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HIGHLIGHTS

* New method of data analysis for (membrane) capacitive deionization is presented.
* Energy consumption and energy recovery (during discharge) of MCDI is analyzed.
« Constant current operational mode for MCDI results in a stable effluent salt concentration.

* Membrane capacitive deionization is compared with reverse osmosis.
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energy consumption of MCDI, we present here the energy consumption, and the fraction of energy that can be
recovered during the ion desorption step of MCDI, as a function of influent concentration, water flow rate and
water recovery. Furthermore, the energy consumption of MCDI based on experimental data of our lab-scale sys-
tem is compared with literature data of reverse osmosis. Comparing with literature data for energy consumption
in reverse osmosis, we find that for feed water with salinity lower than 60 mM, to obtain freshwater of ~1 g TDS/L,
MCDI can be more energy efficient.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Freshwater scarcity is one of the most severe problems of our time.
Although the total water storage on the earth is 1.4 Gm?, usable fresh-
water including rivers, lakes and ground water occupies only a tiny
fraction of 0.65% of the total water storage [1]. Because of population
growth and ongoing urbanization, over two thirds of the human popu-
lation will be facing freshwater scarcity in the near future to a smaller
or larger extent [2]. Therefore, new freshwater sources have to be
made available by desalination of seawater or brackish water. For sea-
water desalination, many well-proven technologies exist for decades,
such as reverse osmosis (RO), electrodialysis (ED), multiple effect distil-
lation (MED) and multistage flash desalination (MSF) [3]. However, for
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brackish water desalination, the above-mentioned technologies may
become less favorable in terms of energy efficiency. Innovative tech-
niques, such as forward osmosis [4], ion concentration polarization in
microporous media [5], and capacitive deionization, have been ad-
vanced together with the use of renewable energy sources (solar,
wind, etc.) in order to provide energy saving solutions [6]. In this
paper, we will focus on capacitive deionization (CDI), a non-faradaic
process which adsorbs salt ions based on capacitive porous electrodes
[7-19].

A capacitive deionization cell consists of two porous electrodes
placed face-to-face, and a flow channel in between for water to pass
through. When charging the electrodes with an external DC energy
source (battery, solar panel, etc.), the ions in the water stream will be
adsorbed into the micropores of the electrodes; and when discharging
the electrodes by short-circuiting or reducing the voltage across the
electrodes, the adsorbed ions will be released back into the flow chan-
nel. Those two steps are called ion adsorption step and ion desorption
step. By placing a cation exchange membrane in front of the cathode
and an anion exchange membrane in front of the anode, a membrane
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capacitive deionization (MCDI) cell, a modification of the CDI cell, is
thus constructed [7,20-25] (see Fig. 1). In MCDI, during the salt
removal step, the salt concentration in the macropores of the electrode
(on one side of the membrane) becomes higher than that in the
spacer channel which is on the other side of the membrane [7].
Therefore, because of the use of ion exchange membranes (IEMs) in
MCDI, more ions can be adsorbed per gram of total electrode mass,
and in addition, less energy is consumed than in CDI [26]. It is
also demonstrated that in MCDI, the energy consumption is about
the same in both constant current (CC) and constant potential (CV)
modes [26]. In the CC mode, a constant current is applied during salt
removal leading to a constant salt effluent concentration. During
desorption, either the cell is short-circuited (ZVD mode) or the current
is reversed (RCD mode) [26]. In the RCD mode, a constant current is
applied during the adsorption step for a given time, and also during
the desorption step, a constant current in the opposite direction is ap-
plied until the resulting cell voltage decreases to zero.

