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Abstract

Salinity gradient energy is currently attracting growing attention among the scientific
community as a renewable energy source. In particular, Reverse Electrodialysis (RED) is
emerging as one of the most promising membrane-based technologies for renewable energy
generation by mixing two solutions of different salinity. This work presents a critical review
of the most significant achievements in RED, focusing on membrane development, stack
design, fluid dynamics, process optimization, fouling and potential applications. Although
RED technology is mainly investigated for energy generation from river water/seawater, the
opportunities for the use of concentrated brine are considered as well, driven by benefits in
terms of higher power density and mitigation of adverse environmental effects related to brine
disposal. Interesting extensions of the applicability of RED for sustainable production of water
and hydrogen when complemented by reverse osmosis, membrane distillation, bio-
electrochemical systems and water electrolysis technologies are also discussed, along with the
possibility to use it as an energy storage device. The main hurdles to market implementation,
predominantly related to unavailability of high performance, stable and low-cost membrane
materials, are outlined. A techno-economic analysis based on the available literature data is
also performed and critical research directions to facilitate commercialization of RED are

identified.

Keywords: Salinity Gradient Power, Reverse Electrodialysis, lon Exchange Membranes,
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1. Introduction

Energy is one of the key resources determining the overall socio-economic
development: a robust energy supply must be secured for a sustainable growth and an
improved living standard. Global energy consumption is increasing at an exponential
rate: it is estimated that global energy consumption will rise by 48% between 2012 and
2040 [1]. Moreover, the anticipated population increase in the coming decades will
generate two billion new energy consumers in emerging economies by 2050 [2, 3].
During the same time interval, global energy-related carbon dioxide emissions are
expected to increase by 46%, corresponding to 45 billion metric tonnes [1, 3, 4]. In this
context, the development of alternative energy resources able to alleviate the
skyrocketing demand for clean energy and related environmental issues are urgently
required [5].

Salinity gradient energy or Salinity Gradient Power (SGP), also referred to as
‘Blue Energy’, is generated by converting the chemical potential difference between
two salt solutions with different concentrations into electrical or mechanical energy [6-
12]. It is a completely clean and sustainable energy source with no toxic gas emissions.
Commonly (but not exclusively) river and seawater are used as salt solutions. Other
potential resources of SGP involve brine solutions from anthropogenic sources
(industrial streams, solar ponds [13-15]) or natural sources (e.g. the Dead Sea), saline
wastewater from industrial processes or domestic source, thermolytic solutions (e.g.
ammonium bicarbonate) etc. The SGP concept was first proposed by Pattle in 1954 [16].
A number of patents were filled and pioneering research was performed at that time [9,
16-19]. However, technological progress was hampered mainly by the unavailability of
suitable membranes. The fast-growing rate of today’s membrane market, in conjunction
with the increasing demand for renewable energy, currently represents the main driving
force of interest in SGP.

The unexploited estuarial SGP released by mixing seawater and river water,
which has an estimated maximum global potential of 2.6 TW, is the second largest
marine-based energy source next to ocean waves (see Table 1) [7, 8, 20]. With reference

to the most relevant water bodies, the gross global potential of salinity gradient energy
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is estimated to be higher than 27,000 TWh/year, the extractable part of which being
around 2000 TWh/year which is more than 10% of the total global potential of
renewable energy resources [21]. This estimate may vary, depending on technical and
operational factors, such as flow rate, temperature, recovery rate, efficiency, salinity
levels, fouling behavior and other aspects, including ecological and legal constraints
[22]. Of the total global potential of SGP, about 0.98 TW is estimated to be available
for extraction. In addition, efficient utilization of the global SGP could potentially yield
38 Mt/yr of hydrogen, a clean and versatile energy carrier [23]. The SGP potential from
wastewater discharged into an ocean is estimated to be 18 GW [7]. Novel SGP
applications based on closed-loop systems using excess waste heat could also potentially

enable the production of more than 120,000 GWh/year [24].

Table 1. Comparison of salinity gradient energy global potential with other marine

renewable energy resources [20, 25-27].

Marine renewable energy . . Global potential
Driving force

resources (TW)

Salinity gradient energy Salinity difference 2.6

Thermal energy conversion Temperature difference 2.0

Ocean waves Kinetic energy transfer 2.7

Tides Water flow and Gravitational forces 0.03

Ocean currents Temperature difference and water flow 0.005

Unlike intermittent wind and solar energy sources, SGP can be exploited
continuously 24 hr per day and 365 days a year. The natural water cycle illustrated in
Figure 1 exemplifies the concept of SGP as a renewable energy resource that potentially
originates when river water, brackish water, seawater or brine are mixed with each other.

This review focuses on RED technology which is currently witnessing a
significant development and, so far, the only pilot plant producing power from SGP using
RED technology [28-30]. Furthermore, positive net power density values have been
already achieved in RED stacks operated over extended periods of time with either
natural river water and seawater [31-33] or brackish water/seawater and brine [29, 30,
34, 35]. The present work presents a detailed critical assessment of the potential of RED
to harvest salinity gradient energy. Major research advances from the past decades up to
now are presented and discussed, with a special focus on material development, system
design, membrane stability against fouling, process optimization, and advanced
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applications in the logic of process intensification. The most significant research
outcomes in terms of ion exchange membrane preparation, characterization and testing
in RED are reported. Suitable membrane materials still remain the key components
determining the overall performance and economics of RED for commercial success.
Applications based on hypersaline salt solutions are evaluated and compared with respect
to conventional RED operations using river water and seawater. The applicability of
RED for sustainable production of water and hydrogen in integrated process schemes
with RO, MD, bio-electrochemical systems and water electrolysis technologies is

presented, including potential use as an energy storage device (concentration gradient
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flow battery). Technological challenges and economic aspects, outlining the future

research perspectives required for large-scale implementation are also discussed.

Fig. 1 The natural water cycle illustrating the possibility of continuous exploitation of SGP;
concentrated brine can be obtained from anthropogenic sources like seawater desalination

plants and/or solar evaporators (ponds).

2. Thermodynamic potential of salinity gradients

The Gibbs energy of mixing (4Gnix) is released when two solutions of different
salinity are mixed. For the i-th component in a solution, the chemical potential x; (J/mol),

1.e. its partial molar Gibbs energy, is defined as [36]:

K =i +V,Ap+|z|FAy + RT Inyx, (1)



where v is the partial molar volume (m?/mol), 4p the pressure difference (Pa), z the
valence (equiv./mol), F' the Faraday constant (96,485 C/equiv.), AY¥ the electrical
potential difference (V), R the gas constant (8.314 J/(mol K), 7 the absolute temperature
(K), vy the activity coefficient and x is the mole fraction. Under constant pressure and in

the absence of an electrical field, Eq. 1 simplifies to:
H; = lLl; +RT1n7/ixi (2)

The Gibbs energy (G) is defined as follows:
G= Z i, 3)

where 7 is the number of moles of each component, expressed in terms of molar

concentration ¢ (mol/m?) and total volume V (m?) as:

n=c-V (4)

1 1

Therefore, 4Guix is calculated from the difference between the Gibbs free energy of the
mixed solution (Gp) and the Gibbs free energy of the initial solutions (G. and Gg4) with
subscripts “c”, “d” and “b” referring to the concentrate solution, dilute solution, and to

the brackish salt solution which remains after mixing, respectively [37]:
AGmi)c = Gb - (GL + Gd) (5)

Combining equations 1 to 5 then results in:

AG,, = Z(Cz‘,szRT In 7i,zxi,z) - (ci,c RT In VieXie ¢V RT In 7i,dxi,d) (6)

1

Figure 2 compares the theoretically available amount of Gibbs energy from mixing
different salt solutions at room temperature. The theoretically available amount of free
energy from mixing 1 m? of seawater (0.5 M NaCl) and 1 m? of reverse osmosis (RO)
brine (1 M NaCl) is about 420 kJ. Mixing of 1 m> of seawater (0.5 M NaCl) and 1 m?
of membrane distillation (MD) brine (5 M NaCl) yields about 10500 kJ, corresponding
to an equivalent energy of 2.93 kWh, which is about 25 times higher than the amount
harvested when mixing seawater (0.5 M NaCl) and RO brine (1 M NaCl). In fact, the
lower amount of OCV from mixing seawater (0.5 M NaCl) and RO brine (1 M NaCl) is



due to the reduction of deriving force imposed by the low salinity ratio of 2. Moreover,
AGmix from 1 m® of brackish water (0.1 M) and 1 m? of MD brine (5 M NaCl) results in
15000 kJ. A higher amount of energy (16800 kJ) is obtained when mixing the same

volume of MD brine and river water reversibly, although the high amount of Ohmic
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losses associated with the low salt concentration of the river water limits the maximum

extractable power density [47].

Fig. 2 Comparison of the theoretical amount of 4G, (kJ) obtained from mixing 1 m? of
concentrated solution and 1 m? of diluted solution; river water (0.01 M NaCl), brackish water
(0.1 M NaCl), reverse osmosis (RO) brine (1 M NaCl), membrane distillation (MD) brine (5
M NaCl); HCC: high concentration compartment.

3. Technologies for Salinity Gradient Power

SGP can be generated by different technologies: Reverse Electrodialysis (RED)
[21, 34, 35, 38-49], microbial RED [50-53], capacitive mixing (CAPMIX)[54, 55],
mixing entropy batteries (MEB) [56], pressure retarded osmosis (PRO)[57-68] and
vapor pressure difference utilization (VPD) [69]. RED and PRO are the two promising

membrane-based technologies which are at the most advanced stage of development.

4. Reverse Electrodialysis



Despite the fact that the concept of RED technology was reported long ago in
1954 [16], the most remarkable trend of research advances has been recorded from 2007
onwards [42, 49]. Figure 3 shows the number of papers on RED published yearly over
the past decade, and the key research topics so far have covered process analysis, testing
and optimization [39, 41, 70-76], stack design [77-81], membrane design and
development [82-85], fouling [32, 86] modeling and simulations [87-98], hybrid
applications [38, 47, 50, 51, 99-102] and extensions to energy storage as a flow battery
[103, 104]. Moreover, RED operability has recently been extended from relatively low

Process analysis, testing | |'/1= B Fe S ol (=)
and optimization and validation

Number of papers

saline solutions to highly saline industrial effluents and thermolytic solutions

regenerated in a closed loop [105-107].

Fig. 3 Progress in RED research: number of publications and topics (Source: Scopus 2017).

4.1. Theoretical background

RED is an emerging membrane-based technology for renewable energy
generation via salinity gradients. Figure 4 illustrates a typical RED unit operated on two
solutions of different salinity. In RED, cation exchange membranes (CEMs) and anion
exchange membranes (AEMs) are alternately stacked to create a series of adjacent high
concentration compartments (HCCs) and low concentration compartments (LCCs) fed
with high concentration solutions and low concentration solutions, respectively. Salinity
gradient and charge segregation induced by ion exchange membranes (IEMs) generate
an electrochemical potential. The resulting ionic flux is converted into electricity by a
redox reaction occurring at the electrodes connected to an external circuit. Low
overpotential of the electrode is maintained by proper selection of electrode materials
and use of appropriate electrode rinse solutions [42, 108-113]. In RED, two adjacent
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IEMs constitute a single ‘cell’ (sometimes called a ‘cell pair’), consisting of an AEM,

an LCC, a CEM and an HCC. A RED stack usually includes a large number of cells.

LCC solution

CEM

R o o o -

© 4
1

ANODE CATHODE

l l Electrolyte

SGP RED Effluent

Electrolyte

Fig. 4 Schematic illustration of a RED stack: the electrochemical potential is generated when
feeding each high concentration compartment (HCC) and low concentration compartment
(LCC) created by aligning alternatively a CEM and an AEM. The salinity gradient drives the
selective transport of ions across the membranes towards electrodes where a redox reaction

allows continuous generation of electricity.

The total electromotive force generated in RED, which is the sum of the Nernst
potential over each cell, 1s the Open Circuit Voltage (OCV), theoretically calculated by

the Nernst equation:

NRT Cepy In 7c,ctcc + (297 In yc,ancc

F th }/d,ctcd Zan 7d,ancd

ocCV =

(7)

where N is the number of membrane pairs (cell pairs), a is the permselectivity of
the ion exchange membrane, subscripts ‘an’ and ‘ct’ stand for ‘anion’ and ‘cation’,
respectively. OCV is mainly dependent on the membrane permselectivity, the
concentration gradient and the valence of the transported ions. The membrane
permselectivity (a) represents the ability of the material to selectively transport only
counter-ions (i.e. cations in CEMs or anions in AEMs) and to exclude co-ions (i.e.

anions in CEMs or cations in AEMs) [114-117]. For membranes operating in a RED



stack, an “apparent permselectivity” (a4pp) can be calculated as the ratio between the

measured (E£m) and the theoretical membrane potential (Ev) [73]:

a :%-100% (8)

app
t

Theoretically, a potential of about 0.12 V, 0.16 V and 0.2 V can be generated from a
pair of IEMs (considering 100% permselective membranes) by mixing brine (5 M
NaCl)/seawater (0.5 M NaCl), sea water (0.5 M NaCl)/river water (0.017 M NaCl) and
brine (5 M NaCl)/brackish water (0.1 M NaCl), respectively.

In fact, the local electromotive force over the membranes varies spatially due to
changes in concentration between the RED inlet and outlet as well as concentration
polarization phenomena (defined next) [72].

In RED, ion exchange membrane attracts counter-ions, whose concentration is
much larger than that of co-ions due to the Donnan exclusion. Concentration
polarization phenomena occur due to the presence of a net charge on the membrane
surface which affects the ions distribution at the interface of membrane and solution.
This results in an increase of the concentration of counter-ions, the so-called electrical
double layer (EDL), having a thickness in the order of nanometers [118]. Moreover,
when ions are transported through the membrane from the HCC to LCC driven by an
electrochemical potential gradient, the flux difference between the co-ion and the
counter-ion along with the difference in transport number of the ions between the
membrane and solution phase determines the formation of a diffusion boundary layer
(DBL), having a thickness of several hundred of micrometers [119, 120]. The diffusion
boundary layer non-ohmic resistance is due to change in salt concentration in the
unstirred (stagnant) liquid films close to the membrane surfaces [72, 121-123]. Thus,
the internal stack resistance of RED is accounted by several resistances as described
next.

In RED, the internal stack resistance Rj, is composed of the Ohmic resistance
Ronm, the non-Ohmic resistance and the resistance of the electrode system R.. The Ohmic
resistance inside the stack due to ionic transport limitations through the stack
components is mainly accounted for by the resistance of the membranes and resistance
of the feed compartments. The non-Ohmic resistance is ascribed to the diffusion

boundary layer resistance Ray and electrical double layer resistance Reas [72, 122-124].

10



Experimentally, Ra» and Re.ass can be traced by using powerful analytical tools like
electrochemical impedance spectroscopy (EIS) [122, 123]. This technique enables
investigation of the non-Ohmic contribution to the total stack resistance. However, there
is also a non-Ohmic effect due to mixing in a RED stack which is best understood in co-
current operation: the salinity gradient is decreased during the passage through the flow
paths. The sum of all these non-Ohmic effects can be achieved with
chronopotentiometric measurements [72, 125, 126]. In practice, the contribution of non-
Ohmic resistance to R; of RED is low, especially when working with highly
concentrated brine solutions. The non-Ohmic losses are amplified in operations
involving low concentration feed solutions [122] and can be ascribed to the mixing
effect. The resistance of the electrode system is ascribed to the Nernst voltage of the
redox reaction, to overpotential and to Ohmic part in the solution. Due to a stagnant
diffusion boundary layer on the electrode, these parts are dependent on electrical current
density, temperature, concentration and flow velocity. Considering the operability of
RED on a large scale, the resistance of the electrodes can be neglected. Thus, R; can be

calculated as [72]:

Rﬁ = ROhm + Rdbl + Redl )

R; can be determined experimentally. Ronmic can be represented as the sum of the
resistance of the membranes (Ragm and Rcem) and the solution compartments (Rpcc and

Rucc):
Ry, =N (RAEM + Repy + Rye + RHCC) (10)

In a RED stack, the salt concentration near the membrane surface at the HCC
side is lower than the bulk and at the other side, the concentration near the membrane is
higher than the LCC bulk. Thus, the Ohmic resistance of the cell pair is mainly
determined by the LCC and the thin enrichment layer at the LCC side and the thin
depletion layer at the HCC side barely affect the total Ohmic resistance of the cell pair.
This is opposite to an ED stack were the depletion layer is situated at the LCC side; the
high resistance of this layer makes a considerable contribution to the total Ohmic
resistance. The resulting difference in concentration across the depletion layer i.e
concentration polarization is less pronounced at the HCC side because of the higher
screening effect of the attractive electrical interactions between the counter-ions and

fixed charged groups of the membrane, with respect to the LCC [42, 122, 123, 127].
11



The negligible effect of electrical double layer resistances at high NaCl concentration
(up to 4 M) has been demonstrated by using electrochemical impedance spectroscopy
[123].

If there is no spacer, the resistance of the solution compartments can be calculated
from the specific conductivity ¢ (S/m) of the salt solution, the area Acen (m?) and the
compartment thickness 6 (m). Otherwise, a correction factor is used for the volume
occupied by the spacer material. The void factor f; expresses the relative volume

available for the solution (void volume):

o
R, =—" (11)
e S rccAan
o
Roo—_ O (12)
ree S O wccAcan

An ideal RED stack without significant shortcut currents behaves like a normal
battery and its current / depends on the electromotive force (F), the internal stack

resistance R;j and the load resistance Ry :

) (13)

The power dissipated in the external resistance Ry, which is the power density Pq

generated in a RED stack, can be calculated as:

+R,

i

2
f;:PRL:(RZE JRL (14)

For an ideal RED stack, the maximum power density Pdmax (W/m?: Watt per m?
of total membrane area) is obtained when the load resistance equals the internal stack
resistance (RrL=R;). Considering that the sum of E across all cells equals OCV, and
indicating with 4 (m?) the active membrane area, Eq. (14) is adapted to calculate the

maximum power density Pdmax (W/m?) as follows:

2
p_ _0CV
™ 44R,

(15)

Generally, some electrical energy is consumed by pumping the feeds into the

RED stack and circulating the electrode rinse solution. As a consequence, the net output
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power Panet 1s calculated by subtracting the power dissipated over the pumps

(hydrodynamic loss) Pn from the gross power density Pq:

P

d,net

=B, -F, (16)

The hydrodynamic loss Pn can be obtained from the theoretical pumping power
required to recirculate the solutions through HCC and LCC, which depends on the
pressure drop along the compartment Ap (Pa) and the volumetric feed flow rate O (m?¥/s)

normalized by the total cell pair area of the stack (N-4). Thus, Eq. (16) is re-written as:

P,.=P - ApHCCQHC]C\‘[ + ijCCQLCC (17)

The ultimate objective of a RED operation is to achieve the highest possible value
of net power density. It is important to note that net power density depends on several
parameters related to the intrinsic electrochemical performance of IEMs, stack
configuration (number of cell pairs, channel length), hydrodynamics, nature of available
saline streams (ionic composition, the presence of foulants).

