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ABSTRACT

Reverse electrodialysis (RED) is a blue energy technology for clean and sustainable electricity harvesting from
the mixing entropy of salinity gradients. Recently, many efforts have been devoted to improving the performance
of RED units by developing new ion-exchange membranes and by reducing the detrimental phenomena affecting
the process. Among these sources of “irreversibility”, the shortcut currents (or parasitic currents) flowing
through alternative pathways may affect the process efficiency. Although such phenomena occur in several
electrochemical processes (e.g. fuel cells, bipolar plate cells and vanadium redox flow batteries), they have
received a poor attention in RED units. In this work, a process simulator with distributed parameters was de-
veloped and experimentally validated to characterize the shortcut currents and to assess their impact in RED
stack performance under different designs and operating conditions. Results showed that shortcut currents can
play a crucial role in stacks with a large number of cell pairs when the electrical resistance of the parasitic
pathways is relatively low, e.g. configurations with concentrated brines, high resistance membranes, short
channels or large manifolds. Future designs of efficient industrial-scale units cannot ignore these aspects. Finally,

the model can be easily adapted for the simulation of electrodialysis and other electromembrane processes.

1. Introduction
1.1. Background

The production of sustainable energy is one of the main technolo-
gical challenges of our time. Using renewable energy sources is a pos-
sible way to face the task. Among them, Salinity Gradient Energy (SGE,
or blue energy or osmotic energy) can be harvested through proper-
engineered systems exploiting the Gibbs free energy of mixing of two
solutions at different salt concentrations [64]. Reverse Electrodialysis
(RED) [2] is among the most investigated SGE technologies [3].

The RED process is carried out in a stack (Fig. 1) equivalent to a
conventional electrodialysis (ED) unit, composed of several repetitive
units, called “cell pairs”, sandwiched between two end-plates con-
taining the electrode compartments. Each cell pair consists of a Cation-
Exchange Membrane (CEM), an Anion-Exchange Membrane (AEM), a
concentrate channel and a diluate channel. In RED, the co-ion exclusion
(or Donnan exclusion) gives rise to an electric potential over each
membrane to equilibrate the chemical potential difference between the
two solutions [4,5]. The sum of all the membrane potentials is, ideally,
the open circuit voltage (OCV) of the stack. When the circuit is closed,
redox reactions (typically occurring with a reversible couple) take place
[6], converting the internal ions current (selective transport from
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concentrate to diluate) into an external electrons current. Thus, electric
energy is supplied to an external load, which is the final user.

Net spacers or membrane profiles create the channels for the pas-
sage of the electrolyte solutions in ED/RED units. Spacers can also act
against concentration polarization, yet increasing the Ohmic resistance
and the pressure drops [7,8]. Holes in spacers gaskets and in mem-
branes act as manifolds for distributing/collecting the two solutions to/
from the compartments in separate hydraulic circuits.

Pattle carried out a pioneering work on RED in 1954, attaining a
power density of 0.2 W/m? [9]. Since then, significant improvements
have been achieved, especially in the last decade. With artificial sea-
water and river water at ambient temperature, Vermaas et al. [10]
reported gross power densities up to 2.2 W/m?, while Kim et al. [11]
reached slightly higher values (2.4 W/m?) by developing high-per-
forming IEMs. Higher values can be attained by increasing the driving
force in stacks fed in the concentrate by brines [12], which can be
drawn from industrial processes (e.g. desalination), hypersaline lakes
and saltworks [13-16]. A power output up to 1.35 W m ™~ 2 was reached
by a full-scale RED pilot plant [17]. The highest power density, reported
by Daniilidis et al. [18], was of 6.7 W m~2(5M - 0.01 M NaCl solutions
at 60 °C). Net power is a very important performance indicator, given
by the produced gross power minus the power spent for pumping the
solutions. The maximization of net power density has been often used
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Nomenclature Sh (-) Sherwood number
t() generic ion transport number
Acronyms T (K) temperature
U V) potential difference over the series of resistors R,
AEM Anion-Exchange Membrane and Ry
CEM Cation-Exchange Membrane Ueye (V) potential difference over the external load
CFD Computational Fluid Dynamics vV (V) generic voltage
DSA Dimensionally Stable Anodes x (m) coordinate along the flow direction
ED ElectroDialysis
IEM Ion-Exchange Membrane Greek letters
oCcv Open Circuit Voltage
RED Reverse ElectroDialysis a(-) permselectivity
SGE Salinity Gradient Energy as () first constant in the correlations for IEMs per-
meselectivities
Latin letters ag () second constant in the correlations for IEMs
permeselectivities
Ar () first Jones and Dole solution conductivity salt ac (-) third constant in the correlations for IEMs per-
parameter meselectivities
b (m) spacer width vy () activity coefficient
Bx (5) second Jones and Dole solution conductivity salt A (mS 1 mol™ 1) equivalent conductivity
parameter Tosm (PA) osmotic pressure
C (mol m~3) salt concentration in the solution p (kg m™3) mass density
Cr () third Jones and Dole solution conductivity salt o(Sm™YH solution conductivity
parameter ¢ () osmotic coefficient
d (m) generic thickness v, () loss of GPD due to shunt currents
D (m?s™ Y salt diffusivity
EMF (V) cell pair electromotive force Subscripts
F(Cmol™ Y Faraday's constant
JO) spacer shadow factor av average over the channel length
G (m*m~%s71) generic volumetric water flux AEM anion-exchange membrane
GPD (W m™?) gross power density bl blank resistance
i(Am™? current density c concentrate solution
I1(A) current intensity CEM cation-exchange membrane
J (mol m~2s™1) molar flux cond conductive flux
1 (m) generic length count counter-ion
L (m) spacer length d diluate solution
L,m*m~2?s7! Pa~') water permeability diff diffusive flux
L, (m) average distance between the inlet and the outlet down lower branch
spacer holes e. osm electro-osmotic flux
m (mol kg’l) solution molality ext external electrical circuit
M (g mol 1) molar mass IEM ion-exchange membrane
np (- number of water molecules dragged by the sol- int solution-side membrane interface
vation shell j index for the generic current ingoing to or out-
N(@-) number of cell pairs going from a node
Npotes () number of inlet (outlet) spacer holes k index for the cell position [1;N]
Qm®s™hH volume flow rate man generic manifold (collector or distributor)
r (Q m?) generic areal electrical resistance no par no presence of parasitic currents
ra () first constant in the correlations for IEM electrical oma out of the active membrane area
resistance osm osmotic flux
rs () second constant in the correlations for IEM elec- sol generic solution compartment (either diluate, d,
trical resistance or concentrate, c)
re (9 third constant in the correlations for IEM elec- tot total flux of salt
trical resistance u external load
b (5) fourth constant in the correlations for IEM elec- up upper branch
trical resistance w water
R (Q) generic electrical resistance X generic longitudinal branch (up or down)
R, (Jmol ' K™') gas constant 0 infinite dilution condition

as an optimization criterion, given the high cost of the membranes
[19-22].

Several detrimental phenomena affect the performance of ED/RED
processes. The most investigated are (i) co-ion transport and (ii) water
transport through the membranes, (iii) uphill transport and effects of
divalent ions on membrane resistance and permselectivity, (iv) con-
centration polarization, and (v) energy spent for pumping the solutions.

The first three depend on membrane properties, such as fixed charge
density [23], water permeability [24,25] and monovalent-selectivity
[26,27], as well as on solutions concentration and composition. The
fourth and fifth phenomenon depend strongly on the fluid-dynamic
conditions [7,10,28-30]. Other aspects concern the spacer shadow ef-
fect [7,31,32], and membrane deformation along with its effects
[33-35].
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Fig. 1. Schematic drawing of a RED stack. The large red arrow from the anode to the cathode indicates the desired direction of the electric current; the other large
pink arrows indicate the electrical parasitic pathways (shortcuts) via manifolds in the concentrate hydraulic circuit.

