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ARTICLE INFO ABSTRACT

Keywords: An operational scale Membrane Capacitive Deionization (MCDI) desalination system was trialled for water reuse
MCDI desalination applications in Western NSW, Australia. The 6 electrode module system had an average current efficiency of 74
Long term performance %, water recovery of 84 % (77 % including pre-treatment) and delivered 1.0 m3/h of treated water with an
];2:12‘?’ iect(:iljlrs y electrode energy consumption of 0.35 kWh/m® (including energy recovery) and total energy consumption of
P P A 1.28 kWh/m?® (using mains power) or 1.05 kWh/m? (using photovoltaics to power the electrodes). No perfor-
erformance optimization . . . .
mance decline was noted over an operational period of 3 months that included reverse current stopped flow
desorption and regular cleaning with sodium hypochlorite. The use of photovoltaics for the electrode power
supply enabled an average power saving of 27 %. The inclusion of energy recovery devices on the electrode
control system facilitated a 40 % reduction in electrode energy consumption. The system demonstrated that
MCDI desalination is a feasible option for treated domestic wastewater reuse and can be easily coupled with
photovoltaics supply to the electrodes. As one of the first larger scale MCDI operations, we demonstrate that
performance trends found in bench scale studies do translate to larger units, however control constraints of the
operational units may require optimisation trade-offs between performance parameters.
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1. Introduction
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decline was noted with minor removal of TOC. Using RV discharge,
foulants that were attracted to the AEM and had accumulated on the

Nomenclature

AEM Anion exchange membrane

BW Brackish water

CcC Constant current

CDI Capacitive deionization

CEM Cation exchange membrane

Cfeed Concentration of the feedstream

Cprod Concentration of the product

cv Constant voltage

EC Electrical conductivity

EDR Electrodialysis reversal

Eelec Electrode charging energy consumption per unit of water
produced

Epn Electrode charging energy consumption

Eout Energy available from the electrode during discharging

Etor Total electrode energy consumption including energy
recovery per unit of water produced

F Faraday constant

GW Groundwater

I Applied current

IEM Ion exchange membrane

LCOW  Levelized cost of water

MCDI Membrane capacitive deionization

PC Product collection cut off

Peec Electrode power consumption
PLC Programmable logic controller
Qetec Flowrate passing by the electrodes
Qprod Flowrate of the product water

Ry, Removal percentage

RC Reverse current

RO Reverse osmosis

RV Reverse voltage

TDS Total dissolved solids

TDWW  Treated domestic wastewater
TOC Total organic carbon

\Y Electrode voltage

Vinin Minimum discharging voltage
Volyine  Volume of the brine produced
Vol,,g  Volume of the product produced

WR Water recovery
Zequivalens  Conversion factor from uS/cm to meq/L

Atcharge  Duration of the charging phase
Atcycle Total duration of the cycle
Atgischarge Duration of the discharge phase
n Portion of recoverable energy

A Current efficiency

Capacitive Deionization (CDI) is an electrochemical desalination
method that is primarily used to treat brackish water for potable or in-
dustrial purposes. Ions are removed from a feedstream by the applica-
tion of an electrical potential and are adsorbed onto porous electrodes
[1-4]. The process is cyclical with a charge phase generating a product
stream followed by a discharge phase generating a brine stream. Ion
exchange membranes (IEMs) can be added to the front surface of the CDI
anode and cathode in a variation known as membrane CDI (MCDI) with
the presence of the IEMs shown to improve performance [5-7]. Specif-
ically, the membranes prevent the absorption of counter-ions during the
desorption phase, reduce the extent of electrode fouling and Faradaic
processes [8] and have been shown to be more energy efficient than CDI
[3].

A number of recent trials on MCDI have been conducted with treated
domestic wastewater [9-12] and the use of CDI and MCDI for recovery
of nitrogen and phosphorus has been investigated in several studies
[13-18]. In a long term trial of treated domestic wastewater with a 40
electrode pair MCDI stack, Shen et al. [10] found a reduction in charge
efficiency from 95 % to 75 % over a five month period of operation with
fewer ions adsorbed during each cycle as time progressed. The pro-
ductivity also decreased from 1.36 to 0.96 L/h.m? This was caused by
biofouling of the anion exchange membrane (AEM) and anode and
formation of inorganic scale, likely calcium carbonate or calcium sul-
fate, on the cation exchange membrane (CEM) and cathode. The feed
was ultrafiltered wastewater effluent from a membrane bioreactor with
an electrical conductivity of approximately 550 pS/cm with the MCDI
operated in constant voltage (CV) mode at 1.2 V. Chemical cleaning,
reverse voltage (RV) discharge or additional pre-treatment to assist with
fouling and scaling was recommended [10].

Hassanvand et al. [19] studied the performance of CDI and MCDI
units with a feedstream to which the organic compounds alginic acid
and humic acid were added and found no fouling of the MCDI system
after 18 cycles however also observed minimal removal of total organic
carbon (TOC) by the MCDI unit. For the CDI unit, some performance

surface were repulsed during the desorption phase [19] in a manner
similar to electrodialysis reversal.