Transport phenomena in RED is mainly governed by the transport of ions in the
membranes and the solutions within the SGP-channel. This consists the convective flux
within the spacer-filled SGP channels and the electro-migrative flux of ions towards the
proximity and within IEMs [91, 96, 128, 129].

For an IEM (e.g. CEM) in contact with a dilute electrolyte (NaCl solution)
solution, the concentration of counter-ions (Na") in the membrane will be much higher
than the concentration in the solution, due to the presence of the fixed charges in the
IEM. In contrary, the concentration of co- ions (Cl") in the membrane will be much
lower than in the solution. As a result, ions start to migrate from one side to another to
maintain electro-neutrality in the membrane and the bulk solution. This creates an
electric field in the direction opposite to the direction of the diffusional flow, and when
the electric field balances the diffusional driving force, a Donnan equilibrium is reached.
The potential difference between the membrane and the solution is given by Donnan
potential. Thus, the mole fraction of ions in the membrane phase (x; ») and solutions
phase (x;  and x; 4) can be obtained by the theory of the Donnan equilibrium (K) [115,
130]:
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Jim _ g (18)

To keep electro-neutrality, the total charge in the membrane phase need to be balanced:

Zzi,mxi,m =0 (19)
where z; , is the valence of ions in the membrane phase.

In RED, unequal NaCl concentrations of the external solutions at both sides of
an IEM results in a chemical potential gradient over the membrane which induces an
ionic diffusion and osmotic water transport (Figure 5). The total mass transport Tm
(mol/s) of NaCl from the HCC to the LCC in the stack can be determined from the
difference between the output and input flow of feed solutions:

T, =gici —4ic, (20)
where ¢ is the volumetric flow rate of feed solutions, superscripts ‘0’ and ‘i’ stands for
‘out’ and ‘in’, respectively. Salt transport is contributed by the counter-ion (columbic)
transport and co-ion transport. Back transport is also be expected in the case of a mixture
of solutions consisting of multivalent ions. On the other hand, water transport can take
place by osmosis from the LCC to HCC or electro-osmosis from HCC to LCC [74]. In

practice, there could also be the transport of co-ions in IEMs depending on the external
salt concentration. The osmotic flow rate (@) can be depicted from the salt

concentrations and solution flow rates as [74]:

0 i 0 0 i 0
¢ _¢c (cc_cc)_ d(cd_cd>
os i i
(el <)

Both the co-ion transport and osmosis have a negative impact on the power

2D

density of RED. A recent study focusing on development of RED models incorporating
the influence of co-ion transport indicated upto 20% reduction of power density due to
this phenomenon [91]. Osmotic effects in RED are less influential as it is
counterbalanced by the electro-osmosis. However, its determinental effect to same level

as co-ion transport have recently been demonstrated by model calculations [128].
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(= Fixed charge groups

Low concentration solution High concentration solution

Fig. 5 Illustration of transport in CEM contacted with a NaCl feed solution.

In our opinion, there is a set of important questions/challenges which deserve
special attention in order to turn RED into a competitive technology for power
generation. Such fields of research are related to membrane properties (electric
resistance and permselectivity) and cost, fluid dynamics (stack arrangement, profiled
membranes) and stability against fouling associated with the use of natural saline
streams. RED is currently an inherently sustainable and clean technology mainly limited
by the cost and performance of membranes. The cost of low resistance membranes is
still high (above 94 €/m?) [75, 131]. Cheap membranes on the market, which mainly
lack low resistance, do not meet the technical requirements for RED applications.
Moreover, the permselectivity of current IEMs is reduced by a high salinity gradient,
leading to a limited Donnan exclusion effect [34, 90]. To overcome the current
limitations, advanced technological innovations are required targeting the design and
development of new IEMs with low resistance and high permselectivity at an affordable

cost.
4.2.  Membrane development

4.2.1. Tailor-made membranes
At the heart of RED are ion exchange membranes (IEM) which significantly
affect the overall process performance. The requirements of optimal IEMs for RED

application include high permselectivity (above 95%), low electrical resistance (below
15



1 Qcm?), acceptable mechanical and chemical stability and long lifetime (minimum of
5 years) [132]. Besides, membranes should be of low cost: Membrane costs below 4.3
€/m? have been depicted to be a break-even prices for financial feasibility of seawater
electricity generation by RED [81].

Low resistance and high ionic conductivity are the key requirements for
membranes applied in electrochemical energy systems [122, 133-136]. Permselectivity
also plays an important role in maintaining selective transport of counter-ions, which
enhances the OCV. Additionally, both membrane resistance and permselectivity are a
function of other electrochemical properties, such as the ion exchange capacity (IEC)
and fixed charge density [91, 114, 123, 124, 126, 137, 138]. These properties are
inherently sensitive to the chemical structure of the polymeric materials for IEMs, and
there exists a trade-off between the two parameters depending on the structure-property
relationships [114, 133, 139]. The water transfer coefficients of IEMs need to be
minimized as well [140].

Most IEMs employed in electrochemical processes like fuel cells and
electrolyzers are specifically tailored for high ionic conductivity, stability, and good
mechanical properties [133, 134, 141-154]. For example, highly conductive and
chemically perfluorinated membranes are compatible with a strongly acidic
environment in polymer electrolyte water electrolyzers or fuel cells [133, 134, 149, 155-
159].

Membrane requirements for RED slightly differ from previously mentioned
systems, being IEMs mostly operated in a neutral environment (pH~7) with Na* and CI"
ions playing a major role in the ion transport process, taking place in the presence of
divalent ions like Mg?*, Ca?* and SO4>. Figure 6 correlates IEM properties and
manufacturing parameters. Basically, membranes designed for RED should be thin,
often without reinforcement, have high permselectivity and moderate mechanical
properties [82, 131, 133, 160]. With the aim to alleviate the current cost limitation of
commercially available IEMs, low-priced hydrocarbon polymers are good candidates as

starting material for membrane fabrication.
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Fig. 6 Relationships between membrane manufacturing parameters (yellow) and most

important operational RED parameters (blue); between them are the common membrane
properties (white). Arrows indicate a positive (+) or negative (-) effect. For better clarity,

specific resistance (Rgpecific), area resistance (Rqreq) and thickness (d) are displayed as reciprocal.

Although innovative IEMs tailored for RED have been manufactured in recent
years, under an EU-funded research projects (i.e. REAPower, RED Heat to Power [161,
162]), the majority of experimental tests reported in the literature are performed using
commercial IEMs.

Dtugotecki ef al. [163] measured and compared the electrochemical properties
(ionic resistance, permselectivity and charge density) of various commercial IEMs for
use as input for model calculations to determine the maximum theoretical power density.
Table 2 summarizes some of the electrochemical properties of commercial IEMs and
tailor-made IEMs for potential application in RED. In general, a high IEC results in high
permselectivity and low resistance. The propensity to swelling caused by high IEC is
usually controlled by chemical cross-linking and mechanical reinforcement of the
membrane structure. Table 2 shows that CEMs have higher permselectivity while AEMs

exhibit lower resistance.
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Table 2. Properties of commercial and tailor-made IEMs for potential applications in RED.

Membranes Type o o Ra SR IEC SD CD Ref.
() (%)  (Qem?)  (Qem)  (meq/g) (%) (meg/mL) '
Tokuyama Co., Japan
Neosepta CM-1 CEM 120-170  97.2 1.67 115 2.30 20 11.5 [163, 164]
Neosepta CMS CEM 150 - 2 133 2 38 53 [165]
Neosepta CMX CEM 140-200  99.0 291 171 1.62 18 9 [132, 164]
Neosepta AM1 AEM 130-160  91.8 1.84 127 1.77 19 9.3 [163, 164]
Neosepta ACM AEM 120 - 4.5 375 1.5 15 10 [165]
Neosepta AFN AEM 150-200 88.9 0.70 40 3.02 43 7.0 [163, 164]
Neosepta AMX AEM 160-180  90.7 2.35 138 1.25 16 7.8 [132, 164]
FuMA-Tech GmbH, Germany
FKE CEM 50-70 98.6 2.46 410 1.36 12 11.3 [163, 164]
FKD CEM 90-100 89.5 2.14 225 1.14 29 3.9 [132, 164]
FAD AEM 80-100 86.0 0.89 99 0.13 34 0.4 [163, 164]
FAS AEM 100-120 89.4 1.03 94 1.12 8.0 14.0 [132, 164]
MEGA a.s., Czech Republic
Ralex CMH-PES CEM 764 94.7 11.33 148 2.34 31 7.5 [163]
Ralex CM-PP CEM <450 >90 <8 178 - - - [166]
Ralex AMH-PES AEM 714 89.3 7.66 107 1.97 56 3.1 [163]
Ralex AM-PP AEM <450 >90 <8 178 - - - [166]
Asahi Glass Co. Ltd., Japan
Selemion CMV CEM 130-150  98.8 2.29 164 2.01 20 10.1 [132, 164]
Selemion AMV AEM  110-150 873 3.15 242 1.78 17.0 10.5 [132, 164]
Selemion DSV AEM 121 89.9 1.03 85 1.89 28 7.1 [163]
Selemion APS AEM 138 88.4 0.68 49 0.29 147 0.2 [163]
Hangzhou QianQiu Industry Co., China
Qianqiu CEM CEM 205 98.8 1.97 96 1.21 33.0 3.7 [132]
Qianqiu AEM AEM 294 86.3 2.85 97 1.33 35.0 3.8 [132]
Tailor-made
Fe;03-S04*—sPPO CEM 10 87.7 0.97 970 1.40 26 54 [84, 160]
sPVA/PPO CEM 50 87.17 1.54 308 ~2 93.9 >1.68 [167]
SPEEK 40 CEM 53 95.3 2.05 387 1.23 23 53 [132]
SPEEK 65 CEM 72 89.1 1.22 169 1.76 35.6 4.9 [132]
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Table 2. (Continued)

KIER-CEM1 CEM 26 97.8 0.34 131 2.64 26.9 9.8 [168]
KIER-CEM2 CEM 27 99.2 0.72 267 1.42 21.7 6.5 [168]
PECH A AEM 77 90.3 2.05 266 1.31 322 4.1 [82, 132]
PECH B-1 AEM 33 86.5 0.82 248 1.68 49.0 34 [82, 132]
PECH B-2 AEM 77 87.2 0.94 122 1.68 49.0 34 [82, 132]
PECH B-3 AEM 130 87.0 1.32 102 1.68 49.1 34 [82, 132]
PECH C AEM 77 79.2 1.14 148 1.88 53.5 3.5 [82, 132]
KIER-AEM1 AEM 27 91.8 0.28 104 1.55 21.9 7.1 [168]
IMD-40-PAES AEM 64 94.35 1.65 258 1.48 13 13.31 [166]
TMA-40-PAES AEM 70 91.56 1.45 207 1.45 30 6.68 [166]
ABCO-40-PAES AEM 66 93.53 1.59 241 1.48 17 10.55 [166]
Fujifilm Manufacturing Europe

B.V., the Netherlands*

Fuji T1 CEM 115 87-91 1.7 - - - - [169]
FujiCEM CEM 114 - 2.97 261 1.1 - - [35, 123]
FujiAEM AEM 129 89 1.55 120 1.4 - - [71,123]
Fuji A-mono** AEM 124 91 1.1 89 - - - [83]

*Prepared on request to the company; **Monovalent selective ion exchange membrane prepared by modification of Fuji membranes. Symbols: § - thickness

o - permselectivity; R, - area resistance; SR - specific resistance; /EC - ion exchange capacity; SD - swelling degree; CD - charge density.
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Permselectivity and resistance are usually determined using NaCl solutions.
However, the mobility, dry ion radius, hydrated ion radius, polarizability, hydration
energy and diffusion constant of Na* and CI are very different. This difference in ionic
properties influences membrane properties. For example, CEMs mostly display higher
resistance compared to AEMs [123, 170] in NaCl solution due to the lower mobility of
the Na* ion (4.98x10® m? V-'s™!) than that of the Cl ion (6.88x10®¥ m? V-!s") [171]. The
resistance of IEM also varies depending on the nature of electrolyte. Fontananova et al.
[117] characterized membrane resistance in pure NaCl solution and a mixture of solution
containing multivalent ions. A typical test in solution containing Mg?* ion resulted in
about 4-fold increase of CEM (Fuji CEM800) membrane resistance from 2.41 + 0.08
Qcm? in 0.5 M NaCl to 8.3 = 0.2 Qcm? in a mixture of 0.340 M NaCl and 0.054 M
MgCl,. Moreover, significantly high resistance of up to 158 Qcm? was also reported for
a highly cross-linked Neosepta CMS membrane in pure MgClz (0.5 M) solution [172].
The same holds for the fixed charges (except diffusion constant and mobility)
~N(CH3)3" and ~SO3". Ton exchange groups which strongly interact with specific ions
lead to a reduction of the migration speed of the given ion through the membrane [170].
Geise et al. characterized IEMs in a wide range of salts including NaHCOs;. A lower
permselectivity of Selemion CMV membranes in NaHCOs3 (78.9 %) than in NaCl (97.5
%) test solutions (0.1 M/0.5M) was observed [ 138]. Ammonium ion binds more strongly
to the fixed charge groups of the CEMs than sodium ions, resulting in the neutralization
of fixed charge groups that in turn leads to the reduction in the concentration of the fixed
charge groups within the membrane. A similar effect has also been reported for Mg?>*
ion that led to a reduction in permselectivity of CEMs [124]. The influence of external
solution concentration and compositions on membrane properties and hence the RED
performance are discussed in later sections.

For the hypothetical case of RED operated with optimal IEMs, model
calculations predict the possibility of attaining a gross power density above 6 W/m?
when mixing seawater and river water [163]. Veerman et al. [74] tested various
commercial membranes to investigate the power density and thermodynamic efficiency
of RED. Thin membranes with thickness (80-100 pm) and good electrochemical
properties (permselectivity above 86 %, electrical resistance in the range of 2.14-0.89

2

Qcm?) resulted in a Pamax up to 1.2 W/m? obtained when using a combination of

Fumasep and Selemion membranes.
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Giiler et al. [82] fabricated IEMs from polyepichlorohydrin (PECH), an active
polymer backbone, and a tertiary diamine (1,4-diazabicyclo[2.2.2]octane, DABCO) in
dimethyl sulfoxide (DMSO) as an aminating and crosslinking solution. Figure 7 shows
the chemical reaction mechanism involved in the fabrication of PECH membranes via
the membrane casting method. PECH membranes were blended with polyacrylonitrile
(PAN) at blend ratios in the range of 0.100 - 1.04. As the blend ratio increases (above
0.333), the amount of active polymer and, consequently, the amount of ion exchange
groups increases as well, leading to a decrease in area resistance (below 0.94 Qcm?). In

parallel, permselectivity decreased due to an increase in swelling.

—ECHZCHOHCHcho)—
| Y | ny

CH2 CH,CI
%CHchO} + y[@j—-y[ej
CHQCI
T“2
—GCHECHOHCHcho)—
y | Iy
CH,CI

Fig. 7 Illustration of the reaction mechanism for the amination of PECH with DABCO.
Reproduced with permission [82]. Copyright 2012 Wiley.

In another work, CEMs based on sulfonated polyetheretherketone (SPEEK) were
prepared by a casting method [132]. Quite a high area resistance was recorded for the
SPEEK membranes (above 1.22 Qcm?). The SPEEK membranes also indicated good
permselectivity: a maximum of 95% permselectivity was measured at sulfonation
degree of 40% (SPEEK40). Moreover, a RED test using SPEEK CEMs with a
sulfonation degree of 60% (SPEEK65) and PECH B2 (blend ratio 0.333, the thickness
of 77 pm) AEM membranes revealed a Pamax of 1.3 W/m? (Figure 8). IEMs based on
poly(vinyl alcohol, PVA) and sulfonated polyetheretherketone (SPEEK) are generally
considered to be economically viable and to have good electrochemical properties [133,

150, 173-180].

21



1.6 50

[ Power density (W/m2)
- [l Total membrane resistance (Qm2)

|
»
=)

Power density (W/m?)
o
[}
|
1
Total membrane resistance (Qm?)

-—
o
|
|

|
w
=)

|
N
o

o
»
|

|
-
o

Fig. 8 Total membrane resistance and experimental power density determined for RED
equipped with a combination of different tailor-made membranes combined with
different membranes; SPEEK65 and SPEEK40: Sulfonated polyetheretherketone
(SPEEK) with a sulfonation degree of 65% and 40% respectively; PECHA, PECHBI,
PECHB2 and PECHB3, PECHC: Polyepichlorohydrin (PECH) membranes with a blend
ratio of 0.208, 0.333 and 0.417 for A, B and C type membranes respectively; B1, B2,
B3 type membranes have varying thickness of 33, 77 and 130 pum, respectively; The
membranes CMX and AMX are commercial membranes (Tokuyama Co., Japan). RED
tests were performed with artificial seawater (0.513 M NaCl) and artificial river water
(0.017 M NacCl). Flow velocity: 1.75 cm/s. Adapted with permission [132]. Copyright
2013 Elsevier.

Fuji et al. [168] synthesized IEMs based on poly (vinyl alcohol) (PVA) and
polyelectrolytes for applications in RED. Such membranes exhibited a power density of
0.4 W/m? at a salinity ratio of 20. Furthermore, model calculations indicated the
superiority of PVA-based membranes in terms of performance and cost compared to
commercial membranes (Neosepta AMX and CMX, Astom Co., Japan).

IEM based on inorganic-organic composite materials are gaining remarkable

attention in the field of electrochemical technologies due to their synergistic advantages
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compared to conventional membranes exclusively based on organic or inorganic
materials. Inorganic-organic composite IEM materials have been applied in fuel cells
[181-184], water electrolysis [185-188] and batteries [189-193]. Similarly, porous
nanocomposite CEMs with inorganic functional groups have been prepared and tested
for RED applications [84, 85, 194]. So far, composite membranes used for RED are
based on sulfonated poly (2,6-dimethyl-1,4-phenylene oxide) (sPPO) polymer with
sulfonated Fe>O3-SO4>" nanoparticles. Hong et al. [84] reported a power density of 1.4
W/m? for a RED stack equipped with composite membranes having an optimal loading
of 0.7 wt% of nanoparticles in the polymer matrix. The use of organic-organic hybrid
membranes can also be a promising approach for low-cost production of membranes for
RED. In line with this, Zhang et al. [167] fabricated a series of hybrid CEMs by
incorporation of sulphonated poly (vinyl alcohol) (sPVA) into poly (2,6-dimethyl-1,4-
phenylene oxide) (PPO) polymer matrix using a solvent evaporation method. The area
resistance of the membranes decreased with an increase in SPVA content reaching its
minimum i.e. 1.43 Qm? at 10 wt% of sSPVA. In a RED test, the highest power density
of 0.48 W/m? was recorded at 5 wt% of sPVA which was slightly (14 %) higher than
the commercial Fumasep membranes tested under similar conditions.

