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Sea water intrusion causes fresh water shortage on small islands, and desalination systems are needed to desalt
the salinated water (brackish water) and produce fresh water. Unfortunately conventional desalination technol-
ogies can only work properly with stable external power inputs, which are usually not accessible in these rural
areas. In this study we propose an integrated self-desalination stack that consists of alternate anion and cation

ion exchange membranes and couples the technologies of reverse electrodialysis and electrodialysis. The salinity
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small islands.

gradient energy between sea water and brackish water is harvested to demineralize another portion of brackish
water directly in the same stack. The overall process is spontaneous and energy self-sufficient with minimum
peripheral devices, and it is promising to provide fresh water supply especially for these rural residents on

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Potable fresh water (FW) is of vital importance for residents on small
islands. There are about 1000 populated small islands in Pacific Ocean,
and many islanders especially in rural areas are facing the challenge of
FW shortage [1-3]. Groundwater is the main source of FW on many of
these islands, which exists in the form of FW lenses, namely thin
veneers of FW overlying sea water (SW) in highly permeated aquifers

* Corresponding author.
E-mail address: weiming@iccas.ac.cn (W.-M. Zhang).

http://dx.doi.org/10.1016/j.desal.2014.12.010
0011-9164/© 2014 Elsevier B.V. All rights reserved.

[1]. These lenses are very limited and vulnerable because of the mixing
and intrusion of SW [1-6]. The boundary between FW and SW is not
sharp, and it occurs as a wide transition zone, where the salinity
increases as the depth increases. The water in this transition zone is
classified as brackish water (BW) [7].

It's widely believed that the first refugees of climate change will
come from these islands [2]. The rising seawater levels and abnormal
rainfall patterns will further ruin the FW lenses by SW intrusion [1,3].
The maximum salinity of FW is 400-500 mg/L NaCl according to the
drinking water guidelines from World Health Organization (WHO) [8].
When salinity exceeds 500 mg/L NaCl, the water will be not drinkable,
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and FW shortage happens. Desalination technologies are the key to
resolve this issue [9-11]. Currently available processes such as
multi-stage flash (MSF) distillation, multiple-effect distillation (MED),
vapor compression (VC) distillation, reverse osmosis (RO) and electro-
dialysis (ED) are well proven approaches to obtain FW from the SW or
BW. Unfortunately the above desalination processes rely on stable
power or heat source and economically effective only in large scale
plants, while the majority of islanders (~80% in the 14 Pacific Island
Countries) are living in rural areas [3] where the power grid is not
available. Furthermore, there is no water distribution system in theses
areas, so distributed desalination systems are supposed to be close to
the end-point household users. Desalination systems integrated with
renewable energy technologies such as geothermal, solar or wind
[12-14] are more suitable for these islanders, while the energy conver-
sions in these systems are complex and costly. Electricity (as electronic
current) must be obtained first and then used for the desalination later,
and extra energy storage systems are usually needed to get stable
electrical power [15].

According to the local geohydrology conditions, salinity gradient
power is a reliable candidate of renewable energy source on these
islands [16,17]. SW and BW are always available there, and they mix
all the time underground. Reverse electrodialysis (RED) is able to
capture this salinity gradient energy as electricity [16,18-23], and
theoretically it may provide the energy to meet the needs on these
islands. However, RED is not an economic power generator at present
because of the limited net power density, and further developments
are needed [16,24,25]. Here in this study, we propose a novel architec-
ture of energy self-sufficient desalination stack, in which RED and ED
parts are coupled in single module. The ionic current generated in RED
portion is the very driving force for ED desalination process, which is
able to drive desalination directly and seamlessly within the stack,
without any conversion. When compared with other desalination
systems integrated with renewable energy technologies, the energy
conversion practices reduce remarkably in this integrated stack. The
produced FW has much more value than the small amount of energy
which can be produced by current RED system alone on these small
islands. In contrast with previous works based on the combination of
RED and ED [26-30], the stack design in this work is much more
applicable on these small islands. The integrated stack here ensures
very low hydraulic pumping losses. Only after manually elevating
10 cm to help the feed water flow through the stack naturally, the FW
will be produced constantly without any other external energy input.
This feature is especially valuable for approaching the final energy
self-sufficient goal, because it has the potential to get rid of all energized
pumps in the whole system. The self-desalination stack in this study is
promising to fill the gap for desalination need in these areas, which is
helpful to relieve the FW shortage there.