1.2. Literature review and aim of this work

Ionic shortcut currents (known also as shunt currents, leakage cur-
rents or parasitic currents via manifolds) are a parasitic phenomenon in
ED/RED units. They originate since the repetitive units of an ED/RED
module are arranged electrically in series but hydraulically in a parallel
fashion. Therefore, channels of the same solution subjected to a voltage
difference act as “salt bridges” offering alternative “parasitic” pathways
(Fig. 1), especially in the low-resistance concentrate circuit. As a result,
a partial transport of the ionic current occurs along the channels and
through the manifolds, rather than across the IEMs in the direction
perpendicular to them.

The effects of shortcut currents in RED/ED units can be explained
with the help of the schematic drawings reported in Figs. 2 and 3, re-
spectively. In RED, for any given external electric current, which is the
useful one delivered to the external load, the occurrence of the shortcut
currents in a parallel branch via manifolds leads to an increase of the
electric current flowing through the stack in the direction perpendicular
to the membranes (Fig. 2). This effect occurs also under open circuit
conditions, i.e. a completely parasitic internal current flows within the
stack with a null external current. From the increase of the internal
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current it follows that, for any external current, Ohmic and non-Ohmic
(salinity gradient consumption and concentration polarization) voltage
drops increase. Therefore, the stack voltage and the power delivered to
the external load are lower.

Similar statements can be argued for ED. For any useful internal
current, depending on the desired desalted/concentrated product, the
shunt current in the parallel branch inside the stack requires a higher
external current (lower current efficiency). Since the stack voltage is
fixed by the desired generation of salinity gradient and the useful
current, a higher power consumption is required.

Of course, much more complex circuits represent real stacks, in-
cluding several channels and parasitic pathways, the transport of
electric current by two ionic species and the presence of non-perfectly
permselective membranes. Overall, the presence of shortcut currents
has eventually detrimental effects on the performance of the process,
reducing its efficiency.

There are several experimental evidences of shunt currents and their
effects. In ED/RED, leakage currents lessen the apparent stack re-
sistance [36]. The parasitic pathways may be thought ideally as parallel
electric paths (Figs. 2a-3a), hence they reduce the equivalent stack
resistance.

[ | R, lext
+ -
<:| Rstad(
AV stack |

Fig. 2. Simplified diagrams of the electric currents flowing inside the stack in a RED process. a) with parasitic currents, b) without parasitic currents.
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Fig. 3. Simplified diagrams of the electric currents flowing inside the stack in an ED process. a) with parasitic currents, b) without parasitic currents.

In RED, the measured Open Circuit Voltage (OCV) is lower than the
ideal one (without the parasitic current effect), i.e. it does not increase
proportionally with the cell pairs number [65], because leakage cur-
rents cause the “self-discharge” of the salinity gradient, thus lowering
the apparent average permselectivity [38]. This happens also under
closed circuit [38], thus reducing the produced power [65]. Another
possible electric bypass may be given by the connection of the electrode
compartments using a reversible redox couple [39]. However, the
tubing length is usually sufficient to give an electrical resistance so high
as to make this shunt current negligible. Moreover, shortcut currents
may cause an excessive overheating (ED), with consequent fall of the
current efficiency [40], and even irreversible damage.

The amount of shunt currents depends on the relative importance of
the electrical resistance of the bypasses. Whereas leakage currents are
hardly detectable at low salt concentration [41], they lead to the var-
iation of the stack potential distribution at higher salt concentrations
[42]. The length of the ionic bypass and their cross sectional area play
an important role likewise the conductivity of the electrolyte solutions
[42]. In addition, the number of cell pairs is crucial. Particularly, the
higher the number of repetitive units, the higher the effect of the shunt
currents [65], due to the larger amount of parasitic pathways and to the
larger voltage available.

The isolation of blocks of repetitive units may prevent the leak of
currents through the manifolds [43]. The distribution of the solutions
into the channels may be performed by rotative valves, hence reducing
the parasitic pathways [44]. Moreover, the use of thin plastic film
around the inlet/outlet holes of the membranes allows for the electrical
insulation of the membrane active area close to the distributors and
collectors, thus reducing shunt currents and their impact [40].

Typical ED/RED applications where stacks have low-resistance
paths through the concentrate circuit and, thus, may be affected by
significant shunt currents, are: ED of seawater, e.g. for salt production
[36,42,43,45,46], ED metathesis [40], RED with seawater [39,65], or
concentrated brines [12,15,16,22,38], including closed-loop systems
[48,49], and ED/RED with bipolar membranes [50].

Despite their detrimental effects on the process efficiency, shunt
currents have been explicitly modelled only in very few works. With
reference to ED systems, Mandersloot and Hicks [36] gave a simplified
equation of the fraction of the electrical leakage, highlighting the role
of the ratio between the manifolds and the cell pair electric resistances.
Similarly, DoleZel and Keslerova [42] provided an expression of the
leakage current putting the emphasis on the role of the ratio between
the solutions and the membrane conductivities. Tanaka [45] developed
a model following a purely Ohmic approach, based on the equivalent
electric circuit formulated by Wilson [51].

Regarding RED systems, Rubinstein et al. [50] developed a mathe-
matical model to simulate a simplified electric circuit scheme. In

particular, the model predicted the “saturation” effect of the leakage
currents on the OCV as the number of cell pairs increased in stacks with
bipolar membranes.

A similar mathematical model was formulated by Veerman et al.
[65], who included also the branch of the resistances of the electrode
compartments and of the external load in the equivalent electric
scheme. However, this model followed still a simplified approach, si-
mulating the drain branches of the concentrate solution only. The
model predictions showed that leakage currents lead to a reduction of
the stack potential and to a loss of electric power over the external load,
thereby decreasing the process efficiency. Simulation results were
useful to describe the shortcut currents phenomena and to quantify
their impact on the process performance. However, the model was not
“fully predictive”, being limited to the simulation of systems experi-
mentally tested for the calibration.

In the work of Tedesco et al. [12], the shortcut currents were
modelled within a comprehensive multi-scale process simulator with
higher predictive capabilities, where salt and water fluxes, along with
mass balances, were simulated at the cell pair scale, while the electrical
behaviour of the stack was simulated by an equivalent circuit of the
entire unit. The two levels of modelling interact each other, providing a
powerful simulation tool, which does not require any calibration, but
only easily measurable membrane properties (electrical resistance,
permselectivity, water and salt permeability). However, no experi-
mental validation of the parasitic currents model was provided, and any
discussion about the specific influence of the leakage currents on the
performance of RED stacks was reported.

Despite several multi-scale semi-empirical models have demon-
strated their effectiveness in the simulation of both the ED [52,53] and
RED [7,48,55] processes, they often do not include at all the shunt
currents, by assuming an identical behaviour of all cell pairs. Therefore,
the simulation results (i) are affected by some approximation when they
are used to predict the operation of industrial-size units with hundreds
of cell pairs fed by highly concentrated solutions, (ii) or refer to special
stacks suitably tailored to minimize the shunt currents.

The aim of this work is to put light on the parasitic currents phe-
nomena in RED applications, through the development of a mathema-
tical model experimentally validated. In particular, a semi-empirical
simulator with distributed parameters was developed following a multi-
scale approach. This model requires only input parameters concerning
the membrane properties, which are easily accessible by experiments,
thus overcoming the typical limits of calibrated Ohmic models, and
allowing for the prediction of the operation and performance of RED
units with different design features and operating conditions. Once
validated under several experimental conditions, the simulation results
were discussed with particular focus on the distribution of parasitic
currents and on their influence on the RED process performance. A
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sensitivity analysis highlighted critical conditions where shunt currents
play a crucial role was performed, thus providing important suggestions
for the design of improved industrial stacks with higher efficiency.

