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Simultaneous Production of Freshwater and
Energy from Saline Water using Hybrid
Capacitive Deionization-Reverse Electrodialysis

Yusufu Abeid Chande Jande™? and Woo-Seung Kim*”

Abstract—Capacitive deionization (CDI) is an emerging
desalination technology for purifying saline water. Upon the
application of power ions from the saline water stream are adsorbed to
the porous electrodes. Negative ions are attracted towards the
positively biased electrode and the positive ions are attracted towards
the negatively biased electrode. On the other hand, reverse
electrodialysis (RED) is a power generating device by utilizing the
salinity gradient. It contains permselective membranes in which only a
certain ion species are allowed to pass through from the high salinity
stream. In this study, the production of freshwater and energy using the
hybrid CDI-RED system is presented. Saline water with a
concentration of 15,000 ppm is initially fed to the CDI cell, which
results in three streams: freshwater, lower salinity, and high salinity
stream. The last two streams are fed to the RED to generate the
average power density of around 0.26 W/m?.

Keywords— capacitive deionization,
freshwater, power density.

reverse electrodialysis,

. INTRODUCTION

HE availability of direct source of potable water is limited,
thus alternative methods are sought. Through the use of
desalination technologies freshwater can be acquired from
seawater, underground water, or any brackish water sources
[1-3]. The commonly used desalination technologies are
reverse osmosis (RO), electrodialysis, ion-exchange resins,
membrane  distillation, multiflash  distillation,  vapor
compression, multi-effect distillation, freeze desalination, and
forward osmosis [4-6]. In recent years, other desalination
technologies have been developed to determine their
superiority, i.e.,, low energy consumption, than the
conventional ones [7-9]. Among the emerging desalination
technologies is capacitive deionization (CDI) [10].
The desalination via CDI cell involves the removal of ions
from water the saline water stream. Initially the porous
electrodes of the CDI cell are polarized using the applied DC
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power [11-14]. One of the electrodes becomes positively
charged and the other one becomes negatively charged. When
the salt rich water stream passes through the biased electrodes,
negative ions are attracted towards the positive electrode and
positive ions are attracted to the negative electrode. The
adsorption of ions continues until the CDI cell is saturated with
ions; thereupon desorption cycle begins after shorting the CDI
cell (zero voltage application) or after reversing the polarity
(applying reversed voltage). Fig.1 shows the schematic
diagram of the half cycle of the CDI operation. The definition
of cathode and anode in CDI is done during charging, whereas
in traditional electrochemical cells (batteries) it is during
discharging [15].
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Fig. 1 Half cycle of CDI cell operation [11]

Deionized water

Apart from water shortages, energy crisis is one of the core
world agenda. The fossil fuels are depleting at high rate leaving
behind greenhouse gases[16, 17]. The use of alternative energy
producing methods which are free from greenhouse gases is the
ongoing research work worldwide. Reverse electrodialysis
(RED) is among of alternative methods for generating electric
power[18, 19]. In RED power is generated due to the salinity
gradient between the high salinity stream (i.e., seawater) and
low salinity stream (i.e., river water) (Fig. 2). As the membrane
selectivity allows the ions to pass through, the voltage called
Donnan potential develops. This power can be used to drive an
electric device [20].

In this study we present the hybrid CDI-RED system in order
to produce freshwater and at the same time generate electric
power. The authors in references [21, 22] reported similar
studies, but it involves the use of RO and RED. With the
knowledge of the authors of this paper, there is no published
paper reporting the integration of CDI and RED to produce
freshwater and electricity simultaneously.

Brackish water
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Load stream (HSS) of water passes through the RED of length L and
[ width b (Fig. 3). The LSS has the initial and final concentration

of C/ andC?, respectively. And for the HSS the initial and
outlet concentration is C;, and C;, , respectively. The width of

River Sea
__water _water __

- + - the LSS compartment and HSS compartment is 6, and &, ,
c A -l or |+ - respectively. The CI” and Na® passes through the anion

_ "T‘ ~ exchange membrane (AEM) and cation exchange membrane

> Na'lly (CEM), respectively, with the flux Jand J,, .

