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H I G H L I G H T S

• The potential of acid-base flow batteries is addressed.

• A fully-integrated multi-scale model is presented for the first time.

• The model is validated by experimental data purposely collected.

• Main detrimental phenomena are quantified and parasitic currents were the worst.

• Suitable geometries and operating conditions can enhance Round Trip Efficiencies.
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A B S T R A C T

Electrical energy storage can enhance the efficiency in the use of fluctuating renewable sources, e.g. solar and
wind energy. The Acid/Base Flow Battery is an innovative and sustainable process to store electrical energy in
the form of pH and salinity gradients via electrodialytic reversible techniques. Two electromembrane processes
are involved: Bipolar Membrane Electrodialysis during the charge phase and its opposite, Bipolar Membrane
Reverse Electrodialysis, during the discharge phase. For the first time, the present work aims at predicting the
performance of this energy storage device via the development of a dynamic mathematical model based on a
multi-scale approach with distributed parameters. Four models, each one at a different scale, are fully integrated
in a comprehensive process simulator. The model was preliminary validated by a comparison with experimental
data and a good agreement was found. A sensitivity analysis was performed to identify the most detrimental
phenomena. Results indicate a loss of 25–35% of Round Trip Efficiency caused by parasitic currents in the
manifolds. Therefore, they may represent the main limit to the present technology performance in scaled-up
stacks converting more power. Suitable geometries and operating conditions should be adopted to tackle this
issue (e.g. isolated blocks), thus enhancing the battery Round Trip Efficiency.

1. Introduction

In last decades, the demand of renewable energy is rapidly in-
creasing [1] together with the interest in finding energy storage tech-
nologies for efficient and robust supply chains [2]. Suitable storage
systems should be flexible enough in managing the energy surplus,
enabling a usage from kWh scale to MWh scale. Furthermore, they
should satisfy some criteria, such as safety, sustainability, durability,
economic competitiveness and site-independence. Electrical energy
storage technologies can be classified on the basis of the form of the
stored energy [3]. Flow batteries store the energy in the electrolyte
flowing through the device [4] (Vanadium Redox Flow Batteries are the

mostly studied so far [5]) and could satisfy all the above mentioned
criteria. However, they still suffer from high costs and environmental
issues [6].

1.1. Acid/Base Flow Battery

The Concentration Gradient Flow Battery (CGFB) is an innovative
electrodialytic battery that uses hazardless NaCl solutions at different
salinity as storage vehicles processed in units provided with monopolar
ion-exchange membranes [7]. The salinity gradients are generated
during the charge phase by Electrodialysis (ED), and are converted by a
controlled mixing (selective transport through the membranes) during
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Nomenclature

Symbols

a(mol m−3) ion activity
a1(–) first Darcy friction factor correlation coefficient
a2(–) second Darcy friction factor correlation coefficient
a3(–) third Darcy friction factor correlation coefficient
a4(–) fourth Darcy friction factor correlation coefficient
b(m) spacer width
b1(–) first Sherwood number correlation coefficient
b2(–) second Sherwood number correlation coefficient
c1(–) first local loss coefficient correlation
c2(–) second local loss coefficient correlation
C(mol m−3) molar concentration
d(m) membrane/channel thickness
dext(m) pipeline diameter
dman(m) manifold diameter
D(m2 s−1) diffusion coefficient
E(V) triplet electromotive force corrected for concentration

polarization
EMF(V) triplet electromotive force
f (–) frictional coefficient
fs(–) spacer shadow factor
F (C mol−1) Faraday constant
G(kg m−2 s−1) mass flux
GPD(W m−2) gross power density
i(A m−2) current density
I (A) current intensity
J (mol m−2 s−1) molar flux
k(–) generic local loss coefficient
k (–) regression coefficient
lman(m) triplet thickness
loma(m) length of the spacer regions out of the active area
L(m) spacer length
(m) pipeline length
Lp(ml m−2 h−1 bar) osmotic permeability
Lx(m) half channel length
M(g mol−1) molar mass
n(–) number of ion species
nh(–) hydration number
N (–) number of triplets
Nholes(–) number of inlet spacer holes
NPD(W m−2) net power density
P(Pa) pressure
PPD(W m−2) pumping power density
Q(m3 s−1) volume flow rate
R(Ω) generic electric resistance
Rg(J mol−1 k−1) gas constant
Re(–) Reynolds number
RTE(–) Round Trip Efficiency
Sc(–) Schmidt number
Sh(–) Sherwood number
t(s) time
tc(s) charge time
td(s) discharge time
ti(–) ion transport number
T(K) temperature
u(m s−1) mean flow velocity
U potential difference over the series of resistances Ru and

Rbl
Uext potential difference over the external load Ru

V (V) generic voltage difference
Vt(m3) solution volume in the tank
x(m) coordinate along the flow direction

X (mol m−3) membrane fixed charge groups
z(–) ion charge

Greek letters

(–) generic physical property
BL(V) boundary layer potential drop
(–) polarization coefficient

µ(Pa s) dynamic viscosity
osm(bar) osmotic pressure
(kg m−3) mass density
(S m−1) electric conductivity
(–) pump efficiency

Subscripts/superscripts

a acid
av average
AEM anionic exchange membrane
AEL anionic exchange layer
b base
bl blank
BPM bipolar membrane
c collector
ch channel
co co-ion
ct counter-ion
CEM cationic exchange membrane
CEL cationic exchange layer
d distributor

diffusive
down lower branch
e osm. electro-osmotic
ext external
fd fully developed
h electric current
i ion species
in inlet
int interface
IEL ionic exchange layer
IEM ionic exchange membrane
j ion species
k generic cell-triplet in the stack
l local
loss loss
m membrane
man manifold
nopar reference case neglecting shunt currents
ohm Ohmic
out outlet
oma out of the membrane active area
osm osmotic
s salt
sol solution
spacer spacer
split recomb/ Water flux through the BPM
t tank
tot total
u external load
up upper branch
w water
x longitudinal branch (up or down)
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the discharge phase by Reverse Electrodialysis (RED) to return elec-
trical energy [8]. ED is a well-known desalination technique used for
water desalination [9], municipal [10] and industrial [11] wastewater
treatment, and other purposes in chemical, biochemical, food and
pharmaceutical processes, including industrial applications. RED is the
opposite process, where the salinity gradient between two solutions, is
used to harvest electricity [12]. Prototypal installations in real life en-
vironments have been carried out so far [13]. The ED-RED coupling
within the CGFB is currently installed as pilot scale device at The Green
Village (Delft, The Netherlands), coupled to a photovoltaic system with
an expected power-to-energy ratio of 0.1 (i.e. 1 kW vs 10 kWh) [14].
The theoretical energy density of the electrolyte solutions is in the order
of 1 kWh m−3, much lower than that of Vanadium Redox Flow Battery
(up to ~35 kWh m−3 [15]).

The energy density can be enhanced by adding a bipolar membrane
(BPM), thus allowing for the storage of energy in the form of acid, base
and saline solutions (i.e. pH and salinity gradients). This system, called
Acid/Base Flow Battery (AB-FB, Fig. 1), could represent an innovative,
safe and sustainable way to store energy with high performance [16].
The AB-FB is an electrodialytic battery based on the reversible water
dissociation. In particular, the Bipolar Membrane Electrodialysis
(BMED) process uses electrical energy to produce acidic and alkaline
solutions that are then exploited in the reverse process, i.e. the Bipolar
Membrane Reverse Electrodialysis (BMRED) to generate electricity.

BMED has a multitude of potential applications for acid/base pro-
duction/regeneration [17]. The BPM is made by a cation exchange
layer and an anion exchange layer, which promote catalytically the
water dissociation in the interlayer under the effect of an electric field,
thus releasing protons and hydroxyl ions [18]. The BMED stack is one of
the reaction units of the AB-FB. It is composed by a number of repetitive
units called triplets which, in turn, consist of an anion- and a cation-
exchange (monopolar) membrane (AEM and CEM, respectively) and a
BPM separated by net spacers. These create the channels where the
electrolyte solutions (i.e. acid, base and salt) flow. During the charge
phase (BMED), water dissociation occurs inside the BPM, whilst during
the discharge phase (BMRED) the neutralization reaction takes place, as
schematically shown in Fig. 2a and b.