2. Multi-scale model

The modelling strategy follows a multi-scale approach, which in-
cludes two different levels of simulation: the cell pair, and the stack.
The cell pair is simulated by a 1-D model that computes salt and water
fluxes, mass balances (differential equations), electromotive force and
cell resistance along the flow direction. The stack model contains only
algebraic equations for the simulation of the equivalent electrical cir-
cuit, thus predicting (i) the distribution of the electric current
throughout the stack, including the external circuit, and (ii) the per-
formance of the RED process. The integrated multi-scale model was
implemented in the gPROMS® Model Builder platform [56].

2.1. Cell pair model

The 1-D cell pair model simulates all the main transport mechan-
isms between the concentrate and diluate channel through the mem-
branes of each cell. The Ohmic, diffusive, osmotic and electro-osmotic
fluxes are calculated, along with water and salt mass balances.
Moreover, the electric resistance of the cell pair is computed. All vari-
ables are distributed along the main flow direction x. The use of 100
intervals was found sufficient to obtain results unaffected by the dis-
cretization degree. Note that the cell pair model resolves distinctly (i.e.
one by one) all the cell pairs of the stack, as the distribution of the
electric current computed by the stack model causes that the cell pairs
behave in a different way each other. Therefore, the equations of the
cell pair model refer to the k-th cell, with k varying from 1 to the total
number of cell pairs N.

Concentrate and diluate consist of NaCl aqueous solutions, whose
physical properties (i.e. mass density, viscosity and electrical con-
ductivity) are calculated by the correlations reported in Appendix A.
The activity and osmotic coefficients are provided by the Pitzer virial
equations reported in the literature [57,58].

Following the Nernst-Planck approach, the total salt flux Jyo, &
through the membranes is the sum of the conductive and diffusive
fluxes:

Jotk ) = Jeona,k () + Jaigg,k (x) ¢))
The conductive flux J.,nqg, x can be calculated as

ik (x)[tcount,CEM,k (x) - (1 - tcount,AEM,k (X))]
F @

where i is the cell current density, tcount, cem, k and teount, aEM, k are the
sodium and chloride ions transport numbers in the CEM and AEM, re-
spectively (i.e. transport numbers of the counter-ions), and F is the
Faraday constant. The transport numbers are evaluated from the
permselectivity, as reported in Appendix A.

The diffusive flux is provided by the formula

Jeond.k (x) =

2 Dipy
Jag e 0) = =2 (Co () = Cai ) -
in which Dy, is the salt diffusive permeability across the membranes
(see Appendix A), dig is the membrane thickness, C., x and Cy, i are the
concentrate and diluate salt concentrations, respectively.
The total water flux from the concentrate to the two adjacent diluate
compartments G,, x (in m® m~2 s~ 1) is given by

Gw,k (x) = Gosm,k (x) + Ge.osm,k (x) (4)

where G, « is the osmotic flux and G, osm, « is the electro-osmotic flux.
The osmotic flux is given by

Gosm,k (x) =-2 Lp (ﬁosm,c,k (x) — Tlosm,d,k (x)) (5)
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in which L, is the water permeability in the membranes, which is a
constant equal to 2.22 - 10" * m®*m~2s7! Pa~! and mygy, ¢, x and Tegm,
4, k are the concentrate and diluate osmotic pressures, which are cal-
culated as:

TTosm,sol,k (X) =2 Rg T &y (X) Csol,k (X) (6)

in which the coefficient equal to 2 is the value of the van ‘t Hoff factor
for NaCl, Ry is the gas constant, T is the temperature of the system, @y is
the osmotic coefficient, calculated according to Pitzer's virial equations
[57,58], and Cq,, « is the salt concentration in the k-th channel (either
concentrate or diluate).

The electro-osmotic flux G, osm, k is calculated by the equation

M,

Gaoxm,k (X) =M Jmt’k (X) m @

where M,, is the water molar mass (in g mol™ 1Y), p is the solution
density, ny is the so called hydration number and it is equal to the
number of water molecules dragged by the solvation shell of the ions
salt. This number is fixed to 7 because the hydration number of sodium
ion is equal to 6 and that of chloride ion is 8 [59].

The salt concentration and the volume flow rates profiles along the
channels length are derived from the differential mass balances. The
following equation shows the salt mass balance

d(onl,k ()C) Csol,k (X) )

™ = tJior ke (X) b

(8)
where Qo 1 is the volumetric flow rate in the k-th channel (either
concentrate or diluate), and b is the spacer width; the sign *+ depends
on the compartment, i.e. + for the diluate, — for the concentrate. By
neglecting the variations of the solution density, the global mass bal-
ances can be expressed by the following equation:
dQsol,k (X)
dx = iGw,k (x) b (9)
For what concerns the electrical variables, the local electromotive
force of the cell pair EMF; is given by the sum of the contributions from
the two membranes:

EMF, (x) = EMFcpy i (x) + EMEygy i (X) (10)

The electromotive force of either membrane EMFg, i is computed
taking into account concentration polarization effects as:

Re T Meiniionise @ Yumasatse )
EMFigp i (x) = O‘IEM,k(x)—gF ln[ cint Mk ) Vo it FEM

M int, 18M.k ) Vg g 12311 )

an

where ajgy,  is the membrane permselectivity, m., ine, M, « and My, jn,
1Em, k are the salt molal concentrations in the concentrate and diluate,
respectively, at the solution-membrane interface, and v, in¢, 1M, « and vgq,
int, IEM, k are the concentrate and diluate solutions activities at the same
locations, calculated using the Pitzer virial equations [57,58]. The four
(two for AEM and two for CEM) solution-membrane interface molar
concentrations are calculated taking into account the diffusive flux at
the interface (neglecting the diffusive flux across the membrane) and
the definition of the Sherwood number:

(tcount,IEM,k (X) - tcount,d,k) ik (X) de
F Shq ik () Dg Cq (x) 12

Caintiem ik (X) = Cap(x) +

(tmun[,IEM,k (x) - tcount,c,k) ik (x) 2dc
F Shegmk (X) D Ce (x) 13)

Ceint1emk (X) = Cex (X) —

where teoune, d, k and teount, ¢, k are the transport numbers of the counter-
ion in the diluate and concentrate, d; and d. are the compartment
(spacer) thicknesses for diluate and concentrate, Shy, iem, « and She, e, &
are the Sherwood numbers in the diluate and concentrate, and D4 and
D, are the salt diffusivities of concentrate and diluate solutions, re-
spectively. Sherwood numbers are obtained from 3-D CFD simulations
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[7,35,60]. The constant values used for the salt diffusivities are re-
ported in Appendix A.
The local cell pair electrical resistance Ry is calculated by the sum

Ry (¥) = Ragnk () + Regak (6) + Ry (X) + Re e (X) 14

with Ragum, « and Rceu, « being the anion- and cation- exchange mem-
brane resistances, respectively and Ry, x and R, x being the diluate and
concentrate channel resistances.

Membrane resistances are calculated as

TiEM & (X)
b Ax (15)

where gy, « is the areal membrane resistance empirically assessed (see
Appendix A).

The electrical resistance of the generic compartment Ry,  (either
concentrate, c, or diluate, d) is given by

dsol
b Ax Osolk (x) (16)

Ripnx (x) =

Rsol,k (X) = f;

where f; is the so-called spacer shadow factor, dy, is the channel
thickness (either concentrate, c, or diluate, d), Ax is the length of a
discretization interval (i.e. equal to 1/100 of the channel length) and
Osol, k is the electrolyte solution conductivity calculated as a function of
the salt concentration (see Appendix A). f; is assumed to be equal to the
inverse of the spacer-filled channel volume porosity (also called void
ratio).

