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ARTICLE INFO ABSTRACT
Keywords: A long-term field trial of membrane capacitive deionization (MCDI) was conducted in a remote community in the
Membrane capacitive deionization (MCDI) Northern Territory of Australia, with the aim of producing safe palatable drinking water from groundwater that

Long-term performance assessment
Electrode regeneration

Potable water treatment
Water-energy nexus

contains high concentrations of salt and hardness ions and other contaminants. This trial lasted for 1.5 years,
which, to our knowledge, is one of the longest reported studies of pilot-scale MCDI field trials. The 8-module
MCDI pilot unit reduced salt concentration to below the Australian Drinking Water Guideline value of 600
mg/L total dissolved solids (TDS) concentration with a relatively high water recovery of 71.6 + 8.7 %. During
continuous constant current operation and electrode discharging at near zero volts, a rapid performance dete-
rioration occurred that was primarily attributed to insufficient desorption of multivalent ions from the porous
carbon electrodes. Performance could be temporarily recovered using chemical cleaning and modified operating
procedures however these approaches could not fundamentally resolve the issue of insufficient electrode per-
formance regeneration. Constant current discharging of the electrodes to a negative cell cut-off voltage was
hence employed to enhance the stability and overall performance of the MCDI unit during the continuous
operation. An increase in selectivity of monovalent ions over divalent ions was also attained by implementing
negative voltage discharging. The energy consumption of an MCDI system with a capacity of 1000 m®/day was
projected to be 0.40~0.53 kWh/m?®, which is comparable to the energy consumption of electrodialysis reversal
(EDR) and brackish water reverse osmosis (BWRO) systems of the same capacity. The relatively low maintenance
requirements of the MCDI system rendered it the most cost-efficient water treatment technology for deployment
in remote locations. The LCOW of an MCDI system with a capacity of 1000 m®/day was projected to be AU
$1.059/m® and AU$1.146/m> under two operational modes, respectively. Further investigation of particular
water-energy trade-offs amongst MCDI performance metrics is required to facilitate broader application of this
promising water treatment technology.

2023; World Health Organization, 2024). For many remote communities

1. Introduction in central Australia, groundwater is often the only reliable source of
potable water. However, it can be brackish and contain high levels of

Availability of water suitable for domestic and agricultural purposes contaminants that exceed the Australian Drinking Water Guideline

is an increasing global challenge that affects over 2 billion people in (ADWG) values (National Health and Medical Research Council, 2011).
today’s world, especially in Australia where water resources of accept- Water purification and desalination is hence required to reduce the total
able quality are becoming less available due to extreme drought events dissolved solids (TDS) concentration to below the ADWG value of 600
and climate change (Australian Government Geoscience Australia, mg/L TDS and remove other contaminants, including uranium in some
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Nomenclature

Abbreviation

ADWG  Australian drinking water guideline
AEM Anion exchange membrane

BWRO  Brackish water reverse osmosis

CC Constant current

CC-RCD Constant current-reverse current discharge
CC-RCD-DNV Constant current-reverse current discharge with the
reversed current applied until the resulting cell voltage
decreases to a pre-assigned negative cut-off voltage
CC-RCD-DPV Constant current-reverse current discharge with the
reversed current applied until the resulting cell voltage
decreases to a pre-assigned positive cut-off voltage
CC-ZVD Constant current-zero voltage discharge (short-circuiting

discharge)
CDI Capacitive deionization
CEM Cation exchange membrane
CFA Colorimetric flow analyser
CIP Clean-in-place
Ccv Constant voltage

CV-RVD Constant voltage-reverse voltage discharge
DC Direct current

EC Electrical conductivity
ED Electrodialysis

EDL Electrical double layer
EDR Electrodialysis reversal

ICP-AES Inductively coupled plasma atomic emission spectrometry
IEM(s) Ion exchange membrane(s)
ISE Ion selective electrode

MCDI Membrane capacitive deionization
O&M Operation and maintenance

PLC Programmable logic controller

RO Reverse osmosis

SI Supplementary information

TDS Total dissolved solids

Symbols

(cr) Ion concentration in the feedwater

(cp) Ion concentration in the product water
(Ac) Ion concentration reduction

Crabour & Traver Cost of labour and relating travel for system services
Cosm Annual O&M costs of different systems
Cequipment Capital cost of a piece of equipment

Cyeneral 0&m  Cost of general operation and maintenance activities

EACngjor Equivalent annual capital cost of major components

EAC,ers Equivalent annual capital cost of other components

Egncitlary ~ Volumetric energy consumption of ancillary electrical
systems

Ep Total energy input to eight MCDI modules over one MCDI
cycle

Eout Total energy that can be recovered from eight MCDI
modules over one MCDI cycle

Epump Volumetric energy consumption of pumps

E; Volumetric energy consumption of the MCDI system

E, Volumetric electrode energy consumption

Eyatve Volumetric energy consumption of valves

Vp Generated brine volume of one MCDI module

Vb, annuat - Annual production of the water treatment system

A Product volume of one MCDI module

i Rate charged on the loan for the capital cost or the discount
rate

of Electrical conductivity of the feedwater

Op Electrical conductivity of the product water

Aty Duration of brine discharge

Ateyereo  Cycle time of the first steady-state cycle after the restart of
the unit operation during intermittent CC-RCD-DPV
operation

Ateyce Cycle time, total duration of one MCDI charging-
discharging-idle cycle

Atgown Unit idle time, the time since the previous continuous CC-
RCD-DPV operation ceased

At Duration of product discharge

AEC Electrical conductivity reduction

iandj  Specific competing ions

LCOW  Levelized cost of water

A Projected facial area of the MCDI cell

CRF Capital recovery factor

I Applied current

P MCDI productivity

Q Volumetric flowrate through one MCDI module

RE Removal efficiency

Vv Cell voltage

WR Water recovery

n Number of cells (electrode pairs) in one MCDI module

t Expected lifetime of a piece of equipment

p Ion selectivity

cases, to an acceptable level.

Pressure-driven reverse osmosis (RO) and electro-driven electrodi-
alysis (ED) are the most accepted water desalination technologies.
However, both treatment processes suffer severely from membrane
scaling and fouling issues during long-term operation (Anderson et al.,
2010), rendering them less energy and cost efficient, especially in
continuously treating water with relatively low salt concentrations.
Although periodic reversal of electrode polarity and switching of flow
channels for the dilute and concentrate streams (a process known as
electrodialysis reversal (EDR)) can effectively minimize the risk of
scaling in traditional ED, it has been argued that the lifespan of the
electrodes could be reduced by doing so (Sedighi et al., 2023). Capaci-
tive deionization (CDI), a close cousin of ED, has recently gained
increasing attention as a potentially viable alternate desalination tech-
nology due to its purported low energy consumption and high water
recovery (Suss et al., 2015). An electric field is applied in CDI to polarize
the electrode pairs. Salt ions of the opposite charge to the cath-
ode/anode (termed counter-ions) are removed from water by

electrostatic attraction and temporarily stored within the electrical
double layer (EDL) that is formed on the electrode surface (and within
electrode pores). When the electrodes and their associated EDLs are
saturated with ions, short-circuiting or a reversed current/voltage is
applied to release the adsorbed ions from the EDL and regenerate the
adsorption capacity of the electrodes without the need for additional
chemicals. Nevertheless, ions carrying the same charge as the polarized
electrode (termed co-ions) are repelled concurrently with counter-ion
adsorption during the electrode charging process, known as co-ion
expulsion, in conventional CDI, which unavoidably results in a reduc-
tion in salt adsorption capacity (Lee and Choi, 2012). By adding a layer
of ion exchange membranes (IEMs) on the feed stream-facing surface of
the CDI electrodes, the so-called membrane capacitive deionization
(MCDI) process will prevent the occurrence of co-ion expulsion. The
accessibility of oxygen to the electrodes can also be inhibited so that the
Faradaic reactions will be greatly minimized in MCDI, thereby leading to
an improved desalination performance compared to conventional CDI
(Hassanvand et al., 2017; McNair et al.,, 2021; Tang et al., 2017).
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Another significant advantage of MCDI is that a negative electrode cell
voltage (known as polarity reversal) can be applied or reached during
the electrode discharging process. In this case, the cations and anions
that are released from the EDL during the electrode discharging step are
electrostatically attracted to the (now) oppositely charged electrode but
are prevented from reaching these electrodes as a result of the presence
(at the surface of the electrodes) of IEMs of the same charge as the
respective anions and cations. As a result, ion desorption can be more
effective in recovering the electrode adsorption capacity for the subse-
quent electrode charging step (Biesheuvel and van der Wal, 2010; Yao
and Tang, 2017). Furthermore, MCDI systems can be operated at a
relatively low voltage compared to other electrified water treatment
approaches, typically less than 1.6 V, making it compatible with use of
photovoltaic cells and, as such, off-grid operation in remote and
resource-constrained locations is possible (Tan et al., 2018; Zhang et al.,
2013).