Because the energy consumption of CDI is reported to be lower
than that of RO [27-30] in certain cases, and because the energy
consumption of MCDI is lower again than that of CDI [26], it is worth-
while to investigate in more detail the energy consumption of MCDI
under different conditions and to compare the energy consumption
of MCDI with RO. In this paper, we will illustrate how we compare
energy consumption per ion removed, as a function of influent salt
concentrations, by varying the electrical current and water flow rate,
in the MCDI-CC-RCD operational mode exclusively. Note that in the
ion desorption step, it is possible to recover energy due to the release
of stored charge. Diugotecki and Van der Wal [31] claim that up to
83% of the energy invested during the ion adsorption step can be recov-
ered during the ion release step by using the CC mode. Similarly,
Demirer et al. [32] found a 63% energy recovery by using the CV mode.
Note that these high numbers are obtained under rather relaxed condi-
tions, in other words, high salt removal efficiency is not aimed for. In
this work, we present results for the energy recovery as a function of
water recovery and flow rate. For all the experiments in section 3.1
and section 3.2, the salt removal efficiency is set to 50% (all solutions
are desalinated to half of their initial salt concentration, except for
results presented in Fig. 7), which is a much higher number than in
refs. [31,32]. We also compare the energy consumption of MCDI with
that of RO, when freshwater is produced for different influent salt
concentrations.
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Fig. 1. Schematic view of a membrane capacitive deionization (MCDI) cell. Influenced by
the electrical voltage difference between the two electrodes, anions present in the water
flowing through the spacer channel migrate through the anion-exchange membrane
and are stored inside the adjacent porous electrode; simultaneously, cations are stored
in the opposite electrode.

2. Materials and Methods
2.1. Materials and layout of the setup

Experimental details of the MCDI stack are elaborated in this section.
Materials used are graphite current collectors (Cixi Sealing Spacer
Material Factory, Ningbo City, China, thickness & = 250 um), porous
carbon electrodes (Materials and Methods, PACMM™ 203, Irvine, CA,
USA, 6. = 383 um), anion and cation-exchange membranes (Neosepta
AMX, Smem = 140 um, and Neosepta CMX, dmem = 170 pm, Tokuyama,
Japan) and a polymer spacer (Glass fibre prefilter, Millipore, Ireland,
8sp = 250 pm). In Sections 3.1 and 3.2, we use 8 cells (16 electrodes).
The total dry electrode mass is 11.8 g. In Section 3.3, 13 cells (26 elec-
trodes) are used, and the total dry mass is 19.0 g. After assembly, all layers
in the stack are compressed and placed in a PTFE housing. The salt solu-
tion (NaCl) flows from all four sides of the stack into the square
6 x 6 cm? spacer channel of each of the cells then leaves from a hole
(1.5 x 1.5 cm?) in the middle of each cell (Fig. 1). The effluent conductiv-
ity is measured by an inline conductivity meter and is converted into the
salt concentration according to a conductivity—concentration calibration
curve. The stack is fed from a 10-L vessel, and the effluent is recycled.
The electrical current and voltage across the cell are applied and mea-
sured by a potentiostat (Iviumstat standard, Ivium Technologies, The
Netherlands). All experiments are performed in the single-pass mode,
which is described in ref. [7].

2.2. Data analysis

The salt adsorption and charge in an MCDI-cycle can be derived from
the data of effluent salt concentration and electrical current versus time,
following the procedure as explained in Ref. [7]. For salt adsorption, the
concentration difference between the inflow and the outflow is
integrated over time and multiplied with the water flow rate. In the
classical mode, this integration is done from the moment a voltage or
a current is applied till the moment that the voltage is reduced, or the
current is reversed. This period defines the ion adsorption step. For
charge, the current is integrated over time during this same period. In
addition, energy consumption is also calculated based on integrating
the power (product of cell voltage Ve and applied current I) during
the ion adsorption step, used in Ref. [26]. In this procedure, the begin-
ning and the end of a cycle is the moment when a step change of current
or voltage occurs. If the desorption time is not long enough for complete
ion release (less than ~500 s), after dynamic equilibrium (previously
defined as dynamic steady state, see refs. [26,33]) is reached, normally
there will be a systematic delay of the salt adsorption/desorption as
a function of time compared to the current/voltage change, to be
discussed later. Because of the delay, the data analysis procedure can
be further modified in order to reflect the “real” salt adsorption and
energy consumption.