2. Materials and methods

Fig. 1 presents a design of the self-desalination stack in our lab. There
are four independent flow channels (CH1-4, also shown in Fig. S1A) in
the integrated stack regulated by special designed spacers and
membranes. The energy from salinity difference between BW (CH1)
and SW (CH2) is harvested as ionic current in RED cell pairs, which is
utilized for BW desalting in ED cell pairs to get FW (CH4) directly. The
salinity gradient drives the ion migration needed for desalination in
the stack, because the RED and ED subsystems are ionically connected.
The electrodes and the short-circuit cable provide a closed loop for the
current in the stack. The overall process is spontaneous and no external
energy is needed.

Three different ion exchange membranes were used in this work,
which were DF-120 anion exchange membranes (AEMs), DF-120 cation
exchange membranes (CEMs) and Selemion CMD CEMs. The Selemion
CMD CEMs were purchased from Asahi Glass Engineering Co., Ltd.
Japan, and other membranes were purchased from Shandong Tianwei

Membrane Technology Co., Ltd. China. The main parameters of these
membranes are listed in Table S1 in supplementary materials.

The spacers in this study were designed and manufactured in our
lab, which had been described in our previous works [31,32]. This
kind of spacer has a dimension of 260 mm (length) x 130 mm
(width) x 0.9 mm (thickness). The spacer consists of polyethylene
(PE) sheet and polypropylene (PP) turbulence accelerating mesh net,
with tortuous flow path geometry of 33 mm (width) x 567 mm
(length), i.e. 187 cm? of effective area. The total flow rates (mL/min)
and the flow velocities (cm/s) in stack can be readily converted from
geometry of the flow paths. The PP mesh net has a porosity of 72%,
and projected shadow effective area of the spacer is 135 cm?. The
specially designed pattern of the spacer enables 4 different flow
channels at most, which is shown in Fig. S1.

RED and ED stacks with 2-compartment configurations, and
integrated RED-ED stack with 4-compartment configuration, are
assembled (shown in Fig. 1) independently. In this study, electrode
membranes (CEMs near the electrodes) are Selemion CMD CEMs, and
all other membranes are DF-120 CEMs and AEMs respectively. Heavy
Selemion CMD CEMs are positioned adjacent to the electrodes, and
they completely separate the electrode rinse from other feed streams
to avoid potential contaminations. In addition, these heavy CEMs are
durable for chemical contaminations, which is essential for the mem-
brane adjacent to an electrode compartment [32]. The well designed
components of the stack ensure good performance and no leakage.

Dimension stable electrodes (DSEs, from Suzhou Borui Industrial
Material Science & Technology Co., Ltd. China, titanium electrodes
with RuO,-IrO, coatings) were used as electrodes in all stack designs
in this study. Two different solutions were evaluated as electrode
electrolytes. The first is 0.50 mol/L NaCl solution, and the other is
mixture of 0.05 mol/L NasjFe(CN)g (sodium ferrocyanide), 0.05 mol/L
KsFe(CN)g (potassium ferricyanide) and 0.25 mol/L NaCl [22,33]. All
chemicals were of AR grade and purchased from Sinopharm Chemical
Reagent Co., Ltd., China. The NasFe(CN)g and K3zFe(CN)g used here are
completely nontoxic, and the health hazard ratings are the same as
NaCl (rating 1 in NFPA 704). A miniature cell (shown in Fig. S2A) was
built to evaluate the voltage loss in real stack. The key parameters,
including electrode materials, heavy CEM, electrode rinse flow velocity
and spacer thickness, are identical with real stacks. We applied constant
current mode and recorded the voltage between electrodes.