MCDI can be operated in either constant current (CC) or constant
voltage (CV) mode. Although some studies suggest that CC operation
might not be as energy efficient as CV operation (Dykstra et al., 2018), it
is now generally recognized that CC operation is more advantageous
than CV operation in real-world operations with more stable product
quality during the electrode charging stage and facile energy recovery
during the electrode discharging stage (He et al., 2021; Kang et al., 2014;
Qu et al., 2016; Ramachandran et al., 2018; Wang and Lin, 2018). In CC
operation, the electrodes can be either discharged by reversing the
applied current flow (termed constant current-reverse current discharge
(CC-RCD)) or short-circuiting the electrodes (termed constant
current-zero voltage discharge (CC-ZVD)). Given that short-circuiting
will cause a large peak in current which may overload associated elec-
tronic devices, current controlled electrode discharging is typically
employed in large-scale MCDI operations.

Different flow modes have also been trialled in previous MCDI field
studies. The brine stream generated from the electrode discharging step
can be discharged under either continuous flow or stopped flow condi-
tions. It has been shown that the stopped flow condition can provide a
higher water recovery (of up to 85%) than that which can be achieved in
continuous flow mode (He et al., 2021; Ramachandran et al., 2019; Tan
et al., 2020). Recently, an operational-scale MCDI field trial employing
CC-RCD operation and utilizing a stopped flow strategy for brine
discharge successfully demonstrated the efficacy of applying MCDI in
wastewater recycling (Bales et al., 2023).

So far, most of the studies relating to CC operation of MCDI systems
have primarily focused on examining MCDI performance in relation to
different operating parameters such as feed flowrate and applied current
(Chen et al., 2018a; Porada et al., 2013; Sharan et al., 2021; Zhao et al.,
2012a, 2013). However, the impact of different electrode discharging
modes on the regeneration of electrode adsorption capacity has rarely
been investigated, especially in long-term MCDI studies. Reversing the
electrode polarity by discharging the electrodes to a negative cell cut-off
voltage in CC operation (termed CC-RCD-DNV operation) can lead to
improved electrode regeneration as previously elucidated, which is
crucial in enabling the continuous operation of MCDI systems. From our
reading of the literature, polarity reversal for electrode regeneration has
only been thoroughly examined in CV mode via applying a reversed
voltage (Biesheuvel et al., 2011; Porada et al., 2013; Shen et al., 2021;
Zhao et al., 2012a). Although experiments on CC-RCD-DNV operation
have already been undertaken by van Limpt and van der Wal (2014),
Son etal. (2023) and Luong et al. (2023) in real-world operations such as
cooling tower blowdown treatment and post-treatment of RO permeate,
electrode regeneration and overall MCDI performance in CC-RCD-DNV
has only been compared with other MCDI operational modes at labo-
ratory scale studies by a few investigators. He et al. (2023) found that
CC-RCD-DNV mode resulted in better electrode regeneration compared
with other CC-RCD operational modes in which the cell cut-off voltage
for the electrode discharging process was low positive volts (termed
CC-RCD-DPV). However, the effect of operating in CC-RCD-DNV mode
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on MCDI performance during long-term field operation has not been
thoroughly investigated.

In this study, an eight-module pilot unit was deployed at a remote
community in Central Australia. The MCDI performance, including
productivity, water recovery and the efficacy in removal of specific
inorganic ions, has been assessed over a trial period of 562 days. In
particular, the stability of MCDI performance under CC-RCD-DPV and
CC-RCD-DNV operational modes was examined to evaluate the efficacy
of different electrode performance regeneration and maintenance ap-
proaches. Furthermore, a comparative assessment of energy consump-
tion and operation and maintenance (O&M) costs of different brackish
water treatment technologies was conducted to demonstrate the energy
and economic efficiency of the MCDI system compared to EDR and RO
systems for delivering treated potable water at remote locations.

2. Experimental
2.1. Setup of the containerized MCDI unit

After completion of initial testing and system rectification, the
containerized unit was connected to the domestic water supply for a
remote community of approximately 500 people in the Northern Ter-
ritory of Australia. Fig. 1 depicts the general process flow of the MCDI
groundwater treatment plant. The pilot-scale MCDI unit contributed
around 2% of the required maximum demand (~20 m?/day out of
~1000 m®/day) of this remote community. The remaining potable water
supply for this community was provided by a full-scale EDR unit (SUEZ
2020 EDR system, Veolia, Australia) that has been operating since 2013
and was operated in parallel with the MCDI unit throughout the trial.

As shown in Section S1 of the supplementary information (SI), the
containerized MCDI unit consisted of eight commercial MCDI modules
(IS CapDI module, Voltea, Netherlands) which were housed within a 20-
foot standard shipping container. Each module contains 408 cells
(electrode pairs) with a projected facial area of 256 cm? per cell. During
the unit operation, water was pumped from a raw water ground tank
which was supplied by two groundwater bores. Around 1~2.4 m/h
feedwater was transferred into the MCDI system by a centrifugal pump
and then filtered through a 5-micron cartridge filter to remove the
majority of suspended particles before passing into individual MCDI
electrode modules. As the feed groundwater contained relatively low
level of metals, organics and turbidity (the complete water composition
is listed later in Table 2), and was chlorinated before the raw water
storage tank, no additional pre-treatment was required to further
remove these contaminants that could otherwise potentially compro-
mise the MCDI performance. The MCDI electrode modules were oper-
ated in a cyclical manner for groundwater desalination and electrode
performance regeneration (as explained in the following section). In
addition, all the MCDI modules were connected in parallel hydraulically
and were operated in a “synchronized” mode in which the electrode
charging (i.e., ion electro-adsorption) and discharging (i.e., ion electro-
desorption) processes occurred simultaneously across each of the MCDI
modules (though each MCDI module was electrically independent and
could be operated separately if required). The treated product water was
temporarily stored in a product water tank before being transferred out
of the containerized unit and mixed with the EDR product water for
domestic potable water supply, while the brine was directly discharged
to an evaporation pond. Bi-directional DC-DC converters and a dedi-
cated energy recovery system were incorporated in this MCDI water
treatment system (Tan et al., 2020) and, in principle, could achieve an
energy recovery of around 30%. The on-site and remote operation of the
MCDI modules and other system equipment were automatically
controlled by a Siemens s7-200 SMART series Programmable Logic
Controller (PLC).
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Fig. 1. Schematic diagram of the pilot-scale MCDI unit and the full-scale EDR unit of the groundwater treatment plant in the Northern Territory of Australia.

2.2. Operation and maintenance of the MCDI pilot unit

The MCDI electrode modules were operated in a cyclical manner in
CC mode throughout the trial as CC operation can produce consistent
quality of desalinated water and uses comparatively less energy than
operation in CV mode (Kim et al., 2020). Fig. 2a illustrates a typical
electrode (charging-discharging-idle) cycle of the two MCDI electrode
operational strategies employed during the trial, namely constant
current-reverse current discharge with the reversed current applied until
the resulting voltage decreases to a positive cut-off voltage (termed
CC-RCD-DPV) and constant current-reverse current discharge with the
reversed current applied until the resulting voltage decreases to a
negative cut-off voltage (termed CC-RCD-DNV). Note that we only
controlled the applied direction and amplitude of the current based on
the MCDI cell voltage in both CC-RCD-DPV and CC-RCD-DNV modes,
which differs from the other commonly used constant voltage-reverse
voltage discharge (CV-RVD) operational mode in which the voltage
instead of the current is controlled to drive the electrode discharging.
The distinctions between various MCDI operational modes are provided
in SI Figure S2. Herein, one complete CC-RCD MCDI cycle comprises the
following stages:

1. Electrode charging and product discharge stage: A CC of between 50 and
150 A is applied to polarize the carbon electrodes with rise in cell
voltage (i.e., total potential differences between electrode pairs)
associated with the buildup of electrical charge on the electrodes.
Counter-ions of the opposite charge to the electrode or the functional
groups of the IEM, i.e., cations for the cathode and the cation ex-
change membrane (CEM), and anions for the anode and the anion
exchange membrane (AEM), migrate towards their respective elec-
trodes and are stored in the EDL as shown in Fig. 2b. It is worth
noting that as the CEM and AEM are slightly leaky to ions of the same
charge as their functional groups, a relatively small number of co-
ions will enter and possibly be retained in the electrode structure
after several MCDI cycles (Zhao et al., 2012). Once the cell voltage
reaches a cut-off value (typically <1.5 V to avoid the additional
energy loss and electrode degradation caused by the Faradaic redox
reactions that will occur at high voltages), the electrode charging

process will be terminated. Product water will continuously be
generated after the initial period of electrode charging when the
electrical conductivity (EC) has decreased to an acceptable value.