To begin with, we will present the analysis of data under the dynamic
equilibrium (DE) condition in detail for salt adsorption and energy
consumption. Under the DE condition, the salt removal during the ion
adsorption step is equal to the release of salt in the ion desorption step,
and equal to the salt removal and release in further cycles. This condition
is known as salt balance, and likewise, charge balance is also achieved
[26], which means that all charge transferred to the electrodes during
ion adsorption step is released again during ion desorption step. In DE,
we have salt balance and charge balance. Instead, during the first 1 or
2 cycles of a new series, there can be a deviation with more charge or
salt adsorbed than desorbed, see Fig. 2 very left. Note that in this work
we only analyze data obtained under DE conditions. Fig. 2 shows an ex-
ample of cycles of (a) effluent salt concentration, (b) current and (c) cell
voltage obtained during the experiment, where the influent is 40 mM
NaCl solution and the total water flow rate is 30 mL/min for a stack
consisting of 8 cells. During the adsorption step, an electrical current
(1 A) is applied to the entire stack (8 cells) for 100 s, and during the
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Fig. 2. Experimental results of (a) effluent concentration, (b) current and (c) cell voltage as
function of time. Influent: 40 mM NacCl. During the adsorption step, an electrical current of
1 A was applied for 100 seconds, after that the current during the ion-release step was
controlled at —1 A until the cell voltage dropped back to 0 V for each cycle. In total, a
series of 10 cycles is shown, and dynamic equilibrium was reached after the 3rd cycle.

desorption step, —1 A is applied until the cell voltage drops to Ve =
0 V. Note that 1 A translates to a current density of 37 A/m? membrane.

Taking the 7th cycle that is under the DE condition in Fig. 2 as an ex-
ample, see Fig. 3, once the electrical current is applied, the cycle starts.
This is also the beginning of the integration for both salt adsorption
and charge in the classical data analysis as discussed above [26]. Yet at
that moment, the effluent concentration is still higher than the influent
concentration. It takes a few seconds for the effluent concentration to
become lower than the influent concentration, and only then the ‘real’
adsorption step starts. This “real” beginning of the adsorption step has
a brief and systematic delay in comparison to the moment when the
electrical current is applied, and this delay can be found in all cycles
under the DE condition.

Similarly, for desorption, when the current is reversed from 1 to
—1 A (adsorption ends, desorption starts), it takes the effluent
concentration again a few seconds to exceed the influent concentration,
and also when the current is reversed to 1 A again, the effluent concen-
tration does not drop below the influent concentration immediately, but
after several seconds. This system delay, which occurs every time when
the electrical current is changed, is mainly caused by the continuous

- cycle 7 5
60 1. i starts g
s [ £
E g c
S 1 ; o)
S 01 _Kinfluent o
S [
g | B
o - (%]
S 20+ 5
o L | Effluent ) N
[ current is 5
[ reversed 5
0 PR IR S NP R S o
0 80 160 240
Time (s)

(W/m2)

mixing of just produced freshwater with untreated water in the spacer
channel and in the additional volume present in the housing [34].
Hence, to show the real salt adsorption, instead of integrating the salt
concentration difference between influent and effluent from the mo-
ment in time when the current is applied till the current is reversed,
we integrate over the time period from point A (Fig. 3a), where the
effluent concentration intersects the influent concentration, to the
second intersection, point B (Fig. 3a). Similarly for the salt desorption,
we integrate from intersection B to intersection C (Fig. 3a). According
to the new data analysis method, the salt adsorption period is Ata _,
and the salt desorption period is Atg _, ¢, and thus the water recovery
(WR) is given by WR = Ata _, g/Atp _ .

Fig. 3b shows the electrical current density and the cell voltage as
function of time, for the 7th cycle in the series presented in Fig. 2. To dis-
play the power (W) as function of time as shown in Fig. 3c, the current
(I) and the corresponding cell voltage at every moment in time are mul-
tiplied. The energy consumption of an entire cycle can be computed by
integrating the power over time for the whole cycle. During the
adsorption step, the current (I) and the voltage (V) have the same sign
(+), and thus the power (W), has always a positive value, implying
ion adsorption costs energy. In our previous work [26], we only took
the adsorption step into account for the energy calculation. However,
during the ion desorption step, ions are released spontaneously, thereby
creating a negative current, while the cell voltage is still positive, which
results in a negative power, meaning that one can recover energy during
this ion release step, e.g., by powering another (M)CDI system or a
rechargeable battery. In the new method of analysis, we assume that
all the released energy during the desorption step can be fully recov-
ered. Thus, the total energy consumption, E, is equal to the sum of
the energy consumption during the ion adsorption step, E.qgs, and the
energy recovered during the ion desorption step, Eqes, given by

Etot = Eads + Edesv (])

t

ads

Eads = Iads . & dl’, (2)

Leyete

/V-dt

t,

: 3)

Edes = Ides .

