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a b s t r a c t

In the field of Capacitive Deionization (CDI), it has become a common notion that constant current (CC)
operation consumes significantly less energy than constant voltage operation (CV). Arguments in support
of this claim are that in CC operation the endpoint voltage is reached only at the end of the charging step,
and thus the average cell voltage during charging is lower than the endpoint voltage, and that in CC
operation we can recover part of the invested energy during discharge. Though these arguments are
correct, in the present work based on experiments and theory, we conclude that in operation of a well-
defined CDI cycle, this does not lead, for the case we analyze, to the general conclusion that CC operation
is more energy efficient. Instead, we find that without energy recovery there is no difference in energy
consumption between CC and CV operation. Including 50% energy recovery, we find that indeed CC is
more energy efficient, but also in CV much energy can be recovered. Important in the analysis is to
precisely define the desalination objective function, such as that per unit total operational time
eincluding both the charge and discharge stepse a certain desalination quantity and water recovery
must be achieved. Another point is that also in CV operation energy recovery is possible by discharge at a
non-zero cell voltage. To aid the analysis we present a new method of data representation where energy
consumption is plotted against desalination. In addition, we propose that one must analyze the full range
of combinations of cycle times, voltages and currents, and only compare the best cycles, to be able to
conclude which operational mode is optimal for a given desalination objective. We discuss three
methods to make this analysis in a rigorous way, two experimental and one combining experiments and
theory. We use the last method and present results of this analysis.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Capacitive Deionization (CDI) is a cyclic method of water desa-
lination using porous electrodes, where salt ions are removed
during the charging step, temporarily held inside the electrodes,
and released again during discharge (Biesheuvel et al., 2017; Hawks
et al., 2018). During charging, there is an input of electrical energy,
which can partially be recovered during discharge (Długołecki and
van der Wal, 2013). Many CDI architectures are possible including
the use of flowing electrodes (Hatzell et al., 2015; Rommerskirchen
et al., 2015; Doornbusch et al., 2016), chemically modified
tal Technology, Wageningen
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electrodes (Su and Hatton, 2017), redox-active materials (Lee et al.,
2014; Shanbhag et al., 2017), and the addition of ion-exchange
membranes (Zhao et al., 2012; Kim and Choi, 2010; Li and Zou,
2011). The most commonly used CDI architecture is the flow-by
cell, which employs film electrodes with a spacer channel placed
in between, through which the solution flows along the electrodes
(Suss et al., 2015). CDI has mainly been applied as a desalination
technology for brackish water, while other applications include
water softening (Seo et al., 2010) andwater reuse for cooling towers
(Lee et al., 2006; van Limpt and van der Wal, 2014).

For CDI with film electrodes, an important choice that must be
made is whether operation will be at constant voltage (CV) or
constant current (CC). There can be various criteria to base this
choice on, such as the aim for a constant effluent concentration (CC
in Membrane CDI), or a low energy consumption of the process.
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Note that this choice does not need to be made for steady state
operation of CDI with flowing electrodes, but is only necessary for
cyclic processes. For carbon electrodes (which we consider from
this point onward), in literature it is often reported that CC oper-
ation leads to a lower energy consumption than CV operation (Kang
et al., 2014, 2016; Choi, 2015; Han et al., 2015; Andelman, 2011; Qu
et al., 2016). Kang et al. (2014) show that CC-CDI consumes
approximately 30% less energy than CV-CDI for identical electrical
charge storage or identical ion removal, without considering en-
ergy recovery. Similar differences in energy consumption between
CC and CV modes without considering energy recovery were re-
ported by Choi (2015) and by Han et al. (2015). A much higher
advantage of CC over CV implied by Andelman (2011) where on
theoretical grounds CC was considered to have a twice lower en-
ergy use than CV operation. In another study, Qu et al. (2016) show
that in CC operation with complete energy recovery, the energy
consumption can be as low as 28% of CV operation, i.e., about a
factor of three less, and Kang et al. (2016) conclude that energy
recovery in CC operation is much more favorable than in CV
operation.