“| Na |+ h The model summary is as follows:

- + - NaC X CIC X

- + - Ecell (X) :ﬂ aCEM In(y'—l'\la—H()j—i_aAEM Ir"(yHCI—H() (2)

F 7°CL(x) 7CC(x)
"] t n Where R is gas constant, T is temperature, « is membrane
Fig. 2 Schematic diagram of reverse electrodialysis selectivity, and y is activity coefficient.
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A. Capacitive Deionization

) ] ] Where v is valence, A is hydrated ion radius in pm (A, =

The model by Jande and Kim [23] is used to find out the CDI L.
operating parameters such as capacitance, flow rate, spacer 300 pmand A,,. =450 pm), and I(x) is ion strength of the
volume, dead volume, and resistance when the saline water  solution in mol/L and it is given as
with the concentration of 1500 ppm is fed. Note that in this C(x)
study NaCl is considered to be the sole salt in the solution. 1(x) :W Q)
When constant voltage is applied on the porous electrodes of
the CDI cell the effluent concentration drops to a minimum
value then it starts to increase again until the feed concentration

Note: C should be in mol/m®. The area resistance in the HSS
and LSS compartments is respectively,

. . 1)
becomes equal to the effluent concentration; implying that the Rou(x)=f CH (5)
CDI cell is saturated with salt ions. m~H (X)
In the model proposed by Jande and Kim, the minimum
effluent concentration is defined as the “lowest concentration” o,
i< ai R, ()= f—2— 6)
and is given as a, A,C, (X)
Calowest = Cf _ﬁ yx (1_ y) (1)
VS
where C, is the feed concentration, Vis the spacer volume, by Cy 4, C,
i ‘
U= ECFV [1—e IRC J & is the Coulombic efficiency, C is the /7
z /1
AV
capacitance, V is the applied potential, z is the average valences, / / i |
F is the Faraday’s constant, ¢ is the flow rate, R, is the [ o
. Vv . FEE 35 Nt T
resistance, x=—=— , V, is the dead volume, and Oy L %: | : L
¢R.C = z =
< O I<) |
Vc [ |
y = ) J(‘] JNEI : ! :
V. +¢R.C B
By using genetic algorithm, the CDI operating parameters : ! f/b N
can be obtained in order to get the lowest effluent concentration L / y
close to zero. The reader is requested to refer to Ref. [23] for - ¢ (‘”_ ¢ /
details on how the CDI parameters, i.e., flow rate, spacer # ¢ z X
volume, capacitance, dead volume, and resistance, are Fig. 3 Undivided RED system
determined.

Where A, =0.013 Sm?/mol (molar conductivity of NaCl

solution) and f = 2 (obstruction factor). The area cell resistance
is

B. Reverse Electrodialysis

In this study the model for the RED described by Veerman et
al.[24] is used. Low salinity stream (LSS) and high salinity
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I:Qa,cell (X) = Ra,L (X)+ Ra,H (X)+ RAEM + RCEM (7)
Where R, and R, is AEM and CEM resistance,
respectively. For the maximum power the cell resistance should

be equal to the load resistance and hence the current density is
defined as

. Ecell (X)
IX)=——"775

( ) 2Ra,cell (X)
Salt transport from HSS to LSS is defined as

Juw (x):@+%[c,4 -c. (9]  ©

m

Where ¢, is the membrane thickness and D, is the salt

diffusion. Since the external resistance and the cell resistance is
considered to be the same, then the external power density is
given as

®)

1.
Pd (X):EJZ(X)Ra,ceII (X) (10)
And the total power developed is
L
P = bJ Pydlx (11)
0
The average power density is
P
P = total 12
"= h (12)
And the residence time is
(= Lbo (13)
¢

Where ¢ and ¢ is the flow rate and compartment spacer,
respectively. The volumetric water flux is given as

. 2D M
‘]water = _ﬂ[CH (X)_CL (X)]ﬁ (14)
5m szO

Where D, is water diffusion constant, M, is molar

water

mass of water, and p, , is density of water. Transport
equations for the salt is given as

d b b‘]\;vater

&CH (X) = _E‘]total (X)+CH (X)T (15)
d b b‘J\INater
&CL(X)_%‘]&MI (X)_CL(X)T (16)

The solution of this problem is solved numerically. In this
study we are dealing with an undivided case only; and the cell
size (with Fumasep Membranes—FAD and FKD) and
specification are as that described in section 5.1 of Ref. [24] i.e.,

cell dimension: 10 cm x 10 cm, f=2, R,.,, = 1.63x 10" Qm?,
Reew = 590 x 10* Om? , a,,, =, =2 =088 ,
Dyaer =1.3x10°m? /s, and D, =0.13x10°m’ /s.

water salt

C.Hybrid CDI-RED System

The schematic diagram of the hybrid system is shown in Fig.
4. The saline water with the concentration of 15,000 ppm (256
mol/m?® NaCl) is initially passed through the CDI cell. The
outlet of the CDI cell is divided into four streams: fresh water
stream, LSS, HSS, and rejected water stream. The LSS and

http://dx.doi.org/10.15242/ IJRCMCE.E 1113536

HSS are allowed to pass through the RED cell for electricity
generation.