Electrical conductivity distributions of the groundwater indicate the
degree of SW intrusion on small islands. The salinities of the groundwa-
ter in many areas are as high as 1000 mg/L NaCl (1990 pS/cm, see
Fig. S3) even on wide islands such as Tongatapu [1], which makes the
water significantly unpalatable. The situations on smaller islands are
worse and many of them are uninhabited. To evaluate the performance
of the above integrated RED-ED stack, we used 1000 mg/L NaCl solution
as BW and 30,000 mg/L NaCl solution as SW feed streams in all
experiments.

A Keithley 2400 source measure unit (SMU) was used in this study.
With the ability of 4-quadrant operation, it was used here as a power
source (for ED testing) as well as a sink (electronic load, for RED
testing). 4-Wire configurations were involved in all tests to eliminate
voltage loss in wires. A home-made console program was designed on
a host computer to fully control the SMU via RS232 interface, which
was similar to our previous works [34]. LEAD-2 (4 channels, 0-420
mL/min each) and BT-100 (2 channels, 0-48 mL/min each) metering
pumps were used in this study, which were purchased from Baoding
Longer Precision Pump Co., Ltd., China. The pumps were controlled by
our home-made console program via digital TTL and 0-5 V analog
signals. The concentrations of NaCl solutions are calculated from their
conductivities according to the calibration curve shown in Fig. S3 in
this work.

The change in Gibbs free energy of mixing is chosen to describe the
energetics in both mixing and desalting processes. For NaCl solutions
with relatively low concentrations, the maximum energy obtained by
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Fig. 1. Scheme of the integrated RED-ED stack (A), detailed ionic flow in RED (B) and ED (C) cell pairs. SW and BW flow through the stack with alternative cation exchange membranes
(CEMs) and anion exchange membranes (AEMs). RED cell pairs work as a power generator and ED cell pairs work as a power consumer in series. The ionic current converts to electronic

current on electrode surfaces, providing a closed loop for the current.

mixing BW and SW and the minimum energy required for desalting BW
can both be calculated readily by the following formula: [35]

AG,,;
2R"¥X = Z VoutCour I (yi‘outcout) —Z VinCin In ('y i,incin> M

where AG; is the change in Gibbs free energy of mixing, R
is the gas constant, and T is the temperature. V, ¢ and <y are the
volume, molar concentration, and the average activity coefficient
of a specific NaCl stream, respectively. The subscripts out and in
represent the outlet and inlet streams for a specific process,
respectively.

3. Results and discussion
3.1. Optimization of integrated RED-ED stack

The experimental data of the voltage consumptions on electrodes
are plotted in Fig. S2B. The voltage loss in hexacyanoferrate solution is
much lower than that in NaCl solution. The total voltage consumption
is only ~40 mV at current density of 1 mA/cm? in hexacyanoferrate
solution with CEMs, so hexacyanoferrate solutions were chosen
as electrode rinses in all experiments to minimize the voltage
consumption.

Generally speaking, there is considerable hydraulic loss in the
flow channel of the stack. A digital differential pressure meter
(DMP-2C, 0 to 4 10 kPa range, from Nanjing Nanda Wanhe Science
and Technology Co., Ltd. China) was employed to monitor the pres-
sure drops of the stack at various flow velocities, and the experimen-
tal data are plotted in Fig. 2A. The pressure drops in our stack are

much less than other designs [33], which benefits from thicker
spacers. Thin flow spacers (such as 0.2-0.4 mm) do reduce overall
electric resistance of the stack (2.93 Q with 0.9 mm spacer and
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Fig. 2. (A) Water pressure drops at different flow velocities in the stack. (B) Osmotic water
transport in the RED stack. The flow ratio here is defined as quotient of outlet flow rate of
SW and BW. Data presented here are average of 4 independent runs.
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0.98 O with 0.2 mm for 10 cell-pair RED stack), while the pressure
drop will increase dramatically. The pressure drop is less than
4000 Pa (0.4 m water head loss) at 2 cm/s (356 mL/min for each
stream in 10 cell-pair stack) flow velocity in our stack, which is just
one-twelfth of that in previous works [33] with similar flow channel
length. The low hydraulic loss is very helpful for the elimination of
pumps in this work.