. Electrode discharging/regeneration and stopped flow stage: Following
the electrode charging stage, the applied constant current is reversed
in order to discharge the electrode such that it is ready for the next
charging-discharging-idle cycle. The electrode discharging/regen-
eration process is terminated when the cell voltage drops to a low
positive value (i.e., 170 mV) in CC-RCD-DPV operation or to a pre-
assigned negative voltage (i.e., —1000 mV) in CC-RCD-DNV opera-
tion. During positive (voltage) discharging as illustrated in Fig. 2c,
the adsorbed counter-ions will be released from the electrode mi-
cropores and diffuse towards the flow channel. The electrode po-
larity remains the same as it is during the electrode charging step and
may lead to insufficient ion desorption. As illustrated in Fig. 2d,
when the cell voltage drops below 0 V during electrode discharging
in CC-RCD, negative (voltage) discharging will commence and the
polarity of the electrode pairs will be reversed, converting cations (or
anions) remaining in the electrode region on the CEM (or AEM) side
into counterions of the opposite electrode. The electrostatic attrac-
tion will promote ion desorption and ion migration towards the
opposite electrode; however, it is difficult for the desorbed ions to
penetrate the IEMs on the opposite side since these ions have the
same charge as the functional groups of the opposite IEMs. As a
result, electrode regeneration will be more effective. The process
feedwater pump will not transport any water through the MCDI
modules at this stage to minimize wastage of water in a process
referred to as stopped flow.

. Electrode idle and brine discharge stage: No current is applied at this
stage and the process pump discharges the concentrated brine stream
out of the electrode modules. Note that brine discharge will continue
when the EC is still decreasing and has not reached steady state at the
beginning of the electrode charging stage of the following cycle as
indicated by white shading of the flow state in Fig. 2a.

Compared to the implementation of laboratory scale studies, it is
unsafe in operation of large-scale systems to discharge the MCDI elec-
trodes by short-circuiting since it results in generation of a large inrush
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Fig. 2. Comparison of two operational modes in constant current operation showing a) variations in cell voltage, MCDI outlet electrical conductivity and applied
current of a typical MCDI ion adsorption-desorption (or electrode charging-discharging-idle) cycle for CC-RCD-DPV and CC-RCD-DNV modes with different electrode
and flow states highlighted in shading, and schematic views of b) ion adsorption during electrode charging, c) ion desorption during electrode positive (voltage)
discharging, and d) ion desorption during electrode negative (voltage) discharging. CEM containing negatively charged functional groups, negatively charged
electrode (cathode) and their counterions (cations) are shaded in red. AEM containing positively charged functional groups, positively charged electrode (anode) and

their counterions (anions) are shaded in green.

current. If the cell voltage decreases to a value that is close to zero volt
during the electrode positive discharging stage, it will pose difficulties in
maintaining a high discharging current of >100 A (Zhou et al., 2018).
Therefore, controlled current electrode discharging to a relatively low
(but non-zero) cut-off voltage was adopted during the positive dis-
charging stage in this trial. Additionally, a passive discharging period at
the end of the positive discharging stage was applied in CC-RCD-DNV
operation to avoid the rapid increase in circuit temperature and
possible associated electrical hazards as indicated by the negative cur-
rent of different magnitude in Fig. 2a (the magnitude of this current is
determined by the circuit resistance and is smaller than the normal
discharging current). Due to the presence of series and parallel re-
sistances in the circuit as demonstrated in SI Figure S3, a voltage jump is
observed when the electrode charging and discharging stages are initi-
ated. The voltage jump is larger when incomplete ion desorption occurs,
which will shorten the duration of the electrode charging stage and
affect MCDI performance metrics such as productivity and water re-
covery (He et al., 2023).

The unit was commissioned and operated from October 2021 to April
2023 as outlined in Table 1. The duration of the trial was 562 days with
the unit operated for 1522.5 h in total. For unit maintenance, three
clean-in-place (CIP) operations were performed using 30 litres of 5%
hydrochloric acid to regenerate the electrode performance and remove
any hardness-induced scale that may have formed in the hydraulic
system of the unit over the long-term CC-RCD-DPV operation. After the
last CIP, the MCDI operation was switched from the CC-RCD-DPV mode
to the CC-RCD-DNV mode. Applied current and flowrate were varied as
desired prior to each long-term operation in both CC-RCD-DPV and CC-
RCD-DNV modes leading to changes in the duration of the MCDI
adsorption-desorption cycles due to the different rates of salt removal.
The changes in flow and electrode states within one MCDI adsorption-
desorption cycle, as illustrated in Fig. 2a, were controlled automati-
cally by the installed Siemens PLC.
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Table 1

Summary of unit operation and maintenance information for different periods of

the long-term MCDI trial.

Operational Period Feed Applied Total Number
Mode Flowrate Current Operating of Cycles
(L/min/ A/ Hours (h)
module) module)
CC-RCD- 1/10/ 42 ~6.4 90 ~ 125 370.5 8,979
DPV 2021
~ 15/
2/
2022
1st CIP on 16/2/2022
1772/ 2.7 ~ 4.3 40 ~ 100 274.4 6,191
2022
~ 24/
5/
2022
2nd CIP on 25/5/2022
26/5/ 2.7 ~ 48 50 ~ 85 214.0 4,086
2022
~9/
11/
2022
3rd CIP on 10/11/2022
CC-RCD- 11/ 2.1~57 80 ~ 120 663.6 3,925
DNV 11/
2022
~ 14/
4/
2023
Over the 562 2.1 ~6.4 40 ~ 125 1,522.5 23,181
Trial days

2.3. Performance assessment

The desalination performance of each MCDI charging-discharging-
idle cycle was evaluated using the indicators provided by Hawks et al.
(2019Db); i.e.

V, = / Qdt )
Aty
V, = /Q dt )
Aty
— VF
WR = Vo, 3

where Q is the volumetric flowrate through one MCDI module, V,, is the
product volume of the module, At, is the duration of product discharge,
V} is the volume of the brine generated after the stopped flow stage, At
is the duration of brine discharge, and WR is the water recovery.

The electrical conductivity reduction, AEC (pS/cm), was measured to
assess the overall salt removal, which is given by:

_ fm,, (o7 — o) dt

AE
(o A7, (©)]
where o is the feedwater EC, and o, is the product EC.
The productivity, P (L/h/m?), is given by:
\%
P= —1
n'A'Atcvcle (5)

where n is the number of cells (electrode pairs) in one stacked MCDI
module, A is the projected facial area of the cell, and At is the total
duration of one MCDI charging-discharging-idle cycle.

For the energy and economic assessment, we calculated the volu-
metric electrode energy consumption, E, (kWh/m®), using the following
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equations:
8

E, = Z / 1V dt where IV > 0 ©)
= Aleyele
8

Ewi =) / IV dt where IV < 0 @)
=1 At

E = E[n 7Ezml (8)

v Vp

where I is the current applied, V is the cell voltage, E;, represents the
total energy input to eight MCDI modules over one MCDI cycle, Eyy
represents the total energy that can be recovered from eight MCDI
modules over one MCDI cycle. The current-voltage product, IV, is the
power consumed (i.e., IV > 0) or recovered (i.e., IV < 0) for one MCDI
module at a given time. Hence, the volumetric energy consumption of
the entire MCDI system, E; (kWh/m?®), is given by:

E, = E, + Epump + Evawve + Eancittary (C)]

where Epump, Eyave and Egncitiary are the volumetric energy consumption of
pumps, valves and ancillary electrical systems, respectively. It is
assumed that apart from passive discharging, all the energy during the
electrode positive discharging can be recovered with resistive losses
ignored in the calculation.

In the comparative assessment of economic efficiency of different
water treatment systems, the capital recovery factor, CRF, the equiva-
lent annual cost for the investment of a specific piece of equipment,
EAC.quipmen: (AU$/year), and the equivalent annual capital cost, C qpital
(AU$/year), were evaluated using the equations provided by Lamei
et al. (2008) and Papavinasam (2014):

i (i + 1)

CRF = "—~"——— (10)
(i, +1)" =1

EACequipmml = CRF x Czquipmcm (11)

Cmp[ml = EACmajor + EAther: (12)

where i, is the rate charged on the loan for the capital cost or the dis-
count rate (8 % was used in this study), t is the expected lifetime of a
piece of equipment, Cequipmen: is the capital cost of a piece of equipment,
EACpgjor is the equivalent annual capital cost of major components, and
EAC ers is the equivalent annual capital cost of other components. The
classification of major and other components of different water treat-
ment systems and their respective unit price and lifetime are listed in SI
Table S6.