Pore-filling type membranes enable control of electrochemical membrane
properties by tuning preparation conditions. This membrane has been investigated for
several applications including fuel cells [195-199]. The applications have also been
investigated for RED by Kim et al. [168] who fabricated different pore-filling
membranes. AEMs (KEIR-AEM1) were prepared by crosslinking microporous
polyolefin  polymer  with N N-bis(acryloyl)piperazine @ and  (vinylbenzyl)
trimethylammonium chloride at a molar ratio of 1 : 11, whereas CEMs (KEIR-CEM1)
were prepared by crosslinking the same microporous polymer with N,N-
ethylenebis(acrylamide) and vinyl sulphonic acid at a 1 : 8.8 molar ratio. The membrane
exhibited extremely low thickness (26 um for KEIR-CEMI1 and 27 pum for KEIR-
AEMI1), very low area resistance (0.34 Qcm? for KEIR-CEM1 and 0.28 Qcm? for KEIR-
AEMI1) and permselectivity up to 97%. RED tests resulted in a gross power density of
2.4 W/m?. Other polymeric materials recently used for fabrication of IEMs include
trimethylammonium chloride at a molar ratio of 1 : 11, whereas CEMs (KEIR-CEM1)
were prepared by crosslinking the same microporous polymer with N,N-

ethylenebis(acrylamide) and vinyl sulphonic acid at a molar ratio of 1 : 8.8. The
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membrane exhibited extremely low thickness (26 um for KEIR-CEMI1 and 27 pum for
KEIR-AEM1), very low area resistance (0.34 Qcm? for KEIR-CEM1 and 0.28 Qcm?
for KEIR-AEM1) and permselectivity up to 97%. RED tests resulted in a gross power
density of 2.4 W/m?.

Other polymeric materials recently used for fabrication of IEMs for RED
application involve poly(2,6-dimethyl-1,4-phenylene oxide) (SPPO) [200],
polyethylene [201] and poly(arylene ether sulfone) (PAES)[166, 202]. With the aim to
investigate the effect of the pulsed electric field on the alignment of ion channels, Lee
et al. prepared sulfonated CEMs based on poly(2,6-dimethyl-1,4-phenylene oxide)
(SPPO) [200]. These membranes achieved electrical resistance below 0.86 Qcm? with
power density reaching 1.34 W/m? in RED tests [200]. In another work, Safronova et
al. [201] prepared sulfonated CEMs by radiation grafting of styrene/divinylbenzene
onto a polyethylene film. Different membranes with varying degrees of crosslinking and
grafting were fabricated and characterized, indicating the possibility of achieving
membranes with low area resistance (below 0.61 Qcm?). Theoretical calculations
indicated the possibility of obtaining higher power densities (above 10%) with such
optimally tailored membranes compared to the use of commercially available Neosepta
CMX membrane in RED [201]. Cho et al. [166] fabricated CEMs based on poly(arylene
ether sulfone) (PAES) with three different functional groups: 1-methyl-imidazolium
(IMD), basic tetramethylammonium (TMA), and the salt form of 1-
azabicyclo[2,2,2]octane (ABCO). The strategy was chosen with a perspective to prepare
AEMs with high ion conductivity and permselectivity at low cost. The aminated AEMs
exhibited good conductivity of up to 10.3 mScm™ and excellent permsectivity of up to
91-99 % which were both higher compared with a commercial AMX membrane with
ionic conductivity of 4.68 mScm! and permselectivity of 90.7 % [166].

The aforementioned methods for tailoring membranes allow a better choice of
suitable strategies and potential membrane materials for efficient power generation by
RED. For example, a route for the fabrication of homogeneous membranes without any
reinforcement and reduced thickness can be followed to design IEMs with low
resistance. However, in such scenario, membranes might show poor permselectivity.
This is coherent with general trend observed in Figure 9 which shows the variation of
area resistance with permselectivity of some commercial membranes, and selected

tailor-made RED membranes: Less selective membranes generally display low
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membrane resistance and highly selective membranes display high resistance. A similar
scenario has also been reported by Dtugotecki et al. who characterized and compared
the electrochemical properties of a series of commercial IEMs [163]. In fact, methods
other than the one used to design thin membranes might also have an advantage
depending on the required electrochemical property. When it comes to low-cost
membrane design, not only the cost of raw material but also the cost of production plays
a role. For example, in such scenario, a simple and fast UV induced polymerization

technology might be of great interest [83].
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Fig. 9 The variation of area resistance with permselectivity for some commercial IEMs,
and tailor-made IEMs for RED.

Overall, the tailor-made membranes developed so for RED seems to be
promising as permeances are compared to the commercially available ones. Most of the
tailor-made RED membranes display a comparable electrical resistance, and even lower
than commercial membranes in some cases (Figure 9). In particular, the pore-filling
membranes (KIER-CEM1) exhibit significantly low electrical resistance compared to
other membranes, due to the intrinsic polymer properties as well as thinness. Other
membrane based on polymers like SPEEK also show good permselectivity but

comparatively higher membrane resistance. Despite the low membrane resistance, the
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PECH and organic-inorganic hybrid membranes (Fe,03-SO4>-sPPO) require an

improvement in permselectivity.

4.2.2. Monovalent selective membranes

Many ions other than sodium and chloride are naturally present in water, and
multivalent ions like Mg?" and SO4%>" have been already reported to have a negative
impact on RED performance [41, 46, 71, 203]. Thus, IEMs with improved monovalent
ion selectivity are crucial for RED operating with real feed solutions.

A monovalent selective membrane allows rapid permeation of monovalent ions
while blocking the passage of multivalent ions. The permselectivity between ions of the
same charge in a mixture depends on several factors, including the differences in
hydrated radii, the affinity of the ions with the membrane and the differences in
migration rate in the membrane phase [137, 170, 204].

Preparation methods for IEMs with enhanced monovalent ion selectivity include
the coating of a weakly basic anion exchange group layer on the membrane surface, the
condensation of polymer aromatic amines and formaldehyde on either the surface or
matrix of the membrane, the partial decomposition of strongly basic anion exchange
groups on the membrane surface, the coating of a highly cross-linked or anionic
polyelectrolyte layer on the membrane surface, modification by covalent grafting etc
[205-219].

Separation of anions according to their hydration radius and size was achieved
by physical adsorption of polyethylenimine (PEI) onto AEM [220, 221]: a positively
charged thin-film composite nanofiltration membrane, prepared by in-situ interfacial
polymerization of functionalized polyethyleneimine and terephthaloyl chloride,
exhibited a distinct increase in selectivity towards Cl° and SO4*. Layer-by-layer
deposition of alternating polyanions and polycations layers has also been considered
[222, 223]. Mulyati et al. [224] reported that monovalent-anion selectivity is achieved
by electrostatic repulsion between multivalent anions and the negative surface charge of
the membrane. Li ef al. [225] introduced polyquaternium-7 into a commercial CEM for
application in electrodialysis (ED).

Giiler ef al. [83] adopted a simple and fast method based on UV curing to design
a monovalent selective IEM for RED application. A standard commercial AEM (Fuji
A) was coated with a layer formed by copolymerization of 2-acryloylamido-2-

methylpropanesulfonic acid (AMPS) as the active polymer and N, N-
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methylenebis(acrylamide) (MBA) as the cross-linker. Pristine Fuji-A and modified Fuji
A-mono membranes were characterized in terms of morphology and permselectivity
(Figure 10). The dense structure of the thin coating on both membranes exhibited
structural similarity (Figure 10A); the high concentration of sulfonic acid functional
groups present in the coating layer is confirmed by EDX sulfur mapping images reported
in Figure 10B. 3D optical interferometric images indicate that the surface roughness of
the coated Fuji A-mono membrane was lower than the original membrane due to the

smoothening effect of the homogeneous coating layer (Figure 10C).

Fuji A Fuji A-mono

Fig. 10 A) Cross-sectional SEM images of pristine Fuji A and coated Fuji A-mono membranes;
B) EDX sulfur mapping overlaid (red dots); C) Surface roughness by 3D optical interferometry;
D) Electrochemical characterization in terms of limiting current density (LCD) and relative
permselectivity measurements. Reproduced (adapted) with permission [83]. Copyright 2014

Elsevier.
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Li et al. coated a commercial CEM with a Chitosan/Polyaniline (PANI) film by
electrodeposition. The monovalent selectivity of the composite membrane was
enhanced with PANI content up to a certain level [210]. This approach was extended to
other composite membranes (organic-inorganic [226], sulfonated-PVDF/PVDF) to
improve monovalent selectivity. Blend membranes of sulfonated poly(ether ether
ketone) and poly(arylene ether ketone) derivatives containing crown ether units [227,
228], polyelectrolyte coated Nafion membranes [229], and surfactant-modified

membranes [230] have also been proposed.

4.3. Process parameters

The key performance parameter in RED is power density; additional parameters
of interest include OCV and internal stack resistance. Table 3 summarizes the RED
conditions and power density values from the relevant literature.

The performance of RED is predominantly affected by feed characteristics
(composition and concentration) and operating conditions (flow velocity and

temperature) [231-238].

4.3.1. Effect of flow velocity
Flow velocity, defined as the mean fluid velocity (v) inside a single spacer-filled
channel, affects the hydrodynamics of the RED system and the mass transfer of charges.

Flow velocity can be estimated as:

o

V = —
Swe (18)

where Q is the volumetric flow rate (m%/s) in a single channel, & the spacer thickness

(m), w the compartment width (m) and € the spacer porosity.
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Table 3. RED conditions and power densities reported in the literature on testing and optimization.

Membrane p
v d, max
A o Spacers ’ Ref.
Type ) N P Electrolyte Electrode (cm/s) (W/m?)
(cm”)  (pm) (8, pm)
0. M K3Fe(CN)g, 0.IM
Neosepta ACS/CMS Ti-
10x1 120-2 1 Fe(CN SM 4.2 . 2
(Tokuyama Inc., Japan) 0x10 0-200 5 Woven (100) K4Fe(CN)g and 0.5 RUOLIrO, 3.8 [239]
NaCl
0.05 M K4Fe(CN)g, 0.05
FumasTech FAD/FKD Woven spacers Ti- 6.7
10x10 82 50 M K;3Fe(CN d0.25 4. 2%* 239
(GmbH, Germany) x (200) 3Fe(CN)s an RuO/IrO; (60 °C) [239]
M NaCl
Qiangiu AEM/ CEM, Woven spacers 0.05 M K4Fe(CN)g, 0.05 Ti
(Hangzhou Qiangiu 2575 205294 25 00 P MKFe(CN)sand 025 oo o 2.5 ~0.83 [240]
Industry Co, China) M NaCl yR
Selemion AMV/CMV Woven spacers Ti-
10x10  110-150 5 ~0.25 M NacCl 58.3 1.18 74
(Asahi Glass, Japan) x (200) a RuO/IrO; [74]
10x10  40-80 25 ggov)e“ SPAcErs  _0.25 M NaCl IT{L oo, 83 17 [74]
FumaTep FKD and FAD 22
(GmbH, Germany) Woven spacers 0.05 M KaFe(CN)s, 0.05 Ti
’ 4 10x10 82 50 ven sp M K3Fe(CN)s and 1 M 583 0.93 [39]
(200) RuO,/IrO,
NaCl
Qiangiu Heterogeneous
AEM/CEM (Hangzhou Woven spacers Ti-
10x10  40-80 5 ~0.25 M NacCl 58.3 1.05 4
QianQiu Industry Co., X (200) aC RuO/IrO; [74]
China)
Fuji AEM/CEM (Fujifilm 0.3 M K3Fe(CN)s, 0.3 Ti-Ru/Ir 1 1.06
Europe B.V., The 10x10  114-129 25 Woven (270) 0.3 M K4Fe(CN)g and me_:shu ' [241]

Netherlands)

2.5 M NaCl
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Table 3. (Continued)

PC-SK and
PC-SA (PCCell, 8x8 90-130 10 Non-conductive (500) ~0.6 M NaCl Ti coated with Pt~ 3.5 ~0.33 [76]
Germany)
AMX/CMX
Neosepta c 10x10  134-164 5  Woven spacers (200)  ~0.25 M NaCl Ti-RuO:/1rO, 583 0.65 [74]
(Tokuyama Co., Japan)
Neosepta AMX/CMX Ion conductive .
10x10  134-164 4 .5 M NaCl Ti-RuOy/1 ~0. .
( Tokuyama Co., Japan) 0x10 34-16 AMX/CMX (320) 0.5 M NaC FRUOA/1rO, 08 08 7l
Neosepta AMX/CMX
cosepta 100 138-181 3 Woven (200) 0.5 M NaCl Ti-RuO/1rO, 056  0.87 [73]
( Tokuyama Co., Japan)
MX/AMX
Neosepta CMX/ 100 138-181 3 Woven (485) 0.5 M NaCl Ti-RuO2/IrO; 0.56  0.56 [73]
( Tokuyama Co., Japan)
0.05 M K3FC(CN)5,
Neosepta CMX/AMX
(?‘;iip :ma Co.. Japan) 6x13  30-37 5 Woven-modified (500) 0.05 M K4Fe(CN)s  Ti-Ir plasma 125  0.59 [242]
y - Jap and 0.25 M NaCl
0.025 M K3Fe(CN)s,
FKS/FAS ( FumaTech
Gme/H Cs}(rmm:a) N 10x10 30-40 5 Woven (60) 0.025 M K4Fe(CN)s ~ Ti-RuO»Ir0; 012 1.8 [72]
, ermany and 0.25 M NaCl
0.025 M K3Fe(CN)s,
FKS/FAS ( FumaTech
P Ge(rm‘;z‘a) ee 10x10  30-40 5 Woven (100) 0.025 M K4Fe(CN)s  Ti-RuO,/IrO; ~0.56 2.2 [72]
, y and 0.25 M NaCl
0.025 M K3Fe(CN)s,
FKS/FAS ( FumaTech
Gmsb/H ge(rmlellrrrlla) - 10x10  30-40 5 Woven (200) 0.025 M K4Fe(CN)s  Ti-RuO2/IrO, ~0.56 12 [72]
: Y and 0.25 M NaCl
0.025 M K;3Fe(CN)s,
FKS/FAS ( FumaTech
Gmsl;/H (S}érm‘::a) e 10x10  30-40 5 Woven (485) 0.025 M K4Fe(CN)s ~ Ti-RuO»/IrO, ~0.56 0.5 [72]
g Y and 0.25 M NaCl
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Table 3. (Continued)

Capacitive
electrodes
Neosepta CMX/AMX (Ti-Pt
10x1 134-164  2- 2 .25 M NaCl ~1.7  ~O0.
(Tokuyama Co., Japan) 0x10 34-16 30  Woven (200) 0.25 aC with 0.95 [78]
activated
carbon)
0.05 M K3Fe(CN)s, 0.05M .
Normal spacer Ti-Pt
+2 Fe(CN 25M ~1 ~0.62 24
Ralex CMH- PES/AMH- % S80+25 3 (143) II\(I‘; Cel(C Js and 0.25 mesh § 06 [243]
PES (MEGA, Czech
re u(bhc) o2 2 layer, 0.05 M K:Fe(CN)s, 0.05M
P 5x5 580+25 5 twisted spacers K4Fe(CN)g and 0.25 M mesh ~16  ~0.65 [243]
(64) NaCl
~0.26*
Ralex CMH/AMH, 0.05 M Ks3Fe(CN)s, 0.05 M Ti-Rwlr (10 %
(MEGA AS, Czech 10x10 <725 5 Woven (200) K4Fe(CN)g and 0.25 M 4 . [41]
Republic) NaCl mesh 13 MaSOun
P NaCl)
0.05 M K3Fe(CN)s, 0.05 M . 1.3
N ta AMX/CMX Ti-Rw/1 : ~0.42%*
cosepia 10x10 155 5 Woven (200)  K4Fe(CN)s and 0.25 M e [41]
(Tokuyama Inc., Japan) mesh
NaCl
Fuji T1 CEM/ Fuji T1 0.1 MK4Fe(CN)6 /0.1 M 1
AEM (Fyjifilm Europe 6.5x6.5 115 10 Woven (200) K3Fe(CN)g with 0.25 M h 0.92 ~0.7* [172]
B.V., The Netherlands) NaCl fnes
Neosepta CMX
(Tokuyama Co., Japan)/ 0.05 M K4Fe(CN)s / 0.05 Ti/Ru-Ir 0%
Fuji TI AEM (Fujifilm  10x10 115 5 Woven (485)  MK:Fe(CN)s with 025M 1 ' [169]

Europe B.V., The
Netherlands)

NaCl

A: Active membrane area; N: Number of cell pairs; : thickness; Pqmax: Maximum power density; v: flow velocity; Feed conditions: Feed solutions of seawater (~0.5 M
NaCl)/river water (~0.017 M NaCl);*Power densities reported for mixtures of solutions (10 % MgCl, in M NaCl: total salt concentration of 0.5 M/0.017 M
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Overall, in a power generating RED stack, the concentration polarization causes
a decreased salinity gradient over the membrane resulting in a lower membrane voltage.
However, this voltage drop can be interpreted as an electrical resistance and depends on
the geometry of the membrane surface and the flow velocity [72, 121-123]. High feed
flow improves the hydrodynamic mixing and reduces both the concentration
polarization phenomenon and the diffusion boundary layer resistance at the membrane
interface due to the effect of the tangential stress on the boundary layer thickness [94,
122]. This consequently results in a higher potential difference across the IEMs inside
the stack and, hence, in a high Pq [35, 76]. For RED operated with seawater and
Membrane Distillation (MD) brine, Tufa et al. [35] reported an up to 35% increase in
OCV (from 1.7 to 2.3 V) and up to 47% increase in Pq (0.75 to 1.1 W/m? ) when
increasing the feed flow velocity from 0.7 to 1.1 cm/s. In fact, the net power density
initially increases with flow velocity and drops down after a certain point due to large
hydrodynamic losses (Figure 11), which also depends on the compartment thickness

[72].
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Fig. 11 Experimentally obtained net power density as a function of the flow rate per cell
per unit width and intermembrane distance (60-485 um). Reproduced with permission

[72]. Copyright 2016 American Chemical Society.
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Dhtugotecki et al. [122] observed that the total resistance, measured at low NaCl
concentration (0.017M) under direct current conditions, strongly decreased by
increasing the flow rate (investigated interval: 0.1-0.8 L/min). Additional investigations
made by EIS revealed that the decrease in the overall resistance was due to the reduction
of the diffusion boundary layer resistance (typically having a thickness of a few hundred
micrometers) at a higher solution flow rate.

