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Salinity gradient power (SGP), has gained attention in last years, due to its numerous advantages as renewable
and continuous source of energy. Furthermore, the possibility of deploying this new source of green energy in
coastal wastewater treatment plants (WWTPs) offers an attractive alternative to advance the energy sustain-
ability in these installations while contributing to increase the prospects for water reclamation. As part of a
global project that integrates the recovery of SGP through reverse electrodialysis within a water reclamation
process, we report the analysis of the influence of the main components of a reversal electrodialysis (RED) stack,
membranes, and spacers, on the recovery of energy. Additionally, the optimal number of cell pairs and velocity of
the water streams is determined to maximize the gross power density. The study is carried out with model waters
with a sodium chloride concentration of 0.5 M (seawater) and 0.02 M (close to WWTP effluents) as high and low
concentration solutions respectively, in a RED stack with 3 to 20 ion exchange membrane pairs. The results
reveal that membrane thickness exerts a more decisive influence than the spacers thickness. Power density values
as high as 1.59 W-m 2 and 1.77 W-m ™2 have been obtained using membranes of 50 um thickness and spacers of
270 and 155 pm thickness, respectively. The information here reported helps in the decision-making for the
proper design of the membrane stack, making a step forward to facilitate the integration of SGP recovery within

water reclamation processes, reducing fossil fuel dependence in WWTPs.

1. Introduction

The 2030 Agenda for Sustainable Development, adopted by all
United Nations Member States, provides different objectives to achieve a
better and more sustainable future for all people [1]. In this sense, 17
sustainable development goals (SDG) have been stablished focusing on
diverse interconnected areas. Specifically, ODS number 7 called
“Affordable and Clean Energy” and ODS number 9 “Climate Action” are
closely linked, and encouraging the progress of new green energy
sources that are competitive with fossil fuel-based energy sources. Be-
sides, the ODS number 6 “Clean Water and Sanitation” seeks to promote
accessible and sustainable management of water for all.

In this context, salinity-gradient power (SGP) or Blue Energy has
emerged as one of the most promising sources of renewable energy in
the 21st century for medium and large-scale applications. Theoretically,
SGP allows generating, according to the Gibbs free energy, up to 1.7 MJ
by mixing 1 m? of seawater with the same amount of river water [2].
This type of energy is based on the salinity difference between two water
streams, known as high concentration (HC) and low concentration (LC)
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streams, respectively. In the first case, seawater, saline water bodies or
brines are commonly used as HC streams, while river water, wastewater
effluents or water wells represent typical examples of LC streams. In the
case of wastewater treatment plants (WWTPs), previous works demon-
strated the possibility of reducing the energy consumption of these fa-
cilities and reducing the water stress through the development of
tertiary processes that integrate water reclamation units and energy
recovery through the reverse electrodialysis technology; the final LC
water with a slight increase in its salinity after the RED unit would serve
to different uses such as sanitation, street cleaning or even irrigation
[3-5]. Besides, other important features of the salinity gradient power
are the continuous production of energy, in contrast to the intermittency
of solar or wind energy, and the fact that wastes are not produced.

In addition to Reverse Electrodialysis (RED) that is based on the use
of ion-exchange membranes (IEM) [6,7], Pressure Retarded Osmosis
(PRO) [8-13] and capacitive deionization [14] have been proposed as
feasible technologies to harvest SGP. PRO and RED technologies are
relatively close to the state of commercialization, however, remaining
issues, such as membrane lifetime, mainly limited by fouling

Received 13 March 2022; Received in revised form 18 April 2022; Accepted 21 April 2022

Available online 8 May 2022

2214-7144/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ortizi@unican.es
www.sciencedirect.com/science/journal/22147144
https://www.elsevier.com/locate/jwpe
https://doi.org/10.1016/j.jwpe.2022.102816
https://doi.org/10.1016/j.jwpe.2022.102816
https://doi.org/10.1016/j.jwpe.2022.102816
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jwpe.2022.102816&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L. Gomez-Coma et al.