1.2. State of the art

Theoretically, an energy density of about 11 kWh m−3 can be stored
in 1 M acidic and alkaline solutions, although a measured energy
density of 2.9 kWh m−3 was reported by van Egmond et al. [16].
However, this value is comparable with those obtained with Pumped
Hydroelectric Systems (0.5–2 kWh m−3) and Compressed Air Energy
Storage systems (2–6 kWh m−3) that are, on the other hand, strongly
site-dependent technologies [3]. Compared to Li-ion or Lead-Acid bat-
teries, the AB-FB suffers of a lower energy density (200–620 kWh m−3

for Li-ion battery and 30–90 kWh m−3 for Lead-Acid battery), but it is
designed to work with discharge times of hours delivering powers in the
order of MWs, whilst the former ones have discharge times of minutes
and delivered powers in the kW - MW range [19]. The potential Leve-
lized Cost of Storage (LCOS) of AB-FBs (0.44 € kWh−1) would be lower
than that estimated for Li-ion batteries (0.61 € kWh−1) but higher than

that calculated for Lead-Acid batteries (0.29 € kWh−1) [20].
By testing commercial membranes [21] or custom membranes [22],

pioneering studies highlighted the need of high-selective membranes to
implement real applications of the AB-FB concept. After several years in
which this interesting technology has been almost ignored, more re-
cently some researchers have carried out some studies. Kim et al. [23]
reported stable efficiencies over nine cycles, but the operation cy-
clability was then seriously compromised. This behaviour was attrib-
uted to the protons leakage from the acid chamber to the salt and
electrode chambers (single-cell experiments). Nine stable cycles were
performed in a single-cell unit also by van Egmond et al. [16] who
measured a power density of 3.7 W m−2 per membrane and a
round‐trip efficiency up to 13.5%, with an energy density up to 2.9 Wh
kg−1, as mentioned above. The coulombic efficiencies were moderate
(13–27%), mainly due to unwanted protons and hydroxyl ions trans-
port, which caused an energy loss of ~50%. Moreover, a high internal
resistance caused low voltage efficiencies (~50%). Interestingly, during
the discharge phase the current density was limited at 15 A m−2 by
delamination (or ballooning) issues, due to a recombination rate of
protons and hydroxyl ions higher than the diffusion of the produced
water. In order to enhance the power density and the process efficiency,
suitable tailor-made membranes are needed.

A similar general conclusion can be drawn from the experimental
results by Xia et al. [24] (one-cell unit, 20 cycles). Moreover, the AB-FB
performance could be theoretically enhanced by using higher acid/base
concentrations (1 M was the “standard” maximum used so far), thus
requiring further improved transport properties of the membranes.
Another important aspect concerns the need to process larger volumes
of the electrolyte solutions in order to convert higher amounts of en-
ergy, thus requiring the use of batteries with a higher number of triplets
(repetitive units). In such stacks, additional phenomena affecting the
process performance arise, namely shunt currents via manifolds [25].
Therefore, some measures have to be taken in the design of scaled-up
units, e.g. the implementation of serial flow layouts with isolated
blocks.

In order to promote the techno-economic competitiveness of the AB-
FB, validated modelling tools can be very useful to assess the process

Acronyms/abbreviations

AB-FB Acid Base-Flow Battery
AEL Anion-Exchange Layer
AEM Anion-Exchange Membrane
BMED Bipolar-Electrodialysis
BMRED Bipolar-Reverse Electrodialysis
BPM BiPolar Membrane
CEL Cation-Exchange Layer

CEM Cation-Exchange Membrane
CFD Computational Fluid Dynamic
CGFB Concentration Gradient Flow battery
ED Electrodialysis
LCOS Levelized Cost of Storage
OCV Open Circuit Voltage
RED Reverse Electrodialysis
RTE Round Trip Efficiency
SOC State Of Charge

Fig. 1. Acid/Base Flow Battery scheme.
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performance and to drive the design and optimization. However, to the
authors’ knowledge, no studies have been devoted so far to the mod-
elling of AB-FBs. On the other hand, the phenomenology taking place in
an electrodialytic battery with BPMs is very complex, as it includes
fluxes of different kind for several ion species and for water, electro-
chemical equilibria, Ohmic and non-Ohmic voltage drops, and hydro-
dynamics. Moreover, the behaviour of an AB-FB is intrinsically tran-
sient. In order to simulate such complex systems, multi-scale models
can be suitable. Previous works showed the effectiveness of multi-scale
tools in providing reliable and accurate predictions, both for ED [26]
and RED [27] processes, requiring only empirical data on the mem-
brane properties.

In this work, a process model able to describe the main phenomena
involved in AB-FB systems was developed following a multi-scale ap-
proach, thus providing a tool useful to guide the battery design. The
multi-scale model is with distributed parameters and is composed of
four sub-models. Each sub-model is related to a different scale, starting
from the lowest one represented by the channel between two mem-
branes and ending with the highest scale represented by the external
hydraulic circuit. Moreover, the sub-models interact each other. Once
the model has been validated with experimental data purposely col-
lected, it was used to assess the impact of the main detrimental phe-
nomena on the battery performance. This work falls within the fra-
mework of the BAoBaB project [28].

2. Mathematical modelling

Many irreversibility sources are responsible for the reduction of the
process efficiency. Some of them are associated to the non-ideal

transport properties of the ion exchange membranes, others are corre-
lated to geometric features of the stack and operating conditions. With
particular reference to the second group, the main issues for internal
losses in ED/RED units may be identified in Ohmic and non-Ohmic
voltage drops, pressure drops, and concentration polarization phe-
nomena. In addition, ionic shortcut currents via manifolds, known also
as parasitic or shunt currents, or current leakages, may arise in stacks
with a large number of repetitive cells where the electrical resistance of
the parasitic pathways is comparable with the cell resistance in the
(desired) direction perpendicular to the membranes [27]. This can
happen in BMED/BMRED stacks, thus affecting the efficiency of an AB-
FB as well [25], as mentioned above.

Note that the various phenomena involved in the internal losses are
of different nature and scale but related each other, thus single separate
models can only provide partial predictions. On the other hand, an
integrated mathematical multi-scale model is the most effective tool to
simulate all these phenomena and their interactions at the same time.
With specific reference to the shunt currents, suitable models simu-
lating the electrical behavior of the stack are needed in order to have
reliable predictions [27]. Therefore, a comprehensive AB-FB process
simulator based on a multi-scale structured simulation strategy was
developed in this work.

The multi-scale process model is divided into four dimensional
scales or levels, each of them is simulated by its specific sub-model(s),
requiring some inputs, as schematically shown in Fig. 3. The uni-
directional black arrows indicate towards what model-scale the input
parameters are sent to. The bidirectional blue arrows indicate how the
model levels communicate with each other. The channel-scale is the
lowest level, the triplet is the medium-low scale, the stack is the middle-
high scale and, finally, the external hydraulic circuit outside the stack is
the highest level. The channel modelling level computes the physical
properties of the solutions by correlations from different database. The
triplet is simulated by a sub-model which calculates ions and water
fluxes through the membranes, electrochemical equilibria, mass bal-
ances (and thus concentrations and flow rates), electromotive force,
and triplet resistance. The main inputs that this sub-model requires are
the membrane properties, as well as the flow layout (co- or counter-
flow). Then, two sub-models that solve the equivalent hydraulic circuit
and the electrical one, respectively, compose the stack modelling level,
thus predicting the distribution of pressure, flow rate and electric cur-
rent, along with the power provided to/by the stack and the Round Trip
Efficiency (RTE). The inputs used at this level of simulation are the flow
rate of the solutions, the stack features (number of triplets, spacer-filled
channel geometry, blank resistance) and the external electric current.
Finally, the external hydraulic circuit is the highest hierarchical level of
the model, which calculates dynamic mass balances in the tanks, and
pressure drops, pumping power and net power of the whole system. The
piping features and the initial solutions concentration and volume are
imposed as input.

Fig. 2. Charging a) and discharging b) operation of the Acid/Base Flow Battery.

Membrane
properties

CFD

Channel Triplet Stack External 
circuitHydraulic Electrical

Flow rate
Stack features
Electric current

Piping
Initial solutions 
concentration 
and volume

Fig. 3. Multi-scale model scheme. The dark blue boxes indicate the four di-
mensional scales of the model, which interact each other and are integrated in a
single tool. Light blue boxes indicate the two stack sub-models. Orange boxes
report the main input parameters. Correlations for flow and mass transfer
characteristics coming from Computational Fluid Dynamics (CFD) simulations
are used as input for the triplet simulation and the stack hydraulic sub-model.
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The model is with distributed parameters. Each channel and each
triplet are discretized in one dimension (along the flow direction). The
hydraulic and electric sub-models for the stack simulate explicitly all
the channels and the triplets of the AB-FB unit connected by manifolds,
thus they can be considered with distributed parameters as well, though
the equivalent circuits have a lower discretization degree with respect
to that used in the channel and triplet sub-models.

Remember that the process simulated, i.e. the AB-FB, is an electrical
energy storage system, thus its operation is transient. The electrolyte
solutions can be simply recirculated continuously to the tanks or can be
fed to the stack with multiple-passage operations. Moreover, the battery
has to work for a number of charge/discharge cycles. The present
process model can simulate all these features. A quasi-steady state ap-
proach is adopted to model the battery. Particularly, all the dimensional
scales except the external circuit are simulated with a steady-state ap-
proach. Concerning the external circuit, tanks are dynamically mod-
elled.

