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Treating toxic monovalent anions such as NO3
− or ClO4

− in drinking water remains challenging due to the

high capital and environmental costs associated with common technologies such as reverse osmosis or

ion exchange. Capacitive deionization (CDI) is a promising technology for selective ion removal due to high

reported ion selectivity for these two contaminants. However, the impacts of ion selectivity and influent

water characteristics on CDI life cycle cost have not been considered. In this study we investigate the im-

pact of ion selectivity on CDI system cost with a parameterized process model and technoeconomic anal-

ysis framework. Simulations indicate millimolar concentration contaminants such as nitrate can be removed

at costs in the range of $0.01–0.30 per m3 at reported selectivity coefficient ranges (S = 6–10). Since per-

chlorate removal involves micromolar scale concentration changes, higher selectivity values than reported

in literature (S > 10 vs. S = 4–6.5) are required for comparable treatment costs. To contextualize simulated

results for CDI treatment of NO3
−, CDI unit operations were sized and costed for three case studies based

on existing treatment facilities in Israel, Spain, and the United States, showing that achieving a nitrate selec-

tivity of 10 could reduce life cycle treatment costs below $0.2 per m3.

1. Introduction

Nitrate is a common water contaminant which has been
shown to cause acute toxic response and has been investi-
gated as a potential carcinogen.1 To avoid adverse health im-
pacts of ingesting NO3

− both the WHO and US EPA proscribe
10 mg-N L−1 maximum contaminant levels (MCLs) in drink-
ing water.1–3 Likewise, ClO4

− toxicity in humans has been ob-
served at very low doses, prompting an Interim Drinking Wa-
ter Health Advisory of 15 μg L−1 by the US EPA.4,5 However,
the relatively low salinity of contaminated drinking water and

the presence of other anions makes removal of ClO4
− and NO3

−

difficult, particularly by technologies which lack ion-
specificity.6–10 When selective ion exchange (IEX) systems are
used for NO3

− the brines used to regenerate resins incur a signif-
icant economic and environmental burden, accounting for as
much as 77% of total system operating/maintenance costs.11–13

Capacitive deionization (CDI) is a class of electrochemical
separation technologies which has been primarily studied for
brackish water desalination.14–18 While numerous perfor-
mance metrics have been proposed to best evaluate the effi-
cacy of CDI as compared to other desalination technologies
such as reverse osmosis (RO) and electrodialysis (ED),14–16

only recently has a sizing framework been introduced to en-
able quantification of the capital and operating life cycle wa-
ter costs ($ per m3) of CDI systems.19 Our recent
technoeconomic analysis (TEA) of brackish groundwater de-
salination with CDI showed that capital and operating costs
are proportional to the influent concentration and target con-
centration reduction (Δc), indicating applications in low
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Water impact

Cost-effective treatment of ionic pollutants such as NO3
− or ClO4

− remains a major challenge. In this study, we investigate for the first time, the cost of
capacitive deionization (CDI) systems for treatment of NO3

− or ClO4
− using a full-scale sizing and costing framework. Across three case studies for selective

NO3
− removal, CDI could achieve treatment at below $0.4 per m3.

Pu
bl

is
he

d 
on

 1
7 

Ja
nu

ar
y 

20
20

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

- 
U

rb
an

a 
on

 9
/5

/2
02

1 
8:

48
:3

4 
PM

. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-9002-5070
http://orcid.org/0000-0002-4037-2939
https://doi.org/10.1039/c9ew01105f
https://pubs.rsc.org/en/journals/journal/EW
https://pubs.rsc.org/en/journals/journal/EW?issueid=EW006004


926 | Environ. Sci.: Water Res. Technol., 2020, 6, 925–934 This journal is © The Royal Society of Chemistry 2020

salinity water, which require lower concentration reduction,
would be far less expensive. Since CDI is an electrochemical
separation process, ion-selective removal presents a myriad
of possible alternative applications to water desalination.20–23

While CDI systems have been studied for selective removal of
numerous ions,23–40 ClO4

− and NO3
− removal have been of

particular interest to the CDI field.2,7,8,24,25,41–46

Bare carbon CDI systems have been shown to have high
selectivity for NO3

− and ClO4
−, up to a 6 : 1 and 4 : 1 selectivity

over the more abundant Cl−, resepectively.2,25,42–46 Addition-
ally, anion exchange membranes and electrode modifications
have been shown to increase NO3

− sorption.7,8,44,47 Because
the capital cost of CDI systems are proportional to the target
concentration reduction and account for the majority of total
system cost, increasing ion selectivity offers promising means
of reducing CDI cost for pollutant removal.19 In this study,
ion selectivity is incorporated into a process model TEA
framework for CDI. This ion selective TEA framework is used
to elucidate the impacts of influent concentration, MCL, ion
mixture, and selectivity on the costs of CDI and membrane
CDI (MCDI) systems for the removal of two toxic oxyanions
(ClO4

− and NO3
−). Lastly, we sized and costed CDI systems

based on the water quality and flow/separations conditions
drawn from three NO3

− removal case-studies.