phenomenon, and membrane high cost, continue to be the major
drawbacks for their widespread deployment. PRO technology, concep-
tualized by Prof. Loeb in 1974 [15], harvests energy by using semi-
permeable membranes allowing the transport of water from the LC to
the HC solution under the influence of a pressure difference [7]. Apart
from membrane fouling an additional drawback of this alternative is the
high amount of energy consumed in the process by a pressure exchanger,
which decreases the available net power [12]. RED technology, firstly
developed in 1954 by R.E. Pattle [16], avoids this problem. In this case,
salt ions are transferred from the HC to LC streams through the IEMs due
to the concentration difference [17]. The elementary unit of a RED stack
is the cell pair, composed of a cation exchange membrane (CEM), a
dilute compartment, and an anion exchange membrane. Typically, RED
systems use standard-grade membranes [5,17-22], ideally with very low
resistance, high selectivity and high stability in acidic and basic condi-
tions. Besides, new types of IEMs for RED stacks are currently being
developed, such as, i) a new generation of monovalent membranes, ii)
novel multivalent permeable membranes with antifouling properties,
and iii) profile membranes. Monovalent membranes are of special in-
terest since they allow the facilitated transport of single charge ions
while blocking the crossover of multivalent ions [23-26]. This type of
membranes can be fabricated by surface layer modification or by the
formation of highly cross-linked materials [25-27]. Preventing uphill
phenomena, that is the undesired transport of multivalent ions from the
LC solution to the HC solution, is the main advantage of monovalent
membranes [28,29]. Nevertheless, some recent works reported high
values of membrane resistances for monovalent membranes and,
consequently, poor RED performance [29-31]. Thus, when ion-selective
membranes are used, a trade-off between the enhancement of mono-
valent ions selectivity and membrane resistance must be considered
[25]. In contrast, multi-permeable membranes are well-known and
cheaper than monovalent membranes and are frequently used for long-
term experiments [4,5,32,33]. In fact, two pilot plants have been con-
structed using RED systems and, in both cases, they employ multivalent
membranes. The first one, located in Marsala (Italy), was based on the
contact between brines and brackish water as HC and LC respectively
and the second one, in Afsluitdijk (The Netherlands), flows seawater and
river water [18,33]. Laboratory scale studies using nonselective or
multivalent IEMs currently focus on the prevention of fouling caused by
non-single charged ions, which negatively increases membrane resis-
tance and consequently reduces the RED performance [4,22,28-35].
However, recent studies highlight that a simple tertiary treatment,
entailing, coagulation, flocculation, decantation, and filtration could
significantly reduce membrane fouling [5]. Other water sources such as
the rejection of reverse osmosis units in desalination plants also offer the
potential for water reclamation and do not require additional treatment.
In this framework, Mei et al. published an interesting work highlighting
the technical feasibility and the current practical constraints of the RED
technology combined with electrodialysis to contribute to self-sufficient
desalination plants. The work mentioned above sets the basis to achieve
a salt removal efficiency and a freshwater recovery through more
energy-efficient desalination methods [36].

Finally, profiled membranes or spacerless membranes include a relief
on their surface that substitutes the role of spacers and leads to low
ohmic resistance values due to their ion-conducting structures with low
hydraulic friction, but the boundary layer resistance is higher revealing
poor promotion of mixing [37-40]. As Mei and Tang reported, these
membranes are designed with tailored microstructures such as ridges,
waves, pillars, or chevron corrugation, to conduct water streams [40].
Some works have studied the performance of profiled membranes to
extract blue energy; for example, Vermaas et al. pointed out that profiled
membranes are significantly less sensitive to fouling and are easier to be
cleaned than stacks with spacers [33]. Nazif et al. highlighted that the
use of this type of membranes avoids the spacer shadow effect, where a
large portion of the conductive membrane area is covered with the
spacers, providing higher membrane area [41]. In addition, other works
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revealed the reduction of pumping energy when profiled membranes are
assembled in substitution of traditional membranes-spacers configura-
tions [40,42]. However, the spacer substitution can promote the for-
mation of dead zones and polarization phenomena [40,42,43]. Another
critical disadvantage of these membranes consists in keeping the char-
acteristics of the membranes when they are removed from the moulds
[33,43]. Thus, despite profiled membranes holding promise to improve
RED performance, this option still offers high complexity, and therefore
further research is required to reach the market.

