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A B S T R A C T

Membrane capacitive deionization (MCDI) is a technique for water desalination by adsorbing ions in charged porous electrodes. In the present experimental and
theoretical study, we analyze the performance, in terms of energy consumption, salt rejection and water recovery, of MCDI operated in intermittent flow mode. With
this mode, the water recovery of MCDI is increased by reducing the water flow ratio during regeneration. Both experimental and theoretical results show that high
values for water recovery and salt rejection can be achieved with a lab-scale MCDI system for feed water with a salinity of 40 mM. Importantly, we find that the
energy requirement of MCDI is a factor of 2.0–2.5 higher than of RO. For RO, the energy requirements were calculated with a system-scale model developed by Qin
et al. [1]. Furthermore, we show that, based on our theoretical predictions, improved MCDI can reach high salt rejection and water recovery, without an additional
energy penalty. In these conditions, the energy consumption of MCDI is lower than of RO. In the present work, we present new insights for a fair performance
comparison of MCDI and RO.

1. Introduction

“Capacitive deionization (CDI), during which salt is removed via an
electrochemical method, has emerged in an effort to tackle the limitations of
the complex infrastructure and high cost of other well-developed desalination
technologies (e.g., reverse osmosis and nanofiltration)” [2]. By applying a
voltage over two porous electrodes, often made from activated carbon,
ions are removed from the feed water and are adsorbed into the mi-
cropores of the electrodes, resulting in a desalinated water stream. After
the electrodes are saturated with salt ions, the electrodes are re-
generated and the adsorbed ions are released from the electrodes and
are flushed out, resulting in a concentrated effluent solution. Since the
early 2000s, CDI gained much scientific and commercial interest. Sci-
entists focused on the development of innovative cell designs [3,4] and
new electrode materials [2,5–10]. One of these developments was the
inclusion of ion-exchange membranes in the cell, which resulted in an
increased salt adsorption performance [11,12]. We refer to this cell
design as Membrane Capacitive Deionization (MCDI). Furthermore,
specific applications were explored for CDI, including ion-selective re-
moval [13–23]. Lastly, several studies have been performed to identify
resistances in CDI and MCDI devices [24,25], to study the energy effi-
ciency of (M)CDI [26,27] and to compare the energy consumption be-
tween two different operational modes: constant voltage and constant
current [28,29].

In order to study the energy efficiency of CDI, and to calculate

energy losses due to resistances, several experimental and theoretical
studies have been conducted. Theoretical (M)CDI models describe
various aspects, such as the adsorption of ions in the porous (carbon)
electrodes and the transport of ions in the ion exchange membranes and
in the flow channel [30–32]. To calculate the adsorption of ions in the
micropores of (porous) electrodes, the modified Donnan model, the
improved modified Donnan model and the amphoteric Donnan model
are often used [22,33–36]. These models, which describe both physical
and chemical phenomena, have been validated against experimental
data, and have shown to accurately predict the salt adsorption perfor-
mance in equilibrium conditions [6,22,23,34,37]. To describe the dy-
namics of desalination with porous (carbon) electrodes, the Donnan
models can be coupled with ion transport theory. These dynamic
models have also been extensively validated.

A highly debated topic in the field of CDI is whether CDI is more
energy-efficient than state-of-the-art desalination technologies such as
reverse osmosis (RO) [38]. For example, a study by Zhao et al. [39]
states that CDI is, compared to RO, more energy-efficient for brackish
water desalination. However, in other studies it is argued that a com-
parison of desalination technologies in terms of energy performance is
very difficult, and that the result of such a comparison is dependent on
the desalination objective, which is defined by the water recovery and
the desalination rate [5,26] [40]. In Ref. [28] we presented a robust
methodology to compare two operational modes in CDI and we argued
that a fair comparison must meet two conditions: I) the desalination
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objective, which is dictated by the water recovery, the desalination rate
and the feed water conditions, must be the same in both modes, and II)
the modes must be operated under optimized conditions. In other
words, for a given desalination objective, the operational conditions of
both modes must result in the lowest energy consumption. This second
condition is hard to meet, as many experiments must be performed to
identify which operational conditions result in a desalination perfor-
mance with the lowest energy consumption. Alternatively, one can
perform many theoretical calculations with an experimentally validated
model. In order to compare two desalination technologies, such as RO
and CDI, we argue that conditions I) and II) apply as well.