Fontananova et al. [123] observed a 60% reduction in electrical double layer
resistance predominantly for CEMs when increasing the linear flow velocity from 1.5
to 4 cm/s in 0.5 M NaCl test solution (Figure 12A). Although diffusion boundary layer
resistance usually dominates over the electrical double layer resistance, this particular
observation in the case of CEMs was probably due to a higher thickness of the EDL,
partly due to the large hydrodynamic radius of the counter-ion, and thus influence by
flow velocity. The influence of the solution velocity is expected to be spread on the
diffuse layer (DL) of the EDL, constituted by more loosely bond ions than the inner
layer of the EDL, called Stern layer (SL) [123].
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Fig. 12 The trend of membrane area resistance (Rm), diffusion boundary layer resistance (Rdv1)
and electrical double layer resistance (Red) with flow velocity (A) and temperature (B) for a
Fuji CEM in 0.5 M NaCl solution. Reproduced with permission [123]. Copyright 2014

Elsevier.

Overall, the changes in membrane and interface resistances i.e. the electrical
double layer resistance and diffusion boundary layer resistances (non-Ohmic), along
with compartment resistances i.e. the resistances of the HCC solutions and LCC
solutions (Ohmic), directly influence the internal stack resistance (see Eq. 10). A
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decrease of 0.14 Q cm? in internal area resistance per 0.1 cm/s increase in fluid velocity
has been observed for a RED unit operated with MD brine (0.5 M NaCl) and seawater
(0.5 NaCl) [35].

Although P4 benefits from increasing feed flow velocity, higher flow rates
require extra energy to feed the pumps, thus leading to a decrease in the net power
density.

A loss of gross power density in the range of 23 - 39% was reported for RED
operated with high-salinity brine solutions at decreasing flow velocity in the range of
0.7-1.1 cm/s [35]. Simultaneously, a significant decrease in the net power density was
recorded by Tedesco et al. [34, 87] for RED operated at increasing flow velocity,
attaining negative values above 1 cm/s. Moreover, high flow rates also lead to a shorter
residence time of feed in the stack, which reduces the energy efficiency. A study by
Weiner et al. [244] shows that an optimal stack design incorporating low feed flow

velocity reduces the levelized cost of electricity produced by RED.

4.3.2. Effect of temperature

An increase in feed temperature has a positive impact on the performance of the
RED system [34, 35, 239, 245]. A high temperature generally increases the feed
conductivity, facilitates ionic mobilities, reduces Ohmic losses and, ultimately,
increases the output power. Furthermore, a high temperature reduces the viscosity of the
feed waters, resulting in lower hydrodynamic losses; OCV is only moderately affected
by temperature [35, 246-249]. RED tests with brine and seawater resulted in a 44%
increase in Py (Figure 13A) and 47% decrease in internal area resistance (from 8.7 Qcm?
to 4.6 Qcm?) (Figure 13B) when the feed solutions were warmed up from 10 to 50 °C
[35].
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Fig. 13 A) Effect of temperature on RED performance; B) Internal stack resistance under
varying operating conditions. LCC solution: 0.5 M NaCl (seawater), HCC solution: 5 M NaCl
(MD brine). Reproduced with permission [35]. Copyright 2015 Elsevier.

Tedesco ef al. [34] observed a power density increase in the range of 40 - 50%
(up to 6 W/m?) along with a 30 - 50% reduction in internal stack resistance when raising
the temperature of feed solutions (brackish water and brine) from 20 to 40°C. Daniilidis
et al. [239] reported that the power density almost doubled (from 3.8 to 6.7 W/m?) when
the feed solutions (river water and brine) were warmed up from 25 °C to 60 °C.

Electrochemical Impedance Spectroscopy studies prove that temperature also
influences system resistances: Reduction of both membrane and interface resistances
with increasing temperature has been observed by Fontanova ef a/l. [123] in 0.5 M NaCl
solutions: temperature increases ionic mobility both through the membrane and the
interface (Figure 12B).

Although temperature has a positive impact on RED performance, high
temperature might also be associated with some drawbacks: high temperature might
increase ionic shortcut currents that reduce the permselectivity and energy efficiency of
RED [169]. Besides, the extra energy required to warm up the feed solutions is not
economically favorable; advantage can be taken from the availability of waste heat

sources from industrial sources.
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4.3.3. Effect of feed concentration

Operations at low feed concentration (e.g. river water) is associated with high
Ohmic losses that limit the output power. In particular, low concentration of external
solutions below 0.3 M NaCl significantly affects membrane conductivity [129, 250].
The conductivity of river water (1 g/LL M NaCl, ~2 mS/cm) is about 25 times lower than
that of seawater (30 g/L NaCl, ~49 mS/cm) and about 100 times lower than that of
highly concentrated brine (200 g/L NaCl, ~226 mS/cm). In principle, low LCC solution
concentration leads to high stack resistance and, consequently, low power density. On
the other hand, a low LCC solution concentration leads to high Nernst voltage and,
consequently, high power density. Therefore, there is an optimal value for the LCC
solution concentration, which also depends on other operating and stack conditions such
as linear flow velocity, temperature, channels length and thickness. Blending of river
water with seawater was found beneficial in terms of power density [89, 251]. Veerman
et al. [89] reported an optimal LCC solution concentration of 0.005 M in NaCl for a
power density of ~ 0.83 W/m?. For a RED stack operated with a feed velocity of 0.5
cm/s, Weiner et al. [251] reported an optimal LCC solution concentration of 0.01 M in
NaCl for a power density of 1.72 W/m?. Alternatively, the use of concentrated saline
feed solutions (e.g. seawater) is beneficial in terms of reduction of Ohmic losses (Eq.
10), especially at the LCC solution [35, 70-72]. However, this increases the risk of
fouling, specifically, scaling due to sparingly soluble salts precipitating on the surface
of the membrane.

Investigations by Tufa et al. [35] with seawater (0.5 M NaCl) and brine (4-5.4 M
NaCl) confirmed the benefits in terms of lower Ohmic losses and higher output power.
An increase by 71 % in OCV (from 1.23 to 2.1 V) and by 67 % in power density (from
0.45 to 0.75 W/m?) was recorded by increasing the brine concentration from 4 M to 5.4
M NaCl. For a RED stack equipped with 50 cells, Tedesco et al. [34] observed an
increase in OCV from 1 to 3 V by increasing HCC solution concentration from 1 M
NaCl to 5 M NaC(l, at a fixed LCC concentration of 0.5 M NaCl. This was accompanied
by a 4-fold increase in Ps (from 0.4 W/m? to 2 W/m?) whereas Rsack reduced by about
26%. Experimental studies of Daniildis et al. [239] indicate a remarkable increase in
power density, from 1.5 W/m? to 3.8 W/m? on increasing the HCC solution
concentration from 2 M NaCl to 5 M NaCl at LCC solution concentration of 0.01 M
NaCl (Figure 14A). Zhu et al. [252] studied the performance of a RED unit by varying
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HCC concentration from 0.6 M (NaCl) to saturation, and LCC solution concentration
from 0 M (deionized water) to 3 M NaCl, and thereby obtaining a maximum power
density in the range of 0.2-0.8 W/m? proportional to the concentration gradient.

Feed concentration also has a remarkable impact on the performance of IEMs
[122-124, 253]. The use of highly concentrated solutions reduces the permselectivity of
IEMs due to the fact that the co-ion exclusion (Donnan exclusion) is less effective.
Daniliidis et al. [239] showed that permselectivity values fall below 90% for a HCC
concentration greater than 2 M NaCl; low permselectivity down to 65% was recorded

for LCC:0.5 M NaCl//HCC: 5 M NaCl [87] (Figure 14B).
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Fig. 14 Contour plot for A) power density; B) permselectivity for the range of feed
concentrations tested experimentally. Reproduced with permission [239]. Copyright 2014

Elsevier.

Fontananova ef al. [123] investigated the behavior of membrane and interface
resistances at a high salt concentration (up to 4 M NaCl) for different IEMs supplied by
Fujifilm Europe B.V. (The Netherlands). EIS measurements showed a decrease in
membrane resistance for an AEM-80045 anion exchange membrane, from 1.55 Qcm?
to 1.44 Qcm?, at increasing concentration; the opposite trend (from 2.97 Qcm? to 3.50
Qcm?) was recorded for a CEM-80050 cation exchange membrane. The different
behavior was mainly attributed to the difference in electrochemical membrane
properties, such as the density of fixed charge groups and ion exchange capacity, as well

as in morphological properties like membrane thickness [122, 123, 163, 254].
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4.3.4. Effect of Feed Composition

Solution composition has a huge impact on RED performance and needs to be
considered critically for practical implementation under natural conditions [71, 124,
241, 252]. A relatively low number of literature studies address the effect of multivalent
ions (prevalently Mg?" and SO4?", the most abundant ions in natural waters after Na* and
Cl) [41, 46, 71, 203, 241].

The transport of ions across an IEM is governed by several factors, including
electric potential gradient (migration), chemical/concentration potential gradient
(diffusion) and pressure gradient (convection). The direction and velocity of ions are
not an obvious matter: the concentration gradient is just one of the possible variables,
and ions could be transported even against their own concentration gradient (uphill
transport) from the dilute to the concentrated compartments until valence-
interdependent redistribution of counter-ions and Donnan equilibrium are achieved.
Such uphill transport has been detected in RED for the case of divalent ions initially
present in the dilute stream [41, 203, 255]. Vermaas et al. [41] investigated the influence
of Mg?" and SO4* in RED stacks equipped with different membrane types. It was
observed that an increase in MgSO4 led to an increase in Ohmic resistance. For a
combination of seawater and river water (both containing 10% of Mg?" and SO4* ions),
a 29-50% reduction in power density was recorded with respect to pure NaCl solutions
(Figure 15A). A similar trend (in the range of 15 - 43%) was reported by Hong et al.
[46] for RED operated with artificial multi-ion solutions mimicking natural seawater
and river water. Transport of divalent ions from the LCC solution to HCC solution
reduce the net internal charge transport, thus leading to a lower number of electrons
transported from anode to cathode and, ultimately, to lower current and generated

power.

38



A) Fraction NaCl (%) B)
'IQO .75 . 50 . 25 . 0 o5
& o.7§ B é’ =
\ 78] | [
E 0.6 \\v\ e 20
: e
; 0.5 b\v o —
S 03 \\\Vk_ Neosepta g é 10 L
S < f =
[]
o 02 o . e
3 = st ™
5 o S I I <~
5]
0 - 0 | |
0 20 . 40 60 80 100 0 10_ 20 40 60 80 100
Fraction MgSO, (%) Fraction of MgCl, (%)

Fig. 15 A) Variation of power density with molar fraction of MgSO4 in NaCl feed solution for
a RED unit equipped with different membranes (Ralex, Neosepta or Fujifilm). Reproduced
with permission [41]. Copyright 2014 Royal Society of Chemistry; B) Trend of membrane
resistance (Rm), diffusion boundary layer resistance (Rpgst), and electric double layer resistance
(Repr) with MgCl> content (4 m NaCl/0.5 m NaCl) for Fuji-CEM-80050 CEM. Reproduced
with permission [241]. Copyright 2016 Elsevier.

Post et al. investigated the impact of solution composition on the power
generation by RED [203]. LCC solution with a concentration of 3 mmol/L and HCC
solution with a concentration of 0.45 mol/L NaCl was considered for the study. Initially,
0.05 mol/L of MgSO4 was added to the HCC stream, and during the experiment, 0.2-
0.4 mmol/L of MgSO4 was added to the LCC stream. A decrease of OCV from 0.78 V
to 0.74 V was observed when increasing the concentration of MgSO4 from 2 mmoL/L
to 4 mmol/L in the LCC solution.

The negative impact of multivalent ions is exacerbated when using a real brine.
Tufa et al. [71] measured OCV and P4 of 2.77 V and 0.57 W/m?, respectively, when
operating RED with seawater (0.014 M in Mg*") and brine from solar pond (1.6 M in
Mg?"). In contrast, reported values of OCV and P4 were 3.4 V and 1.52 W/m?,
respectively, when using pure equimolar NaCl solutions under the same operative
conditions.

Tedesco et al. [34] observed a 40 % reduction in P4 (from 1.35 W/m? to 0.8

W/m?) on switching the feed solutions from artificial brackish water/brine (pure NaCl)
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to real natural solutions. In a systematic study on the effect of Mg?*, Avci et al. [241]
observed a ~94% decrease in power density (from 0.53 to 0.03 W/m?) for HCC:4 M
MgCL//LCC: 0.5 M MgCl: solution (m: molality) with respect to equimolal NaCl
solutions.

A reduction of OCV in the presence of multivalent ions is predicted by the Nernst
equation (Eq. 7). Additionally, uphill transport has aslo been mentioned as a cause of
the negative impact of a multivalent ion on RED performance [41, 203].

When Mg?" is transported from the dilute solution to the concentrated solution,
for each amount of transported Mg?" ions, double the amount of Na™ is transported to
the opposite direction in order to obey electro-neutrality on both sides of the membrane.
The uphill transport of Mg?* sacrifices the salinity difference of Na* without any net
charge transport. Therefore, the presence of multivalent ions causes an irreversible loss
of the available energy from monovalent ions, and hence a performance loss of RED
operation [41, 203, 241].

The performance of IEMs is also negatively affected by multivalent ions [138,
241]: a reduction of CEM resistance was observed with increasing concentration of
Mg?* (Figure 15B). For Mg?* ions, stronger electrostatic interactions with fixed charge
groups were proven to restrict transport across membranes [138, 241], leading to
ineffective Donnan exclusion of co-ions. SO4* ions, having a large hydration radius,
exhibit restricted transport across IEMs [41, 208].

In general, the development of IEMs with enhanced permselectivity to
monovalent ions is required to limit the negative impact of multivalent ions due to uphill
transport. For example, the use of monovalent selective CMS (Neosepta) indicated a
nearly constant OCV and hence a reduced effect of uphill transport upon RED tests with
natural seawater and river water [256]. Monovalent selective membranes can also be
tailored, for example, by a layer-by-layer technique by increasing the number of
deposited layers [224], but this leads to an increase in electric resistance of the
membranes. As to an increase in membrane resistance due to the presence of multivalent
ions, the use of membranes specifically designed for fast transport of these ions could
be a strategic solution [256, 257]. In this regard, some works have recently been
conducted focusing on membrane design and transport of divalent ions along with the
performance tests in RED. CEMs designed to block the transport of multivalent ions

(like Neosepta CMS) and Fuji T1 membranes which are specifically designed for fast
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transport of multivalent ions (Fuji manufacturing Europe BV) were considered for this
purpose [169, 172]. It was found out that the monovalent-selective CMS maintain an
almost constant potential in pure NaCl (0.5/0.017 M) solutions and a mixture of
MgClz (10 %) and NaCl (90%) solution (total concentration: 0.017 M or 0.5 M),
whereas the standard grade and multivalent ion-permeable Fuji CEMs (Fuji T1)
indicated a reduction of OCV when exposed to divalent-ion containing feed solutions
[172]. Owing to its fast transport of Mg?’, the Fuji Tl membranes exhibits low
resistance in a mixture of solutions (Figure 16a). A slightly higher power density
was reported for Fuji T1 membranes compared to other membranes, mainly due
to its low resistance (Figure 16b) [169]. In principle, both strategies (improved
monovalent selectivity or increased multivalent ion permeability) would improve
membrane performance, so it’s tough to conclude one strategy is superior to the other.
Further in-depth study is required to clarify the possibility to fabricating new membranes
exhibiting both high selectivity and low resistance, together with transport analysis and

performance tests in the presence of multivalent ions, which is a real challenge at this

stage.
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h). Reproduced with permission [169]. Copyright 2016 Elsevier.
Pre-treatment of feed solutions by membrane filtration and/or chemical softening

could be also envisaged. Separation of monovalent and divalent ions can be partially
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achieved, for example, by nanofiltration [258, 259] and ion-exchange [260].
Nevertheless, the introduction of unitary operation for pre-treatment of saline streams
introduces additional costs. In general, the design of suitable pre-treatment schemes for
RED applications is a topic so far not sufficiently explored and still requiring intensive

investigation.
4.4. Stack Design

4.4.1. Fluid Dynamics, Mass Transfer and Pressure Drop

One of the most frequently explored options to enhance power generation in RED
has focused on improving hydrodynamic conditions within the RED stack. Fluid
dynamics directly affect mass (ions) transfer and energy costs related to pumping. In
order to increase mass transfer, concentration polarization (and diffusion boundary layer
thickness) in the vicinity of membrane interfaces (Figure 17) must be reduced [126];
this is usually achieved by increasing fluid mixing and promoting convective
phenomena. By this means, OCV (Eq. 7) increases because of the higher concentration
difference across the membranes. However, increasing flow rate simultaneously leads
to a higher pressure drop and higher pumping costs; thus, an optimal trade-off of
between the operating parameters is needed to maximize the net power density (Eq. 17).
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Fig. 17 Schematic representation of concentration and electric potential profiles in the
compartments of a RED cell (CEM: cation-exchange membrane; AEM: anion-exchange
membrane; Re: external load resistance). Reproduced with permission [261]. Copyright 2015

Elsevier.
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Some parameters, e.g. linear flow velocity, can be directly adjusted to obtain the
highest net power density in a given stack [76]. Others, e.g. channel geometry/thickness
and/or type of spacers (acting as mixing promoters), still need to be improved although
they have already been extensively studied for other membrane processes (e.g.
electrodialysis and pressure-driven filtrations) [243, 262, 263].

An intermembrane distance of 100 um was found to allow an achievement of the
highest values of the net power density when NaCl aqueous streams of 1 and 30 g/L
were used [72]. Decreasing intermembrane distance leads to a decrease in solution
resistance in the stack compartments (Eqs. 9-11), especially in the LCC, while the
pressure drop simultaneously increases. At 60 um, the increase in pressure drop (which
depends on power -3 regarding the inter-membrane distance [264]) was observed to be
stronger than the benefit of reducing the electric resistance. However, at different
concentrations of dilute solution, different optimal intermembrane distances are
expected. Furthermore, in the case of mixing natural river and seawaters, thin channels
can be clogged by foulants present in real feeds, leading to a drastic increase in pressure
drop [32].

The concentration gradient along a channel decreases since the ions are
transported from concentrated to dilute saline solutions. Thus, for the same linear flow
velocity, power generation is less effective in longer channels due to the lower
concentration gradient [75]. Besides, the contribution of flow entrance effects, which
enhance mass transfer by decreasing the thickness of the diffusion boundary layer, is
more prominent as the channels are shorter [126]. Thus, as the length of the channels
increases, the optimal linear flow velocity should also increase, even if the pressure drop
increases, in order to grant a reasonably high salt concentration gradient across the
membranes and minimize concentration gradients along the channel pathways [261].