2.2. Stack model

The stack model simulates the electrical behaviour of the whole
stack composed of any number of cell pairs, including the electrode
compartments and the external circuit. It calculates the electric currents
flowing in each branch and the voltage difference between the nodes of
the equivalent electrical circuit shown in Fig. 4, thus allowing the
prediction of the shunt currents and their impact on the stack perfor-
mance.

Two longitudinal resistances are calculated for each channel, while
a voltage source along with its relevant resistance are calculated per
each cell pair. The other electrical resistances of the equivalent circuit
include those in the manifolds (interposed between two channels of the
same solution), in the electrode compartments and in the external load.
A longitudinal current outgoing from the channel is assumed positive,
while a longitudinal current ingoing into the channel is assumed ne-
gative. The cell current is positive if directed from right (anode, —) to
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left (cathode, +). Electric currents through the manifolds, either dis-
tributor or collector, are assumed positive from left to right.

At each node of the electrical scheme, the Kirchhoff's node law is
applied:

25=0
J

in which I; is the generic j-th electric current ingoing to or outgoing
from each node of the equivalent electric circuit shown in Fig. 4 (see
coloured circles), kept with the algebraic sign according to the con-
vention just mentioned above.

The first Ohm law is applied over each resistance of the equivalent
circuit. In particular, the voltage drop over each of the N-1 generic
manifold resistances is computed as

a7

AVsol,man,k = Ixol.man.k Rsol,man,k (1 8)

where AV man, « i the k-th voltage difference between two con-
secutive red (for concentrate) or blue (for diluate) nodes shown in Fig. 4
for a generic manifold (i.e. distributor or collector) and R/, man, « is the
electrical resistance of the k-th manifold. For the generic solution (i.e.
diluate or concentrate) Roi, man, k iS calculated as

lman

Rsol,man,k =

dZ—
Nholes T 'Zan Osol,man,k (1 9)

where Ny is the number of inlet/outlet spacer holes, dq, is the
manifold diameter, Oso1, man, k is the electrical conductivity of the solu-
tion flowing in the k-th manifold (i.e. distributor or collector), and 4,
is given by the sum of the thicknesses of the cell pair elements:

lman = depy + dapy + de + dg (20)

To calculate 0o1, man, « the salt concentration along the manifolds is
necessary. It is calculated by mass balances in the manifolds:

Csol,man,k—l Qsol,man,k—l + Csol,k (X = L) Qsol,k (x = L)

Cotmans = Quolmank @1)
Coot,man,1 = Cso1(x = L) (22)
Qsol,mank = Qsot,mank-1 + Qsok (X = L) (23)
Qsot,man,1 = Qsor,1 (x = L) 24

Egs. (21) and (23) are applied for k in the interval [2;N-1].
The voltage drop over each resistance along the flow direction in the
channel is given by

Concentrate

— Dilute I

c,collector,1 Rc,collector,l

Ic,collector,N-l Rc,colleclor,N-l

Electric
Resistance

| | Voltage
Source

| — |

[ ] Node

_I__"iE

Id,distributor,l

R d,distributor,1

ly,distributor,N-] Rd,distributor,N-1

c,distributor,1 Rc,distributor, 1

I:,distributur,N-l Rc,distributor,N-l

Fig. 4. Scheme of the equivalent electric circuit of the stack.
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AVsol,x,k = Isol,x,k Rsol,x,k (25)

where AV, », « is the k-th voltage difference between two nodes, one
red or blue and one black, consecutively placed for the generic solution
(sol, i.e. diluate or concentrate) and for the generic longitudinal branch
(x subscript, i.e. up or down), and Iy, x, x and Ry, , « are the relevant
electric current and resistance. Eq. (25) is applied for k in the range
[1;N]. Rsor, x, k (Rsot, up, k and Rsor, down, k in Fig. 4) are calculated as a
series of a resistance in the membrane active area and a parallel of
Nhoes-resistances out of the membrane active area (Fig. 5). It is given by
the relation:

L
% 2 loma

g Osol,x,k dsol duma Nholes (26)

RSOZ,X,k f; dsol b Osol,x,k
where f; is the spacer shadow factor, L, is the average distance between
the inlet and the outlet spacer holes, l,,, and d,,, are the length and
average width of the spacer region out of the active area (Fig. 5), 05y, x, &
is the conductivity of the solution calculated as a function of the
average salt concentration between the middle of the channel and the
outlet (for x = up) or the inlet (for x = down). Note that L, simply
coincides with the spacer length L in a rectangular spacer with inlet/
outlet holes lying on lines parallel to L, as in Fig. 5. However, in gen-
eral, they may differ each other, e.g. in spacers with a single inlet hole
and a single outlet hole placed at the corners.

The (useful) electric current flowing in a cell pair (between two
consecutive nodes along the black line in Fig. 4) in the direction per-
pendicular to the membranes is calculated as

_ (EMBu, — AVD)

I
Rav,k (27)

in which EMF,,  is the average electromotive force given by

EMEyy = ~ [ EMF, (x)dx
av,k = I fx=0 k(x) (28)
and R,  is the average cell pair resistance given by
1 x=L
Rav,k = Z ./;=0 Rk (x)dx (29)

Eq. (27) is valid for k within the interval [1;N].
The electric current flowing through the external circuit (i.e. the
grey branch in Fig. 4) L., which is sent to the final user, is calculated as

v
R, + Ry (30)

I =

in which U is the potential difference over the series of resistances R,
and Rp;. R, is the external load resistance, while Ry, is the blank re-
sistance, accounting for the resistance of electrode compartments and
end-membrane, and for the overvoltage due to the electrochemical
reactions at the electrodes.
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The potential difference over the external load U,,, is computed as
Usxt = Lo Ry (31)

For what concern the performance parameters, the gross power
density GPD (W m™2) is calculated as

_ Ut Iext

GPD =
Lb2N (32)

Finally, in order to assess the impact of the shortcut currents, the
relative loss of GPD with respect to an ideal case without parasitic
currents was calculated:

P, = (1 - GGL) 100

'PDy par (33)

in which GPD,, pq- is the gross power density calculated by simu-
lations of the reference case neglecting parasitic currents, carried out by
a simplified model where the stack is simply modelled without the
shunt currents branches in the equivalent electric circuit (it reduces to a
series of identical cell resistances and EMFs, together with the blank
resistance and the external resistance). This kind of simulations and its
outcomes are referred to as “ideal” in the following.

The simulations can be performed by letting the external resistance
R, to vary from open circuit condition (R, — o, thus finding the OCV)
to short-circuit (R, — 0) in order to obtain the current-voltage curve,
and thus the power curve. Results shown in the present paper usually
refer to these two extreme conditions and to that where U, was fixed
equal to OCV/2, which simulates the stack operation with the ideal
(when no shunt currents) maximum power. Actually, the maximum
power is obtained at lower values of the stack voltage, due to the ionic
shortcut currents and to other reasons (e.g. the variation of the condi-
tions along the channels). However, we found by both experiments and
simulations that the discrepancy between the maximum power and the
power delivered at OCV/2 was only of a few percent. Therefore, the
OCV/2 condition was used to represent with very good approximation
the maximum power condition.

