase transport number [31], zi (–) is the
formal charge of species i, and ai (–) and a¯ i (–) are the activities of
species i in the bulk solution and the membrane phase, respectively. The constant F represents the Faraday constant (96,485 C/
mol).
The membrane-phase transport number (t¯i , mol ions/mol
charge) represents the fraction of the total applied electrical current carried by species i, and can be calculated in a manner analogous to the transport number in the free solution as [31]

ti =

D¯ i zi2 Ci
,
∑ D¯ z 2C¯
i

2.2. State of charge of the concentration battery

SOC =

2.3. Electrical characteristics of the concentration battery: voltage
and resistance

i i

(8)

i

where D¯ i (m2/s) and C¯ i (mol/L) are the diffusion coefﬁcient and
concentration of species i, respectively, in the membrane phase.
If the transport number is considered constant throughout the
membrane phase, the integration in Eq. (7) can be neglected [31].
Accordingly, in this work, the transport number was assigned a
constant value equal to the average of the transport numbers at
each interface, which allows Eq. (7) to be re-written as

ψdiff = −

RT
F

∑
i

t¯i, C + t¯i, D
2z i

ln

a¯ i, C
,
a¯ i, D

(9)

where the subscripts C and D refer to the interface with the concentrated and dilute solutions, respectively. The constant transport-number assumption is reasonable when the bulk solution
concentrations at the two interfaces are relatively similar [31], as is
the case in this work.
Using Eqs. (5), (6) and (9) to determine the membrane potential
across individual AEMs and CEMs, the open-circuit voltage of the
entire stack (EOCV ) can be calculated by multiplying the potential of
an AEM–CEM membrane pair by the number of membrane pairs
(N , –) as given by

EOCV = N (ψmem, AEM + ψmem, CEM ).

(10)

A careful analysis of Eqs. (6), (7), (9) and (10) indicates that
there is a unique relationship between the EOCV and the ionic
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concentrations in the concentrated and dilute solutions. Given that
Eq. (4) also indicates a unique relationship between the SOC and
the ionic concentrations in the concentrated and dilute solutions,
then there is also a unique correspondence between the SOC and
the EOCV . In practical terms, the EOCV can be used to indicate the
state of charge of the battery.
The total battery voltage across its terminals (E , volts), when
current is ﬂowing is found by adding the open circuit voltage to
the voltage drop due to the membrane stack resistance (i.e. the
battery's resistance) as given by Ohm's law:

E = EOCV ± IRstack ,

(11)

where I (Amp) is the current passing through the battery, and Rstack
(ohm) is the overall resistance of the membrane stack. During the
charging stage, the ohmic losses add to EOCV , while during discharging, ohmic losses are subtracted, thus reducing the total
battery voltage.
The three primary sources of Rstack are the solutions, membranes, and electrodes. The Rstack can be calculated according to [9]

Rstack =

r
δ
δ ⎞
N ⎛ rAEM
⎜⎜
+ CEM + 2C + 2D ⎟⎟ + Relectrode ,
1−β
A ⎝1 − β
ϵ κC
ϵ κD ⎠

ηV =
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t

1
td

∫0 d Eddt

1
tc

∫0 c Ecdt

t

.
(15)

In Eqs. (13)–(15), t (s) is the duration of charge or discharge,
and subscripts c and d denote charging and discharging stages,
respectively. To measure a meaningful round-trip energy efﬁciency, the charge–discharge test must begin and end at the same
state of charge, which is indicated by EOCV , as discussed in the
previous section.
The current efﬁciency is a measure of the fraction of charge
used to charge the battery that is available for useful work during
the discharge process; low current efﬁciencies indicate signiﬁcant
faradaic losses – “leaks” of electrical charge due to self-discharge
phenomena. The voltage efﬁciency can be interpreted as the ratio
of the average voltage (i.e. the energy available per unit current)
during discharging over that during charging; low voltage efﬁciencies indicate high losses and therefore high internal resistance.
Power density (PD , W/m2) is deﬁned as the power output
available during discharge per total membrane area:

PD =

(12)

IdEd
jE
= d,
2NA
2N

(16)

2

where A (m2) is the area of each membrane in the stack, rAEM
(Ω m2) and rCEM (Ω m2) are the areal resistances of each AEM and
CEM, respectively, β (–) is the fraction of membrane area that is
covered by the spacer (termed the spacer shadow factor [13]), κC
(S/m) and κD (S/m) are the speciﬁc conductivities of the concentrated and dilute solutions, respectively, δC (m) and δD (m) are the
thicknesses of the concentrated and dilute ﬂow channels, respectively (i.e., the spacing between membranes), ϵ (–) is the porosity
of the spacer material, and Relectrode (Ω) is the total resistance of the
electrode system. In a full-scale system with hundreds of membranes, Relectrode is negligible compared to the other components
[9,13,15], but at laboratory scale it can be much more signiﬁcant.

2.4. Battery performance: round-trip energy efﬁciency, power density, and energy density
The three main performance characteristics of interest for a
battery system are the round-trip energy efﬁciency, power density,
and energy density. The round-trip energy efﬁciency reﬂects the
losses associated with charging and discharging the system. Power
density measures the amount of electrical power that can be
produced by each unit of membrane area, and has a signiﬁcant
impact on the capital cost of the system (due to the relatively high
cost of ion exchange membranes). Energy density is a measure of
the physical size of the system that would be required to store a
given quantity of energy.
The round-trip energy efﬁciency (η, –) is deﬁned as the ratio of
the energy released during discharge to the energy required to
charge the battery back to the initial charged state. Energy efﬁciency can be represented as the product of a current efﬁciency ηI
(–) and a voltage efﬁciency ηV (–) as given by [35]
t

η = ηV ηI =

∫0 d IdEddt
t

∫0 c IcEcdt

,
(13)

where j (A/m ) is the current density, representing the current
normalized to membrane area. While in RED systems, the power
output is constant due to constant feed water concentrations, in
the concentration battery, the power output is continuously
changing. When the battery starts to discharge, the concentration
difference is at its highest, and the battery voltage (Ed ) is correspondingly high. As the ionic concentration difference between
concentrated and dilute solutions decreases, the battery voltage
and the power output drop. As such, for energy storage, the relevant parameter is the average power density throughout the
discharge stage which can be calculated as

1
td

PDavg =

∫0

td

jEd
dt .
2N

The energy density (ED , J/m ) can be calculated by dividing the
total discharged energy by the total concentrated and dilute solution volumes as given by
t

ED =

∫0 d EdIddt
(VC + VD)

