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ABSTRACT: Capacitive deionization (CDI) as a class of electro-
chemical desalination has attracted fast-growing research interest in
recent years. A significant part of this growing interest is arguably
attributable to the premise that CDI is energy efficient and has the
potential to outcompete other conventional desalination technologies.
In this review, systematic evaluation of literature data reveals that while
the absolute energy consumption of CDI is in general low, most
existing CDI systems achieve limited energy efficiency from a
thermodynamic perspective. We also analyze the causes for the
relatively low energy efficiency and discuss factors that may lead to
enhanced energy efficiency for CDI.

■ INTRODUCTION

Capacitive deionization (CDI), though it has been invented
almost 60 years ago, has started to make significant advances
only in the past decade.1,2 Extensive effort has been devoted to
developing high performance electrodes for CDI,3−13 design-
ing novel cell configurations and operating schemes,14−24

elucidating fundamental mechanisms of ion adsorption and
system behavior,25−31 and building numerical models that can
predict process performance and be used in design
optimization.32−36 A major reason why CDI attracts intensive
research interest is the belief that it is an energy efficient
desalination technology with a strong potential to compete
with the state-of-the-art desalination technologies, such as
reverse osmosis (RO), at least for certain applications.37,38

Indeed, most CDI processes consume less absolute energy to
generate a unit volume of product water. However, it is
important to realize that the separations achieved by CDI are
quite different from those achieved by conventional desalina-
tion technologies in terms of the feed salinity and the degree of
salinity reduction. Similarly, the separations achieved in
different CDI studies are also very different, which poses
significant challenges for fair comparison of energy efficiency
between different CDI processes.39,40

The primary goals of this paper are to survey the literature
for assessing the state-of-the-art energy efficiency of CDI and
to analyze key factors that influence energy efficiency. In this
review, we first describe a framework to assess the energy
efficiency of CDI based on comparing the energy consumption
of a CDI process with the theoretical minimum energy of the
separation achieved by that CDI process. We apply this
framework to assess the energy efficiency of CDI processes
reported in literature, analyze possible sources of energy losses,

and discuss factors that are strongly related to energy
efficiency. In addition, we discuss possible reasons that lead
to the very high energy efficiency in certain CDI processes with
electrodes based on intercalation materials, and provide an
empirical correlation using literature data to elucidate the
dependence of energy efficiency on several key parameters.
The focus of this paper is the energy efficiency of CDI. Other
performance metrics are discussed only if they have strong
relevance to energy efficiency. For more comprehensive and
systematic discussions on various performance metrics and
how CDI processes should be holistically evaluated, see several
review papers including those by Porada et al.,41 Suss et al.,42

and more recently, Hawks et al.43

■ THERMODYNAMICS OF SEPARATION:
BENCHMARKING ENERGY CONSUMPTION

As one of the primary considerations in desalination
technologies, energy consumption has been widely reported
in CDI studies. In all cases, energy consumption is normalized
as specif ic energy consumption (SEC) that is independent of the
system scale.44 In desalination processes based on salt-rejecting
mechanisms, such as RO and thermal distillation, the salinity of
the product water is practically zero.45,46 SEC for these
processes is usually defined as energy consumed per volume of
water produced (example unit: J/L or kWh/m3). However, the
more prevalently used SEC in scientific literature of CDI is
defined as energy consumed to remove a certain amount of
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salts (example units: J/mg, J/mmole, or kBT/ion),
14,37 mainly

because CDI operates based on salt adsorption mechanism and
there is a wide spectrum of product water salinity from
different studies. Regardless of its definition, SEC as an
absolute measure of energy consumption cannot be employed
to quantify how efficiently energy is spent for achieving a given
separation, because some separations are more “difficult” to
achieve, and thus intrinsically require more energy, than others.
Such “difficulty” of separation can be quantified by the specific
Gibbs free energy of separation.40,47

A generic separation can be defined by the feed
concentration, c0, the deionized water (i.e., the product
water) concentration, cD, the brine concentration, cB, and
water recovery, γ, defined as the volumetric fraction of the
feedwater that is recovered as the deionized water. Three of
these parameters are independent according to solute mass
balance given by c0 = cB(1 − γ) + cDγ. Graphically, any
separation can be visualized using a simple “separation line”
(Figure 1A) that contains all the necessary information for
defining a separation (see Supporting Information for
interpretation of the separation line). An interesting and useful
observation is that γ can be directly evaluated from Figure 1A
as the ratio between cB − c0 and cB − cD. Intuitive comparison
between two separations can be performed simply by
juxtaposing two separation lines to each other.
For the majority of CDI processes reported in literature, γ is

50%. The separation lines, in this case, are all composed of two
equal halves each representing Δc (= c0 − cD = cB − c0). In this
case, the representation of separation can further be simplified
using a single point on a diagram with c0 being the y-axis and
Δc being the x-axis (Figure 1B, data from Table S1). Figure 1B
suggests that separations achieved in CDI processes reported
in literature were dramatically different, with c0 and Δc both
spanning roughly three orders of magnitude. In general, Δc
scales with c0, which is necessary to observe any significant
percentage reduction of salinity. However, with a given c0, Δc
can span nearly two orders of magnitude, which suggests that
some CDI processes remove a large fraction of salt from the
feed whereas some barely remove any. The CDI processes

achieving the highest Δc were based on electrodes made of
intercalation materials.48,49

Thermodynamics of solution suggests that a generic
separation defined by c0, cD, cB, and γ always requires a
minimum amount of energy to generate a unit volume of
product water of concentration cD.