The algebraic equations and differential equations (mass balances)
describing the various sub-models structured in four scales form one
single overall equations system. Therefore, all the sub-models are in-
tegrated in a single simulation tool, implemented in the gPROMS®
process simulator environment. Unlike the more used sequential mod-
ular approach, this software presents an advanced equation-oriented
structure. The solution of the mathematical problem is obtained by
built-in solvers. gPROMS enables the choice of important numerical
constraints especially in the iteration process of the nonlinear solvers,
e.g. the maximum residual of each equation. A set of parameters was
chosen as a compromise between numerical accuracy and computa-
tional time. As a result, under steady-state condition, mass balances
residuals were always found to be lower than 10−11. This results in a
mass balance residual of less than 0.1% for a round-trip cycle.

The model output consists of the distribution of the variables along
with the prediction of the performance parameters of the AB-FB system.
Therefore, the developed model provides essential information for the
unit design (e.g. manifold size, channel size) and for the choice of op-
erating conditions (e.g. current density, flow rates) able to minimize all
the detrimental phenomena.

As shown in Fig. 3, the model is completed by Computational Fluid
Dynamics (CFD) simulations of spacer-filled channels. CFD results are
used in the form of correlations as input data for the triplet sub-model
(mass transport) and the stack sub-model (hydraulic friction).

Hereinafter all the sub-models are described in detail.

2.1. CFD model

Three-dimensional finite-volume Computational Fluid Dynamics
(CFD) simulations of spacer-filled channels can predict flow and mass
transfer characteristics under the assumption of fully developed con-
ditions (periodic unit cell). This modelling approach is intended to si-
mulate regions of the channel being far away from boundaries (inlet,
outlet, lateral walls). Details are reported in previous works [29]. Note
that water flux is crucial for the functioning of the BPM. However, ty-
pical transpiration rates in BPMs are relatively low [30], so that the
inclusion of water transpiration in CFD simulations purposely per-
formed had negligible effects on the velocity and concentration fields.
Therefore, simpler conventional CFD simulations, where transpiration
phenomena are neglected, may be performed and pre-existent corre-
lations can be used.

The following kinds of correlation were adopted for the Darcy
friction factor and the Sherwood number:

= + + +fRe a Re a Re a Re a
96 1

3
2

2
3 4 (1)

= +Sh b Re b Sc
Sc

( )
ref

1 2

0.5

(2)

where Re is the Reynolds number, Sc is the Schmidt number, Scref is a
reference value for the Schmidt number [31] (equal to 615), and the
other symbols indicate coefficients depending on the geometry. In the
simulations of the AB-FB presented in this work, a woven spacer with
90° angled filaments, pitch to height ratio equal to 2, and flow attack
angle of 45° (i.e. flow bisecting the angle between the filaments) was
considered. For this configuration, the following values of the coeffi-
cients were used (Re < 30): =a 2.1·101

5, =a 0.00242 , =a 0.0013 ,
=a 14.8314 , =b 2.811 , and =b 14.52 [32].
Further CFD simulations were aimed at characterizing pressure

drops at the inlet/outlet regions of the channels connected to the
manifolds. Therefore, larger computational domains with the actual
geometry of inlet/outlet regions of spacer-filled channels provided with
gasket were simulated. In order to deal with a low computational effort,
the net spacer was simply modelled as a continuous porous medium,
whose pressure drop features were set using the previous unit cell si-
mulation results. Moreover, one single hole and the associated region
were simulated, assuming periodic conditions at the lateral boundaries
(see Fig. 4). Notably, a full computational domain including the inlet
and outlet manifolds and the whole channel was also built. Corre-
sponding CFD simulations were preliminary carried out and relevant
results were compared with those pertaining to the periodic domain.
Only very slight differences (maximum discrepancy lower than 4%)
were found, thus indicating that adopting a periodic domain is a reli-
able approach. From this simple modelling approach, the following
kind of correlation for the local loss coefficient kspacer was obtained

= +k Re c Re cspacer 1 2 (3)

where the coefficients c1 and c2 depend on the geometry. For example,
for a spacer with a shape as that reported in Fig. 4, with manifolds
diameter dman = 8 mm and 7 inlet/outlet holes in 25 cm of width, the
values of the coefficients were: c1 ≈ 2,400 and c2 ≈ 166,000 (Re <
30). Note that at the low Reynolds numbers typical for RED systems,
there is only a small discrepancy from an in-out symmetric behaviour,
i.e. the local loss coefficients kspacer (and thus c1 and c2) are the same for
inlet and outlet regions.

Correlations reported in Eqs. (1) and (3) are used in the stack hy-
draulic sub-model, while that reported in Eq. (2) is used in the triplet
sub-model.

2.2. Channel model

The channel is the lowest level of the multi-scale model. Here,

Outlet

Fully developed 
region

Inlet

Fig. 4. Net spacer provided with gasket. The computational domains used in
the CFD simulations of the inlet/outlet regions are highlighted.
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physical properties of the three electrolyte solutions are evaluated in all
the channels of the stack. The channel model was implemented with a
1-D discretization of all the considered variables. 30 discretization in-
tervals were found to be more than sufficient to guarantee a good ac-
curacy of the numerical resolution of the model. Although a higher
number of intervals would increase the accuracy of a few percentage
(e.g.< 2% with 50 intervals), it strongly increment the computation
time. The inlet variables such as the channel inlet flow velocity and ion
concentrations, are time-dependent and function of the solutions ex-
iting the external tanks. Each time step is 100 s.

HCl, NaOH and NaCl are the electrolyte considered in this work.
However, the co-ion transport causes the presence of several ion species
in each channel, instead of a single electrolyte. Mass density is calcu-
lated following Laliberté’s model [33]. Ion activity and osmotic coef-
ficients are evaluated adopting the Pitzer virial equations for multi-
electrolyte solutions. Particularly, some of the used parameters are re-
lated to the pure species [34], others to the mixtures [35]. The electrical
conductivity, dynamic viscosity and the ions diffusivity in solution are
evaluated from correlations derived from linear regression of simula-
tions results by OLI Studio®.

2.3. Triplet model

At the middle-low level of simulation, the triplets are simulated by a
stationary, one-dimensional model, with the same spatial discretization
degree as that of the channel. The inlet variables such as the channel
inlet flow velocity and ion concentrations, are time-dependent and
function of the solutions exiting the external tanks. Each time step is
100 s. Fig. 5 shows a scheme of a triplet, where each membrane can be
crossed by ion (Ohmic and diffusive) transport and water (osmotic and
electro-osmotic) transport. The membrane-solution interfaces 1 (left)
and 2 (right) are indicated for each channel.

2.3.1. Ions and water fluxes
In order to calculate membrane fluxes, the Nernst-Planck-Donnan

approach for multi-ion systems is adopted [36]. The ion transport
through the membrane is given by the sum of the diffusive and Ohmic
terms and follows the general expression

= +J D C
t i
z Fi m j i j m j m
i m

i
, , , ,

,

(4)

in which Ji m, is the total molar flux of the i-th ion across the generic
membrane m (i.e. CEM, AEM or BPM), Di j m, , is the cross-diffusion
coefficient (defined later), Cj m, is the concentration in the membrane
phase of the j-th ion, =j n1, 2, , (where n is the number of ion
species), ti m, is the transport number of the i-th ion within the mem-
brane, i is the current density, zi is the ion charge and F is the Faraday
constant. Ji m, is positive if entering the channel, negative if exiting the
channel. Current density i is positive during the charge step, while it is
negative during the discharge step. Note that the Nernst-Plank ap-
proach is strictly valid for diluted electrolytes. A rigorous approach
including activity would require the adoption of the Stefan-Maxwell
equation which cannot be used without the availability of the cross-
phenomenological coefficients taking into account ion-ion interactions.
These coefficients could be assessed only by carrying out suitably de-
vised experiments. This is why the Nernst-Plank approach, although
less rigorous, is the one commonly used [37].