Tianwei DF-120 CEMs and AEMs were used in this study because of
their low electric resistance. High water uptake and small thickness of
these membranes are helpful to reduce the electric resistance, while
the water permeation significantly increases. Water permeation across
the membranes, also known as cross leakage, will cause contamination
and performance degradation of the stack. The manufacturer of DF-120
membranes had not given the parameter on water permeation, so an
experimental setup (shown in Fig. S4) was built to evaluate it. The
average permeability of water is 15.2 & 0.5 cm-h™'-bar™!; this value
is relatively high and may be worsened by leakage near the manifolds
(the holes on the spacers and membranes). Special experiment
considerations were involved to minimize the cross leakage in this
study, including co-current flows, identical flow velocities and identical
absolute pressure at the outlets.

A RED stack was assembled individually (composed of 10 RED cell
pairs but no ED cell pair, as shown in Fig. 1) to better understand the
output characteristics of the power generator part of the integrated
stack. When BW and SW flow through the RED stack, water transfers
across the membrane from BW channels (CH1) to SW channels (CH2).
This phenomenon is caused by osmosis. The osmotic water transport
at different flow velocities in the stack is shown in Fig. 2B. The flow
ratio here is defined as the quotient of outlet flow rate of SW and BW.
Since the concentration differences in the RED stack are basically
constant, the osmotic water transport is more significant at low flow
velocities for a longer contact time. A Keithley 2400 SMU was employed
as programmable power sink. The flow velocity in stack was controlled
by the metering pump; meanwhile the discharging current of the RED
stack was modulated and corresponding stack voltage was recorded.
Short-circuit current of the stack was also recorded. All above
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Fig. 3. Typical RED experimental data at flow velocity of 0.236 cm/s. (A) Discharge current
of the RED stack; (B) corresponding stack voltage output; (C) corresponding conductivity
profiles of the outlets. The RED stack was flushed with the feed streams at a high velocity
(~2.36 cm/s) for 1 min before the test, which caused the high stack voltage as well as the
rapid variations of the outlet conductivities at the initial stage.

operations were accomplished automatically by a home-made comput-
er program. A typical RED experimental data are plotted in Fig. 3. The
output voltage of the stack drops as the discharge current increases.
The salinity in BW channel (CH1 in Fig. 1) increases in open-circuit
mode, which indicates the existence of cross leakage. The BW salinity
further increases as the discharge current goes up, which accords well
with the ionic flow in Fig. 1B. The electrical characteristics of the RED
stack at various discharge current densities as well as at different flow
velocities were also evaluated automatically, and the results are
presented in Fig. 4. Since higher salinity gradient would be retained at
high flow velocity in stack, it's favored for higher stack voltage and
power output. 130 mW net power output is achieved in our 10
cell-pair RED stack, namely 0.695 W/m?, which is comparable with
state-of-art works [33].

An ED stack was also assembled (composed of 10 ED cell pairs but no
RED cell pair in Fig. 1) to evaluate power consumption characteristics of
the ED cell pairs. Both of the dilute and concentrate streams were BW
(NaCl 1000 mg/L). Since the concentration difference is quite small,
the osmotic water transport is negligible. Mixture of NasFe(CN)g,
K3Fe(CN)g and NaCl was also chosen as electrode rinse. Because the
voltage consumption for electrode reaction is quite small (~0.04 V for
1 mA/cm?, i.e. 187 mA for the stack, shown in Fig. S2B), it is reasonable
to neglect this voltage consumption in our 10 cell-pair ED stack. The
steady-state stack currents and salinities of the desalinated product
water at different flow velocities are recorded in Table 1. The current ef-
ficiencies can be calculated readily by these results, which are 90-95%
for all tests. BW as a concentrate stream here is very helpful to maintain
the high efficiencies, because the total amount of NaCl migration for
cross leakage will be much less than SW as concentrate stream.

