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ABSTRACT

Reverse osmosis (RO) is the most widespread technology to produce drinking water from seawater
(SW). However, the integration of different membrane processes offers interesting alternatives. In
this work, electromembrane processes were integrated with RO to desalinate real seawater in a pilot
plant with 25 m3/day capacity. Electrodialysis (ED, either two-stage or single stage), shortcut reverse
electrodialysis (scRED) and assisted reverse electrodialysis (ARED) pre-desalinated seawater before
RO with the ED-ED-RO, ED-RO, and scRED-ARED-RO process schemes. Treated wastewater was
used as salt sink in the scRED-ARED tests. The performance of the pilot plant can be summarized as
follows: water recovery of ~27-51%, productivity of ~7-14 L/(m? h) in the electromembrane
processes and of ~19-31 L/(m? h) in the RO process, energy consumption of 3.5-8.4 kWh/m>. The
ED-RO configuration yielded the maximum productivity in the electromembrane step, while the
scRED-ARED-RO integration reached the minimum energy consumption. Overall, the energy
performance of the pilot plant (especially in the ED-RO and scRED-ARED-RO schemes) was
comparable to that of a standalone SWRO system. The field tests demonstrated that the coupling of
electromembrane processes with RO is feasible and suggest the possibility to develop alternative and

competitive industrial pants for seawater desalination.

Keywords: ion-exchange membrane; field test; potable water; hybrid membrane process; impaired

water.
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1 Introduction

The increasing global water demand requires challenging solutions for a satisfactory water supply.
Due to the abundance of saltwater, desalination will play a crucial role. Today the worldwide capacity
of desalination plants is ~100 million m*/day of freshwater, ~60% of which is obtained by using
seawater (SW), and ~70% via the reverse osmosis (RO) technology [1,2]. Typical water fluxes of RO
modules, which affect the capital cost, are in the range 10-40 L/(m? h) [3]. The operating costs are
basically due to the energy consumed to pressurize the feedwater. The theoretical minimum energy
(thermodynamic limit) consumed to produce freshwater from seawater with 50% water recovery is
~1 kWh/m? [4,5]. However, the overpressure required by RO to generate reasonable water fluxes and
the steps of intake, pre- and post-treatment, and brine disposal significantly increase the energy
consumption. On the other hand, part of the pressure energy can be recovered by pressure exchangers.
The specific energy consumption (SEC) of SWRO desalination plants has been reduced significantly

in the last decades [4,5], being now in the range 2.5—7 kWh/m? [5-10].

Electrodialysis (ED) [11] is an emerging technology [12] that holds ~2-3% of the global desalination
capacity [1,2,6]. ED desalination plants use brackish water to produce potable water, as ED can
compete with RO for low-salinity feeds. Predictions of a process model showed that ED outperforms
RO in terms of energy consumption to desalinate feedwater at a concentration lower than 3 g/L [13].
On the other hand, the high cost of the IEMs (in the order of 10-100 €/m? [14,15], against ~10 €/m?
of osmotic membrane for RO [16]) still limits a widespread use of ED. However, another study found

that ED is economically convenient compared to RO for a feedwater salinity below ~8 g/L [17].

ED is also versatile for various applications [18,19]. However, it is techno-economically
uncompetitive with SWRO yet to produce freshwater by desalinating concentrated solutions like
seawater [20-27]. The low concentration of the dilute product (e.g., ~0.5 g/L) and the large
concentration gradient between the two compartments (up to ~60 g/L) cause low migrative fluxes and
high back diffusive fluxes, respectively, in a portion of the stack ending with the outlet, resulting in

2
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low net fluxes. This implies that the SWED process has difficulties in reaching the concentration
target for drinking water. Multi-staging is an effective strategy to produce potable water by the
application of current densities approaching the limiting one of each stage. Moreover, increasing the
membrane area reduces the SEC [12]. A process model simulated a two-stage SWED process with
cross-flow stacks equipped with profiled membranes, predicting low (or high) values of SEC along
with low (or high) values of productivity in the range of ~2.3-5.7 kWh/m?® and ~2.6-11.2 L/(m? h),
respectively [23]. A three-stage ED system used in experiments with natural seawater (~27 g/L)
produced a diluate at 1.9 g/L with an SEC of ~3 kWh/m? and a productivity, here estimated by
neglecting water transport, of ~6 L/(m? h) [24]. These examples show that multi-stage SWED
processes can produce potable water, but only one of the two performance metrics (SEC or

productivity) at a time has values comparable with those typical of RO.

The opposite process of ED is reverse electrodialysis (RED), which converts the mixing energy of
two solutions at different salt concentration into electrical energy. The RED process has been widely
studied in the last decade [15,28-31] and pilot installations have brought the technology maturity to
the prototype level [32—-36]. However, industrial applications do not exist yet due to the low power
density (in the order of 1 W/m? for seawater-river water, one order of magnitude more in the case of

acidic and alkaline solutions in stacks with bipolar membranes [37]) and high membrane cost.

RED can be a method of simultaneous seawater pre-desalination and energy recovery by using a salt
sink, such as impaired water [38]. A RED stack operated with null external resistance works under
short-circuit conditions (scRED), producing the maximum current along with zero voltage, i.e.,
without energy recovery nor consumption (apart from the pumping energy). Therefore, it yields the
maximum desalination degree with a spontaneous process. RED can also be conducted under
“assisted” conditions. Assisted reverse electrodialysis (ARED) has hybrid features between ED and
RED, as it uses electricity from a power supply (like ED) in addition to that generated by a salinity

gradient (like RED) to drive electromigration from the high-salinity compartment to the low-salinity
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compartment (like RED). By applying a voltage drop of opposite sign compared to RED, the electric
current of ARED is higher than the short-circuit value. Therefore, ARED consumes energy by

desalting the high-salinity solution either more than RED or with less membrane area than RED.

Hybridization of membrane technologies has been proposed as a strategy for the development of
energy efficient desalination processes [10,12,39]. Coupling RO with the abovementioned
electromembrane (EM) processes (ED, RED or ARED) offers several solutions. Many studies have
focused on minimum liquid discharge concepts where the RO reject brine valorisation is performed
via (i) ED and crystallization to recover water and salt, or (i1)) ED with bipolar membranes to produce

acid and base, or (iii) RED to recover energy [12,19,40].

