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ARTICLE INFO ABSTRACT

Editor: Gaohong He Reverse electrodialysis (RED) is a technology that produces renewable energy from salinity gradients. In 2024,
the EU has identified the RED process as a potential soon-to-be marketable technology for osmotic energy
exploitation. For this purpose, high power densities and energy efficiencies are essential to achieve to increase
the technology readiness level (TRL) of this technology. In this context, it is crucial to study the transition from
lab-scale set-ups to pilot-scale units with larger membrane area. In this work, an upscaled RED unit (10 x 80
em?), equipped with segmented electrodes, was employed in an extensive experimental study where (i) flow
velocities, (ii) high saline solution concentrations (up to 5.0 mol/L NaCl), and (iii) electrode configurations were
varied to assess the influence of channels length on power generation and energy efficiency. Larger energy ef-
ficiencies obtained with long channels improved the overall power output and resources exploitation, reaching
yield values of ~0.5 kWh/m®, the highest ever reported in the literature. The electrode segmentation feature,
explored for the first time with hypersaline solutions, allowed current density to be optimized across different
sections of the unit, yielding up to a 21% increase in power density (maximum net power density of 4.1 W/m?)
compared to undivided electrodes. Results marked useful indications for future RED commercial
implementation.
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for potential osmotic energy exploitation [9].

RED is a membrane-based process that employs Ion Exchange
Membranes (IEMs) (i.e. anionic, AEMs, and cationic, CEMs) to perform a
selective separation of ions from saline solutions.

1. Introduction

Current environmental challenges (e.g., excessive COz emissions,
dwindling resources, and water scarcity) demand a significant shift from
traditional paradigms of conventional production systems to innovative,
sustainability-oriented approaches [1,2].

In the context of energy generation, salinity gradient energy (SGE),
commonly defined as the renewable energy obtained through the
controlled mixing of two solutions with different salinities, is still a
promising and unexploited green source. The potential cumulative
power from the river water discharged in oceans has been estimated to
be in the range of 1.4-2.6 TW [3,4], which is comparable to the world
electricity consumption of ~3.35 TW [5]. Unlike other renewable en-
ergy sources, such as solar or hydroelectric, SGE technologies offer the
advantage of being weather-independent, non-intermittent and uni-
formly worldwide distributed [6,7]. Reverse Electrodialysis (RED) is one
of the most advanced processes to harvest SGE [8]. Recently, in 2024,
the EU has highlighted the RED as a soon to be marketable technology
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AEMs and CEMs allow, ideally, only anions or cations to pass through
them, respectively. This is ensured by the presence of charged functional
groups (with a charge opposite to that of the ions allowed to pass) inside
the polymeric matrix of membranes [10].

In a RED unit, stack, CEMs and AEMs are alternately layered and
separated by polymeric spacers or by profiles integrated into the mem-
branes surface (i.e. profiled membranes). Spacers define the channels
where solutions flow and, in addition, serve as mixing promoters to
reduce concentration polarization phenomena [11-13]. The repetitive
unit of RED, cell pair, is composed of a CEM, a channel for dilute solution,
an AEM, and a channel for concentrated solution. The pile of cell pairs is
enclosed by two electrodes, where redox reactions (Ox+ e~ < Ox™)
convert ionic fluxes into electric current. Fig. 1 shows a schematic rep-
resentation of a RED unit.

Numerous studies have been evaluating electrical power generation
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Nomenclature

A Active cell pair area (m?

Cu High saline solution molar concentration (mol/L)

CL Low saline solution molar concentration (mol/L)

Cm Average saline solution molar concentration (mol/L)
Estack Stack voltage (V)

1 Electric current (A)

N Number of cell pairs (—)

oCcv Open circuit voltage (V)

OCVpernst Theoretical open circuit voltage (V)
P Power (W)

P4 Power density (W/m? cell pair)

Pg,gross Gross power density (W/m? cell pair)

Panet  Net power density (W/m? cell pair)

Phydro Hydraulic power loss (W)

Pgiack Stack power (W)

Q Volumetric flow rate (m>/s)

Qu Volumetric flow rate of high saline solution (m3/s)
QL Volumetric flow rate of low saline solution (m>/s)
Rplank  Blank resistance (Q)

Rioad External load resistance (2)

Rstack Stack resistance (Q)

T Temperature (K)

X Exergy flow (W)

Y Yield (kWh/m?®)

z Valence number (—)

Greek

OAEM Permselectivity of anion exchange membrane (—)

OlcEM Permselectivity of cation exchange membrane (—)

Ap Pressure losses (Pa)

Apn Pressure losses in high saline solution compartment (Pa)
ApL Pressure losses in low saline solution compartment (Pa)
YH High saline solution activity coefficient (—)

YL Low saline solution activity coefficient (—)

n Energy efficiency (%)

Tgross Gross energy efficiency (%)
TNnet Net energy efficiency (%)
Abbreviations

AEM Anion exchange membrane
CEM Cation exchange membrane
ERS Electrode rinse solution
IEM Ion exchange membrane
oCcv Open circuit voltage

RED Reverse electrodialysis

SGE Salinity gradient energy

Cell pair
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Fig. 1. RED Scheme. The dashed box indicates the Cell pair composed of one AEM, one CEM, high saline solution (HS) and low saline solution (LS) compartment.
Electrode rinse solution (ERS) circulating in electrode compartments. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

by RED units fed with river water and seawater saline solutions [14-17].
On the other hand, also more concentrated solutions have been inves-
tigated (saline concentration up to 300 g/L), such as brines from salt-
works or desalination plants or highly concentrated industrial effluents
[18,19]. The use of concentrated solutions allowed higher power den-
sities to be achieved and, at the same time, constituted an environ-
mentally friendly management of the concentrated solutions (dilution
before discharge) [20,21]. Similarly, reclaimed wastewater has also
been explored as possible diluted feed [22-25]. The performance of a
RED unit is influenced by both macroscopic operating conditions and
microscopic phenomena occurring near the membrane interfaces, where

interfacial forces become significant [26-28].

Recently, several publications, both experimental and modelling,
have focused on the development of innovative membranes, adopting
emerging materials and investigating the nanoscale [29-31].

In the majority of published studies on RED, employed stacks are
generally characterized by a limited active membrane area, typically
around 10 x 10 ecm? or 20 x 20 cm? [15,32-36]. However, for RED
technology to be fully implemented at a commercial scale, it is essential
to thoroughly assess the performance and challenges associated with
stacks featuring large membrane areas or extended flow channels [37].
Indeed, while small membrane areas can achieve high power densities,
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Fig. 2. (a) Picture of the RED unit (Electrodialysis module type 800, Deukum GmbH, Germany) equipped with segmented electrodes. (b) Schematic drawing of
segmented electrodes structure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

stacks with larger membrane surfaces can yield higher energy effi-
ciencies, enhancing total power output and reducing operational costs
[38,39].

Among the several strategies aiming at optimizing the RED process,
an innovative one is the use of stacks equipped with segmented elec-
trodes. A segmented electrode is composed of multiple physically
separated segments. This feature enables the connection of multiple
electrical loads to a single RED stack, allowing current densities to be
tuned locally across different regions of the membrane area. As the so-
lutions flow along the channel length, their concentrations progressively
change due to salt passage, resulting in varying internal resistance and
electromotive force across different sections of the stack [38,40]. Elec-
trode segmentation therefore allows for performance optimization by
applying appropriately matched external loads to each electrode
segment. Concentration changes intensify with increasing feed waters
salinity gradient, due to more pronounced salt fluxes. Thereby, electrode
segmentation may exert a stronger influence when hypersaline solutions
are employed, since stack resistance exhibits greater variations.