The pressure drop in the fluid distribution system also contributes to the total
pressure drop [264, 265]. With increasing number of cell pairs, the pressure drop in the
manifolds/branches eventually becomes dominant; therefore, the inlet flow rate (or,
indirectly, the linear flow velocity in the channel) is a parameter to be optimized [264].
Depending on the stack design, the fluid flow distribution through diverse channels may
become highly non-uniform in the case of a large number of cell-pairs [264]. Pawlowski
et al. [264] suggested that a more uniform fluid distribution can be achieved with a

proper/variable sizing of the cross-flow section, increasing the number of beam
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inlets/outlets to/from the flow compartment channels or by complete elimination of
branch format as in stacks manufactured by REDstack BV (The Netherlands) [266].
Regarding hydrodynamics, breakthrough ideas are mostly appearing in the field of stack
and channels design. Since the main resistance is usually located in LCC compartment
due to the low conductivity of the dilute solution, the focus has been on modifications
to that compartment. Zhang et al. [242] proposed inserting ion-exchange resin beds into
dilute compartments to increase their conductivity. By this means, the electric resistance
decreased, the OCV remained almost unchanged and, although the pressure drop
increased, the net power density almost doubled at a relatively low flow rate [242]. The
viability of this strategy in large stacks, in which pressure drop and pumping costs are
higher, is not yet known. An alternative strategy to decrease electric resistance in the
dilute compartment is offered by the breathing cell concept [267]. As shown in Figure
18, this system involves two operational steps. In the first step (Figure 18a), both
seawater and river water flow through compartments of equal thickness. During the
second step (Figure 18b), the seawater outlet is closed, and the subsequent build-up of
pressure in the HCC reduces the thickness of the LCC and, therefore, the electric
resistance in the latter compartment. An increase in cost of pumping energy was
observed, in comparison to a fixed channel thickness, when breathing cell concept was
implemented, nevertheless, since the pumping losses were relatively low (due to a high
channel thickness - 480 um), high values of net power density could have been obtained
in a wide range of flow rates. As the pumping losses are relatively low, high values of
net power density can be obtained in a wide range of flow rates. As stated by Moreno et
al. [267], the advantages of applying this concept may be limited by internal leakages
caused by membrane movements, and by mechanical stress on the membranes during

oscillations.
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Fig. 18 Schematic presentation of the breathing cell: a) normal mode RED operation and (b)
pressure build-up by preventing seawater outflow. Reproduced with permission [267].

Copyright 2016 American Chemical Society.

4.4.2. Spacers

Spacer geometry significantly influences the concentration and flow distribution
along the channels and, consequently, RED performance. In a comparative study using
different spacer geometries, Tamburini et al. [96] found out that a woven spacer
provides a better compromise between pressure drop and concentration polarization
compared to spacers with overlapping filaments (non-woven). The woven spacer design
is believed to promote better mixing in RED [95, 96].

The net spacer material may also influence the channel fluid dynamics by
affecting the slip/no-slip conditions [93]. Hydrophobic material reduces friction
between the flowing solution and the spacer wires, thus resulting in up to a 40%
reduction of the pressure drops compared to the hydrophilic material.

Non-conductive spacers partially cover the membrane surface and create longer
paths for ions transport in solutions [79, 126, 243, 266]. This so-called “spacer shadow
effect” can be responsible for almost doubling the Ohmic resistance [79, 126]. Although
the spacer shadow effect can be reduced by increasing the open area of the spacer [168,
243] or by using a spacer mesh thinner than the surrounding gasket, its complete

removal is preferable.
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Spacers manufactured with ion- conductive materials can significantly reduce the
spacer shadow effect. Dlugotecki et al. [79] prepared ion- conductive spacers (Figure
19) by cutting commercial membrane materials of CMX and AMX (Tokuyama, Japan)
using a molding press with the desired geometry. A significant reduction in the internal
resistance of RED (about 2-fold compared to the use of non-conductive spacers) was
observed by placing the cation/anion conductive part of the spacer over the CEM/AEM;
this led to an increase in power density by a factor of 3-4 [79].

Cation exchange membrane Anion exchange membrane
(CMX, 0.18 mm) (AMX, 0.14 mm)

| |

.

Cation exchange membrane cut-out Anion exchange membrane cut-out
(CMX, 0.18 mm) (AMX, 0.14 mm)

Fig. 19 Ion conductive spacers from an IEM and placement in the stack for performance tests.

Reproduced with permission [79]. Copyright 2010 Elsevier.

4.4.3. Profiled membranes in RED stacks

Profiled membranes, also called corrugated, microstructured or patterned-
membranes, have the potential to drastically change the architecture of a flow channel.
They are a viable alternative to spacers in RED [32, 52, 77, 83, 243, 266, 268]. A
profiled membrane has reliefs formed on its surface, which keep two adjacent
membranes separated while, at the same time, a channel is formed for fluid flow. Thus,
spacers are no longer needed.

The power generated in RED using profiled membranes is higher than the
equivalent RED units equipped with non-conductive spacers. A reduction of the Ohmic
resistance due to the elimination of the spacer shadow effect is the main cause of the
better performance observed. Examples of profiled membranes tested in RED are shown
in Figure 20.

First attempts regarding the preparation of profiled membranes focused on
reducing pressure drop and pumping energy costs [77, 83, 243]. Vermaas et al. [77]

used profiled membranes with straight ridges oriented parallel to the fluid flow direction
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(Figure 20A and G) and achieved a 10% higher net power density than in a stack with
spacers, which was mainly caused by a 4 times lower pressure drop and elimination of
the spacer shadow effect (thus 30% lower Ohmic resistance). Additionally, the channels
formed by such profiled membranes proved to be less susceptible to fouling in
comparison to channels with spacers [32]. Giiler et al. [83] proposed utilization of
profiled membranes with pillar structures (Figure 20C), which allowed for an even
lower pressure drop and a 20% higher net power density in comparison to the stack with
spacers (Figure 20E). However, the non-Ohmic resistance was significantly higher
when using profiled membranes compared to using spacers [77, 83] which could be
attributed to less efficient solution mixing and formation of a thicker diffusion boundary
layer. The inclusion of sub-corrugations perpendicular to the flow between ridges or
modification of the pillar shape (circular [83], diamond-like, teardrop-like or tipped star
structures [269]) were found unsuccessful due to the formation of dead zones upstream
to the corrugations and preferential channelling [243, 269].

Based on computational fluid dynamics (CFD) simulations, Pawlowski et al.
[261] suggested the design of a “V”’-shaped (so-called chevron) profiles (Figure 20F).
To form a channel, two membranes with chevron profiles should align in opposite
directions. By this means, a very specific fluid pathway is expected to be created, in
which the linear flow velocity upstream to the corrugation is high, the dead zones are
very small and multiple streams (vertical, diagonal and horizontal) cross the channel,
thus promoting good fluid mixing. Despite a slightly higher pressure drop, utilization of
such chevron-profiled membranes in a RED stack increased the net power density by 8-
14% in comparison to that obtained in a RED stack with pillar-profiled membranes

(Figure 21) [266].
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Fig. 20 SEM images of the surface morphology of patterned membranes designed in A)
ridges, B) waves, C) pillars, and D) flat membranes. The membranes were prepared
from Polyepichlorohydrin (PECH) and Polyacrylonitrile (PAN); E) Net power density
measured in RED stacks using tailor-made AEMs with different profiles geometries
(ridges, waves, and pillars): reproduced with permission [83]. Copyright 2014 Elsevier.
SEM micrographs of a cross-section of: F) profiled AEM with chevron configuration
(Reproduced with permission [266]. Copyright 2011 Elsevier), and G) CEM with ridge
configuration (reproduced with permission [77]. Copyright 2011 Elsevier). Pristine
AEM and CEM are commercial Ralex CMH and AMH (Mega a.s., Czech Republic),

respectively.
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Fig. 21 Net power density as a function of linear flow velocity with flat, chevron- and

pillar-profiled membranes in both river and sea (R&S), or only in river (R), or only in
sea (S) compartments. Reproduced with permission [266]. Copyright 2017 Elsevier.

Due to absolute values of pressure drop, the stacks with chevron profiled
membranes are expected to generate the highest net power below a certain linear flow
velocity and channel length in comparison to pillar profiled membranes. For example,
at an intermembrane distance of 0.5 mm, such linear flow velocity and channel lengths
are approximately 1.5 cm/s and 80 cm, respectively [261]. For longer channels, a higher
linear flow velocity is required in order to sustain the salinity gradient along the whole
stack, thus pillar membranes become preferable as they cause a lower pressure drop. In
general, profiles which promote an enhancement of fluid mixing are more suitable for
shorter channels; on the other hand, profiles which minimize pressure drop are more
suitable for longer channels. Based on CFD simulations, Pawlowski and Rijnaarts et al.
[266] suggested a simplification of the chevron corrugation design in order to facilitate
the assembly of larger stacks.

Profiled membranes can be manufactured by thermal pressing [77, 243, 266],
membrane casting [52, 83, 269] or photo-polymerization [270]. Only thermoplastic
materials can be thermally pressed; this limits utilization of this technique to
heterogeneous IEMs with relatively high intrinsic electric resistance. Thermal pressing
can also introduce some structural changes in membrane chemistry [77], and the
consequent risk of membrane swelling must be well anticipated and controlled [266].
Utilization of the membrane casting technique, suitable for preparation of

homogeneously dense ion-exchange polymeric membranes [83], avoids the previously
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mentioned problems. This technique consists of casting the ion-exchange polymeric
solution into a mold with the desired structure, followed by phase separation induced by
solvent evaporation [52, 83]. The release of the profiled membrane from the mold is a
problem in both methods. Stainless steel molds can be covered with an anti-adhesive
coating to facilitate membrane release [77, 83, 266]. Photo-polymerization is relatively
new process applied to the preparation of profiled membranes, similar to 3D printing
technique [270]. Selected studies on tailor-made/modified and profiled membranes

tested in RED are summarized in Table 4.

4.4.4. Flow modes

Adoption of different flow directions can potentially increase RED performance
[87, 93, 271, 272]. As shown in Figure 22, the RED system has three basic
configurations: counter-flow, co-flow and cross-flow. In most processes, the counter-
flow operation is substantially more efficient since it promotes more uniform driving
force along the device. Depending on flow rates, co-flow operations might be
advantageous in some cases: Veerman et al. reported slightly higher power density of
about 0.05 W/m? by co-flow operation compared to counter-flow operation in RED
[240]. This effect is probably caused by less leakage between LCC and HCC due to the

low local pressure differences between both compartments during co-flow operation.
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Table 4. Power density values for different tailor-made and profiled membranes.

Membranes Spacers Electrode compartment v Pa max
Type A(cm?) § (um) N (3, um) Electrolytes Electrodes  (¢m/s)  (W/m?)  Ref
Tailored SPEEK65 CEMs, Tailored 0.05 M K;sFe(CN)s, 0.05 M .
PECH B2 AEMs 10x10 53-77 5 Woven (100) K4Fe(CN)s and 0.25 M NaCl Ti/Ir-Ru 1.75 1.28 [132]
AEM (Selemeim® ASV),Tailored .
.05 M KsF .05 M Ti-1

nanocomposite CEM (0.7 wt% blend  4x9 30-120 3 Woven (250) OK?lfe ( CN)3 ai(f(l)\gz i/lolila cl llasina 0.45 1.4 [85]
ratio of Fe;03, SO4%) ¥ ' P
Tailored SPPO AEMs, Neosepta Non-conductive  0.050 M FeSO3; and 0.05 mM  Carbon

2x1 -1 1 10.4 ~1.34 2
CMX (Astom Corp., Tokyo, Japan) x10 55-160 (80) Fex(S03)3, 1.2 M NaCl cloth 0 3 [200]
Neosepta AMX (Tokuyama Co., 0.05 M Kj3Fe(CN)s, 0.05 M .

7x7 58-153 5 - Ti/Pt 17.1 1.05-1.2 [166
Japan), Tailored PAES CEMs X KsFe(CN)s and 0.25 M NaCl [166]
Profiled (ridges) - Ralex AMH-PES

0.05 M K3Fe(CN)g, 0.05 M .
MH- PES (MEGA h 475-51 Ti/P 1 ~0.82
/C ' S (MEGA, Czec 5x5 75-510 6 No spacer K4Fe(CN)o and 0.25 M NaCl i/Pt 9 0.8 [77]
Republic)
Profiled (pillar) PECH AEM
0.05 M K3Fe(CN)g, 0.05 M
(Tokuyama Co., Japan), Neosepta 10x10 200 3 Woven (100) K Fel CN; ;(1 1 0)5’5 MNa]  T/FRu 67 1.3 [83]
CMX (Tokuyama Co., Japan) ¥ '
Profiled (ridge) PECH AEM
.05 M K;3F .05 M

(Tokuyama Co., Japan), Neosepta 10x10 200 3 Woven (100) OK?lfe ( CN)3 :r(lflng);,b'ol\zsl\la Cl Ti/Ir-Ru 6.7 ~1.13 [83]
CMX (Tokuyama Co., Japan) ¥ '
Profiled (Chevron) - Ralex AMH- 0.1 M K;3Fe(CN)g,
PES/CMH- PES (MEGA, Czech 9.5x9.5 440-520 5 Woven (260) 0.1 M K4Fe(CN)g and 0.25 M Ti/Pt 1.75 ~0.68 [266]

Republic)

NaCl

A: Active area; N: Number of cell pairs; o: thickness; Pqmax: Maximum power density; v: flow velocity; Feed solutions: seawater (~0.5 M NaCl, ~0.017 M NaCl).
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Fig. 22 RED flow configurations: a) counter- flow b) co-flow and c) cross-flow.

In the co-flow mode, the Nernst potential is at its maximum near the inlet and at
a minimum near the outlet; however, the conductivity of the low concentration solution
follows an opposing trend. This results in variable power density along the flow channel.
Veerman et al. [89] investigated the behavior of a RED stack operated with co-flow and
counter-flow mode using a modeling approach. As shown in Figure 23, a comparison
of the two flow modes indicates that the local variation in power density along the flow
channel is higher for the co-flow mode (from ~0.9 to ~0.1 W/m?) compared to the
counter-flow mode (from ~0.6 to ~0.3 W/m?). However, this model adopted a fairly
long residence time (60 s) of the fluid. With shorter residence time, the difference
between co-flow and counter-flow is marginal. In the case of counter-flow, there is a
possibility of internal deformation in the stack due to the pressure differences over the
LCC and HCC compartments which might could result in an increase of hydrodynamic
losses [240]. The co-flow configuration mitigates the risk of leakage in the manifolds
and allows the use of thin, low resistance membrane materials [240]. On the other hand,
the counter-flow mode was proven to increase energy efficiency.

Other designs of RED involve segmented electrodes, i.e. electrode used in
layered stack units [70, 240]. Theoretically, the use of segmented electrodes improves
the energy efficiency of RED. In fact, this concept is not well covered in the RED
research so far. However, some promising outcomes have been verified using
experiments and modeling. Veerman et al. [240] adopted a triple segmentation of
electrodes in RED, reporting up to 11% higher power output compared to a single
electrode. Vermaas et al. [70] compared the energy extraction effi ciency when using the
three flow modes both with single and multiple electrodes pairs (segmentation). It was
observed that energy efficiency in counter-flow mode is higher than that in cross-flow,

whereas the co-flow mode was found to be less efficient (2-fold lower). It was estimated
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that up to 95 % of the theoretically available energy can be extracted in counter-flow
mode (saltwater fraction of 0.13) using a single electrode segment. The counter-flow
mode allows non-zero local electromotive force along the flow channels as the outflow

positions are aligned oppositely, thus enabling efficient utilization of the salinity

difference.
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Fig. 23 Model predictions for a RED stack operated under: A) co-current feed and B)
counter-current feed. Fumasep membranes, 10 cm x 10 cm, undivided electrodes, spacer
thickness of 200 um; residence time of 60s. In each diagram, the following local values
are shown: concentration of seawater (Cs), river water (Cr), power density (Pg4), open
circuit voltage (E), area resistance (Ra.). Reproduced with permission [89]. Copyright
2011 Elsevier.

A novel RED design based on radial-axial feed flow has also been suggested
[273]. As shown in Figure 24, the radial flow allows a relatively small inflow manifold
for LCC solution (river water), and the axial flow of the HCC (sea water) in round pipes
is subject to low hydraulic friction. It is expected that power density increases at a lower

intermembrane distance; however, the high axial length of channels for high
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concentration compartment may require a larger intermembrane distance to reduce

pumping losses [273].

Sealing

Fig. 24 RED design with radial river water flow and axial seawater flow: A) cross-

sectional view and B) three-dimensional view [273].

4.4.5. Electrode systems

Electrode and electrolyte materials play an essential role in energy storage and
conversion devices [154, 265, 274-285]. Consequently, systematic investigations on the
design and selection of the suitable electrode have been carried out for RED [109, 240,
286]. Electrode systems with opposite electrode reactions and recirculating electrode
rinse are not accompanied by a net chemical reaction and have a zero equilibrium
voltage. Typical examples of such electrodes include copper gauze electrodes in CuSO4
solution [287], Zn electrodes in ZnSO4 solution [18], Ag/AgCl electrodes in NaCl
solution [18]: Some of the electrode system, and the reaction schemes, used so far for
RED applications are summarized in Table 5. In such redox systems, one electrode
grows while the other dissolves; consequently, feed solutions need to be reversed
periodically to invert the direction of the electrical flow, thus limiting the stack design
to identical HCCs and LCCs [108]. Flow reversal can be prevented by using a
homogeneous redox couple with inert electrodes like platinized titanium and coated
titanium mesh. Currently, a Ru-Ir coated Ti mesh electrode with an electrode rinse
solution of K4Fe(CN)s and K3Fe(CN)s in NaCl is extensively used as an electrode
system in RED [23, 35, 41, 70, 71, 74, 288]. The redox couple [Fe(CN)s]*\[Fe(CN)s]*
is sufficiently stable at a pH of 7, although there is a has a risk of toxicity under a

strongly acidic condition or in the presence of light [109, 240, 286].
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Table 5. Electrode systems used for RED.

Electrodes Electrolyte solution Electrode reaction  Ref.
Cu** +2e¢ — Cu
Cu metal CuSO;4 oo a4 2 [16,287]
. Zn** +2e — Zn
Zn foil 0.015 M ZnCl, Tn — 702 + 2e [289]
AgCl+e— Ag+Cl
Ag-AgCl plates NaCl Ag+Cl — AgCl+e [18]
. 2H,0 + 2e — H; +20H"
Ti-Pt metal 0.035 M NaxSOg4 H,0 — %0, + 2H" + 2¢ [75]
2H,0 +2e — H, +20H- .
C plates ~0.5 M NacCl HO — %0, + 2H" + 2e [290]
Ti-Ru/ 0.05 M FeCl,, 0.05 M FeCls Fe’" +3e — Fe [240]
Ir mesh in 0.5 M NaCl Fe — Fe&’' + 3e
Ti-Ru/ 0.05-0.3 KsFe(CN)s, 0.3 M [Fe(CNo)* + ¢ — [Fe(CN)J* Lo 230,55
Ir mesh K3Fe(CN)g in 0.25-2.5 M NaCl  [Fe(CN)g]* — [Fe(CN)s]* +e 540 22‘1] » 0%
Ti-Ru/ 2H,0 +2e — H, +20H" *
Ir mesh 0.26 M NaCl H,O0 — 50, +2H" + 2¢ [74]
Ti-Pt with 2H,0 +2e — H, +20H" %
C_PVDF layer** 0-23 MNaCl H,0 — 10, + 2H' +2¢ 78]

* Possibility of Cl, formation at anode (CI" — Cl; + e): the generated Cl, can be prevented from passing into
RED channels by applying external CEMs at the end of the membrane pile. **Capacitive electrode.