Other hybrid schemes can be devised with EM processes used as a pre-treatment step before RO to
desalinate seawater. The SWED-RO system (Figure 1a) may enhance the energy efficiency compared
to the standalone processes. The partial desalination in the ED stage, which works under milder
conditions (i.e., with higher limiting current density, lower back-diffusion and higher current
efficiency) than those of the SWED process producing potable water, may be cost-effective [41,42]
by achieving high productivity and efficiency [41]. Moreover, the ED versatility in terms of
desalination degree and water recovery makes it potentially suitable as pre-treatment before RO. This
would then receive a brackish water with lower osmotic pressure that would require lower operating
pressures or lower membrane area, and could achieve high water recoveries. By performing batch ED
experiments with artificial seawater, Galama et al. [43] used literature data on BWRO and estimated
an SEC of the SWED-RO desalination of ~3 kWh/m?, against an SEC of the standalone SWED higher
by 6%. Post et al. [44] performed a cost analysis of desalination processes. In a perspective scenario
with high-performance and low-cost IEMs (perfect permselectivity, no water transport, 5 €/m?), the
SWED-RO configuration with 80% pre-desalination was effective in reducing the water cost. The
authors of the present paper from the University of Palermo presented a cost analysis based on the

predictions of process models [38]. Some conditions simulated for the hybrid SWED-RO process
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(lower voltage and higher number of cell pairs) exhibited a reduction of SEC compared to the
standalone SWRO, but it was small. The SWED-RO desalination cost was higher in all cases,
showing that the conditions simulated were not optimal. An optimization study of hybrid systems
(ED-RO, NF-RO, NF-ED-RO, and FO-ED-RO) for seawater desalination was performed together
with a carbon footprint evaluation and a cost analysis [45]. The objective function of minimum SEC
was used, and the ED-RO system achieved the lowest value (1.3 kWh/m?) along with a reduction of
CO; emissions. However, searching for the minimum SEC resulted in low water recoveries (< 30%)

and large IEMs area, increasing the water cost.

The ED-RO hybridization was also studied for other applications, including brackish water
desalination [46,47], groundwater treatment [48], and near-zero liquid discharge approaches to treat

basal aquifer water [49] or desulfurization wastewater [50], showing promising results.

Pre-desalted

RO
SW
SW —— _— —— > Permeate
W —— ED
=] T
Concentrated Brine
SW
(a)
@
I Pre-desalted RO
sw RED . S —— Permeate
. .

~ScRED _-
TWW ——| _~"ARED

| Brine

E Concentrated

TWW

(b)

Figure 1. Schematics of hybrid systems for seawater (SW) desalination with reverse osmosis (RO) coupled with
electromembrane pre-treatments: (a) electrodialysis (ED); (b) reverse electrodialysis (RED), short-circuit reverse
electrodialysis (scRED) or assisted reverse electrodialysis (ARED) using treated wastewater (TWW as “salt sink”.

Adapted from [38].

In the RED-RO and ARED-RO couplings for seawater desalination, the EM process is performed by

exploiting a sink of salt represented by impaired water that cannot be used directly to produce
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freshwater, e.g., treated wastewater (Figure 1b). The energy efficiency of the desalination process is
enhanced compared to the ED-RO system thanks to a completely (RED or scRED) or partially
(ARED) spontaneous pre-desalination. The RED process also supplies electrical energy to an external
load. RED experiments showed that the salt concentrations in the low-salinity solution that maximize
the power density (0.39 W/m?) were between 0.01 and 0.02 M [51]. This range, which was confirmed
by several studies [52,53], corresponds to typical concentrations of treated wastewater (TWW) from
biological processes. With real pre-treated solutions, a maximum gross power density of 1.43 W/m?
was obtained [54]. Therefore, RED using the SW-TWW solutions could be adopted as RO pre-
treatment to reduce the SEC. The other option is SWRO-RED, in which RED uses the RO brine-
TWW solutions, thus increasing the energy production [51]. However, Li et al. [55] showed a lower
SEC for the RED-RO configuration (~0.5 kWh/m®) compared to the RO-RED scheme (~1 kWh/m?).
With lab-scale experiments, Vanoppen et al. [56,57] found that, compared to RED, ARED boosts the
desalination degree with low energy consumption due to a significant reduction of stack resistance
(higher average concentration of the low-salinity stream) at high current densities. The reduction of
resistance and its effects may vanish in large-scale stacks. However, the ARED option can improve
the process economics. At high water recoveries (> 40%) the estimated SEC of the ARED-RO process
was lower than that of the standalone RO, but larger than that of RED-RO [56]. Nevertheless, the
lower membrane requirement of ARED pre-treatments and their resulting lower investment costs
reduced the water cost of ARED-RO hybrid systems compared to RED-RO. A water cost reduction
compared to the standalone SWRO was found when the IEMs cost was lower than 10 €/m? [56]. Our
simulations and economic analysis showed that both RED-RO and ARED-RO may achieve cost

savings compared to the standalone SWRO even with a cost for the EM stack of 40 €/m? [38].

The present literature review shows that hybrid schemes coupling EM processes with RO (i.e., ED-
RO, RED-RO, and ARED-RO systems) offer new opportunities to reduce the energy consumption

and even the specific cost of desalination. However, a poor effort has been devoted to the development
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of these systems for seawater desalination, and more studies are needed at pilot-scale to enhance the
technological readiness level of emerging processes [12,40]. In this work, we present the first
experimental proof-of-concept of electromembrane processes-RO coupling for seawater desalination
by the development, construction, and testing of a pilot plant with a capacity of 25 m?®/day working
in a real environment. The plant was tested under various operating conditions during a period of

about one year, and the collected data are presented and discussed in this paper.

2 Experimental

The pilot installation targeted an integrated ED/RED-RO system with a capacity of 25 m®/day of
desalinated water. The system was designed to facilitate flexible testing of one stage or two-stage
ED/RED/ARED pre-desalination using real seawater and, in the case of RED or ARED, treated

wastewater.