Nowadays, the use of a spacer mesh to separate the IEMs is mostly
adopted to improve the contact of the solutions as well as to enhance
flowrate distribution of water streams along the membrane compart-
ments [2,5,17-20,44,45]. In this sense, in RED technology, spacers also
play an important role to keep the convenient distance between mem-
branes [44] Thus, the membrane properties and intermembrane dis-
tance have a significant impact on the overall process performance. One
of the key features of spacers with influence on RED performance is the
mesh porosity. Generally, lower porosity values imply higher compart-
ment resistance [17,44]. In addition, small intermembrane distance
(spacer thickness) favors the reduction of the stack resistance but,
simultaneously, limits the water stream flow rates and increases the
pressure drop [20]. Then, the configuration of spacers is critical and
plays an important role in RED efficiency that needs to be exhaustively
examined and optimized.

WWTPs are high energy consumers, 0.5 kWh-m >, with a strong
dependence on fossil fuels. Therefore, previous works analyzed low
concentration stream and seawater as HC solutions to maximize the
energy recovery when employing RED technology and consequently
improve WWTPs sustainability. These works concluded that 0.02 M in
terms of salinity is the optimal value which is close or slightly lower (a
value that can be easily increased) than the typical salinity of WWTPs
secondary effluents. Therefore, the installation of SGP appears to be a
promising strategy to facilitate energy recovery when integrated with
water reclamation strategies; this alternative, more attractive to WWTPs
located in coastal areas, would decrease water stress and reduce the use
of fossil fuels. [5,46].

However, it is essential to remark that despite the high expectations
raised, further research efforts are necessary so that the technological
alternatives to the recovery of SGP become commercially available
[46,47]. In this way, this work aims to analyze the influence of the key
components in a RED stack, more specifically the thickness of both
spacers and monovalent-membranes as well as membrane pairs and
linear velocity of the aqueous streams flowing through the RED stack.
Thus, the gained knowledge will facilitate the development of this
promising green source of energy and, at the same time, will potentiate
its integration in water reclamation processes.

2. Experimental

Two different multivalent commercial types of cationic (FKS-50 and
FKS-30) and anionic (FAS-50 and FA-30) exchange membranes have
been used and supplied by Fumasep® (Germany). The membrane

Table 1
Cationic (CEM) and anionic (AEM) exchange membrane characteristics ac-
cording to Fumasep®.

Membrane Thickness Permselectivity 0.1-0.5M  Area resistance
(pm) (%) (Q-cm?)
FAS-50 45-55 92-96 0.6-1.5
(AEM)
FAS-30 25-35 92-96 0.3-0.6
(AEM)
FKS-50 45-55 97-99 1.8-2.5
(CEM)
FKS-30 21-26 99 0.84
(CEM)
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effective area was 200 cm?, and the main membrane properties in terms
of thickness, permselectivity and area resistance are summarized in
Table 1. Membranes were assembled in a RED stack provided by
Fumatech® (Germany). Polyethersulfone spacers, 155 pm and 270 pm
thickness and with a porosity of 82.5% were placed between
membranes.

A solution composed of 0.05 M K3Fe(CN)g, 0.05 M K4Fe(CN)g and
0.25 M NaCl in deionized water was employed as electrolyte [48]. Eq. 1
shows the redox reaction; the electrolyte, which converts the ionic
current into an electrical current, is continuously recirculated. At the
end of the RED stack two electrodes integrated mainly by titanium/
mixed oxides were placed and prevent the loss of the iron complex. CEM
outer membranes were placed at both sides of the RED stack to ensure
the circuit closure [49].

[Fe(CN)o]" +¢ « [Fe(CN)o |+~ @

The experiments were carried out with solutions of sodium chloride
(NaCl) (assay > 99.5, Fisher Chemicals). In this sense, NaCl 0.5 M
salinity, was prepared and used as high concentration solution. On the
other hand, 0.02 M NacCl solution was employed as a low concentration
solution, since it was previously reported that it favors the optimal SGP-
RED performance [46].

The configuration of the experimental setup has been detailed in
previous works [17,46] and is briefly depicted in Fig. 1. In summary,
both streams feed the RED module in parallel entering the bottom part of
the stack and leaving it, without mixing, from the top. The experiments
were performed using an electronic load in galvanostatic mode (Chroma
Systems Solutions 63103A, USA) and the electrical current was modified
measuring the produced voltage. The value of the current was main-
tained until reaching constant voltage and every experiment was repli-
cated at least three times as independent tests. Moreover, the
experimental setup was introduced in an oven to guarantee isothermal
conditions (24 °C) due to the strong influence of temperature on the
technology performance [17].