ads

where teycie and taqs represent the end time of a total cycle and of the ion
adsorption step (given that a cycle starts from time zero), and I,4s and
Iqes are adsorption current (positive) and desorption current (negative),
respectively. The energy recovery is defined as the ratio of the abso-
lute value of energy recovered during the ion desorption step to the
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Fig. 3. Example data for MCDI operation at constant current (CC). (a) Influent/effluent concentration (mM) as function of time. Dashed line: influent concentration; solid line: effluent
concentration. (b) Cell voltage (V) and current density (A/m?) as function of time. Dashed line: current density; solid line: voltage. (c) Power density (W/m?), which is the product of

current and voltage as function of time.
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Table 1

Comparison of salt adsorption, dynamic charge efficiency, and energy consumption per
ion removed for the MCDI-CC-RCD data point at 200 mM in Fig. 3c of ref. [24], by two
methods of analysis.

Ref. [24] This paper
Salt adsorption (mmol/g) 0.108 0.112
Dynamic charge efficiency 0.75 0.78
Energy consumption per ion removed (KT) 33 24

energy consumption during the ion adsorption step, which is equal
to |Edes|/Eads-

Using the new data analysis approach, we re-analysed as an example
one data point at 200 mM (MCDI-CC-RCD) in Fig. 3c in ref. [26]. Table 1
shows that with the new analysis method, we are able to “increase”
the salt adsorption and the dynamic charge efficiency slightly, and
“decrease” the energy consumption per ion removed significantly.
Apparently, when presenting data of CDI performance especially for
energy, it is imperative to clearly define the method used.

2.3. Experimental details

In this section, we present the experimental details for the data to be
discussed in Section 3. First, to investigate the energy consumption of
MCDI as function of water recovery, in Section 3.1, we feed NaCl solu-
tions with different inlet concentrations (20, 40, 60, 80 and 100 mM)
to the stack and desalinate each solution to half of its initial concentra-
tion (Fig. 4a) for a duration of 100 s in order to achieve 50% salt removal
efficiency,

1. Cin~Ceft

= Cin

)

where ¢, is the influent salt concentration and cef is the effluent salt
concentration. To achieve this aim, we manually tune the electrical cur-
rent I,qs to a value that leads to 1) = 50%. It turns out that for each of the
cases, which have the same inlet salt concentration but different WRs, to
reach n =50%, the required L q4s's are the same (orange triangles in
Fig. 4a). During the desorption step, in order to obtain different water
recoveries (WR), we use 3 different desorption currents (Iges) Which
are exactly — 1, —2 and — 3 times the adsorption current, respectively,
to increase WR from 50% to 63% and to 68% (see Fig. 4a). The desorption
current is applied until the cell voltage drops to zero, while the water
flow rate of the stack is kept at 30 mL/min (Fig. 4a). Second, in
Section 3.2, the influence of varying water flow rate has been investigat-
ed based on a fixed water recovery of 50%. Three water flow rates (15,
30 and 60 mL/min) have been used. For the adsorption step (100 s),
for all water flow rates, we use suitable I,4s to reach 50% removal

efficiency, 7. During the desorption step, electrical current for desorp-
tion, Iqes, is set equal to —I,4s (Fig. 4b), and thus at DE, the duration
of the desorption step is the same as that of the adsorption step.
Finally, in Section 3.3, in order to compare MCDI with RO, we desalinate
each influent concentration to the so-called “palatable water level”
(0.5 g TDS/L, ~8.6 mM NaCl) and to the freshwater limit (1 g TDS/L,
~17.2 mM Nadl) (Fig. 4c) [35]. For each of these two cases analyzed in
Section 3.3, WR is set to 50%, and the durations of both the adsorption
step and the desorption step are set to 120 s.

3. Results and discussion

In this section, we will show the energy consumption per ion
removed as function of influent salt concentration for different water
recovery and water flow rate, and we will show the fraction of energy
which can be recovered during the ion-release step. Furthermore, we
will also compare the energy consumption per m°> freshwater produced
by our MCDI stack with literature data of reverse osmosis.