In addition to long term performance stability, energy consumption
is a critical aspect of any water treatment technology. In MCDI, energy
can be recovered during reverse current (RC) discharge [20] with this
demonstrated at bench scale to a supercapacitor [21] and at pilot scale
with a single electrode module to a battery [22]. Furthermore, MCDI
systems operate at low voltages (< 2 V) and, as such, are well suited to
power supply from photovoltaics [23,24].

Pilot-sized larger scale MCDI trials are usually limited to a single or
double stack of between 10 and 100 electrode pairs [9-12,25-28].
Studies at a larger operational scale using multiple electrode modules
are critical to determining if results presented from bench studies are
valid in the field and to understand the nature and extent of any in-
teractions that may be occurring between electrode modules. Additional
long term trials with MCDI will further assist the understanding of MCDI
performance decline over time and further elucidate operational con-
figurations that assist in minimising scaling and fouling.

In this study, an operational scale MCDI unit, with electrodes pow-
ered by photovoltaics, is evaluated for desalination of treated domestic
wastewater from the Dubbo wastewater treatment plant in western New
South Wales, Australia. This system is one of the largest reported trials to
date with six electrode modules (each containing approximately 340
electrode pairs). Performance over time was monitored for the multi-
electrode module unit with RC discharge and a cleaning regime
included. A variety of operational configurations were tested to deter-
mine if the large scale unit performs in a similar manner to previously
studied laboratory and pilot scale units and to identify any differences
that may exist between lab scale units and large field scale units. Energy
recovery devices were included with operational parameters varied to
test the impact of these parameters on a single electrode module as well
as on the overall system energy consumption. As the unit has multiple
electrode modules, the impact on energy recovery of interactions be-
tween these modules was examined. The impact of the inclusion of
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photovoltaics to power the electrodes on the overall mains power con-
sumption was examined. Having multiple electrode modules electrically
and hydraulically in parallel enabled comparison between the individ-
ual electrode module performance and the overall system performance.
A comparison of the energy consumption and cost of this pilot unit to
other water treatment technologies is included to aid the overall
assessment of viability of use of MCDI for reduction in salinity of treated
domestic wastewater.

2. Materials and methods
2.1. Operational/experimental setup

Dubbo is a regional town in western NSW that had been experiencing
severe drought in the years prior to February 2020 [29]. Water reuse
options were being explored by Dubbo Regional Council involving the
reuse of treated domestic wastewater for agricultural purposes and in-
dustrial use, including reuse at the wastewater treatment plant for intake
screen cleaning. The operational scale unit was placed after the Dubbo
secondary sewage treatment plant (Supporting Information S1 and S2;
Figs. S1, S2 and S3) with the product water recycled to the head of the
plant to augment potable water used for screen cleaning and the brine
sent to onsite evaporation ponds. The secondary effluent from the
sewage treatment plant was pumped through a sand filter, activated
carbon filter and 5 pm prefilter into a 1.8 m? influent tank (Fig. 1 and
S4). Water was then pumped using variable speed pumps through
another 5 pm filter into an MCDI unit consisting of 6 electrode modules
(C-17, Voltea Pty. Ltd., USA). Each electrode module consists of 340
electrode pairs giving an approximate electrode area of 7.5 m2 Each
electrode module was fitted with an in house designed dc-dc bidirec-
tional converter that supplied power for electrode charging and recov-
ered the energy during electrode discharging [22,30]. The critical
parameter for product water quality was for total dissolved solids (TDS)
concentration to be less than or equal to the average town potable
supply of 250 mg/L [31]. This equates to 0.43 mS/cm (assuming
TDS(mg/L) = 580 x EC(mS/cm) from the average ratio of historical
water sampling at the Dubbo wastewater treatment plant).

The system was controlled (either on site or remotely) using a
Siemens s7-1200 series programmable logic controller (PLC) [32]. The
energy for the electrode modules came from 9 x 12 V 100 A.hr batteries
that could be charged either via mains power or from 6 x 330 W
photovoltaic panels (Jiangsu Green Energy Technology, China).
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Modules 1-3 were connected to one battery bank and modules 4-6 were
connected to a second battery bank with the current supplied by each of
these banks recorded by two LEM DK-B420 B dc current transducers.
The battery voltage was recorded at the dc-dc bidirectional converters.
Whole of system power consumption was recorded using a Schneider
Electric iEM2100 energy meter. For an additional schematic of the
electrical system, please refer to the Supporting Information S3 Fig. S4.

The electrodes were operated in constant current (CC) mode to a
maximum of 1.5 V with reverse current (RC) stopped flow discharge
down to a minimum of 0.2 V (refer to Table 1). A higher current was
applied during discharge to reduce discharge time and increase pro-
ductivity. Stopped flow discharge was used to improve water recovery
(WR) [22] and was followed by a brief period with flow and no applied
current during which brine was collected (Fig. 2). The average influent
electrical conductivity (EC) was 1.16 mS/cm (after pre-treatment) with
concentrations of major ions given in Table 2. As there was no disin-
fection prior to the MCDI unit, a weekly flush with sodium hypochlorite
(0.14 mM (10 ppm) for 20 min) was undertaken to prevent biofouling.
For data collection each value shown is the average of 4 to 12 h of
operation.