The annual O&M costs of different systems, Cogy (AU$/year), and
the levelized cost of water, LCOW (AU$/m3), were hence can be
calculated by:

Cosm = Cyenerat 0&m + Cravour & Travel 13)
Ceapitat + C

LCOW = M 14)
p, annual

where Cgeneral 0&m is the general O&M costs including the cost relating to
energy consumption and chemical consumption of the water treatment
system, Crapour & Travel 1S the cost of labour and relating travel for system
services, and V}, gmnua is the annual production of the water treatment
system. Further information on assumptions used in the energy and
economic assessment can be found in SI Section S5.
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2.4. Water quality analyses

In this study, the feedwater EC and the MCDI product water EC were
continuously monitored onsite using two digital conductivity sensors
(CLS21D, Endress+Hauser). The concentrations of major inorganic ions,
including Ca®*, Mg?*, K, Na*, SOZ~, NO3, CI” and F, and selected
heavy metals were analysed from the monthly taken water samples by
accredited laboratories offsite using various analysis methods such as
inductively coupled plasma atomic emission spectrometry (ICP-AES),
colorimetric flow analyser (CFA) and ion selective electrode (ISE)
techniques (National Association of Testing Authorities, 2024). The
composition of feed groundwater is listed in Table 2.

To assess the removal of major inorganic ions, ion concentration
reduction, (Ac) (mM) and removal efficiency, RE ( %), were calculated
by:

(ac) = () = () as
(Ac)

()

where (cf) is the ion concentration in the feedwater, and (c;) is the ion
concentration in the product water.
The ion selectivity, p, was defined as:

RE = (16)

RE
RE;

p= 17)

where RE; and RE; are the RE of two competing ions (of the same po-
larity), i and j, respectively.

3. Results and discussion
3.1. MCDI performance over the trial

The overall unit performance for different operational modes is
summarized in Table 3. Over the trial, the MCDI pilot unit has reduced

the EC of the treated water from 1710 + 90 pS/cm (equivalent to 1025
+ 50 mg/L TDS) to 920 + 130 pS/cm (equivalent to 550 + 80 mg/L

Table 2
Chemical composition of the feed groundwater.
Parameter Average and standard deviation values ~ ADWG value
TDS (mg/L)" 1002.5 + 76.4 < 600
EC (uS/cm)? 1684.6 + 101.4 N/A
Hardness (mg CaCO3/L) 245.4 + 14.2 < 200
Alkalinity (mg CaCO3/L) 382.9+17.8 N/A
pH 8.0 +0.2 6.5 ~ 8.5

Ca%* (mg/L) 31.8+2.1 N/A

Mg** (mg/L) 403 +24 N/A

K* (mg/L) 54.5 + 29 N/A
Na*t (mg/L) 252.3 + 26.9 <180
SO3%~ (mg/L) 85.0 £13.1 < 250
CO3%™ (mg/L) <10 N/A

NOj3 (mg/L) 84.6 £ 11.6 < 50
Cl™ (mg/L) 189.3 + 29.4 < 250
F~ (mg/L) 24 +0.2 <15

HCO3 (mg/L) 465.0 + 22.5 N/A

SiO, (mg/L) 59.5 +£3.7 N/A
Fe (T) (mg/L) < 0.02 <03

Cu (T) (mg/L) < 0.01 <1
Uranium (pg/L) 11.0 £1.7 <20
Turbidity (NTU) 0.7 £ 0.7 <5
True Colour (HU) <2 <15

? Note that the feed TDS and EC in this table differ slightly from those reported
in later Section 3.1 and Section 3.4 because the data source for this table is water
samples that were taken (~once every month) over the trial, while the feed and
product TDS used in later sections are derived from inline sensors. Additionally,
the data presented in this table were used in the simulation of brackish water
reverse osmosis (BWRO) systems in Section 3.4 after charge balance.
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TDS) with a water recovery of 71.6 + 8.7 %. Productivity of 9.9 + 2.8 L/
h/m? relevant to the projected facial area of the MCDI electrodes
(equivalent to 2.5 + 0.7 m3/day/module) was achieved when the feed
flowrate and the applied charging current ranged from 2.1 to 6.4 L/min/
module and 40 to 125 A/module, respectively.

During the long-term CC-RCD-DPV operation from October 2021 to
early August 2021, we observed performance deterioration with each
successive cycle during continuous operation, especially in Aty,, pro-
ductivity and water recovery. This MCDI performance deterioration was
confirmed, in complementary bench-scale studies, to be caused by
incomplete electrode regeneration during the electrode discharging (He
et al., 2023). These studies revealed that, due to the slow diffusion rate
of divalent/multivalent ions, they are likely to be only partially des-
orbed if the electrode polarity is not reversed during the electrode dis-
charging stage, thereby causing a large voltage jump and a shorter At,
for the following electrode charging (or ion adsorption) stage. This issue
is likely to be exacerbated in stopped flow operation when the duration
of the electrode discharging step is found to be even shorter than that in
continuous flow operation (Biesheuvel et al., 2011; Tan et al., 2020).
More problematically, insufficient ion desorption will also increase the
chance of scale formation at the electrodes since slight leakage of co-ions
through the membrane is unavoidable (Chen et al., 2018b; Zhao et al.,
2012a). Possible approaches to facilitate the release of multivalent ions
in CC-RCD-DPV operation are either through application of CIP pro-
cedures or intermittent operation of the unit as further discussed in
Section 3.2. These two approaches, when applied to the unit operating in
CC-RCD-DPV mode, resulted in a relatively short operating duration of
6.0 £ 5.1 h/day. As illustrated in Fig. 3c, we decreased the applied
charging current continuously from approximately 125 A to 50 A to
ensure that At, was long enough such that the product EC could reach
steady state and the product water quality could be maintained at an
acceptable level without sacrificing too much productivity and water
recovery (Fig. 3b). Even worse, the recovery of electrode performance
was found to be less effective with time, especially after July 2022 when
we observed an evident increasing trend in the product EC (Fig. 3a).

After operation in CC-RCD-DNV mode, it was immediately apparent
that the performance of MCDI modules could be sufficiently regenerated
during each electrode discharging cycle, which enabled the application
of a higher charging current of 80~120 A/module compared with the
50~85 A/module charging current applied between the 2" and the 3™
CIP (Fig. 3c). Both At, and Aty experienced a sharp rise as outlined in
Table 3, while the ratio of At, to At increased slightly from 37.9 +
5.0 % to 41.7 + 2.4 %. As a result, a higher AEC of 870 £ 130 pS/cm and
a longer operating duration of 13.9 + 8.0 h/day could be achieved in
CC-RCD-DNV mode compared with CC-RCD-DPV mode, while the pro-
ductivity and the water recovery remained at 9.4 + 2.2 L/h/m? and 72.0

=+ 8.1 %, respectively. It should be noted that we did not replace any of
the electrode modules over the entire trial nor make any changes to the
operating environment of the MCDI electrode modules before imple-
menting the CC-RCD-DNV operation except application of another CIP
with the same acid dosage as used in the previous two CIP procedures.

3.2. Impacts of CIP, intermittent operation and electrode discharging
strategy on the performance of continuous CC-RCD operation

Fig. 4 depicts the declining trend of At and its impacts on pro-
ductivity and water recovery in three selected cycles of the continuous
CC-RCD-DPV operation. Compared with productivity and water recov-
ery, AEC was predominantly affected by feed flowrate and applied
charging current instead of At,, and did not show any obvious
reduction in each cycle during one continuous operation. AEC is thus not
included as a performance indicator for discussion in this section.
Decrease in Aty was observed from the first continuous CC-RCD-DPV
operation with At decreasing from 299 to 182 s and At, decreasing
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Table 3
Summary of MCDI cycle time and overall performance under the CC-RCD-DPV and CC-RCD-DNV operation.
Operational Mode Ateyere (5) Aty (s) Operating Duration (h/day) AEC (pS/cm) Productivity (L/h/m?) Water Recovery ( %)
CC-RCD-DPV 200 + 85 80 =35 6.0 £5.1 760 + 140 10.1 £2.9 71.4+£9.0
CC-RCD-DNV 690 + 245 290 + 105 13.9 £ 8.0 870 + 130 9.4+ 2.2 72.0 £ 8.1
Over the Trial - - - 790 + 140 9.9 + 2.8 71.6 + 8.7
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Fig. 3. Average daily performance of the MCDI pilot unit over the trial: a) feed electrical conductivity (red dots) and product electrical conductivity (green dots), b)
water recovery (red boxes) and productivity corresponding to the projected electrode module facial area (green boxes) when the unit was operating, and c) average
applied charging current (red boxes) and feed flowrate (green boxes) of one MCDI module during the electrode charging stage. The time of implementation of CIP
procedures are indicated by grey dashed lines and the period of CC-RCD-DNV operation is highlighted by grey shading.
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Fig. 4. Performance of three selected continuous CC-RCD-DPV operations: a) variations in cycle time (Atcy), duration of product discharge (At,), and cell voltage,
and b) variations in average productivity and water recovery during different operation periods. Note that the feed flowrate and applied current remained constant
throughout each continuous operation; however, a charging current of 123.6 A/module and a flowrate of 5.7 L/min/module was applied on Day 7, a charging current
of 90.5 A/module and a flowrate of 4.0 L/min/module was applied on Day 148, and a charging current of 97.8 A/module and a flowrate of 4.1 L/min/module was

applied on Day 160.

from 148 to 84 s within the first three hours of the operation. At and
At, further decreased by 56.2% (to 131 s) and 72.3% (to 41 s), respec-
tively, over a span of nine hours. As a consequence, the average pro-
ductivity decreased from 16.9 to 15.0 L/h/m? and the water recovery
decreased from 79.8% to 66.2% for the nine-hour continuous operation.