3.1. Energy consumption for different water recoveries

In this section, we will discuss energy consumption of our MCDI
system for different water recoveries. In this section, we change the
water recovery by varying the desorption current, while the required
adsorption current for any case with the same influent salt concentra-
tion turns out to be the same in order to reach 50% salt removal efficien-
cy, 1. When DE is reached, and in case that [,qs = — Iqes, the duration of
the adsorption step t,4s and that of the desorption step tqes Will be the
same, which result in a 50% WR. Likewise, if —Iges > L gs, the duration
of the desorption step will be shorter than that of the adsorption step,
leading to a quicker desorption and a higher WR. In Fig. 5, we show re-
sults of energy consumption and energy recovery for WR ranging from
50% to 68% by varying the desorption current. It is shown in Fig. 5a that
first of all, higher WR obviously leads to higher energy consumption per
ion removed, which is in agreement with the conclusion in ref. [31]. Sec-
ond, we also find that a higher influent salt concentration leads to
higher energy costs per ion removed. Because the salt removal efficien-
cy m is fixed at 50%, a higher influent salt concentration also means
a higher total salt removal. In other words, for a given device, and a
given water flow rate, removing more ions consumes more energy per
ion when 1 is fixed. For instance in Fig. 5a () = 50%), the salt removal
at 100 mM in a period of 100 s (~0.16 mmol/g electrode mass) is
about five times the salt removal at 20 mM (~0.035 mmol/g electrode
mass). Besides higher salt removal, the energy consumption per ion re-
moved of desalinating 100 mM NaCl to 50 mM for 100 s (~48 kT) is 3.5
times that of desalinating 20 mM NaCl to 10 mM for 100 s (~14 KT).

Fig. 5b shows the percentage of energy that can be recovered during
the ion desorption step related to the energy input during the ion-
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adsorption step. As can be seen from Fig. 5b, in order to reach 50% 7,
higher WR leads to lower energy recovery. This may be explained by
the fact that to reach a higher WR, a higher desorption current is needed
(Fig. 4a), which generates a higher ohmic drop. In the field of electro-
chemistry, the so-called “ohmic drop” is often used to describe the
energy dissipated by internal resistances (see Fig. 3b). Table 2 shows
the ohmic drop for values of WR in the same experimental setup with
the influent concentration of 60 mM, where a higher WR leads to a
higher Ohmic drop. Thus, because of higher desorption current used,
more energy is required to overcome the internal resistances during
the desorption step [31], and less energy can be recovered. The highest
energy recovery is found when the influent salt concentration is 20 mM
with a 50% WR, with a maximum value of 30% energy recovery, lower
than the values given in Refs. [32] and [31].

3.2. Energy consumption for different water flow rates

In this section, the results of varying the water flow rate are
presented. As can be seen in Fig. 63, the energy consumption per ion
removed increases quite linearly when the influent salt concentration
is increased, which is similar to what we found in Fig. 5a. Another obser-
vation is that the energy consumption increases as the water flow rate is
increased, which shows that to remove a given amount of salt ions, less
energy is consumed at a lower water flow rate. Fig. 6b shows that when
the flow rate is lower, the required electrical current to achieve 50% 1) is
also lower. That means that when reversing the electrical current

Table 2
Ohmic drop for WR of 50%, 63% and 68% of the influent salt concentration of 60 mM.
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Fig. 6. Energy consumption per ion removed (a) and energy recovery (b) as a function
of influent salt concentration. All data are for 50% water recovery. Different symbols rep-
resent different water flow rates in the stack. Squares: 15 mL/min; triangles: 30 mL/min;
circles: 60 mL/min. Experimental conditions are 1 = 50%, and tags = tges = 100 s.

(changing from the ion adsorption step to the ion desorption step) a
smaller Ohmic drop will be expected [31], which is reflected in a
lower energy consumption per ion removed. Table 3 shows the Ohmic
drop for the three water flow rates at ¢;, = 40 mM, indicating that a
lower water flow rate leads to a lower Ohmic drop, leading to less ener-
gy lost in internal resistances. For the energy recovery, Fig. 6b shows
that the water flow rate does not have a strong influence on the energy
recovery. However, a clear trend can be found here that a lower influent
salt concentration leads to a higher energy recovery, given the con-
straint that the 17 and the WR are both fixed at 50%.

3.3. Energy consumption for producing freshwater, and comparison with
reverse 0smosis

It is indubitable that the thermodynamic minimal energy required
for desalination is independent of the type of separation process [7].
However, because of fundamental differences between desalination
technologies, the energy required to remove a given amount of salt
can vary significantly. To investigate the competitiveness of MCDI,
here we compare its energy consumption per volume fresh water
produced with the most prevalent technique, reverse osmosis (RO).
For the energy consumption of RO, data are obtained from literature,
see Table 4; and for comparison, a 13-cell MCDI unit is constructed
consisting 26 electrodes (8. = 383 um, and my, = 19.0 g).