Four of the electrode modules demonstrated similar performance
whereas two had slightly lower performance, likely due to different
hydraulic conditions within the modules leading to an overall lower
flowrate through the modules at the same inlet pressure. A lower current
was applied to these two lower performing electrode modules during the
long term operation studies. The long term operation studies were un-
dertaken using all six electrode modules whereas configuration testing
with differing flowrate and applied current was undertaken on the four
electrode modules of similar performance.

2.2. MCDI performance testing

In order to maintain a constant feedwater quality, the MCDI system
was operated in recycle mode with both the brine and product lines
redirected back to the 1.8 m® influent tank to enable performance testing
of the unit. Operation in recycle mode was undertaken for an initial one
and a half month recycle period after which the water was replaced and
operation in recycle mode continued for a second month and a half.
Impact of daily variations of the feedwater was also assessed by oper-
ating the MCDI system under single pass mode for 13 days using water
directly from the secondary clarifier. Operational configurations used
throughout these trials are provided in Table 1.
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Fig. 1. Schematic of the MCDI unit and pre-treatment system. CO is the influent EC meter, C1-C6 are the electrode module EC meters and CP is the product EC meter.
FO is the total flowmeter and F1-F6 are the individual electrode module flowmeters. Product and brine solenoid valves are shown.
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Table 1
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Operational configurations including number of electrode modules, applied current (A) and average electrode module flowrate, Q. (L/min), for the single pass
operation and recycle periods 1 and 2. The electrodes were operated with CC charging up to 1.5 V and RC stopped flow discharging down to 0.2 V.

Dates No. electrode modules Applied current, charging (A) Reverse current, discharging (A) Average Qgje. (L/min)
Single pass 31/05 to 6/9/21 and 6 105 x 4, 70, 50 115 x 4, 80, 60 4.1
18/11 to 30/11/21
Recycle period 1 6/10 to 15/11/21
Long-term operation study 6 105 x 4, 70, 50 115 x 4, 80, 60 6.3
Recycle period 2 15/12/21 to 19/01/22
Long-term operation study 6 105 x 4, 70, 50 115 x 4, 80, 60 5.0
Flowrate study 4 105 115 3.8t07.2
Applied current study 4 90 to 120 110 % charging current 6.1°

2 For the first set of experiments, the average Qe for the 90 A case was 6.3 L/min, for the 95 A case was 6.5 L/min, for the 100 A case was 6.9 L/min, for the 105 A
case was 6.8 L/min, for the 110 A case was 7.1 L/min, for the 115 A case was 6.8 L/min and for the 120 A case was 6.9 L/min. For the set of experiments with an altered
product collection cut off, the average Q. for the 90 A, 95 A and 105 A cases was 5.6 L/min, for the 100 A case was 5.2 L/min and for the 110 A, 115 A and 120 A cases

was 5.5 L/min.
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Fig. 2. Single MCDI CC charging, RC stopped flow discharge cycle showing
traces for a) effluent EC (mS/cm) and electrode flowrate, Qg., (L/min) and b)
electrode voltage (V). Product collection, brine collection, charging and dis-
charging phases are highlighted. The product cut off and associated product cut
off voltage level are shown.

During the second recycle mode period (i.e. from 15/12/21 to 19/
01/22) in which the four electrode modules with similar performance
were used, tests of differing flowrate and applied current were under-
taken to assess whether performance of the operational scale unit

matched that of previously studied bench scale MCDI units. For the
varying flowrate cases, the charging current was 105 A and the dis-
charging current was 115 A. For the varying applied current cases, the
average flowrate was 6.4 L/min and the discharge current was set to be
10 % higher than the charging current. Refer to Table 1 for operational
configuration details. Water sampling was undertaken during both
recycle periods (refer Supporting Information S4 for analytical
methods). The performance of the energy recovery system was also
examined under different minimum discharge voltages.

2.3. Performance metrics

The MCDI performance metrics were calculated using standard
methods proposed by Hawks et al. [33]. The flowrate of the product
water, Qprod (m®/h), is calculated from:

v Olpmd
Q = 1
prod Atcyc]e ( )

where Vol is the volume of product produced (m®) and Ateyele is the
total cycle duration in hours.

Energy consumption per unit of water produced, E (kWh/m?) is
given by:

E0 _ in — ‘out
= Vol (2)
where
E, = / IVdt where IV > 0 3)
Ateyele
Eou = / IVdt| where IV < 0 @
Ateyele

where I is the applied current (A), V is the electrode voltage (V)
measured at the electrodes and 1) is the efficiency of recoverable energy.
For CC mode with a constant applied current E;, and E,,; become:

Ein = IVavg,chargeAtchnrge (5)
Eoul = IVuvg‘dischargcAtdischargc (6)

where Vi, charge i the average electrode voltage during charging (V),
Atcharge is the duration of the charging phase (hrs), Vi discharge iS the
average electrode voltage during discharging (V) and Atgjscharge is the
duration of the discharging phase (hrs).

The power consumption, Pge. (kW), was measured so 1 can be
calculated by rearranging Eq. (2) to give:
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Table 2
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Chemical parameters and removal percentages for cations and anions through the MCDI system at changing flowrate and applied currents. Percentage reductions for a
high performance and low performance electrode are also given. SD denotes standard deviation where multiple samples were analysed. RP denotes recycle period
when sampling was undertaken. Refer to Supporting Information S4 for chemical analysis methodology.