3. Experimental

Experimental data useful for the model validation were collected
using a lab-scale stack (provided by REDstack BV, The Netherlands)
with a co-flow configuration. The cell pairs number ranged from 5 to
50. The stack was equipped with Fujifilm Type 10 membranes (Table 1,
FujiFilm Manufacturing Europe B.V.), with an active area of 100 cm?
(10 cm length, 10 cm width), along with 330 pm polyamide woven
spacers (Deukum GmbH, Germany), made up of 4 inlet/outlet holes
with a diameter of 6 mm each (see Fig. 5) with a volume porosity of 0.8.
The membrane properties used as input for the model, evaluated by
experimental tests as functions of the solutions concentrations, are

Lx/z

Fig. 5. Schematic representation of the electrical resistances along the longitudinal direction in the spacer-filled channel. Grey region is out of the membrane active

area.
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Table 1
Fuyjifilm type 10 membranes characteristics [61].
CEM AEM
Reinforcement polyolefin polyolefin
Thickness dry (um) 125 135
Resistance (Q cm?) 1.7 2.0

Permselectivity (%) 95 99

Water permeation (ml bar "' m~2h™1) 6.5 6.5
Burst strength (kg cm™?) 2.8 2.8
pH stability (—) 1-13 1-13
Temperature stability (°C) 60 60

reported in Appendix A. The electrodes were of Dimensionally Stable
Anodes (DSA)-type.

The NaCl concentration in the concentrate was fixed at 5 M (typical
of concentrated brines), while that in the diluate was either 0.017 M or
0.05 M. A concentrated brine was used in the concentrate compart-
ments in order to magnify the shortcut currents and their effects. The
electrode rinse solution was a reversible redox couple with 0.1 M
concentration of KsFe(CN)e/K4Fe(CN)s and 2.5 M concentration of
NaCl as supporting electrolyte. From experiments with different
number of cell pairs, the value of the areal blank resistance (electrode
compartments with an additional CEM) was evaluated to be within the
range ~60-72 Q cm?. The electrical conductivity of the solution was
measured by a WTW 3310 conductometer.

Peristaltic pumps (Lead Fluid Technology Co., Ltd.) were used to
circulate all the streams, including the electrode rinse solution, through
the RED stack. Concentrate and diluate were fed in once-through mode
with a flow rate suitably chosen to guarantee a channel mean flow
velocity of 1 cm s~ in all tests. Conversely, the electrode solution was
continuously recirculated to the reservoir. Current-voltage character-
istics were recorded by using a 150 W DC Electronic Load (BK Precision
8540) operating in potentiostatic mode.

The experiments were performed at ambient temperature (~20 °C).
All experiments were carried out four times and a fair reproducibility
was found: average values along with relevant error bars are reported in
the figures of Section 4.

4. Results and discussion

Modelling results and experimental data are reported and discussed
in this section, which is divided in four sub-sections. First, the devel-
oped model is validated against a wide range of experimental results
purposely collected with lab-scale stacks, by letting the design features

a)§12 -
10 | 77

L I L L

Open Circuit Voltage (

0 10 20 30 40
Cell pairs number

50
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and the operating conditions to vary (Section 4.1). Second, the pre-
dictive capabilities of the model are shown and compared to a simple
Ohmic simulation tool (Section 4.2). Third, the distribution of the
electric current in the equivalent electrical circuit is analysed (Section
4.3). Finally, the influence of the manifolds diameter on the process
performance is discussed with reference to large-scale stacks (Section
4.4).

4.1. Model validation

Fig. 6 shows the Open Circuit Voltage (OCV) (i.e. the voltage dif-
ference over the stack when no current flows in the external circuit) as a
function of the cell pairs number, comparing experimental data and
model predictions.

As it can be seen, both the experiments and the model predictions
exhibit a deviation of the OCV from the ideal linear trend (no shunt
currents) as the cell pairs number increases. A very good agreement
between experiments and model was found at any concentration. Such
deviation can be attributed to the effect of shunt currents. As a matter of
fact, the higher the cell pairs number, the higher the number of the ion
bypass pathways (see Fig. 4). This fact leads to the existence of a cell
current even under open circuit condition, associated to an ion current
through the manifolds (as they collect the ion current coming from the
channels) and to a reduction of the OCV, as mentioned above. In other
words, the occurrence of parasitic currents causes a higher consumption
of the salinity gradient. Particularly, in the case of a higher con-
centration in the diluate (Fig. 6b), the lower driving force results in a
lower OCV reduction compared to the 0.017 M case (Fig. 6a). Inter-
estingly, the relative effect of parasitic current is lower, due to the lower
resistance of the desired current path (perpendicular to the mem-
branes). The maximum deviation at 50 cell pairs is 23.4% and 12.4% in
the case of 0.017 M and 0.05 M, respectively (Fig. 6).

Data under closed circuit conditions are reported in Fig. 7, which
shows the Gross Power Density (GPD) delivered by the stack when the
applied voltage is equal to OCV/2 (very close to the ideal maximum
GPD (i.e. without parasitic currents), as mentioned at the end of Section
2.2), as a function of the cell pairs number.

Overall, the model predictions are in good agreement with the ex-
perimental data. A variation is found at the lowest cell pairs number
(where the effect of parasitic current is expected to be very low) for case
a), probably due to an overestimation of the resistance in the electrode
compartments (blank resistance). As a matter of fact, the error bars tend
to reduce in stacks with a larger number of cell pairs (N), i.e. where the
effect of the blank resistance is lower. This suggests that the lower

12
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Fig. 6. Open Circuit Voltage (OCV) as a function of the cell pairs number in 10 X 10 cm? stacks with Fujifilm Type 10 membranes and with spacers provided with 4
inlet/outlet holes (diameter of 6 mm). Mean flow velocity of the electrolyte solutions in each channel equal to 1 cm s~ . Symbols refer to experimental data,
continuous lines to the model predictions, and broken lines to the ideal (i.e. no shunt currents) OCV. Inlet solution concentrations (NaCl): a) 0.017 M-5 M; b)

0.05 M-5 M. Areal blank resistance: a) 72 Q cm?, b) 60 Q cm?.
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Fig. 7. Gross Power Density (GPD) produced with an applied voltage equal to OCV/2 as a function of the cell pairs number in 10 X 10 cm? stacks with Fujifilm Type
10 membranes and with spacers provided with 4 inlet/outlet holes (diameter of 6 mm). Mean flow velocity of the electrolyte solutions in each channel equal to
1 cm s~ 1. Symbols refer to experimental data, continuous lines to the model predictions. Inlet concentrations (NaCl): a) 0.017 M - 5 M; b) 0.05 M-5 M. Areal blank

resistance: a) 72 Q cm?, b) 60 Q cm?

reproducibility of the experimental results found at low values of N is
likely caused by some variation in the electrode compartments or, more
specifically, in the electrode rinse solution. For example, it can be al-
tered by salt diffusion from the 5 M concentrated brine compartment.

An increase in GPD is observed as the number of cell pair increases,
due to the decreasing relative impact of the blank resistance. This
would lead to an asymptotic trend. Conversely, a maximum is exhibited
by the GPD, because it is also affected by the parasitic currents, which
count more at large N. The maximum occurs in stacks with ~21 and
~27 cell pairs fed by 0.017 M-5 M and 0.05 M-5 M solutions, re-
spectively. Beyond the maximum point, the impact of the shortcut
currents prevails, and the GPD decreases. The loss of power y;, (Eq.
(33)) is ~20% and ~16% for the two feeding conditions, respectively,
in stacks with 50 cell pairs, i.e. about one fifth and one sixth of the
producible power density are lost due to shortcut currents.

Moreover, Table 2 shows the diluate and concentrate average
(among the channels) conductivities at the outlet, by varying the ex-
ternal voltage difference in the stack with 50 cell pairs (largest effect of
shunt currents) and for the case 0.017 M-5 M.

A fair agreement between experimental measurements and simula-
tion results is found for the data reported in Table 2 (maximum dis-
crepancy of 17%).