According to Eq. (4), the overall Ohmic fluxes of the species i across
the two membranes bounding the three compartments can be calcu-
lated as

=J
t t i

z F
( )

ohm i a
i CEL i AEM

i
, ,

, ,

(5)

=J
t t i

z F
( )

ohm i b
i CEM i AEL

i
, ,

, ,

(6)

=J
t t i

z F
( )

ohm i s
i AEM i CEM

i
, ,

, ,

(7)

where Johm i a, , , Johm i b, , , Johm i s, , are the overall Ohmic fluxes of each acid,
base and salt channels respectively, ti CEL, , ti AEL, , ti CEM, , ti AEM, are the
transport numbers of the i-th ion in the cation and anion exchange
layers of the bipolar membrane and in the cation and anion exchange
membranes, respectively. Johm i sol, , are positive if entering the channels,
negative otherwise. The ion transport numbers in the membranes are
related to the ion diffusion coefficients of all the ions and to the average
ion concentration within the membrane by the expression

=t
z D C

z D C
¯

¯i m
i i m i m

j j j m j m
,

2
, ,

2
, , (8)

in which Di m, is the diffusion coefficient of the i-th ion, and Cī m, is the
average ion concentration within the membrane. Di m, is a parameter of
the model reported in Table A.1. Preliminary data of ion diffusivities
were estimated empirically by performing experiments with a two-
chambers diffusion cell. Cī m, is calculated from the membrane-solution
interface concentrations on both membrane sides, which in turn depend
on the Donnan equilibrium between the two phases. The following n-1
Donnan equilibrium equations at the membrane-solution interfaces are
applied

=
+

+

+

R T
z F

ln
C
C

R T
z F

ln
C
C

g

i

i sol int

i m int

g

i

i sol int

i m int

, ,

, , 1

1, ,

1, , (9)

where Ci sol int, , and Ci m int, , are the ion concentrations at the interface on
the solution and membrane side, respectively, Rg is the gas constant and
T is the temperature. Eq. (9) can be applied for i in the interval [1;n-1]

Moreover, the electro-neutrality within the membrane is considered
with the general expression:

+ =X C Cco m ct m, , (10)

where X is the fixed charge group concentration in the IEM, Cco m, and
Cct m, are the co-ion and counter-ion concentrations in the membrane
phase.

According to the diffusion-conduction equation Eq. (4), the diffusive
flux of the ion species i through a membrane m is

=J D Cdiff i m j i j m j m, , , , , (11)

where the concentration gradients are calculated by solving the Donnan
equilibrium expressions, and the cross-diffusion coefficients Di j m, , are
expressed as follows:

+D D
t
z

z D D( )i j m i m ij
i m

i
j i m j m, , ,

,
, , (12)

Fig. 5. Scheme of the triplet (with an additional CEM). All the possible fluxes of
ions and water through the membranes are listed. The membrane-solution in-
terfaces in each channel are indicated as sol,1 (on the left) and sol,2 (on the
right), being sol either salt (s), basic (b) or acid (a) solution.
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where ij is the Kronecker delta.
The total i-th ion flux across the two membranes bounding each

channel Jtot,i,sol is calculated as the sum of the overall Ohmic con-
tribution (Eqs. (5)–(7)) and the two diffusive contributions

= + +J J J Jtot i sol ohm i sol diff i m diff i m, , , , , , ,1 , , ,2 (13)

in which Jdiff i m, , ,1 and Jdiff i m, , ,2 are the diffusive fluxes across the left (1)
and right (2) membranes bounding the channel.

The osmotic fluxes are generated by the osmotic pressure difference
across the membrane. In formulae:

=G
L ( )

3.6·10osm a
w p osm a osm s

,
, ,2 , ,1

9 (14)

=G
L ( )

3.6·10osm b
w p osm b osm s

,
, ,1 , ,2

9 (15)

where Gosm a, , Gosm b, are the osmotic mass fluxes of the acid and base
channels, expressed in kg m−2 s−1, w is the water mass density at 25 °C
in kg m−3, Lp is the Osmotic permeability (expressed in ml m−2 h−1

bar−1), osm a, ,2, osm s, ,1, are osmotic pressures at the left and right side
respectively of the AEM and osm b, ,1, osm s, ,2 are those of the CEM (all
expressed in bar). Gosm sol, is negative when entering the channel, posi-
tive otherwise.

The electro-osmotic fluxes represent the number of molecules en-
trained by the solvation shell of each ion passing across the IEMs. These
fluxes can be calculated as

=G M J n10e osm sol H O
i

tot i sol h i. ,
3

, , ,2
(16)

where MH O2 is the molar mass of water in g mol−1 and nh i, is the
number of water molecules with the solvation shell per each ion
(considered equal to 1 for H+ and OH− [38], 6 for Na+ and 8 for Cl−

[39]). Ge osm sol. , is positive when entering the channel, negative other-
wise.

In the acid and base compartments, the stoichiometric water flux
through the BPM due to the water dissociation (charge) or acid/base
neutralization (discharge) is

=G
t i

F
M

2
·10split recomb sol

ct IEL
H O/ ,

, 3
2 (17)

where tct IEL, is the transport number of the counter-ion (H+ or OH−) in
the CEL or AEL of the BPM, respectively Gsplit recomb sol/ , is positive when
entering the channel, negative otherwise.

The overall water mass fluxes Gw sol, (positive when entering the
channel, negative otherwise) for the acid and base channels are eval-
uated according to the equations

= +G G G Gw sol e osm sol osm sol split recomb sol, . , , / , (18)

The water mass flux for the salt channels is related to the water
fluxes calculated for the acid and base compartments

=G G Gw s w a w b, , , (19)

2.3.2. Electromotive force and electrical resistance
The electric potential generated across the IEMs in the triplet E can

be written as

= +E EMF sgn i( ) BL (20)

where sgn i( ) is the algebraic sign of the current density, EMF is the
triplet electromotive force that would be generated by the membranes
in contact with the bulk solutions, and BL is the contribution to E due
to concentration polarization boundary layers.

The electromotive force is calculated by the general Nernst equation
[40]

=E
R T

F
t
z

dlna
IEMs

g
left IEM

right IEM

ions
i

i
int i,

,
,

(21)

where aint i, is the activity of the i-th ion at the solution side of the
membrane-solution interface (i.e. right IEM, and left IEM, which are the
right and the left side of each membrane as shown in Fig. 5), expressed
in mol m−3.

BL accounts for the non-Ohmic variation of E in a triplet due to the
effects of concentration polarization phenomena in the boundary layers
on all the six solution-membrane interfaces [31]

=
R T

F
t
z

lnBL
g

int ions

i

i
i sol int, ,

(22)

in which i sol int, , are the six polarization coefficients, defined as

=
C

C
( )i sol int

sgn J i sol int

i sol
, ,

( ) , ,

,
diff i sol int, , ,

(23)

where Ci sol, and Ci sol int, , are the concentrations of the i-th ion in the sol
channel (i.e acid, base or salt) in the bulk and at the solution-membrane
interface, respectively, and sgn J( )diff i sol int, , , is the sign of the diffusive
flux of the i-th ion at the interface with the membrane, solution side.
Imposing the continuity of the total flux at the interface, it can be
calculated as

= +J J
t t i

F
( )

diff i sol int diff i m
i m i sol

, , , , ,
, ,

(24)

where ti sol, is the ion transport number in the solution

=t
z D C

z D Ci sol
i i sol i sol

j j j sol j sol
,

2
, ,

2
, , (25)

in which Di sol, is the ion diffusion coefficient of the i-th ion in the so-
lution. From the definition of the Sherwood number, it follows that the
polarization coefficient can be calculated as

=
J d

Sh D C
1

2
i sol int

diff i sol int sol

sol int i sol i sol

sgn J

, ,
, , ,

, , ,

( )diff i sol int, , ,

(26)

where dsol is the spacer thickness and Shsol int, is the Sherwood number in
the considered interface, which is evaluated by CFD correlations (Eq.
(2)).

The triplet electric resistance R (in Ω) is calculated as follows

= +R R R
sol

sol
m

m
(27)

where Rsol and Rm are the electrical resistance in the feed channels (i.e.

Table A1
List of the physical properties in the acid (a), base (b) and salt (s) solution and
the regression coefficients used to compute them by Equation (A.1).

sol i j k sol, ,1 k sol, ,2 k sol, ,3

Electrical
conductivity
(S m−1)

a +H +Na 0.0341 0.00646 0.908
s +H – 0.0353 0 2.52
b OH Cl 0.0184 0.00697 0.772

Dynamic viscosity
(Pa s)

µ a +H – 2.8E−9 0 0.928E−3
µ s +H – 2.8E−9 0 0.928E−3
µ b OH – 0.215E−6 0 0.927E−3

Ion diffusivity
(m s−2)

DH a +H – −1E−13 0 2E−9
DNa a +Na – −5E−14 0 1E−9
DOH a OH – 0 0 4E−9
DCl a Cl – −7E−14 0 2E−9
DH s +H – −1E−13 0 2E−9
DNa s +Na – −5E−14 0 1E−9
DOH s OH – −1E−13 0 5E−9
DCl s Cl – −7E−14 0 2E−9
DH b +H – 0 0 8E−9
DNa b +Na – −2E−13 0 1E−9
DOH b OH – −5E−13 0 5E−9
DCl b Cl – −2E−13 0 2E−9
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acid, base and salt) perpendicular to the membranes and the electrical
resistance of the membranes (i.e. CEM, AEM and BPM). Rsol are calcu-
lated as

=R f d
b xsol s

sol

sol (28)

in which fs is the spacer shadow factor (which can be assumed, for
example, equal to the inverse of the volume porosity), b is the channel
width, x is the length of a discretization interval (e.g. equal to 1/30 of
the channel length) and sol is the electrical conductivity of the elec-
trolyte solution. In the case of commercial membranes, Rm can be
known under specific conditions (composition and concentration of the
electrolyte solution) from manufacturers catalogues, otherwise it can be
experimentally evaluated, with the advantage to have more detailed
information on the membrane behaviour under different conditions.