Na* K* Ca®* Mgt cl NO3 Nori P
Feed (before pre-treatment) mg/L 161.6 17.2 3.91 15.0 110.4 4.68 45.3 6.36
(RP 1)
Feed (after pre-treatment) mg/L (RPs 1 and 148.4 (SD 14.4 (SD 4.3(SD1.1) 14.3 (SD 118.8 (SD 3.9 (SD 45.6 (SD 7.2 (SD 1.5)
2) 11.1) 2.4) 0.8) 21.5) 0.50) 15.6)
6.1 L/min at 105 A 50 % (SD 5 56 % (SD 2 84%(SD11  77%(SD3  67%(SD11  68%(SD15 31%(SD22 34 % (SD 11
(RPs 1 and 2) %) %) %) %) %) %) %) %)
5.1 L/min at 105 A (RPs 1 and 2) 62% (SD15  71%(SD23 84 % (SD 2 85%(SD1  82%(SDO 83 % (SD 4 65 % (SD 4 60 % (SD 5
%) %) %) %) %) %) %) %)
4.3 L/min at 105 A (RP 2) 69 % 73 % 93 % 85 % 75 % 76 % 57 % 61 %
6.1 L/min at 90 A (RP 2) 31% 28 % 88 % 74 % 63 % 68 % 22 % 15%
6.1 L/min at 100 A (RP 2) 54 % 59 % 90 % 83 % 65 % 69 % 29 % 16 %
6.1 L/min at 110 A (RP 2) 64 % 67 % 90 % 87 % 77 % 78 % 51 % 59 %
6.1 L/min at 120 A (RP 2) 70 % 75 % 97 % 86 % 87 % 89 % 57 % 62 %
High performance electrode at 7.6 L/min at 64 % 80 % 91 % 80 % 79 % 76 % 45 % 46 %
105 A (RP 1)
Low performance electrode at 3.5 L/min at 39 % 48 % 79 % 60 % 69 % 75 % 77 % 59 %
50 A (RP 1)
likely due to the accumulation of biogenic material on the pre-filter that
E;, — / Pyedt occurred during a warm weather period of non-operation. There was no
e ™ increase in pressure drop across the electrode modules over the course of
n= E< the study (Supporting Information Figs. S5 and S6) indicating that there
out

The electrode charge energy per unit of water produced, Eeje. (kWh/
m®) is given by:

E _ Ein (8)
elec — V()lpmd
The water recovery, WR, is calculated as:
Vol
WR = prod ©

VO]pmd + VOlbrine

where Volpyi,e is the volume of brine produced.

The current efficiency, A, is dependent on the amount of salt
removed, Ac (uS/cm), the flowrate passing by the electrodes, Qgjec(L/S)
and I (A) [2,33,34].

A= ACQelecF;Zequivalem (10)

where F is the Faraday constant (96,485C/mol) (1 A = 1C/s) and
Zequivalent cONverts from pS/cm to meq/L to account for mol/L and ionic
charge, 1.0 x 107> used here [35].

The percent removal, Re, is calculated as follows:

Cfeed — Cprod

Ry = an

Cfeed

where cgq is the concentration of the influent (mg/L, pS/cm) and cproq is
the average concentration of the product (mg/L, pS/cm).

3. Results and discussion
3.1. MCDI performance

3.1.1. Salt removal, water recovery and current efficiency over long term
operation

The MCDI system performance over the two recycle periods was
relatively stable (Fig. 3) with an average product EC of 0.43 mS/cm, WR
of 84 % and X of 74 %. During single pass operation, the WR of the pre-
treatment system was 92 %, resulting in an overall WR of 77 % for single
pass. A significant increase in pressure drop over the 5 pm pre-filter
(Supporting Information Figs. S5 and S6) caused a decline in flowrate
for the second recycle period (from 6.3 L/min to 5.0 L/min). This is

was no significant accumulation of particulate material within the
electrode module spacer channels. The accumulation on the pre-filter
resulted in a decrease in production rate of the 6 modules, Qoq6,
from 1.14 m>/h to 0.86 m3/h and, as electrode charging energy con-
sumption, Eglec, is a function of Volpoq, also resulted in an increase in
Eelec from 0.53 kWh/m? to 0.70 kWh/m®. Eejec remained stable for the
duration of each of the recycle periods. There was an associated decrease
in cycle time from period one of 528 s to 463 s in period two however no
decline during each period or at an individual electrode module level
was evident. When tested at the end of the trial, the TOC of the treated
water (at 8.5 mg/L) was slightly higher than that of the feed stream (at
6.5 mg/L). No increase in pressure was noted on the electrode modules,
so this increase in TOC is likely due to release of organic material from
the pre-filter. There was a decrease in performance after the first day of
operation on the second recycle period with this is potentially due the
high TOC content of the water. When a new tank of water was supplied
for the last two days of testing (18 and 19/01/2022), the current effi-
ciency increased to 82 %, higher than the first recycle period of 74 %
(Fig. 3c). If the unit had been operating in single pass mode, these high
TOC levels may not have been observed.