50 This minimum SEC,
achievable if and only if the separation is thermodynamically
reversible, is the specific Gibbs free energy of separation,
Δg,51,52 which can be obtained by computing the entropy
change of the system resulting from the separation:
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Equation 1 is valid for fully dissociated 1:1 electrolyte
solutions. Here, R is the ideal gas constant, and T is the
absolute temperature. Like SEC, Δg is also normalized by the
volume of the product water and is thus independent of the
scale of separation. Theoretically, eq 1 is only applicable for
ideal solutions. However, the thermodynamic principle that a
separation always requires a minimum SEC holds also for
nonideal solutions. Numerical studies using the Gouy−
Chapman−Stern model52 and the modified Donnan model51

demonstrate that thermodynamically reversible CDI processes
indeed consume Δg. Very recently, Hemmatifar et al. provided
an elegant analytical proof that the work consumed by a
thermodynamically reversible electrosoprtion process is exactly
equal to Δg and that such an equality does not depend on the
specific numerical model adopted in describing the EDL as
long as parasitic reactions are not considered.40 Therefore,
specific Gibbs free energy sets the baseline for energy
consumption of a CDI process. No CDI process, or any
desalination process, can consume less SEC than Δg. For the
data set we analyze, the calculated Δg roughly scale with Δc in
a log−log plot (Figure 1C). However, for a given Δc, Δg can
vary by more than an order of magnitude depending on other
parameters such as feed salinity, which is consistent with eq 1
that shows Δg is not a simple function of Δc.

Figure 1. (A) Representative “separation line” that comprises c0, cB, and cD. Water recovery, γ, can be directly determined as the ratio between cB −
c0 and cB − cD. (B) Summary of the separations using c0 vs Δc for separations with γ = 50%. The dash line represents percentage salinity reduction
(e.g., 1%, 10% and 100%). (C) Δg vs Δc for separations presented in panel B. For both panels B and C, red and blue circles represent data points
from CDI with carbon electrodes and with electrodes based on intercalation materials, respectively. These data are from Table S1, which will be
further analyzed in detail in Figure 2 for energy efficiency.

Environmental Science & Technology Critical Review

DOI: 10.1021/acs.est.8b04858
Environ. Sci. Technol. 2019, 53, 3366−3378

3367

http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04858/suppl_file/es8b04858_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04858/suppl_file/es8b04858_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b04858/suppl_file/es8b04858_si_001.pdf
http://dx.doi.org/10.1021/acs.est.8b04858


■ THERMODYNAMIC ENERGY EFFICIENCY

As Δg quantifies the “difficulty” of the separation a CDI
process achieves, it also serves as a reference to evaluate the
relative energy efficiency of a CDI process. Such a relative
energy efficiency is the thermodynamic energy efficiency
(TEE), which may allow the direct comparison between CDI
processes resulting in different separations. Specifically, TEE is
defined as the ratio between Δg of a separation and SEC of a
CDI process resulting in that separation:

= ΔTEE g SEC/ (2)

TEE represents the fraction of energy spent by a real CDI
process that would have been spent by an ideal thermodynami-
cally reversible process achieving the same separation, and can
thus quantify the efficiency of energy utilization in a CDI
process. By definition, TEE ranges from zero to unity. A low
TEE indicates that only a small fraction of the consumed
energy is utilized for separation and a large fraction is
dissipated as heat. This concept of TEE was employed for
systematic performance evaluation by Długołec̨ki and van der
Wal39 and has been recently revisited systematically by
Hemmatifar et al.40 Here, we use the same approach to
analyze a large group of experimental data from CDI studies in
literature by first quantifying Δg and SEC, and then calculating
TEE for these reported CDI processes using eq 2. The SEC
and TEE are summarized in Figure 2 (details are reported in
Table S1 in the Supporting Information). In most cases, c0 and
γ are directly reported, whereas cD is the average effluent
concentration in the charging step obtained following eq 3:

∫=
Δ

c
t

c t t
1

( )d
t

t

D
c

D
c,0

c,f

(3)

where cD(t) is the effluent concentration at time t during the
charging step, tc,0 and tc,f are the initial and final time points of
the charging step (i.e., Δtc = tc,f − tc,0 is the time of charging
step). With values for c0, cD, and γ, Δg can be calculated from
eq 1.
SEC of different CDI processes can be calculated using the

following equation if all energy released in the discharge step is
recovered:

∫=SEC
v

V t i t t
1

( ) ( )d
t

t

D
cell

c,0

d,f

(4)

where Vcell(t) and i(t) are cell voltage and current at time t, and
where td,f is the final time point of the discharge step (i.e., td,f−
tc,0 is the full cycle time), and vD is the volume of the dilute
water, which we calculate using vD = ϕDΔtc with ϕD being the
volumetric flow rate of the feed stream in the charging step.
Alternatively, one can use vD = ϕDΔtads, with Δtads being the
period when the effluent concentration is lower than the
feedwater concentration, which is, for short desalination cycles,
often different from Δtc. When Vcell(t)i(t) is negative, the
direction of the current is opposite to that of the cell voltage,
and therefore recovery of energy can be achieved by charging
an external capacitor or battery. If, however, no energy is
recovered during the discharge step, SEC is defined as

∫ δ=SEC
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V t i t t
1
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t

t

V i
D

cell ,
c,0

c,f

(5)