3. Results and discussion

This section presents the main results obtained when different
membranes and spacers were tested in a module for the recovery of SGP.
Moreover, since a parasitic resistance (from the high potential to the low
potential electrode compartment) was previously observed, which could
present high impact on the RED performance, in this work, the influence
of the number of cell pairs has also been studied [11,50]. The perfor-
mance has been evaluated in terms of the gross power density per
membrane pair (W-m~2) versus the current intensity. Finally, the in-
fluence of the linear velocity, increasing from 1 to 3 cm-s~ !, was studied
with the different spacers and membranes. Using RED technology, when
tertiary wastewaters are used as low concentration feed, the outlet water
fulfills the allowable concentration in the target parameters such as

Cell Pair Unit HC \

CEM Spacer AEM Spacer
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turbidity, total suspended solids, or conductivity for reuse in urban ac-
tivities like street cleaning and fire systems, industrial applications, or
irrigation [5].

Besides, for the ease of reading, all the experiments carried out with
155 pm are referred to with a triangle (a) while 270 pm spacers are
represented with a circle (@). When 3 membrane pairs were used, purple
colour was chosen to represent the points while 5, 10, 15, and 20 cell
pairs were characterized with blue, orange, red, and green colors,
respectively. Finally, ion exchange membranes of 30 pm are showed
with filled symbols A or @ and 50 pm with unfilled symbols A\ or o.
Table 2 summarizes the legends used in this paper in terms of symbols
and colors.

3.1. Influence of the spacers thickness

This section discusses the influence of the spacers in the recovery of
SGP using the reversal electrodialysis technology. In this sense, different
experiments have been developed using both spacers with 155 and 270
pm and 30 pm membrane thickness. In this case, the linear velocity was
2.5 cm-s~ L. Fig. 2 shows the power curves generated when different cell
pairs were installed. Fig. 2 also depicts that both variables, power den-
sity and current intensity, are higher for the same number of membrane
pairs when 155 pm spacers were employed. In this sense, when 20 cell
pairs were installed, the power density achieved constant values: 1.4
W-m~2, and 1.2 W-m ™2 and the limiting current, 0.75 A and 0.9 A for the
spacers thickness of 155 pm and 270 pm, respectively. These values are
in concordance with previous works reported in literature using
seawater as a high concentration stream [51-53]. These results are
justified since the distance between the membranes in a membrane pair
is a key parameter in the total stack resistance determined as the sum of
the ohmic and non-ohmic parts [53]. In particular, the ohmic resistance
is determined by the membrane resistances (Ragpm and Rcgy) and the
compartment resistances (Ryc and Ryc) of the high and low

Table 2
Summary of the legend used in the Figures reported in this work.
Spacer thickness Membranes Number of cell pairs 3
155 pm 30 pm A 5
L % e
50 pm A 10
b AN /
270 pm 30 ym @ 15
50 pm o 20

Electronic load

V)

Voltage

current (A)

Fig. 1. Brief scheme of the experimental set-up.
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Fig. 2. Spacer thickness influence. Membrane thickness = 30 pm, linear velocity = 2.5 cm-s

concentration streams. Egs. 2a and 2b detail the simplified expression of
the ohmic resistance, and the different contributions to Ryc and Ry,
respectively.

Ronmic = Raem +Reem + Ruc +Rice (2a)

5 5
e2.conductyc

Ronmic = Raem +Repm + (2b)

e2.conduct; ¢

where § is the spacer thickness (m), € is the porosity (-) and conductyc
and conduct;c are the conductivities of high and low concentration
streams respectively (Sm™h. Therefore, the electrical resistance of both
HC and LC compartments is reduced as the spacer is thinner, and higher
values of gross power density are obtained as a result [20]. These results
demonstrate the relevance of the spacers thickness on the RED perfor-
mance for the recovery of SGP and highlight the need for optimization
for a successful deployment of the technology and consequently for its
integration in water reclamation processes.