Table 3
Ohmic drop for flow rate of 15, 30 and 60 mL/min at the influent salt concentration of
40 mM.

WR (%) 50 63 68
Ohmic drop (V) 0.77 1.63 1.94

Flow rate (mL/min) 15 30 60
Ohmic drop (V) 0.77 0.81 1.29




40 R. Zhao et al. / Desalination 330 (2013) 35-41

Table 4

Examples of configurations of reverse osmosis plants. Feed water concentrations presented with I are converted from ppm, and with f are converted from conductivity measurement (uS/cm).
In this conversion, 1 ppm is assumed to be equal to 1 mg/L, and 1 pS/cm is assumed to be equal to 0.5 mg/L, according to Refs. [36,37]. “n/a” denotes “not available”.

Location Feed water concentration Capacity Energy consumption Water cost Year of data access Water recovery Reference
(g/) (m*/d) (kWh/m?) (US$/m*)
Elhamarawien, Egypt 3.5% 53 0.89 116 1986 n/a [38]
White Cliffs, Australia 3.5% 0.5 2 9 2003 n/a [38]
Solar flow, Australia 5% 04 1.86 10-12 1982 n/a [38]
Conception del Oro, Mexico 3t 0.71 6.9 n/a 1982 n/a [38]
Mesquite, Nevada 3.5% 15 1.38 3.6 2003 n/a [38]
Denver, ITN, USA 1.6% 15 14 6.5 2003 n/a [39]
Hassi-Khebi, DZA 3.5% 0.85 2.1 10 1987 n/a [39]
Pine Hill, AUS 5.3% 1.1 1.5 3.7 2008 n/a [39]
Ksar Ghilene, TUN 3.5% 7 2.1 6.5 2005 n/a [39]
Heelat Ar Rakah, OMN 1.01% 5 23 6.5 1999 n/a [39]
Univ. of Almeria, ESP 3.36% 8.09 2.5 2.5 1988 n/a [39]
Coite-Pedreiras, BRA 1.2% 6 3 12.8 2000 n/a [39]
Seriwa, Perth, Aus 5.7% 0.55 49 9.6 1982 n/a [39]
Lampedusa, ITA 8t 40 55 10.6 1990 n/a [39]
VARI-RO, USA 7% 36 24 9 1999 n/a [39]
Baja California Sur, MEX 4% 115 2.6 9.8 2005 n/a [39]
Lipari, ITA 8t 13.7 6.5 106 1991 n/a [39]
Univ. of Athens, GRC 0.4% 1000 7.7 2.8 2000 n/a [39]
Cadarache, FRA 27 15 0.7 n/a 1978 n/a [40]
El Hamrawein, EGY 37 216 1 n/a 1981 n/a [41]
Maagan Michael, ISR 45 6.8 5 3 1997 n/a [42]
Caple, Spain 61 4000 1.72 0.29 2002 n/a [43]
Vall D'Uixo, Spain 1.125f 7500 0.6 0.14 1997 n/a [43]
Nules, Spain 1.529f 6000 0.83 0.17 2002 n/a [43]
Cuevas de Almanzora, Spain 6.75T 25000 1.2 0.246 2003 n/a [43]
Drenajes, Spain 6.25F 6000 1.2 0.3 1997 n/a [43]
Terciario Alacanti Norte, Spain 1.757 5000 1.55 0.36 2010 n/a [43]
Citrico del Andevalo, Spain 0.67 1200 0.86 0.14 2007 90% [43]
Sidmed, Spain 0.41 750 12 0.22 1995 n/a [47]
Xeresa Golf, Spain 1.7¢ 5000 0.85 0.29 2003 n/a [43]
Alicante University, Spain 3.21 450 1.1 0.22 1996 n/a [43]
AENA, Spain 0.9t 200 1 0.18 1999 n/a [43]
San Vicente del Raspeig, Spain 4257 100 1 0.25 1998 n/a [43]
Gaza Strip area 1.625 60 1.35 n/a 1993 75% [44]
Ceara, Brazil 1.2 6 3.03 n/a 2000 27% [45]
Gran Canaria, Spain 3.36% 0.8 2.48 n/a 1988 26-64% [45]
Algeria 3% 22.4-264 2.075 n/a 1988 24-40.7% [45]
Egypt 4.4% 024 0.89 n/a 1986 51% [46]
Jordan 1.7% 0.22-1.27 19 n/a 2011 22% [46]
Kerkennah Islands, Tunisia 3.7 3300 1.1 n/a 2003 75% [47]