,

and

∫0 d Iddt
tc

2.5. Mass transport processes in the concentration battery
The equations presented thus far allow for the calculation of
the electrical properties of the concentration battery when the
state of the battery (concentrations, activities, etc.) is known.
During operation, however, the electrolyte concentrations are
constantly changing due to (reverse) electrodialysis between the
concentrated and dilute compartments. Therefore, it is necessary
to describe the mass transport between the two compartments in
order to model the overall performance of the concentration
battery.
Because the concentration battery is a closed system, the mass
balance on a given species i in either the dilute or concentrated
solution is a function only of the ﬂux through the membrane
surfaces as given by

∫0 Icdt

ni = ni,0 ± 2N (1 − β )A

,
(14)

(18)

where V (m3) represents volume.

t

ηI =

(17)
3

t

∫0 (Ji,AEM + Ji,CEM )dt,

(19)

where ni,0 is the initial number of moles in the solution of interest
and Ji, AEM and Ji, CEM are the ﬂuxes (mol/m2/s) of species i through
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Fig. 2. Mass transport processes occurring in the concentration battery. The top and bottom panels depict electrically-driven and concentration-driven processes, respectively. The direction of transport shown corresponds to that occurring during the battery charging (electrodialysis) stage.

the AEM and CEM, respectively. The sign of the ﬂux is negative and
positive for departure and arrival, respectively, of species from/to
the solution. For example, for the dilute solution, the ﬂux of ions
will be negative during charging (indicating electrodialysis) and
positive during discharging (indicating reverse electrodialysis).
Fig. 2 summarizes the mass transport processes occurring in
the membrane stack. The top and bottom panels of Fig. 2 depict
electrically-driven and concentration-driven processes, respectively. The electrically-driven counter-ion and co-ion migration
and electro-osmosis (i.e., the “dragging along” of water molecules
by friction as ions move through the membrane) can be reversed
by changing the direction of the current. Therefore, the electrically-driven processes occur in opposite directions during the
charge (as shown in Fig. 2) and discharge (opposite to Fig. 2)
stages. By contrast, the concentration-driven diffusion of ions,
osmosis, and osmotic convection always occur down the concentration gradient of the ions (ion diffusion) and water (osmosis
and osmotic convection). Therefore, the concentration-driven
processes always occur in the directions shown in Fig. 2 for both
the charge and discharge stages. Given that the concentrationdriven processes tend to discharge the battery, and some of the
(electrical) energy used during charging is used to counteract the
concentration-driven processes, then the round-trip energy efﬁciency is always lower than 100%.
The migration ﬂux of counter-ions and co-ions is determined
by the corresponding ion transport numbers in the membrane
phase (see Eq. (8)) and can be calculated as [6,34]

Ji, migration = −

jt¯i
,
(1 − β )ziF

(20)
2

where Ji, migration (mol/m /s) represents the migration ﬂux of any
given ion i. The spacer shadow factor term in the denominator is
necessary because the local current density at the membrane
surface is higher than j due to the blocking effect of the spacer.
In a similar manner, the electro-osmotic ﬂux of water
(Jw, electro − osmosis , mol/m2/s) is determined by a water transport

number (t¯w , mol H2O/mol charge) that represents the moles of
water carried along by each mole of ions that is moved by migration [32], and can be calculated as

Jw, electro − osmosis = − t¯w ∑ Ji, migration .
i

(21)

The water transport number is a membrane property that is
determined experimentally (see Section 3). The measured value
for a given membrane is typically interpreted as the average water
transport number for both ions in the salt solution [32,36].
The diffusive ﬂux of ions is calculated from the gradient in the
ion's electrochemical potential between concentrated and dilute
solutions as (see Appendix A for derivation)

Ji, diffusion = −

D¯ i C¯ i Δa¯ i
,
a¯ i Δx

(22)

where Δa¯ i represents the difference in the activity of species i
between the two membrane–solution interfaces and Δx (m) is the
membrane thickness. D¯ i , C¯ i , and a¯ i are taken as averages of the
respective values at each interface.
Similarly, the water ﬂux due to osmosis is calculated as

Jw, osmosis = −

D¯ w C¯ w Δa¯ w
,
a¯ w Δx

(23)

where D¯ w (m2/s), C¯ w (mol/L) and a¯ w (–) correspond to the diffusion
coefﬁcient, average concentration and average activity, respectively, of water in the membrane phase.
Finally, the movement of water through the membrane by osmosis creates a bulk convection velocity that carries ions along
with it, resulting in a ﬂux of ions from the dilute solution into the
concentrated solution. This osmotic convection was accounted for
by multiplying the bulk solution concentration of the ion by the
osmotic ﬂux as given by

Ji, convection = Jw, osmosis CD, iV wm,

(24)

where Vwm is the molar volume of water, 1.82  10  5 m3/mol, and
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CD,i is the concentration of species i in the bulk dilute solution.
2.6. Activity, concentration and diffusion coefﬁcient of ions in the
membrane phase
In order to use Eqs. (19)–(24) to describe mass transport
through the membrane, it is necessary to determine the concentration, activity, and diffusion coefﬁcient of each ionic species
in the membrane phase. The activity of the ions in the membrane
phase is related to their activity in the bulk solution through the
Donnan equilibrium as given by [33,37]
1

1
⎛ ΔπV¯ m ⎞
⎛ a− ⎞ z− ⎛ a¯ + ⎞ z +
s ⎟
⎜ ⎟ ⎜ ⎟ = exp⎜⎜
⎟,
⎝ a¯ − ⎠ ⎝ a+ ⎠
⎝ RTz+ν+ ⎠

(25)

where subscripts þ and  indicate the cation and anion, respectively, of the parent salt, ν represents the stoichiometric
m
coefﬁcient of the ion in the parent salt, V¯s represents the partial
molar volume of the salt, and Δπ is the difference in osmotic
pressure between the membrane and the solution phase.
In addition, electroneutrality must prevail within the
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membrane phase, and therefore

C¯ +z+ + X¯ + C¯ −z− = 0,

(26)

where X̄ (eq/L, including sign) is the ﬁxed charge concentration in
the membrane phase.
By using the Pitzer model, which is well documented elsewhere [38], to calculate activity coefﬁcients in bulk solution, we
obtain both the concentration and activity of each species in the
membrane using Eqs. (25) and (26).
The membrane-phase diffusion coefﬁcients are calculated from
the bulk solution diffusion coefﬁcients. The bulk-solution diffusion
coefﬁcients available in the literature are typically reported for
inﬁnite dilution conditions, and therefore we correct them for
viscosity (a function of salt concentration) through the Stokes–
Einstein relation (see Appendix B) [34]. Since the membranephase diffusion coefﬁcients of various salts have been shown to
generally follow the order of their conductivity in bulk aqueous
solution [39], diffusion coefﬁcients in the membrane phase were
assumed to be proportional to diffusion coefﬁcients in the solution
phase as expressed by [6]