Parasitic currents and their effects on the process performance can
be significant also in RED units fed by “standard” solutions of seawater
and river water, depending on the constructive features of the stack. For
example, non-negligible shunt currents may occur in stacks with high-
resistance membranes. As a further validation step, results from the
present model were also compared with data by Veerman et al. [65],
which include both predictions of their own model and experimental
results for stacks fed by artificial seawater and river water. In parti-
cular, Fig. 8al and Fig. 8b1 reports the OCV and Fig. 8a2 and Fig. 8b2
the Max Gross Power as functions of the cell pairs number for two stack
configurations, respectively (different spacers and membranes, see
figure caption).

The developed model provides outcomes which are in very good
agreement with the data by Veerman et al. [65], thus obtaining a fur-
ther validation. The ratio between the average manifold resistance of
the concentrate solution, especially for a stack of 50 cell pairs (4.39 Q
for R1.0 stack and 1.17 Q for F0.2 stack) and the average cell resistance
(1.52 Q for R1.0 stack and 0.246 Q for F0.2 stack) plays a key role in
the currents distribution within the stack. In particular, a higher
average manifolds resistance (especially of the concentrate solution)
and/or a lower average cell resistance lead to lower shunt currents and
a consequent higher cell current (i.e. the useful one). In fact, within the

simulated conditions, the loss of power of decreased from ~22% for the
R1.0 stack to ~6% for the F0.2 stack.

4.2. Model capabilities

As discussed in Section 1.2, the simplified model for parasitic cur-
rents by Veerman et al. [65] was based on the simulation of the stack
electrical behaviour only. It is a “purely Ohmic” model calibrated on
experimental data, which used constant electrical resistances and cell
pair potentials. The obvious advantages of such a model were (i) ease of
implementation and (ii) speed of computing. However, the predictive
capability of Veerman et al. model is limited by the availability of ex-
perimental data for the calibration. The present multi-scale model, in-
stead, following the approach by Tedesco et al. [12], is based on a
process simulator assessing fluxes and mass balances at the cell pair
scale fully coupled with the electrical behaviour of the stack. The higher
complexity of this model and the larger computational effort that it
requires for the simulations, are justified by the higher predictive
capabilities.

This can be shown by a comparison between the two models in the
simulation of generic conditions not tested experimentally. For com-
parison purposes, the simulations were performed also by im-
plementing the model by Veerman et al. [65]. The input parameters
used for the simulations performed with the Veerman model (in terms
of electrical resistances and EMF) were calculated with the inlet con-
ditions. Note that these simplifying assumptions, which are needed to
follow the Veerman approach, affect the driving force, the channel re-
sistances, and the resistances of the parasitic pathways. For example,

Table 2

Comparison between model outcomes and experimental results of the diluate
and concentrate outlet conductivities for a 10 x 10 ecm? stack with Fujifilm
Type 10 membranes and with spacers provided with 4 inlet/outlet holes (dia-
meter of 6 mm), equipped with 50 cell pairs, fed by 0.05 M-5 M inlet con-
centrations. Mean flow velocity of the electrolyte solutions in each channel
equal to 1 cm s~ ', Areal blank resistance: 60 Q cm?.

Diluate outlet conductivity [mS  Concentrate outlet conductivity

cm ™ [mS em™1]
External Experimental Model Experimental Model
voltage
OoCv 6.82 7.25 241 244
OCV/2 7.39 8.47 241 244
oV 8.06 9.73 241 244
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Fig. 8. Comparison between the present model predictions and data by Veerman et al. [65] as functions of the cell pairs number in stacks with 1 inlet/outlet hole
(diameter of al, a2) 10 mm and b1, b2) 8 mm). Dotted line refers to the ideal (i.e. no shunt currents). Mean flow velocity of the electrolyte solution in each channel
equal to 1 cm s~ . al) Open Circuit Voltage and a2) Maximum Gross Power for stacks provided with Ralex membranes (0.65 mm thick) and spacers 1 mm thick
[Stack named R1.0]; bl) Open Circuit Voltage and b2) Maximum Gross Power for stacks provided with Fumasep membranes (0.2 mm thick) and spacers 0.082 mm
thick [Stack named F0.2]. Inlet concentrations (NaCl): 1 g 17'-30 g 17! (0.017 M-0.513 M). Areal blank resistance: al, a2) 262 Q cm?, b1, b2) 12 Q cm?

Fig. 9al and Fig 9a2 report the OCV and Fig. 9b1 and 9b2 the Gross
Power Density as functions of the cell pairs number for stacks 10 cm
long and 50 cm long, respectively.

There is a non-negligible discrepancy between the two models
outcomes for short-channel stacks (10 cm length), especially in terms of
OCV (Fig. 9al). Note that the small discrepancy found in the GPD
(Fig. 9a2) is only the complex result of the compensative effects of the
Ohmic model assumptions. Therefore, larger differences can be found
under other design and operating conditions. As a matter of fact,
Fig. 9b1 and b2 show significant discrepancies between the two models
in the simulation of stacks with long channels (50 cm), where the
average conditions along the channels are very different from the inlet
conditions. In particular, the simplifications (use of the inlet con-
centrations) needed in the model by Veerman et al. [65] led to an
overestimation of the OCV and an underestimation of the GPD.

These results highlight the limits of an Ohmic model, and, at the
same time, show that a multi-scale process simulator is a more effective,
powerful and flexible tool for the simulation of RED units, including the
effects of shortcut currents.

Finally, it can be drawn that stacks with shorter channels are af-
fected at a larger extent from shortcut currents, due to the lower re-
sistance of the parasitic pathways. In particular, under the conditions
simulated in Fig. 9, a channel length of 50 cm leads to negligible shunt
currents (Fig. 9b) in stacks with 5-50 cell pairs.

4.3. Prediction of electric current distributions

The developed model was used to investigate the distribution of the
electric current in the lab-scale stack with 50 cell pairs used for the

10

experiments (see Section 3). The maximum number of cell pairs used in
the experiments was chosen in the present simulations in order to have
the largest parasitic currents. Fig. 10 shows the distribution of the cell
current (I;) within the equivalent circuit of the stack (see Fig. 4) under
different values of applied external voltage, i.e. OCV, OCV/2 (~max-
imum power) and 0 voltage (short-circuit).

The average cell current is 0.15 A, 0.41 A and 0.71 A and the ex-
ternal current (i.e. supplied to the external load) is 0 A, 0.33 A and 0.70
A in OCV, OCV/2 and 0 (short-circuit), respectively. The largest effects
of the shortcut currents on the cell currents occur under open circuit
conditions, as can be also observed from the higher curvature of the cell
current profiles within the stack. This means that the relative weight of
the current leakage with respect to the cell current is maximum under
open circuit conditions and decreases as the external current increases,
with significant variations. As a consequence, the departure of the cell
current profile from the ideal flat trend (i.e. without the parasitic cur-
rents), which would occur in absence of shunt currents, is larger at
higher values of the external voltage. The reason behind this behaviour
can be explained as follows. Considering the simplified electrical circuit
reported in Fig. 2a, one can easily derive that as the stack voltage in-
creases, the cell current decreases, while the manifolds current in-
creases. It should be noted that in the actual system simulated (Fig. 4)
the electromotive forces and the resistances are not fixed, but depend
on the stack voltage itself, which affects the solutions concentrations.
However, despite these complications, simulation results showed that
parasitic currents were higher as the stack voltage increases, both in
absolute terms and in relative terms with respect to the cell currents.
Note that the amount of shortcut currents and their effects on the
process performance depend strongly on the electrical resistance of the
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Fig. 9. Comparison between the predictions of the present model and those of the model by Veerman et al. [65] as functions of the cell pairs number. Dotted line
refers to the ideal (i.e. no shunt currents). Mean flow velocity of the electrolyte solution in each channel equal to 1 cm s~ *. al) Open Circuit Voltage and a2) Gross
Power Density producible with an applied voltage equal to OCV/2 in 10 cm long and 50 cm wide stacks; b1) Open Circuit Voltage and b2) Gross Power Density
producible with an applied voltage equal to OCV/2 in 50 x 50 cm? stacks. Spacers provided with 12 inlet/outlet holes (diameter of 1 cm). Fujifilm Type 10
membranes. Inlet solution concentrations (NaCl): 0.017 M - 5 M. Areal blank resistance: 72 Q cm?.
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Fig. 10. Predicted profiles of cell current (I;) at different values of the external
voltage for 10 x 10 cm? stacks equipped with 50 cell pairs, with Fujifilm Type
10 membranes and with spacers provided with 4 inlet/outlet holes (diameter of
6 mm), fed by 0.017 M-5 M solutions. Mean flow velocity of the electrolyte
solution in each channel equal to 1 cm s~ . Areal blank resistance: 72 Q cm?.

manifolds and of the channels compared to the cell resistance, as dis-
cussed in the next sub-section.