The configurations of the integrated stack as well as the operation
parameters such as flow velocity are optimized to achieve the best
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Fig. 4. Electric output characteristics of the 10 cell-pair RED stack. The fitted results of the
experimental data are plotted with dashed curves. (A) Stack voltage output vs. discharge
current density profiles at different feed velocities; (B) stack net power density output vs.
discharge current density profiles. The current density is calculated from 187 cm? effective
area. The power density output is normalized by total effective area of membrane pairs.
Data presented here are average of 4 independent runs, and the error bars indicate the
standard deviations.
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Table 1

Performance evaluation results of ED stack at different feed flow velocities as well as dif-
ferent electric field strength. The current data were recorded by a SMU and the TDS data
were calculated by the corresponding conductivities.

ED stack current (mA) Flow velocity in stack (cm/s)

ED product TDS (mg/L) 0.236 0354 0471 0589 0.707 0.825 0.943

Voltage drop -010 -59 -—-71 —-79 -84 —86 —88 —90
(V/cell pair) 498 603 677 736 784 810 832
=015 —-77 —-97 —111 —120 —126 —130 —133

319 440 529 609 672 715 746

—-020 -8 —115 —137 —152 —161 —167 —173

236 324 414 498 572 624 661

—025 —88 —125 —155 —178 —192 —200 -—209

210 257 324 403 482 545 587

—-025 —90 —129 —166 —197 —217 —229 -—241

199 230 272 335 408 471 519

—-035 —92 —132 —172 —-209 -—236 —252 —268

189 220 251 288 345 414 461

—040 —93 —143 —175 —217 —251 —265 —292

184 210 236 262 304 382 414

overall system performance, which is based on the evaluation results of
the above RED and ED stacks. There are two basic key rules during the
optimization. First, total dissolved solids (TDSs) of the produced FW
must be below the threshold of WHO drinking water guidelines,
which is 450 mg/L NaCl. Second, the overall cost of the produced FW
should be minimized. According to the fitting results of RED voltage
outputs in Fig. 4A and the ED evaluation results in Table 1, optimization
can be accomplished, and the detailed procedure is attached as
Worksheet S1. The results indicate that the best electric field strength
is 0.20 V per cell pair in ED stack, and the optimized flow velocity is
0.471 cm/s. The corresponding stack current is 137 mA (i.e.
0.73 mA/cm?), and the produced FW is 414 mg/L NaCl (0.85 mS/cm).
To achieve such electric field strength and current density, it takes 2.6
RED cell pairs to drive 1 ED cell pair.

3.2. Lab test of integrated RED-ED stack

An integrated RED-ED stack with 11 RED cell pairs and 4 ED cell pairs
(2.75:1) was assembled according to the above optimization results. A
SMU and a cable were used to open and short the stack. The perfor-
mance evaluation results of the integrated stack are presented in
Fig. 5. The open-circuit voltage is 1.30 V and the short-circuit current
is —153 mA (0.82 mA/cm?, shown in Fig. 5A), which accords well
with our modeling. When the stack is an open circuit, the conductivity

of ED product (CH4 outlet) is 1.99 mS/cm (1000 mg/L, same as feed
BW, shown in Fig. 5B), indicating that there is no obvious salt leakage
into this stream. Meanwhile the conductivity of ED concentrate (CH3
outlet) is significantly higher (2.40 mS/cm, shown in Fig. 5B) than
feed BW, indicating significant salt leakage into this stream. Though
cross-leakage always occurs in the stack, the CH4 channels are not
adjacent to any SW channels (CH2) with high TDS, therefore the salt
leakage in CH4 channels is not observed. One CH3 channel (the one
next to the RED cell pairs) is adjacent to SW, so the salt leakage is
obvious in the outlet stream. For the RED part, the situation is different.
All RED dilute channels (CH1) are adjacent to SW (RED concentrate,
CH2 channels), so the salt leakage is much more serious (4.30 ms/cm
at outlet vs. 1.99 mS/cm at inlet, shown in Fig. 5B) in these channels.
Since there is no obvious salt leakage into the ED product (CH4) stream,
the current efficiency of ED desalination process remains high. When
the stack is short circuit, ionic current flows as shown in Fig. 1B and C.
The TDS of produced FW is 408 mg/L (0.84 mS/cm), which also accords
well with our modeling. The working scenes of steady-state running
system short circuited by SMU and cable are shown as Movie S1.