A fair comparison between the energy efficiency of desalination
technologies is extremely challenging, and only a few papers have been
published to compare the performance of CDI with other desalination
technologies, such as RO and ED [39]. A recent paper by Qin et al.
compared the energy efficiency of CDI with RO using system-scale
models [1]. The authors found that RO is significantly more energy
efficient than CDI, especially when targeting feed streams at higher
salinity, and with high values for salt rejection and water recovery. For
example, the desalination of brackish water with a salt concentration of
2 g/L, achieving 80% water recovery and 80% salt rejection, and with
an average desalinated water flux of 10 L/m2/h, requires with CDI a
specific energy consumption of approximately 2.5 kWh/m3 (without
energy recovery), which is, according to Ref. [1], about 35 times higher
than the energy consumption of RO (0.073 kWh/m3). This study also
concluded that current efforts to improve electrode materials in CDI can
only marginally reduce the energy consumption. After publication,
several scientists commented on the paper. Ref. [41] argues that based
on the shortcomings of CDI technology unveiled by Ref. [1], researchers
and funding agencies should better examine the commercial viability of
any new desalination technology. Counterfacts are posed in a comment
[42] in which the authors report higher thermodynamic efficiency va-
lues for a conventional CDI system than reported in Ref. [1], and the
authors foresee further improvements for CDI-systems with optimized
flow efficiency, and with lower resistances.

Other criticism voiced in Ref. [42] is that in the study in Ref. [1] an
uncommon theoretical approach was used to calculate the energy
consumption for CDI. Qin et al. [1] base their findings on a simplified
Randles Circuit model, which predicted unphysical trends as argued in
Ref. [42]. The model used in Ref. [1] was not extensively validated with
experimental data. Besides, the energy efficiency was only studied for a
limited number of operational modes, and this approach resulted in
non-optimized (high) values for energy consumption of CDI. Lastly, the
authors used a simplified RO modeling approach, and they used an
uncommon definition of the salt rejection in the RO model, which is
different from the definition used for CDI, as we will discuss in more
detail below.

In the present work, we report novel results of MCDI operated in the
so-called intermittent flow mode, which was introduced in Ref. [43].
The intermittent flow mode consists of three sequential steps: desali-
nation, regeneration and flush-out. During desalination, when feed
water flows through the cell, a constant current is applied, and ions are
adsorbed from the feed water into the porous electrodes. During re-
generation, the current is reversed and salt is released from the elec-
trodes, while the feed water flow is paused. Therefore, the salt con-
centration in the flow channel increases to high values. After
regeneration, the flow is restarted, and the concentrated salt solution in
the flow channel is removed from the cell. We show, experimentally
and theoretically, that this intermittent flow operation results in a high
water recovery and more optimized energy consumption, much higher
than obtained in conventional operation of MCDI cells. Furthermore,
we compare our data with the energy consumption of RO calculated by
Qin et al. [1]. To that end, we corrected their RO results by using the
same general definition of salt rejection, such that the same metrics are
used when comparing RO and CDI, something that was not done in Ref.
[1]. We find that the energy consumption of RO and CDI is comparable,

and that the differences are much lower than those calculated by Qin
et al. [1].

2. Theory

In the present work, we employ the MCDI model as presented in Ref.
[25] to describe transport of ions in the flow channel, membranes and
porous electrodes, and to describe the adsorption of ions in electrical
double layers (EDLs) formed in the micropores of the porous electrodes.
To model adsorption of ions, this MCDI model employs the improved
modified-Donnan (i-mD) model, which describes ion adsorption in the
EDLs as function of a Donnan potential and an attraction term, μ. The
model has been validated with experimental work and has been used in
numerous scientific papers to describe the performance of CDI and
MCDI cells [25,28]. Later, a physically and chemically more correct
version of the i-mD model has been introduced, the amphoteric Donnan

Table 1
Operational parameters, electrode, membrane and flow channel dimensions,
and settings for theoretical calculations.