Arguments brought forward to explain the lower energy use in
CC operation are as follows. First, it is argued that during CC
charging the charging voltage is only reached at the end of a
charging step, thus on average the cell voltage during charging is
lower in CC operation, and thus the electrical energy consumption
is lower. In the ideal case, and with the same (endpoint) voltage,
this difference amounts to a factor of two. The other argument is
that in CC operation it is possible to recover energy which eit is
impliede is not possible during CV operation. This is indeed true
when CV is operated at zero discharge voltage, as has been the
classical approach in CV-CDI. However, also in CV operation, it is
possible to discharge at a non-zero cell voltage, and thus energy
recovery is possible (Kim et al., 2015).

To compare CC and CV operation, one must precisely define the
desalination objective, such that per unit total operational time a
certainwater recovery and desalination quantity must be achieved.
Water recovery, WR, is the ratio of the volume (flow) of desalinated
water (diluate), over the volume of feedwater.1 Desalination
quantity will be defined below. For a certain objective function,
defined by these the parameters, we must find conditions of
operation with lowest energy consumption, which can thereafter
be compared for different modes of operation. This is not as
straightforward as it may seem: though it is often attempted to
compare CC and CV for identical conditions of operation, it is not
sufficiently checked whether these conditions result in the same
desalination quantity and WR. Choi (2015) compares data for CC
and CV operation for identical charging voltages, that is, data are
compared where the charging voltage applied in CV operation is
the same as the endpoint charging voltage in CC operation. How-
ever, for this comparison between any two data points at the same
voltage, various other operational properties are different, such as
WR, cycle time and salt removal. Kang et al. (2014) compare CV and
CC operation as function of the salt adsorption capacity of a cycle.
Data points are compared at the same value of salt adsorption ca-
pacity, and WR of 50%. However, for each data point used in the
comparison, the cycle time (the duration of the full charge/
discharge cycle) is different. Thus, Kang et al. (2014) compare the
performance of a single cycle, but not the performance per time
period of system operation, and therefore the cycle-averaged salt
1 The volume of desalinated water, i.e., the diluate stream, is, in the present work,
calculated by multiplying the water flow rate with the duration of the desalination
step, which we define as the period when the salt concentration of the effluent of
the cell is lower than the concentration of the feed water (Zhao et al., 2013).
adsorption rates are not equal. Whereas these papers consider
flow-by CDI, Qu et al. (2016) perform experiments with flow-
through CDI and compare data as function of charge transferred.
They show (inset picture Fig. 4 in Qu et al. (2016)) that in their case
the amount of charge is close to proportional to salt removal.
Furthermore, data were obtained at the same duration of the
charging (either CV or CC) and discharge step (CC in all cases). This
approach is in line with the proposal of the present paper, which is
that one must compare data with the same salt removal rate (when
averaged over the full cycle). They show that without energy re-
covery CC has � 35% less energy consumption, and including en-
ergy recovery CC has up to a factor of three lower energy
consumption. Different to our protocol, Qu et al. (2016) only
analyze a first cycle, and not the “dynamic steady state”, but for the
longer cycles this should not matter much. Energy consumption
was analyzed for flow-by CDI by Zhao et al. (2012) and compared
for CC vs CV operation, CDI vs membrane-CDI, and for different salt
concentrations. Conclusions in that paper, however, were based on
comparing data with different average salt adsorption rates and
thus the conclusions do not rigorously follow. Recently, for
membrane-CDI, Wang and Lin (2018) conclude that it depends on
the desalination objective whether CC is to be favored over CV, or
vice-versa.