Fig. 3. Overview of input and output variables in the model used to describe the performance of the concentration battery.
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D¯ i = Kff Di ,

(27)

where Kff is a “form factor” [6] speciﬁc to each membrane, and
common to all ions, that serves as an adjustable parameter during
model calibration.
By combining Eqs. (27) and (8), the transport number in the
membrane phase can be re-written in terms of the bulk solution
diffusion coefﬁcients and calculated membrane phase concentrations as

ti =

Kff Di zi2 Ci
Kff ∑i Di zi2C¯ i

=

Di zi2 Ci
∑i Di zi2C¯ i

the charging period is complete. Then, the sign of the current is
reversed and the process is repeated for each time step until the
SOC of the battery returns to the starting value. Note that in our
experiments, the current was the same during the charge and
discharge stages in order to approximate a galvanostatic cycling
test (see Section 3.5). Power, energy, total ﬂux of ions, and total
ﬂux of water are integrated over the entire charge–discharge test
and used to compute energy efﬁciencies (Eqs. (13)–(15)), average
power density (Eq. (17)) and energy density (Eq. (18)).

.
(28)

2.7. Model application
The equations presented in Sections 2.1–2.6 comprise the engineering model used to describe the performance of the concentration battery. A summary of the input and output variables
for the model is presented in Fig. 3. As shown in the ﬁgure, four
parameters ( X¯ , Kff , D¯ w , t¯w ), all related to mass transport through
the membrane, must be calibrated by experiment before the
model can be used. The remaining input data consists of system
design parameters (e.g. physical geometry), starting conditions
(e.g. concentrations, charging current, etc.), and solution properties (e.g. diffusion coefﬁcients). With the exception of the four
calibrated parameters, all of this input data is easily obtained from
the literature, membrane speciﬁcations, or the physical design of
the stack being modeled. Once the proper information is entered,
the engineering model calculates the time-dependent masstransport and power input or output over the course of a charge–
discharge test. The results allow calculation of a variety of system
performance parameters including round-trip energy efﬁciency,
power density, energy density, and total ﬂux due to each mass
transport process.
The initial conditions for the model correspond to the electrolyte concentrations in the concentrated and dilute solutions
(the starting SOC), the current during the charge stage, and the
duration of the charging period. Using these initial conditions, the
energy required to charge the system over a discrete time step is
calculated according to Eqs. (5)–(12). Next, the mass transport of
ions and water between the concentrated and dilute solutions
during that time is calculated according to Eqs. (19)–(28), from
which the concentration of each species in the respective solutions
for the next time step are calculated. The calculated new conditions are then used as initial conditions for the next time step until

3. Materials and methods
3.1. Stack conﬁguration
A schematic of the (reverse) electrodialysis stack used in this
study is presented in Fig. 4. It contained 13 membrane pairs separated by 127 μm thick silicone gaskets (Specialty Manufacturing
Inc., Saginaw, MI). Woven mesh spacer material (Sefar Inc., Buffalo,
NY, Nitex 03/200-54) with a spacer shadow factor of 46% (54%
open area) and a porosity of 74% was used to keep the membranes
separated. The AEM and CEM used were FAS-20 and FKE-20, respectively (FuMA-Tech GmbH, Germany). ABS chambers at each
end of the stack contained working electrodes made from graphite
plates (GraphiteStore.com #BL001245) connected to titanium wire
(McMaster-Carr #89145K28). Current was delivered to the stack
through the working electrodes using a DC power supply (Agilent
E3617A) operating in constant-current mode. The current was
measured independently from the power supply readout using a
digital multimeter (Southwire 10030S). The ABS chambers also
contained polyethylene Luggin capillaries extending within 1 mm
of the outer surface of the membranes. Ag/AgCl reference electrodes (Pine Instrument Co., Grove City, PA) were inserted into the
Luggin capillaries to enable battery voltage to be measured using a
high-impedance multimeter (Fluke model 87). All measurements
of voltage in this work were made using the Luggin capillaries;
therefore the impact of e.g. working electrode resistance is not
accounted for, for reasons described in Section 2.3.
Thicker CEMs (Neosepta CMX) were installed at each end to
separate the working electrode rinse chambers from the interior of
the membrane stack. Due to the need to keep the Luggin capillaries open to the atmosphere, the pressure inside the electrode
rinse chambers was less than that inside the main stack. This
pressure difference was not measured but was estimated to be less
than 5 psi; Neosepta membranes were selected due to their
thickness (approximately 120 μm) and reinforced design, which

Fig. 4. Schematic representation of the (reverse) electrodialysis apparatus used in this study. The interior CEMs and AEMs were FuMA-Tech FKE-20 and FAS-20, respectively,
while the outer CEMs were Neosepta CMX. The inset illustrates reactions occurring at the anode and cathode. Note that each working electrode may serve as the anode or the
cathode, depending upon the orientation of the current (charging or discharging).
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made them better able to withstand this pressure difference.
Therefore, the stack contained a total of 27 membranes including
the two outer Neosepta CEMs. The membrane area exposed to the
solutions was 35 cm2 per membrane. Given that the spacer shadow factor was 46% (54% open area) then the effective membrane
area was 19 cm2.
The dilute and concentrated electrolyte solutions were circulated through their respective chambers in a closed-loop conﬁguration (see Fig. 1) using a dual-head peristaltic pump (Masterﬂex). Flow rates were adjusted to achieve an interstitial velocity of
2–4 cm/s through the mesh openings. This target velocity range
was chosen to minimize boundary layer resistance [13,40]. A separate electrode rinse solution, identical to the concentrated solution, was circulated through both electrode rinse chambers,
ﬁlling the Luggin capillaries to an adequate height. At the anode,
chloride ions were oxidized to chlorine gas, while at the cathode,
water was reduced to hydrogen gas. Current transfer was thus
accomplished by electrolysis of saltwater at each working electrode. Approximately 15 mmol of sodium formate were added to
the electrode rinse solution to stabilize the pH and neutralize
aqueous chlorine (HOCl) that may have been generated at the
anode by oxidation of chloride ions. This electrode system was
employed for experimental convenience; in a full-scale apparatus
it would be desirable to use a soluble redox couple that would not
result in gas formation at the electrodes.
3.2. Determination of the stack resistance
The overall resistance of the membrane stack was determined
by setting the power supply to constant-current mode and
manually sweeping the current between 0.3 and 1.5 mA/cm2 in
ﬁve steps, while the voltage drop across the stack was recorded.
The stack resistance was determined from the slope of the current–voltage curve.
3.3. Determination of membrane permselectivity
The membrane permselectivity (α, –) represents the deviation
of real ion exchange membrane behavior from that of a perfect
membrane in terms of their ability to rejects co-ions. An ideal ion
exchange membrane completely rejects co-ions, a real membrane
does not. Permselectivity was measured at 19 °C by installing a
single membrane into the cell and circulating the concentrated
(0.5 mol/kg, abbreviated “0.5m” NaCl) and dilute (0.25 mol/kg
NaCl) solutions for 30 min to allow the membrane to equilibrate
with the concentration difference. After 30 min, 500 mL of fresh
solutions were pumped through the concentrated and dilute
compartments without recirculation to ensure that the intended
concentration difference was maintained. The potential (Emeasured ,
mV) across the membrane was monitored until a stable value was
observed. The potential difference offset (Eoffset , mV) between the
two reference electrodes, calculated as the average of the potentials measured by the two electrodes in concentrated solution and
in dilute solution, was subtracted from the measured potential to
obtain the corrected potential across the membrane
(Ecorrected = Emeasured − Eoffset ) [41]. The Ecorrected was compared to the
activity-corrected theoretical open circuit voltage (Etheoretical , mV)
by calculating the ratio between the two as given by [41]