CIP was found to be effective in inhibiting the rapid performance
deterioration during continuous operation. At and At, showed only a
22.0% decrease (from 545 to 425 s) and a 27.2% decrease (from 217 to
158 s) during the entire continuous operation that occurred following
the CIP. However, only one week after the CIP, declines in Aty and At,
returned to 50.3 % (from 578 to 287 s) and 57.1% (from 238 to 102 s)
over a nine-hour continuous operation. Regarding other performance
metrics, it is evident that CIP was more effective in maintaining pro-
ductivity than water recovery. Productivity of the two continuous op-
erations after the CIP on Day 148 and on Day 160 showed a similar
reduction of 0.56 and 0.57 L/h/m? within nine hours, respectively.

However, a markedly faster decrease in At exacerbated its detri-
mental effect on water recovery. Water recovery for the first nine-hour
continuous CC-RCD-DPV operation following the CIP consistently
remained over 85%. Conversely, a more pronounced decline in water
recovery was observed one week after the CIP, dropping from an
average of 88.2 % in the initial three hours of continuous operation to an
average of 81.67 % in the final six hours of continuous operation. This
was because the ratio of At, to At only decreased by 2.5% during
operation on Day 148 but decreased by 5.7% during the operation on
Day 160. It is worth noting that prior to the commencement of the two
continuous operations after the CIP, the unit was idle (i.e., the unit
operation was paused) for around nine hours to ensure the maximum
regeneration of the electrode performance. The results suggest that CIP
using 30 litres of 5% hydrochloric acid can successfully slow down the
overall performance deterioration although its effect on stabilizing the
MCDI performance will only last for a short period of time with more



Y. Zhu et al.

frequent CIP subsequently required. The frequent need for CIP will
greatly increase the maintenance cost, considering the unit is located at
aremote location where the access to technicians is limited and shipping
cost of chemicals is high. Moreover, frequent CIP may damage the IEMs
and affect their ion separation performance (Chheang et al., 2022; Mei
et al., 2018).

The other approach to restore electrode performance when the unit is
operated in CC-RCD-DPV mode involves temporarily pausing the
continuous operation. The effectiveness of this approach can be attrib-
uted to the presence of parallel resistance in the circuit, as demonstrated
in SI Figure S3, which allows the self-discharging of MCDI electrodes to
0 volt with time when the electrodes are idle without the application of
electric current to facilitate ion migration. As a result, the multivalent
ions trapped within the carbon electrodes progressively diffuse to the
spacer channel as the cell voltage decreases. Nevertheless, this inter-
mittent operation approach was found to predominantly enhance per-
formance of the first few MCDI cycles only following the restart of the
unit with Aty subsequently dropping by nearly 50% over the course of
each continuous operation as illustrated in SI Table S2. Therefore, we
have trialled a range of different unit idle times (Atgyyn, the time since
the continuous operation was paused) to examine how variations in
Atgown influence the recovery of Aty and to explore if the timing of
pausing and restarting the unit operation could be manipulated to make
the most of the short period of high At and electrode performance.
Whilst the result of the developed model was restricted to the exact
operating conditions employed (i.e., applied charging current of 49.3 A/
module and feed flowrate of 3.9 L/min/module), it still provided in-
sights into the trade-offs between Atgoyn, At and MCDI electrode
performance as demonstrated in SI Section S3. After validation using
coefficient of determination (R?) as reported in SI Figures S6 and S7, the
model was employed to predict the performance of unit operating in CC-
RCD-DPV mode with consideration given to two different operation
strategies: a one-off continuous operation after the pause (labelled “1 x
12 h” in Fig. 5a), and multiple pauses and operations of equal duration
over 24 h (labelled “8 x 1.5 h” in Fig. 5b). The cumulative At and
Atgown Were the same at 12 h per day for these two scenarios, but the
model showed varied performance results. Although a single pause of 12
hresulted in a better recovery of Atcyeo (At Of the first cycle after the
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restart of the unit operation), the rapid decline in At implied that
most of that one-off operation was spent in the worst-performing region;
if the unit was instead only paused for 1.5 h and then operated for 1.5 h,
albeit with lower recovery in At o compared with the former sce-
nario, the unit was spending more time at higher At such that the
overall performance in terms of productivity and water recovery was
superior. Fig. 5¢ and d show that this strategy of multiple pauses and
operations led to an increase in product volume of the MCDI unit by 0.56
m°®/day and a reduction in brine volume of the MCDI unit by 0.76 m%/
day, consequently elevating the water recovery by 6.2 % with fewer
MCDI cycles over 24 h. Fewer cycles also resulted in reduced wear on
solenoid valves and the processing pump. Although this operational
strategy could result in a considerable improvement in overall unit
performance without significant increase in the cost of maintenance of
the unit, it does not address the underlying issue of performance dete-
rioration stemming from the decline in At,y.

Operation in CC-RCD-DNV mode was trialled after 858.9 h of oper-
ation in CC-RCD-DPV following the third CIP. It can be clearly seen in
Fig. 6a that both At and At, could be maintained at over 700 s and
300 s, respectively, during the first continuous CC-RCD-DNV operation
on Day 500. Although the total operating hours of the CC-RCD-DNV
operation were longer than that of any CC-RCD-DPV operation period
between two CIP procedures as outlined in Table 1, At and At,
remained stable at around 520 and 200 s during the final continuous CC-
RCD-DNV operation on Day 562, respectively, when different feed
flowrates and charging currents were applied. When comparing the
MCDI performance metrics with time of one continuous operation,
productivity was consistently over 12 L/h/m? with a difference between
the maximum and the minimum productivity of 0.12 L/h/m? during the
first continuous CC-RCD-DNV operation; similarly, in the final contin-
uous operation, changes in productivity were minimal, with a difference
between the maximum and the minimum productivity of 0.11 L/h/m?,
which is considered within an acceptable margin of error instead of
performance deterioration. A relatively constant water recovery of be-
tween 70% and 80% was also achieved for different feed flowrates and
applied charging currents during these two operations as illustrated in
Fig. 6b. Although there was no substantial increase in the productivity of
each MCDI cycle in CC-RCD-DNV mode, the notable enhancement in
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Fig. 5. Predicted cycle time when operating the unit for 12 h a day when the applied charging current of 49.3 A/module and feed flowrate of 3.9 L/min/module a) in
a single run (labelled “1 x 12 h) or b) in multiple runs of 1.5-hour duration (labelled “8 x 1.5 h”) with the grey shadings indicating periods of operation, and the
relative performance of these two intermittent operational strategies in terms of c) total product and brine volume of the MCDI pilot unit and d) water recovery and
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operating duration (as shown in Table 3) and At stability (as shown
in Fig. 6a) suggest that the total daily product volume would experience
a significant increase as no additional pauses of continuous operation
were needed to promote electrode regeneration.

Considering the reoccurrence of the rapid decline in Aty shortly
after the CIP in CC-RCD-DPV operation, it can be inferred that the per-
formance deterioration during the initial stage of a continuous operation
is likely associated with the retention of dissolved ion species within the
electrode pores rather than CaSO4 or CaCO3 scale formation. While we
acknowledge that a gradual decrease in At and overall electrode
performance might be inevitable due to possible scale formation in the
long term (e.g., over a time span of several months) during continuous
treatment, operation in CC-RCD-DNV mode greatly reduces the risk of
ion build-up on the carbon electrode surfaces and enhances electrode
performance regeneration. Furthermore, the frequency of implementa-
tion of CIP procedures can be significantly reduced for operation in CC-
RCD-DNV mode, with no need for additional temporary pauses in unit
operation to recover system performance.