2. Materials and methods
2.1. Incorporating ion-selectivity within the parameterized
process model and technoeconomic analysis framework

Constant current CDI systems were sized for selective removal
of either NO3

− or ClO4
− across ranges of water quality and oper-

ating/material parameters using a coupled electrochemical/hy-
draulic process model framework as described in ref. 6 (Fig. 1).
Briefly, the necessary number of hydraulically parallel cell pairs
are calculated at given treatment characteristics and operating/

material parameters including cell voltage limit (V, volts), cycle
time (t, s), electrode area (A, cm−2), area-normalized equivalent
series resistance (R, Ω cm2), specific capacitance (C, F g−1), cur-
rent density (i, A m−2), water recovery (WR), double-layer ad-
sorption efficiency (ηC), treatment flow (Q, L s−1), and influent/
effluent concentrations (cin/cout, equivalents per L) (Table 1).
From the total number of cells pairs, total mass of active mate-
rial and energy consumed per cycle are calculated to size a CDI
system. In all cases, ideal energy recovery was assumed (i.e.,
100% of recoverable energy during discharge was recovered).
The CDI system is then costed according to size of the system
determined from the parametric model.

Per ref. 6, electrodes were modelled and costed as compos-
ite electrode sheets composed of activated carbon, polymeric
binder, and conductivity additive at 85 : 10 : 5 wt%, respec-
tively. The projected area of electrodes was varied between 70
to 150 cm2 and the thickness of the electrodes (δe, μm) was
determined from the electrode density and the calculated
electrode mass (δe ≤ 500 μm across all runs). Each cell stack
was modelled and costed with 400 parallel cell pairs. The
price of each stack was composed of graphitic current collec-
tors, electrode cost, frames/gaskets, electrode separators, and
ion exchange membrane (IEM) costs for MCDI systems
(Table 2). IEM costs were assumed as low-cost, cast layers as
reported for commercial MCDI applications.48,49 Capital costs
included the cell stack component and balance-of-plant costs
which includes heat management equipment and power
electronics. Pumping costs were estimated as 0.1–0.3 kW h
m−3 based on cell geometry and previously reported values
for comparably operated systems.19,50,51 Operating costs were
limited to the electricity directly utilized by the CDI stack and
electricity consumed by pumping. From the capital and oper-
ating costs, a discounted cash flow analysis was used to cal-
culate the equivalent annual cost (EAC) of the system over
various system lifetimes. The discount rate for capital costs

Fig. 1 Ion-selectivity was incorporated in a parameterized process model-based technoeconomic analysis framework. Input parameters drawn
from lab-scale ion-selective CDI systems were used to evaluate selective ion removal system size and treatment cost at full-scale. Full-scale treat-
ment costs were used to benchmark cost-effective ion selectivity and identify target ions for economic treatment.

Environmental Science: Water Research & TechnologyPaper

Pu
bl

is
he

d 
on

 1
7 

Ja
nu

ar
y 

20
20

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

- 
U

rb
an

a 
on

 9
/5

/2
02

1 
8:

48
:3

4 
PM

. 
View Article Online

https://doi.org/10.1039/c9ew01105f


Environ. Sci.: Water Res. Technol., 2020, 6, 925–934 | 927This journal is © The Royal Society of Chemistry 2020

was set at 3% per the U.S. EPA's Water Infrastructure Finance
and Innovation Act (WIFIA) program, and the discount rate
for annual operating cost was fixed at 7%. The results EAC
was normalized to annual water production in order to deter-
mine water price. We refer our readers to our previous study
for detailed equations governing system sizing and costing
(see ESI† section 2).19

In order to incorporate ion-selective removal, the paramet-
ric process model was modified to include ion-selectivity co-
efficients as previously reported for both CDI and MCDI sys-
tems.2,43,46 For any target ion, we assume electrosorption site
competition between target ion and the dominant co-ion in
solution (e.g., Cl−, HCO3

−, etc.). The selectivity of target ion re-
moval over co-ions can be calculated per a modification of
the IUPAC selectivity coefficient for adsorbed ions defined by
Hawks et al.:2