Figure 2. (A) SEC as a function of Δg. (B) TEE as a function of Δg. The red dash lines are the reference lines representing thermodynamically
reversible processes with SEC = Δg and TEE = 1. Each data point in panels A and B is assigned a letter code with reference listed in Table S1.
Different types of symbols represent different types of CDI processes: specifically, the circles refer to CDI with constant voltage (CV) charging and
zero voltage (ZV) discharge; bars represent CDI with constant current (CC) charging and reverse current (RC) discharge; squares with solid-left
represent CDI with intercalation materials; squares with solid-bottom represent inverted CDI; squares with solid-top (“v”) represent CDI with CV
charging but non ZV discharge. For CDI and MCDI with CC-RC operation, the bars represent the possible range of SEC and TEE with controlled
RC discharge, depending on the extent (0 to 100%) of energy recovery. Zero energy recovery corresponds to the top of the bars in panel A and
bottom of the bars in panel B, while full energy recovery corresponds to the bottom of the bars in panel A and top of the bars in panel B. The “pink
ovals” denoted as “bg” in both panels represent the range of data reported in the study of Hemmatifar et al.,40 with detailed data plotted in the
insets. The axes for the insets are the same as those for the main figure.
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where δV,i is a function that yields 1 when Vcell(t) and i(t) are
of the same direction and 0 when Vcell(t) and i(t) are of
different directions. In practice, for CDI processes with energy
recovery, the efficiency of energy recovery is always less than
100% of the recoverable energy,53 and consequently, SEC falls
between the values calculated using eqs 4 and 5. Alternatively,
SEC is defined based on the amount of salt removed, and
therefore the energy consumption is divided by the molar
amount, or mass, of salt removed, instead of by vD. In this
section, we report SEC based on the definition of eq 4 (i.e.,
normalized by vD) to be consistent with the reporting method
adopted by most other desalination technologies.
To calculate Δg and SEC for CDI studies reported in

literature, the necessary raw data include the time series of
cD(t), Vcell(t), i(t), and values for ϕD, Δtc, and the discharge
time, Δtd. We extracted data from a large number of CDI
publications5,13−15,23,27,37,39,40,48,49,53−70 and analyzed the
digitized data to obtain Δg and SEC using eqs 1, 3, 4, and 5.
For CDI experiments with nonzero voltage discharge (e.g.,
reverse current discharge), we calculate SEC using both eqs 4
and 5 and use those results as the two boundaries of possible
SEC which represent zero and full energy recovery,
respectively. We note that full energy recovery does not
mean recovering 100% of the energy spent in the charging
step, but rather recovering 100% of the energy released during
the discharge step, in which case SEC will be calculated by eq
4. These two boundaries define the top and the bottom of the
bars in Figure 2A,B representing the possible range of SEC and
TEE. A detailed example regarding the quantification of TEE
from experimental results is given in the Supporting
Information. We note that only papers reporting all necessary
information required to calculate SEC and Δg were included in
the analysis. Therefore, only a fraction of data from the CDI
literature (see Table S1) is presented.
Figure 2A,B summarizes the energy efficiency of CDI as SEC

vs Δg and TEE vs Δg, respectively. Comparing these data to
the reference lines representing thermodynamically reversible
processes, it is clear that most CDI processes reported in
literature were thermodynamically highly irreversible. For CDI
with carbon electrodes (i.e., not intercalation materials), SEC
of desalination is typically one to three orders of magnitude
higher than Δg of the resulting separation. The highest values
of TEE seem to be achieved mostly using CDI with
intercalation materials,48,49,64,65 for which we will provide
possible explanations in the following sections. The data
summarized here follow a similar trend as the data systemati-
cally collected in a recent study performed by Hemmatifar et
al. (pink “ovals” denoted as “bg” in Figure 2, with details
presented in respective insets).40 In general, CDI processes
have a higher TEE when they are operated to achieve a more
“difficult” separation characterized by a higher Δg (Figure 2B).
The summarized data in Figure 2 show that, though the

absolute energy consumption in terms of SEC is indeed quite
low for most CDI processes (most considerably below 1 kWh
m−3), the relative energy efficiency of CDI in terms of TEE is
quite low due to the very low Δg typical of separations
achieved by CDI. Most CDI processes based on carbon
electrodes did not achieve a TEE above 10%. Nevertheless,
TEE above 10% was achieved in four recent CDI studies using
intercalation materials as electrodes,48,49,64 with the highest
reaching 40%,65 which is in the same order of magnitude as
RO, the state-of-the-art desalination technology (a summary of
TEE for RO applied to both seawater and brackish water

desalination is listed in Table S3, and a recent simplified
theoretical comparison of energy consumption between CDI
and RO is given by Qin et al.).71

■ SOURCES OF ENERGY LOSSES IN CDI, AND WHY
CAN TEE BE VERY LOW?

How can one explain the generally very low values for TEE
reported for CDI? The first important reason is that most data
in Figure 2 were acquired in CDI experiments using zero
voltage (ZV) discharge with which no energy is recovered.
With carbon electrodes, a large fraction of the energy spent in
the charging step is stored in the electrical double layers
(EDLs). Recovering this energy stored in the EDLs during the
discharge step can enhance TEE.39,72 When the energy stored
in EDLs is completely recovered, the values of TEE can be
increased from the bottom to the top of the bars plotted in
Figure 2B. We note that neither the energy consumed in the
charging step nor the energy stored in the EDLs can be fully
recovered. The theoretically recoverable energy is the energy
consumed in the charging step minus the resistive energy
losses in both the charging and discharge steps. In practice, a
significant fraction of this theoretically recoverable energy can
be recovered by a buck-boost converter in the discharge
step.53,73

Using flow-by CDI and MCDI (i.e., CDI with ion exchange
membranes) processes with constant current charging and
reverse current discharge (i.e., CC-RC operation) as examples,
we illustrate the different contributions to the energy loss in
Figure 3. We assume a current density of 30 A/m2 and the
absence of Faradaic energy loss in our numerical simulation
using a one-dimensional dynamic steady-state model. The
separation achieved is characterized by c0 = 20 mM (1:1
electrolyte), cD = 12 mM, and γ = 50% (thus cB = 28 mM).
Different voltages and potential drops are plotted in Figures 3A
(for CDI) and 3B (for MCDI) as a function of electrode
charge density, σ, which quantifies to what extent the CDI cell
has been charged or discharged. In Figure 3A and 3B, the
dashed curves represent the potential drop over the EDL
(Stern and Donnan). The thickness of each color-coded region
represents the potential drop due to one of several resistances
(to be elaborated) or due to the difference of the Donnan
potentials at both ion exchange membrane (IEM) interfaces.
The models used to generate all panels in Figure 3 have been
reported in detail in the literature35 and are summarized in the
Supporting Information.
In the case of CDI without IEM, three major categories of