3.3. Removal of major inorganic ions

Comparative removal of major ionic species in real groundwater was
investigated during this long-term MCDI trial. In general, small-
multivalent ions are more favoured and have higher RE than large-
monovalent ions in MCDI if their molar concentration are the same
with this behaviour attributed to their differences in electrostatic
attraction and abilities to screen the surface charge of the electrodes
(Gamaethiralalage et al., 2021; Kim et al., 2019; Mossad and Zou, 2012;
Seo et al., 2010; van Limpt and van der Wal, 2014; Wang and Lin, 2019;
Xuetal., 2008). Herein, we examine (Ac) and RE of major inorganic ions
over the course of the field trial for different MCDI operational modes.
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For both CC-RCD-DPV and CC-RCD-DNV operations, the feedwater and
the product TDS concentration remained at approximately 1000 mg/L
and 470 mg/L, respectively. Variations in the concentration of inorganic
ions with time are illustrated in Figure S4 of the SI.

The ion composition of the feedwater and preferential removal of
different monovalent and divalent ions over the entire trial are provided
in Table 4. For mixed salt feed streams, RE is strongly related to two ion
properties: i) ionic charge and ii) hydrated ionic size. The RE for cations
was in the order of Ca®* > Mg?" > K* > Na* with an average p of 0.97,
0.78 and 0.70 for Mg?*/Ca*, K*/Ca?" and Na'/Ca®" respectively as
shown in Table 4. When comparing cations with the same charge, such
as Ca%* and Mg?* (or K* and Na™), their RE is primarily determined by
the hydrated ionic size. Hence, it is expected that removal of Ca®* and
K" will be more preferred, respectively, than Mg?* and Na*, due to their
smaller hydrated radii and hydration ratio. For the anion RE, SOF >>
NO®~ > CI” > F~ with an average p of 0.64, 0.60 and 0.52 for NO®>~/
SO%~, CI7/SO3~ and F~/SO3™ respectively. The significant difference in
the RE of SO3~ compared to that of monovalent anions can be explained
by the difference in ionic charge. In contrast to the results of this study,
SO% was less preferred than monovalent ions in the work by Hassan-
vand et al. (2018). This could potentially be caused by the narrow pore
size distribution (micropore radius ranging from 3.5 to 3.75 A) of their
carbon electrodes, which was comparable to the hydrated radius of SO~
(3.79 A), making SO~ more prone to ion sieving effects. Hence, in
addition to ion properties, the properties of the MCDI electrode and,
potentially, the ion exchange membranes can also influence the ion
selectivity. Several previous studies have already been conducted,
demonstrating the important role of carbon pore structure in ion
selectivity (Ceron et al., 2020; Hawks et al., 2019a).

Changes in (Ac) of different inorganic ions are influenced by both the
(cs) and RE of these ions. Despite exhibiting the lowest RE of the various
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Table 4
Properties of major inorganic ions (from Nightingale, 1959 and Vanysek, 1993) and removal performance over the trial.
Parameter Unit Cations Anions
Ca?* MgZ* K" Na* 503~ NO3 cl F~
Properties” Ionic Charge - 2 2 1 1 2 1 1 1
Hydrated Radius A 4.12 4.28 3.31 3.58 3.79 3.35 3.32 3.52
Tonic Radius A 0.99 0.65 1.33 0.95 2.90 2.64 1.81 1.36
Hydration Ratio - 4.16 6.58 2.49 3.77 1.31 1.27 1.83 2.59
Diffusion Coefficient (x m?/ 0.79 0.706 1.96 1.33 1.07 1.90 2.03 1.475
1079 s
(cf) mM 0.79 + 1.66 + 1.39 + 10.92 + 0.88 + 1.35+ 5.32 + 0.13 +
0.05 0.10 0.07 117 0.14 0.18 0.83 0.01
Ion Removal over the (Ac) mM 0.54 + 1.10 + 0.75 + 5.28 + 0.73 + 0.71 + 2.66 + 0.05 +
Trial” 0.07 0.14 0.13 0.96 0.12 0.20 0.72 0.01
Removal Efficiency, RE % 68.47 + 66.57 + 53.73 £ 48.00 + 82.00 + 52.38 + 49.05 + 42.63 +
6.34 8.38 9.16 7.24 6.98 10.72 10.45 5.64
Ton Selectivity, p)’ - - 0.97 + 0.78 &+ 0.70 &+ - 0.64 = 0.60 + 0.52 &+
0.07 0.12 0.11 0.12 0.11 0.06

 Ion concentration, removal efficiency, and ion selectivity are reported in the format of mean + standard deviation.
b Jon selectivity reported in this table is calculated by dividing the removal efficiency of the cation or the anion of interest by the removal efficiency of Ca®* or SO .
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Fig. 7. Removal of major inorganic ions during long-term CC-RCD-DPV and CC-RCD-DNV operations: average concentration reduction of a) cations and c) anions,
average removal efficiency of b) cations and d) anions with arrows indicating the variations after the implementation of CC-RCD-DNV operation, €) selectivity of
competing cations over Ca®>* and competing anions over SOZ, and f) illustration of ion adsorption when the desorption of divalent ions is either “insufficient” or
“sufficient” in the previous cycle (as is the case in CC-RCD-DPV mode compared to CC-RCD-DNV mode).
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cations, Na™ was the most adsorbed cation with a (Ac) of 5.28 + 0.96
mM as the (¢s) of Na* was much higher than that of other ions. The (Ac)
of other cations decreased in the order Mg?*> K* > Ca*, reducing from
1.10 4 0.14 mM to 0.54 + 0.07 mM, which is consistent with their order
in (cs). Similarly, CI™ was the most adsorbed anion with a (Ac) of 2.26 +
0.72 mM due to its higher (cf) compared with that of other anions.
Although the (c) of NO3 was higher than that of SO3~, more SOF~ was
adsorbed than NOzwith a (Ac) of 0.73 + 0.12 mM with this behaviour
attributed to the significantly higher RE of SOF .

We explored the impact of different electrode discharging strategies
on the selective removal of ions. Although the RE amongst different
competing ions in CC-RCD-DPV and CC-RCD-DNV modes followed the
same order of Ca?* > Mg?* > K™ > Na™ for the cations and SOF >>
NO®~ > CI™ > F~ for the anions, an obvious increase in RE of mono-
valent ions and a decrease in RE of divalent ions can be seen in Fig. 7b
and d. The average REs of Ca®* and Mg?" were reduced by 3.85% and
2.88%, whereas the average REs of K" and Na™ were enhanced by 3.41%
and 5.56%, respectively, in CC-RCD-DNV compared with CC-RCD-DPV.
As for the anions, a decrease of 3.53% in the average RE of SO~ was
observed in CC-RCD-DNV compared with CC-RCD-DPV while the
average RE of NO3, Cl™ and F~ increased by 4.17 %, 4.50 %, and 4.43 %,
respectively. Hence, a higher extent of monovalent ion removal was
achieved by implementing negative discharging in CC-RCD-DNV. As
illustrated in Fig. 7a and c, (Ac) of K", Na', NO3 and F~ increased by
0.07, 0.72, 0.08, 0.005 mM, respectively, on changing from positive to
negative voltage discharging while the extent of CI~ removal remained
almost unchanged. Varying levels of decrease in ion removal on
changing from positive to negative voltage discharging were observed
for divalent ions with the extent of change in Ca®*, Mg?*, and SOF~
removal ranging from 0.01 mM to 0.07 mM. As illustrated in Fig. 7e, a
small increase (~ 0.01) in the p of Mng’/Ca2+ was observed after the
implementation of CC-RCD-DNV mode with this similarity attributed to
the same ionic charge of these cations. Compared with CC-RCD-DPV,
although the RE of divalent ions was still higher than that of mono-
valent ions in CC-RCD-DNV mode, the p of monovalent cations over
Ca%" increased by 0.11 for K* and 0.13 for Na*. Similarly, the p of
monovalent anions, including NO3, CI”, and F~ over SO3~, increased by
0.08 ~ 0.09. This enhanced monovalent ion selectivity over divalent ion
selectivity in CC-RCD-DNV operations aligned with our expectation that
divalent ions would be desorbed more effectively and retained less
within the electrodes. The differences in ion selectivity between CC-
RCD-DPV and CC-RCD-DNV operations might also be explained by an
“ion-swapping” effect. Hou and Huang (2013), Zhao et al. (2012b), and
Hassanvand et al. (2018) reported that divalent ions (typically Ca®")
gradually replace the adsorbed monovalent cations in a mixed ion so-
lution over time due to the stronger interaction between divalent ions
and the electrode surface. As indicated in Fig. 7f, if the divalent ions
remain within the electrode pores instead of being completely desorbed
during the electrode discharging (or ion desorption) stage during
continuous CC-RCD-DPV operation, the “ion-swapping” effect might be
more significant than is the case for CC-RCD-DNV operation, thereby
contributing to a decrease in the RE of divalent ions. It can be also
inferred by the ion selectivity results that the accumulation of divalent
ions most likely occurred at the electrode pores instead of at the IEMs
and the spacer channel during CC-RCD-DPV operation. Negative dis-
charging in CC-RCD-DNV reverses the electrode polarity, resulting in a
stronger electrostatic attraction experienced by the ions remaining at
the electrode region, which helps prevent the early occurrence of the
possible “ion-swapping” effect and resolves the issue of insufficient ion
desorption, particularly for divalent ions, during the positive discharg-
ing stage of CC-RCD operation.
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3.4. Energy and economic efficiency for brackish groundwater
desalination in remote locations: MCDI versus BWRO and EDR