The test location was at the facilities of the municipal wastewater treatment plant located in Burriana
(province of Valencia), Spain, which is placed close to the sea. The plant belongs to FACSA, a
Spanish private company specialized in water cycle management. The desalination pilot plant was
constructed by Trunz in a containerised system (Figure 2). The programming of the PLC was done
in order to perform controlled long-time testing, including a remote monitoring. During the
experiments, all parameters (including flow rate, pH, conductivity, electric current, voltage drop and
pressure) were measured by the installed instruments and saved by a data acquisition system for later

elaboration.
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166  Figure 2. Picture of the integrated EM process-RO pilot plant (left) installed in a container (right) at the FACSA WWTP

167  in Burriana, Spain.

168  The technical concept of the pilot plant consisted out of three main systems:

169 1. The pre-treatment system of the seawater and wastewater, preventing fouling and scaling
170 problems in the membranes of the EM and RO systems;

171 2. The EM system consisting of 2 stacks, which partially desalinated the seawater;

172 3. The RO system, finalising the desalination process to produce drinking water.

173 2.1  Pre-treatment system

174  The main physico-chemical characteristics of the two feeds (i.e., seawater and secondary treated

175  wastewater) are reported in Table 1 and Table 2, respectively.

176 Table 1. Physico-chemical properties of seawater samples.

Parameter Units Value

Sodium (mg/L) 12122.5
Magnesium (mg/L) 1383.5
Calcium (mg/L) 619.3
Potassium (mg/L) 441.3
Chloride (mg/L) 21010.2
Sulfate (mg/L) 2936.0
Bromide (mg/L) 58.8
Fluoride (mg/L) 0.8
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TOC (mg/L) 3.6

TC (mg/L) 30.2
TDS (mg/L) 38572.4
Conductivity (mS/cm) 52.1
pH 7.7
Alkalinity (as CaCO3) (mg/L) 126.3

Table 2. Physico-chemical properties of secondary treated wastewater samples.

Parameter Units Value
TOC (mg/L) 9
TDS (mg/L) 1484
Conductivity (mS/cm) 2.2
pH 7.9
Alkalinity (as CaCO3) (mg/L) 150
Turbidity (NTU) 4
Suspended solids (glass fiber) (mg/L)

BODS5 (mg/L)

COD (mg/L) 19

The pre-treatment system was designed to guarantee an advanced protection of the EM-RO units and
of the pumps. The goal of the pre-treatment of the feedwater (seawater or wastewater) was to prevent
fouling and clogging in the integrated desalination pilot plant by removing suspended solids, organic

matter, and microorganisms.

The pre-treatment system had one line dedicated to only seawater and two lines in parallel for

wastewater.

As a first pre-treatment step, a sand filtration was used. The advantage of a sand filter is its back-
flushing possibility. A cartridge filter (100 um MF), which is cheap and easily handling, was then

chosen as the second step.

The heart of the pre-treatment was an ultrafiltration (UF) module (Inge VK-0069 Dizzer XL 1.5 MB
40 W, Lenntech) that removes organic contamination down to a size of 0,02 um. The UF pre-
treatment was controlled with a manual back and forward flushing and required very little

maintenance, ensuring safe operation of the entire system.
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In addition, the two lines for wastewater included active carbon filters (Big Blue, 20” cartridge filter,

Pentair) as a further step after ultrafiltration.

2.2 Electromembrane system

Preliminary estimates resulted in the idea to use a 2-stage EM system at low flow velocity to perform
the pre-desalination of seawater before RO. This system should be characterized by low values of
energy consumption. A 1-stage ED system, which requires less membrane area, was also considered,

as it is intrinsically characterized by higher values of productivity.

The stacks (REDstack B.V., the Netherlands, Figure 3) were with cross-flow layout of the fluid
streams and each of them contained 288 cell pairs of Fujifilm Type 10 membranes (FUJIFILM
Manufacturing Europe B.V., the Netherlands) with active area of 0.44 x 0.44 m?. The main properties
of the membranes are reported in Table 3. Polymeric spacers with woven net and of 260 um thickness

(Deukum GmbH, Germany) were used to separate the membranes and create the channels.

Pt-coated Ti-mesh electrodes (Magneto Special Anodes B.V., The Netherlands) were used. The
electrode rinse solution (ERS) was an aqueous solution with 0.5M Na>SOs. Either FUJIFILM Type
10 or Fumasep® F-10100 (Fumatech GmbH, Germany) CEMs were used as end-membranes

confining the electrode compartments (for more details, see the Appendix).

The electrode compartments of the ED stacks were connected to a DC power supply (SM 500-CP-
90, Delta Elektronika, The Netherlands). The solutions were fed into the stacks by centrifugal pumps

(MDR 85 P3-1V, Johnson Pump).

The pilot installation was used either for Electrodialysis (ED) of seawater or Assisted Reverse
Electrodialysis (ARED) of the couple seawater / wastewater. The feed water from the pre-treatment
was transferred to either the diluate or the concentrate tank. From these tanks the feed water was then

pumped into the ED stacks.

10
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Problems of biofouling and calcium-carbonate scaling in the stacks may be expected. The pre-
treatment step based on ultrafiltration was combined with acid dosing in the ED stacks. In addition,
the electrodialysis reversal operation (switch every 30 minutes) was performed. A possibility to

perform chemical cleaning-in-place (CIP) was also included.

The combined action of the advanced pre-treatment system, of the polarity reversal, and of the
chemical dosage succeeded in the purpose of protecting the pilot plant, allowing a long operation
without a performance drop. For industrial applications, concerns may arise on the economic viability

of the applied methods. Therefore, purposely devoted studies should address this specific aspect.

The pilot installation was equipped with the necessary tools to measure flow, pressure, temperature,

conductivity, and pH in all streams.

Figure 3. Picture of the 2-stack EM pilot (left) and 3D drawing of one stack designed by REDstack.

Table 3. Properties of the Fujifilm Type 10 ion-exchange membranes used in this study.