α=

Emeasured − Eoffset
Etheoretical

(29)

Etheoretical was calculated from Eqs. (5)–(7) under the assumption
of an ideal membrane (e.g. transport number of the counter-ion ¼
1), which is equivalent to the familiar Nernst equation [8,21]

Etheoretical =

a
RT
ln C ,
zF
aD
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(30)

where aC and aD are the average activity of the salt (NaCl) in the
bulk concentrated and dilute solutions, respectively. Etheoretical was
estimated to be 16.2 mV under the conditions tested (0.5 mol/kg
and 0.25 mol/kg concentrate and dilute solutions, respectively, at
19 °C). The measured permselectivity was used to calibrate the
ﬁxed charge density X̄ in the engineering model (see Section 3.6).
3.4. Measurement of self-discharge rate
When the electrolyte solutions are circulated through the
concentration battery but no current is applied, the stack voltage E
decreases over time (i.e., self-discharges) due to mass transport by
ion diffusion, osmosis, etc. (see Fig. 2). To quantify the rate of selfdischarge, 300 mL of fresh concentrated and dilute solutions were
circulated through the fully-assembled stack with the working
electrodes disconnected (zero current). The stack EOCV and the
volumes of the concentrated, dilute, and electrode rinse solutions
were monitored over a period of 60 min. This measurement yielded the electrical rate of self-discharge (mV/min) and the rate of
volume change by osmosis (mL/min), which were needed to calibrate the engineering model (see Section 3.6).
3.5. Measurement of battery efﬁciency
Round-trip energy, current and voltage efﬁciency was determined through charge–discharge tests beginning with the
system in a SOC of 33% using NaCl solutions with concentrations of
0.5 mol/kg and 0.25 mol/kg in the concentrated and dilute compartments, respectively. This starting state was chosen because at
lower concentration gradients, the open-circuit voltage of the
system is too low to enable efﬁcient energy storage given the
magnitude of the stack resistance.
The system was charged and discharged at a constant current
to approximate galvanostatic cycling tests conducted on other
large-scale battery systems [42]. To start the tests, the open-circuit
voltage of the system was measured. Then, a current was applied
to the system to initiate the charge of the battery, while the voltage across the stack was recorded using the averaging function of
the multimeter, which divides the integrated voltage by the
duration of the time step. The charging process was continued for
120 min, and every 15 min, the current, average voltage, concentrated solution volume, and dilute solution volume were recorded. Next, the current was interrupted and the open-circuit
voltage of the system was recorded, then charging was resumed.
After the charging process was complete, the stack resistance was
measured, the current direction was reversed and the system was
discharged while following the same procedures. The discharge
process continued until the open circuit voltage of the system
returned to the starting value. The current, voltage, and round-trip
energy efﬁciencies were calculated as described in Section 2 (see
Eqs. (13)–(15)). Note that the efﬁciency values measured in this
way do not account for energy losses due to the resistance of the
working electrode chambers and to pumping. In a full-scale system with hundreds of membranes, the resistance of the working
electrodes would be negligible compared to the membrane stack
resistance [9,13,15]. Pumping losses were estimated by assuming
laminar ﬂow through the intermembrane spaces [18,43] and found
to have a relatively minor impact on the round-trip energy efﬁciency, as discussed in Section 4.6.
3.6. Model calibration procedure
The measured permselectivity, electrical self-discharge rate,
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rate of volume change by osmosis, and stack resistance were used
to calibrate the engineering model. The parameters calibrated
were the ﬁxed charge concentration ( X̄ ) in the CEMs and AEMs,
membrane-phase water diffusion coefﬁcient (D¯ w ) and water
transport number (t¯w ), membrane form factor (Kff ), and additional
resistance due to the extra CEM and solution in the electrode rinse
compartments. First, the ﬁxed charge concentrations ( X̄ , eq/L) of
the cation exchange and anion exchange membranes were calibrated based on permselectivity data. In the model, the ﬁxed
charge concentration determines the membrane phase concentrations (Eqs. (25) and (26)), which in turn determine the
transport numbers (Eq. (8)) and ultimately the membrane potential (Eqs. (5)–(7)). As such, the ﬁxed charged concentration for
each of the cation and anion exchange membranes was adjusted
until the modeled membrane potential for 0.5 mol/kg and
0.25 mol/kg NaCl concentrated and dilute solutions, respectively,
matched the experimentally-determined potential from the
permselectivity tests described in Section 3.2.
Second, observed rates of volume change (mL/min) during the
self-discharge tests and the charge–discharge tests at different
current densities were used to calibrate the diffusion coefﬁcient of
water (D¯ w , see Eq. (23)) and water transport number (t¯w , see Eq.
(21)) for the FuMA-Tech FAS/FKE membrane pair. The rates of
volume change were converted to units of ﬂux using the molar
volume of water (18.2 cm3/mol) and the total membrane area,
then plotted against the current density (zero for the self-discharge tests). The intercept with the y-axis (i.e., at zero current
density) of the resulting regression line was interpreted as the rate
of osmosis (mmol H2O/m2/s) occurring over the entire membrane
stack. D¯ w was adjusted until the engineering model of the stack
produced an equal rate of osmosis.
The slope of the regression line (mmol/s/A) indicated the
amount of electro-osmosis that took place. This slope was converted to units of mol H2O/mol charge using the Faraday constant,
yielding the observed water transport number, t¯w .
Third, the electrical self-discharge rate (mV/min) was used to
calibrate the membrane form factor (Kff ) for ion diffusion through
the membranes (see Eq. (27)). Apart from osmosis (and the corresponding osmotic convection) already calibrated above, the only
other mass transport mechanism active at zero current is ion
diffusion. The Kff parameter sets the membrane-phase diffusion
coefﬁcients for the ions, and therefore their rate of diffusion. Thus,
Kff was adjusted until the modeled self-discharge rate (mV/min) at
zero current matched the experimental value from the self-discharge test. The self-discharge rate was modeled as described in
Section 2.7 for the discharge stage, but in this case no current was
applied.
The above steps generated the minimum calibration data necessary to run the model. However, additional calibration of the
battery resistance was performed in order to improve the accuracy
of the results. The modeled battery resistance calculated by Eq.
(12) does not account for the resistance of the extra (Neosepta)
CEM (see Fig. 4) or the solution between the tips of the Luggin
capillaries and the surface of the outer CEMs (total distance of
approximately 1 mm), leading to an underestimation of the real
battery resistance of approximately 0.8 Ω. This extra resistance
was measured as 0.2 Ω using a stack containing only a single
Neosepta CEM. The remaining 0.6-Ω discrepancy can be interpreted as boundary layer resistance, which is also not accounted
for in Eq. (12) [40]. An additional 0.8-Ω term (similar to Relectrode)
was added to Eq. (12) in order to capture these effects and calibrate the modeled battery resistance to the measured value.