Electrode segmentation is a relatively recent and still underexplored
innovation. A first study on electrode segmentation in RED units was
published by Veerman et al. [39] in 2010. The authors tested a 25 x 75
cm? RED pilot scale unit equipped with segmented electrodes divided
into three 25 x 25 cm? pairs using artificial seawater and river water
solutions. Power density increased of about 11%, from 0.44 W/m? to
0.49 W/m?, when adopting the segmented configuration with respect to
the case of “undivided parallel electrode”. Since this study, only a
limited number of works have been published. Pintossi et al. [38]
investigated the performance of a 22 x 22 cm? cross-flow RED unit with
electrode surface divided into four portions of 10 x 10 cm? The
configuration with segmented electrodes led to an improvement in
power density of 10%.

Veermas et al. [41] developed a numerical tool to evaluate the per-
formance of a RED unit with segmented electrodes. The authors ana-
lysed a 10 x 10 cm? stack fed with seawater and river water. An increase
in power density of 17% was obtained by subdividing the electrodes in 5
segments, although an increase of 13% was already predicted by
adopting only 2 segments. The same author carried out an extensive
modelling study to investigate the impact of electrode segmentation,
feed flow configuration, and the seawater-to-river water ratio on the
energy efficiency of a RED unit [34]. Results consistently demonstrated

an improvement in energy efficiency when segmented electrodes were
used. Across all tested seawater-to-river water ratios, the use of two
electrode segments led to an average increase in energy efficiency of
approximately 15% compared to the configuration with a single elec-
trode. However, previous studies addressed the effect of segmented
electrodes on RED process solely with seawater and river water
solutions.

In the present work, the performance of an upscaled RED unit
characterized by an industrial channel length of 80 cm was thoroughly
investigated. The adopted unit was furnished with segmented elec-
trodes, which allowed to characterize the stack with undivided electrode
or multiple electrode segments. The goal of this study was to maximize
energy generation from a given resource by identifying optimal strate-
gies and operating conditions. A RED unit equipped with segmented
electrodes was tested for the first time using synthetic hypersaline so-
lutions exceeding seawater concentration. An extensive experimental
campaign was conducted to assess the effect of long channels on RED
performance, testing (i) flow velocities from 0.5 to 2.0 cm/s, (ii) NaCl
concentrations from 1.0 to 5.0 mol/L, and (iii) multiple electrode
configurations.

The operating conditions were set in view of the integration of RED
power production from salinity gradient generated within an integrated
treatment chain for the valorization of bitterns within the European
project SEArcularMINE. With this respect, the RED unit operated after
the quantitative recovery of magnesium and calcium from hypersaline
solutions of Mediterranean sea saltworks, thus enabling to explore the
full potential of RED, minimizing the detrimental influence of bivalent
cations in the feed solutions, well known from literature studies.

2. Materials and methods
2.1. Experimental set-up

A 10 x 80 cm? industrial scale RED unit (Electrodialysis module type
800, Deukum GmbH, Germany), equipped with segmented electrodes,
DSA, was adopted in the experimental campaign. A picture of the stack is
shown in Fig. 2.a. Each electrode was composed of four segments with
an active area of 10 x 20 cm? each, see Fig. 2.b. All electrode segments
were rinsed by the same Electrode Rinse Solution (ERS), flowing in a
single hydraulic circuit.
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Table 1
Membrane types and characteristics. [42,43].
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Membrane Membrane Thickness (m Areal Resistance (Q m? Water Permeability (mL/(bar h Permselectivity (%) (0.1-0.5 (mol/L) Burst strength
1079) 104) m?) NaCl) [MPa]
AEM 125 1.7 6.5 94.5 2.75
CEM 135 2.0 6.5 94.7 2.75
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Fig. 3. Electrode configurations: (a) Configuration 1, (b) Configuration 2, (c) Configuration 3 and (d) Configuration 4.
Table 2 were adopted to tune the external loads connected to the RED unit.
able

Operating conditions investigated in the present experimental campaign.

Operating conditions Values

Flow velocity

High saline solution concentration
(Cn)

Low saline solution concentration
(Cr)

Electrode configuration

0.5-1.0-2.0 cm/s
1.0-2.5-5.0 mol/L

0.017 mol/L

Configuration 1 (10 x 20 cm? —
one external load)
Configuration 2 (10 x 80 cm? —
one external load)
Configuration 3 (10 x 80 cm? —
two external loads)
Configuration 4 (10 x 80 cm? —
four external loads)

The stack was assembled with 10 cell pairs composed of (i) Fujifilm
type 10 CEMs and AEMs, whose properties are reported in Table 1, and
(ii) 270 pm thick woven spacers (Deukum GmbH, Germany) made of
silicone and Polyethersulfone (PES). Fujifilm type 10 CEMs were also
adopted as end-membranes. In each test, the solutions were fed in a co-
current flow configuration, moving upward from the bottom, in an open-
loop configuration. High and low saline solutions were made from
deionized water and NaCl (99.5% purity, Saline di Volterra s.r.1., Italy)
solutions, while for the ERS, a solution of 0.1 mol/L K4Fe(CN)ge3H0O
(99% purity ChemSolute®, Germany), 0.1 mol/L K3Fe(CN)g (99% purity
ChemSolute®, Germany) and 0.5 mol/L NaCl (99.5% purity, Saline di
Volterra s.r.l., Italy) was used. The ERS solution was recirculated at a
flow rate of 150 mL/min and stored in an opaque bottle. Three volu-
metric pumps (Lead Fluid YT15, peristaltic pump) were used for the
hydraulic circuits: one for the ERS, one for the high and one for the low
saline solution.

Pressure losses were measured through pressure gauges (Cewal S.p.
a., Italy). Solution conductivity was monitored via a conductivity meter
(WTW pH/Cond 3320). Multimeters (Fluke-175 True RMS, Everett, WA,
USA) recorded the electric current and voltage. Resistance decade boxes

2.2. Electrode configurations

Four electrode configurations, see Fig. 3, were investigated: (i)
Configuration 1, with only the first electrode segments pair (from the
bottom of the stack) connected to an external load; (ii) Configuration 2,
with all four electrode segments pairs connected to a single external
load; (iii) Configuration 3, with the first two electrode segments pairs
connected to a load and the other two to another one; and (iv) Config-
uration 4, with the four electrode segments pairs connected to four
different external loads.

The comparison between Configurations 1 and 2 is proposed to
investigate the influence of the channel length, namely 20 cm against 80
cm, on the performance of the RED system. For the sake of clarity,
Configuration 1 corresponds to “partial area use configuration”, which
was adopted in this work as a benchmark equivalent to a small-scale
RED unit with a channel of 20 cm. From a practical perspective, this
configuration is unlikely to be used in RED application, as it exploits
only 25% of the total membrane area; accordingly, the results should be
regarded as theoretical values. Consistent with the objectives of this
study, power densities for Configuration 1 were calculated for an active
membrane area of 10 x 20 cm?, rather than the full membrane area.

The comparison between Configurations 2, 3 and 4 allows to assess
the influence of the electrode segmentation feature at a fixed membrane
area.

The electric current is determined by three factors: (i) electromotive
force, (ii) internal resistance, and (iii) external loads. The first two pa-
rameters, in turn, depend on solution concentrations and therefore
change along the channel length. Without electrode segmentation, only
a single external load can be connected to the unit, whose value repre-
sents a compromise among the optimal conditions of the different sec-
tions of the total membrane area. This may induce dead zones, locations
characterized by a low current and a limited power generation, and non-
uniform current density distributions within the stack [38]. Electrode
segmentation allows multiple external loads to be connected, thereby
accounting for the variation in stack resistance and mitigating the
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undesirable phenomena to optimize power density.

2.3. Experimental test design

Several operating conditions were investigated in a wide experi-
mental campaign. Flow velocity, high saline solution concentration and
electrode configuration were varied for a 3-factor full-factorial study. All
experiments were carried out in triplicate to guarantee statistical reli-
ability. The values included in the study are reported in Table 2.