2.3.3. Mass balances
For each control volume of each channel, one-dimensional co-cur-

rent mass balance equations are written for each ion species and the
electrolyte solution.

Mass balances for the acid channels are:

=
+

+
Q C

x
bJa Na a

tot Na a
,

, , (29)

=
Q C

x
bJa Cl a

tot Cl a
,

, , (30)

=
+

+
Q C

x
b J J( )a H a

tot H a tot OH a
,

, , , , (31)

=
+

C 10 10OH a

C

,
3

14 log
10
H a,

3 (32)

= + +

+ +

+ + + +
Q

x
J M J M J J M b

G b J M b

( ( ) )

10 10

a a
tot Na a Na tot Cl a Cl tot H a tot OH a H

w a tot OH a H O

, , , , , , , ,

3
, , ,

3
2 (33)

where Qa is the acid volume flow rate and a is the acid mass density.
Similar expressions can be written for the salt channels:

=
+

+
Q C

x
bJs Na s

tot Na s
,

, , (34)

=
Q C

x
bJs Cl s

tot Cl s
,

, , (35)

=
+

+
Q C

x
b J J( )s H s

tot H s tot OH s
,

, , , , (36)

=
+

C 10 10OH s

C

,
3

14 log
10
H s,

3 (37)

= + +

+ +

+ + + +
Q

x
J M J M J J M b

G b J M b

( ( ) )

10 10

s s
tot Na s Na tot Cl s Cl tot H s tot OH s H

w s tot OH s H O

, , , , , , , ,

3
, , ,

3
2 (38)

Regarding the base compartments, the equations used for evaluating
the material balances are given by

=
+

+
Q C

x
bJb Na b

tot Na b
,

, , (39)

=
Q C

x
bJb Cl b

tot Cl b
,

, , (40)

= +
Q C

x
b J J( )b OH b

tot OH b tot H b
,

, , , , (41)

=+C 10 10H b

C

,
3 14 log

10
OH b,

3 (42)

= + +

+ +

+ + +

+

Q
x

J M J M J J M b

G b J M b

( ( ) )

10 10

b b
tot Na b Na tot Cl b Cl tot OH b tot H b OH

w b tot H b H O

, , , , , , , ,

3
, , ,

3
2 (43)

In the present simulations, Ohmic, diffusive, osmotic and electro-
osmotic fluxes are computed across the monopolar cation and anion
exchange membranes. Concerning the bipolar membranes, the water
dissociation reaction (during charge) and the acid/base neutralization
(during discharge) are assumed to be infinitely fast, for the sake of
simplicity. Moreover, it is assumed that the CEL proton and the AEL
hydroxide ion transport numbers are equal to 1. Thus, only the Ohmic
flux and its associated water flux are taken into account across the bi-
polar membrane.

2.4. Stack model

The stack is considered as a unit containing several triplets hy-
draulically connected in parallel. The middle-high modelling level is for
the simulation of the stack. It involves two sub-models: the hydraulic
model and the electrical model. Making use of CFD correlations on
pressure drops, the former resolves three separate hydraulic circuits, i.e.
one for each solution, consisting of spacer-filled channels connected by
manifolds, thus predicting the pumping power consumption over the
stack. The latter simulates the equivalent electrical circuit of the stack,
including the ionic shortcut currents via manifolds, thus predicting the
distribution of the electric current and of the electric potential
throughout the stack (and the external circuit). Therefore, important
electrical performance parameters can be calculated, e.g. the power
produced/required (discharge/charge) by the stack and the RTE.
Similarly to the triplet model, the inlet variables such as the channel
inlet flow velocity and ion concentrations, are time-dependent and
function of the solutions exiting the external tanks. Each time step is
100 s.

2.4.1. Hydraulic model
The simple hydraulic circuit considered for each solution is shown

in Fig. 6. The hydraulic circuit is based on the assumption that the
“slices” of spacer-filled channel with one single hole for inlet and one
for outlet (see dashed line in Fig. 4) have an identical behavior and are
fluxed by the same flow rate. Therefore, one single node within the
manifolds of the hydraulic circuit in Fig. 6 represents any and all the
manifolds sections downstream or upstream one channel (whose
number is equal to that of the inlet/outlet holes, Nholes)

Assuming a negligible mass density variation among the nodes, the
continuity equation can be written as follows

= + =Q Q Q x L( )c sol k c sol k c k, , , , 1 , (44)

Fig. 6. Scheme of the hydraulic circuit for one of the three solutions. Vertical
lines represent the channels, where pressure drops occur in the inlet/outlet
regions (continuous vertical lines) and in the region with developed flow (da-
shed lines). Horizontal lines represent the manifolds, i.e. distributor and col-
lector, connecting the channels.
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= =Q Q x L( )c sol sol, ,1 ,1 (45)

= + =+Q Q Q x( 0)d sol k d sol k d k, , , , 1 , (46)

= =Q Q x( 0)d sol N sol N, , , (47)

where the subscripts c and d refer to the collector and the distributor,
respectively, and =k N1, 2, , indicates the generic triplet, N being
the total number of triplets in the stack. The validity intervals of Eqs.
(44) and (46) are for k [2;N] and [1;N-1], respectively. The total feed
flow rate Qd sol, ,1 is imposed in the simulations, while the total outlet
flow rate Qc sol N, , may be higher or lower due to water transport through
the membranes, computed at the triplet level.

The pressure drop within the fully developed region (vertical da-
shed tract in Fig. 6), i.e. the part of the spacer-filled channel where the
velocity has one single component (rectilinear and parallel stream-
lines), is calculated by the definition of the (Darcy) friction factor

=P f L
d

u
4

( )fd sol sol
sol

ch sol, ,
2

(48)

where f is related to the Reynolds number by the CFD correlation re-
ported in Eq. (1), and uch sol, is the mean velocity of the solution (i.e.
acid, base or salt) in the channel. Note that, similarly to the channel and
triplet models, the subscript k is omitted, as the equation applies in-
distinctly to all channels. The localized pressure losses in the inlet/
outlet region of the spacer-filled channel (vertical continuous tracts in
Fig. 6) Pl sol, are calculated by the definition of the local loss coefficient

=P k u
2

( )l sol spacer ch sol, ,
2

(49)

where kspacer is related to the Reynolds number by the CFD correlation
reported in Eq. (3). The pressure drop in the small tracts of manifolds
between consecutive channels (horizontal continuous tracts in Fig. 6)
are calculated with a similar equation, where the flow velocity is that
along the manifolds in the pertinent tract, and the loss coefficient is set
by rough estimations.

The total stack pressure loss Pstack is the sum of two contributions:
the first one is obtained by the difference between the inlet to the
distributor and the outlet from the collector (Fig. 6) pressures by fixing
the outlet gauge pressure equal to zero. The second addend is related to
further contributions to the pressure drop occurring in the distribution/
collection systems among the manifolds, i.e. among the virtual ducts
formed by holes in spacers gaskets and membranes.

2.4.2. Electrical model
The electrical model is devoted to quantify the currents circulating

throughout the stack, including parasitic currents via manifolds. They
circulate through the alternative pathways offered by manifolds and the

longitudinal direction in the channels, with detrimental effects on the
process efficiency, related to an average internal current different from
the external one (higher in RED, lower in ED) [27]. The equivalent
electric circuit solved by the electrical sub-model of stack is shown in
Fig. 7.

Two longitudinal resistances are considered for each channel, while
in the direction perpendicular to the membranes a voltage source and
an electric resistance are considered to represent each triplet. Other
electrical resistances are in the manifolds between two consecutive
channels of the same solution, in the electrode compartments and in the
external load for the discharge phase (BMRED). The equations system is
composed of the nodes Kirchhoff’s law and the Ohm’s law. The fol-
lowing node Kirchhoff’s law is applied in all the nodes of the electric
circuit:

=I 0
j

j
(50)

where Ij is the generic electric current inputting to or outputting from
each node. Positive cell currents are directed towards the cathode (i.e.
negative pole during the charge, positive pole during the discharge),
longitudinal currents are assumed to be positive when exiting the
channels. Distributor or collector electric currents, as well as the ex-
ternal current are positive from left to right.