Table 1
Membrane properties for the anion exchange membrane (FAS-20) and cation exchange membrane (FKE-20) used in battery performance tests.

Reference properties (from speciﬁcations)
Ion exchange capacity (IEC) (meq/g dry membrane) [44,45]
Area Resistance (Ω cm2) [44,45]
Permselectivity in 0.5 mol/L/0.1 mol/L KCl [44,45]
Swelling degree (SD) (g H2O/g dry membrane)
[44,45]
Fixed charge concentration (eq/L)a
Thickness (μm) [44,45]
Measured properties
Permselectivity in 0.5m/0.25m NaClb,c
Water transport number (mol H2O/mol charge)
Calibrated model parameters
Effective ﬁxed charge concentration (eq/L)d
Permselectivity in 0.5m/0.25m NaCl
Membrane Form Factor
Water diffusion coefﬁcient (m2/s)

FAS-20
(AEM)

FKE-20
(CEM)

1.86

1.29

0.54
94%
7

0.71
499%
15

26.6
20

 8.6
20

81.3 7 2%

99.6 7 3%
13.9

0.81
81.4%

 8.2
99.6%

0.0028
4.98e  10

a

Calculated as IEC/SD*100 [18].
Values and uncertainties represent the average and standard deviation,
respectively, of three replicates.
c
“m” denotes mol/kg units.
d
Assuming ideal Donnan exclusion. See Eq. (24).
b

4. Results and discussion
4.1. Calibration of membrane properties
Table 1 summarizes expected, measured and calibrated membrane properties. The measured permselectivity of the AEM
(81.3%) was signiﬁcantly lower than expected based on the speciﬁed value (94%). It is unclear whether this result is related to the
different measurement conditions (0.5 mol/kg/0.25 mol/kg NaCl in
our tests versus 0.5 mol/L/0.1 mol/L NaCl used in speciﬁcations) or
some other factor. Similar results were obtained when conducting

Fig. 5. Observed rate of osmosis and electro-osmosis during charging and discharging. Data points and error bars correspond to the average and standard deviation of two replicates, respectively. At zero current density, the data show the
average and standard deviation of three replicates, and these replicates are common to both the charge and discharge stages.

Simulation results appear in parentheses. Initial concentrated and dilute solutions of 0.5 and 0.25 mol/kg NaCl, respectively, were used. Average temperature during all tests was 18.5 7 1.3 °C.
Charging was halted at 105 min during one test because the stack appeared to reach limiting current density. A leak developed from the concentrate compartment during the test, causing the system to charge more rapidly
than usual. Hence, the discharge time and ﬁnal concentrate volume for one test was much lower than the other.
b

–
21.2 72.2 (23.3)
34.0 7 1.3 (33.7)
34.0 7 1.2 (35.1)
30.9 7 0.4 (34.9)

a

–
77 1 (7)
297 3 (27)
59 7 2 (54)
87 7 14 (95)
–
0.07 7 0.001 (0.08)
0.187 0.01 (0.18)
0.33 7 0.02 (0.31)
0.447 0.02 (0.52)
3017 6
250 7 0
238 7 4
2357 7
2007 0
297 7 6
343 7 11
325 7 21
350 7 28
263 7 138b
–
32.5 7 3.5 (35)
58.5 7 2.1 (59)
67.5 7 3.5 (68)
66.5 7 12.0b(72)
2.37 0.1
2.37 0.1 (2.3)
2.57 0.2 (2.5)
3.57 0.2 (2.8)
11.9 7 0.5 (4.7)
3747 11
4617 8 (462)
7137 18 (663)
1074 764 (967)
17297 211 (1688)
(33.0)
(39.7)
(53.8)
(70.3)
(90.5)
–
78.5 7 0.1 (80.0)
69.7 7 0.3 (68.5)
60.4 7 1.0 (61.9)
52.6 7 3.8 (58.2)

min

Starting conditiona
5.7
11.4
17.1
22.8

–
27.1 73.0 (29.2)
48.8 7 1.8 (49.2)
56.3 7 3.0 (56.7)
58.9 7 5.1 (60.0)

Energy
density
mWh/L
Average
power density
W/m2
Final dilute
volume
mL
Final concentrate
volume
mL
Discharge time

Resistance when
charged
Ω
Obtained
EOCV
mV
Obtained
state of charge
%
Voltage
efﬁciency
%
Current
efﬁciency
%