The use of highly concentrated solutions may lead to performance
losses due to a reduction of membrane permselectivity, as well as the
risk of long-term issues such as scaling phenomena and deterioration in
membrane properties. In this analysis, the influence of permselectivity
decline with increasing concentrations was assessed as shown in the
results section, whereas the investigation of long-term effects is left for
future work involving extended operation test. However, Tedesco et al.
reported that long term stability can be guaranteed when using hyper-
saline solutions [44], while a subsequent work of the same research
group identified a performance decline in long term experiments
adopting low saline solution which expose the membrane to the risks of
carbonates scaling and biofouling [45]. Other published works
[16,20,46-48] reported that, in long term tests, high saline compart-
ments usually show lower fouling propensity than low salinity com-
partments. Evidence of scaling phenomena has been observed in [20,45]
employing concentrated solutions up to 200 g/L. It is worth emphasizing
that scaling phenomena in concentrated channels were mainly due to
bivalent ions dissolved in solutions, such as Ca?" and Mg2+, which
precipitate as carbonates. These species were not present in the synthetic
solutions adopted in this work.

2.4. RED governing equations and definition of performance parameters

In a RED unit the maximum electromotive force for selected high and
low saline solutions, OCV.

(Open Circuit Voltage), is achieved when no external load is con-
nected to the stack. The theoretical open circuit voltage, OCVyems, can
be estimated from the Nernst equation:

NoR.Tln 7uCh
zeoF VLCL

@

OCVernst = (Qcem + @agm)

where o is the permselectivity of CEM and AEM (—), R is the universal
gas constant (8.314 J/Kemol), N the number of cell pairs, T is the ab-
solute temperature (K), z is the valence number (-), F is the Faraday
constant (96,485C/mol) and y is the activity coefficients (—) of high (y5)
and low (y;) saline solutions. y values were calculated following Pitzer’s
virial equation for a 1:1 electrolyte, as in the case of NaCl, see Section 2.1
in Supporting Information.

OCVpyems: considers the inlet concentration values of solutions, so it
does not account for non-Ohmic voltage drops such as concentration
polarization phenomena and concentration gradient attenuation along
the channel length [49]. Consequentially, the OCV value is always lower
than OCVyernst-

When an external load is connected to the electrode connections of
the RED unit, the electric current, I (A), flows across the external circuit
and the potential difference measured at the electrodes, Eg; (V), re-
duces due to internal stack resistance (Q), Rk, as indicated by Eq. (2):

Esack = OCV — RyackI (2)

The gross electric power density generated by a RED unit (W/m?),
Py gack, is calculated as:

Estackl
NeA

3

P dstack —

where A is the active membrane area of a cell pair (m?).
For ideal cases and perfect Ohmic behaviours, Pgqc follows a
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parabolic trend with the external voltage, reaching a maximum when
Egtack is equal to OCV/2, i.e. where the external load resistance matches
the value of Ryqck-

The power output depends not only on the properties of membranes
and solutions and on the operating conditions but also on the resistance
of the electrode compartments (Q), Rpqx. The resistance and the
consequent voltage drop at the electrode compartments are negligible in
large units made of hundreds of cell pairs, while they have an impact on
RED units assembled with a small number of cell pairs. In order to
meaningfully compare the performance of a unit with a limited number
of cell pairs to that of stack where the influence of Ry is negligible,
power density is typically “corrected” and the actual gross power density
(W/m?), P gross, is calculated as [50-53]:

ocV?

NeA 'Rload(l +Rsmck;Rbltmk)

Rioad

C)

P d.gross —

where Rj,qq is the resistance of the external load (Q). Ryqck and Rpjgnk can
be experimentally measured following procedure reported in the liter-
ature [18]. In Eq. (4) Rpank is subtracted to Ry, to isolate the resistance
of membranes and saline solutions channels. The Ry values used in
Eq. (4) for each specific electrode configuration were derived from the
areal blank resistance (Qem?) measured in a 10 x 10 cm? stack
employing the same membranes and ERS as in this study. This approach
is well known and accepted for scale-up analysis with reliable results
[50].

In the stack, the pumping losses (W), Ppyqro, due to solution handling
can be calculated as:

Pryaro = ApuQu + ApL QL %)

where Apy and Ap, are the measured pressure losses between the inlet
and outlet of high and low saline compartments (Pa), while Qg and Q,,
are the solutions flow rates (m3/s). The pumping losses associated with
the ERS compartments are typically excluded from the overall pumping
losses, as its contribution becomes negligible in a scaled-up perspective
(hundreds or thousands of cell pairs). In this study, pressure losses across
the ERS compartments were barely measurable (lower than the limit of
detection of 0.05 bar), resulting in an estimated pumping power lower
than ~0.05 W.
The net power density, P4, can be then evaluated as:

Phydro
NeA

©

Pgnet = Pd,gmss -

Direct measurements of the pressure losses at the first electrode
segment location were not feasible, so the pressure losses for Configu-
ration 1 were assumed to be equal to one quarter of those measured
between the inlet and outlet of the unit. Consistently, pumping losses
were normalized with respect to the actual active membrane area of this
first segment (i.e., one quarter of the total area).

It is clear that, this assumption leads to an overestimation of net
power for Configuration 1, as the total pressure drop comprises also
pressure losses in the manifold and hydraulic circuit, which are inde-
pendent of the channel length. Worth noting that pressure losses in
manifolds can be up to 80% of the total pressure losses in a stack [54]. In
this regard, a sensitivity analysis on the effect of pressure losses on Py n;
and other performance parameters is reported in Section 2.3 in Sup-
porting Information. Such analysis highlights how the assumption can
have negligible influence on the net power density when manifold-
related pressure losses stay within 25% of the total, or, if larger, when
a higher salinity gradient potential is considered (e.g. the cases at Cy =
5.0 mol/L) or a low flow velocity is applied (i.e. 0.5 cm/s).

The exergy flow, X (W), is the maximum theoretical power that could
be harvested for a certain pair of high and low concentrations and
flowrates of saline solutions and can be estimated from the Gibbs free
energy of reversible mixing process [17]:
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Fig. 4. OCV values measured in Configurations 1 and 2 adopting high saline solution concentrations of (a) 1.0 mol/L, (b) 2.5 mol/L and (c) 5.0 mol/L. High and low
saline solutions flow velocities were 0.5, 1.0 and 2.0 cm/s. The low saline solution had a concentration of 0.017 mol/L in all tests. The black horizontal line is.

OCVyemst calculated for ideal membrane (100% permselectivity).

7uCr
Veq Ceq

+QuGyIn 1L %)
VeqLeq

X = 2RT |QuCyln

where C,q is the equilibrium concentration:

_ CuQu + G Q
Co ="t Q ®

The energy efficiency, n (%), of the RED unit can be the evaluated as
the ratio between power output and exergy flow:
_PjeNeA

X ©)]

where Py can be either the gross or the net power density.
The yield of the RED system, Y (kWh/m®), can be defined as the
amount of net power produced per cubic metre of feed solution:

_PypreNeA

Y
Q

(10)
where Q is the solutions flow rate.
3. Results

3.1. Single electrode configurations

In this section, the influence of channel length on OCV and power

density values is assessed and discussed. Fig. 4 reports OCV values
measured in Configurations 1 and 2 feeding high saline solutions at
different concentrations, i.e. 1.0 mol/L, 2.5 mol/L and 5.0 mol/L, and
different flow velocities, namely 0.5 cm/s, 1.0 cm/sand 2.0 cm/s. The
low saline solution concentration was 0.017 mol/L in all tests.