In order to compare CC and CV operation in a fair manner, one
has to make sure that the desalination objective of the cycles
subject to comparison is the same. The objective is always defined
by two parameters: first, the water recovery, WR,1 and, second, a
measure of the amount of salt removed. The latter can be expressed
as the average salt adsorption rate, ASAR, which is based on the
molar quantity of salt removed from the diluate stream per unit
operational time (Suss et al., 2015). Instead, one can use the average
difference in salt concentration between the diluate and feed
streams. We call this difference “desalination,” Dc. In this paper we
will use Dc, not ASAR, as our measure for the amount of salt
removed from the diluate stream in a CDI cycle.

For each operational mode (CV or CC) an infinite number of
charging/discharging schemes is possible, which are all defined by
different operational parameters. Each scheme results in a desali-
nation cycle with a certain desalination objective and energy con-
sumption. Thus, to reach a certain objective, several operational
schemes are possible, and for each scheme the energy consumption
can be different. In order to conclude whether CC or CV operation
performs better, one has to compare for each operational mode the
scheme resulting in the desired objective with the lowest energy
consumption. This means that one has to conduct, in principle, an
infinite number of experiments. Because the desalination objective,
defined by WR and Dc, reached by a certain scheme can only be
determined after running the CDI cycle, many experiments must be
discarded if we are only interested in one value of WR and Dc to
compare CC and CV operation. Instead, we propose that it is better
to use all data that are obtained, and thus to compare CC to CV
operation for a range of values of WR and Dc. This method would
result in a 3D representation of energy use versus WR and Dc. This
method, which we refer to as “Experimental 3D”, see Fig. 1, allows
for a fair comparison between the operational modes.

Another method, which we refer to as “Experimental 2D”, is
based on fixing one of the parameters defining the desalination
objective, e.g. WR, at a constant value, and to compare the energy
consumption of both operational modes as function of Dc. This
means that experiments should be conducted using an operational
scheme that results in a pre-defined value of WR, which is not easy,
because according to our definition,1 water recovery is not a
parameter that can be imposed directly in an experiment; i.e., it is
not an input, but an output of an experiment. Indeed, as we will
show, WR can be markedly different fromwhat would be expected



Fig. 1. Schematic overview of our methodology to analyze the suitability of a certain operational mode for water desalination by capacitive deionization (CDI), on the basis of energy
consumption.
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based on a calculation involving charging and discharging times.
Therefore, experiments have to be designedmaking use of a control
loop: a desalination cycle is conducted with several parameters
defining a cycle, then the output of a cycle is analyzed and WR
calculated, thereafter the parameters are adapted, and this loop is
run through until WR reaches the pre-defined value. Also in this
case a very large number of experiments are required to find con-
ditions of minimum energy in a plot of energy consumption versus
Dc.

Instead of these two experimental methods, we make use of a
method which combines experiment and theory, see Fig. 1. This
method consists of performing a limited number of experiments to
validate a dynamic CDI model (Dykstra et al., 2016a, 2017;
Hemmatifar et al., 2015). This model is then used to generate a very
large number of calculated outputs of energy use, all at a constant
pre-defined value of WR (achieved by a numerical search routine)
and these model results are compared in a plot for energy con-
sumption versus desalination, Dc, at fixed values of WR.We refer to
this method as “Theoretical 2D”.

The objective of the present manuscript is to outline a meth-
odology to assess the energy consumption of a certain operational
mode of a certain CDI technology. In the present work, we apply
this methodology to the example case of comparing CC and CV
operation in CDI. In this method we make use of a computer model
of a CDI cell, and run a very large number of calculations with
varying values of cycle times, current, voltages, etc., all for the same
input and device. In this way, we find for each operational mode
(CV or CC) the optimum cycle characteristics and we can control
WR exactly, without requiring experiments using a control loop.
Optimum values are read off as the lower boundary in a plot of
energy versus desalination, Dc (at fixed values of WR). These op-
timum values (i.e. the lower boundaries) can then be compared to
derive information on the merit of CC versus CV operation with
respect to energy use, for conditionswhere the overall performance
of the process is the same. The comparison is made at two values of
the energy recovery during discharge.
2. Theoretical framework