Table 2 presents experimental battery efﬁciencies alongside
simulation results. With a constant charging time of 120 min at
current densities between 5.7 and 22.8 A/m2, the experimental
round-trip energy efﬁciency ranged from 21.2% to 34.0%.
As shown in Table 2, the discharge times are all less than 120 min,
resulting in current efﬁciency lower than 100% (see Eq. (14)). Selfdischarge phenomena such as counter- and co-ion diffusion, co-ion
migration, and osmosis are responsible for these reductions in current efﬁciency. The current efﬁciency ranged from 27.1% to 58.9% and
showed a clear increasing trend with current density, while the
voltage efﬁciency ranged from 52.6% to 78.5% and decreased in a
nearly linear fashion with current density, as shown in Fig. 6. These
relationships can be explained by the interplay between ohmic and
faradaic energy losses. At low current densities, the ohmic losses due
to internal resistance are small, but the rate of self-discharge by
diffusion and osmosis is nearly equal to the charging current, resulting in low current efﬁciency and little energy storage (low roundtrip energy efﬁciency). At higher currents, the rate of charging is
much greater than the rate of faradaic loss to self-discharge, but the
higher ohmic losses reduce the total voltage across the stack (see Eq.
(11)), leading to a low voltage efﬁciency. The optimum current
density occurs where the collective energy losses from these two
sources are minimized, which appears to correspond to a current
density between 11 and 17 A/m2.
Both the EOCV and stack resistance in the charged state increased with increasing current density, as shown in Table 2. This

Round-trip energy
efﬁciency
%

4.2. Battery efﬁciency
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Current
density
A/m2

a preliminary measurement on a Neosepta AMX membrane
however, so the low permselectivity under these conditions does
not appear to be speciﬁc to one type of AEM. It is possible that
Donnan exclusion is not very effective within the polymer matrix
as a result of water uptake by the polymer or the elevated concentration on the dilute side of the membrane [41]. As such, the
calibrated ﬁxed charge concentration for the AEM (0.81 eq/L) was
signiﬁcantly lower than would be expected based on the speciﬁed
ion exchange capacity (IEC) and swelling degree (SD) [44,45]. The
permselectivity (99.6%) and calibrated ﬁxed charge concentration
(  8.2 eq/L) for the CEM were both very close to the corresponding
membrane speciﬁcations (499% and 8.6 eq/L, respectively). See
Appendix C for raw measurement data.
Fig. 5 shows observed rates of water ﬂux from the dilute solution during both self-discharge tests at zero current and charge–
discharge tests. The rates of water ﬂux during the charging stage
(ED) exhibit a clear linear relationship to the current, while those
during discharging stage (RED) have a less clear relationship to
current. Using the slope of the charging line yields an estimated
water transport number of 13.9 mol H2O/mol charge, which was
used in Eq. (21) to calculate electro-osmosis. This value is in reasonable agreement with the value of 11.7 mol H2O/mol charge
reported by Veerman et al. [16] for the similar FAD/FKD membrane
pair. In general, water transport numbers within ion exchange
membranes have been reported to range from approximately 2–
12 mol/mol [16,36], placing the value for this membrane pair at
the upper end of the expected range.
The intercept of the electro-osmosis regression lines provided
the basis for calibrating the water diffusion coefﬁcient D¯ w used in
Eq. (23). The calibrated value of 4.98  10  10 m2/s is comparable to
some representative values for other membranes reported by
Veerman et al., which ranged from 5.8  10  11 to 1.2  10  9 m2/s
[16].
After calibration of the water diffusion coefﬁcient, the membrane form factor Kff was ﬁtted to match the modeled self-discharge rate (mV/min) to the observed self-discharge rate of
0.667 0.16 mV/min. The ﬁtted Kff value was 0.0028.

Table 2
Experimental and simulated battery efﬁciency results with a charging time of 120 min. Uncertainties indicate the standard deviation of two replicates; uncertainties for the starting conditions indicate the standard deviation of all
tests (eight replicates).a
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4.4. Energy density

Fig. 6. Experimental and simulated battery efﬁciency results. Data points and error
bars correspond to the average and standard deviation of two replicates,
respectively.

is consistent with mass transport expectations by electrodialysis
(charging). As the current density increases, more ions are transported during the 120-min charging period, leading to a greater
depletion of ions from the dilute solution and a correspondingly
higher concentration gradient, EOCV , and stack resistance (due to
the decreased conductivity of the dilute solution).
The calibrated mass-transport model was generally effective in
predicting the current and voltage efﬁciency of the process within
experimental uncertainty, as shown in Fig. 6. However, Table 2
shows that the model consistently under-predicted the stack resistance and the EOCV in the charged state, and the error became
more pronounced at higher current densities. At the highest current density, the experimental stack resistance increased nearly six
fold to 11.9 Ω, while the model predicted an increase to only
4.7 Ω. This discrepancy could be a result of two factors. First, the
model does not account for boundary layer effects, but the
boundary layer resistance would become increasingly large in
comparison to the bulk solution resistance as the dilute solution
reaches lower and lower concentrations [40]. Second, Galama et al.
have recently shown that the intrinsic membrane resistance increases in proportion to the resistance of the dilute solution when
the dilute concentration is below 0.3 mol/L [46]. Thus it is possible
that the increasingly dilute concentrations reached at the charged
state actually increased the intrinsic resistance of the membranes,
which this model treats as constant.

The volumetric energy density of the system was calculated
according to Eq. (18). The results were compared to the theoretical
Gibbs free energy of mixing calculated according to Eqs. (1)–(3).
Fig. 7 compares the experimental, simulated, and theoretical
maximum energy density (with and without activity corrections).
The initial state for mixing energy calculations was the fullycharged state (concentration ratios of 2.3:1 – 20:1, as calculated by
the model), while the ﬁnal state was a 2:1 concentration ratio
between concentrated and dilute solutions (i.e. SOC¼33%), which
represents the starting conditions of our charge–discharge experiments (see Table 2). As shown in Fig. 7, the concentration
battery recovered between 62% and 77% of the energy theoretically available from the solutions at the fully-charged state. Note
that these “energy extraction efﬁciencies” refer only to the discharge stage. The cyclic energy efﬁciencies discussed in Section 4.2
were lower because they also account for the energy required to
charge the system.
Recent experiments with RED systems have suggested that
extraction efﬁciencies of 45–60% are possible (during the discharge stage) using similar stack conditions to ours when equal
volumes of concentrated and dilute solution are used; however,
higher efﬁciencies are obtained when the volume of dilute solution increases relative to that of the concentrated solution [30].
The higher extraction efﬁciencies reported here are largely due to
the fact that the solutions were recirculated in a closed-loop, and
therefore, the energy can be harvested during multiple passes of
the solutions through the stack
The use of unequal volumes of concentrated and dilute solutions in the closed-loop conﬁguration used in this study may enhance its extraction efﬁciency further. The fact that the energy
extraction efﬁciency decreases signiﬁcantly with current density
(see Fig. 7) indicates that the inefﬁciencies are primarily due to
ohmic losses rather than osmosis. This is consistent with the fact
that during the discharge stage (RED), osmosis and electro-osmosis proceed in opposite directions (see Fig. 2), partially offsetting one another [16,31].