energy losses are considered.74−76 The first category arises
from the electronic resistance in the solid matrix of the
electrodes, current collectors, connecting wires, and the
imperfect contacts between these components. The second
category stems from the ionic resistance in the macropores
arising from the limited rate of ion transport through the
macropores. The third category is associated with the ionic
resistance of the spacer channel due to the limited rate of ion
transport across the spacer channel to enter the macropores.
The corresponding potential drops of these three categories,
denoted as ΔVe, ΔVi,mA, and ΔVi,sp, are represented by the
thicknesses of the red, blue, and yellow regions, respectively.
We note that the relative importantance of these contributions
is system dependent.
The dashed curve in Figure 3A represents the sum of the

Donnan and Stern potentials, or in other words, the
equilibrium voltage, Veq.

35 As a function of σ, Veq(σ) can be
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interpreted as the cell voltage required to maintain the existing
σ and ion distribution without either discharging or further
charging the system. If a CDI cell is always charged at a cell
voltage that is infinitesimally higher than Veq, the current
density will be infinitesimal and there is no resistive energy
loss. Obviously, this is not a practical operation condition as
desalination will take infinitely long.
The total potential drop due to ionic and electronic

resistances, quantified by the total thickness of the color-
coded region in Figure 3A, is the difference between Vcell and
Veq. This total potential drop is the excess voltage, Vex, required
to operate the CDI system at a certain current density. The
positive value for Vex in the charging step suggests that energy
is dissipated to charge the cell at a certain current density, and
the negative Vex in the discharge step implies that energy is also
dissipated to discharge the cell (i.e., not all capacitive energy is
recoverable). We note that Vex does not increase with current
density linearly, because the ionic resistance depends on the
spacer channel salinity, which in turn on depends on current
density.
Similar charging and discharge curves are also simulated for

MCDI to achieve the same separation at the same current
density (Figure 3B). Similar to the description of CDI in
Figure 3A, the same concepts of Veq and Vex can be defined for
MCDI. Compared to CDI without IEM, two extra potential

drops are present in MCDI, including (i) the drop arising from
the ionic resistance in the IEM, ΔVi,mem, and (ii) the sum of
the Donnan potentials at the two interfaces of the IEMs,
ΔVD,mem. The Veq for MCDI includes ΔVD,mem which
originates from ion distribution instead of ion movement,
whereas ΔVi,mem adds to Vex and contributes to the resistive
energy losses. We note that σ at the end of the charging step is
higher for CDI (batch cycle, reversible) than for an MCDI
process achieving the same separation, because MCDI, with a
higher charge efficiency, transfers less charge than CDI to
remove the same amount of salt.
Another informative way to present the breakdown of

energy consumption in CDI and MCDI processes is to plot
cumulative specific energy consumptions as a function of σ for
the full charging/discharge cycle (Figure 3C,D), similar to
what has been shown by Dykstra et al.76,77 Surprisingly, even
though the charge efficiency of MCDI is higher than that of
CDI, SEC of the two processes, both achieving the same
separation and with the same current density, are very similar
(without considering possible Faradaic reactions). This may be
explained by the fact that the additional ΔVD,mem and ΔVi,mem

in MCDI is offset by the significant reduction of ΔVi,mA due to
the much higher macropore concentration enabled by the
IEMs.

Figure 3. (A and B) Different voltages and potential drops as functions of charge density, σ, for CDI and MCDI processes with CC-RC operations,
respectively. The solid curves and dash curves represent Vcell and Veq (i.e., the sum of Stern and Donnan potentials). The thickness of each color-
coded region represents a potential drop due to the electronic resistance (red), the ionic resistance in the macropores (yellow) or in the spacer
channel (blue) in both CDI and MCDI. For MCDI, the potential drop due to the ionic resistance in the IEMs (purple) and due to the difference
between the Donnan potentials at both membrane interfaces (green) are also plotted. (C and D) Cumulative SEC and its contributions from
different mechanisms as a function of σ for CDI (panel C) and MCDI (panel D), respectively. The color code for different mechanisms is identical
to that used in panels A and B. (E and F) Simulated cycles with flow-by CC-RC operations (contours of blue region, including the yellow region)
and the corresponding thermodynamically reversible cycles (contours of the very thin yellow regions) resulting in the same separation, for CDI
(panel E) and MCDI (panel F), respectively. The areas of blue and yellow regions are proportional to SEC (with complete energy recovery) and
Δg, respectively. In panels A to D, the vertical dash line marked as “switch” represents the end of the charging step when the current direction is
switched. The detailed equations and parameters used to generate all the curves in this figure are presented in the Supporting Information.
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The definition of SEC based on eq 4 suggests that SEC is
simply proportional to the area of the cycle encompassing the
blue and yellow regions in Figure 3E, if complete energy
recovery is assumed. Such a cycle is obtained by horizontally
flipping the solid discharge curve (i.e., Vcell vs σ) about the axis
denoted as “switch” in Figure 3A. In comparison, Δg is
proportional to the area of the very thin yellow cycle in Figure
3E. The yellow cycle represents a thermodynamically reversible
CDI cycle obtained using a batch CDI operation. In this
specific illustrative example, SEC and Δg are 110 and 4.5 Wh/
m3, respectively, which leads to a TEE of 4.07%. Similar
comparison between SEC and Δg can also be performed using
Figure 3F for MCDI, which results in a TEE of 4.11%.
The analyzed example, characterized with a TEE of only

∼4.1%, reveals a very important insight for understanding the
energy efficiency of CDI or MCDI. In the field of
supercapacitors, which are energy storage devices based on
the same fundamental principle as CDI, a common metric is
the efficiency of energy storage (or “round-trip” efficiency),
which is defined as the ratio between the energy released in the
discharge step and the energy spent in the charging step.38,78