Operational
Unit

Parameters Fig. 3 Parameters Fig. 4

MCDI1 MCDI2

bar(C)
MCDI

bar(E)
MCDI

I (A/m2) Current density 18.5 22.0 20.1 25.3
t (s) Duration of the

desalination
(des) step

400 340 340 1020

regeneration
(reg) step

370 310 310 990

flush-out (flo)
step

30 30 30 30

Φ (mL/min) Flow rate through
each cell during the

desalination
(des) step

1.25 1.25 1.25 1.25

regeneration
(reg) step

0 0 0 0

flush-out (flo)
step

** ** 3.0 1.65

Electrode
Acell (cm2) Electrode geometric

surface area
33.75 33.75 33.75

Lelec (μm) Electrode thickness 250 250 350
EER (Ω m2) External electronic

resistance
15 15 7.5

CS (F/mL) Stern capacitance in
the zero-charge limit

170 170 340

E (kT mol m-3) Micropore ion-
correlation energy

100 100 100

α (F m3 mol-2) Charge dependence of
Stern capacitance

20 20 20

pmA Macroporosity 0.5 0.5 0.5
pmeso Mesoporosity 0.05 0.05 0.05
pmi Microporosity 0.34 0.34 0/34

Membrane
Lmem(μm) Membrane thickness 160 160 250
ωX (M) Charge density of the

anion / cation
exchange membrane

+5/-5 +5/-5 +10/-10

pmem Membrane porosity 0.3 0.3

Flow channel and other
Lsp(μm) Flow channel

thickness
100 100 100

psp Flow channel porosity 0.5 0.5 0.9
Ncells Number of cells in the

CDI stack
10 10 10

Vdead (mL) Dead volume per cell 0.45 0.45 0.15
DKCl (m2/s) Average diffusion

coefficient of K+ and
Cl- (in free solution)

2.03*10-9 2.03*10-9 2.03*10-9

**The flow rate during flush-out is different for each experiment.
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(amph-D) model [36,37]. Although the amph-D model is more realistic,
we show in S.I. Section 1 in Ref. [28] that, when we stay in a limited
salt concentration range, the predicted desalination performance and
voltages by the i-mD and amph-D models are very comparable. Com-
pared to the MCDI model in Ref. [25], we make one simplification: we
model the flow channel as one single perfectly mixed compartment, i.e.,
we do not consider concentration gradients across the channel. Fur-
thermore, we include a mass balance to evaluate the effluent con-
centration of the MCDI cell based on the flow-rate through the MCDI
stack and a small dead volume after the stack. To that end, we include
Eq. (13) reported in Ref. [44]. Because of the presence of a small dead
volume, the effluent concentration of the MCDI stack is different from
the concentration in the spacer channel. Consequently, during re-
generation the salt concentration increases in the spacer channel to
high values, even above the salt concentration in the electrodes, while
the effluent concentration does not increase (the flow rate during re-
generation is 0 mL/min). During flush-out, the effluent concentration
strongly increases, while the salt concentration in the spacer channel
decreases. We report the parameter values used for our calculations in
Table 1. All other modeling details are found in Refs. [25, 32].

3. Materials and methods

MCDI experiments were performed using a flow stack which con-
tained ten parallel flow cells. Each cell consisted of two porous carbon
electrodes (Materials & methods, PACMM™ 203, Irvine, CA, δe
~250 μm, dry weight of two electrodes is me = 1.1 g per cell) and a
porous polymeric spacer (δsp ~100 μm), which serves as a flow
channel. In each cell, an anion exchange membrane (Neosepta AMX,
Japan) was placed between the positively polarized electrode and the
flow channel, and a cation exchange membrane (Neosepta CMX, Japan)
between the negatively polarized electrode and the flow channel. To
connect the porous electrodes with the electrical circuit, graphite cur-
rent collectors (thickness δ ~250 μm) were used. The system was op-
erated in single-pass mode [13] and an aqueous solution with a feed
composition of 40 mM NaCl was pumped through the flow channels.
The outlet conductivity was continuously monitored and the effluent
salt concentration was calculated using a calibration curve.