ST=X ¼ cads;T=cm;T

cads;X=cm;X
(1)

where SA/B is the selectivity coefficient for target species T over
species X, cads,T/cads,X is the adsorbed concentration of target
species T over species X in mM, and cm,T/cm,X is the mobile
concentration of target species T over species X in mM. From
eqn (1), the effluent concentration goal for the target species
and the influent water composition can be used to calculate
the final concentration of other species as follows:

cX ¼ βX0

1þ β
(2)

β ¼ ST=XcT
T0 − cT

(3)

where cX is the final concentration of species X in mM, X0 is
the initial concentration of species X in mM, cT is the final
concentration of the target species T in mM, and T0 is the ini-
tial concentration of the target species T in mM. Finally, the
initial and target concentrations of total ionic species input to
the parameterized model can be calculated as:

c ¼
X

cizi (4)

where c is the total water concentration in meq L−1, ci is the
concentration of species i in mM, and zi is the charge number

of species i in mM. Unless otherwise noted, the simulated
electrolyte was a binary mixture composed of the target ion
(NO3

− or ClO4
−, at commonly reported concentration ranges)

and monovalent co-ion, Cl−. The concentration total electro-
lyte concentration was fixed at 10−2 charge equivalents per li-
ter (10 meq L−1).

2.2. Case studies of existing NO3
− removal systems

Using the above modifications to the previously developed
parameterized sizing framework, CDI systems were sized for
three reported NO3

− removal cases: (1) surface water treat-
ment at the South Water Treatment Plant in Decatur, Illinois
(Decatur); (2) ground water treatment at the Weizmann Insti-
tute of Science in Rechovot, Israel (Israel); and (3) groundwa-
ter treatment at the Falconera Water Treatment Plant in
Gandia, Spain.60 Each of these locations was selected due to
existing NO3

− removal practices and a detailed water quality
report including competing anions. Each CDI system was
sized according to the treatment flows reported at each loca-
tion with two target effluent quality conditions, 0.7 mM NO3

−

(the US EPA MCL) and 0.35 mM NO3
− (½ MCL), given the influ-

ent conditions reported for each case (Table 1). The input pa-
rameters used in all case studies were based on median
values from previously reported of ranges of CDI operating
and material parameters with 85% water recovery and a 0.6 V
operating window per experimental literature for selective ion
removal (Tables 1 and 2).2,14,19,22,25,42,46

3. Results and discussion
3.1. Impacts of water recovery and influent concentration on
life cycle treatment cost

To evaluate the impacts of incorporating ion-selective re-
moval on performance and costs, we evaluated both CDI and
MCDI with a generalized binary electrolyte mixture (i.e., a 1 :
1 ratio of generic target ion and to generic co-ion) with no se-
lectivity (S = 1). Life cycle water treatment cost was calculated
for CDI systems operating at water quality and separation
conditions typically observed in selective ion removal for
drinking water. The systems were initially sized and costed
across ranges of design parameters (cycle length, electrode
projected area, current, ion removal fraction, and water recov-
ery) and material parameters (setup resistance, specific

Table 1 Selective CDI and MCDI input parameters

Input Symbol Value Unit

Voltage limit V 0.6 V
Total cycle time t 1200 s
Electrode area A 70–150 cm2

Equivalent series resistance R 30–150 Ω cm2

Influent concentration cin 10 meq L−1

Flow Q 200 L s−1

Specific capacitance C 40–70 F g−1

Current density i 5–7 A m−2

Pump energy consumption EP 0.1–0.3 kW h m−3

CDI charge efficiency ηCc 0.3–0.6
MCDI charge efficiency ηCm 0.8–1.0
Water recovery WR 0.5–0.9

Table 2 Constituent costs for selective CDI and MCDI systems

Input Value Unit Source

Carbon 20 $ per kg 52–54
Current collector 5 $ per m2 55–58
Frames 2 $ per m2 58
Separator 3 $ per m2 58, 59
Conductivity additive 3.3 $ per kg 59
Binder 14 $ per kg 59
IEM 20 $ per m2 19
Balance of plant 300 $ per kW 58
Electricity 0.07 $ per kW h 19
Cell pairs per stack 400 19

Environmental Science: Water Research & Technology Paper
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capacitance, charge efficiency) (Table 1) for a change in total
electrolyte concentration of 5 mM.