Applying the same concept in CDI, Figure 3E,F suggests that
over 50% of energy consumed in the charging step can be
theoretically recovered in the discharge step, even if we
consider all the resistive energy losses. However, TEE by the
definition based on eq 2 has been calculated to be only 4.1%. It
is of paramount importance to realize that the definitions of
“round-trip” efficiency in supercapacitor energy storage and the
energy efficiency in CDI are fundamentally different, which can
be illustrated using Figure 3E,F. The efficiency of energy
storage, if the system were treated as a supercapacitor, is equal
to the ratio of the area below the discharge curve (but above
Vcell = 0) and the area below the charging curve plus the area of
the small “triangle” below Vcell = 0, which is reasonably large.79

TEE, however, is quantified by the ratio between the area of
the yellow region, which is very small, and that of the blue
region (including the yellow region). Such graphical
illustrations clearly show why TEE is typically significantly
lower than the “round-trip” efficiency of energy storage if the
CDI system were treated as a supercapacitor.
In addition to CDI with CC-RC operation, another example

that is more often encountered yet easier to analyze for energy
efficiency is CDI with constant voltage charging and zero
voltage discharge (CV-ZV). Figure 4 shows a CV-ZV cycle in
which the CDI cell is charged and discharged to equilibrium
(i.e., Vex = 0 at the end of charging and discharge steps). The
separation resulting from this CDI cycle is chosen to be exactly
the same as that achieved in the CDI and MCDI process
shown in Figure 3. Such a CDI cycle with CV-ZV operation is
represented in the “Vcell vs σ” diagram as a rectangle with its
height representing the charging voltage. For the specific case
shown in Figure 4, SEC and Δg are 303.8 and 4.5 Wh/m3,
respectively, which results in a TEE of 1.5%.
Unlike CDI with CC-RC operation in which the energy

consumed for transferring a unit charge is strongly dependent
on current density and cell resistance, the energy consumption
per transferred charge in CV charging is always eVcell (e is the
elementary charge). In addition, Vex, as a function of σ, is
independent of cell resistance as long as the target separation is
achieved by charging and discharging the system to
equilibrium (Figure 4). With CC-RC operation, as the
desalination rate is roughly proportional to current density
and is thus constant, the resistive energy loss strongly depends

on cell resistances. With CV-ZV operation, however, the
resistive energy loss is proportional to the area of the blue
region (excluding the yellow region) in Figure 4 and is thus
independent of cell resistance. Therefore, for CDI that is
operated in a CV-ZV mode and charged/discharged until
equilibrium is reached, TEE is already determined once the cell
voltage is specified, if parasitic energy losses due to leakage
current and Faradaic reactions are not considered. It is
important to emphasize again that Figure 4 only applies to CV-
ZV operations in which equilibrium is reached at the end of
the charging step. This may require prolonged charging as the
driving force for charge transfer vanishes at the end of the
charging step. Faster charging can be achieved by applying a
Vcell higher than the Veq at the end of the charging step to
sustain a positive driving force (i.e., Vex) throughout the
charging step, in which case more energy will be consumed for
the same separation and TEE will decrease accordingly.
Last but not least, there is one additional and important

energy loss mechanism that is difficult to accurately simulate
using the “Vcell vs σ” diagrams shown in Figures 3 and 4. The
parasitic Faradaic reactions that transfer charge to sustain
reduction/oxidation reactions at the water/electrode interfaces
can result in additional charge transfer that does not contribute
to ion removal.80 This effect is actually considered in charge
efficiency, an important metric to be discussed later. Graphi-
cally, this makes the blue boxes in Figures 3E,F and 4
considerably longer (in the direction of x-axis) than the yellow
reversible cycle that they encompass, which in turn leads to
significantly lower TEE. For this reason, MCDI, especially at
high current density, is more efficient than CDI without IEMs
not only because IEMs mitigate co-ion repulsion from the
electrode regime, but also because the presence of IEMs
mitigates Faradaic reactions.81

■ HIGH TEE IN (SOME) CDI PROCESSES WITH
INTERCALATION MATERIALS

The pursuit of intercalation materials as promising CDI
electrode material has been primarily driven by the belief that
they can yield much higher specific adsorption capacity (SAC)
as compared to conventional carbon-based electrodes.9,82−86

The higher SAC is attributable to the ability of intercalation
materials to store ions in their solid phase (i.e., the crystal

Figure 4. CV-ZV cycle, as represented by the contour of the blue
rectangle (including the yellow region), and the corresponding
thermodynamically reversible cycle resulting in the same separation,
as represented by the contour of the thin yellow region. The resulting
separation is the same as that in Figure 3E,F.
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structure),85,87 as compared to carbon electrodes that store
ions by forming EDLs in the micropores. Interestingly, the
summary of TEE in Figure 2 suggests that some CDI processes
using electrodes based on intercalation materials (i.e., im-CDI,
with “im” representing intercalation materials) also achieved
significantly higher TEE than CDI with carbon electrodes. In
fact, according to the studies covered in Figure 2, values of
TEE higher than 10% were only achieved using im-CDI.
In theory, intercalation materials do not seem to have

significant direct advantage over carbonaceous materials in
terms of reducing cell resistance and resistive energy loss. In
fact, most intercalation materials have poor electronic
conductivity,88,89 which is detrimental to achieving high energy
efficiency. However, intercalation materials have two major
advantages that allow im-CDI systems to be operated in ways
that significantly benefit TEE. The first advantage is the high
SAC. Even though SAC is not directly relevant to TEE, the
high SAC of intercalation materials enables im-CDI to remove
a considerable amount of salt and thereby achieve an
appreciable percentage reduction of salinity even when it is
employed to desalinate high salinity feed solution.
This advantage has two implications. First, increasing the

salinity reduction increases Δg, which has a very strong
positive impact on TEE according to eq 2. This has been
clearly demonstrated by the positive correlation between TEE
and Δg shown in Figure 2B. In other words, the higher SAC of
im-CDI allows it to achieve more “difficult” separations that
are strongly beneficial to achieving higher TEE. Second, as im-
CDI can be employed to desalinate high salinity feed solution,
the higher feed salinity, c0, reduces the ionic resistances in the
spacer channel and the macropores which together comprise a
significant portion of the overall resistance. The reduced
resistance may have a significant impact on TEE if the im-CDI
system is operated in a CC-RC mode. However, most im-CDI
studies were performed using CV-ZV mode, in which case the
impact of cell resistance is primarily on desalination rate.
The second advantage of intercalation materials is the lower