At a fixed high saline solution concentration and flow velocity, OCV
values were always, as expected, higher in tests conducted in Configu-
ration 1 with respect to those of Configuration 2. This is due to a greater
reduction in the concentration gradient along the channel length in
Configuration 2, which resulted from its longer channel compared to
Configuration 1. The attenuation in the concentration gradient was
more pronounced at higher saline solution concentrations, whereas it
diminished with increasing flow velocity.

These trends can be attributed to the typical dependence of the OCV
on solution concentration and flow velocity [50]. Increasing the high
saline solution concentration enhances the diffusive flux of ions from the
high to the low saline solution channels, thereby reducing the driving
force of the process. As concerns the velocity effect, higher flow veloc-
ities shorten the residence time, thereby limiting the reduction of the
driving force. Apart from the test at high saline solution concentration of
5.0 mol/L and flow velocity of 0.5 cm/s, the discrepancies between OCV
values in Configuration 1 and Configuration 2 were always lower than
20%.

A close inspection of Fig. 4 also reveals that, at a fixed high saline
solution concentration, OCV values increased with flow velocity more in
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Fig. 5. Gross (lines with dots) and net (histograms) power density values for tests in Configurations 1 and 2 at high saline solution concentrations of (a) 1.0 mol/L,
(b) 2.5 mol/L and (c) 5.0 mol/L. High and low saline solutions flow velocities were 0.5, 1.0 and 2.0 cm/s. The low saline solution had a concentration of 0.017 mol/L

in all tests.

Configuration 1 than in Configuration 2. This is attributed to a more
severe impact of salt passage between the solutions, which becomes
more evident in longer channels at equal flow velocity (e.g. higher
residence times). The better to highlight the influence of residence time
on OCV, a comparison can be made between tests performed in
Configuration 1 at a flow velocity of 0.5 cm/s and those in Configuration
2 at 2.0 cm/s (equal residence time of 40 s). At fixed high saline solution
concentration, OCV values of Configuration 2 were equal or slightly
higher than the values in Configuration 1. This behaviour, while con-
firming the influence of residence time on OCV values, may also be
related to the enhancement of polarization coefficients with flow ve-
locity, see Section 2.2 in Supporting Information, thus explaining the
higher OCV values in Configuration 2 with respect to that of Configu-
ration 1.

Regardless the adopted configuration, OCV values slightly increased
from 1.0 mol/L to 2.5 mol/L, as high saline solution concentration,
while values were almost the same using 2.5 mol/L and 5.0 mol/L so-
lutions. The only exception was observed in Configuration 2 at a flow
velocity of 0.5 cm/s, where an increase in concentration led to a detri-
mental effect on OCV values. As an example, considering Configuration
1 and flow velocity of 1.0 cm/s, OCV values were 1.7 V, 1.9 Vand 2.0 V
at high saline concentrations of 1.0 mol/L, 2.5 mol/L and 5.0 mol/L,
respectively. The behaviour of OCV values can be attributed to the in-
fluence of saline solution concentration on the permselectivity of the
membranes [15,55]. Avci et al. [39] reported that the permselectivity of
various types of membranes decreased by approximately 20% when
more concentrated NaCl solutions were used, specifically increasing
from 0.1/0.5 mol/L to 0.5/4.0 mol/L. Similar results were also discussed

by Daniilidis et al. [56] that observed a reduction in membranes
permselectivity of ~20-30% using river water and different highly
concentrated NaCl solutions. The influence of permselectivity is here
emphasized from a comparison between measured OCV values and
theoretical OCVyernst Ones calculated for ideal membranes (100%
permselectivity). As expected, the deviation from the ideal values was
more pronounced at higher saline solution concentrations. Referring to
tests performed in Configuration 1 at flow velocity of 2.0 cm/s (cases
less affected by non-Ohmic voltage drops due to the highest adopted
velocity and shortest channel), the estimated permselectivity (given by
the ratio OCV/OCVNemst (a=1)) Would be ~0.95, ~0.83 and 0.73 for
high saline solution concentration of 1.0 mol/L, 2.5 mol/L and 5.0 mol/
L, respectively. Permselectivity values agree with those calculated using
Eq. (A.7) reported in Giacalone et al. [57] for the same membranes, i.e.
Fuyjifilm type 10, as supplied by the manufacturer. Specifically, values
were 0.95, 0.87, 0.76 for high saline solution concentration of 1.0 mol/
L, 2.5 mol/L and 5.0 mol/L, respectively.

Overall, regardless of electrode configuration, the best OCV values
were observed at a high saline solution concentration of 5.0 mol/L and a
flow velocity of 2.0 cm/s, reaching 2.1 V and 1.9 V for Configuration 1
and Configuration 2, respectively.

The impact of the industrial scale channel on RED performance, in
comparison to the partial area use of Configuration 1, was further
evaluated by analysing the gross and net power density values across all
investigated cases, as reported in Fig. 5.

The highest net and gross power density values were observed in
Configuration 1 due to a higher average salinity gradient.

Gross power density was observed to increase with flow velocity,
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Fig. 6. Net Power (lines with dots) and energy efficiency (histograms) for tests in Configurations 1 and 2 at high saline solution concentrations of (a) 1.0 mol/L, (b)
2.5 mol/L and (c) 5.0 mol/L. High and low saline solutions flow velocities were 0.5, 1.0 and 2.0 cm/s in each case. The low saline solution had a concentration of

0.017 mol/L in all tests.

regardless the solution concentration and channel length. This is
consistent with the results reported in literature [15]. In Configuration
1, the improvement of gross power density with flow velocity was less
pronounced compared to Configuration 2 at high saline solution con-
centrations of 2.5 mol/L and 5.0 mol/L. This highlights the need for
higher flow velocities in long stacks to mitigate salt passage between
channels and preserve the salinity gradient. Nevertheless, net power
density values exhibited a completely different trend, suggesting that
different operating conditions should be considered as the optimal
working point. In fact, from Fig. 5, it can be noticed that in all cases, with
exception of test at Ciy = 5.0 mol/L and Configuration 2, an increase of
the velocity from 1.0 cm/s to 2.0 cm/s caused a reduction of the net
power density. It should be emphasized that, regardless the configura-
tion, the trend of power density values with increasing high saline so-
lution concentration does not follow the corresponding trend of OCV
values. Indeed, at fixed flow velocity, an appreciable enhancement in
power density was recorded from 1.0 mol/L to 2.5 mol/L and a more
marked increase was observed from 2.5 mol/L to 5.0 mol/L. As an
example, considering Configuration 2 and a velocity of 1.0 cm/s, net
power density values were 1.5 W/m?2, 2.2 W/m? and 3.0 W/m? at high
saline concentrations of 1.0 mol/L, 2.5 mol/L and 5.0 mol/L,
respectively.

In fact, despite the OCV trends, which in most cases exhibited small
variations with increasing concentration, higher saline solution con-
centrations led to lower stack resistance and to a more pronounced
salinity gradient along the channel length. Consequently, the measured
stack currents increased with solution concentration, thus enhancing
power density.

In Configuration 1 the highest value of net power density was
recorded for the test performed at Cy = 5.0 mol/L and a flow velocity of

1.0 cm/s, being 6.1 W/m? (+0.3 W/rnz), while for Configuration 2 the
highest value was still obtained for a high saline solution concentration
of 5.0 mol/L but at a flow velocity of 2.0 cm/s, being 3.4 W/m? (+0.2
w/m?).

Noteworthy, the power density values were also affected by perm-
selectivity losses. According to Eq. (4), if ideal membranes were adop-
ted, the gross power density would increase by ~10%, ~45% and
~90% for tests performed with high saline solution concentration of 1.0
mol/L, 2.5 mol/L and 5.0 mol/L, respectively. Under these consider-
ations, the maximum theoretical value of net power density would be
11.7 W/m?, for the high saline solution concentration of 5.0 mol/L at a
flow velocity of 1.0 cm/s in Configuration 1. Theoretical net power
densities are reported in Appendix Al.