Theoretical calculations are made using a dynamic CDI model of
a single cell, which describes ion electromigration across the spacer
channel and through the porous electrode, combined with a suit-
able EDL-model. For the theoretical equations, we refer the reader
to Refs. (Dykstra et al., 2016b). In the flow direction, only a single
“sub-cell” is assumed. To describe the EDL structure, for mathe-
matical simplicity, the improved modified Donnan model is used in
the calculations, whichwas comparedwith the amphoteric Donnan
model (Gao et al., 2016; Dykstra et al., 2017; Mubita et al., 2018) and
was shown to give similar predictions for salt adsorption, charge
and charge efficiency, in the relevant range of salinities of this
study, see Supplementary Information (S.I.) Section 1. Values for
relevant parameters in this dynamic CDI model are reported in S.I.
Section 2.

Calculations are always made for the “dynamic steady state”
(DSS) or “limit cycle” by running through at least three cycles, and
taking results from the third cycle. Salt adsorption is calculated as
the number of moles removed from the diluate stream (based on
the difference in inflow and effluent salt concentration), which is
also equal to the molar quantity of salt that is added to the
concentrate stream. Energy consumption, EC, is equal to the energy
input during the charging step, minus the energy that is recovered
during the discharge step. Energy input is calculated as the integral
of current and cell voltage during the charging step. The energy that
is recovered during discharge is the product of current, cell voltage,
and an energy recovery factor, integrated over the discharge step. In
our calculations, this factor is taken as either 0% or 50%. When this
factor is 0%, we do not recover energy, and EC is equal to the energy
input. When a factor of 50% is used, energy recovery is included and
EC is lower than with a recovery factor of 0%. Energy consumption
can be presented in many different ways, such as energy per vol-
ume of diluate produced, or energy per unit time. Alternatively, an
inversemeasure can be used, such as “energy-normalized adsorbed
salt” (Hemmatifar et al., 2016). In this paper, we use the metric of
energy per molar quantity of salt removed, with unit kJ/mol.
3. Energy consumption as function of desalination -
comparing theory and data

Our experimental program is based on the CDI stack described
in detail in Dykstra et al. (2016a). The stack consists of four cells,
each cell containing two porous activated carbon electrodes (Ma-
terials & methods, PACMMTM 203, Irvine, CA, USA). A spacer keeps
the electrodes apart and allows for fluid flow. The salt solution is
pumped from a vessel with a volume of 10 L, through the cell,
thereafter passes a conductivity sensor that records a value each
second, and recirculates back to the vessel. The solution in the



Fig. 3. Water recovery as function of desalination, Dc. Experimental (points) and
theoretical results (solid and dashed lines) based on data for which energy con-
sumption is reported in Fig. 2. The duration of a full cycle, CT, is either 2min (full
symbols) or 4min (open symbols).
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vessel is purged with N2 gas to minimize the concentration of
dissolved oxygen in solution, and thus, to minimize the occurrence
of faradaic reactions that can result in the reduction of desalination
performance during the experiments. For more details on the
experimental design, we refer the reader to S.I. Section 3. The aim of
these experiments was to validate the dynamic CDI model as pre-
sented in Section 2.

Experimental results are presented in Fig. 2 as function of
desalination, Dc, which is the decrease in salt concentration of the
diluate stream compared to the feed stream, averaged over the
duration of the desalination step (the time period that the device
produces diluate, i.e., that the water leaving the cell has a lower
salinity than the feed). For CV operation, Dc increases when we
reduce the discharge voltage (at the very right Vdisch ¼ 0 in
Fig. 2A,B), while for CC operation moving to the right, data points
correspond to higher and higher current densities. As discussed, we
do not use these data to directly come to a conclusion about energy
in optimized CC or CV cycles, but use these data to validate the
dynamic CDI model. As Fig. 2 shows, the fit of model to data is
reasonable but certainly not perfect. Though a better fit would have
been preferred, still, for the present work, which has the aim to
outline a method how to analyze operational modes in CDI, the
quality of the fit between the model and data is sufficient. We
should note that to fit the model to the data somewhat unrealistic
values had to be used for certain parameters in the model, see S.I.
Section 2.