Thickness (dry)  Areal resistance®  Permselectivity® IEC Water permeability  Burst strenght
[rm] [Q em?] [%] [meq/g] [ml/(m? h bar] [kg/cm?]
AEM 125 1.7 95 1.8 6.5 2.8

11
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CEM 135 2.0 99 1.5 6.5 2.8

2 Measured in 2 M NaCl solution.

bEvaluated from measurements of membrane potential with 0.05 M and 0.5 M KClI solutions.

2.3 RO system

The RO setup was designed for processing pre-desalinated water from the ED system. The technical
considerations for this design were a maximum value of TDS in the feed of ~20 g/1, Silt Density Index
(SDI ) < 2.5 (ensured by the pre-treatment train), permeate flowrate of about 25 m*/day, TDS in the

permeate < 0.5 g/L, and water recovery up to ~70%.

FilmTec™ SW30-4040 elements with 7.4 m? of active area each (polyamide thin-film composite
membrane, DuPont Water Solutions) were selected. The main test conditions and the relevant results
indicated by the manufacturer in the datasheet are: 32,000 ppm NaCl feed, applied pressure of 55 bar,
7.4 m*/day permeate flowrate with 8% water recovery. One pressure vessel with six RO elements
was selected and constructed for the pilot plant. An acid dosing system was implemented for the RO

modules due to the possible presence of carbonate species and a high pH (close to 8) in the feedwaters.

After chemical dosage, a high-pressure pump (180B3046 APP 2.5, Danfoss) fed the RO pressure

vessel.

2.4  Experimental plan

The tested configurations of the pilot plant were ED-ED-RO, ED-RO, and scRED-ARED-RO, as
schematically illustrated in Figure 4. The double-stage of ED was adopted to boost the pre-
desalination rate. An opposite strategy was adopted with the single-stage ED, which has a halved
IEM area (and thus higher productivity) and can achieve a lower pre-desalination rate, due to the
limiting current. The scCRED-ARED configuration is somehow an intermediate case, because it had
the same membrane area as the ED-ED configuration, but it was characterized by a lower total current

value, which was similar to that of the single-stage ED (Section 3.1).

12
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All field tests were conducted with the simple one-pass operation. Either one-stage or two-stage EM
pre-desalination operation was tested. In the ED-RO tests, pre-treated seawater was fed into both the
diluate and concentrate compartments of the first ED stack. In the ARED-RO tests, pre-treated
seawater and wastewater were fed into the concentrate and diluate compartments, respectively, of the
first stack. In the cases of two-stage EM pre-desalination, the second stack was fed by the outlet

solutions coming from the first one.
The pre-desalted seawater produced by the EM processes (either ED or ARED) was collected in a

buffer tank and pumped into the RO pressure vessel.
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Figure 4. Schematic diagrams of the tested pilot plant configurations: (a) ED-ED-RO, (b) ED-RO, and (c) scRED-ARED-

RO.

Several tests were performed by letting the set points of the EM pre-desalination vary, as reported in
Table 4. The test cases 1-7, 8, and 9-10 are for the ED-ED-RO, ED-RO (single stage ED before RO),
and scRED-ARED-RO configuration, respectively. The outlet flow rates from the two compartments
were chosen to have a water recovery in the EM pre-desalination around 63%. The pressure applied
in the RO stage was adjusted to produce a nominal flow rate of permeate of 25 m’/day (£30%),
corresponding to a total water recovery around 40%. The EM pre-desalination rate ranged from 35%

to 51%. Clearly, RO completed the desalination process producing drinking water.
13



269  The EM processes were conducted with asymmetric flow rates. In particular, the flow rate of the pre-
270  desalinated SW was higher than the flow rate of pre-concentrated solution (SW or TWW), aiming at
271  increasing the water recovery. However, to avoid excessive trans-membrane pressures that could
272 cause solution leakage, the flow rate of the pre-desalinated SW was no more than about twice the
273  flow rate of the pre-concentrated solution. Higher flow rates in both compartments were used to

274  reduce the relative detrimental effects of osmosis and/or electro-osmosis.

275  The typical duration of each test was between 90 and 120 minutes. Long-run tests were conducted
276  for a duration up to height hours, showing a good stability of the plant. The accumulated operating
277  time was of ~80 hours, with experiments performed intermittently (due to restrictions related to the
278  COVID 19 pandemic) during a period of about one year. However, the performed experiments

279  represent a meaningful set of tests, and the collected data provide interesting results and insights.

280  Errors in the measurements due to the parameters of the instruments (i.e., accuracy and resolution)
281  were in the order of 0.1%. The error propagated in the calculation of the energy consumption remains
282  in the same order of magnitude. Tests replicated under the same conditions showed a good
283  reproducibility of the results (discrepancy in the order of 1%). For these reasons, error bars would be
284  too small in the charts of the results, thus we did not report them.

285 Table 4. Set points adopted in the electromembrane pre-desalination stage(s). “N.A.” means “not applicable” and indicates
286 either quantities not fixed as set points but obtained as results (i.e., the voltage drop in stage 1 for the ED-ED-RO tests

287 and the pre-desalinated SW outlet conductivity from stage 1 for the sScRED-RED-RO tests) or non-pertinent quantities

288 (i.e., parameters regarding stage 1 for the ED-RO tests). The feedwater temperature recorded in the tests is also reported.