4.4.5.1. Capacitive Electrodes in RED

This capacitive reverse electrodialysis (CRED) system synergistically combines
capacitive mixing and RED [240, 291]. In the CRED system, AEMs and CEMs are
aligned alternatively to create two compartments similar to the RED system. A
capacitive electrode consisting of a current collector like Ti/Pt mesh or glassy carbon
along with a layer of activated carbon can be used in CRED. Since capacitive electrodes
do not require redox reactions, NaCl solution can be used as an electrode rinse solution.
Thus, the selective transport of ions driven by the concentration gradient induces a
potential difference over each membrane, hence an electrical current in the external
circuit. CRED can be operated in cyclic stages where electricity is generated during
mixing of the saltwater and freshwater. The system generally allows energy generation
under safe operating conditions (no redox reaction or no use of hazardous electrode rinse

solutions).

4.5.Fouling
So far, the performance of RED has mostly been studied and optimized using

model NaCl solutions. However, the goal of RED for sustainable power generation

critically depends on the possibility to exploit the salinity differences between natural
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water bodies (such as oceans, seas, rivers, lakes, etc.) or industrial waste streams. In
comparison to artificial NaCl solutions, such solutions exhibit a variable and rich
composition of different ions, minerals, organic matter and living organisms. Thus, the
different fouling phenomena are also expected during operation of RED with natural
feed streams.

The binding of organic compounds to membrane charges has similar effects
(mainly in terms of reduced permselectivity and increased electric resistance) [32, 33,
292] to the binding of divalent ions as previously described. The majority of organic
compounds, such as humic acids, are negatively charged, thus being preferentially
deposited/adsorbed on AEMs [293, 294]. Humic acids can be also transported from
LCCs to HCCs [295]. In addition, scale formation due to minerals and other particulate

matters i.e. scaling fouling could also occur in RED [32].

4.5.1. Fouling studies in RED

Vermaas et al. [32] were the first to operate RED units with natural feeds. A
stack with flat IEMs and 240 pm thick spacers, a stack with profiled membranes (an
intermembrane distance of 240 um), and a stack with profiled non-conductive plastic
sheets (200 pum thick inter-membrane distance) were operated over a period of 25
days. RED devices were fed with fresh water (~2.2 g/L. NaClequivatent) from canal (Van
Harinxmakanaal) and salt water (~16 g/L NaClequivalent) from the Wadden Sea. Figure
25 illustrates SEM micrographs of fouled membranes in each of the three stacks
tested, and respective pressure drops and output power. All samples except the
profiled plastic in seawater were covered with solid deposits (Figure 25A-B), mainly
composed of diatoms, which are mostly attracted to AEMs because of the negative
charge on their silica skeleton [296-298]. On the other hand, scaling was more
pronounced on CEMs because of the higher concentration of multivalent ions like
calcium and phosphate that precipitated as calcium phosphates. The precipitation of
calcium as carbonate and sulphate, causing scaling problems in many membrane
operations [296-298], is also possible.

The pressure drop in the stack with spacers increased rapidly (5 days) up to
~1.5 bar during first 5 days, whereas in the stack with profiled membranes the same
pressure drop was observed only after 20 days (Figure 25C). The increase in pressure
drop was associated with channel clogging by minerals and organic matter. One of

the spots where foulants may preferentially accumulate is upstream to the spacer
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filaments and knits due to lower fluid mixing and lower linear flow velocity in such
spots. Slower channel clogging when ridge profiled membranes were used was
attributed to the reduced adhesion of colloids and particulates on smooth and parallel
channels compared to woven spacers [268]. The decrease in power density (Figure
25D) was faster than the pressure drop due to additional overlapping effects such as
the enhancement of Ohmic losses because of the partial coverage of IEMs by organic
and particulate foulants, and the reduced effective surface charge of the membranes

and consequent reduction of perm-selectivity.
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Fig. 25 SEM micrographs of membranes (CEM, AEM) and profiled plastics contacted with:
A) river water B) seawater. Arrows indicate the presence of diatoms, bacteria and spherical
deposition. Time-dependent profile of: C) pressure drop over the seawater compartments; D)

power density. Reproduced with permission [32]. Copyright 2013 Elsevier.
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Pawlowski ef al. [31, 295] used a RED stack with relatively thick spacers (800
um), fed with natural river water (Lisandro River, ~ 0.4 g/l NaClequivalent) and seawater
(Atlantic Ocean, Portuguese coast, ~ 32 g/LL NaClequivalent). A net power density in the
range of 0.027-0.14 W/m? was obtained during one month, depending on daily salinity
and flow rates, while the electric resistance increased by 11% [31]. Utilization of thick
channels avoided their clogging, and the increase in pressure drop was, on average, 6
times slower than in the work of Vermaas et al. [32]. The initial pressure drop value was
around 30 times lower since the pressure drop in a channel depends inversely on
thickness by a power of 3 [264]. Although increasing thickness of the channels leads to
an increase in electric resistance in the compartments (Egs. 9-11), it was a necessary
step when feeding natural saline streams without any pre-treatment. In this study,
fouling development, efficiency of membrane cleaning and levels of humic compounds
in saline streams and their transport from river to seawater compartments were
monitored by 2D fluorescence spectroscopy. 2D fluorescence spectroscopy
measurements resulted in excitation-emission matrices (EEMs), where each value of
fluorescence emission intensity corresponds to a pair of excitation/emission
wavelengths. Multivariate statistical analysis of EEMs of the membranes surfaces
showed that the main variations occurred in AEMs exposed to the river water
compartment due to the deposition of humic compounds (Figure 26). Thus, it was
concluded that the main bottleneck in using natural streams resides in the dilute
compartment. It was also observed that, with respect to artificial saline streams, the
evolution/degradation of the membranes is much faster when natural feeds are used
[295]. The incorporation of an optical fiber bundle probe in a membrane fouling
simulator device with an optical window [299] may enable a more precise in-depth study
and modeling of fouling based on data captured by 2D fluorescence spectroscopy [31,
295, 300, 301]. Such captured information has already proved to be essential to the
development of robust multivariate statistical models for the prediction of pressure drop,
electric resistance and net power density in a RED stack [31].

Tedesco et al. [30] used natural brackish water (~1.74 g/L NaClequivalent) and
saline brine (~232-290 g/L NaClequivalent) from Ettore-Infersa Saltworks (Marsala, Italy),
filtered through a 5 pm membrane, as feed to RED unit equipped with 280 pum thick
spacers. Additionally, twice a week (during 3 months of stack operation), a shock

treatment with NaClO solution was applied on the LCC stream to avoid the formation
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of bio-film. This pre-treatment enabled an almost constant pressure drop in the stack
and a value of net power density in the range of 0.21-0.62 W/m? / 0.03-0.06 kWh/m?
(depending on variations in temperature, salinity and flow rate) [30]. Although the pre-
treatment used avoided the formation of organic fouling, this did not prevent the
nefarious effects of divalent ions present in the used saline streams. When model NaCl
solutions (with conductivities comparable to those of natural saline streams) were used,
the obtained power output was 30-70% higher in comparison to values obtained when
natural saline streams were used [30]. The energy required by this specific pre-treatment
was not accounted for the determination of net power density, thus this point still needs
further investigation. Besides the elimination of organic fouling, two other factors
contributed to the highest power generation by Tedesco et al. [30] when natural saline
streams were used compared to other studies [31, 32, 295]; the ion-exchange membranes
used had almost 5 times lower electric resistance and utilization of highly concentrated
saline brines allowed for a much higher salinity ratio between concentrated and dilute
streams: ~150 [30], ~80 [31, 295] and ~7 [32]. The utilization of highly concentrated
brines, however, incurs an additional challenge as the efficiency of power extraction
decreases with an increase in concentrated stream salinity since the membrane
permselectivity (especially that of the anion-exchange membrane) decreases due to the
weakening of the Donnan exclusion of co-ions. So far, utilization of natural saline
streams in RED has resulted in lower stack performance in comparison to model NaCl

solution [29-32, 268, 295]. Table 6 summarizes fouling studies in RED reported so far.
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RED stack operation. The brownish color is due to adsorption of humic compounds.
The arrow indicates the flow direction. The fluorescence excitation-emission matrices
and the regions of their acquisition are shown next to photos. Reproduced with

permission [295]. Copyright 2015 Elsevier.
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Table 6. RED conditions and power density reported in fouling studies.

Membranes Spacers Electrode compartment v P4, max Ref
. ef.
Type A (cm?) d (um) N (@, pm) Electrolyte Electrode Feeds solutions (cm/s) (W/m?)
Ralex
0.05 M K3Fe(CN)s, ,
CMH/AMH(MEG 10x10 700-714 5 Woven 0.05 M, KsFe(CN)s  Ti/Pt mesh Natural seawater/river 76 0.05- (32]
A AS, Czech (245) water 0.08¢
. and 0.25 M NaCl
Republic)
lg\(j[ﬁfil\iﬁex 0.05 M KsFe(CN)s, Natural seawater/river
10x10  477+15 5  Spacerless  0.05M, KsFe(CN)s  Ti/Pt mesh " Waterty 76 011-0.14 [32]
(MEGA AS, and 0.25 M NaCl water
Czech Republic) '
Artificial seawater (0.5
Neosepta M NacCl)/artificial river
- .01 1
CMX/ACS Non: ' Ti-Ru/Ir water (0'0 7 NaCl) %) .
104 140-200 4 conductive  0.25 M NaCl dosed with - [86]
(Tokuyama Co., mesh )
Japan) (500) biodegradable
P compounds and
inoculates
Profiled Ralex
MH/AMH 1 i
(CME (; A AS, 10x10  477+15 10 Spacerless  0.25 M NaCl Ti/Pt mesh Sjﬁff seawater/river -, o [268]
Czech Republic)
Modited Non.  00M
KsF .O5M Ti/lr-R Artificial
Neosepta AMX  45x45 120200 2 conductive o3t o(CN)e 003 Vlr-Rb riificial seawater 37 . [302]
(Astom C (300) K4Fe(CN)g and mesh (bacteria)/seawater
stom ~oIp-, 0.25 M NaCl

Tokyo, Japan)
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Table 6 (continued)

Eﬁfli{lfiﬁ?{lex 0.05 M K3Fe(CN)g, Artificial seawater (0.508 M
’ 10x10  477+£15 5 Spacerless 0.05 M K4Fe(CN)s Ti/Pt mesh  NaCl)/artificial river water 20.8 0.62 [125]
(MEGA AS, and 0.25 M NacCl (0.017 NaCl)
Czech Republic) ' '
Ralex CMH/AMH, Non- 0.1 M K4Fe(CN)gs,
(MEGA AS, 4x16  700-714 3 conductive 0.1 MKsFe(CN),  Ti/Pt mesh Eljgr”‘fa?::an water/natural - 1-3.6 (0)'(1)2; 23915]
Czech Republic) (800) and 0.27 M NacCl '
Neosepta
- .05 M K;3Fe(CN
CMX/AMX Non . 0.05 sFe(CN)e, Ti/Ir-Rb Natural seawater/natural
(Tokuyama Co i 1402005 conductive 0.05 M KaFe(CN)s mesh river water 1 0.18 [303]
Y . (480) and 0.25 M NaCl '
Japan)
PC-SK and PC-SA Non- Ti coated RO brine/brackish ground 1
11x11  90-130 10  conductive 0.5 M NaCl . & 0.59 [33]
(PCCell, Germany) (500) with Pt water

A: Active membrane area; N: Number of cell pairs; d: thickness; Psmax: Maximum power density; v: Flow velocity. “Gross power density decreased by 60% on the first day,
fast increase of pressure drop (channel clogging), 90% reduction of flow rate after 5 days, occurrence of organic fouling and scaling, lower fouling incidence using profiled
membranes. ’OCV in the range of 0.55-0.65 V. Electric resistance increased by 11%, almost no channel clogging (due to thick spacers), observed transport of humic compounds
from LCC to HCC. “Up to 40% decrease in power density with respect to theoretical power density in the first 4.5 h using natural feed waters. “Up to 8% reduction in voltage

during biofouling experiments over 20 h.
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4.5.2. Antifouling strategies
Antifouling strategies are necessary to control fouling and to maintain a

consistent performance of RED. Veerman et al. (2014) proposed a periodical reversal
of feed streams by changing the polarity of the stack [268], a strategy largely used in
ED. This was demonstrated by an increase of the time interval (14 days) before the rise
of pressure-drop in a stack with a periodic reversal of 24 hours [86]. The operational
period can be further increased up to 17 days using a shorter reversal time (every hour).

Periodic reversal also accounts for the stability of OCV and for the decrease in
Ohmic losses. Moreover, the periodic reversal of flow direction can further increase the
performance due to the difference in the distribution of biofilm near the inlet and the
outlet of the stack. However, the periodic feed reversal is less effective in reducing
colloidal fouling [268], and it is also associated with preferential channeling [125, 268].
Periodic air sparging (Figure 27) avoided channels clogging and led to ~50% higher
power densities than in an untreated stack; however, after 10 days, the power consumed
by applying this anti-fouling strategy overcame the power generated in the RED stack
[268]. A viable alternative may be to clean channels with CO;-saturated water, during
which the bubbles are released uniformly, contrary to the preferential bubbles
channeling when air is directly sparkled [303, 304]. Recently, Moreno et al. [303]
demonstrated the merit of using of COz-saturated water as an anti-fouling strategy in
RED by a comparison with an air sparging technique. RED stacks operated with CO2»-
saturated water displayed a higher net power density (0.18 W/m?) compared to the stacks
with the air sparging technique (0.04 W/m?) during operation over 30 days under natural
conditions. The overall low performance of the stack using the air sparging technique
was attributed to an increase in Ohmic resistance as a result of the formation of stagnant
bubbles and an increase in pressure drop as a result of excessive fouling and channel
blockage [303].

Addition of poly(ethylene imine) (PEI) to the feed stream has been investigated
in order to impair deposition of humic compounds on ion-exchange membrane surfaces
[305]. PEl is a positively charged, water-soluble polymer which, in correct proportions,
leads to the formation of a neutral complex with humic compounds. The addition of
adsorbents, such as mesoporous adsorbent resin and/or powdered activated carbon
proved to be effective in removing of organic pollutants in drinking water production as

well [306, 307].
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Fig. 27 Average pressure drop as a function of time for RED stack operated without pre-
treatment, periodic feed reversal or air sparing (A), and full area (10 x 10 cm?) photos
(B, D, and F) and zoomed (1x1 c¢cm?) photos (C, E, and G) of profiled cation exchange
membranes after fouling experiments. The original color of the membrane is beige.
Reproduced with permission [268]. Copyright 2014 American Chemical Society.

Since organic fouling is mainly activated by electrostatic and hydrophobic
interactions [308], increasing membrane hydrophilicity as well as surface smoothness
(slip conditions) could improve membrane antifouling properties. The addition of a thin
layer of opposite charge at the IEM surface creates an electrostatic repulsion between
organic foulants and the thin layer [309]. Polyelectrolytes/zwitterions with poly(sodium
4-styrene sulfonate) (PSS) or poly(vinylsulfonic acid, sodium salt) (PVS) or
poly(sodium acrylate) (PAAS) or polydopamine (PDA) groups can prevent adsorption
of organic compounds on surface of AEMs [224, 309-311]. Utilization of such a strategy
requires that the coating layer should not significantly increase membrane resistance.
The nature of AEMs also influences the interactions with organic foulants. The lower
number of benzene rings in aliphatic AEMs reduces the number of possible aromatic
(m-m) interactions between the membrane and foulants compared with an aromatic AEM,
while increasing the cross-linker content reduces the mobility of foulants in the
membrane though at the cost of higher membrane electrical resistance [312]. However,

since the price of the membrane is the key limiting factor in RED [81], additional
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reflection about utilization of cheap/disposable membranes, like those from paper
material [313], could be of interest.

The chemical cleaning procedures used in classical ED, consisting in flushing
NaOH and citric acid solutions through the channels, allowed to remove clogging from
the channels caused by sands and minerals, but were inefficient to remove organic
fouling (TOC was nearly zero in the recovered solutions) [295]. Additionally, chemical
cleaning may induce undesirable membrane structural changes consisting in the break
of the chemical bonds, which increase its electrical resistance [295, 314, 315]. Such
structural changes, and consequently the efficiency of the cleaning strategy, can be
detected/evaluated by measuring the intensity of the natural fluorescence of a membrane
(Figure 28) which results from the presence of aromatic groups and/or planar or cyclic
molecules with several @ bonds in their structure. When such bonds are broken, the
intensity of the emitted fluorescence decrease, as can be compared between Figure 28c

and Figure 28d.
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Fig. 28 Timeline of sequential fluorescence spectra of CEM surface in contact with
natural seawater (a) in day 0, (b) after 32 days of RED stack operation, (c) after washing
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the membrane with water, (d) after chemical cleaning. Reproduced with permission
[295]. Copyright 2015 Elsevier.

The cleaning strategies and the validity of antifouling strategies so far tested in
lab-scale require further investigation and validation in pilot/industrial installations.
Saline streams, in function of their composition, and stack design, in function of granting
an efficient fluid mixing, are anticipated to strongly influence choice/frequency of
antifouling strategies and water pretreatment. An economic study considering costs of
such steps has not yet been developed, despite being crucial to evaluate the practical

viability of RED technology.

5. Advances in power density

The maximum Pq is a crucial parameter determining the commercial feasibility
of RED. Progressive improvements in power density have been reported from the time
of early investigations till now (Figure 29). Very low power density (up to 0.17 W/m?)
was reported at the early stage of RED research activity by Weinstein and Leitz [9], who
carried out experiments with seawater and river water. Driven by improvement in
membrane materials and manufacturing, significant enhancement has emerged since
2009. Veerman et al. [74] reported a P4 value of up to 1.2 W/m? for a RED stack
equipped with Fumasep (FAD and FDK) and Selemion (AMV and CMV) commercial
membranes using seawater/river water feed solutions. A power density of 2.2 W/m? was
obtained for 0.5 M NaCl//0.017 M NaCl feed solutions using modified commercial
IEMs (Fumatech, Germany) [72] which was the highest power density reported so far
for river water and seawater at ambient temperature. A model prediction by Tedesco et
al. [87] based on RED technology using thin (<20um) and highly selective ionic
exchange membranes (>85 %) indicates the possibility of achieving a power density of
4.2 W/m? at ambient conditions. The same authors also reported a power density of 6
W/m? at 40 °C by mixing brine (5 M NaCl) and brackish water (0.1 M NaCl) [34],
whereas Daniilidis et al. [239] achieved 6.7 W/m? at 60 °C when mixing brine (5 M
NaCl) and river water (0.01 M NaCl). Moreover, theoretical calculation indicated the
possibility to obtain a power density as high as 20 W/m? by using membranes with

significantly low resistance (below 0.1 Q.cm?) and a cell length of 1 mm[316].
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Fig. 29 Progressive increase of RED power density as reported in literature [9, 16, 18, 39, 72-
75, 239, 289, 317];*Concentrations are not specified in [16].