At the conditions simulated in this study, volumetric en-
ergy consumption with complete energy recovery for both
MCDI and CDI varied between 0.15–0.65 kW h m−3, which
corresponds to the previously reported ranges at similar con-
centration reductions (Δc ≤ 9 meq L−1) (Fig. S1†).16,18,61 Simi-
larly, productivity in the simulated systems was generally
comparable to previously reported values (10–50 L m−3 h−1)
(Fig. S1†).16,19 Since ionic conductivity is lower in selective re-
moval from drinking water than brackish water desalination,
lower operating current densities are required to avoid oper-
ating capacity loss due to ohmic resistance. Accordingly, the
maximum productivity observed in this study was lower than
that of our previous brackish water desalination TEA (50 vs.
65 L m−3 h−1, respectively) due to the reduced maximum cur-
rent density (7 vs. 25 A m−2, respectively).19

Because selective ion removal systems often operate at
lower influent concentration and concentration reduction
than those for brackish water desalination (cin = 10 vs. 50
meq L−1 and Δc = 5 vs. 42.5 meq L−1), the (M)CDI systems in-
vestigated in this study were able to achieve comparable sys-
tem prices to previously reported capacitive brackish water
deionization systems at substantially lower lifetimes.19 For ex-
ample, at identical water recovery selective ion removal with
CDI and MCDI systems with 12 000 cycle lifetimes cost $0.30

per m3 and $0.72 per m3, respectively (Fig. 2A and D). To
achieve comparable water treatment costs for brackish water
desalination, CDI and MCDI system must reach 72 000 and
144 000 cycles lifetimes, respectively.19 Increasing (M)CDI life-
time from 6000 to 24 000 cycles reduces median system price
across all water recovery conditions (Fig. 2A and D).

Under conditions evaluated in this study, both CDI and
MCDI systems could be sized to achieve at least 0.95 water re-
covery, despite increased water prices beyond water recovery
of 0.85 for CDI. In contrast, brackish desalination designs,
which require greater concentration reduction (Δc > 10 mM),
are unable to consistently achieve water recovery above 0.8
when simulated under otherwise comparable constant cur-
rent operational modes.19 An inflection in water production
cost is observed at a water recovery of 0.85 for all lifetimes for
CDI (Fig. 2A). To achieve increased water recovery, higher dis-
charge currents must be used when operated at a given total
cycle length. Therefore, as the water recovery is increased, the
total energy consumption per cycle and thus operating costs
increase as well. When water recovery exceeds 0.85, increased
water production ceases to offset the additional operating ex-
penses to achieve higher water recovery and the water prices
begins to increase (Fig. S2†). Since operating costs compose a
smaller percentage of total system costs in MCDI, no local
minimum in water price is observed in the water recovery
ranges sampled (Fig. 2D). These results suggest that while an

Fig. 2 Median water price ranges (A and D) for CDI (A–C) and MCDI (D–F) systems as a function of water recovery and lifetime when the influent
target ion (c0) is fixed at 10 meq L−1, target ion removal is 50%, cell voltage limit is 0.6 V, and ion selectivity is one. The impacts of cell voltage limit
(B and E) and influent concentration and target ion removal fraction (C and F) are evaluated at optimal water recovery (0.85) and lifetime (24000
cycles) concentration at 85% water recovery in a 1 : 1 mixture of the target ion and co-ion. Shaded boundaries indicate 25th–75th percentiles and
lines indicate 50th percentile of price range. Increasing water recovery and system lifetime lead to lower water prices due to reduction in capital
contributions to total cost. Increasing target ion removal likewise increases water price but the impact diminishes with influent concentration.
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Pu
bl

is
he

d 
on

 1
7 

Ja
nu

ar
y 

20
20

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

- 
U

rb
an

a 
on

 9
/5

/2
02

1 
8:

48
:3

4 
PM

. 
View Article Online

https://doi.org/10.1039/c9ew01105f


Environ. Sci.: Water Res. Technol., 2020, 6, 925–934 | 929This journal is © The Royal Society of Chemistry 2020

optimal water recovery for CDI system may exist at below the
maximal achievable value (>0.95), cost-effective operation of
MCDI systems will likely entail maximizing water recovery.

When evaluated at comparable lifetime and water recov-
ery, the treatment price MCDI systems was greater than that
of CDI despite improved performance due to the high cost
contribution of IEMs (>70% of total costs at lifetimes less
than 24 000 cycles) (Fig. S3†). However, due to the carbon cor-
rosion from parasitic processes, it will be challenging to
achieve extended cycling in CDI.64,73,74 Conversely, MCDI has
shown greater cycling stability due to reduced oxygen diffu-
sion through IEMs, with commercial MCDI systems targeting
300 000 cycle lifetimes.15,63–66,75,76 As MCDI systems operate
beyond 48 000 cycles (approximately 2 years of operation as
simulated in this study), water price drops below that of CDI
systems with optimistic 24 000 cycle lifetimes (Fig. S3†).