4.3. Power density
The average power density delivered during the discharge
stage (see Eq. (17)) ranged from 0.07 to 0.44 W/m2, with higher
power densities associated with higher current densities, as
shown in Table 2. While higher maximum power densities have
been reported for RED using similar stack conﬁgurations [15,43],
an energy storage process should not be operated near maximum
power density because of the tradeoff relationship with voltage
efﬁciency: at maximum power density, the voltage efﬁciency
cannot exceed 50% [16,47]. However, as a closed loop system, the
concentration battery is not limited to naturally-occurring seawater and river water. The use of higher concentrations of electrolyte could both reduce the stack resistance and enable higher
concentration gradients to be employed, both of which could increase the average higher power density.

Fig. 7. Experimental, simulated, and theoretical energy density and energy extraction efﬁciency. Data points and error bars correspond to the average and
standard deviation of two replicates, respectively.

R.S. Kingsbury et al. / Journal of Membrane Science 495 (2015) 502–516

513

4.5. Sources of energy loss
The calibrated engineering model was used to investigate the
contribution of the various self-discharge processes to the overall
mass ﬂux of salt during the charge–discharge test. In an ideal
system, 100% of the ﬂux would result from counter-ion migration
and electro-osmosis. In a real system, losses due to osmosis, osmotic convection, co-ion migration, and diffusion reduce the current efﬁciency of the process. Fig. 8 presents the cumulative total
moles of water (Fig. 8A) and ions (Fig. 8B) that were transported
through the membrane throughout each charge–discharge test, as
calculated by the model. For water, the results indicate that osmosis accounted for more than 75% of the total water ﬂux at low
current density, and approximately 50% at higher current density.
This difference can be explained by electro-osmosis, the magnitude of which can clearly be seen to increase with current density
in Fig. 8A. Regardless of current density, water transport by osmosis was signiﬁcant, resulting in a net movement of water from
the diluted to the concentrated solution over the course of the
charge–discharge test. Interestingly, the magnitude of the osmotic
water ﬂux also increased with current density, likely as a result of
the increased concentration gradients (higher SOC) that were
reached at higher current densities; however, the increase in
electro-osmosis with current density was much larger.
The model estimates that salt ﬂux was dominated by counterand co-ion migration, which accounted for between 60% and 85%
of total ﬂux (Fig. 8B). The magnitude of the migration ﬂux increased with current density, as expected. Salt diffusion and osmotic convection remained relatively constant at all current densities and each accounted for a roughly equal share of the ﬂux. It is
noteworthy that the total ﬂux of water on a molar basis was 30–40
times greater than that of Na þ and Cl  ions, indicating that the
transport of water plays a very signiﬁcant role in energy loss (low
current efﬁciency) compared to diffusion and convection of ions.

Fig. 8. Relative contribution of mass transport mechanisms to total ﬂux of water
(A) H2o and (B) NaCI. Mass transport of NaCl represents total moles of both Na þ
and Cl  ions.

4.6. Estimated pumping losses
The model was extended to account for pumping losses by
assuming laminar ﬂow [18,43,48] through the solution compartments with an interstitial velocity of 4 cm/s, accounting for the
volume occupied by the mesh spacer. The pressure drop under
these conditions was calculated as [49]

ΔP =

12μLv
,
ϵDh2

(31)

where μ (kg/m s) is the viscosity, L (m) is the length of the ﬂow
path, v (m/s) is the superﬁcial ﬂow velocity, ϵ (–) is the porosity of
the spacer, and Dh (m) is the hydraulic diameter. The pressure drop
was converted to energy loss and integrated over the duration of
the charge–discharge test. At a current density of 17.1 A/m2,
pumping losses were estimated to reduce the round-trip energy
efﬁciency from 35.1% to 33.1%. If the average power density produced by the stack during discharging were increased, the impact
of the pumping loss would be even less. Alternatively, a lower
interstitial velocity could be used to reduce pumping losses, but
this may have the undesirable consequence of increasing the
boundary layer resistance [13,40]. As with RED systems, there
exists an optimum pumping rate that balances increased resistance with hydraulic losses [43].
4.7. Concentration battery performance and directions for
optimization
We have discussed the performance of the concentration battery with respect to speciﬁc metrics (battery efﬁciency, power

density, energy density, etc.), but evaluating its potential for
practical use requires consideration of multiple factors in combination. For example, batteries for electric cars require both high
energy density and high efﬁciency, while lifetime is less important.
For large-scale energy storage (the intended application for the
concentration battery), we believe that the most relevant metric is
the levelized cost of energy (LCOE) which incorporates information about capital cost, system lifetime, and battery efﬁciency. This
work does not provide enough information to assess the LCOE of
the technology as it only investigated the battery efﬁciency, which
itself is inter-related with other parameters such as concentration
levels, current density, membrane resistance, etc. However, it is
possible to compare certain aspects of the battery performance to
more established technologies, and to evaluate directions for further research.
The principal challenge to practical application of the concentration battery is the non-reversibility associated with water
transfer by osmosis. A practical battery will require the ability to
be charged and discharged thousands of times [3], but our results
indicate that osmosis makes it impossible to return the battery to
its initial physical state at the end of each cycle. Creative innovations will be required to address this challenge. Optimizations of
membrane and electrolyte chemistry may yield some success in
slowing the rate of osmosis, but other changes (e.g. replenishment
of the dilute solution from an external source) will be needed in
order to prevent water transfer completely. Besides enabling longterm operation, reducing or eliminating osmosis will result in a
signiﬁcant increase in the current efﬁciency, as noted in Section
4.5.
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Although the non-optimized round-trip energy efﬁciencies reported here (21–34%) appear low at ﬁrst glance (lithium ion batteries for mobile applications can achieve round-trip efﬁciencies in
excess of 99% [35], for example), many technologies considered
more suitable for grid-scale deployment (e.g. compressed air energy storage, redox ﬂow and sodium sulfur batteries) only achieve
round-trip efﬁciencies of 60–75% [5], which is consistent with a
strategic target of 65% articulated by the U.S. Department of Energy [3]. In some cases, efﬁciencies as low as 40% could be tolerable if coupled with other desirable system characteristics, such as
large capacity or the ability to discharge for many hours or days
[3]. As such, with proper optimizations it is feasible that the
round-trip energy efﬁciency of the concentration battery could
increase to achieve needed levels for large-scale energy storage.
Power density is not directly comparable to any other battery
system due to differences in design; however as with RED for
power generation, power density is a major driver of system cost
because it determines the amount of membrane that must be used
for a given level of power output. The challenge of achieving
higher power density is compounded by the fact that an energy
storage system should be operated at less-than-maximum power
density in order to preserve the energy efﬁciency (see Section 4.3).
Therefore, optimizations of membrane, electrolyte chemistry, and
stack design that enable higher power density from RED stacks
will be directly applicable to (R)ED energy storage systems as well.
The volumetric energy density of the electrolyte solutions will
ultimately dictate the physical size of a practical concentration
battery system. The energy densities achieved in this ﬁrst attempt
(approximately 0.05 Wh/L) are many times lower than the energy
density of typical batteries for stationary applications (e.g. 16–
33 Wh/L for vanadium redox ﬂow batteries [50]). However, signiﬁcant increases could be made by employing more concentrated
electrolyte solutions. For example, according to Eqs. (1)–(3), a
system in which concentrated and dilute solutions of 5m and 0.5m
NaCl represented the fully charged state that is discharged to 33%
SOC could yield more than 1.3 Wh/L, more than an order of magnitude greater than the highest energy density measured in this
work. Other high-solubility electrolytes could further enhance the
energy density, but at present, the use of such high concentrations
is not practical due to energy losses associated with high rates of
osmosis as described in Section 4.5. Custom-tailored membranes
with low resistance and more effective control of osmosis could
increase the energy extraction efﬁciency, allowing more of the
available mixing energy to be captured and thus improving the
energy density further.
Even with these improvements, the theoretically-available energy density of such electrolyte solutions would still be lower than
that of redox ﬂow batteries. However, despite its relatively low
energy density, the low-cost and non-toxic nature of electrolytes
such as sodium chloride could make the concentration battery
attractive for certain stationary applications in which space constraints are not signiﬁcant (e.g. a large-scale solar or wind farm in
a rural area). The ability of this system to store very large amounts
of energy (limited only by the volume of the electrolyte solutions)
is another attribute that distinguishes the concentration battery
from many other energy storage technologies.
Given the numerous inter-dependencies between membrane
properties, electrolyte chemistry, and system performance characteristics, a complete techno-economic analysis of the concentration battery for the application of grid-scale energy storage
will be required before speciﬁc performance targets (e.g. membrane resistance or electrolyte energy density) for commercial
application can be deﬁned.