When operating in recycle mode, the system was cleaned once per
week with 0.14 mM (10 ppm) sodium hypochlorite though under single
pass operation the frequency of this clean-in-place process could be
reduced. No increase in pressure on the electrodes or performance
decline was evident indicating that the frequency of cleaning was
adequate (refer Supporting Information S5). Over a five month trial with
a 40 pair electrode system, Shen et al. [10] found biofilm growth on the
AEM and anode and calcium scaling on the CEM and cathode, however
no cleaning regime was included and zero current discharge was used.
Results of laboratory scale studies by Hassanvand et al. [19] demon-
strated that RC discharge dislodges negatively charged organic com-
pounds from the AEM which would presumably reduce the rate and
extent of biofilm growth. The results of the study described here are
consistent with these observations though longer term studies are
needed to confirm this. The hardness of the feed stream used here was
moderate at 70 mg/L (as CaCOg3) with the calcium levels in particular
very low at only 4.3 mg/L so inorganic scaling on the CEM and cathode
is unlikely to occur under these conditions. Further long term trials using
single pass would confirm the operation and maintenance requirements
and illuminate any issues with scaling, particularly with the use of
stopped flow discharge.
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By operating with a higher discharge current than charging current
compared to operating with equal discharging and charging currents,
the Qg6 increased by 0.005 m3/h (only 1 %, from 0.717 m>/h to
0.722 m3/h), with an increase in A of 4.1 % (from 66.7 % to 70.8 %) and
with minor impacts on other performance indicators including increase
in Eglec from 0.652 kWh/m? to 0.658 kWh/m?, decrease in product EC
(0.03 mS/cm, from 0.49 pS/cm to 0.46 pS/cm) and decrease in WR of
0.8 % (from 87.1 % to 86.3 %). In view of these findings, we are of the
view that operating with higher discharge current is not advantageous
given the more complex control requirements.

3.1.2. Salt removal, water recovery and current efficiency under various
flowrate and applied current configurations

In accord with the results from bench scale units [4,33,36-38], the
product EC increased as the Q. increased (Fig. 4a). As expected, Qproq
increased and the associated Eg.. decreased as flowrate increased
(Fig. 4b). Also, WR and X increased as flowrate increased. For MCDI, the
switch over between product and brine (product cut off, Fig. 2) can be
varied to modify the effluent EC with the cut off typically set to equal the

Desalination 559 (2023) 116647

influent EC [33]. For the pilot-scale unit used here, the cut off setting
was programmed to be determined by the electrode voltage rather than
effluent EC (i.e. above 0.7 V the effluent was diverted to product and
below 0.7 V the effluent was diverted to brine, Fig. 2). For the low flow
cases, by keeping the product cut off voltage level constant, the brine
was not all expelled in some instances before the product valve was
opened (refer product EC for <5 L/min cases in Fig. 4a). When the
product collection cut off voltage level was adjusted to compensate, the
overall product EC of the low flow cases decreased (Fig. 4d), however
the WR and Qo Were reduced (Fig. 4e and f). This demonstrates that as
MCDI moves from bench scale to a useful operational scale, optimum
system performance will require compromises in view of its relatively
complex control requirements and dependencies. In this regard, ma-
chine learning has recently been utilised to assist optimisation of MCDI
operation [39].

In Fig. 4, the large standard deviation in the product EC is due to two
factors; firstly, the operation of the six electrode modules was staggered
to ensure that some were charging whilst some were discharging with
this done to balance the total flowrate and energy consumption. How-
ever, due to variances between the electrode modules, the Aty Was not
uniform and, as a result, all electrode modules were occasionally
charging at the same time or all electrodes were discharging at the same
time. When all of the electrode modules were charging at the same time,
the Qg Was very low and, when all but one or two were discharging,
the Qe Was high with this variation in Q. causing fluctuations in the
in-line product EC measurement. Secondly, higher EC effluent from the
end of the brine phase occasionally entered the product stream at the
commencement of this operational phase (refer Fig. 2). The standard
deviation shown in Fig. 4 includes these fluctuations. Such variations are
to be expected for a multi-electrode MCDI trial and were acceptable for
this trial where attainment of an average product EC that was below a
particular target value was the objective. For an application where less
variation is required, the product collection cut off voltage level can be
increased to ensure product EC consistency. For Egjec, A and WR, the rate
of change in voltage increased and the cycle time shortened as the
flowrate decreased with the effluent EC exhibiting a truncated or non-
existent steady state period (Fig. 2). This caused increased variability
between the cycles. This is particularly noticeable for the cases with an
adjusted product cut off voltage level (Fig. 4e and f).

Increasing the applied current resulted in a similar performance
change to that observed in studies with bench scale units [2,33,37,38]
with a decrease in product EC as applied current increased (Fig. 5a). As
can be seen from Fig. 5b and ¢, WR (average 89 %) and A (average 67 %)
remained relatively stable as applied current increased and, as expected,
Eelec increased from 0.53 kWh/m? at 90 A to 0.65 kWh/m? at 120 A.
Anomalies with the variable speed pumps led to interesting results. For
example, despite the pump settings remaining constant, the average
flowrate during the 90 A and 95 A cases were lower than those observed
at the other applied currents studied (6.4 L/min rather than 6.8 L/min),
so a direct comparison of salinity reduction is not appropriate. These
results highlight the fact that when interpreting results from these larger
operational units, consideration of all operating conditions is important.