In the present work, we use a novel operational mode to charge and
discharge the cell [43]. With the aid of this operational mode, we aim to
increase the water recovery, the salt rejection, and to reduce energy
losses due to resistances, compared to more common studies in CDI
where water recovery is around 50%, and salt rejection generally not

beyond 50%, but often much lower (i.e., less salt removal). Our results
therefore have relevance also by themselves, in addition to the relevant
comparison with RO operation. The new operational mode consists of
three sequential steps: desalination, regeneration, and flush-out. A de-
scription of each of these steps is as follows:

• During desalination, we apply a constant current density of Ich for
the duration of the step, tdes, and we operate the cell with a constant
flow rate of Фdes.
• During regeneration, the current is reversed and the value is slightly
higher compared to the desalination step, such that the total charge
transferred is the same for the charging and discharge step, and
ensuring that the duration of the regeneration plus flush-out step
together, is equal to the duration of the desalination step, thus
tdes = treg + tflo. In this step we reduce the flow rate to zero,
Фreg = 0, and therefore all the salt stored in the porous electrodes
and is released into the flow channel, stays there, resulting in a
strong increase of the salt concentration in the channel.
• During flush-out, no electrical current runs between the electrodes,
and we increase the flowrate to Фflo.

During desalination and regeneration, the maximum voltage (or
upper voltage) for charging and the minimum voltage (or lower vol-
tage) for discharge were not controlled, but the cell voltage did not
exceed the voltage window between −1.0 and +1.4 V. We calculated
the energy consumption, water recovery, and salt rejection of desali-
nation according to the definitions reported in Ref. [40]. The thermo-
dynamic efficiency of desalination was calculated according to Ref.
[26].

4. Results and discussion

4.1. Different salt rejection definition used in RO and CDI in Qin et al. [1]

In order to compare in a fair manner energy consumption of MCDI
in this study with the values for energy consumption of MCDI and RO
reported by Qin et al., we present a revised version of Fig. 8B from Ref.
[1]. This step is necessary because Qin et al. used an uncommon defi-
nition of the salt rejection in the RO model to describe the system-scale
salt rejection, which is not the same as the one commonly used to de-
scribe desalination processes (namely the definition they used to discuss
their results for CDI) [45–47]. The use of two different salt rejection
definitions renders impossible a fair comparison of the energy
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Fig. 1. (A) A reproduction of the calculated specific energy consumption from Qin et al. [1] for RO (their Fig. 8B) as function of water recovery (WR) and salt
rejection calculated using brine water concentration (Rsalt,B) (Eq. (1)). (B) The same plot as in Fig. 1A with WR > 50% and Rsalt > 50%. (C) RO specific energy
consumption as function of WR and the salt rejection calculated using feed water concentration (Rsalt,F) (Eq. (2)). Feed salinity 2 g/L, and membrane flux
10 L m−2 h−1. The red star indicates a desalination with WR = 0.9 and Rsalt = 0.9, and if Rsalt is calculated based on the brine water concentration, SEC = ~0.14
kWh/m3 (Fig. 1B), and based on the feed water concentration SEC = ~0.45 kWh/m3 (Fig. 1C), which is a difference of around a factor of 3.5.
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consumption as presented in Fig. 8 in Ref. [1], especially at high water
recovery.

In Ref. [1] the RO salt rejection is defined as

=R c
c

1salt,B
P

B (1)

where cP is the effluent salt concentration and cB the brine salt con-
centration. In contrast, Ref. [1] defines the salt rejection for CDI as

=R c
c

1salt,F
P

F (2)

where cP is the effluent salt concentration and cF is the feed salt con-
centration. The definition in Eq. (2) is the common definition for salt
rejection [45,47].

In Ref. [1], Eq. (1) is used to calculate the salt rejection for RO, and
Eq. (2) is used to calculate salt rejection for CDI, while the results are
reported with the same symbol, Rj, and results are presented in two
panels next to each other in Figs. 6, 7 and 8. We argue that this ap-
proach was erroneous, and the authors did not succeed in presenting a
fair comparison between RO and CDI performance.

Using a mass balance for salt and for water, the two salt rejections
can be related by

=R
R

R
1

1
1 WRsalt,F

salt,B

salt,B (3)

where Rsalt,F is the salt rejection given in Eq. (2), Rsalt,B is the salt re-
jection given in Eq. (1) and WR is the water recovery. Fig. 8B from Ref.
[1] was recalculated and the results are presented in Fig. 1A. An ex-
panded view, focusing on the region of WR > 0.5 and Rsalt > 0.5 is
shown as Fig. 1B. A revised version of the exact same calculations, but
now with the salt rejection Rsalt,F as the operational parameter on the y-
axis (instead of Rsalt,B as in panel A and B), defined according to Eq. (2),
is presented in Fig. 1C.