This section presents the comparative analysis results of energy
consumption and LCOW of different water treatment technologies,
including MCDI, simulated BWRO and EDR, in treating groundwater for
the purpose of potable water supply in remote locations. Based on the
feedwater composition, the required daily capacity, the final product
TDS and the achievable maximum water recovery without the risk of
significant membrane fouling, two BWRO systems of different capacities
(as provided in SI Section S4) were simulated by using Dupont’s Water
Application Value Engine (WAVE™) design software. Acid dosing for pH
adjustment and antiscalant dosing were included in the pre-treatment
step of the system. In the post-treatment step, blending the feed
brackish groundwater with the BWRO permeates was considered for
water remineralization as adopted in other studies (Al-Obaidi et al.,
2023; Duranceau, 2009; Pearson et al., 2021). Additionally, bleach
dosing was considered after the blending step for water disinfection.

The average energy consumption to reduce the feed TDS from over
1000 mg/L to 500 mg/L using the pilot-scale MCDI unit (of a capacity of
20 m®/day) was 0.55 kWh/m® for operation in CC-RCD-DPV mode and
0.66 kWh/m? for operation in CC-RCD-DNV mode. The additional en-
ergy consumption in CC-RCD-DNV mode is attributed to the increase in
electrode energy consumption during the negative discharging stage. In
contrast, the simulated BWRO system with a similar daily production
capacity and a water recovery of 60% required significantly higher en-
ergy consumption of around 2.37 kWh/m? to achieve a similar extent of
TDS reduction. This finding is consistent with the conclusion drawn
from studies by Zhao et al. (2013) that the energy consumption of the
RO system is expected to be more than double that of the MCDI system
when reducing the feed TDS from approximately 1000 to 500 mg/L. This
is because the energy is used to drive the movement of ions in MCDI
instead of water as is the case in BWRO, rendering BWRO less energy
efficient in desalinating water with a salinity of below 2000 mg/L TDS.
Moreover, a portion of the energy used in removing ions from solution
during the charging stage in MCDI operation is stored in the electrodes
and can be recovered during the positive voltage discharging stage
(Dtugotecki and van der Wal, 2013; Tan et al., 2020). However,
considering the additional life cycle cost and the relatively small resid-
ual energy that can be regained from the small volume of brine, energy
recovery systems are not universally installed in BWRO systems, espe-
cially in small-scale systems like the ones simulated in this study (Pan
et al., 2020; Xu et al., 2022).

By scaling up the MCDI system to a capacity of 1000 m3/day (similar
to the capacity of the parallel EDR unit), the energy consumption of
processing pumps and ancillary components were expected to reduce by
around 0.07 kWh/m? and more than 0.05 kWh/m? in both CC-RCD-DPV
and CC-RCD-DNV modes, thereby leading to a total energy consumption
of 0.40 kWh/m? in CC-RCD-DPV mode and 0.53 kWh/m? in CC-RCD-
DNV mode. The total energy consumption of the simulated 1000 m®3/
day BWRO system was also expected to decrease to 0.83 kWh/m®.
Overall, the total system energy consumption of various water treatment
systems with a capacity of 1000 m®/day follows the order of MCDI (CC-
RCD-DPV) (0.40 kWh/m%) < MCDI (CC-RCD-DNV) (0.53 kWh/m?) <
EDR (0.67 kWh/mB) < BWRO (0.83 kWh/m3) with further information
provided in SI Table S7.

Table 5 and Table 6 summarize the economic assessment results of
the water treatment systems of interest for two different daily produc-
tion capacities. The field trial has demonstrated that the MCDI both
operating in CC-RCD-DPV and CC-RCD-DNV modes required lower
maintenance demands, especially in chemical consumption, than EDR
and the simulated BWRO systems. Based on our simulation results, it
appears that Cgenerqt 0sm (the O&M costs relating to energy and chemical
consumptions) of the MCDI unit was approximately 1/10 of that of the
BWRO systems for both 20 m3/day and 1000 m®/day systems, and
approximately half of that of the 1000 m>/day EDR system. This
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Table 5
Summary of economic assessment on 20 m®/day MCDI and BWRO systems.
MCDI Simulated
(Trial Unit) BWRO
System 1
CC- CC-
RCD- RCD-
DPV DNV
Production (m3/day) 20
Feed TDS (mg/L) 1025.1 + 52.9
Product TDS (mg/L) 571.0 498.1 500
+76.9 + 60.6
Water Recovery (%) 60 ~ 90 60 ~ 90 60
Capital Major Components (AU$/year)” 5,009 5,009 2,551
Costs, Other Components (AU$/year)” 684 684 432
Ceapital Subtotal (AU$/year) 5,693 5,693 2,983
O&M General Energy Cost (AU 1,634 1,961 7,042
Costs, o&M” $/year)
Cosm Acid Cost (AU 698 96 11,006
$/year)"
Bleach Cost (AU 45 45 45
$/year)
Antiscalant Cost - - 251
(AU$/year)
Water Cost for - - 780
Pure Water
Cleaning (AU
$/year)
Cyenerat osm (AU 2,377 2,101 19,123
$/year)
Labour Essential Services 2,756 2,756 2,756
and Operator (AU
Travel” $/year)
Technicians (AU 34,344 17,172 68,688
$/year)
Travel and 7,200 3,600 14,400
Chemical
Transportation
(AU$/year)
Clrabour & Travel (AU 44,300 23,528 85,844
$/year)
Subtotal (AU$/year) 46,677 25,629 104,967
Ceapicat + Cosnr (AU$/year) 52,370 31,322 107,949
LCOW (AU$/m>) 7.174 4.291 14.788

@ Major components include RO elements and RO pressure vessels, MCDI
modules and EDR stacks. Other components include process pumps, chemical
dosing pumps and MCDI batteries. Further information is provided in SI Section
S5a.

b Cost evaluation on general O&M and labour and travel was based on the
information outlined in Section S5 of the SI.

¢ Energy consumption of specific components of MCDI systems in two oper-
ational modes and the simulated BWRO system can be found in Table S4 of the
SI.

4 Acid consumption of the MCDI system is the actual consumption observed
over the trial, whereas the acid consumption of the simulated BWRO system is
calculated based on WAVE™’s simulation results.

significant differences in Cgenerat 0&m between the BWRO and MCDI
systems are prominently caused by the substantial consumption of hy-
drochloric acid for pH adjustment at the pre-treatment step of the BWRO
systems, which is commonly employed to prevent scale formation. MCDI
also showed outstandingly 10w Cigpour & Traver (the cost of labour and
relating travel for system maintenance) compared with the simulated
BWRO and EDR systems as less frequent CIP is required. Note that the
assumptions used in SI Table S8 to estimate Cpapour & Travel are of partic-
ular relevance in this specific trial location. Additionally, MCDI elec-
trode charging and discharging are fixed within a range of low DC
voltages, making it amenable to operation using photovoltaic energy in
remote areas with no grid connection, which might further reduce the
O&M costs of MCDI systems (Bales et al., 2023; Tan et al., 2018).
Although MCDI systems requires a higher C.qq attributed to the
remarkable differences in unit prices of major components, i.e., MCDI
modules, BWRO elements and pressure vessels, and EDR stacks, the
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LCOW of the MCDI was still estimated to be lower than BWRO and EDR
systems for this brackish groundwater desalination application in
remote locations. It was found that the LCOW of the MCDI pilot unit
dropped from AU$7.174/m® to AU$4.291/m® by implementing the CC-
RCD-DNV mode. In contrast, the LCOW of the simulated BWRO system 1
with a capacity of 20 m®/day was projected to be AU$14.788/m>. The
LCOW of different water treatment systems with a capacity of 1000 m3/
day follows the order of MCDI (CC-RCD-DNV) (AU$1.059/m%) < MCDI
(CC-RCD-DPV) (AU$1.146/m%) < EDR (AU$1.335/m®) < BWRO (AU
$2.307/m>).