The material balance of the self-desalination process is shown in
Fig. 5C. The TDSs of all outlet streams are calculated from the
corresponding conductivities (except that of the RED SW outlet, TDS is
estimated by NaCl mass balance, which also accords well with the con-
ductivity data), and the flow rates are corrected by the osmotic water
transport results in RED (Fig. 2B) and ED tests. There are 4 independent
channels for both inlet and outlet streams. The overall AG,;x is —63.8
kJ/day according to Eq. (1), which indicates that the self-desalination
process here is totally spontaneous. There is significant salt leakage
from RED SW stream (CH2) to the adjacent ED concentrate stream
(CH3) in this stack because of the large concentration gradient, so the
RED and ED sub-processes are not isolated in this stack and the change
in Gibbs free energies of mixing are unable to be calculated separately. It
can be found that the total salt amount in ED outlet streams is higher
than that of inlet streams in Fig. 5C.

Fortunately there is only one CEM (the one separating the RED part
and the ED part in Fig. 1A) that is bothered by this inter-stack leakage
issue, and the portion of such leakage will abate as the stack scales up.
The mass balance for RED-ED stack with much more cell pairs (scaled
up proportionally) will be different from Fig. 5C. The salinity will be
1592 mg/L for the ED concentrate (CH3 outlet) and 26,777 mg/L for
RED SW (CH2 outlet). In this situation, the RED and ED processes in
the stack are virtually independent. The AG,x for the RED and ED
sub-processes is —62.1 kJ/day and 1.44 kJ/day respectively, and the
overall AGp, is —60.7 kJ/day (the detailed calculation process is
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Fig. 5. Performance evaluation of the integrated RED-ED stack. (A) Open-circuit voltage and short-circuit current profile recorded by the SMU. (B) Conductivity profiles of all outlets during
the open-short switches. (C) The experimental material balance of process in the short-circuit RED-ED stack.
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shown in Worksheet S2). The overall thermodynamical energy efficiency
is relatively low (2.3%) in the integrated stack. As shown in Fig. 4B, the
electric power output is 108 mW (0.58 W/m?) for the 10 cell-pair RED
stack at 0.471 cm/s flow velocity and 150 mA (0.80 mA/cm?) discharge
current, namely 119 mW (10.3 kJ/day) output for the 11 cell-pair RED
in the integrated stack at equivalent operational parameters. The RED
part obtains 16.5% energy as electric power (10.3 k]/day) from the free
energy of mixing (— 62.1 kJ/day). The nonideal characteristics of the
RED stack, such as co-ion leakage on the membranes and cross-leakage
in the stack, cause a great loss of the free energy. Furthermore, the high
electric resistances of the RED stack (ascribed to high electric resistances
of BW streams as well as the membranes) wastes considerable energy.
The 16.5% thermodynamical energy efficiency is reasonable for the
current RED process. The current efficiency of ED sub-process is pretty
high, which is 91%. The ED sub-process consumes all the output power
from RED (10.3 kJ/day), while the minimum energy required for ED
desalting process is 1.44 k]/day, so the thermodynamical energy
efficiency of ED sub-process is 14.0%. To maintain a reasonable current
density in ED stack, extra power is needed to overcome the high electric
resistance of ED stack and the energy efficiency is lowered, especially
for low feed TDS situations. The thermodynamical energy efficiency of
the overall process is the product of that in RED and ED sub-processes,
which is 2.3%. Although the efficiency is not high (limited by the restric-
tions of practical RED and ED engineering in this study), it is still good
enough to produce a stable FW supply (as shown in Fig. 5C).