We used the same RO model as in Ref. [1] and could reproduce
Fig. 8B (from Ref. [1]), which is Fig. 1A as presented in this paper.
Fig. 1A presents lines of constant specific energy consumption (SEC, in
kWh/m3 of diluate produced) in a graph with water recovery, WR, on
the x-axis, and salt rejection, Rsalt,B, on the y-axis as defined by Eq. (1).
Fig. 1B shows the same plot but focuses on the most relevant upper-
right quadrant where WR > 50% and salt rejection>50%. These two
graphs have many peculiar features, such as for constant salt rejection
and increasing WR this can result in SEC being lowered. Another peculiar
feature is that at certain values of salt rejection, for instance around
90%, there are regions where with increasing WR, the energy con-
sumption is not changing. These variations are due to the (in our view,
unfortunate) choice to use Eq. (1) to define salt rejection in these RO
calculations. Instead, Eq. (2) is rightfully the more common choice in
literature, and using this definition of salt rejection, as we do in Fig. 1C,
does not lead to the peculiar features shown in Fig. 1A, B. We use this
definition of salt rejection by Eq. (2) in Fig. 1C, and here we obtain the
more logical result that increasing water recovery always leads to
higher, not lower, energy use. This use of Eq. (2) (Fig. 1C) to define salt
rejection is the common choice in the desalination literature, and the
authors of Ref. [1] also use Eq. (2) to describe salt rejection for their
CDI calculations. We like to stress that comparing RO and CDI for the
same water recovery, and purportedly the same salt rejection, but using
Eq. (1) for RO and Eq. (2) for CDI can lead to large errors of judgement.
For instance, for RO, comparing the calculation results of Fig. 1B and C,
if we take a point of WR = 0.9 and Rsalt = 0.9, we can observe a
difference in predicted energy use of around a factor of 3.5, from ~0.14
kWh/m3 using Eq. (1) (Fig. 1B) to ~0.45 kWh/m3 using Eq. (2)
(Fig. 2C). The error is that two situations are compared that are not
comparable. Actually, at WR = 0.9, a salt rejection of Rsalt,F = 0.9
according to Eq. (2) (Fig. 1C) corresponds to a salt rejection of
Rsalt,B = 0.989 according to Eq. (1) (as used in Fig. 1B). Thus, in a
technology comparison where the numerical values of Rsalt,B and Rsalt,F

are set equal (as well as the numerical value of WR), the technology
that is analyzed using Rsalt,B is credited with a much lower energy use
than would the other technology which is analyzed using Rsalt,F (when
the numerical values of Rsalt,B and Rsalt,F are set equal). This difference,
or error, is very large, especially at large WR and salt rejection, from a
factor of exactly 2 at WR = 0.6 and Rsalt = 0.6, to a value of 3.5 at
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WR = 0.9, and Rsalt = 0.9 and even higher values at higher WR. Thus,
it is important to use the same definition of Rsalt when comparing dif-
ferent methods or technologies. In this work we consistently use Rsalt,F

given by Eq. (2).

4.2. Desalination results with intermittent flow operation

In the present work, we analyze the energy consumption of desali-
nation by MCDI using a novel operational mode, the so-called

intermittent flow mode, which was introduced by Ramachandran et al.
[43]. Fig. 2 shows the current density, cell voltage and effluent con-
centration as function of time of our experiments described in Section 2
and Table 1. Compared to conventional CDI operation, we operate the
cell with a low flow rate and a high current, resulting in a high salt
rejection. Furthermore, we observe that the salt concentration of the
flush-out water, or the brine, is high compared to conventional modes
of operation used in CDI (see Fig. 2B, very right hand side). Fig. 2C
shows the salt concentration in the electrodes and flow channel, and
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shows very large concentration differences between the salt con-
centration in the electrodes and in the flow channel.