Once again, the product cut off voltage level was changed to assess
whether better performance could be obtained (Fig. 5d, e and f) at high
currents. A moderate improvement in product EC was obtained how-
ever, as the Vol,oq per cycle declined, the WR dropped dramatically
from 88 % at 120 A with the original product cut off to 46 % for altered
product cut off voltage level. Qp,,q decreased with an associated increase
in Eelec. This again shows that when operating larger scale units, com-
promises are necessary with the flexibility provided by the program-
mable logic controller (PLC) and the charge/discharge current
controllers critical to realising optimal operating conditions.

The large standard deviation of the Egje., A and WR in Fig. 5e and f as
the applied current increased is again caused by the enhanced variability
due to the increase in the rate of change of voltage during charging and
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Fig. 4. System performance at influent EC at
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shortened cycle time as the applied current increased. The increase in
the rate of change of voltage due to the higher current density caused the
product effluent EC to exhibit a truncated or non-existent steady state
period.

3.2. Removal of major ions

Results of water quality analyses of the treated stream demonstrated
similar trends to previous work with divalent cations exhibiting pref-
erential removal over monovalent cations [9,10] (Table 2). For the an-
ions, the removal of CI~ and NO3 was very similar at 67 % and 68 %
respectively for the standard 6.1 L/min at 105 A case. The removal of
SO3~ and PO3~ through the system was much lower at only 31 % and 34
% for the standard case respectively. Similar results were obtained by
others [9,10], with several AEMs preferentially selecting for CI~ over
SO~ [40].

For the studies with differing flowrate and applied current, the trends
for ion removal also followed the general trend for EC with increasing
removal as the flowrate reduces and the applied current increases
(Table 2). The removal of SOF  and PO?{ show sensitivity to both
flowrate and applied current with only 29 % for SO3~ and 16 % for PO3~
removal at 100 A. Kim et al. [9] reported faster migration of ClI~ and
SO3~ through the AEM at higher voltages. Using CC mode, as done in the
current study, the rate of change of voltage increases and the electrodes
reach high potentials more rapidly with increase in applied current. This
higher applied current and subsequent high potentials may be driving
faster migration of Cl~ and SO~ through the AEM.

The removal percentage of NOs was high with a maximum of 89 %
removal (to 0.5 mg/L) at an applied current of 120 A (Table 2). The
lowest NO3 removal was still 68 % at the applied currents of 90 to 105 A
(to 1.7 mg/L). Flowrate did not have as much influence on NO3 removal
as applied current. Even the low performing electrode at 3.5 L/min with
an applied current of 50 A delivered a NO3 removal of 75 %.

3.3. Energy consumption

3.3.1. Energy consumption using mains versus photovoltaics

For the long term operation study, the average power and energy
requirements for the overall system (including electrode modules,
pumps, valves and control system) was 1.31 kW (equivalent to 1.28
kWh/m?) when using mains power supply. The energy for the electrode
modules could be supplied via a photovoltaic array and, in this case, the
power required for ancillary (including pumps, valves and control sys-
tem) was 0.95 kW (equivalent to 1.05 kWh/m3). For comparison, the
electrodes consumed 27 % of the overall power when they were pow-
ered via mains power supply (equivalent to 0.36 kW). As the system is
scaled up with additional electrodes, the fixed energy costs associated
with the balance of plant (non-electrode module energy consumption)
would be expected to become a lower contributor to the total energy
consumed and the net benefit of energy recovery and integration with
photovoltaics would be expected to offer even better returns. An
example projection shows that the two pumps used in the system
described could supply (with the same energy consumption) up to 12
electrode modules at 5.7 L/min and 2.5 bar, which would increase the
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Fig. 5. System performance at influent
EC at 1.2 mS/cm for a) and d) product
EC b) and e), total flowrate of the
product water for 4 electrode modules
and average electrode charge energy
(no energy recovery accounted for),
and c) and f) water recovery and cur-
rent efficiency of the MCDI system
under increasing applied current
through the electrode module. For a),
b) and c¢), the product collection cut off
voltage remained the same for each
case and, for d), e) and f), the product
collection cut off voltage was adjusted
for all cases to determine if product EC
could be lowered. Error bars denote
standard deviation.

Comparison between this study using operational scale MCDI and other water treatment technologies (RO and EDR) for salinity removal, total system energy con-

sumption and cost of water.

Influent (mg/L) Ac (mg/L) Flowrate of product water (m®/d) Total system energy (kWh/: m®) Cost of water (US$/m?)? Reference
RO BW 2000 1950 4.6 1.1 N/A Alghoul et al. [44]
RO TDWW 1461 902-1169 5.0 0.46-1.22% N/A Hafiz et al. [45]
RO GW 4000-4500 N/A 50 1.7-1.9 N/A Penate et al. [46]
RO NacCl 1500 1000 379 0.2-0.52 0.12-0.25 Liu et al. [42]
RO GW 2000 1570 960 N/A 0.24-0.30 Alsarayreh et al. [47]
RO TDWW 1310 N/A ~2400 0.74-0.83 0.65-0.77 Kehrein et al. [48]
RO BW 3000 2700 35,000 0.4-0.7 0.22-0.27 Vince et al. [49]
EDR GW 1600 1300 10 N/A 0.64 Bian et al. [50]
EDR GW 1300-1500 1050 18.4" 2.67 1.87-3.33 He et al. [51]
EDR TDWW 1104 776 144 0.6-1.0 N/A Goodman et al. [52]
CDI NaCl 1169 561 1414 0.32 0.16-0.38 Hasseler et al. [41]
CDI NaCl 1461-2922 731-2425 3792 0.8-1.9 0.19-0.39 Hand et al. [53]
MCDI NaCl 1500 1000 379 N/A 0.13-0.30 Liu et al. [42]
MCDI NaCl 1461-2922 731-2425 3792 0.4-0.9 0.25-1.75 Hand et al. [53]
MCDI TDWW 1993° 1241¢ 320 1.28 (1.05°) 1.07-1.58 This current study*
MCDI TDWW 1993° 1241° 128" N/A 0.55-0.90 This current study’