Taking into account the sources of voltage in the triplets, Ohm’s law
is applied as follows:

=V I Rman sol k man sol k man sol k, , , , , , (51)

=V I Rx sol k x sol k x sol k, , , , , , (52)

=
±

I
E V

R
( )

k
av k k

av k

,

, (53)

=I U
R R

charge phase (BMED)ext
u bl (54)

=
+

I U
R R

discharge phase (BMRED)ext
u bl (55)

=U I Rext ext u (56)

where Vman sol k, , , Vx sol k, , and Vk are the k-th voltage difference over
each manifold (man = c, collector, or d, distributor), the longitudinal
(x = up or down) and the cell triplet electric resistances, respectively,U
is the potential difference over the series of Ru and Rbl resistances,Uext is
the potential difference over the resistance Ru. Isol x k, , and Isol man k, , are the
electric currents flowing in the flow direction and in the manifolds, Eav k,
is the average voltage generated by the cell triplet, Ru, Rbl and Rav k, are
the external, the blank and the average cell resistance of the k-th cell.
Rman sol k, , and Rx sol k, , are the manifold and the longitudinal resistances

Fig. 7. Scheme of the equivalent electric circuit of the stack.
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along the channel. The average triplet membrane potential Eav k, is
calculated as

=
=

=
E

L
E x dx1 ( )av k x

x L
k, 0 (57)

The average cell resistance Rav k, is given by

=
=

=
R

L
R x dx1 ( )av k x

x L
k, 0 (58)

where local values are computed at the triplet level of simulation. As
shown in Fig. 8, each longitudinal electric resistance along the flow
direction Rx sol k, , can be considered as the resistance along half channel
length in the active area in series with the parallel of the electrical
resistances out of the active area. Rx sol k, , and Rman sol k, , are given by

= +R f L
d b

f l
d d N

/2
x sol k s

x

sol x sol k
s

oma

x sol k sol oma holes
, ,

, , , , (59)

=R l

N
man sol k

man

holes
d

man sol k
, ,

4 , ,
man
2

(60)

where fs is the spacer shadow factor, Lx is half channel length, x sol k, , is
the solution mean conductivity in the upward or downward path along
the channel, loma and doma are the length and average width of the
spacer regions out of the active area (i.e. in correspondence of the
spacer holes), dman is the diameter of the manifolds (i.e. of the spacer
holes) and man sol k, , is the conductivity of the solution in the manifolds.
lman in Eq. (60) is the sum of the membranes and spacers thicknesses for
a single triplet

= + + + + +l d d d d d dman CEM AEM BPM a b s (61)

To evaluate man sol k, , , mass balances in the manifolds (i.e. collector
and distributor) are computed. The following equations are applied

=
+ = =

C
C Q C x L Q x L

Q
( ) ( )

i man sol k
i man sol k man sol k i sol k sol k

man sol k
, , ,

, , , 1 , , 1 , , ,

, , (62)

= =C C x L( )i man sol i sol, , ,1 , ,1 (63)

The validity interval of Eq. (62) is for k [2;N-1].
Volume flow rates Qman sol k, , 1 andQsol k, are already calculated by the

hydraulic model.
The outlet concentrations from the stack are equal to the last col-

lector concentrations Ci c sol N, , , 1
The gross power density GPD per triplet provided by the power

supply (charge, BMED) or delivered to the external load (discharge,
BMRED), defined as always positive, can be simply calculated as

=GPD I U
NbL

ext ext
(64)

where b L· is the active area of one single membrane. Finally, the Round
Trip Efficiency (RTE), which is among the main figures of merit to as-
sess the performance of energy storage technologies, is calculated as the
ratio between the (gross) energy delivered to the external load during

the discharge phase and that provided by the power supply during the
charge phase:

=RTE
I U dt

I U dt

t
ext ext

t
ext ext

0

0

d

c
(65)

where td and tc are the discharge and charge process times. Finally, in
order to assess the impact of the parasitic current on the battery effi-
ciency, the relative loss of RTE with respect to the ideal case without
parasitic currents was calculated

=RTE RTE
RTE

1loss
nopar (66)

in which RTEnopar is the RTE computed by simulating the corresponding
reference case neglecting shunt currents, carried out by a simplified
model where the stack is without the parasitic branches in the
equivalent electric circuit (thus it reduces to a series of identical cell
resistances and electromotive forces, together with the blank resistance
and the external resistance).

2.5. External hydraulic circuit and tanks model

The highest scale of the model aims at simulating mass balances and
pressure drops in the external hydraulic circuits of the three solutions. It
is a 0-dimensional model that can simulate the dynamic behaviour of
closed-loop operations with recirculation of the solutions in the tanks.
Moreover, hydraulic losses in accessory devices (e.g. valves and pumps)
can be included in the calculation of the total pumping power. Dynamic
mass balances within the acid and salt storage tanks can be written as
follows:

=
d V

dt
Q Q

( )t sol t sol
t in sol t in sol t out sol t out k

, ,
, , , , , , , , (67)

=
d C V

dt
Q C Q C

( )t HCl sol t sol
t in sol t HCl in sol t out sol t HCl out sol

, , ,
, , , , , , , , , , (68)

=
d C V

dt
Q C Q C

( )t NaCl sol t sol
t in sol t NaCl in sol t out sol t NaCl out sol

, , ,
, , , , , , , , , , (69)

where Vt sol, is the solution volume in m3, t
k is the mass density of the

solution within the tank, Qt in
k
, , Qt out

k
, are the inlet and outlet volume flow

rates, respectively, Ct HCl in
k
, , , Ct HCl out

k
, , , Ct NaCl in

k
, , , Ct NaCl out

k
, , are the inlet and

outlet hydrochloric acid and the inlet and outlet sodium chloride con-
centrations (all expressed in mol m−3).

For the base storage tank, the following equations can be written as

=
d V

dt
Q Q

( )t b t b
t in b t in b t out b t out b

, ,
, , , , , , , , (70)

=
d C V

dt
Q C Q C

( )t NaOH b t b
t in b t NaOH in b t out b t NaOH out b

, , ,
, , , , , , , , , , (71)

Fig. 8. Electric resistances scheme along the flow direction within the channels.
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=
d C V

dt
Q C Q C

( )t NaCl b t b
t in b t NaCl in b t out b t NaCl out b

, , ,
, , , , , , , , , , (72)

Of course, inlet quantities for the tank correspond to outlet quan-
tities for the stack, and vice versa. Therefore, Qt out sol, , , which is imposed,
corresponds to Qd sol, ,1 for a single stack. Other operations could be with
single pass or with multiple passages, where a complete or partial phase
(charge or discharge) occurs for the solutions flowing through the stack,
which are not recirculated to the feed tank. These operating conditions
can be treated as steady or sequences of steady states, adapting the
previous equation for mass balances with simpler expressions.

In the hydraulic circuit of any solution, distributed pressure drops in
each pipeline tract and distributed pressure drops in each singularity
are given by

=P f
L Q

d
8dist sol ext

ext t out sol

ext
,

, ,
2

2 5 (73)

=P k
Q

d
8loc sol ext

t out sol

ext
,

, ,
2

2 4 (74)

in which fext, Lext and dext are the friction factor, the length, and the
diameter of the generic tract, and kext is the local loss coefficient of the
generic singularity (tank entry or exit, valves or fittings). When the flow
is laminar fext is simply calculated as

=f
Re
64

ext
ext (75)

otherwise fext is calculated following the well known Blasius equation,

=f Re0.316ext ext
0.25 (76)

The total pressure drop Ptot sol, in each of the three hydraulic circuits
is obtained by the sum of the stack and the external parts, as follows.

= + +P P P Ptot sol stack dist sol loc sol, , , (77)

Then the pumping power density is given by,

=
+ +

PPD
P Q P Q P Q

N b L
tot a tot a tot b tot b tot s tot s, , , , , ,

(78)

where is the pump efficiency. Qtot sol, are the total inlet flow rates to
the stack distributor per each solution.

The net power density is calculated as

= ±NPD GPD PPD (79)

where the sign of PPD depends on the operating mode of the battery
(i.e. for discharge and + for charge).