Moreover, in Fig. 10 the highest percentage deviation of the cell
current compared to the average is ~100%, ~20% and ~2%. Note that
the small asymmetry in the equivalent circuit of Fig. 4 is reflected on
the current distribution. For example, the cell current of the 1st cell pair
differs from that of the last one (i.e. the 50th).

11

In order to explain the shape of the cell current profiles, Fig. 11
reports the distribution of the electric current along the lower long-
itudinal branches of the concentrate and the diluate channels ic, gown, &
and ig, down, k (see Fig. 4) for the same conditions of applied voltage
considered in Fig. 10. The distribution in the upper branches is quali-
tatively and quantitatively identical and is not reported.

As shown in Fig. 11a, the maximum longitudinal leakage currents are
~0.01 A, ~0.005 A and ~0.0007 A in OCV, OCV/2 and 0 (short-circuit),
respectively. They exhibit these largest values at the extreme channels,
i.e. close to electrode compartments, while they vanish close to the central
channels. A positive longitudinal current means that the electric current is
outgoing the channel while a negative one is ingoing into the channel.
With reference to the equivalent circuit reported in Fig. 4, this behaviour
can be qualitatively intuited. Note that lower values of the longitudinal
leakage currents are found as the stack voltage decreases (i.e. as the ex-
ternal current increases). Moreover, the driving force for the passage of
the electric current along a channel branch is the voltage difference be-
tween the middle node of the channel and the distributor/collector node.
Therefore, this voltage difference varies cell by cell and, in particular, it
decreases towards the central part of the stack. The current profiles
among the diluate channels (Fig. 11b) are qualitatively but non quanti-
tatively the same of the concentrate channels. In particular, the current
distribution in the diluate channels is two orders of magnitude lower than
in the concentrate channels. As a matter of fact, the electric resistances of
the diluate solution is high enough to make very low its contribution to
diluate ducts shunt currents. On the other hand, a high electrical re-
sistance in the diluate channel can make the cell pairs resistance higher
than that in the concentrate manifolds, thus increasing the relevant
parasitic currents.
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Fig. 11. Predicted profiles of the longitudinal current flowing along the lower branch of the a) concentrate channels i;, gown, x and b) diluate channels i, gown, « at
different values of the external voltage for 10 x 10 cm? stacks equipped with 50 cell pairs, with Fujifilm Type 10 membranes and with spacers provided with 4 inlet/
outlet holes (diameter of 6 mm), fed by 0.017 M - 5 M solutions. Mean flow velocity of the electrolyte solution in each channel equal to 1 cm s~ . Areal blank

resistance: 72 Q cm?.

Longitudinal currents in the channels are collected/distributed in/
by the manifolds. Electric current profiles along the lower concentrate
and diluate manifolds (distributors), which are I, gistribucor, k and Iy, gis-
wributor, k» Tespectively, are reported in Fig. 12.

The parasitic current via manifolds exhibits a trend qualitatively
similar to the profile of the cell current (Fig. 10), with a maximum
located approximately at the central part of the stack. As a difference,
however, the average value of the parasitic current decreases as the
external voltage decreases, while the opposite occurs for the average
cell current (Fig. 10). This shows the lower relative weight of the shunt
currents at lower values of the external voltage. The negligible amount
of shunt currents along the diluate parasitic pathways is shown by the
low values of the electric currents via the diluate manifolds (Fig. 12b).

4.4. Effect of the manifolds diameter in large-scale stacks

In order to assess the effects of parasitic currents in stacks with
different manifolds size, a sensitivity analysis was performed by letting
the manifolds diameter vary (from 2 mm to 14 mm). In this simulations
set, the number of cell pairs was increased up to 500 and the active area
to 50 x 50 cm? in order to mimic the features of a possible industrial
scale stack. All the other constructive features, e.g. a inlet/outlet holes
per each 4 cm (thus with a total of 12) and all the operating conditions
were assumed equal to those of the experimental tests. Simulation re-
sults for the OCV are reported in Fig. 13.
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Fig. 13. Predicted Open Circuit Voltage (OCV) as a function of the cell pairs
number in 50 X 50 cm? stacks with Fujifilm Type 10 membranes and with
spacers provided with 12 inlet/outlet holes (diameter ranging from 2 mm to
14 mm). The dashed black line refers to the OCV predicted by the model ne-
glecting the shunt currents. Inlet concentrations (NaCl): 0.017 M-5 M. Mean
flow velocity of the electrolyte solution in each channel equal to 1 cm s~ '. Areal
blank resistance: 72 Q cm?.
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the external voltage for 10 x 10 cm? stacks equipped with 50 cell pairs, with Fujifilm Type 10 membranes and with spacers provided with 4 inlet/outlet holes
(diameter of 6 mm), fed by 0.017 M5 M solute ons. Mean flow velocity of the electrolyte solution in each channel equal to 1 cm s~ . Areal blank resistance:

72 Q cm?.
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As the inlet/outlet holes diameter increases, the OCV decreases
significantly. Moreover, this effect is larger in stacks with a higher
number of cell pairs. With 500 cell pairs, a manifolds diameter of 6 mm
gave rise to a reduction in OCV of ~10% with respect the ideal case
where parasitic currents are not simulated (simplified model, see
Section 2.2); a manifolds diameter of 14 mm led to a loss of ~30%. By
decreasing the manifolds diameter, it is possible to diminish strongly
the shunt currents phenomena thanks to the higher electrical resistance
of the parasitic pathways. In particular, shunt currents and their effects
were almost negligible when the manifolds diameter was reduced at
only 2 mm, with a maximum loss of OCV of 1.9% at 500 cell pairs with
respect to the ideal case without shortcut currents.

The effects of the leakage currents are of higher practical interest in
terms of delivered power under closed circuit conditions. Therefore,
Fig. 14 reports the Gross Power Density and the corresponding loss y,
associated to parasitic currents when the applied voltage is equal to
OCV/2.

As shown in Fig. 14a, leakage currents lead to the presence of a
maximum in the Gross Power Density as a function of the cell pairs
number. This occurs approximatively between 90 cell pairs and 60 cell
pairs for stacks with 6 mm and 14 mm of manifolds diameter, respec-
tively. The corresponding (i.e. at these maximum GPD) power loss due
to parasitic currents is below 5%, as shown in Fig. 14b. By further in-
creasing the cell pairs number, the increment of parasitic currents
causes a reduction in GPD and a consequent larger loss of efficiency.
The process performance depends significantly on the manifolds dia-
meter, which affects the electrical resistance against the parasitic cur-
rents. The loss of power is between 8% and 25% in stacks with 500 cell
pairs with 6 mm and 14 mm of manifolds diameter, respectively. A
different behaviour characterizes stacks with very low manifolds dia-
meter (2 mm), which exhibit an asymptotic behaviour in GPD up to the
maximum cell pairs number considered here (i.e. 500) with a maximum
loss of only ~1.3%.