Configuration Test Pre-desalinated Pre-concentrated Pre-desalinated Voltage  Pre-desalinated SW Feedwater
case SW outlet flow rate solution (SW or SW outlet drop in outlet conductivity temperature [°C]
[I/h] TWW) outlet flow conductivity from  stage 1 from stage 2 or
rate [I/h] stage 1 [mS/cm] [V] single stage [mS/cm]
ED-ED-RO 1 1,555 766 36 N.A. 26 24.1
2 1,700 892 40 N.A. 26 224
3 1,500 1,092 40 N.A. 26 21.9
4 1,500 820 40 N.A. 25 21.9
5 1,500 820 40 N.A. 30 19.4
6 1,500 820 40 N.A. 26 15.8

14



7 1,800 900 40 N.A. 26 153

ED-RO 8 1,555 766 N.A. N.A. 32.6 26.8
scRED-ARED-RO 9 2,380 1,140 N.A. 0 334 272 (SW), 26.6 (TWW)
10 2,380 1,140 N.A. 0 33 27.9 (SW), 26.6 (TWW)

289 2.5 Figures of merit characterizing the pilot plant performance

290  The feedwater ratio in the electromembrane pre-desalination process was defined as:

FREM _ Qpre—des,in,EM (1 )

Qpre—d JANEM + Qpre—conc,in,EM

291 where Qpre—ges,ingm and Qpre—conc,in,em are the volume flow rates of the pre-desalted (seawater) and

292 pre-concentrated (seawater or TWW) solution, respectively, at the inlet of the EM stage. Water

293 recovery of the EM process, of the RO, and total water recovery were calculated as:

_ 2
WREM — Qpre des,out,EM ( )
Qpre—des,in,EM + Qpre—conc,in,EM
Q 3
WRRO — perm,RO ( )
Qfeed,RO
Qperm,RO (4)
WRor =

Qpre—des,in,EM + Qpre—conc,in,EM

294 where Qpre-a ,outem 18 the volume flow rate of the pre-desalted seawater at the outlet of the EM
295 process, Qpermro a0d Qfeeq ro are the volume flow rates of RO permeate and feed, respectively. The

296  pre-desalted seawater from the EM stage was collected in a tank and then pumped to the RO pressure
297  vessel. When the flow rate of pre-desalted seawater coincides with that of RO feed, the total water

298  recovery is simply given by WR;,t = WRgy - WRRo.

299  The specific production of desalted water per membrane area, called “productivity”, was calculated

300 for the EM processes and the RO as:

15



301

302

303

304

305

306

307

308

309
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313

_ Qpre—des,out,EM (5)

Prodgy =
M AIEM
6
PTOdRO — Qperm,RO ( )
Aosm

where Ay and A, are the total areas of ion-exchange membranes in the EM stack(s) (either one

or two) and in the RO modules. Clearly, the productivity of the RO process is the permeate flux.

The specific energy consumption of the EM process, of the RO, and the total specific energy
consumption (excluding contributions of pre-treatment and auxiliary components) were calculated

as:

$5C,,, - TVl )
Qpre—des,out,EM
SECpp = Qfeed,RO " Preed,RrO /npump,RO (8)
Qperm,RO
Zi AVi ' Ii + Qfeed,RO ' pfeed,RO/npump,RO (9)
SECtOt =
Qperm,RO

where AV; and I; are the voltage drop and the electric current supplied to the i-th stack (i.e., stack 1
or 2, with zero values for one stack in the case of single-stage ED), Preeq ro 18 the pressure applied
to the RO feed upstream the pressure vessel, and 7,ymp ro 18 the efficiency of the pump pressurizing
the RO feed (assumed equal to 0.9 [58]). Note that the SEC of each desalination stage (either EM or
RO) has been defined per unit volume of its product water. Therefore, SEC;,; # SECgy + SECgp- In
Egs. (7) and (9) the DC drive efficiency and the pumping power consumption of the EM stage(s) are
omitted, as they were negligible. Indeed, the former quantity was higher than 95% [59], and the latter,

evaluated from the measured values of pressure drop in the EM stage(s), was below 0.1 kWh/m”.
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The energy consumption of the pilot plant was also evaluated by considering the use of an energy

recovery device (ERD). In this case, the SEC of the RO process can be estimated as:

Pfeed,RO 1—WRpgo 10
fee 1+ R (1 —Ngrp) (19)

SEC =
ROERD 77pump,R0 WRRO

where nggp is the efficiency of the ERD (assumed equal to 0.9). Eq. (10) is obtained under the
assumptions of equal flow rates sent through the ERD (pressure exchanger), negligible pressure drops
in the pressure vessel, null pressure of the feed upstream the device and of the brine downstream the
device, no mixing of the fluids, and equal efficiencies for the high- and low-pressure pumps. For the

EM-RO integrated processes, the total energy consumption becomes:

AV 1-WR 11
Zl i 1 + pfeed,RO 1+ RO (1 . nERD) ( )
Qperm,RO npump,RO WRRO

SECtot,ERD =

2.6 Baseline case: standalone SWRO

A baseline case of standalone SWRO was considered as benchmark for the integrated pilot plant
performance. The baseline case was simulated by the RO model presented in a previous work [38].
The 6-module RO system (Section 2.3) was simulated with the following fixed conditions: feed
concentration of 38.57 g/L (Table 1), feed temperature equal to the average value of the experimental
test cases (22.2 °C), permeate flow rate of 25 m?/day, and water recovery equal to the average value
of the WR,,; obtained with the integrated system (39.1%). The model predicted the pressure to be
applied to the feed, the permeate concentration and the retentate concentration. The SEC was

evaluated with Egs. (8) and (10) for the case without the ERD and with the ERD, respectively.

In the previous work [38], the RO model had been validated with ROSA and WAVE modelling tools
by DuPont, finding a very good agreement. Now the RO model has been validated against the
experimental data collected with the pilot plant. As shown in Table 5, the model predicted the

permeate flux with values of discrepancy with the experimental data of few percent. Larger
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discrepancies were observed for the permeate conductivity. Overall, the agreement can be considered

satisfactory, and the model can be considered reliable.

Table 5. Comparison between RO model predictions and experimental data from the pilot plant.

Test case 1 Test case 3 Test case 4

Experimental Model  Discrepancy  Experimental ~Model  Discrepancy  Experimental Model Discrepancy

Permeate 378.33 484.04 28% 309.46 368.08 19% 664.12 419.33 -37%
conductivity

[nS/em]

Permeate flux 25.93 26.94 4% 30.78 31.22 1% 21.15 22.26 5%
[L/(m? h)]

Note that the complete model [38] for EM-RO integrated processes was validated with data from the

pilot testing, but this is beyond the scope of the present study.