3. Experimental

The lab-scale setup (FT-ED-100, purchased from Fumatech BWT
Gmbh, Germany) was equipped with commercial ion-exchange mem-
branes: fumasep® FAB as AEM, fumasep® FKB as CEM and fumasep®
FBM as BPM. The stack was assembled with a number of triplets (re-
petitive units) from 5 to 38. The membrane active area was
10 × 10 cm2 and PVC/ECTFE woven spacers (thickness = 480 μm)
were used to create the channel between adjacent membranes. Spacers
had three inlet/outlet holes per channel and the hole diameter was
8.5 mm. Two DSA-type electrodes were used in the end-compartments
to convert ionic fluxes into electric fluxes (areal blank resistance of
72 Ω cm2). A cross-flow arrangement was adopted for feeding solutions
that were prepared by using demineralized water, NaCl (NaCl 99.7%
ChemSolute), HCl (37% Merck) and NaOH (98–100% Honeywell
Fluka). The electrode rinse solution was an aqueous solution 0.5 M in
FeCl2/FeCl3 (99% ChemSolute) and 0.6 M in HCl. Peristaltic pumps

Fig. 9. Inlet-outlet pressure losses in a single spacer-filled channel flow cell as a
function of the fluid velocity. Experimental data are from a previous work [41].
The main spacer features are: woven filaments, thickness of 480 μm, angle
between filament of 90°, flow attack angle of 45°, pitch to height ratio of 2.42,
flow path length of 10 cm (excluding divergent and convergent regions at inlet/
outlet), width of 10 cm, and three inlet/outlet holes with diameter of 8.5 mm.

Fig. 10. OCV as a function of the triplets number in 10 × 10 cm2 stacks with
Fumatech FAB, FKB and FBM membranes. Inlet concentrations: salt compart-
ment NaCl 0.25 M, acid and base compartments 0.2 M, 0.6 M and 1 M HCl and
NaOH. Flow velocity = 0.5 cm s−1.

Fig. 11. Stack voltage as a function of the external current in BMRED (dis-
charge phase) in a ten-triplet 10 × 10 cm2 stack with Fumatech FAB, FKB and
FBM membranes. Inlet concentrations: salt compartment NaCl 0.25 M, acid and
base compartments 0.2 M, 0.6 M and 1 M HCl and NaOH. Flow velo-
city = 0.5 cm s−1.
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(BT601S, Lead Fluid Technology, CO LTD, China) were used for feeding
all the solutions (fluid velocity in the channels of ~0.5 cm/s) in single-
pass (steady conditions). All the measurements have been carried out at
room temperature (~20 °C). A BK Precision 8540 DC Electronic Load
was used for BMRED measurements and a BK Precision 1902 DC Power
Supply for BMED experiments, both operating in galvanostatic mode.
All the experiments were re-tested at least two times to verify their
reliability.

4. Results and discussion

Model predictions have been compared with experimental results
for validation purposes. Then, the model was used to perform a sensi-
tivity analysis of the process performance.

4.1. Model validation

CFD predictions of inlet-outlet pressure drops in spacer-filled
channels were validated against the experimental data of a previous
work [41]. The results reported in Fig. 9 show a good agreement
(average discrepancy of ~4%).

The process model was then validated against experimental data
collected by the apparatus described in Section 3. Fig. 10 shows the
Open Circuit Voltage (OCV) values measured with AB-FB stacks as a
function of the number of triplets.

Fig. 10 curves differ for the inlet concentration of HCl and NaOH
streams (i.e. 0.2 M, 0.6 M and 1 M) with a fixed NaCl concentration in
the salt compartments. Experimental OCV were re-tested at least two
times. Error bars were hidden since the average error (equal to 16 mV)
is negligible compared to the voltage values. It is worth noting that the
OCV increases linearly for stacks with 5–10 triplets, but then OCV de-
viates from linearity. This phenomenon is due to the ionic shortcut
currents via manifolds whose effect is visible by using a high number of
triplets, as predicted from the model. In fact, calculated data fit well the
experimental ones, regardless of acid/base solution concentration
(maximum discrepancy 4.3%).

Fig. 11 illustrates the comparison between experimental results and
model predictions of the I-V curves in the presence of an electric current
flowing in the external circuit as a function of the inlet acid/base
concentration.

The experimental data present high reproducibility since the re-
ported maximum deviation with the test-retest process is lower than
3.1%.

Moreover, even in closed circuit condition, the outcomes provided
by the simulation tool are in good agreement with the experimental
data (maximum discrepancy 6.9%). In BMRED (i.e. the discharge phase
of the AB-FB), the maximum current was prudently fixed at 0.3 A (i.e.,
current density = 30 A/m2). In fact, at very high current density, the
amount of water produced by the neutralization reaction carried out in
the interlayer of the bipolar membrane is so high that could lead to the
delamination of the membrane. Thus, we recorded I-V curves not ex-
ceeding 0.3 A to avoid any bipolar membranes damage.

The simulation of the BMED process (i.e. the charge phase of the AB-
FB) was validated by comparing experimental results and numerical
simulations for a stack fed with 0.25 M NaCl in each compartment cell
(i.e. acid, base or salt) or fed with 0.2 M HCl and NaOH streams in the
acid and base compartments, respectively (Fig. 12).

The same test-rig unit of the BMRED tests was used for BMED ex-
periments. The collected data showed high repeatability with a max-
imum error of 2.8%.

Comparison with experimental data shows that model outcomes fit
well the experiments, with a maximum discrepancy of 7.4% found for
the tests performed with NaCl only. This difference is likely due to an
under-estimation of the cell resistance. Model prediction exhibits a very
small variation compared with the experimental data (0.8%) in the case
of 0.2 M HCl and NaOH fed in the acid and base compartments.

4.2. Sensitivity analysis

The developed multi-scale model was used to perform a sensitivity
analysis to assess the impact of the main detrimental phenomena in the
battery on the process efficiency. Three important aspects were iden-
tified to be possible detrimental phenomena of the flow battery: (i)
energy spent for pumping, (ii) concentration polarization in the
boundary layers, and (iii) ionic shortcut currents via manifolds. Each
aspect will be separately addressed in the following sub-sections.

All the simulations were performed fixing the geometrical features,
the membrane properties and the initial volume and concentration of
the solutions in the charge phase at the values reported in Table A.2.
The flow velocity, the number of triplets, the external current, and the
manifolds diameter were let to vary.

In most cases, a round trip analysis for a single cycle of charge/
discharge was simulated. The battery is considered charged (100% state
of charge, SOC) once the hydrochloric acid concentration in the acid
tank reaches 1 M. At that point, the model switches the operating mode
from charge to discharge. The latter ends when the hydrochloric acid
concentration in the acid tank becomes again 0.05 M (0% SOC).

4.2.1. Energy spent on pumping
Concerning the energy spent for pumping, Fig. 13a reports the GPD

and NPD values averaged over the charge phase as a function of the
mean flow velocity within the channels.

It can be observed that while the GPD trend is slightly decreasing
with the mean flow velocity, the NPD exhibits an increasing trend. On
the contrary, during discharge (Fig. 13b), by increasing the velocity,
GPD tends to a plateau value around 18.2 W m−2. Instead, the higher
the mean flow velocity, the lower the NPD. In both steps (i.e. charge
and discharge), the increase of the mean flow velocity causes mainly a
flattening of the ion concentration profiles along the channels. This
leads triplet potential values averaged over the whole length to be
lower during charge and higher during discharge. As a consequence,
GPD decreases during charge and increases during discharge (although
slightly). Other possible effects of the fluid velocity on the GPD are
related to polarization phenomena, as will be discussed in Section 4.2.2.
On the other hand, the NPD exhibits an opposite yet more marked
trend. In fact, the rise of the pumping power density with the mean flow
velocity prevails on the variation of the GPD leading to an increase of
the NPD during charge and a reduction during discharge. Nevertheless,
the PPD, given by the difference between GPD and NPD, appears to be

Fig. 12. Stack voltage as a function of the external current in BMED (charge
phase) in a ten-triplet 10 × 10 cm2 stack with Fumatech FAB, FKB and FBM
membranes. Inlet concentrations: 0.25 M NaCl stream in all the compartments
or 0.2 M HCl and NaOH streams in the acid and base compartments and 0.25 M
NaCl in the salt compartment. Flow velocity = 0.5 cm s−1.
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relatively small (some % of GPD), thus suggesting that the energy lost
for pumping does not represent a major issue for the present system.
However, real systems may require larger pumping powers, due to
geometrical irregularities in the stack, effects of tightening, clogging
issues, and other “non-ideal” features which cannot be included in the
simulations.

4.2.2. Concentration polarization effects
Concerning the polarization phenomenon, the variation of the tri-

plet electromotive force BL was assessed. As shown by the example
reported in Fig. 14, the highest values of BL, both in absolute and in
relative terms, occur during the charge phase and are higher at lower
distances from the channel inlet.

At the initial point of charge, the acid and base bulk concentrations
in the feed solutions are the lowest, thus the voltage variation due to
concentration polarization is the highest. In particular, the lower the
mean concentration of the feedwater solutions, the lower the

polarization factors [42]. On the other hand, at the early point of dis-
charge, the opposite happens and the lowest values of boundary layer
voltage drop are obtained. Overall, concentration polarization accounts
for less than 3% of the triplet electromotive force (E) during charge and
around 0.2% during discharge, thus resulting in a small contribution to
the reduction of the process efficiency. As a consequence, the polar-
ization phenomena are not an issue for the AB-FB in the investigated
operating conditions. However, larger effects are expected at higher
current densities, which should be used in the operation of improved
devices.