Vcell than that of carbon electrodes for achieving significant salt
removal.48,49,70 This is attributable not only to the higher SAC
of intercalation materials, but also to the working mechanism
of electrodes based on intercalation materials.85,87 In the case
of carbon electrodes with which salt removal is based on the
formation of EDLs, Veq rises very sharply as the electrodes are
charged. A significant part of Veq is the Stern potential as
shown in Figure 3A,B. Electrodes with intercalation materials
employ very different mechanisms for ion storage, with which
the equilibrium may be described by the Frumkin intercalation
isotherm.87,90,91 For electrodes based on intercalation materi-
als, the increase of Veq as a function of charge density is
significantly slower than that for carbon electrodes. In other
words, im-CDI stores less energy in the charging step than
CDI based on carbon electrodes for removing the same
amount of salt.
With CC-RC operation, the amount of “stored energy” at

the end of the charging step theoretically does not have impact
on energy consumption if it can be fully recovered (excluding
the resistive loss) in the discharge step, as in this case the
energy consumption is primarily the resistive energy loss.
However, no practical CDI process can fully recover the
“stored energy” in the discharge step, which renders im-CDI
more advantageous as less “stored energy” is available to lose.
This is even more the case for CV-ZV operation adopted by
most reported studies evaluated in this paper, as all “stored

energy” is lost with ZV discharge. As Figures 3E,F and 4
illustrate, TEE is simply the ratio between the area of the
yellow cycle (representing Δg) and the area of the blue boxes
(representing SEC). The use of im-CDI, which has a lower Veq
at a given charge density, lowers the height and reduces the
size of the blue rectangle, and thereby leads to a higher TEE.
Based on the definition of TEE and following the above

analysis, there should be a correlation between TEE, Δg, Δc,
Λdyn and ΔVcell, following the form described in eq 6

β≈
Δ Λ
Δ Δ

TEE
g

V c
dyn

cell (6)

Here, ΔVcell is the difference between the charge-averaged (i.e.,
not time-averaged) voltages in charging and discharge steps,
which is exactly equal to the charging voltage for CV-ZV
operation and roughly equal to the average height of the blue
region in Figure 3E,F for CC-RC operation, and Λdyn is the
dynamic charge efficiency to be further discussed in the section
after next. The coefficient β is a constant that depends on the
specific units chosen for the parameters. Equation 6 is
proposed based on the argument that SECw is roughly
proportional to ΔVcellΔc/Λdyn (Supporting Information for
detailed explanation).
We apply eq 6 to a subset of the data in Table S1 that

provide sufficient information to calculate ΔVcell and Λdyn. The
results suggest that the correlation given by eq 6 works
reasonably well, especially for im-CDI (Figure 5). The

goodness of fit is less satisfactory for CDI with carbon
electrodes, but the overall trend of TEE is successfully captured
by the correlation. This correlation can be employed to justify
the very high TEE of some im-CDI processes. For example, the
two data points with the highest TEE were obtained from an
im-CDI study that used a Vcell of only 0.55 V and ΔVcell as low
as 0.1 V,48,49 considerably lower than that in most other
studies, to achieve values of Δg that are one to several orders of
magnitude higher than that achieved by other studies.
Lastly, it is important to point out that many im-CDI

systems employ a configuration that is fundamentally different
from most configurations used in CDI with carbon electrodes.

Figure 5. TEE vs ΔgΛdyn/(ΔVcellΔc) for CDI with carbon electrodes
(red circles) and im-CDI with electrodes based on intercalation
materials (blue squares). The coefficient of determination is R2 =
0.82. The specific position of the data cluster is dependent on the
choice of units for different parameters, but the relative positions of
the data points in the cluster and the goodness of fit is independent of
unit choice.
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While a silver electrode has been used as anion (Cl−) electrode
in one im-CDI study,49 other im-CDI studies adopt a
configuration that involves two cation intercalation electrodes
(i.e., no electrode for anion adsorption) separated by an odd
number of IEMs.64,70,84,85 The working mechanism of im-CDI
systems with such a configuration is to a great extent similar to
electrodialysis. Due to the very different configurations and
ion-removal mechanisms between this specific type of im-CDI
and typical CDI, the results from the above analysis comparing
the energy efficiency of im-CDI and CDI must be interpreted
with caution.