> Stack#l Fresh water
—» Stack #2 CL
feed —
water
— ¥ Stack#3 RED
. Cy
. »
.
L—»| Stack #n Rejected

saline water

Fig. 4 Schematic diagram of hybrid CDI-RED system

I11. RESULTS AND DISCUSSION

The values of the CDI cell parameters for the given
concentration per electrodes pair are: V = 3.0V, ¢ =0.3mL/s,
V.=V, =15mL, C =993 F, and R, =0.18 3 . By using
equation (1) found in Ref. [23], the dynamic response of the
CDI cell is shown in Fig. 5. The adsorption and desorption time
is 126 s and 1074 s, respectively. The average concentration for
the LSS is obtained by taking the average of the area under the
curve of Fig. 5 between 0 s and 60 s—which is found to be 85
mol/m®, and for the HSS the average concentration is found
between 126 s and 1200 s, which is 289 mol/m?. Similarly, the
average concentration of freshwater is 8.4 mol/m® (492 ppm)
between 60 s and 126 s; this value is below 500 ppm , and the
produced fresh water is thus good for human consumption
[25].
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Fig. 5 Dynamic response of the CDI cell
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The continuous flow of LSS and HSS is guaranteed by
having 21 pairs of electrodes operating at different position
(Fig. 6). Thered, purple, blue and green color shows that at that
duration pair of CDI cell electrodes produces LSS, freshwater,
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HSS, and reject water, respectively. The flow rate of LSS and
HSS is the same, which is 0.30 mL/s. The salt concentration in
LSS increases while in HSS is decreasing in RED system as it is
shown in Fig. 7. The salt ions have moved to LSS compartment
due to salinity gradient. If the length L would have been
increased further, the salt concentration in both streams would
have changed much more. In Fig. 8 the variation of area cell
resistance along the x-direction is presented. The resistance is
usually higher in LSS than in HSS. The resistance would
become almost constant when the RED cell height increases
[24].
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Fig. 6 Switching of the CDI electrode pairs; b: blue, g: green, p: red,
and p: purple
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Fig. 7 Variation of HSS and LSS concentration
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Fig. 8 Cell resistance variations along x-axis

Fig. 9 shows the produced local RED cell voltage. Voltage is
decreasing due to the decreasing of salinity gradient along
x-direction. Electric potential at x = 0 is greater because of high
salinity gradient between HSS and LSS. At the outlet of RED,
open circuit potential has dropped considerably to lower value
compared to that of the inlet. The local RED potential can
decrease further if the size of the cell becomes much larger than
the existing value.
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Fig. 9 Local RED cell potential variations along x-direction

The local power density (in W/m? membrane surface) of the
hybrid CDI-RED system is shown in Fig. 10. In Ref. [24] the
power density increases to the maximum and then it drops
down, exhibiting a peak value of local power density along
x-direction. However, in this study we observe a straight line.
This phenomena is may be due to salinities of HSS and
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LSS—in Ref. [24] seawater and river water were used. More
investigation/study is required to explore the fact. The average
power density (from Eq. (12)) for the hybrid CDI-RED system
is approximately found to be equal to 0.26 W/m? This study
has an important role in minimizing the concentration of the
brine from the CDI cell which would have a negative
environmental impact and also in producing green energy.

03 L — 7 T T T ] T T T ] T 1

Pd (Wunz)

0.22

0.04 0.06

X (m)

Fig. 10 Power density of the hybrid CDI-RED system

IV. CONCLUSION

The hybrid CDI-RED system uses a single feed saline water
to have freshwater and electric power. A CDI cell charged at
constant voltage generates three different streams: fresh water
stream, low salt concentrated stream, and high salt concentrated
stream. Instead of disposing directly the CDI brine, it can be
passed through the RED cell to produce energy. In this study
we used 15, 000 ppm as a feed concentration to the hybrid
CDI-RED system. More studies can be conducted at higher
salinities such as at 40,000 ppm (seawater). Furthermore,
extensive studies can be carried out using constant current in
CDl cell as in Refs. [11, 26, 27] so that the two hybrid systems,
i.e., constant voltage driven CDI-RED and constant current
driven CDI-RED can be compared in terms of performance.
The overall capital cost and operational cost can be investigated
to see the feasibility of commercializing the concept.
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