3 Results and Discussion

Results of the field-tests performed with the integrated pilot plant under different experimental
conditions are summarized and discussed in the following. First, the electrical parameters of the
electromembrane pre-desalination are presented. Then, the pressure applied in the RO stage and the
permeate (product) conductivity are shown. Finally, the performance of the pilot plant is assessed by

the main figures of merit.

3.1 Electromembrane pre-desalination: electrical parameters

The stack voltage and the current density applied in the EM pre-desalination to get the fixed setpoints
(Table 4) are shown in Figure 5. In the two-stage ED experiments (test cases 1-7), the voltage drop
was between ~46 and 110 V (Figure 5a). Note that the test cases 1-5 were characterized by high
values of voltage drop in the first stage (~97-110 V), while it was significantly lower in the test cases
6-7 (~46-52 V). In the first tests, stack 1 exhibited some malfunctions that caused a high apparent
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resistance. However, they were then resolved by a successful stack revamping (see Appendix). The
voltage drop in the second stage of the ED experiments was lower than ~65 V, and stack 2 did not

suffer from high resistance as much as stack 1 before the revamping operation.

In the single-stage ED experiment (test case 8), the voltage drop was ~45 V, which was close to the
minimum value of ~37-38 V characterizing stack 2 (ARED stage) for the sScRED-ARED experiments

(test cases 9 and 10). Of course, these test cases had zero voltage in the scRED stage (stack 1).

The current density ranged between ~145 and 212 A/m? in all test cases, apart from the scRED stage
of the scRED-ARED experiments (test cases 9 and 10), where it was just below 60 A/m?, as shown

in Figure 5b.

120 250
ED-ED-RO m Stack 1 m Stack 1
B Stack 2 or single stage mmro B otack 2 or single stage
100 —_ 200 =| tO
o~
— E
2 80 >y REDARED-RO
Q Sl
o é’ 150
T 60 2
) 3
S = 100
r— ScRED-ARED-RO) [
g 40 g
=1
20 O 50
0 0
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Test case Test case

(a) (b)

Figure 5. Voltage drop (a) and current density (b) in the electromembrane pre-desalination processes needed to yield the
setpoints reported in Table 4. Note that the test case 8 is with single-stage ED before RO, and the test cases 9 and 10 are

with scRED, hence with zero voltage drop, in the first stack. The test cases 6-10 were performed after stacks revamping.

From these results, it can be drawn that the power consumption in the EM pre-desalination (see Eq.
(9)) was in the descending order ED-ED > ED > scRED-ARED. Even when the values of voltage and
current of the different test cases were comparable, the ED-ED configuration involved a higher power

due to the sum of two contributions, while the ED and scRED-ARED configurations had only one
19
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stack consuming energy. Moreover, both voltage and current were higher in the single-stage ED

configuration (test case 8) than in the sScRED-ARED configuration (test cases 9 and 10). Moreover,

the difference in the specific energy consumption between these two configurations will be

accentuated by the higher flow rate of the pre-desalinated SW in the scRED-ARED cases (Table 4).

Detailed data on the energy consumption will be reported and discussed in Section 3.3.

3.2  RO: applied pressure and product conductivity

Overall, the pressure applied to the RO feed (pre-desalinated seawater from the EM process) ranged

from ~31 to 46 bar (Figure 6a). The permeate conductivity was lower than ~800 puS/cm in all the

experiments, and equal to 540 uS/cm on average (Figure 6b), which means that drinking water quality

for human use was achieved. The baseline case of the standalone SWRO required the highest pressure

(~58 bar, Figure 6a) and yielded the highest permeate conductivity, equal to ~1068 uS/cm (Figure

6b). For an NaCl solution at 20 °C, this value of electrical conductivity corresponds to a concentration

of 525 mg/L [60], which is closer to the TDS limit of 600 mg/L recommended by WHO guidelines

[61].

60

%
o

ED-ED-RO

o
o

RO pressure [bar]
N w
o o

=
o

PR LA A A LA A LR LR

B i A e o |

ED-RO

scRED-ARED-RO

e e ey s e e e e e e e e e o e

-
N
w
~
)]
o))

Test case

(a)

~N

9 10

1200

=
o
o
o

800

600

400

Permeate conductivity [uS/cm]
N
o
o

B RO
= SWRO

ED-ED-RO

ED-R

(0]
scRED-ARED-RO]

L L L L L L L L L T

L T T T T A G G W A A A LT LT LT

Test case

(b)

Figure 6. Pressure applied to the RO feed (a) and electrical conductivity of the RO permeate (b). The baseline case of the

standalone SWRO is also reported.
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The RO feed pressurization level also affected the water flux and thus the product flow rate, as will

be discussed in Section 3.3.

3.3 Performance of the pilot plant

Feedwater ratio and water recoveries are reported in Figure 7. On average, the feedwater ratio was
72%, which is larger than the water recovery of the EM stage, i.e., ~63% on average. This difference
can be explained by the occurrence of a net water transport resulting from osmosis and electro-
osmosis. In the ED tests, both mechanisms take place towards the same direction, i.e., from the pre-
desalinated solution to the pre-concentrated solution, causing a reduction of the flow rate of the pre-
desalinated seawater. In the test case 8, the halved IEM area reduced the difference between FREum
and WRgum. In the scRED and ARED conditions, electro-osmosis is towards the opposite direction
with respect to osmosis. However, the values of WREgy lower than those of FReu in the test cases 9
and 10 indicate that the electro-osmotic flux prevailed on the osmotic flux. The water recovery in the

RO stage was between 31% and 63%, with values higher than 50-60% in most test cases.

The total water recovery of the pilot plant with the hybrid EM-RO processes ranged from 27% to
51%. Note that WR,, was not necessarily equal to the product of WREgy times WRro, as the feed flow
rate in the RO stage was not always identical to the outlet flow rate from the pre-desalination stage.
It is worth noting that in the present scRED-ARED-RO configurations (test cases 9 and 10) the total
water recovery calculated with respect to seawater feed only (i.e., excluding the impaired water)
would be ~40%. Overall, the average water recovery of the hybrid pilot plant is 39.1%, corresponding

to the value imposed in the SWRO baseline case.
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Figure 7. Feedwater ratio in the electromembrane pre-desalination (FRgx) needed to yield the setpoints reported in Table
4, and water recovery achieved in the EM pre-desalination (WRgy), in the RO stage (WRro) and in the combined EM-RO

process (WR:). The baseline case of the standalone SWRO is also reported.