■ ENERGY EFFICIENCY AND DESALINATION RATE:
AN INTRINSIC TRADE-OFF OF SIGNIFICANCE

In this section, we will discuss how the desalination rate affects
TEE, as desalination rate is strongly related to ΔVcell, which has
a strong impact on TEE according to eq 6. In general, an
effective way to enhance TEE is to reduce the resistive energy
loss, which is graphically equivalent to reducing the area of the
blue regions in Figures 3E,F and 4. With CV-ZV operation,
this can be achieved by reducing the charging voltage.
However, a reduced charging voltage leads to a reduced
excess voltage which, with the same cell resistance, inevitably
results in slower desalination. This inherent trade-off between
energy efficiency and desalination rate can also be quantified
using the example of CC-RC operation in which desalination
rate is roughly proportional to the current density that is
constant. Here, we will quantify such a trade-off by
systematically evaluating an MCDI process with CC-RC
operation at different desalination rate.
The quantification of desalination rate and energy

consumption typically requires normalization to obtain scale-
independent performance metrics. There are two general
approaches for normalization. In the first approach, the
performance metrics are normalized by the amount of removed
salt. In this case, the desalination rate is quantified using
average salt adsorption rate (ASAR), defined as the amount
(either mass or mole) of salt adsorbed by unit electrode mass
in unit time,42 and SEC is defined as energy consumed per
amount (either mass or mole) of salt removed (example unit: J
mol−1).44 We denote SEC with this definition as SECi with the
subscript “i” representing “ions”.
The second approach, which is more relevant for practical

evaluation and optimization of CDI processes for which Δc has
been specified as the treatment goal, involves normalizing the
desalination rate by the volume of the deionized product water.
With this approach, the desalination rate is quantified by
productivity, P, defined as the volume of product water
generated by a unit area of electrode in a unit time.43

Productivity has exactly the same unit as flux that is extensively
used to quantify the desalination rate in RO. SEC in this case is
defined as energy consumed to produce a unit volume of
deionized water (example unit: Wh m−3), which we will denote
as SECw with the subscript “w” representing “water”. SECw is
also consistent with the adopted approach for quantifying
energy consumption in RO.92,93 We note that the approach of
normalizing by the amount of removed salt is the most
adopted approach for reporting SEC in most existing CDI
literature, because SECi is more sensible than SECw for
comparing different CDI processes with different salinity
reduction.
A trade-off curve can be constructed by plotting either the

inverse of SECi (i.e., SECi
−1) as a function of ASAR or the

inverse of SECw (i.e., SECw
−1) as a function of P. We note that

SECi
−1 has the same meaning as energy normalized adsorbed

salt, ENAS.75 The use of the inverse of SEC instead of SEC
itself leads to a trade-off curve that is monotonically
decreasing, which is a more intuitive representation of a
trade-off relationship. We note that the conversion between
SECi (or ENAS) and SECw, and between ASAR and P, can be
readily performed if the salinity reduction Δc (= c0 − cD) and
flow rate are known.43,94 A trade-off curve is meaningful only if
all points on a trade-off correspond to the same separation.
While current density can be readily controlled, the key in
establishing a trade-off curve in flow-by CDI processes is to
simultaneously adjust the feed flow rate so that Δc remains
constant at different current densities. Using this approach,
trade-off curves have been established both experimentally and
by simulation.43,94 For illustration, simulated trade-off curves
are presented in Figure 6.

The trade-off curves in Figure 6 suggest that energy
efficiency, as quantified by either inverse of SEC, is roughly
inversely proportional to desalination rate, as quantified by
either ASAR or P. Because all points on a trade-off curve
correspond to the same separation and thus the same Δg, TEE
is simply proportional to SECw

−1 for a given trade-off curve
(Figure 6, additional y-axis). Therefore, TEE is also inversely
proportional to desalination rate. Because each trade-off curve
illustrated in Figure 6 involves a single MCDI system and
results in the same separation, it suggests that TEE does not
only depend on the resulting separation or the “goodness” of
the CDI system but also strongly on how fast the CDI process
is performed to achieve the target separation. Enhancing the
desalination rate inevitably consumes more energy (moving
down the trade-off curve), and vice versa.

■ CHARGE EFFICIENCY: CORRELATION TO ENERGY
CONSUMPTION REVISITED

Another important and widely investigated performance metric
strongly related to energy efficiency is the charge efficiency,
Λ.95−98 Charge efficiency, defined as the amount of adsorbed
salt over transferred charge, quantifies how efficient a CDI
process utilizes charge transfer for ion adsorption.41,61 A recent
study by Hawks et al. suggests that the charge efficiency
calculated using experimentally measured effluent salinity,
which has been named dynamic charge efficiency, Λdyn, is not

Figure 6. Example trade-off curves that quantify the relationship
between desalination rate (ASAR or P) and energy efficiency (ENAS,
SECw

−1, or TEE). The trade-off curves are simulated for an MCDI
process with a feed solution of 20 mM and a water recovery of 50%.

Environmental Science & Technology Critical Review

DOI: 10.1021/acs.est.8b04858
Environ. Sci. Technol. 2019, 53, 3366−3378

3373

http://dx.doi.org/10.1021/acs.est.8b04858


exactly Λ by its very definition.99 The discrepancy is
attributable to the fact that the charging step actually removes
more salt from the feed solution than the measured salinity
reduction suggests, as some adsorbed salt is released back to
the deionized solution (in the spacer channel) that has not
exited the CDI cell upon the charging/discharge switch. A
metric named flow efficiency, Λflow (= Λdyn/Λ), which was
introduced by Johnson and Newman,100 was adopted to
account for this effect. The flow efficiency is close to unity,
which is desirable, if the residence time is considerably shorter
than the charging time. We note that Λflow cannot be directly
measured using experiments but has to be evaluated using a
model with certain assumptions.99 In addition to the effect
accounted for by Λflow, we note that Faradaic reactions also
contribute to reduced charge efficiency.
Many studies have been performed to investigate the

dependence of Λdyn on operating conditions.14,27,32,61 It has
been suggested, with supporting experimental evidence, that
SEC negatively correlates with Λdyn.