3.3. Minimum self-desalination system without pumps

Our stack design ensures much lower hydraulic resistance. The
pressure drop in stack is only 850 Pa (8.5 cm water head loss, shown
in Fig. 2A) at the optimized flow velocity of 0.471 cm/s. So the feed
solutions are able to flow through the stack naturally if appropriate
water head is maintained. Our experiments indicate that a 10 cm
water head is suitable to maintain a 0.47 cm/s flow velocity, and the
extra water head is lost in the pipes. The most common ground water
supply on low-lying islands is hand-dug wells. The salinated ground
water (i.e. BW) is abstracted by buckets and hand pumps [1]. SW is
even more abundant in these areas. A 10 cm water head is easy to obtain
manually during the water abstraction. After the BW and SW feed
solutions elevated, this system can spontaneously produce FW without
any pumps. The working scenes of this minimum self-desalination
system are shown in Movie S2. The electrode rinses flow through the
integrated stacks in a rocking-chair manner and no consumption is
observed. TDS of the produced FW is 420 mg/L NaCl (0.86 mS/cm),
and that is nearly the same as lab test results with pumps. The overall
process is totally spontaneous with minimum peripheral devices, and
the total material cost of the system is as low as $200, which only
consists of the stack and corresponding containers. This system
produces 48.3 | of FW water (~420 mg/L) daily, consuming 229.4 1 of
BW and 132.8 | of SW. The system capacity is adequate for most
ordinary household users. The BW recovery is 21% and the salt rejection
is 58%. The waste BW streams (CH1 and CH3, 173.6 1 per day in total) are
still suitable for other household needs such as bathing and washing.
The system lifespan is expected to be long if bio-fouling is well
controlled, and the fresh water cost (capital only) is $7.0/m> base on
2-year lifespan estimation. Furthermore, there is no brine disposal
problem in this process, since no effluents with higher salinity than
SW are generated.

Unlike traditional ED or RED stacks, the electrode system in this
integrated RED-ED stack only provides a closed loop for the current.
It's possible to eliminate the electrode system completely by providing
an ionic current loop. In Fig. 1A, the Na™ migrates out of the anode
chamber and into the cathode chamber, and an ionic current loop can
be achieved if an ion conductive pathway is provided to connect these
two chambers. In this situation special electrode rinses such as
hexacyanoferrate solution are not needed any more. Further work is

in progress in our lab to design an electrode-free stack, which is very
promising to reduce the system cost and improve the overall
performance. The biofouling issue of the membrane is the key risk for
achieving long-term system stability, which must be mitigated before
actual applications. Abatement plans for conventional RED systems
should also work for this system.

4. Conclusions

The 1000 populated small islands in Pacific Ocean are home to over 9
million people, and many of them face the challenge of obtaining safe
drinking water, constrained by their remoteness, small size, natural vul-
nerability, and limited financial resources. We design and construct a
novel energy self-sufficient stack to obtain FW directly from BW and
SW, in which RED and ED are coupled in a single module. The energy
from salinity difference between SW and BW is harvested in the RED
cell pairs, and it drives the desalting process in ED cell pairs. The stack
configurations and corresponding operational parameters are carefully
optimized to achieve best overall system performance. After elevating
the BW and SW a little (~10 cm) manually, the feed streams are able
to flow through the stack naturally. The overall process is spontaneous
and no extra external energy is needed. This self-desalination stack re-
lies on minimum peripheral devices, and the total cost is low. The sys-
tem cost is $200, and the cost of fresh water produced is about $7.0/
m? base on 2-year system lifespan. This desalination process is totally
environment-friendly without brine disposal problem and greenhouse
gas emission. The overall system is much less complex than comparable
desalination system integrated with other renewable energies, and the
system footprint is smaller. The above features enable this self-
desalination system to be a potential solution to quench the thirsts of
people during the duel between FW and SW on these vulnerable
islands. In addition, recent researches indicate that vast offshore BW re-
serves sequestrated during the last glacial period are common occur-
rences in coastal regions all around the world [36,37]. This self-
desalination system may also be applied in these regions as a potential
FW supply.
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