3.5. Implications for future scaled-up MCDI applications: water-energy
trade-offs

As discussed, the insufficient desorption of ions in CC operation has
been effectively addressed by discharging the electrodes to a negative
cell cut-off voltage. Although operation in CC-RCD-DNV mode stabilizes
the performance and minimizes the scaling risk compared to alternate
MCDI operational modes, it will result in an increase in system energy
consumption by more than 0.10 kWh/m? if the electrodes are dis-
charged to —1 volt in every MCDI cycle, as suggested by our trial results.
The MCDI pilot unit described here was powered by the grid as water
productivity and water recovery were of higher priority than energy
efficiency in this field trial. However, the increase in energy consump-
tion resulting from application of negative voltage discharging could
potentially pose a challenge for MCDI use in off-grid locations. Addi-
tionally, given that the proportion of divalent ions to monovalent ions in
feedwaters is likely to vary depending on the particular location and/or
water treatment application, performance deterioration arising from
insufficient desorption of divalent ions could be less severe in some in-
stances. Alternating CC-RCD-DNV operation and CC-RCD-DPV opera-
tion or other O&M approaches would consequently be more preferred in
particular scenarios. As envisaged in Section S6 of the SI, the following
trade-offs amongst different MCDI performance metrics would be of
interest to investigate in future work, and can be leveraged based on
different MCDI applications to foster the upscaling of the MCDI tech-
nology: a) trade-offs amongst energy efficiency, water efficiency and
product quality ascribed to changes in operating parameters such as feed
flowrate and applied current, b) a trade-off between energy efficiency
and water efficiency attributed to different MCDI operational modes,
and c¢) a trade-off between maintenance costs and operating costs
resulting from varying frequencies of CIP and electrode discharging
strategies.

4. Conclusions

A long-term MCDI trial study was conducted at a small community in
the Northern Territory of Australia in order to explore the feasibility of
applying this technology to production of potable water meeting
Australian Drinking Water Guidelines from groundwaters with high TDS
concentration in remote locations. It has been demonstrated that the 8-
electrode MCDI system can consistently reduce the salt concentration to
the required palatable level of around 550 + 80 mg/L TDS with a
relatively high water recovery of 71.6 + 8.7 %. However, rapid per-
formance deterioration caused by the insufficient desorption of multi-
valent ions during the electrode discharging stage was observed during
the continuous CC-RCD-DPV operation.

We found that both CIP and a modified operating procedure
involving temporarily pausing the continuous operation could alleviate
the performance deterioration during the CC-RCD-DPV operation;
however, these procedures could not fundamentally counteract the
detrimental effect of declines in At on MCDI cycle performance. To
address this issue, operation in CC-RCD-DNV mode in which the elec-
trode discharging was terminated at a negative cell cut-off voltage was
adopted to enhance the stability of long-term MCDI operation. Although
the productivity and water recovery of the MCDI cycle during the CC-
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Table 6
Summary of economic assessment on 1000 m*/day MCDI, BWRO and EDR systems.
MCDI Simulated BWRO system 2 EDR
(Scaled-up System)
CC-RCD-DPV CC-RCD-
DNV
Production (m®/day) 1000
Feed TDS (mg/L) 1025.1 + 52.9
Product TDS (mg/L) 571.0 + 76.9 498.1 + 60.6 500 262.9 + 49.5
Water Recovery (%) 60 ~ 90 60 ~ 90 60 >87
Capital Costs, Ceapital Major Components (AU$/year)” 250,456 250,456 29,917 207,077
Other Components (AU$/year)” 26,806 26,806 2994 358
Subtotal (AU$/year) 277,262 277,262 32,912 207,435
O&M Cost, Cosm General O&M" Energy Cost (AU$/year)“ 59,422 78,734 123,301 99,532
Acid Cost (AU$/year)d 34,887 4,781 545,693 62,021
Bleach Cost (AU$/year) 2,243 2,243 2,243 2,243
Antiscalant Cost (AU$/year) - - 12,481 -
Water Cost for Pure Water Cleaning (AU$/year) - - 39,615 -
Cyeneral oam (AUS$/year) 96,551 85,757 723,332 163,795
Labour and Travel” Essential Services Operator (AU$/year) 2,756 2,756 2,756 13,780
Technicians (AU$/year) 34,344 17,172 68,688 91,584
Travel and Chemical Transportation (AU:’E/year)d 7,200 3,600 14,400 10,800
Clabour & Travel (AU$/year) 44,300 23,528 85,844 116,164
Subtotal (AU$/year) 140,851 109,286 809,176 279,959
Ceqpital + Cosm (AUS$/year) 418,113 386,548 842,088 487,394
LCOW (AU$/m>) 1.146 1.059 2.307 1.335

@ Major components include RO elements and RO pressure vessels, MCDI modules and EDR stacks. Other components include process pumps, chemical dosing pumps

and MCDI batteries. Further information is provided in SI Section S5a.

b Cost evaluation on general O&M and labour and travel was based on the information outlined in Section S5 of the SI.

¢ Energy consumption of specific components of MCDI systems in two operational modes and the simulated BWRO system can be found in Table S4 of the SI.

4 Acid consumption of the MCDI system is the actual consumption observed over the trial, whereas the acid consumption of the simulated BWRO system is calculated
based on WAVE™’s simulation results. Considering the significant larger amount of acid required for the simulated BWRO system 2 compared with other systems (as
listed in SI Table $8), specific tank trailers could be needed to transport the acid, which will result in an additional AU$0.037/m? onto the current LCOW estimation.

RCD-DNV operation were similar to those obtained during the CC-RCD-
DPV operation, the ability to operate at a higher applied current led to
an increase in the average TDS reduction by more than 60 mg/L.
Additionally (and critically), the daily operating duration increased by
approximately 8 h/day in CC-RCD-DNV, consequently resulting in a
substantial increase in productivity of the unit.

The removal of major inorganic ions under the two CC operational
modes was also examined over the long-term field trial. In terms of
removal efficiency and ion selectivity, cations followed the order Ca®* >
MgZ* > K* > Na' while anions followed the order SO >> NO3 > CI~
> F~, which is consistent with the results reported by other researchers
that removal of small-multivalent ions is favoured over large-
monovalent ions as a result of the differences in ionic charge and hy-
drated ion size. Additionally, an increase in selectivity of monovalent
ions over divalent ions was observed on operating the MCDI unit in CC-
RCD-DNV mode.

Lastly, energy and economic efficiency for brackish groundwater
desalination in remote locations, where energy and maintenance re-
sources are typically limited, was investigated in this study. The energy
consumption of the MCDI pilot unit was 0.55 kWh/m® when operated in
CC-RCD-DPV mode and 0.66 kWh/m® when operated in CC-RCD-DNV
mode with these values significantly lower than that of a simulated
BWRO system with the same production capacity of 20 m>/day. By
scaling up the MCDI system to a capacity of 1000 m>/day, energy con-
sumption is projected to decrease to 0.40 kWh/m? and 0.53 kWh/m? for
CC-RCD-DPV and CC-RCD-DNV modes, respectively, which is compa-
rable to the energy consumption of the EDR system (0.67 kWh/m>) and
the simulated BWRO system (0.83 kWh/m?) with similar production
capacities. Importantly, the LCOW of the scaled-up MCDI system (AU
$1.146/m> for CC-RCD-DPV and AU$1.059/m? for CC-RCD-DNV modes
respectively) is anticipated to be the lowest amongst all three water
treatment technologies due particularly to the relatively simple main-
tenance and pre-treatment requirements of the MCDI units. The LCOW
could be further reduced by integrating photovoltaic power supply and a
more advanced energy recovery system with the MCDI system. In
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summary, we conclude that MCDI is a water and cost-efficient means of
desalinating brackish waters in small communities with flexibility in
performance as a result of the range of different operating parameters
and operational modes available. Investigations of trade-offs between
the various MCDI performance metrics are required to further promote
the upscaling of this promising water treatment technology.
Supplementary material is included and contains photographs of the
pilot unit, details of optional operational modes, detailed MCDI per-
formance data during operation in different operational modes, corre-
lations between MCDI performance metrics and cycle time, details of
simulated brackish water reverse osmosis (BWRO) systems, details of
comparative energy and economic evaluation for MCDI, EDR and BWRO
systems, preliminary results of trade-offs amongst different MCDI per-
formance metrics, and two supplementary WAVE™ simulation reports.
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