BW: Brackish water, GW: Groundwater, TDWW: Treated domestic wastewater
2 Only RO pump power included.
b Assuming 90 % production every day.
¢ Assuming TDS(mg/L) = 580 x EC(mS/cm) (average ratio from historical water sampling at the Dubbo wastewater treatment plant).
4 Increased to a flowrate of product water for an 8-electrode module system.
¢ Grid power requirement with photovoltaics powering the electrode modules.
f Increased to a flowrate of product water for a 32-electrode module system.
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contribution of the electrodes to the overall power consumption to 0.72
kW (for 2 times the product) with the electrodes consuming 43 % of the
input power. The MCDI system total energy requirement of 1.28 kWh/
m? was within the reported range of reverse osmosis (RO) at 0.2 kWh/
m>3-1.9 kWh/m? and electrodialysis reversal (EDR) at 0.6 kWh/m>-2.67
kWh/m? (Table 3).

All of the cases where flowrate and applied current were varied
involved the use of both mains and photovoltaics power supplies. No
relationship was evident between flowrate or applied current and power
consumption reduced by the use of photovoltaics. For the varying
flowrate cases, the lowest power saving was in the 6.1 L/min case at 24
% savings and the highest saving was in the 6.9 L/min case with 43 %
savings. As an absolute value, decreasing the flowrate resulted in a
decrease in power saved from 0.42 kW in the 6.9 L/min case to 0.23 kW
in the 3.8 L/min case. In the low flow cases, the pump power con-
sumption decreased however the electrode power requirements also
decreased as the cycle time reduced rendering the saving per product
volume relatively constant. For the varying applied current cases, the
lowest power saving occurred for the 100 A case at 22 % and the highest
for the 120 A case at 28 % savings.

3.3.2. Effect of energy recovery

On average, 65 % of the available discharge energy was recovered
with the energy recovery facility provided by the bidirectional charge/
discharge current controllers ( = 0.65) resulting in a 40 % reduction in
the average electrode energy consumption. Due to resistance and losses
within the system, the average voltage during discharging (V. discharge)
is lower than the average voltage during charging (Vg charge) (Fig. 2). As
a result Eqye < Ejy (refer Egs. (5) and (6)) and so the portion of stored
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charging energy recovered (40 %) is lower than the efficiency of the
recovery (65 %) as outlined in Eq. (2). This is greater than results from a
single electrode module unit where a maximum of 37.5 % energy
reduction was achieved [22]. The maximum voltage used by Tan et al.
[22] was 1.3 V whereas in this study, the maximum was set at 1.5 V. In
this multi-module unit, the electrodes were operated in parallel so the
current contribution from an electrode undergoing energy recovery
during discharge is utilised by other charging electrodes. This reduces
the RMS (root-mean-square) current in the batteries thereby reducing
the loss associated with charge/discharge cycling (the roundtrip
efficiency).

To estimate the benefit of coordinating the charge and discharge
periods, two scenarios were considered i) with only one electrode
module operating (Fig. 6a) and ii) with two electrodes operating in anti-
phase with coordinated charge and discharge stages synchronised
appropriately (Fig. 6b, i.e. one charging and one discharging). From the
single electrode study, a linear relationship was determined for the ex-
pected current draw from the 12 V battery compared to the electrode
voltage during the charging phase (Supporting Information S6 Fig. S7).
This can then be used to determine the difference between the expected
current (Fig. 6a) and the actual current during the out of phase operation
(Fig. 6b). The net current draw from the battery to the charging elec-
trode is supplemented by the current returned from the discharging
electrode, thereby lowering the current drawn from the battery. The
variation between the electrode modules can be seen in Fig. 6b with
electrode module 2 having a faster rate of change of voltage and sub-
sequent shorter Atcy e than electrode module 1. This difference is likely
due to variation between the internal resistances within the electrode
modules and variation associated with particular installation issues such
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as hydraulic configuration and cable connections. A linear relationship
between discharging electrode voltage and difference in current is
evident (Fig. 6¢), with approximately 0.25 V the lower limit for
achievable energy recovery in this current scenario.