42 Specifically, an inverse
proportionality has been proposed to capture the dependence
of SECi on Λdyn (see Figure 5 in the classic review paper by
Suss et al.).42 Such a conclusion was primarily based on one
large experimental data set in which the SECi and Λdyn were
measured at different influent feed salinities with or without
IEMs.14 The most salient feature is that SECi has a clear
negative correlation with Λdyn, which is particularly strong
when Λdyn is low.
The inverse proportional correlation between SECi and Λdyn

is theoretically justified by simply combining eqs 2 and 6 and
noting that SECi = SECw/Δc:

β
=

Δ
Λ

SEC
V1

i
cell

dyn (7)

However, eq 7 also suggests that SECi is strongly dependent
on ΔVcell. This implies that any inverse proportionality
observed in a series of data is not universal but rather
conditional upon the requirement of constant ΔVcell for all data
points in that series (e.g., all data points in such a series were
collected from CV-ZV operation with the same charging
voltage). That is, SECi is not a simple one-to-one function of
Λdyn as a universal inverse proportionality would have
suggested.
For example, we analyze a set of data obtained in a recent

study of MCDI with CC-RC operation and different operating
conditions.94 Because of the presence of IEMs, Λdyn is
relatively high for the entire data set. The correlation between
SECi and Λdyn is very weak (Figure 7A): within a relatively
small range of relatively high values for Λdyn (from 0.70 to
0.97), SECi varies, without observable trend, from 0.054 to
0.243 J/μmol. Specifically, comparing data from experiments
performed with two different sets of electrode materials
suggests that the FM10K carbon cloth electrodes (red circles
in Figure 7) consume more energy than PACMM electrodes
(blue circles in Figure 7A) for achieving the same separation,
even when their Λdyn values are very similar. Performing the
same analysis using Λ, which was calculated using Λdyn and the
flow efficiencies estimated using the approach proposed in ref
99, slightly shifts the position of the data cluster but did not
change the qualitative conclusion of the lack of correlation.
Dynamic charge efficiency is of critical significance because a

low Λdyn means a large fraction of the energy is spent on charge
transfer that does not result in ion removal from the bulk

solution.42,61,95 The “wasted” charge transfer can be attributed
to co-ion repulsion, unintended discharging into already
deionized water (as characterized by flow efficiency), and in
some cases, also to Faradaic reactions. In contrast, a high Λdyn
means that most of the energy is spent on charge transfer that
results in ion removal from the bulk solution. Therefore, Λdyn
quantifies the “utility” of charge transfer. However, SECi does
not only depend on the utility of charge transfer but also
strongly depends on how much energy is actually consumed to
transfer charge, which is roughly quantified by eΔVcell.
Therefore, while a CDI process with low Λdyn cannot be
energy efficient, a CDI process with very high Λdyn is not
necessary energy efficient as much energy can be consumed for
charge transfer (e.g., when resistance is high and/or
desalination rate is fast, which leads to a large ΔVcell). In
summary, a high Λdyn is only a necessary, but not a sufficient,
condition for an energy-efficient CDI process.

■ PERSPECTIVES, LIMITATIONS AND SIGNIFICANCE
The recent intensive research pursuit in CDI has been to a
certain extent motivated by the promise that CDI may soon
become a low-energy-consumption alternative to conventional
and more mature desalination technologies. On the one hand,
CDI is indeed a low-energy-consumption technology, as the
majority of CDI studies have reported SECw values that are
significantly lower than that of any typical desalination
technology. On the other hand, the very low SECw values of
many CDI processes do not suggest that they are highly energy
efficient, because the majority of reported CDI processes were
employed to achieve “easy” separations that intrinsically
require very little energy. The concept of TEE helps us
account for the “difficulty” of separation when interpreting the
energy consumption and assessing the energy efficiency of CDI
processes. While no study on CDI with carbon electrodes has
yet shown a TEE higher than 10%, CDI with electrodes based
on intercalation materials have shown values of TEE as high as
40%. These results suggest that it is possible for CDI to achieve
a TEE in the same order of magnitude as that for RO, the state-
of-the-art desalination technology. Our analysis also suggests
that several factors are associated with a high TEE. These
factors, which are summarized in Table 1, contribute to either
a higher Δg or a lower SEC.
It is important to emphasize that, although TEE is an

important performance metric, it is not a very useful

Figure 7. (A) SEC vs Λdyn and (B) SEC vs Λ (= Λdyn/Λflow) for a
series of data obtained using MCDI experiments reported in ref 94.
We note that Λ > 1 is observed, likely due to errors in estimating the
flow efficiency using a model with several ideal assumptions and/or
the uncertainty in estimate the cell’s fluid volume.
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performance metric for the purpose of designing and
optimizing a CDI system to meet a certain desalination
requirement (i.e., reducing the feed salinity to a target effluent
salinity). While we understand that achieving higher Δg is
beneficial to enhancing TEE, we cannot and should not
desalinate more saline feedwater just for pursuing a higher
TEE. Even with a given feed solution, we should not desalinate
more than necessary to achieve a higher Δc just for a higher
TEE, as doing so will lead to higher SECw which has more
direct relevance to cost of water production. In general, it has
been proposed that the technoeconomic analysis of CDI
systems should simultaneously consider energy efficiency and
desalination rate on the basis of their trade-off relationship.43,94

In this context, the energy consumption should be quantified
using SECw which is more relevant (than TEE) to practical cost
consideration.
The use of TEE as a performance metric, however, helps us

acquire a better understanding of how efficient various CDI
processes are, which cannot be judged based on absolute
performance metric such as SECi or SECw. For a specific CDI
process, TEE helps us gauge how much room there is to
further enhance the energy efficiency and understand the limit
of SEC (which is essentially Δg). Within the CDI research
field, TEE enables us to compare across different processes that
result in different separations and to identify strategies for
enhancing the energy efficiency of CDI. Last but not least, TEE
is the only performance metric that allows direct comparison of
energy efficiency between different desalination technologies
with vastly different working mechanisms and achieved
separations. For example, it is very challenging to compare
CDI with RO or thermal desalinations using SEC, due to the
fact that not all technologies can be operated to achieve the
same separation. Such a comparison, which may be imperfect
yet informative, can be best achieved using TEE.
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