3.2. Influence of the membranes thickness

The influence of the membrane thickness is studied in this section
employing both types of spacers, 20 membrane pairs and flowing both

-1 @ =270 pm spacers. A = 155 pm spacers.

streams at 2.5 cm-s 1 as linear velocity. As previously explained,
membranes are crucial components in the RED stack and limit the per-
formance in the recovery of SGP. The critical properties of the ion ex-
change membranes include the electrical membrane resistance, the
permselectivity, and the ion exchange capacity. Preceding works high-
lighted the importance of the commercial availability of IEMs specif-
ically designed for RED applications with enhanced physical and
electrochemical characteristics that increase energy efficiency and
enable the wider deployment of the technology [54]. In this sense, Fig. 3
depicts the results accomplished, indicating the better performance
obtained when using 50 pm membranes regardless of the spacer
selected. Results with membranes of 50 pm thickness and 20 membrane
pairs showed maximum gross power densities of 1.59 and 1.77 W-m 2
using spacers of 270 pm and 155 pm, respectively. Besides, the limiting
current presented the same trend. When membranes of 30 pm thickness
were employed (using spacers of 155 pm), 0.9 A was the maximum
current value obtained; however, using membranes of 50 pm (spacers of
155 pm) the limiting current increased up to 1.1 A. After the compara-
tive analysis of the results achieved with different membranes and the
results with spacers of different thickness, it is possible to conclude the
stronger influence of the membrane thickness over the thickness of the
spacer, at least in the range of values studied in this work.

1.8 -
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1.6 A £ @098 ° 4 A
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Fig. 3. Membrane thickness influence. Linear velocity = 2.5 cm-s~!

membrane thickness.

. @ = 270 pm spacers and A = 155 pm spacers. o = 30 pm membrane thickness. /\ = 50 pm
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In reverse electrodialysis (RED), ultra-thin membranes have been
widely studied in recent years since the SGP yield increases as the
membrane thickness is reduced, especially below 100 pm. However,
according to the results reported in this work and in accordance with
previous works, IEMs with thickness lower than 40-50 pm may lead to a
loss of performance and a consequent reduction in the power density
[55]. Two main factors can cause this reduction in the voltage. First, in
terms of the membrane characteristics, the thinnest membranes have
lower values of permselectivity, as shown in Table 1. On the other hand,
another critical factor which has an outstanding influence on the
membrane performance is the water flux through the membranes. The
water that crosses the membrane rises as the thickness decreases ac-
cording to Eq. 3 [17].

2-Dy,0

Tuo = ((CR¢ +Ciic) — (O +Cic)) @)
where Jy20 (mol-m’zcs’l) is the osmotic flux of water, Sm (m) is the
membrane thickness and Dypo (m2s™1) is the water diffusivity.

In this sense, Tedesco et al. (2018) discussed the effect of the
increment in the water flux on the efficiency of the ions transport
through the membrane leading to losses in the voltage output of the
stack. Although these authors established that this water flux affects
membranes with less than 20 pm thickness, in this study, the results
show that membranes of 30 um thickness are probably also affected by
this phenomenon [56].

Consequently, from the experimental results and the literature in-
formation [55-57], the optimal range for the membrane thickness is
relevant to the stack performance. [EMs must be thicker than, at least,
30 pm to avoid the different phenomena that cause power efficiency
losses, and not thicker than 60-80 pm due to the upsurge in the electrical
resistance.

3.3. Influence of the number of cell pairs in RED performance

Normalization of power into power density is very convenient to
analyze the technology performance regardless of the number of cell
pairs installed. However, the results obtained working with 3, 5, 10, 15,
and 20 membrane pairs suggest that the RED technology requires, at
least, a specific membrane area to reach the optimal power density.

Fig. 4 depicts the behavior when different membrane pairs are
assembled employing spacers and membranes with a thickness of 270
pm and 50 pm, respectively. Ideally, the graphed curves must overlap,
but this figure points to the RED underperformance when 3, 5, and 10
membranes pairs are used. Otherwise, when 15 and 20 membrane pairs
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Fig. 4. Polarization and power curves. Membrane thickness = 50 pm, spacer thickness = 270 pm spacers. Linear velocity = 2.5 cm-s™ .
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are assembled, the experimental results are concordant, and therefore
polarization and power curves are similar.