The values of productivity achieved by the pilot plant are reported in Figure 8. In the two-stage ED
experiments, the productivity was ~7 L/(m? h), but this value was doubled in the single-stage ED (test
case 8). Higher flow rates of seawater were used in the sScRED-ARED experiments (see Table 4), so
that the test cases 9 and 10 had a productivity of ~10 L/(m? h). The productivity of the RO stage
ranged from ~19 to 31 L/(m? h), with an average value of 23.4 L/(m? h), which was set for the
standalone SWRO baseline case. The obtained permeate flow rate, which can be simply calculated
by multiplying the RO productivity times the RO membrane area (44.6 m?), was from 20.4 to 33.0

m?/day.
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Figure 8. Productivity of the EM pre-desalination and of the RO stage. The baseline case of the standalone SWRO is also

reported.

The values of specific energy consumption of the pilot plant are reported in Figure 9 for two scenarios:
system without any ERD, and system provided with an ERD. Looking at the former case, the ED-
ED-RO configuration (test cases 1-7) had higher total energy consumptions (~5.6-8.4 kWh/m?). It
was caused by a high energy-consuming EM pre-desalination, not only before stacks revamping (test
cases 1-5, with SECgu of ~2.9-3.9 kWh/m?), but also after that (test cases 6 and 7, with SECgum of
~2.1 and 2.4 kWh/m?, respectively). The ED-RO configuration (test case 8), instead, showed an
energy consumption in the ED stage reduced to ~1.1 kWh/m?® and simultaneously maintained a low
energy consumption, i.e., ~2.2 kWh/m?, in the RO stage, yielding an SECy; of ~4.1 kWh/m>. The
scRED-ARED-RO configuration (test cases 9 and 10) further reduced the values of SECgu (~0.54
kWh/m? on average), maintained the SECgo at ~2.3 kWh/m?, and attained the minimum SECj, of
~3.5 kWh/m?. With respect to the test case 9, the test case 10 was conducted with a small reduction
in the setpoint of the conductivity of the pre-desalinated seawater (Table 4). However, due to some
variations in the feedwater conductivity (salinity and temperature) the test case 10 attained a slightly
lower SECEguy and thus a lower SECy:.. Under the operating conditions of the test cases 8, 9, and 10

without any ERD, the pilot plant exhibits values of SEC.: (Eq. (9)) lower than the SEC of the
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standalone SWRO baseline (SECswro, Eq. (8)), which was 4.6 kWh/m>. Despite the additional
contribution to the SEC:: due to the EM processes, the EM-RO integrated system can be operated

under conditions reducing the energy consumption compared to a standalone SWRO system.

In the scenario with the ERD, the energy consumption of the RO stage of the pilot plant (SECro,£rp,
Eq. (10)) and the total energy consumption (SECw,£rp, Eq. (11)) were reduced on average by 42%
and 18%, respectively, compared to the values obtained without the ERD (SECro and SECio,
respectively). Instead, the energy consumption of the standalone SWRO configuration (SECswro,erp,
Eq. (10)) decreased by 55%, reaching 2.1 kWh/m?, which is 23% smaller than the lowest SECio; £rp
of the integrated system (test case 10). This occurs despite the SWRO system requires the highest
pressure (Figure 6). Indeed, a comparison between Eq. (10) and Eq. (11) shows that the standalone
SWRO configuration saves the energy consumption of the EM stage. Moreover, there is an effect of
the water recovery. The SWRO baseline case was performed by imposing a water recovery equal to
the average value of the total water recovery of the integrated system, which implies that it is higher
than the average water recovery of the RO stage of the integrated system. Therefore, the higher
pressure required by the SWRO configuration is counter-balanced by these effects, leading to a lower

energy consumption.

However, the ED-RO (test case 8) and scRED-ARED-RO (test cases 9 and 10) configurations exhibit
values of SEC,£rp comparable to the SECswro,crp. The integrated system produced also a permeate
with better quality (Figure 6). Another simulation of the standalone SWRO process was performed
by fixing the permeate conductivity at the mean value obtained with the integrated system, showing
that the feed pressure would exceed the maximum value indicated by the manufacturer of the RO

module.
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Figure 9. Specific energy consumption of the EM pre-desalination, of the RO stage, and of the combined process. Two
scenarios are considered for the RO (and thus for the total SEC): without ERD and with ERD. The baseline case of the

standalone SWRO is also reported.

4 Conclusions

A hybrid desalination plant at pilot scale combining electromembrane (EM) processes with reverse
osmosis (RO) was demonstrated and tested for the first time for the production of drinking water from
real seawater. The nominal capacity of the plant was 25 m*/day. Electrodialysis (ED), shortcut reverse
electrodialysis (scRED) and assisted reverse electrodialysis (ARED) were tested in the ED-ED-RO,
ED-RO, and scRED-ARED-RO configurations. In the scRED-ARED-RO test cases, treated

wastewater was used as impaired water acting as salt sink.

Pre-treatments, periodic polarity reversal, and chemical dosage were effective in the prevention of

fouling and scaling. However, cost-effective strategies should be assessed in future studies.

The total water recovery of the integrated plant was around 40%. The productivity of the EM
processes was ~7 L/(m? h) in the ED-ED test cases and ~10 L/(m? h) in the scRED-ARED test cases.
The maximum value of ~14 L/(m? h) was achieved by using a single stack (single-stage ED test). The

RO stage produced a permeate with a flux of ~20-30 L/(m? h). The lower productivity of the EM
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treatment may represent an issue due to the high cost of ion-exchange membranes. The use of a lower

membrane area may be a possible strategy to reduce the capital cost.