For the data shown in Fig. 2, one would perhaps expect that in
all cases the water recovery, WR, is 50%, as the charging time was
equal to the discharge time, both for CC and CV operation. Indeed,
Fig. 3 shows that for most CV data this is the case, but Fig. 3 also
shows that for some CV data and all CC data, WR is less than 50%.
Thus, although the charging time is equal to the discharge time in
all experiments, we find that the adsorption time, which we define
as the period when the salt concentration of the effluent is lower
than in the feedwater, that this period is considerably shorter than
the desorption time, which is the period when the effluent has a
higher salt concentration than in the feedwater. This difference in
adsorption and desorption time results, with constant flow rate, in
WR < 50%. Thus, we cannot simply compare a set of CC and CV
experiments, for the reasons outlined before: first, that for a certain
operational setting we cannot be sure that we are at the lowest
Fig. 2. Energy consumption as function of desalination, Dc. Experimental results based on
theoretical calculations using the dynamic CDI model (solid and dashed lines). A) without e
2min (full symbols) or 4min (open symbols). Water recovery is not constant in these expe
energy for a given desalination objective, and second, in most cases
the desalination objective is different (both Dc and WR will be
different between the CC and CV data points). Therefore, we use a
different approach, where the validated CDI model is used to
generate many “data-points” of energy use at different values of
WR andDc, for the different operational modes, as will be discussed
in the next section.

4. Optimizing desalination performance as function of
desalination and WR - comparing constant voltage and
constant current operational modes

In Section 3 we validated our dynamic model with experimental
data and discussed that we use this model to compare the energy
data (CV: triangles, CC: stars) (as presented in Fig. S2 in S.I. Section 3) and results of
nergy recovery, and B) with energy recovery. The duration of a full cycle, CT, is either
riments.



Box 1

Calculation procedure

1 Of the four parameters that define a cycle we make a

“sweep” over the first three parameters (for CV: Vch, Vdch,

and tch; for CC: Ich, Vup, and Vdown) in a large window of

suitable values. In Table S2 we list for each parameter

which domain is scanned, and the interval between each

value.

2 Based on the desired WR, we calculate a guess value for

the fourth parameter (for CV: tdch; for CC: Idch). For CV, we

use tdch ¼ tch

�
1

WRdesired
� 1

�
, and for CC, we use Idch ¼

WRdesired,Ich
1�WRdesired

.

3 For each combination of parameter values we run the CDI

model for three cycles consecutively. Based on the output

(current, effluent concentration) of the last cycle, for

which we reached a dynamic steady state, we calculate

the realized WR, energy consumption (for ER 0% and ER

50%) and Dc.
4 Using a numerical routine, we repeat step 3 with tdch (CV)

or Idch (CC) as variables to minimize the error given by

error ¼ ðWRdesired �WRrealizedÞ2.
5 When the error has become small enough, the calculation

was considered successful. For CV, this means that, for

given Vch, Vdch, and tch, we have found a value for tdch that

characterizes a desalination cycle with WRdesired; and for

CC, this means that, for given Ich, Vup, and Vdown, we

found a value for Idch. For this desalination cycle, we plot

values for energy consumption (for ER 0% and ER 50%) as

function of Dc in Fig. 4.

6 We repeat this procedure for all combinations of param-

eters listed in Table S2. For some combinations of pa-

rameters there was no solution, and then no datapoints

are plotted in Fig. 4.
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consumption, EC, of CV and CC operational modes. In the present
section we discuss this methodology in more detail, and present
the results of the comparison between CV and CC charging in CDI.