To visualize the impact of membrane pairs, Fig. 5 illustrates the
maximum gross power density obtained and its deviation when 3 to 20
cell pairs were assembled using 270 pm spacers with membranes of 50
pm thickness (case study a) and 155 pm spacers with 30 pm membrane
thickness (case study b). As it was previously mentioned, the optimal
gross power density is obtained when at least 15 membrane pairs are
assembled. To clarify this point, when only three pairs are inserted, the
maximum gross power density was 0.4 W-m 2 and 0.7 W-m ™ for the
case studies a and b, respectively. However, when 20 (or 15), membrane
pairs are placed the gross power density increases up to 1.4 W-m ™2 (a)
and 1.6 W-m 2 (b), which implies an increment of more than 70% and
56% in gross power with respect to operation with 3 membrane pairs,
respectively. In addition, in both cases, the system can be considered
stable since the deviations between experiments are practically negli-
gible. This effect is probably intrinsically related to the electrode resis-
tance and therefore this contribution could be considered negligible
when at least 15 membrane pairs were assembled, since the gross power
remains constant as more membrane pairs are installed. Also, this value
is in good agreement with previous literature data when seawater and
0.02 M NaCl solution were used as high and low concentration solutions,
respectively.

Previous works highlighted the necessity of installing at least 50
membrane pairs to neglect the electrode resistance when reversal elec-
trodialysis is applied. Still, in some cases, this is due to the effective
membrane area since the RED module is too small and therefore para-
sitic currents may appear [58]. However, introducing a higher number
of cell pairs could result in a reduction of the power density due to the
distance to the electrodes. To avoid this disadvantage, recent works
point to electrode segmentation as a new strategy [59,60].

3.4. Influence of the linear velocity of aqueous streams in the RED stack

The linear velocity of the streams flowing through the RED module is
intimately linked to the gross power density [53], and therefore, a
specific working range is widely recommended. In this work, the RED
supplier company suggests working between 1 and 3 cm-s~. In this
sense, different experiments were developed using both the spacers and
the membranes previously studied with 20 membrane pairs assembled.
Fig. 6 shows the maximum gross power density achieved for the
different linear velocities analyzed. When 50 pm thickness membranes
were used, the power density was kept almost constant around 1.75
W-m~2. Although the theoretical gross power density increases as the
linear velocity rises, previous works pointed out that the power density
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Fig. 5. Membrane pair influence in SGP performance using RED technology when two thickness spacers are employed. Membrane thickness = 50 pm. Linear ve-
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increased until a plateau was reached, probably counterbalanced by the
pressure drop since the red stack is close to its maximum operational
velocity [45,61,62].

On the contrary, the results employing membranes of 30 pm thick-
ness do not achieve constant values and increase as the fluids velocity
increases. This fact implies that the thinnest membranes reduce the
membrane resistance as expected. Consequently, the highest linear ve-
locity is more beneficial in terms of gross power density because the
higher water flux does not translate into a significant pressure drop. In
addition, 50 pm membranes showed minor variations for different flow
rates while the increment in the linear velocity from 1 cm-s ™! to 3 cm-s !
translated into an increment close to 20% when 30 pm membranes were
studied.

4. Conclusions

This paper contributes to a better understanding of the performance
of RED technology in terms of the influence of the main components of
the membrane stack, i.e., spacers thickness, ion exchange membranes
thickness, the number of cell pairs assembled, and linear velocity of the
flowing streams through the module in the recovery of SGE. The influ-
ence of these factors is relevant to the broader deployment of the tech-
nology in scenarios like coastal wastewater treatment plants where
energy recovery can be integrated with the process of water

reclamation. This work demonstrates the more decisive influence of
membranes thickness over spacers thickness. Employing 20 membrane
pairs, the use of 30 pm, and 50 pm thickness of membranes increases the
power density from 1.28 W-m 2 to 1.60 W-m ™2 using 270 pm spacers
due to the fact that the thinnest membranes promote higher water flux
with a lower permselectivity. On the other hand, working with 30 pm
membranes, the results achieve 1.42 W-m~2 for 270 pm of spacers
thickness. The influence of the number of cell pairs establishes that to
reach the maximum gross power density of 1.77 W-m ™2 using 155 pm
spacers, at least 15 membrane pairs must be assembled; this value of
gross power density is one of the best values reported in the recent
literature so far when 0.5 M, typical NaCl seawater concentration and
0.02 M were used as HC and LC, respectively. Thus, future efforts
addressing the reduction of the spacer thickness, employing 50 pm
thickness membranes, and improving the geometry of RED modules to
maximize the power density should be performed.
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