Although higher values of power density were recorded with a par-
tial area use, i.e. Configuration 1, the actual power output was instead
higher in Configuration 2. This can be visualized referring to the net
power and net energy efficiency in Fig. 6.

From Fig. 6, net power was notably higher in Configuration 2. In
detail, the maximum net power value of 2.7 W was obtained at high
saline solution concentration of 5.0 mol/L and a flow velocity of 2.0 cm/
s. The improvement in net power values achieved in Configuration 2
strongly supports the use of industrial scale stacks for RED applications.
Indeed, under fixed operating conditions, net power values in Configu-
ration 2 were consistently at least twice higher than those obtained in
Configuration 1. This analysis demonstrated that the extended channel
length of the RED unit, compared to the typical lengths used in lab-scale
set-ups (10-20 cm), was still able to harvest a not negligible amount of
renewable energy, despite operating under a reduced salinity gradient.
It should be also noted that the enhancement observed in this study was
achieved while maintaining the same flow rate, thereby keeping
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Fig. 7. Yield for tests in Configurations 1 and 2 at high saline solution concentrations of (a) 1.0 mol/L, (b) 2.5 mol/L and (c) 5.0 mol/L. High and low saline solutions
flow velocities were 0.5, 1.0 and 2.0 cm/s in each case. The low saline solution had a concentration of 0.017 mol/L in all tests.

solution and resource consumption constant. In other words, it is not
necessary to match the residence time by increasing the flow rate, with
associated increasing operative costs. On the contrary, operating at the
same residence time implies a higher solution consumption and even a
reduction in performance compared to maintaining the same flow ve-
locity, see Fig. 6.

The reduction in OCV values observed in Fig. 4, when moving from
Configuration 1 to Configuration 2, at fixed flow velocity and concen-
tration, was compensated by lower stack resistances and higher electric
currents enabled by the larger membrane area. In particular, the effect of
stack resistance reduction was prominent compared to the decrease in
OCV, thus leading to an overall enhancement of the net power output
(see Eq. (4)). OCV and resistance values measured during the tests are
reported in Appendix A2.

Regarding net energy efficiency, values consistently decreased with
increasing flow velocity and high saline solution concentration, as re-
ported in other literature works [43], indicating that the rise in exergy
flow consistently outweighed the improvement in net power density.
Concerning comparison between configurations, net energy efficiency
followed trends similar to those of net power; accordingly, the same
considerations hold, with net energy efficiency values in Configuration 2
being more than twice those attained in Configuration 1 under fixed
operating conditions. Overall, the best net energy efficiency value was
observed in Configuration 2 at the lowest high saline solution concen-
tration (1.0 mol/L) and the lowest flow velocity (0.5 cm/s), being 23.6%
(£2.5%).

In the tests, the high saline solutions retained a concentration close to
the initial one, as demonstrated by the analysis of solution samples taken
from the outlet sections of the stack (see Section 2.5 in Supporting In-
formation), thus indicating the use of either longer channels or a
multistage pass of the high saline solution to improve energy exploita-
tion, as also discussed in [58]. Moreover, despite additional auxiliary
equipment needed and a more complex system, a multi-stage approach
better accounts for variations in the salinity gradient, since membrane
type, spacer geometry, number of cell pairs, and flow velocity can be
adjusted in subsequent units to maximize power output. The exploited
salinity gradient from solution can also be highlighted referring to yield,
Y, as reported in Fig. 7.

At a fixed high saline solution concentration and configuration, yield
values decreased with increasing flow velocity, as also reported in pre-
vious studies [7], indicating that lower velocities allow better energy
harvesting from the same amount of feedwaters, see Fig. 7. Yield values
increased with solution concentration, as a result of the enhanced power
output. Specifically, the maximum yield of 0.44 kWh/m? (+0.02 kWh/
m?®) was obtained in Configuration 2 at high saline solution concentra-
tion of 5.0 mol/L and a flow velocity of 0.5 cm/s, marking a significant
improvement over previous results reported in literature for RED oper-
ation with comparable solutions [44]. Once again, the use of long
channels was found to be a potential way to achieve higher performance
with the same resource consumption.

A more detailed economic analysis, which is out of the scope of this
work, would be required to effectively assess the optimal channel length
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Fig. 8. Net power density for tests operated in Configurations 2, 3 and 4 at high saline solution concentrations of (a) 1.0 mol/L, (b) 2.5 mol/L and (c) 5.0 mol/L. High
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Table 3
Summary of works on RED systems equipped with electrode segmentation.
References  Active membrane area Number of Cy (mol/ Cy, (mol/ P net (W/ Maximum power Density increase Due to
(ecm?) segments L) L) m?)* segmentation
Veerman et al. [39] 25 x 75 3 0.017 0.5 1.0 11%
2010
Pintossi et al. [38] 22 x 22 4 0.017 0.5 1.6 10%
2020
This work [-] 10 x 80 2 0.017 5.0 4.1 21%
This work [-] 10 x 80 4 0.017 5.0 3.8 12%

“ Net power densities are expressed referring to total cell pair area.

Table 4
Summary of upscaled RED units in literature.
References Active membrane area (cm?) Cy (mol/L) C;, (mol/L) Flow velocity (cm/s) P nee (W/m?)*
Veerman et al. 2010 [39] 25 x 75 0.017 0.5 1.0 1.0
Tedesco et al. 2016 [18] 44 x 44 0.03 4.0-5.0 1.0 1.6 real solutions
2.8 synthetic solutions
Tedesco et al. 2017 [3] 44 x 44 0.007-0.060 4.0 0.9 1.8 real solutions
Nam et al. 2019 [24] 29 x 43 0.01-0.06 0.5 1.5 0.8
This work [-] 10 x 80 0.017 5.0 2.0 4.1