The higher the discharging electrode voltage, the higher the differ-
ence in current (Fig. 6¢) indicating that to optimise for energy recovery,
the discharge phase should stay at a high voltage. This can be achieved
by increasing the minimum discharge voltage. This agrees with the
observations of Tan et al. [22] who found that by increasing the mini-
mum discharge voltage from 0.4 V to 0.8 V, the percentage of energy
recovered increased from 27.5 % to 37.5 %. For this unit, average power
consumption and n remained stable when the minimum discharge
voltage was increased from 0.2 V to 0.4 V (Fig. 6d). However, with all
settings the same, average product EC increased from 0.43 mS/cm to 0.5
mS/cm (Fig. 6d). The product collection cut off voltage level was
increased from 0.7 V to 0.9 V to maintain product EC, however Q.46
dropped from 1.13 m3/h for the 6 electrode modules to 1.09 m®/h
(Fig. 6d). Assuming an increase in minimum discharge voltage to say
0.6 V or 0.8 V will deliver additional energy reduction [22], the loss of
either product quality or Qpoq is not likely to be an acceptable trade off.
It is therefore recommended to discharge to as low a discharge voltage as
practical and forgo the energy loss by doing this.

By operating with higher discharge current and thereby reducing the
discharge phase timing, n was reduced by 7 % (from 75 %, note that only
4 electrodes were operated for this comparison). Again, the operational
optimisation needs to be balanced between Q.4 and E. Inclusion of
the energy recovery device is recommended, as it enabled a 40 % energy
saving on the electrode energy, despite longer cable runs and associated
losses, with the inclusion of batteries also meaning that no heat sink
device is needed and coupling to photovoltaics can be easily achieved.

3.4. Cost comparison

Capital costs for an eight-electrode module unit installed in late 2021
and currently operating in NT, Australia were used to enable comparison
of costs between the operational scale MCDI system and RO and EDR
(Table 3). The Qproq,1 0f 0.17 m>/h from the MCDI unit described herein
was used and multiplied by 8 with an engineering efficiency factor of 90
% [41,42]. The electrode module, flowmeter and EC sensors were given
an estimated lifespan of five years and the lifespan of the remaining
equipment was estimated at ten years. The capital cost for the MCDI
system (not including interest) is $1.07/m>. A grid electricity cost of
$0.20/kWh [43] and the sodium hypochlorite cleaning chemical and
one hour per month of operator time at $35/h equates to an operating
cost of $0.36/m>. This results in a total cost of water (not including
interest) of $1.33/m? for the operational scale MCDI. When 5 % interest
is in included, the levelized cost of water (LCOW) becomes $1.58/m°.
The container used for this trial would be able to fit 32 electrode mod-
ules. With 32 electrode modules, the cost of water (not including in-
terest) would become $0.55/m® and the LCOW would become $0.90/
m®. This is based on a grid electricity consumption equal to the eight-
electrode module system of 1.05 kWh/m> however, as mentioned in
Section 3.3.1, as the system is scaled up, the contribution of the pumps
would be expected to decrease, and this value would be expected to
decrease. Cost estimations for such small scale systems are rarely re-
ported, however the MCDI cost is within range of RO at $0.19/m> —
$1.22/m® and EDR at $1.02/m? — $5.29/m? (Table 3).

4. Conclusions

An operational scale six electrode module MCDI desalination system
was trialled at the Dubbo wastewater treatment plant to enable the plant
to recycle water for screen cleaning. During the trial, no overall per-
formance decline was noted in A, E,, and WR despite operating for over
5000 cycles. Reverse current discharge operation and regular cleaning
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with sodium hypochlorite solution were likely to have prevented biofilm
growth as there was no pressure increase noted in the electrode modules
despite a pressure increase across the 5 pm pre-filter. The unit was
operated intermittently (i.e., usually turned off overnight) with no
observable performance decline due to this intermittent operation. As
MCDI operates with low pressure and has a low start up energy, inter-
mittent operation can be easily achieved.

The operational scale multi-electrode module unit was found to
demonstrate performance trends similar to bench scale MCDI systems
with improved desalination performance as the flowrate decreases and
the applied current increases. However, on transitioning from bench
scale to operational scale MCDI units, maximum performance across all
aspects may need to be compromised in order to enable appropriate
operation of the system.

The use of photovoltaics for the electrode power supply resulted in
an average power saving of 27 % compared to the case were mains only
was used. The inclusion of energy recovery devices on the electrode
control system enabled a 40 % reduction in electrode energy con-
sumption compared to the case in which no energy was recovered. The
inclusion of energy recovery with photovoltaics is recommended as the
12 V battery system needed to facilitate these aspects can be easily
incorporated into MCDI systems.

Other system characteristics such as pH variation within the elec-
trode during charging and discharging and release of divalent ions
during discharging are areas of possible future work.

MCDI desalination was found to be a good solution when considering
wastewater recycling as the system is able to run intermittently to
accommodate supply requirements and has minimal cleaning re-
quirements when operated in single pass mode. The cost and total sys-
tem energy requirements were found to be within range of other more
established water treatment technologies. It is a low pressure, low
voltage technology with relatively lower energy start-stop cycles that
make it well-suited to use with intermittent renewable power supplies.
The system performance (such as energy consumption) has been shown
to improve as the plant size increases, compared to technologies such as
reverse osmosis, the process does not (unnecessarily) remove all con-
stituents from the influent, and the operational range of the system is
flexible as the process allows for selectivity, allowing for both a range of
input qualities and desired outlet qualities.
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