6. Advanced applications of RED

RED systems integrated with other technologies are emerging as an attractive
option in the production of key resources like water and hydrogen, in addition to
electrical energy generation. RED technology can be integrated with different
technologies in desalination [35, 38, 47, 99, 100, 107, 318-322], bio-electrochemical
systems [51, 53, 107, 278, 323, 324] and water electrolysis [23, 106, 278] (Table 7).
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Table 7. Relevant literature on hybrid (integrated) RED applications.

Description of Membranes S Electrode compartment Prmaxa
. . pacers v 5
the integration R N s m/ W/m Ref.
system Type A (cm?) 4 (um) (0, um)  Electrolyte Electrode (cm/s) (OCV, V)
RED operating on
MD brine (5 M ..
NaCl) and Fujt
AEM/CEM
seawater (0.5 M (Fujifilm Woven 0.3 M K3Fe(CN)s, 0.3
NaCl) combined E lfo cB.V 10x10 109-170 25 (27(\)/) 0.3 M K4Fe(CN)gand  Ti-Rw/Ir mesh 1.1 1.2 [35]
with ROMD for - %P¢ 2 2.5 M NaCl
e
Ficati
water purification Netherlands)
and power
generation
RED operating on
RO brine (1.2 M N t
NaCI;I::zd( river Aijl))sf/pczi\/IX Woven 0.05 M KsFe(CN)s,
7x7 134-164 5 0.05 M K4Fe(CN)o, Ti-Ir/Ru 1.2 1.48 [99]
water (0.1 M (Tokuyama, (280)
0.3 M NaCl
NaCl) for power Japan)
generation
RED operating on
NaHCO3; (HCC
concentration: 1.4
M, LCC . Catholyte: 1 M
. Selemion .
concentration: 0- CMV/AMV Polyethyl NaHCOs;, Anolyte: 1.0 Anode: graphite fiber (021
0.000175 M) (Asashi glass 4x2 110-150 5 ene mesh g/L of CH3COONain  brushes, Cathode: ~0.025 0 .;548) [53]
combined with £ass, (1300) NaHCO; buffer with stainless steel mesh '
. . Japan) . .
microbial vitamins and minerals
electrolysis cell
for hydrogen
production
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Table 7. (Continued)

RED operating on
NaHCOs3 (HCC
concentration: 1.4

Catholyte: | M

M,L lution:  PC-SK
di;tilig jv(;;rl)o " Pg : A and NaHCOs, Anolyte: 1.0 Cathode: Stainless
combined with (PCCell 195 500 5-10 - g/L of CH3COONain steel mesh, Anode: ~40 (0.6-0.75) [324]

. , s ’ NaHCOj buffer with carbon fiber brush
microbial Germany) .. .

) vitamins and minerals
electrolysis cell
for hydrogen
production
RED operating on
NaCl (HCC
concentration: 0.6 Catholyte: 0.35 g/L
M, LCC .
concentration: Selemion Polyethyl NaCl, Anolyte: 0.82 Cathode: Stainless
) CMV/AMV /L CH3COONa i )

0.06 M) combined , 4x2 110-150 7 enemesh S M Steel mesh, Anode: 006 0.37+0.023  [325]

. . . (Asahi glass, 50 mM phosphate- )
with microbial (1300) . graphite fiber brush

. Japan) buff ered nutrient
electrolysis cell medium
for hydrogen .
production and
CO; sequestration
RED operating on
seawater (0.6 M
NaCl) and river . Catholyte: synthetic
Selemion '
water (0.006 M CMV/AMY Polyethyl seawater; Anolyte: 1.0  Stainless steel mesh
NaCl) combined (Asahi glass 4x2 110-150 10 ene mesh gL CH3COONain a cathode, graphite 0.05 4.3 [326]
with microbial glass, (1300)  phosphate buffer with  fiber brush anode
Japan) . N

fuel cell for minerals and vitamins
enhanced power
generation
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Table 7. (Continued)

RED operating on
seawater (0.6 M
NaCl) and river

Anolyte: 1 g/L

Cathode: carbon cloth

water (0.01 M Selemion CH3COONa in a 50 containing four 05

NaCl) combined CMV/AMV 4x2 110- Polyethylene mM phosphate polytetrafluoroethylene 09 [327]
with microbial fuel (Asahi glass, 150 mesh (1300) buffered nutrient (PTFE) diffusion layers, '

cell for enhanced Japan) medium, Catholyte: Anodes: graphite fiber

power generation 0.7 g/L NaCl brush

and chemical

production

RED operating on

NH;HCO; Anolyte: 2 g/L of

solutions (1.0 M) Selemion CH3COONa in the Cathode: carbon-cloth

and LC (0.01 M) CMV/AMV 452 110- Silicon gaskets 50 mM phosphate Anode: graphite fiber ’ 0.08 1.7- [328]
combined with (Asahi glass, 150 (500) buffered nutrient brushe.s ' 3.1

microbial fuel cell ~ Japan) medium, Catholyte:1

for enhanced
power production

M NH4HCO;
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Table 7. (Continued)

RED operating on

MD brine (5 M Fuji AEM/CEM

NaCl) and brackish  (Fujifilm Woven oSt e

water (0.1 MNaCl) ~ Europe B.V.,  10x10  109-170 27 o o 0.7 1637  [23]
combined alkaline The (270) K4Fe(CN)sand 2.5 mesh

water electrolysis for ~ Netherlands) MNaCl

hydrogen production

RED operating on

ground water (2.67 M  Fuji AEM/CEM

NaCl) and seawater (Fujifilm Woven 8; y;ife(CN)ﬁ’ Ti-RWI

(0.79 M NaCl) (5M  Europe B.V., 10x10 109-170 19 o WA 1 0.17(0.91)  [102]
NaCl) combined with  The (270) K4Fe(CN)sand 2.5 mesh

a sustainable green Netherlands) MNaCl

house system

A: Active membrane area; N: Number of cell pairs; 8: thickness; Pqmax: Maximum power density; OCV: open circuit voltage; v: flow velocity; *flow rate: 400 mL min!
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6.1. Applications in desalination technologies

One of the most interesting applications of the RED concept in hybrid systems is
the simultaneous generation of renewable energy and drinking water. The requirement
of a concentrated solution as an input to the RED system creates a beneficial opportunity
for integrated application with membrane-based seawater desalination technologies like
MD, RO, ED and capacitive deionization [35, 329-336].

Cumulative global contracted desalination capacity reached 99.8 million m?/d in
2017 [337]. The estimated 6 % annual cumulative growth from 2016-2020 is expected
to result in a total installed capacity of 117.3 million m?/day by 2021 [338]. Mixing RO
brine (assuming ~1 M in NaCl) with feed seawater (~0.5 M NaCl) has a significant
potential for SGP (see Figure 2). The consequent dilution effect is not only favorable in
terms of energy generation but also allows the mitigation of environmental problems
associated with brine discharge [35, 339-341].

The integrated application of RED in desalination technologies involves the
feeding of brine discharged into the HCC [38, 100, 319]. Figure 30 shows a conceptual
illustration of the integrated application of RED with RO and/or MD systems as well as
solar evaporation systems (ponds). The RO retentate can be directly fed into the RED
system or further concentrated by MD (or other evaporative technologies, such as
thermal vapour compression, mechanical vapour compression, etc.) before entering the
RED system [35, 38, 100]. Additionally, the use of solar energy is particularly important
in hybrid systems as it is abundantly available, for example, with a potential above 1000
W/m? during daytime in the Middle East region [38]. Moreover, solar heaters applied to
raise the temperature of feed solutions may result in higher RED power density.

Li et al. [47] proposed different configurations for coupling RED with RO
systems. In one of them, the RED effluent (seawater with reduced salinity) can be fed
directly to RO as a low saline solution, thus allowing lower energy consumption. In
another configuration, the retentate from RO can be used as a feed solution for RED
thereby enhancing the potential of SGP with simultaneous reduction of environmental
threat from brine discharge. Stages can be cascaded to take advantage of the synergetic
benefits from the combined application of RO and RED units (see Figure 30). The HCC
and LCC solutions are recycled in batch-wise operations. Considering a RED stack (50
cells and active membrane area of 600 cm?) in 20 parallel branches (5 RED stacks in

each branch), model predictions indicated the possibility of 56% reduction in RO energy
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consumption when using RED effluent as RO feed (initial solution concentrations: 0.57
M HCC and 0.005 M LCC) [47]. Despite the expected low energy density, we tested
salinity gradient energy from seawater and brine in our previous work and observed that
advantage can be gained by heating feed streams [35], which is also a possible solution
to the utilization of waste heat. The use of seawater with brine is also beneficial from an

environmental point.

- Fresh water | | Electricity |

<

3

(%)

O

= _

5 =| RED

3 £ =|Effluent  Recycle to MD/

& = Discharge

B

=N

g ||

(]

w

Seawater

Fig. 30 Conceptual illustration of the integrated application of RED in desalination

technologies.

Tufa et al. [35] presented an innovative approach combining RED and MD for
simultaneous production of blue energy and drinking water in the logic of Near-Zero
Liquid Discharge (N-ZLD) and low energy consumption in seawater RO desalination.
The ability of MD to attain a significant volume reduction factor of up to 83.6% and to
increase the concentration of NaCl solution up to saturation level (5.4 M NaCl) has been
demonstrated [35]. A maximum P, of 2.4 W/m? was achieved when mixing brine (5.4
M) and seawater (0.5 M). In general, the advantages of RED application in desalination
technologies include: a significant reduction in Ohmic losses due to the highly saline
brine, the use of salinity gradient power generated by RED to decrease the energy
consumption of RO, no extra-pump energy to recirculate seawater and brine through
RED, no additional pre-treatment against fouling with respect to that implemented in a
desalination train, reduction of the environmental impact related to brine disposal as a
consequence of the dilution effect from mixing seawater and brine.
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Hybrid applications of RED systems with ED could also enable low-energy
desalination, and such a system have recently been investigated using theoretical and
experimental approaches [322, 342]. ED produces pure water by desalination of salt
water [343, 344] leaving a concentrated solution that can be used as a HCC solution of

RED [322, 342].

6.2. Applications in bio-electrochemical systems

Bioelectrochemical systems like microbial fuel cell (MFC) (Figure 31A) allow the
production of electrical power with simultaneous treatment of wastewater [278, 345-
356]. In air cathode MFCs, exoelectrogenic bacteria oxidize substrate and transfer
electrons through the anode, thereby reducing oxygen at the air cathode with a
corresponding theoretical maximum voltage of 1.1 V, an OCV of ~0.8 V and
operational voltages in the range of ~0.5 - 0.3 V. Up to 2.4 W/m?, P4 can be obtained
by an air cathode MFC under well-optimized solution conditions [356]. One of the
limitations of MFCs is that they cannot be simply linked in series to boost the overall
potential since cells in a stacked MFC undergo voltage reversal leading to an OCV equal
to (or less than) that of a single cell [357]. One means to overcome this limitation is the
use of an integrated approach combining MFC and RED, creating a new system termed
as ‘Microbial RED Cell (MRC)’ [50, 51, 53, 101, 323, 324]. Figure 31B and C presents

MRCs with 1-cell pair and 2-cell pair configurations, respectively.
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Fig. 31 [llustration of A) single chamber microbial fuel cell and the different microbial Reverse

Electrodialysis configurations with B) one cell pair (1-CP), and C) two cell pairs (2-CPs).
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In general, the integration of RED with MFCs has a synergetic advantage in terms
of power and efficiency enhancement, overcoming the individual process limitations.
The use of RED enables the low voltage produced by MFCs to be increased.

With the aim to optimize the MRC, Kim and Logan [51] investigated the effects
of solution flow rate and salinity on power production. The MRC contained RED with
5 cell pairs, an air cathode prepared from a platinum catalyst and a Nafion binder, and
an inoculated anode made of graphite fiber brush. A P4 of about 3.6 W/m? and voltage
of 1.2 - 1.3V were recorded in the MFC fed with 0.6 M and 0.012 M NacCl solutions at
a flow rate of 0.85 mL/min. The Pqwas enhanced by about 19% (from 3.6 to 4.3 W/m?)
on increasing the flow rate to 1.55 mL/min [51]. Further work by Cusick et al. [328]
indicated a substantial improvement in P4 by using ammonium bicarbonate (AmB)
solutions in multiple RED cell pairs. Unlike electrolytes containing Na*, the use of AmB
allows for buffering pH changes and improves cathode kinetics in MRC. With a two-
cells RED stack, a further reduction of anode charge transfer resistance and production
of P4 up to 4.2 W/m? were reported.

The application of RED in the bio-electrochemical system includes hydrogen
production by the integrated application with microbial electrolysis cell (MEC) [53,
323-325, 358-363]. In the MREC, H> production is achieved by a thermodynamically
favorable oxidation of organic matter by exo-electrogens on the anode, and energy
derived from the salinity gradient. The external power source required for the MEC is
supplied by the added salinity energy using only a few number of RED cell pairs when
using seawater and river water. Kim and Logan [323] demonstrated this concept using
a five-cell RED unit sandwiched between an anode, containing exo-electrogenic
bacteria, and a cathode. The system yielded an H» production rate of 0.8 - 1.6 m> Hao/m?-
anolyte/d by mixing river water/seawater at flow rates in the range of 0.1 - 0.8 mL/min
[323]. Nam et al. [358] employed ammonium bicarbonate as the electrolyte for efficient
voltage and hydrogen gas generation in the MREC, obtaining a maximum hydrogen
production rate of 1.6 m® Ho/m?/d at a flow rate of 0.8 mL/min. Using MRECs with 10
cell pairs, Watson et al. [324] produced H> from fermentation wastewater, recording a
hydrogen production rate of 0.9 + 0.1 m® Ho/m?/d. Recently, the use of substrate without
buffer solution in a MREC has been demonstrated Song et al. [363]. However, the
MREC exhibited a low H> production rate and low coulombic efficiency as well as pH

instability and low conductivity in the anolyte.
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6.3. Applications in water electrolysis

Water electrolysis is a mature technology for hydrogen production through the
use of direct electric current to split water [148, 364-372]: high purity (up to 99.9 %v/v)
H> is achieved. Three main types of technologies are commonly used for this process:
alkaline water electrolysis, proton exchange membrane water electrolysis and high
temperature water electrolysis. Electrolysis suffers from high energy consumption,
determining production costs in the range of 3-5 euros/kg of hydrogen depending on the
plant size. Therefore, for sustainable hydrogen production, the primary energy used for
water splitting should come from renewable energy resources. This approach is
currently gaining a lot of attention driven by the projected exhaustion of fossil fuel and
the rise in environmental concerns related to greenhouse gas emissions [373-377].
Although the wind and sun have been widely investigated to power water electrolysis,
such energy sources are associated with stability issues caused by daily fluctuations
[378]. On the other hand, non-intermittent SGP is a viable alternative to sustainable
hydrogen production [23, 106, 379]. In an integrated RED-water electrolysis energy
system, the required electrical power to fuel a water electrolyzer can be supplied by a
separate RED system.

Hatzell ef al. [106] investigated different scenarios involving oxygen reduction
or hydrogen evolution reactions using NH4HCOs; feed solutions. A RED stack
consisting of 20 cell pairs and a total active membrane area of 0.87 m?, tested for indirect
hydrogen production by coupling with an external electrolysis system, resulted in a
power potential of ~1.5 Whm™ (corresponding to a hydrogen production rate of 0.2x10
> mol Hz h''lem™-electrode) : the performance of RED with NHsHCOs is generally
limited due to the low ionic activities [252] and the poor performance of ion exchange
membranes in NH4HCO; [138]. The direct production of hydrogen by RED over
cathode compartment is also possible, for example, by using HCI as a catholyte solution.
In such a scenario, a hydrogen production rate of 0.55 mL h™! cm™, corresponding to
2.7x107° mol Hz h''cm™-electrode, of electrode area was obtained, however, with only
2.1% of hydrogen energy recovery [380].

Tufa et al. [23] explored the potential of an alkaline polymer electrolyte water
electrolysis (APEWE) system driven by a RED generator for hydrogen production.
Figure 32A shows a schematic representation of an integrated RED-APEWE system.

The RED system consisted of 27 cells and a total active membrane area of 0.27 m?; the
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single-cell APEWE system was equipped with a highly conductive anion selective
membrane composed of inert low-density polyethylene, non-platinum catalysts
(NiC0,04 and NiFe>04) and electrodes based on nickel foam with an area of 4 cm?. For
a catalyst loading of 10 mg cm™, polymer binder loading of 15 wt% and temperature of
65 °C, a maximum hydrogen production rate of 44 cm>h'cm™-electrode area,
corresponding to 1.8x10 mol Hz h''cm-electrode, was recorded (Figure 32B), which

was much higher than the aforementioned hydrogen production technologies.
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Fig. 32 A) Schematic illustration of RED integrated with an Alkaline Polymer
Electrolyte Water Electrolysis (APEWE) system; B) Performance of RED-APEWE at
different experimental conditions. Reproduced with permission [23]. Copyright 2016
Elsevier.

Moreover, with the aim to overcome the intrinsically low photovoltage
associated with the narrow bandgap of Si in photoelectrochemical (PEC) water splitting,
an integrated RED-PEC system (Figure 33) was implemented for hydrogen production.
The integrated system, employing RED with 24 cells and a PEC system equipped with
a Ni-Mo/Si photocathode and Ni foam anode, attained a constant current density of

about 20mA/cm? with sufficient stability over 25h [381].
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Fig. 33 Schematic illustration of an integrated RED-photoelectrochemical (PEC) water

splitting system for hydrogen production.

7. Other designs and applications of RED

7.1. Closed-loop RED system

Operation of RED in open-loop with natural water or wastewater streams has
some drawbacks, such as the requirement of extensive pretreatment and fouling-control
strategies. Additionally, there could be an environmental impact due to the withdrawal
of natural water from ecosystems and to some extent the discharge of outlet effluents
into natural waters [7, 8, 382].

During the RED process, the mixing of the HCC and LCC occurs in the stack as
a result of ion transport, as well as water transport to a limited extent. Therefore, there
is a difference in concentration between the inlet and the outlet solutions. The
concentration of the HCC solution at the outlet decreases whereas the concentration of
the LCC solutions at the outlet increases. Interestingly, it is possible to concentrate or
dilute the outlet solutions or regenerate the feed streams by a post-RED treatment
process. Such design allows for the implementation of a closed-loop RED system.
Regeneration can be achieved by two approaches: solvent removal or salt recovery from
the outlet solutions. The solvent removal approach follows the separation of the solvent
from the salt by different strategies involving evaporative processes like MED and MD,
Liquid-Liquid extraction process or Azeotropic mixture separation, whereas the salt
recovery approach follows the extraction of the salt by thermolysis or precipitation [43].
Such closed-loop approach generally has the advantage both from energy and

environmental point of view [7, 43].
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The salt recovery approach particularly using thermolytic solutions like solutions
like NH4sHCOs [43, 50, 358] is recently attracting a huge attention among the scientific
communities. Essentially, such system also allows for recovery of low-grade waste heat
and conversion into electricity. Figure 34 presents a conceptual utilization of RED in
closed-loop for converting low-grade waste heat to electricity. Such process typically
involves thermal regeneration of the mixed RED effluents into low and high
concentration streams, which are then recycled back into the system. The regeneration
stage could involve extraction of either the solvent or the salt from the RED effluent
[43]. The RED heat engine can be economically viable as it enables the use of low-grade

waste heat (> 60°C) which is freely available from industrial or geothermal sources.