* Net power densities are expressed referring to total cell pair area.
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Table A1 Table B1
Py net and theoretical Py e in the experimental campaign. OCYV values for tests performed in Configuration 2, 3 and 4.
Cy Flow velocity Configuration  Pgpet (W/ Theoretical Pg pet Experimental Configuration Configuration Configuration
(mol/L) (cm/s) m?) (W/m?) test 2 3 4
1.0 0.5 1 2.3 2.5 Flow velocity  First 1.48 1.52 1.65
1.0 0.5 2 1.2 1.4 0.5 cm/s segment
1.0 1.0 1 2.1 2.3 Cu OocCv (V)
1.0 1.0 2 1.2 1.4 1.0 mol/L Second 1.17
1.0 2.0 1 1.9 2.2 C segment
1.0 2.0 2 1.0 1.2 0.017 mol/ OCV (V)
2.5 0.5 1 4.1 6.0 L Third 0.96 0.95
2.5 0.5 2 2.1 3.1 segment
2.5 1.0 1 4.2 6.2 OCV (V)
2.5 1.0 2 2.0 3.1 Fourth 0.79
2.5 2.0 1 3.5 5.6 segment
2.5 2.0 2 1.8 3.1 OocCVv (V)
5.0 0.5 1 47 9.0 Flow velocity  First 1.56 1.65 1.70
5.0 0.5 2 2.7 5.0 1.0 cm/s segment
5.0 1.0 1 6.1 11.7 Cy oCv (V)
5.0 1.0 2 3.1 6.1 1.0 mol/L Second 1.33
5.0 2.0 1 5.6 11.5 CL segment
5.0 2.0 2 3.4 7.3 0.017 mol/ OCV (V)
L Third 1.20 1.16
segment
OCV (V)
Table A2 Fourth 1.01
Comparison of Configurations 1 and 2 in terms of OCV, stack resistance, net segment
power. OCV (V)
Flow velocity  First 1.60 1.78 1.74
Cy Flow Configuration =~ OCV Stack Net 2.0 em/s segment
(mol/ velocity W) resistance (Q) power Cu oCV (V)
L (cm/s) W) 1.0 mol/L Second 1.45
1.0 0.5 1 1.57 1.44 0.45 G segment
1.0 0.5 2 1.48 0.46 0.98 0.017:mol/  OCV (V)
1.0 1.0 1 1.62 1.49 0.42 L Third 1.39 1.32
1.0 1.0 2 1.56 0.48 0.98 segment
1.0 2.0 1 1.67 1.54 0.38 ocv (V)
1.0 2.0 2 16 0.49 0.78 Fourth 1.19
2.5 0.5 1 1.88 1.18 0.82 segment
2.5 0.5 2 1.4 0.35 1.70 ocv (V)
2.5 1.0 1 1.92 1.24 0.84 Flow velocity First 1.44 1.65 1.75
2.5 1.0 2 1.66 0.37 1.63 0.5 cm/s segment
2.5 2.0 1 2.03 1.35 0.70 Cu ocv ()
2.5 2.0 2 1.85 0.37 1.42 2.5 mol/L Second 1.28
5.0 0.5 1 1.83 0.89 0.95 G segment
5.0 0.5 2 1.38 0.27 2.11 0.017 mol/  OCV (V)
5.0 1.0 1 2.00 1.01 1.22 L Third 1.10 1.04
5.0 1.0 2 1.67 0.28 2.48 segment
5.0 2.0 1 2.12 1.13 1.13 ocv (V)
5.0 2.0 2 1.87 0.29 2.73 Fourth 0.86
segment
OCV (V)
and operating conditions. However, it should be noted that, in addition Flow velocity  First 1.66 1.83 1.95
. . . . . 1.0 cm/s segment
to the improvement in power output discussed here, RED units with Ca ocvV V)
longer channels can reduce the relative impact of material usage, 2.5 mol/L Second 1.52
operation costs or auxiliary equipment, such as (i) the membrane area C segment
inactive as it is covered by gaskets; (ii) pumping losses due to localized 0.017 mol/  OCV (V)
. . . . . L Third 1.33 1.30
and manifold pressure drops; (iii) hydraulic circuits and instrumenta- segment
tion. Giacalone et al. [57] demonstrated that, although the optimal oGV (V)
configuration is not always achieved with the longest channel, systems Fourth 1.13
coupling fresh water and hypersaline brine units benefit from the use of segment
long channels, even 1.0 m, achieving lower levelized cost of energy. . ocvv)
. . . e . . . Flow velocity  First 1.85 1.97 2.07
In conclusion, the improvements in resource utilization achieved in 2.0 cm/s segment
Configuration 2—highlighted in terms of net power, net energy effi- Cu ocV (V)
ciency, and yield—demonstrate that longer channels enable larger en- 2.5 mol/L Second 1.76
ergy harvesting due to a better exploitation of the salinity gradient G segment

0.017mol/  OCV (V)

L Third 1.54 1.57
segment

3.2. Segmented electrode configurations OCV (V)

Fourth 1.44

segment

oCv (V)

power potential, as also reported in some previous studies [37,39].

The benefits of the use of multiple electric circuits in the industrial
scale RED unit, exploiting the segmented electrodes, was investigated by
employing hypersaline solutions (up to 5.0 mol/L NaCl). Fig. 8 shows
the net power densities achieved in the tests performed in

(continued on next page)
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Table B1 (continued)

Experimental Configuration Configuration Configuration
test 2 3 4
Flow velocity  First 1.38 1.66 1.90
0.5 cm/s segment
Cy Oocv (V)
5.0 mol/L Second 1.30
Cy segment
0.017 mol/ OCV (V)
L Third 1.08 1.00
segment
OCV (V)
Fourth 0.83
segment
OCV (V)
Flow velocity  First 1.67 1.84 2.01
1.0 cm/s segment
Cy OcCv (V)
5.0 mol/L Second 1.54
Cy segment
0.017 mol/ OCV (V)
L Third 1.37 1.29
segment
OCV (V)
Fourth 1.13
segment
OCV (V)
Flow velocity  First 1.87 2.02 2.14
2.0 cm/s segment
Cy Oocv (V)
5.0 mol/L Second 1.75
CL segment
0.017 mol/ OCV (V)
L Third 1.61 1.52
segment
OCV (V)
Fourth 1.39
segment
OCV (V)

Configurations 2, 3 and 4, using saline solutions concentrations of 1.0
mol/L, 2.5 mol/L and 5.0 mol/L, and different flow velocities, namely
0.5 cm/s, 1.0 cm/s and 2.0 cm/s. The low saline solution concentration
was 0.017 mol/L in all tests.

For the tests conducted at a high saline solution concentration of 1.0
mol/L, see Fig. 8.a, the highest net power density values were obtained
in Configuration 2. As the high saline solution concentration increased,
the benefits of electrode segmentation became progressively more
evident. At high saline solution concentration equal to 2.5 mol/L, Fig. 8.
b, the net power density values for both Configurations 3 and 4 were
higher or at least equal to those obtained with Configuration 2. Specif-
ically, Configuration 3 consistently performed best across the three tests,
showing an increase of ~10% compared to the case of undivided elec-
trodes, from 2.1 to 2.3 W/m?, at 0.5 cm/s, from 2.0 to 2.2 W/m?, at 1.0
cm/s, and from 1.8 to 2.0 W/mz, at 2.0 cm/s, respectively. Conversely,
Configuration 4 exhibited similar results of Configuration 2, gaining a
slight improvement of power density only at flow velocity of 0.5 cm/s,
from 2.1 to 2.3 W/m?. At high saline solution concentration of 5.0 mol/
L, Fig. 8.c, the influence of segmented electrodes was more meaningful.
Configuration 3 was again the best one at flow velocities of 1.0 cm/s and
2.0 cm/s, showing an improvement of at least of 10% and a maximum of
21% (+£8%) at flow velocity of 2.0 cm/s, from 3.4 W/m? to 4.1 W/m>.
The latter power density value corresponds to a net power of 3.3 W.

Configuration 4 provided the highest value among configurations at
flow velocity of 0.5 cm/s, with a power density increase of ~10% with
respect to Configuration 2. In addition, a value of yield of 0.48 kWh,/m?
(40.02 kWh/m®) was obtained in the test at 0.5 cm/s in Configuration 4,
being the highest value of the overall experimental campaign. Config-
uration 4 had similar results of those of Configuration 2 at flow velocity
of 1.0 cm/s, while it overperformed them of about 10% at flow velocity
of 2.0 cm/s. The maximum value of net power density recorded among
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Table B2
Current density values for tests performed in Configurations 2, 3 and 4.
Experimental Configuration Configuration Configuration
test 2 3 4
Flow First 19.7 19.2 18.8
velocity segment
0.5 cm/s current
Cy density
1.0 mol/L (A/m?)
Cy Second 21.1
0.017 mol/ segment
L current
density
(a/m?)
Third 20.4 229
segment
current
density
(A/m?)
Fourth 17.6
segment
current
density
(A/m?)
Flow First 23.7 18.6 15.1
velocity segment
0.5 cm/s current
Cy density
2.0 mol/L (A/m?)
CL Second 23.0
0.017 mol/ segment
L current
density
(A/m?)
Third 24.1 26.6
segment
current
density
(A/m?)
Fourth 21.6
segment
current
density
(A/m?)
Flow First 30.5 21.8 20.4
velocity segment
1.0 cm/s Current
Cy density
1.0 mol/L (A/m?)
CL Second 25.0
0.017 mol/ segment
L current
density
(a/m?)
Third 25.5 28.5
segment
current
density
(A/m?)
Fourth 24.2
segment
current
density
(A/m?)
Flow First 25.3 31.4 30.8
velocity segment
0.5 cm/s current
Cy density
2.5 mol/L (A/m?)
CL Second 36.5
0.017 mol/ segment
L current
density
(A/m?)
Third 30.6 41.8
segment
current

12

(continued on next page)



F. Volpe et al. Separation and Purification Technology 382 (2026) 135857

Table B2 (continued) Table B2 (continued)
Experimental Configuration Configuration Configuration Experimental Configuration Configuration Configuration
test 2 3 4 test 2 3 4
density density
(a/m?) (A/m?)
Fourth 25.2 Third 39.5 51.7
segment segment
current current
density density
(A/m?) (A/m?)