5. Conclusions
In this paper we presented a new method of energy storage
using salinity gradients and a corresponding rechargeable battery
based on closed-loop electrodialysis. We formulated a mass
transport model based on chemical thermodynamic theory that
describes the performance of the battery. We showed experimental round-trip energy efﬁciency, power density, and energy
density of the battery and compared the results to the predictions
of the model. The following points highlight the main aspects of
our ﬁndings:

 This ﬁrst attempt to use electrodialytic processes for reversible














energy storage demonstrates that a functioning battery can be
constructed using typical RED stack components and commercially available ion exchange membranes.
The experimental energy extraction efﬁciency from the solutions was relatively high (i.e. between 62% and 77% of the
theoretical Gibbs energy change) in large part due to the fact
that the battery was a closed-loop system.
An engineering model based on chemical thermodynamics and
RED process predicted the current efﬁciency within experimental error at all current efﬁciencies studied, while the predicted voltage efﬁciency was slightly outside of experimental
error. This discrepancy is attributed to boundary layer resistance not accounted for in the model.
Round-trip energy efﬁciency varied from 21% to 34% over a
range of current densities, and exhibited the expected tradeoffs
between ohmic losses and faradaic losses, with high current
efﬁciency (i.e. 58.9%) at high current density, and high voltage
efﬁciency (i.e. 78.5%) at low current density.
Model results suggest that osmosis is the dominant source of
faradaic losses, while salt diffusion through the membranes
appears to be less important. By causing non-reversible water
transfer between the two electrolyte compartments, osmosis
prevents returning the battery to its initial physical state after
charging and discharging.
The average power densities extracted by the device are
somewhat lower than power densities reported for RED due to
our focus on maximizing battery efﬁciency.
Future improvements in membrane technology and optimization of the system chemistry are necessary to improve the
power density, energy density, and round-trip energy efﬁciency
of the process.
The use of low-cost electrolytes and the ability to independently scale power capacity (i.e. membrane area) and
energy capacity (i.e. electrolyte volume) could make this
technology well-suited for applications where low volumetric
energy density may be tolerable, such as large-scale wind or
solar power arrays located in rural areas.

Research in RED to date has focused primarily on maximizing
the power density for continuous power generation (e.g. from sea
and river water). The data presented here suggest additional design objectives (e.g. battery efﬁciency, energy density) for optimization of RED technology in the new application of energy
storage. Future research should focus on tailoring the membraneelectrolyte system to achieve the most cost-effective balance between these three performance metrics.
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Nomenclature

κ
η
μ
μk
π
ψ
ν
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conductivity (S/m)
round-trip energy efﬁciency (–)
absolute viscosity (kg/m s)
kinematic viscosity (m2/s)
osmotic pressure (Pa)
electric potential (V)
stoichiometric coefﬁcient (–)

Subscripts and decorations
overbar

þ
c
C
d
D
i
I
V
w
AEM
CEM
OCV

membrane phase
anion in the salt
cation in the salt
charging stage
concentrated solution
discharging stage
dilute solution
chemical species i
current (efﬁciency)
voltage (efﬁciency)
water
anion exchange membrane
cation exchange membrane
open circuit voltage

List of symbols

a
A
C
D
Dh
E
F
G
I
j
J
Kff
L
m
n
N
P
r
R
tc , td
ti, t w
T
v
V
Vm
x
xi
X
z

activity (–)
open membrane area (m2)
molar concentration (mol/L)
diffusion coefﬁcient (m2/s)
hydraulic diameter (m)
battery voltage (V)
Faraday constant (96,485 C/mol)
Gibbs energy (J)
current (A)
current density (A/m2)
ﬂux (mol/m2 s)
membrane form factor (–)
ﬂow path length (m)
concentration (mol/kg)
number of moles (mol)
number of membrane pairs (–)
pressure (Pa)
membrane area resistance (Ω m2)
ideal gas constant (8.314 J/mol K) or resistance (Ω)
charging or discharging time (s)
transport number (mol substance/mol charge)
temperature (K)
ﬂow velocity (m/s)
Volume (m3)
Molar volume (m3/mol)
membrane thickness (m)
mole fraction (–)
membrane ﬁxed charge density (eq/L)
charge (eq)

Greek letters

α
β
γ
δ
Δ
ϵ

membrane permselectivity (–)
spacer shadow factor (–)
activity coefﬁcient (kg/mol)
thickness (m)
change between two positions or states
spacer porosity (–)
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