More important, when standard seawater and river water were si-
mulated, the maximum loss of GPD due to parasitic currents was of
some % in the stacks considered here, due to the relatively high re-
sistance of the parasitic pathways compared to the cell resistance in the
direction perpendicular to the membranes.

5. Conclusion and future remarks

In this work, the parasitic phenomena of the shunt currents in RED
units have been deeply investigated. A process model with distributed
parameters was purposely developed, following a multi-scale simula-
tion strategy. It integrates a 1-D cell pair level, computing salt and
water fluxes, mass balances, electromotive force and cell resistance,
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with an electrical equivalent circuit model for the whole stack. The
model requires membrane properties which are available or easily ac-
cessible by experiments. Different stack designs and operating condi-
tions can be simulated, including co- and counter-flow layouts. Model
outcomes include the distribution of the variables along the flow di-
rection in all the cells, along with the distribution of the electric current
throughout the stack and in the external circuit. Therefore, the model is
able to predict the process performance, including the electrical power
delivered to the external load.

The model was validated under several design features and oper-
ating conditions via comparisons with both original experimental re-
sults collected with lab-scale stacks and data from the literature,
showing good agreements. Compared to simple Ohmic models, the
present process simulator exhibited higher predictive capabilities, being
a more effective, powerful and flexible tool for the simulation of RED
units, which includes shortcut currents effects.

A large number of simulations was performed by letting design
features and operating conditions to vary in order to characterize
widely the shortcut currents and to assess their impact in RED appli-
cations. The presence of parasitic pathways via manifolds led to a dis-
tribution of the cell current (electric current flowing perpendicularly to
the membranes) and to an increase of its average value with respect to
the external current (useful current delivered to the load). This resulted
in an increase of the average cell voltage drop, thus reducing the power
delivered to the external load.

The sensitivity analysis along with the experimental campaign
highlighted that stacks with a large number of cell pairs, like those
expected for industrial applications, may suffer from a significant drop
in performance due to high shunt currents. The higher the number of
repetitive units, the higher the number of the ion shortcuts and the
larger the amount and impact of shunt currents. In particular, they play
a crucial role when the electrical resistance of the parasitic pathways is
relatively low compared to the cell pair resistance in the (desired) di-
rection perpendicular to the membranes.

As the external voltage decreased (i.e. as the external current in-
creased) the average cell current increased, while the average con-
centrate manifolds current decreased. Therefore, the current leakage
and its relative weight with respect to the cell current were maximum
under open circuit conditions and decreased at higher external currents.
Moreover, parasitic currents were negligible in the diluate circuit.

Typical configurations presenting critical conditions for high shunt
currents concern stacks fed by concentrated brines, or equipped with
high resistance membranes, short channels or large manifolds.
Simulation results, corroborated by experimental data, showed that lab-
scale stacks (10 x 10 cm?) fed with the conventional couple seawater -
river water may be affected by large parasitic currents when high-
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Fig. 14. Predicted a) Gross Power Density (GPD) producible with an applied voltage equal to OCV/2 and b) corresponding % loss due to parasitic currents (y;,) as
functions of the cell pairs number in 50 x 50 cm? stacks with Fujifilm Type 10 membranes and with spacers provided with 4 inlet/outlet holes (diameter from 2 mm
to 14 mm). The dashed line refers to the predictions of the model neglecting the shunt currents. Inlet concentrations (NaCl): 0.017 M-5 M. Mean flow velocity of the
electrolyte solution in each channel equal to 1 cm s~ . Areal blank resistance: 72 Q cm?
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resistance membranes are used. In particular, a loss of power density up
to ~20% was found in a stack equipped with 50 cell pairs. In contrast,
the use of stacks with low-resistance membranes can reduce sig-
nificantly the shunt currents. However, such systems can experience
intense shortcut currents in RED applications with concentrated brines
(5 M), as shown by losses of power density of ~20% in units with 50
cell pairs.

In large-scale stacks, the huge amount of parasitic pathways given
by hundreds of cell pairs is somehow compensated by the higher
electrical resistance of the bypasses offered by longer channels. A sen-
sitivity analysis was performed by letting the cell pair number and the
manifolds diameter to vary, from 5 to 500 and from 2 mm to 14 mm,
respectively, in 50 x 50 cm? stacks with low-resistance membranes. At
OCV/2 conditions, although the shunt currents did not represent an
important issue in the case of standard seawater — river water solutions,
they affected the process performance when mixing the concentrated
brine with river water, with a maximum loss of power density of ~25%.

The manifolds diameter is a crucial design parameter. However,
smaller manifolds, which are less prone to shunt currents thanks to the
higher resistance, could lead to issues of high pressure drops and poor
flow distribution. Other measures can be implemented for the reduction
of the shortcut currents, including the use of separated blocks of cell
pairs with small parasitic circuits, but only cheap and constructively
simple solutions can be attractive. In this direction, further studies are
required for the development of efficient designs. For instance, a sub-
model for the hydraulics of the channels (i.e. flow rate distribution
along the cell pairs and relevant pressure drop calculation) would be
beneficial for a reliable prediction of the net power density provided by
the RED unit.

Finally, it is worth noting that the developed model can be adapted
for the simulation of electrodialysis and other electromembrane pro-
cesses, e.g. the same systems with bipolar membranes, with some sui-
table adjustments.

Desalination 485 (2020) 114450
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Appendix A. Correlations for the physical properties of electrolyte solutions and ion-exchange membranes

The mass density is computed following the correlation [62]:

p =997 +374—_
1000

(A1)

in which p is the mass density expressed in kg m ™2 and C is the NaCl concentration in solution in mol m ™3,

The electric conductivity is given by

AC
o= ——
10000

in which o is the electrical conductivity in S m~! and A is the equivalent conductivity mS 1 mol ™! cm

(A.2)

-1

The equivalent conductivity A is evaluated using Jone and Dole's equation [63]:

Ay S
A=AO—#O‘OOC—CAL
1+B/\\/ﬁ 1600

(A.3)

where Ag is the salt equivalent conductivity at infinite dilution and A,, B, and C, are empirical parameters for NaCl.
The counter-ion transport numbers in membrane ¢, are calculated by the equation:

1
Leount,JEM = By (em + 1)

where apg, is the membrane permselectivity given by the relation:

Em = O, +a G +a Ca
1EM = G em F GpiEM oo F demm oo

(A4

(A.5)

where a4, v, O, v and ag, gy are constants found experimentally (Table A.1), C. and C4 are the salt concentration in mol m ™2 in the concentrate

and diluate, respectively.
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Table A.1
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Constants in the correlation for the permselectivity of the Ion Exchange Membranes

(Fujifilm type 10).

CEM AEM
A, IEM 0.991 0.987
ap, [EM —0.0441 —0.0441
ac, EM —0.2529 —0.18265

The areal membrane resistances (in Ohm m?) are calculated by using the following empirical equations:

Ce
—— + Iciem t+ YpIEM

G| 494
1000 1000

(A.6)

where 14, 1gm, s, 1EM> Tc, 1mm @nd T'p, gy are constants whose values are listed in Table A.2.

Table A.2
Constants in the correlation for
Membranes (Fujifilm type 10).

the electrical resistance of the Ion Exchange

CEM AEM
TA, IEM 0.4874 0.4874
TB, IEM —2.8119 —2.8119
Tc, IEM 7.218 7.21
Tp, IEM —0.269 —-0.141

The diffusive properties in the membranes and in the solutions are reported in Table A.3.

Table A.3

Salt diffusive permeability in the Ion Exchange
Membranes and salt diffusivity in the solutions.

D, IEM
D,
Dy

4521072 m?s™?!
1.47107° m?s™!
15710 °m?s !
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