Flow First 34.4 34.7 31.8 Fourth 39.7
velocity segment segment
1.0 cm/s Current current
Cy density density
2.5 mol/L (A/m?) (A/m?)

CL Second 39.1 Flow First 41.3 42,5 41.1
0.017 mol/ segment velocity segment
L current 2.0 cm/s current
density Cy density
(A/m?) 5.0 mol/L (A/m?)
Third 37.0 49.4 Cy Second 51.5
segment 0.017 mol/ segment
current L current
density density
(A/m?) (A/m?)
Fourth 35.6 Third 46.8 49
segment segment
current current
density density
(A/m?) (A/m?)

Flow First 36.4 36.8 25.7 Fourth 57.3
velocity segment segment
2.0 cm/s current current
Cy density density
2.5 mol/L (A/m?) (A/m?)

CL Second 37.9
0.017 mol/ segment
L current
density Table C1
(A/m?) Applied voltage and measured current values for in dedicated tests for inter-
Third 40.8 38.6 ference between electrodes segments assessment tests for Configuration 4.
zi%?:::t Applied potential (V) Current (A) Current density (fictitious) (A/m?)
density 0.1 0.025 1.23
(A/m?) 0.2 0.047 2.35
Fourth 41.7 0.3 0.066 3.30
segment 0.4 0.082 4.08
current 0.5 0.095 4.73
density 0.6 0.108 5.35
(A/m?)

Flow First 35.8 37.8 42.9
velocity segment
0.5 cm/s curre'nt Table C2
?:) mol/L ?;?;%I Applied voltage and measured current values for in dedicated tests for inter-
a Second 57.1 ference between electrodes segments assessment tests for Configuration 3.
0.017 mol/  segment Applied potential (V) Current (A) Current density (fictitious) (A/m?)

L current
density 0.1 0.020 0.5
(A/m?) 0.2 0.039 0.98
Third 23.4 49.0 0.3 0.059 L.48
segment 0.4 0.075 1.88
current 0.5 0.088 2.20
density 0.6 0.100 2.50
(A/m?) 0.7 0.111 2.78
Fourth 54.4 0.8 0.122 3.05
segment 0.9 0.132 3.30
current 1.0 0.141 3.53
density
(A/m?)

Flow First 42.0 41.4 36.3 tests with the total membrane area was therefore 4.1 W/m? (+0.2 W/
velocity segment m?), at a high saline solution concentration of 5.0 mol/L, in Configu-
1.0 cm/s current ration 3 and at flow velocity of 2.0 cm/s. So, the electrode segmentation
g’(') mol/L ?3;?; proved to be a significant feature to optimize energy harvesting in RED.
G Second 46.5 However, care is needed to better exploit this feature. Indeed, in this
0.017mol/L  segment experimental campaign, it was expected that the industrial scale RED

current unit would provide the best performance when operated in
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Configuration 4, then in Configuration 3 and finally in Configuration 2.

On the other hand, several aspects should be considered.

First, tests with multiple electric circuits, Configurations 3 and 4,
where conducted with the aim of maximizing the power density for each
electrode segments pair separately, by varying local external resistances
to seek the local maximum power. This methodology was adopted to
investigate the possible use of adaptive external loads (e.g. Maximum
Power Point Tracking), which could be applied to each circuit seeking
for the maximum power output. An example of this research for the
optimum condition is discussed in Section 2.4 in Supporting Informa-
tion. However, it has been reported that the maximum power density for
each segment do not necessary correspond to the overall maximum [38],
since excessive consumption of salinity gradient in the initial sections of
the stack may compromise power harvesting in the subsequent section.
Moreover, it has been reported that one drawback of electrode seg-
mentation is the possible mutual interactions among segments [58,59].
The adopted set-up was more sensible to such interactions due to the
presence of a single ERS compartment, which indirectly connected the
different electrode segments [60]. Therefore, the absence of stand-alone
ERS compartments for each pair of segmented electrodes prevented
complete electrical isolation. As a result, each time an electric circuit
was connected to a pair of electrode segments, the electric current paths
of adjacent segments could be influenced, leading to a significant power
loss. This effect can impact the effectiveness of electrode segmentation
feature. Detailed data for current and electromotive forces at each
electrode segment are reported in Appendix B, and an assessment of the
mutual interference between electrode segments is reported in Appendix
C, which highlights how much the interference can be relevant (up to
25% of the useful current density values in the stack). This provides a
clear indication of a route for performance improvement, by optimizing
ERS compartments and reducing such dissipative phenomena.

The results obtained in this analysis can therefore be explained as
follows: (i) Configuration 4 generally performed worse than Configu-
ration 3, as the higher number of segments and, consequently, the
greater number of connected loads amplified the influence of the pre-
viously discussed limiting factors on RED performance; (ii) the tests
conducted with a high saline solution concentration of 1.0 mol/L, cor-
responding to the lowest salinity gradient investigated in this study,
were the most affected by these limitations. In such conditions, electrode
segmentation proved to be a suboptimal design choice, as the limited
available power density, and the smaller variation in solution concen-
tration observed along the channel, made these tests more sensitive to
the aforementioned constraints.

Due to the poor performance of Configurations 3 and 4 at high saline
solution Cy = 1.0 mol/L, as well as to the better performance of
Configuration 3 compared to Configuration 4, it may be suggested the
use of a modelling tool for a preliminary analysis of the best external
loads arrangements in order to match external loads values that maxi-
mize the overall power output of the unit [38].

3.3. Comparison between upscaled RED stacks with and without electrode
segmentation

In this section, RED stack performance of the present investigation is
compared to literature studies on RED units with similar objectives,
namely, electrode segmentation and upscaled units. Table 3 presents
and compares the characteristics and performance of the stack used in
this work with those reported by Veerman et al. [39] and Pintossi et al.
[38].

The use of highly concentrated saline solutions in this study was the
main parameter that led to an enhancement in power density, repre-
senting a clear step forward compared to previous works on electrode
segmentation in RED units. Note that, the adopted here RED unit also
exhibited the highest maximum power density increase due to seg-
mentation among the studies.

Table 4 presents a review of studies employing upscaled RED units.
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Only RED stacks with channel lengths greater than 40 cm were
considered.

Although the operating conditions and system configurations differ
among the studies reviewed in Table 4, the present work exhibits su-
perior power density performance, particularly under high-salinity
conditions and elevated flow velocities. The maximum net power den-
sity achieved in this study, 4.1 W/m?, exceeds the highest value reported
for upscaled stacks in the literature.

4. Conclusions

In this work, the performance of a 10 x 80 cm? upscaled RED unit
equipped with segmented electrodes was investigated via an extensive
experimental campaign exploring several operating conditions and four
electrode configurations. Tests conducted using a single electric circuit
to assess the influence of channel length on RED performance confirmed
that longer channels can boost power output and energy conversion in
the RED process. Although the highest power density values were ob-
tained in Configuration 1, with peak values of 6.7 W/m? (for Cy=5.0
mol/L and 2.0 cm/s) and 6.1 W/m? (for Cy = 5.0 mol/L and 1.0 cm/s),
for gross and net power density, respectively, the full utilization of the
industrial scale channel length (Configuration 2) enabled a power
output increase by at least a factor of two at the same operating con-
ditions, as highlighted from the values of net energy efficiency, net
power and yield. The values of yield reached in this worked marked a
notable improvement with respect to previous literature studies.