Heat Mixed solution I& a\

Thermal

separation Energy

Dilute solution

Concentrated solution

Fig. 34 Schematic illustration of a closed system in which a concentrated solution and
dilute solution pass through a RED system to generate electrical power. Thermal energy
(e.g. low-grade waste heat) is used to regenerate the original salinity gradient in a closed
loop.

Studies on RED operating with thermolytic solutions, in particular, with
NH4HCO3 has rapidly grown in the past few years [40, 43, 106, 252, 272, 358]. A recent
study by Tamburini et al. provides a detailed theory and modelling of the potential
applicability of RED as a heat engine operating on several salt solutions [43]. Model
calculations depicted that a high power density can be achieved by using aqueous salt
solutions based on lithium ions, such as LiBr and LiCIl. Moreover, different designs of
RED heat engine, following solvent extraction (NaCl solution) and salt extraction
(NH4HCOs3 solution) techniques, were evaluated in terms of power density and

efficiency. Multiple Effect Distillation (MED) was employed as thermal regeneration

79



stage based on solvent extraction (NaCl solution) technique. As shown in Figure 35, the
RED system integrated with MED operating on NaCl (MED-RED) (Figure 35a) and
RED operating on NH4HCO3; (NH4sHCO3-RED) (Figure 35b) displayed a comparable
maximum power density of 7.5 W/m? and 7.7 W/m?, respectively, at 25 °C and flow
velocity of 1 cm/s [43]. Similarly, comparable energetic efficiencies of 5 % and 5.4 %
were recorded for RED-MED and NH4HCO3-RED, respectively. The closed-loop
system attained an exergetic efficiency of about 85% implying that it is a promising
strategy to convert low-grade waste heat to electricity. Generally, it was observed that
the case of RED-MED operating on NaCl solution using optimal IEMs (low resistance
the
possibility of using low-grade waste heat at 60 °C by NH4sHCO3-RED system favors the

and high permselectivity) outperforms NHsHCO3-RED system. However,

advantage of utilizing a much wider range of waste heat sources.
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Fig. 35 Effect of solution concentration on (a) MED-RED system; variation of corrected
power density (Pqcorr, i.e corrected for black resistance [30]) and efficiency () vs with
concentration of HCC solution at fixed HCC solution concentration of 5 M.
Regeneration requirements of 40 kWha/m?® of extracted solvent; (b) NHsHCO3-RED
system; variation of Py o and efficiency (7) vs with a concentration of HCC solution at
fixed HCC solution concentration of 2.5 M. Regeneration requirements of 100 kJ/mol
of extracted salt and 4 °C thermal heating of dilute stream. Simulations of a RED unit
(10x10 cm?, 10 cell pairs) at 25 °C and flow velocity of 1 cm/s. Reproduced with
permission [43]. Copyright 2016 Elsevier.

The performance of RED operated with NH4HCOj3 is expected to be lower than

of NaCl feed streams. A lower power output was measured in a RED stack operated
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with NH4HCOj3 solution (0.32 W/m?) compared to NaCl solution (0.36 W/m?) for HCC
0.6 M and LCC 0.006 M. The lower power output was mainly attributed to the lower
conductivity of aqueous NH4HCO3 solutions compared to NaCl solutions [252] and, to
a lesser extent, to the lower permselectivities of membranes in NH4HCO3 solutions
[138].

Integrated MD and RED [7, 8, 318] can also function as closed-loop system
following a thermal regeneration stage based on solvent extraction technique [318]. The
separation step could involve MD which allows for desalination of the effluent from
RED leaving a concentrated brine that can be recycled back to RED. In this perspective,
an integrated MD-RED system was evaluated for potential conversion of low-grade
waste heat into electricity. Results from theoretical modeling indicated the possibility to
obtain an electrical efficiency of up to 1.15% by operating on MD feed solution (5 molal
NaCl) at 20 - 60 °C [318].

7.2.  Concentration battery

The design of a RED unit can be modified to work as a battery for energy storage,
termed as a ‘concentration battery’. The system produces power during the RED mode
(discharging) from mixing the feed solutions. Regeneration of the chemical potential is
performed during the ED mode (charging), using a higher potential than the membrane
potential. Concentration battery offers several advantages including the use of non-toxic
salts solutions, flexibility and the possibility of independent optimization of RED and
ED for diverse applications. Figure 36 shows a CGFB (i.e. a closed-loop RED-ED
system) able to store energy in the form of chemical potential of the two electrolyte

solutions.

Power Source
or Load
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Concentrated
Electrolyte
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Electrode
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Electrodialysis
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Pump Pump

Fig. 36 Illustration of a Concentration Gradient Flow Battery (CGFB) [103].
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Kingsbury ef al. [103] obtained an energy efficiency of 62-77% for concentration
battery. An average power density of 0.07 - 0.44 W/m? was delivered during the
discharge stage. The results from the model calculations indicated that faradaic losses
in the battery were mainly due to osmosis which also inhibits the system from returning
to its initial state after charging-discharging cycles. With the aim to reduce undesirable
osmotic water flux, a non-charged solute (referred to as ‘Osmotic Ballast’) was added
to the dilute electrolyte solution to balance the osmotic pressure between the dilute and
concentrated feed solutions [383]. The use of non-charged ballast resulted in a more
than 50 % increase in the faradaic energy efficiency of the close-loop concentration
battery compared to ballast-free battery operation.

Van Egmond ef al. showed that the thermodynamic efficiency of CGFB
increases with increasing current density and decreases with increasing HCC
concentration: a maximum value of 75 % was recorded at 0.5 mol kg™! [104]. A power
density of up to 0.6 W/m? was attained during discharging. Further studies (Figure 37)
revealed that power losses due to co-ion transport were relatively stable across the
investigated range of concentration (0-1 M) and increased with temperature. The highest
(dis)charge efficiency (up to 72 %) was recorded when working at molality difference

of ~0.5-0.75.
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Fig. 37 Power dissipation and (dis)charge efficiency of a CGFB at different temperatures (10-
40 °C). Charge experiments were performed at a current density of -32.5 A/m*(ED) and
discharge at 15 A/m? (RED). Reproduced with permission [384]. Copyright 2016 Elsevier.
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7.3. Nanofluidic Reverse Electrodialysis system

Energy conversion by RED based on functional nanostructured materials has
recently attracted attention as alternative energy sources using miniaturized electrical
devices [385-387]. Kim and Duan [387] demonstrated the possibility of harnessing
salinity gradient energy by a system consisting of silica nanochannels fabricated by a
standard semiconductor manufacturing process and placed between two potassium
chloride solutions with varying concentrations. Such a system is called a ‘Nanofluidic
Reverse Electrodialysis System (NFRED)’ (Figure 38A). A maximum P4 of about 7.7
W/m?, a channel length of 0.14 mm and channel height of 4 nm was reported. Cao et al.
[386] fabricated and utilized solid-state nanofluidic channels or nanopores, which
exhibit high ionic flux and lower fluidic resistance, for applications in NFRED. The
performance of the nanopores was investigated for three representative monovalent
inorganic electrolytes (KCl, NaCl and LiCl). As shown in Figure 38B, a maximum
power of 45 pW was generated using cation-selective nanopores with a concentration
gradient of 1000 (defined as the ratio of KCL solution concentration in HCC and LCC)
for KCI solution, while only 17 pW was obtained for LiCl solution. For the anion-
selective nanopores, the highest power (22 pW) was obtained with the LiCl solution and
the lowest power (6 pW) with the KCl1 solution (Figure 38C). The difference in electrical
power for the different electrolytes was attributed to the difference in ionic transport
within the charged nanopores. For example, for the cation-selective nanopores, the
power generated increased by increasing the diffusion coefficients of the respective
cations (Dx"= 1.957x107 cm? s! > Dy, = 1.334x107 cm? s°!, Dy;"= 1.029x107° cm? s
. A reverse trend was observed in the case of the anion-selective nanopores, implying
that the electrolyte type and the nanopore charge selectivity mutually influence the

output power [386].
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Fig. 38 A) Schematic illustration of Nanofluidic Reverse Electrodialysis System.
Reproduced (adapted) with permission [387]. Copyright 2010 Springer. Power
generation as a function of concentration gradient (C.: HCC concentration; Cq: LCC
concentration) from: B) cation-selective single-nanopore fluidic system; C anion-
selective single-nanopore fluidic system Electrolytes: KCI (black square), NaCl (red
circle), LiCl (blue triangle). Reproduced with permission [386]. Copyright 2011 Royal
Society of Chemistry.

8. Pilot-scale Reverse Electrodialysis developments

Significant contributions and improvement in performance of RED have been
recorded at lab scale in the past. Conversely, large-scale RED advances and scale-up is
limited. In fact, some research on industrial-scale development of RED were recently
foreseen in R&D projects [28, 29, 161]. REDstack BV (The Netherlands) is the
company which operated the first 5 kW RED pilot plant together with Frisia Zout BV
(a European salt company)[388]. On October 2013, REDstack BV, Fujifilm
Manufacturing BV (The Netherlands) and Wetsus, Centre of Excellence for Sustainable
Water Technology (The Netherlands) started to build this first real-world RED pilot
plant with a capacity of 50 kW at Breezanddijk on the Afsluitdijk (The Netherlands)
[28, 388]. The installed RED pilot plant generates electricity by mixing salt water (~28
g/L NaCl) from the Wadden Sea/North Sea and fresh water (0.2 - 0.5 g/L NaCl) from
Lake Issel [28]. The goal of the pilot installation is to investigate RED performance
under natural conditions, to advance RED technology and upscale to 1 MW by 2020
[388].

In 2014, a pilot-scale RED system was developed and demonstrated under an
EU-FP7 REAPower project [29, 30, 34]. A RED pilot plant equipped with 125 cell pairs

and IEMs with an active area of 50 m? (44x44 cm?) was installed at Ettore-Infersa
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Saltworks in Marsala (Trapani, Italy). Figure 39a shows the RED prototype together
with the equivalent resistance (Figure 39b) of the external circuit adopted during the
experimental tests. First tests with artificial brackish water (0.03 M NaCl) and saturated
brine (4 - 5 M NaCl) resulted in a maximum output power of 65 W [30]. In 2016, the
system was further scaled-up to RED units consisting of 500 cell pairs with over 400 m?
of total membrane area [29]. A nominal power capacity of 1 kW was planned, and
~700W of power capacity was extracted when using artificial solutions, whereas 50%
decrease in power density was observed when using real solutions. The system is under
further investigation, focusing on improvement of the stack design and development of

optimal materials including IEMs.
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Fig. 39 A) RED pilot plant installed at Ettore-Infersa Saltworks in Marsala (Trapani,
Italy) with 125 cells and 44x44 cm? single membrane area; B) The equivalent resistance
of the external circuit used during RED tests. Reproduced with permission [30].

Copyright 2016 Elsevier.

9. Economic aspects

The economic and financial feasibility of RED has been preliminarily
investigated for different scenarios in comparison with other renewable energy
resources [81, 273]. It was observed that the current membrane price of 50 €/m? makes
RED energy more expensive than other energy sources, such as solar and wind power
[81]. However, if the membrane price could be reduced to 4.3 €/m? by using cheap raw
materials and manufacturing procedures in the near future, the cost of produced

electricity might drop to 0.18 €/kWh [81].
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Post et al. [131] presented a conceptual design of a RED power plant with 200
kW capacity. A modular design with frames containing six RED stacks having a total

effective membrane area of 100,000 m?

was considered, assuming an installed
membrane price of 2 €/m?. The estimated cost of electricity was 0.08 €/kWh when
mixing seawater and river water feed solutions. Low resistance IEMs generally have
high prices (above 80 €/m?)[131] which account for about 50 - 80% of total capital costs
[388].

Daniilidis et al. performed a simulation of a RED power plant to evaluate the
technical and financial feasibility of a large-scale RED system for different scenarios
combining river water, seawater, and brines from 5 M levels can be found in salt mining
sites [81, 239]. The boundaries for feed flowrate were fixed depending on feed types,
along with the variation of power density depending on the feed pairs used for model
calculations. Results depicted that the application of RED with brine feed seems more
economical than river water/seawater, showing an upscale potential of 1 MW.

An electricity cost of 0.17 €/kWh was predicted for a membrane price of 4.3 €/m?
when operating with seawater/river water [81]; this is indicative of a scenario in which
RED could compete with solar, wind, and other conventional power generation systems
with a cost reaching up to 0.14 €/kWh [389].

Economic evaluations of RED in hybrid applications with RO and MD are more
complex. RO system can generate a large volume of brine that can be further
concentration by MD to be used in RED. The operating costs of MD can be mitigated
by the use of low-grade waste heat [10, 390]. In this context, a promising application
from an economic point of view can be envisaged. An exemplary case study has been
reported under an EU-FP7 REAPower project [161, 391]: Considering an RO system
that disposes 250,000 m? of brine at a salinity of 60 g/kg, it was predicted an MD system
can convert this discharge into a potable water and brine (300 g/kg) at a rate of 10,411
m3/h and 12,500 m?3/h, respectively. Assuming six years payback period of the extra
revenue generated by the additional potable water produced by MD system using waste
heat, a LCOE for an RO-MD-RED system was estimated to be 10.5 cents/’kWh [161,
391].

In the case of a RED system working with heat-regenerative solutions like
ammonium bicarbonate, the use of cost-free low-grade waste heat will have a significant

impact on the economy of the system. A preliminary analysis estimates a levelized cost
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of electricity (LCOE) of fewer than 0.07 €/ kWh for a RED unit operating with low-
grade waste heat [161].

An economic breakthrough might be achieved by developing high performance
IEM materials, and by the use of a low-grade waste heat source to increase the RED
output power; based on this hypothesis, a price of ~85 €/ MW and levelized costs of
electricity of ~0.10-0.19 €/kWh are predicted for RED in 2020 [388].

10. Concluding remarks and future prospects

The major limitation of RED at the current state-of-the-art is the availability of
low resistance ion-conductive membrane materials at a low cost (<4 €/m?) and with high
permselectivity (>95 %) for operation under real conditions. Addressing these issues by
the design of novel, high performance IEM materials at an affordable cost highly
impacts the possible commercial implementation of RED technology. Prospective, low
cost hydrocarbons to be further investigated could be polyolefin, polyaryletherketones,
halogenated polyethers, polyethylene and poly(arylene ether sulfone). Potential
membranes for applications in other electrochemical systems like ED [392], water
electrolyzes [133, 148, 393], fuel cells [394, 395] and batteries [396] can also be adapted
for RED applications.

Utilization of natural saline streams as a source for RED resulted in positive net
power generation [29-31], but to a lesser extent when compared to artificial NaCl
solutions. The presence of organic compounds and divalent ions in natural streams
reduces (in some cases by more than - 50%) the obtained power due to overlapping
electrochemical and fouling phenomena [29-32, 268, 295].

The negative impact of divalent ions on the performance of RED is one of the
major challenges when working with natural streams. In particular, the relatively high
abundance of magnesium ions in feed solutions leads to a drastic reduction in Pq,
suppressing the Nernst potential drop across IEMs for reasons related to the alteration
of electrochemical membrane properties and transport phenomena within the SGP-RED
system [41, 46, 71, 203, 241]. In this framework, pre-treatment strategies based on
chemical softening and/or membrane treatment could be envisaged. Pressure-driven
membrane operations such as nanofiltration, today extensively used as pre-treatment to

reverse osmosis, can easily be adapted to RED.
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The use of monovalent selective IEMs could also be a strategic approach to
alleviate the influence of multivalent ions [83]. Different strategies can be followed to
design a new generation monovalent selective CEMs able to exclude multivalent ions
effectively, for example, coating with a thin layer of conducting polymers, polyanaline
or pyrrole [150, 156]. The difficulty in preparing highly selective membranes is most
practice is due to the trade-off between resistance and permselectivty. The use of
conducting polymers would reduce such increase of membrane resistance. In line with
this, other strategies like crosslinking and layer by layer modification would also be
promising strategies given the electrical resistance of membranes are controlled.

Moreover, further research on design and fabrication of antifouling membranes
is required, since the long-term stability of IEMs, particularly in highly concentrated
brine solutions, is crucial for process reliability.

Optimization of stack design also impacts positively in terms of efficient mixing
of feed solutions, reduction of hydrodynamic losses and decrease of internal stack
resistance. In particular, the use of profiled IEMs with optimal geometries could be a
promising strategy to improve the overall fluid dynamics and, consequently, the power
generated by RED [52, 77, 83, 92, 261, 266]. Compared to spacers, profiled membranes
mitigate fouling, limit the deposition of colloidal materials and hence may limit pressure
drop increase during stack operation.

RED can be regarded as a promising technology for renewable energy generation
both in its standalone and integrated applications. Novel approaches based on the
integration of RED into current membrane desalination processes is expected to
minimize both energy input and brine disposal impact, simultaneously increasing the
yield of desalted water [35]. In the logic of process intensification [330], this approach
may well represent a step towards low-energy desalination and Near-Zero Liquid
Discharge paradigm [329, 330, 397]. Moreover, the benefits, in terms of the reduction
of adverse effects of brine discharge on aquatic life and minimization of greenhouse gas
emissions, can already be envisaged [35, 382, 398, 399]. The implementation of MD-
RED on an industrial level requires accurate thermo-economic analysis in order to
optimize CAPEX and OPEX.

The practical applicability of RED technology as an energy supplier to water
electrolysis for hydrogen production requires intensive material and process

optimization, the development of highly conductive and stable membranes separators,
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highly active and durable electrodes and low-cost catalyst materials are required for
successful implementation of APEWE.

The use of a closed-loop RED system is currently emerging as a promising option
for electricity generation from low-grade waste heat. The concept is based on coupling
an RED unit with a thermally-driven regenerative process such as the use of thermolytic
solutions like NH4HCO3 (which decompose at a temperature of 40-45°C) following a
salt recovery approach and the use of combined MED-RED or MD-RED following a
solvent removal approach. Further R&D is required in order to implement this concept
in real applications [162].

The application of RED can potentially be extended to several other scenarios
since brine solutions (eventually at high temperatures) can be obtained from a number
of industrial activities. Several other applications are also emerging, such as the
treatment of wastewater with simultaneous generation of electricity [400]. Overall, this
represents a promising perspective for RED as a reliable power source once the

technology challenges have been overcomed.
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