Fig. 3 shows data and theory of the desalination performance of
MCDI as function of the flush ratio, FR, which is defined as the water
volume pumped during flush-out period (Фflo

.tflo) divided by the open
volume of the spacer material, and is given by

= t
p L A

FR ·
· ·

.flo flo

sp sp cell (4)

We observe a good agreement between theory and data. With in-
creasing flush ratio, both the water recovery and energy consumption
decrease, but the salt rejection remains constant. For the same desali-
nation objective (equal water recovery, salt rejection and salt con-
centration in the feed water), we find that the energy consumption of
RO is lower than of MCDI. For a flush ratio of 8.9, RO requires ~0.163
kWh/m3 to reach the same desalination objective as MCDI1, and 0.200
kWh/m3 for MCDI2. We also find that, in intermittent flow operation,
the water recovery can be increased from 0.5 to 0.76–0.80 without
increasing the energy input (not reported in Fig. 3). We expect that the
energy consumption can be further decreased. To optimize the perfor-
mance and decrease the energy consumption, procedures described in
Ref. [48] and Ref. [28] can be followed.

Finally, we compare the energy consumption of MCDI and RO for a
feed water concentration of 34.22 mM (2 g/L), which matches with the
concentration used in Ref. [1]. We consider a salt rejection of 80%, a
water recovery of 80%, and a total flux of desalinated water of 10 L/
m2/h. In our analysis we consider that the efficiencies of the high-
pressure pump, ηP, and of the energy recovery device, ηERD, were both
80%, and we define Rsalt according to Eq. (2). We also provide calcu-
lation results for the case when ηP and ηERD are both 100%. Further-
more, we show the energy consumption for CDI as calculated by Ref.
[1]. Fig. 4 shows that the energy consumption of MCDI is approxi-
mately two or three times higher than of RO, depending on which va-
lues for ηP and ηERD are used. Clearly, the energy consumption of MCDI
is much lower than the value of 2.5 kWh/m3 reported for the same
separation conditions by Qin et al. [1]. We also show that, if we in-
crease the electrode thickness from 250 to 350 μm, and if we use
electrode materials with a higher Stern layer capacity, we can prolong
the desalination step, and increase the current density during charging
as well. As one has to switch less frequently between desalination and
regeneration, the water recovery can be increased to 93.5%, without an
extra energy penalty. For these separation conditions, with high values
for water recovery, the energy consumption of RO is higher than of
MCDI. Interestingly, Ref. [1] for the same separation objective reports
CDI energy consumption of ~4.0 kWh/m3.

For the MCDI calculations, we can separate the energy into several
parts: the energy consumption due to I) electronic resistances in cables
and current collectors, the EER, II) ionic resistances in the electrodes,
III) ionic resistances in the membranes, IV) Donnan potentials at the
membrane interfaces, and V) the energy stored in the EDLs (Donnan
and Stern layer). As discussed by Wang et al. [26], for MCDI with 100%
energy recovery, and with ideal membranes, the energy stored in the
EDLs (Donnan and Stern), can be completely recovered during dis-
charge.

In our MCDI energy consumption analysis we used Eqs. (4.1)–(4.5)
and (8.1)–(8.2) in Ref. [49], and we assumed, during regeneration, that
100% of the energy stored in the EDLs can be recovered. We find that
the total energy consumption of an MCDI cycle in Fig. 4 is 0.4 kWh/m3

desalinated water, and that 1% of the total energy is consumed due to
ionic resistances in the electrodes, 6% is consumed due to ionic re-
sistances in the membranes, 14% due to ionic resistances in the spacer
channel, 17% due to electronic resistances in cables and current col-
lectors, and 62% due to the Donnan potentials at the membrane in-
terfaces.

5. Conclusions

In this work, we showed that CDI technology with membranes can
achieve high values for water recovery, salt rejection and low values for
energy consumption. We showed that, for separations with a water
recovery close to 95%, the energy consumption of MCDI can be lower
than that of Reverse Osmosis (RO), for which values of energy con-
sumption are based on a system-scale model presented in Ref. [1]. This
high water recovery is possible when electrodes with higher capacity
and membranes with higher fixed charge density are used. Furthermore
we showed that, in order to fairly compare desalination technologies,
the same metric definitions must be used for the technologies subject to
comparison, and that disparate definitions for salt rejection used in Ref.
[1] do not allow for a fair comparison. Therefore, the results in the
present work vary greatly from the results reported in Ref. [1]. The
results reported in this work aim to facilitate an optimized operation of
the CDI technology and contribute to a fair comparison between CDI
and other desalination technologies, which is controversial at this
moment.
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