In the analysis on electrode segmentation, Configuration 2 (i.e. one
electric circuit), surprisingly performed better than Configuration 3 (i.e.
two electric circuits) and Configuration 4 (i.e. four electric circuits) at
the lowest high saline solution concentration (Cy 1.0 mol/L).
Configuration 4 exhibited worse performance than Configuration 3
almost in all cases, Configuration 3 provided the best result of 4.1 W/m?>
at the high saline solution concentration of 5.0 mol/L and solution ve-
locity of 2.0 cm/s, with an increase of 21% with respect to Configuration
2, marking the advantages of using an electrode segmentation strategy
in RED applications. The identification of Configuration 3 as best elec-
trodes configuration is, however, biased by the limitations of the
adopted unit (i.e. electrode segments interaction). On the other hand,
some useful guidelines for the adoption of electrode segmentation can be
provided: (i) the use of a modelling tool for a preliminary analysis of the
best external resistances arrangement to be adopted and (ii) properly
designed ERS compartments, which must isolate each electrode/ERS
segment. These guidelines can be followed to overcome the aforemen-
tioned limitations and thoroughly assess the potential of electrode seg-
mentation feature in RED unit.

The present work confirmed the use of electrode segmentation as a
promising strategy for energy optimization in RED units, also for saline
concentration up to 5.0 mol/L.

Moreover, the advantages of a RED unit with industrial scale length
channels were highlighted and thoroughly assessed in this work, also
providing practical recommendations for managing and properly oper-
ating upscaled set-ups and thus increasing the (TRL) of the RED process.
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Appendix A. Effect of permselectivity and quantitative analysis of net power variation passing from Configuration 1 to Configuration 2
A.1. Effect of permselectivity on Pq pn.: and theoretical Pg net

The reduction in permselectivity due to the use of hypersaline solutions may hinder the performance of a RED unit. The most evident effect is
observed in OCV values, as discussed in the main text. However, non-ideal permselectivity also contributes to potential losses in the generated power
output. According to Eq. (4), a permselectivity of 90% already entails a reduction of approximately 20% in power output compared to the ideal case (i.
e. membranes with 100% permselectivity). In this work, the estimated theoretical Py, was calculated as follows: first permselectivity values were
estimated for cases conducted at 2.0 cm/s for Configuration 1 at different high saline solution concentrations, then estimated permselectivity values
were applied in Eq. (4) to determine the theoretical gross power density from experimental data that are intrinsically affected by non-ideal perm-
selectivity and finally Eq. (5) was used to calculate the theoretical P4 values (i.e., the power density achievable with ideal membranes). Table A1l
reports the operating conditions of the experimental tests along with both experimental and theoretical Py ;.

Regardless of the configuration, P, ., deviations from the ideal values varied consistently with permselectivity, with discrepancies being highest at
Cy = 5.0 mol/L, followed by 2.5 mol/L and 1.0 mol/L. At Cg = 1.0 mol/L, the power density losses with respect to the theoretical value was 10%. For
Chg = 2.5 mol/L, discrepancies with the theoretical Pg,. reached 30-35%, with slightly higher values at a flow velocity of 2.0 cm/s. The largest
discrepancies were observed at Cy = 5.0 mol/L, around 50%, and increased further with flow velocity.

A.2. Quantitative analysis of net power variation passing from Configuration 1 to Configuration 2

As discussed in the main text, RED units equipped with long channels exhibit, on average, a reduced salinity gradient due to more extensive salt
passage along the flow path. However, although the OCV values are reduced, the increased salt passage through a large membrane area allowed higher
conductivity of the low saline solution to attain along the channel thus reducing the stack resistance. Table A2 reports and compares OCV, stack
resistance and net power for all the tests performed in Configuration 1 and 2.

It can be observed, on average, that OCV values reduced of about 20% when moving from Configuration 1 to Configuration 2, whereas the stack
resistance decreased by a factor of ~3-4, thus leading to an overall enhancement of the power output (Eq. (4)).

The largest improvements in net power were achieved in tests adopting a Cy = 5.0 mol/L. This can be attributed to: (i) the largest variation in the
low saline solution concentration, (ii) the smallest relative variation in the salt content of the high saline compartment, and (iii) the less attenuated
OCV values along the channel length.

Appendix B. Current density and electromotive force distribution in segmented electrode configurations

With electrode segmentation, multiple external loads can be connected to a RED unit. This approach enables to account for the evolution of stack
resistance and to independently optimize the external load for each section of the stack. Moreover, the electrode segmentation allows to monitor
variations in current density and electromotive force along the channel length. Table B1 and B2 report OCV and current density values for tests
performed in Configuration 2, 3 and 4.

OCV values decreased between segments as a result concentration gradient attenuation. OCV values between the first and the last segment reduced,
see Configuration 4, by approximately 30-50% with the exception for the test carried out with a high saline solution concentration of 5.0 mol/L and a
flow velocity of 0.5 cm/s, where the reduction exceeded 55%. Higher saline concentration and flow velocity enabled to preserve the salinity gradient
along the channel. As expected, for each set of operating conditions, the highest OCV values were achieved at the first electrode segment.

A fairly homogeneous current density distribution was attained along the channel length with no significant drops near the outlet regions, e.g. in
the fourth segment in Configuration 4. In Configuration 4, the current density initially increased along the channel (from the first to the second
segment, and in most tests also from the second to the third). This behaviour is due to the decrease of local resistance along the channel length, which
effect prevails on the electromotive force reduction. Therefore, lower current density values were observed at the first segments due to the lowest
conductivity of the low saline solutions affecting local stack resistance. The increasing trend of current along the electrode segments was more
pronounced at higher flow velocities (where electromotive force reduced less steeply) and at higher saline concentrations (where a significant salinity
gradient was likely maintained even near outlet regions). On the average, regardless the configuration, current density increased with concentration
and flow velocity.

Appendix C. Mutual interferences between electrode segments

As discussed in the main manuscript, mutual interferences between electrode segments were observed in tests performed in Configuration 3 and 4.
This can be attributed to parasitic currents established by the potential difference between adjacent electrodes wet by the same ERS. To estimate the
magnitude and relevance of potential parasitic currents, dedicated tests were carried out. Specifically, electrode segments of two adjacent circuits (i.e.
the first segment to the second one for Configuration 4; the first two segments with the remaining two for Configuration 3) were connected through a
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power supply (Elektro-Automatik EA-PS 2042-10B) and a voltage difference was applied, while only ERS flowed through its channel. Table C1 and C2
report the current values measured in the dedicated tests at applied potential values from 0.1 V to 1.0 V and a fictitious current density calculated
dividing the measured current by the area of 1 electrode (10 x 20 cm?) in Config. 4 and 2 electrodes (10 x 40 cm?) in Config. 3, respectively. Applied
voltage values were chosen in accordance with voltage differences between segments measured in experiments.

Measured current values were not negligible, thus confirming that electrode segments mutual interference had a significant impact on results
reported in section 3.2 of the main text. As an example, considering the case of flow velocity of 0.5 cm/s, Cy = 1.0 mol/L, C;, = 0.017 mol/L, the
measured difference in electromotive force between the first two segments is ~0.5 V (see the first two lines of Table B1) that can lead to a parasitic
current of 0.0945 A (see Table C1) that corresponds to a current density of 4.73 A/m2, which is 25% of the current density measured at the first
electrode segment during the test, i.e. 18.8 A/m? (see Table B2).

Appendix D. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.seppur.2025.135857.
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