To be able to compare CDI cycles for different operational
modes, three types of constraints must be the same: the flow rate
and composition of the inflowing water, the cell itself (mass of
electrodes, dimensions), and the desalination objective. With all of
these constraints the same, we can analyze whether one mode of
operation has a higher energy consumption than anothermode. For
a different input, cell, or objective, the conclusion can be quite
different. Calculations are based on the same input water and cell
design as in the experimental and theoretical program discussed
above. Furthermore, the calculations are limited to the following
conditions: one level of inflow salinity (single salt solution, NaCl),
either CC during charge and discharge, or only CV, thus no mixed
modes, and pump rate constant (no variation in pump flow rate
such as in “stop flow”-mode (Bouhadana et al., 2011)).

For CV operation, four parameters are required to define a cycle:
charging voltage, Vch, discharge voltage, Vdch, charging time, tch,
and discharge time, tdch. For CC operation, again four parameters
define a cycle: endpoint voltage during charging, Vup, charging
current, Ich, endpoint voltage during discharge, Vdown, and
discharge current, Idch. For both CV and CC we discussed in Section
3 that, with equal charging and discharge times, water recovery,
WR, is not necessarily 50%, and can be different for each calculation.
In order to compare CC and CV, one should control the desalination
objective, and thus fix WR at a constant value. We make calcula-
tions using these four parameters according to the calculation
procedure described in Box 1.

Fig. 4 shows calculation results for energy consumption, EC, in
CV and CC operational modes for ER 0% (panel A) and ER 50% (panel
B), where the latter means that 50% of the energy released during
discharge is recovered, and is thus subtracted from the energy
input, to calculate EC. Results are shown for WR 50%. As expected,
there are many ways to run a cycle to achieve a certain value of Dc,
and all have a different energy consumption. Because we are pri-
marily interested in the lowest values of energy for any givenDc, we
care most about the lower boundary of the calculation results,
which we present in Fig. 5. Fig. 5 shows calculation results not only
for WR 50%, but also for WR 40, 60 and 70%, and for each set of
calculations we plot the lower boundary of energy consumption. To
select the datapoints that mark the boundary out of the full “cloud”
of calculation results, a well-defined procedure is required, which
we describe in Box 2.

An important assumption to make this procedure work, is that
the lower boundary increases concavely upward with Dc.

Now, with lower boundaries plotted in Fig. 5 for different values
of WR, with and without 50% energy recovery, we can compare the
energy consumption in CC and CV operation. Making this com-
parison, we see that, without energy recovery, our procedure pre-
dicts not much difference in energy consumption between the two
operational modes. However, with 50% energy recovery, CC shows a
5e15% lower energy consumption than CV. This moderate differ-
ence between energy consumption in CV and CC operation, is in
line with recent observations by Wang and Lin (2018) for mem-
brane-CDI.

One may wonder how Fig. 5C and D would be with 100% energy
recovery, instead of 50%. In fact, calculations with 100% recovery
were made, but resulted in many LB points and only a very limited
number of OptLB points. This is because with 100% recovery the
calculation procedure predicts that we can increase the upper
voltage (CC) and the charging and discharge voltages (CV) to high
values, in fact to the maximum values we set, because most of the
input energywill be fully recovered anyway. Thus, in casewe use an
energy recovery factor of 100% it was not possible to obtain a
sufficient number of data points to reliably construct the lower
boundary in an energy vs. Dc-plot. Furthermore, in our view, a re-
covery factor of 50% is more realistic than of 100%. A few studies
that describe the development and optimization of a back-boost
converter for CDI to recover energy during discharge, report a
maximum recovery factor of � 50% (Alkuran and Orabi, 2008; Kang
et al., 2016), although other studies also report an efficiency � 80%
(Pern et al., 2012) and even � 100% (Prieto et al., 2014).