A series of experiments are performed on the 13-cell MCDI stack,
and in all cases, we use NaCl as the influent salt solution. We flow solu-
tions with a concentration ranging from 0.4 to 5.2 g/LTDS (20 to 90 mM
NadCl, 1 g/LTDS = 17.1 mM) into the stack, and desalinate them either
to 0.5 g/L TDS (8.6 mM Nacl) or to 1 g/L TDS (17.2 mM NacCl), in both
cases using the CC-RCD mode (I,qs = — lges, desorption until Ve is
back to zero), where the duration of both the adsorption and the
desorption step is 120 s (water recovery WR = 50%, the water flow
rate is 30 mL/min per stack, and the required electrical adsorption
current I,q4s to achieve this aim is given in Fig. 4c). The two freshwater
concentration levels defined above represent palatable drinking water
(with good taste) and the limit of drinking water, respectively [35]. As
presented in Fig. 7, the majority of data for RO systems shows energy con-
sumption below 2 kWh/m? within the whole range of concentrations. In
case of MCD], if the product salinity is 1 g/L TDS (diamonds in Fig. 7), and
when the influent salt content is below ~3 g/L, MCDI can be advantageous
over RO. However if even purer water (~0.5 g/L TDS) has to be produced,
the energy consumption for each value of the influent salt concentration
is nearly doubled. This result suggests that MCDI becomes competitive
only if the influent salt concentration is below 2 g/L TDS.

Note that in this study the pumping energy of MCDI is not included,
but unlike RO, MCDI does not need a high pressure to press water
through the membrane. Instead, water is transported only in between
the two ion-exchange membranes, which does not require a substantial
pressure drop between the influent and the effluent of the stack. In the
case of our experimental setup, we have measured the pressure drop

across the stack, which is p ~ 0.1 bar. The required minimum pumping
energy per cycle can be thus calculated as

Epumping =b-p- tcycl& (4)

where @ is the flow rate (in this case 30 mL/min), Epymping iS the
pumping energy consumption per cycle, and p is the pressure drop
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Fig. 7. Comparison of energy consumption between MCDI and reverse osmosis. Triangles:
energy consumption of MCDI to bring salt concentration to the level of 0.5 g/L TDS (~
upper limit for palatable drinking water). Diamonds: energy consumption of MCDI to re-
duce salt concentration to 1 g/L TDS (~upper limit for drinking water). Circles: RO data.
The data sources for RO are listed in Table 2. Dashed lines are to guide the eyes.
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across the stack. Thus, Epymping is 1.2 J/cycle. Since in one cycle the fresh
water production is given by Viesn = &P - teyae - WR = 60 mL, the
pumping energy per m° fresh water produced is Epumping/Viresh =
5.5 - 10" kWh. Compared to the electrical energy requirement, see
Fig. 7, the pumping energy required for producing 1 m? fresh water is
rather small.

Another remark is that our system is not optimized for industrial ob-
jectives, and it seems likely that the energy consumption can be further
reduced by optimizing the system and reducing the electronic resistances.
Thus, MCDI has the potential to compete with RO to desalinate brackish
water. Future research on MCDI could focus on reducing the energy con-
sumption, which is among the most relevant issues towards application.

4. Conclusions

In conclusion, in this work, we demonstrated a modified method
for data analysis of salt adsorption and energy consumption for the
capacitive deionization process, a method which gives a more realistic
estimate of the salt removal capacity and the energy consumption. Fur-
thermore, we showed that when the removal efficiency is fixed, opera-
tion of MCDI system in the CC-RVD mode consumes more energy when
the water recovery or water flow rate is increased. Finally, we present
data for the specific energy consumption as function of influent salt con-
centration in our lab-scale experimental setup, and compared these
data with RO data reported in literature for full-scale RO desalination
plants. It is found that MCDI works better in the lower concentration
range, roughly below 60 mM.
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