The specific energy consumption was ~5.6-8.4 kWh/m? in the ED-ED-RO tests, while it reduced at
~4.1 kWh/m?® with the ED-RO configuration. Therefore, a lower area of ion-exchange membranes
can be beneficial for also reducing the operating cost. The sScRED-ARED system further reduced the
energy consumption of the pre-desalination, reaching the minimum value of total energy consumption
of ~3.5 kWh/m?. Therefore, the (A)RED process represents an interesting alternative for applications

with co-located seawater desalination plants and WWTPs.

Overall, the specific energy consumption of the integrated pilot plant was comparable with that of a
standalone SWRO system. In the absence of any ERD, ED-RO and scRED-ARED-RO tests with the
pilot plant outperformed the standalone SWRO system (4.6 kWh/m?). By considering the use of an
efficient ERD, the energy consumption was lower for the SWRO (~20% smaller than the minimum
value of the integrated plant). However, the integrated system was able to produce drinking water

with better quality (average conductivity of 540 uS/cm, against ~1000 uS/cm of the SWRO system).

Customized modules should be developed to enhance the process performance. For example, RO
modules suitable for treating “diluted SW” may have a higher water permeability. Further studies
should address the techno-economic optimization of EM-RO integrated systems of industrial size by
considering both design and operating conditions. In this perspective, the availability of validated
modelling tools is crucial for the development of cost-effective systems to be proposed to the

desalination market.
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Nomenclature
Aiem

Aosm

FRem

I;

Prodgy
Prodpgo
Preed,rRO
Qfeed,ro
Qperm,ro

Qpre—conc,in,EM

Qpre—des,in,EM

Qpre—des,out,EM

SECem

total area of ion-exchange membranes used in the electromembrane process [m?]
total area of osmotic membrane used in the RO process [m?]

feedwater ratio in the electromembrane process

electric current supplied to the i-th stack [A]

productivity of the electromembrane process [L/(m? h)]

productivity of the RO process [L/(m? h)]

pressure applied to the RO feed [Pa]

flow rate of the RO feed [m?/s]

flow rate of the RO permeate [m*/s]

flow rate of the pre-concentrated solution (seawater or treated wastewater) at the

inlet of the electromembrane process [m?/s]

flow rate of the pre-desalted seawater at the inlet of the electromembrane process

[m?/s]

flow rate of the pre-desalted seawater at the outlet of the electromembrane

process [m?/s]

specific energy consumption of the electromembrane process [kWh/m?]
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519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

SECro

SECRO,ERD

SECSWRO

SECSWRO,ERD

SE Ctot

SECtOt,ERD

WREm

WRro

WRio1

Greek symbols
AV;

Npump,RO

NERD

specific energy consumption of the RO process [k Wh/m?]

specific energy consumption of the RO process with the energy recovery device

[kWh/m?]
specific energy consumption of the SWRO process [kWh/m?]

specific energy consumption of the SWRO process with the energy recovery

device [kWh/m?]
total specific energy consumption of the integrated process [kWh/m?]

total specific energy consumption of the integrated process with the energy

recovery device [kWh/m?]
water recovery of the electromembrane process
water recovery of the RO process

total water recovery of the integrated process

voltage drop at the i-th stack [V]
efficiency of the pump for the pressurization of the RO feed

efficiency of the energy recovery device

List of abbreviations

AEM anion-exchange membrane
ARED assisted reverse electrodialysis
CEM cation-exchange membrane
ED electrodialysis
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EM electromembrane

ERD energy recovery device

ERS electrode rinse solution

IEM ion-exchange membrane

MF Microfiltration

RED reverse electrodialysis

RO reverse osmosis

scRED short-circuit reverse electrodialysis
SW seawater

SWED seawater electrodialysis
SWRO seawater reverse 0smosis
SEC specific energy consumption
TDS total dissolved solids

TWW treated wastewater

UF Ultrafiltration

5 Appendix: Overhaul and refurbishment of stacks

During the first testing period (test cases 1-5 in the main text), stack 1 exhibited a high electrical
resistance (see Section 3.1). Therefore, both stacks were inspected to check their conditions from the
inside. After removing the distribution side-plates, the first observation was a large amount of white
deposition at the inlets/outlets of the channels close to the electrode chambers of stack 1 (Figure A1).

The analysis of deposition samples detected both Ca and Mg salts, most likely CaCO3 and Mg(OH),.
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Figure Al. Stack 1 after taking away the distribution side-plates. The picture shows a white deposition at the outlet of the

channels near the electrode compartments (~5-10 cell pairs).

The stack overhaul detected (i) a severe damage (a hole) in the end-membranes, (ii) a loss of their
transport properties, and (iii) a severe internal leakage. Other membranes showed minor shift in
performance. It is not clear what caused the failure of stack 1, but probably it is related with a leakage
of ERS. It certainly occurred through the damaged end-membranes, but some initial leakage from the
gaskets (not perfect sealing) cannot be excluded. The triggered precipitation/deposition near the
electrode compartments caused a partial blockage of channels in those parts of the stack. This led to
a local over-depletion of ions in the desalting compartments and thus to a higher stack resistance. On
the other hand, it caused a lower limiting current density. Water splitting occurring at high voltage
favoured the precipitation of salts by a pH increase. This all might have caused the burned/damaged

membranes.

A stack revamping was then performed by replacing the damaged membranes. For stack 2, which did
not show problems, only the end-membranes were replaced. The new end-membranes (two layers)
used for both stacks were chlorine- and pH-resistant Fumatech membranes (Fumasep® F-10100), as
the ERS used in the tests after stack refurbishment was maintained at a pH of 3.5 and chlorine could
be formed due to NaCl diffusion. After revamping, the resistance of stack 1 was reduced by ~50%

and the tests did not show the issues that characterized the initial experiments.
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Finally, it is worth mentioning that no fouling was observed on the membranes surface during the

stack overhaul, thus indicating that the pre-treatment was successful. In the experiments, the

conductivity of the concentrated seawater from the first stage was between ~68 and 82 mS/cm, while

that from the second stage was between ~85 and 97 mS/cm. However, no scaling was observed, likely

due to the acid dosage against carbonate precipitation and to the spacer effectiveness against

concentration polarization.
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