For the optimal points as plotted in Fig. 5, we listed in S.I. Section
4 all values for Vch, Vdch, tch and tdch (CV) and Ich, Idch, tch and Vdown
(CC). Interestingly, we find that, for CV, cycles with optimum
desalination performance have a discharge voltage of Vdisch ¼ 0:3 V
or higher, which is in line with results reported by Kim et al. (2015),
where it was concluded that increasing the discharge voltage from
0 V to 0.3 V results in a higher charge efficiency. For CC operation
we find a similar result, but only for calculations based on 50%
energy recovery.Without recovery, there is no clear dependence on
the endpoint voltage during discharge.

Finally, we analyzewhy, without energy recovery, our procedure
predicts not much difference in energy consumption between the
two modes of operation, and why, with 50% energy recovery, CC
consumes less energy than CV. To that end, for both operational
modes we make a detailed calculation of the various contributions
to the energy, see Fig. 6. We compare here a CC cycle with a CV
cycle, and both cycles have the same Dc and WR, and without en-
ergy recovery, have almost the same energy consumption (without



Fig. 4. Energy consumption as function of desalination, Dc, A) without and B) with 50% energy recovery, based on a large set of calculations to find the lower boundary for CC and CV
operation (water recovery 50%).

Fig. 5. Minimum energy consumption as function of desalination, Dc, and water recovery, WR. Solid datapoints, connected by solid lines, are OptLB points, whereas open datapoints,
connected by dashed lines, are LB points, points located at the boundaries of our tested parameter domain. Panel A and C show results for CV and B and D for CC, without (A and B)
and with (C and D) 50% energy recovery.
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Box 2

Selecting datapoints at the lower boundary in an EC-Dc plot

1 We select the datapoint with lowest EC, which will be the

starting point marking the lower boundary, with co-

ordinates (xstart,ystart), where x refers to Dc and y to WR.

2 Now, the procedure selects the next point e positioned to

the right of the starting point e that marks the lower

boundary. Therefore, for each datapoint i with xi > xstart
the slope is calculated using ai ¼ xi�xstart

yi�ystart.

3 The datapoint with the lowest slope is selected as the next

point marking the lower boundary.

4 We check whether this point is one of the inner points in

the calculation domain defined in Table S2, and in that

case we refer to it as an OptLB point (solid symbols in

Fig. 5). Else, the point is at the boundaries we set for the

parameter values, and it is likely that, if the boundaries

would have been set differently, a datapoint with lower

energy consumption would have been found. We refer to

this point as a LB point (open symbols in Fig. 5).

5 We repeat this procedure from step 2 onwards, and

replace subscript “start” by “prev” with values for co-

ordinates (xprev,yprev) being (xi; yiÞ found in step 3. The

procedure is terminated when there is no longer a data-

point for which xi > xprev.
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energy recovery: CV: EC¼ 89:2 kJ/mol; CC: EC ¼ 93:4 kJ/mol; with
50% energy recovery: CV: EC ¼ 65:6 kJ/mol; CC: EC ¼ 56:3 kJ/mol).
Both cycles are at the lower boundary in Fig. 5. For both modes of
operation, we study the energy in the separate elements of the cell:
the EDLs (Donnan and Stern potential), ionic resistances in spacer
and macropores, and electronic resistances in cables and current
collectors. The equations required for this analysis are described in
S.I. Section 5.
Fig. 6. Contributions to energy at the end of charging and at the end of discharge of a C
desalination Dc ¼ 2:42 mM, water recovery WR ¼ 50%). Energy stored in EDLs (Donnan and
energy is dissipated by ionic resistances in spacer and electrodes (mA), and by electronic
desalination cycle are for A) given in Table S3, and for B) given in Table S5 (WR ¼ 0:5, Dc ¼
Fig. 6 first of all shows the energy stored in the Stern and
Donnan layers in the electrodes during charging. Note how for CV
operation, the energy stored in the Stern layer is much lower than
for CC operation (CV: 56.3 kJ/mol; CC: 68.2 kJ/mol). During
discharge, the energy stored in the Stern layer is released again, but
for the Donnan layer, not all energy that was stored is again
released, which can be explained as follows. During charging, the
Donnan layer is charged while the salt concentration in the mac-
ropores is low, resulting in a high Donnan potential between
macropores and micropores. Instead, during discharge, the salt
concentration in the macropores is much higher, and thus, the
Donnan potential is lower. Consequently, the energy released from
the Donnan layer during discharge is less than the energy required
to charge the layer.