4.2.3. Ionic shortcut currents
In order to analyze the distribution of the electric current within the

stack, due to the ionic shortcut currents via manifolds, Fig. 15 shows,
for the charge step, the distribution triplet by triplet of the ratio be-
tween the manifolds current (i.e. collectors and distributors shunt for
each compartment cell) and the cell current at four different external
currents: 30, 100, 150 and 200 A m−2.

Fig. 15 shows how the effect of the leakage currents through the
manifolds can be significant. By setting an external current equal to 30
A m−2 (Fig. 15a), the maximum shunt currents in the manifolds of the
three solution are ~50% of the cell triplet current. By increasing the
external current, the ratio of the local current leakage through the
manifolds to the cell triplet current decreases (Fig. 15b and c), and at
200 A m−2, it accounts for ~6%.

Similar outcomes were obtained for the discharge (Fig. 16): the
higher the external current, the lower the importance of the parasitic
currents relative to the cell one. When no external current flows
through the external circuit (open circuit condition), this phenomenon
is present with the largest effects and would cause a “self-discharge” of
the battery by consuming uselessly the pH gradient stored in the acid
and base solutions.

These results suggest that higher external currents can be beneficial
in order to increase the battery efficiency. Therefore, a specific simu-
lations set was performed in order to investigate this aspect. The si-
mulation results are reported in Fig. 17. At current densities higher than
~150 A m−2 in both phases, the loss of RTE due to shunt currents is less
than 10%. However, the current density may be significantly limited by
other phenomena and / or constraints, e.g. by delamination issues oc-
curring in real BPMs. Considering a “safe” current density in the dis-
charge phase equal to 30 A m−2, with a current density in the charge
phase within the range 100–200 A m−2, the RTE lost due to parasitic
currents spans between ~25% and ~35%

Parasitic currents are significantly affected also by geometrical
features. Among them, the manifolds diameter has important effects on
the electrical resistance of the parasitic pathways, thus affecting the
RTE, as shown in Fig. 18a. In particular, the RTE increases from ~17%

Table A2
Inputs of the multi-scale model for the sensitivity analysis.

Geometrical features

Spacer length cm 25
Spacer width cm 25
Spacer thickness µm 475
N° spacer holes – 7

Membrane properties

AEM CEM BPM

Thickness µm 130 130 190
Areal resistance Ω cm2 7 6 13
H+ diffusivity m2 s−1 2.0E−11 0.7E−11 –
Na+ diffusivity m2 s−1 1.6E−11 0.5E−11 –
Cl− diffusivity m2 s−1 1.7E−11 0.6E−11 –
OH− diffusivity m2 s−1 1.9E−11 0.6E−11 –
Fixed charge group mol m−3 5000 5000 –

Initial conditions of the solutions in BMED (charge)
Ct HCl a out, , , mol m−3 50
Ct NaCl a out, , , mol m−3 250
Ct HCl s out, , , mol m−3 10
Ct NaCl s out, , , mol m−3 500
Ct NaOH b out, , , mol m−3 50
Ct NaCl b out, , , mol m−3 250
Vt a

N
, l 0.75

Vt s
N
, l 4.5

Vt b
N
, l 0.75

Rbl Ω cm2 72

Fig. 13. Average gross power density (GPD) and net
power density (NPD) for charge a) and discharge b)
as functions of the mean flow velocity in the channels
for stacks equipped with 40 cell triplets, spacer with
inlet/outlet holes diameter of 6 mm. Charge external
current of 100 A m−2 and discharge external current
of 30 A m−2. The distance between the two curves
represents the pumping power density (PPD).
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to ~40% by reducing the manifolds diameter from 6 mm to 2 mm. On
the other hand, small manifolds may accentuate other detrimental
phenomena, e.g. pressure drops, flow maldistribution and differential
pressures between the channels with consequent solution leakages, or

practical problems in stack assembling.
Another important stack feature is the number of triplets, as shown

in Fig. 18b. The RTE exhibits an increasing trend at low values of the
repetitive units number, reaching a maximum value of ~46% when the
battery is assembled with 5 triplets. This behavior is due to the relative
effect of the voltage drop due to the blank resistance. Then, a reduction
of the RTE can be observed in stacks with a higher number of triplets,
where the effects of shunt currents prevail, thus dissipating a larger
portion of energy in both the cycle phases.

5. Conclusions

This work presents for the first time a process model able to predict
the performance of Acid/Base flow batteries based on the reversible
electrodialytic conversion of energy in stacks equipped with monopolar
ion-exchange membranes and bipolar membranes. The fully integrated
multi-scale model includes four sub-models for the different scales si-
mulated, which are connected in a single tool through a hierarchical
structure. The model was also supported by external information on
flow and mass transfer provided by Computational Fluid Dynamics
modelling.

The process model was shown to be robust and reliable by valida-
tion against experiments. Then, it was used to perform a preliminary
sensitivity analysis.

Within the range of the geometrical features and operating condi-
tions investigated (i) energy spent on pumping had a small effect on the
Net Power Density, (ii) concentration polarization in the boundary
layer was not an issue, while (iii) the ionic short circuit currents via
manifolds appeared to be the most detrimental phenomena. On the
other hand, pressure drops may be larger in real systems, due to

Fig. 14. Variation of triplet electromotive force due to concentration polar-
ization in the boundary layers for the 1st triplet at the initial point of charge
(SOC = 0%) or discharge (SOC = 100%), as a function of the non-dimensional
coordinate along the channel. Stack equipped with 40 cell triplets, spacer with
inlet/outlet hole diameter of 6 mm. Charge external current of 100 A m−2 and
discharge external current of 30 A m−2.

Fig. 15. Ratio between the manifolds currents and cell currents as a function of the cell-triplet position within the stack for an external current density of 30 A m−2

a), 100 A m−2 b), 150 A m−2 c) and 200 A m−2 d) during charge. Ik is the cell-triplet current, Id a k, , , Id b k, , , Id s k, , are the acid, base and salt electric currents along the
distributors, Ic a k, , , Ic b k, , , Ic s k, , are the acid, base and salt electric currents along the collectors. 40 cell triplets, spacer with inlet/outlet hole diameter 6 mm.
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geometrical irregularities, stack tightening, and other “non-ideal” fea-
tures not included in the simulations. Moreover, concentration polar-
ization phenomena in improved systems operated at higher current
densities may have more significant effects. Interestingly, some geo-
metrical features may affect different aspects. For example, the mani-
folds diameter can be crucial for the electrical resistance of the parasitic
pathways. However, the use of small manifolds diameters to reduce the

amount of shunt currents and their energy dissipation may pose other
issues in terms of pressure drops and flow maldistribution within the
channel width.

Simulation results showed also that the Round Trip Efficiency may
be dramatically reduced in scaled-up stacks with a high number of
triplets for the storage of large amounts of energy. Therefore, some
measures have to be taken in the design of such systems in order to
achieve acceptable efficiencies of the battery. For example, the use of
isolated blocks with a small number of triplets can be suggested.

Finally, this original simulation tool will orient to the identification
of the optimal design and the best operating conditions in order to
maximize the battery performance.
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Fig. 16. Ratio between the manifolds and cell currents as a function of the cell-triplet position within the stack for open circuit conditions a), an external current
density of 30 A m−2 b), maximum power c) and short-circuit d) during discharge. Ik is the cell-triplet current, Id a k, , , Id b k, , , Id s k, , are the acid, base and salt electric
currents along the distributors, Ic a k, , , Ic b k, , , Ic s k, , are the acid, base and salt electric currents along the collectors. 40 cell triplets, spacer with inlet/outlet hole diameter
6 mm.

Fig. 17. Contour map of percentage of RTE loss due to the parasitic currents via
manifolds as function of the discharge and charge external current densities. 40
cell triplets, spacer with inlet/outlet hole diameter of 6 mm.
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Appendix A. Correlations for the physical properties of electrolyte solutions and ion-exchange membranes

For the generic physical property obtained by OLI studio, correlations assume the following general expression

= + +k C k C ksol sol i sol sol j sol sol, ,1 , , ,2 , , ,3 (A.1)

where sol is the considered physical property (i.e. electrical conductivity , dynamic viscosity µ or ions diffusivity D) in the solution sol (i.e. acid,
base or salt), k sol, ,1, k sol, ,2 and k sol, ,3 are the regression coefficients,Ci is the molar concentration of the ion i, and Cj is the molar concentration of the
ion j, expressed in mol m−3 (see Table A.1). All the regression coefficients are computed at 25 °C.
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