Fig. 6 also shows that, both during charging and discharge, en-
ergy is dissipated due to the ionic resistances in the spacer and
electrodes (mA), and due to electronic resistances in cables and
current collectors (EER). Comparing CV and CC, we observe that the
energy dissipation due to resistances is higher in CV than in CC,
both during charging and discharge, which can probably be
explained by the high currents directly at the start of a CV charging
step and, consequently, by the low salt concentrations in the spacer
and electrodes, resulting in a high resistance.

Although the energy dissipation due to resistances is much
higher in CV mode than in CC mode, we find that the total energy
input (sum of all bars for “end of charging”; equal to energy con-
sumption in case of 0% energy recovery) is slightly lower for CV
than for CC. As Fig. 5 shows, this is because, for CV, the Stern layer in
the EDL needs to be charged less to reach the required Dc and WR
(56 kJ/mol for CV vs. 68 kJ/mol for CC).

Finally, we like to note that, as Figs. 2 and 3 showed, the CDI
transport model did not perfectly describe experimental data for all
values of Dc. The level of fit of the model to the data of course
directly impacts the correctness of our observations, such as for the
relative level of energy consumption in CC and CV operation. Thus,
to come to more solid conclusions, it is useful to find a CDI model
(and its parameter settings) which describes data more precisely.
DI cell, for A) constant voltage and B) constant current operation (for both panels:
Stern layer) can (partly) be recovered during discharge. During charging and discharge,
resistances in cables and current collectors (EER). Parameter values that define the
2:42 mM).
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Nevertheless, for the objective of our work, which is to present a
method of CDI cycle analysis and energy use, the CDI model used
has been an essential tool.

5. Conclusions

In this manuscript, we presented a methodology to assess the
energy consumption of a certain operational mode of CDI opera-
tion, and we apply this methodology to compare constant current
and constant voltage charging in CDI: constant voltage (CV) and
constant current (CC). In this methodology, we use a validated CDI
model that can be used in both operational modes. We define
several constraints and parameters describing desalination cycles
for both CC and CV, and we calculate for a range of parameter
combinations the energy consumption (with and without 50% en-
ergy recovery during discharge), water recovery, WR, and the
decrease in salt concentration of the diluate (averaged over the salt
adsorption period Dc). Thereafter, we plot the lowest values of
energy consumption as function of Dc and WR. This robust meth-
odology showed that, in our example calculation, without energy
recovery, the lowest values of energy consumption of CV and CC
operation are approximately the same. If 50% of the energy released
during discharge can be recovered and reused in CDI, CC has a
somewhat lower energy consumption than CV.

The methodology can be extended to analyze mixed modes of
operation (e.g. CC charging and CV discharge, or vice-versa), and
operation with a water flow rate that has different values during
the cycle, which can be useful to increase WR. Furthermore, the
methodology can be used to find parameter combinations for op-
timum desalination performance in membrane-CDI, and in other
cell designs. It must be noted that the CDI transport model wemake
use of in our methodology, did not perfectly describe experimental
data for all values of Dc. If the aim is to find exact values for
parameter settings of CDI operation, to reach the lowest energy
consumption at a certain desalination objective, then a better fit
between data and theory, and consequently a better model, is
required.
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