The impacts of cell voltage limit (Fig. 2B and E) are evalu-
ated at optimal water recovery (0.85) and 24 000 cycle life-
times (∼1 year of operation). While constant current CDI sys-
tems are generally operated with 1.2 V voltage limits in
maximize capacity for brackish water desalination, increasing
the voltage limit also increases the prevalence of parasitic re-
actions which reduce system lifetimes.62–66 Although recent
studies have utilized a lower cell voltage limit of 0.6 V for se-
lective ion removal, both CDI and MCDI were simulated from
0.4–1.2 V (Fig. 2B and E).2,22,25,42,46 For both MCDI and CDI,
increasing the voltage limit from 0.4 V to 0.6 V decreased wa-
ter price by nearly 25% across all system lifetimes
(Fig. 2B and E). Because reducing the cell voltage limit re-
duces the available ion removal capacity of each cell, more
cells are needed to achieve target effluent quality, increasing
system cost. However, increasing the cell voltage has
diminishing returns for reducing total system mass at the rel-
atively low concentration reductions simulated in this study

(Δc = 5 vs. 10–40 meq L−1 for brackish water desalination).
Since energy consumption and operating costs are increased
with greater voltage limits, there was little net change in sys-
tem price as the voltage limit was increases beyond 0.6 V.
While water prices do not significantly change at voltage
limits above 0.6 V, the parameterized model utilized in this
study does not account for parasitic charge transfer reactions
which would adversely impact system performance and re-
duce system lifetimes at higher cell voltage limits, leading to
higher water prices than those reported in this study.62,63

Lastly, the impact of ion removal fraction and total influ-
ent ion concentration are evaluated at optimal water recovery
(0.85) and 24 000 cycle lifetimes (∼1 year of operation)
(Fig. 2C and F). For both MCDI and CDI, water prices gener-
ally increase linearly with increasing influent concentration.
The system size and corresponding capital cost has been
shown to control total system price19 for both MCDI and CDI.
Because system size is governed by the total moles of ions re-
moved per cycle (the product of influent concentration and
ion removal fraction), increasing the ion removal fraction also
increases the slopes of positive rate of change between water
price and influent concentration for both CDI and MCDI
(Fig. 2C and F). At total influent ion concentrations below 10
meq L−1, both MCDI and CDI water prices for unselective re-
moval of a generalize binary salt are comparable to or below
reported NO3

− treatment water price for RO ($0.67–0.82 per
m3), but only simulated CDI values are fall below those
reported for ion exchange ($0.17–0.38 per m3).13,60,67

3.2. Impacts of selectivity on life cycle treatment cost

To evaluate the impact of ion selectivity on treatment costs for
two regulated anions commonly found in drinking water, CDI
systems were sized specifically for NO3

− and ClO4
− removal. In

Fig. 3 Impacts of ion selectivity and target ion concentration reduction on treatment cost for NO3
− (A) and ClO4

− (B). The total ion concentration
and systems lifetimes were fixed at 10 meq L−1 and 24k cycles for all conditions. The target ion effluent concentration was fixed at 0.7 mM for NO3

and 0.15 μM for ClO4. The high percent removal (85–99%) to achieve target ClO4
− effluent concentration requires selectivity coefficients an order

of magnitude higher than those reported for either NO3
− or ClO4

− to reach comparable water treatment costs.

Environmental Science: Water Research & Technology Paper
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all cases, the total ion concentration was fixed at 10 meq L−1

and target-ion mole fraction was varied across concentrations
typically observed for NO3

− (T = 0.1–1.0, c0 = 1–10 mM) and
ClO4

− (T = 0.001–0.01, c0 = 1–10 μM) (Fig. 3). Because increasing
the selectivity of a target ion reduces the total amount of ions
which need to be removed per cycle, the effective concentration
reduction inversely scales with selectivity (eqn (2)–(4)).

For both NO3
− and ClO4

−, increasing selectivity decreases
costs, however the relative importance of selectivity varies
with both concentration reduction and target-ion mole frac-
tion. Consequently, the significance of selectivity decreased
with required Δc for both target anions. For example, in non-
selective operation (S = 1), a 0.1 target ion removal fraction
requires every other co-ion to undergo an identical 0.1 ion re-
moval fraction. At a 0.5 mole fraction and selectivity coeffi-
cient of 10, a 0.1 target ion removal fraction requires co-ion
removal fractions of only 0.53. Therefore, at very low Δc, any
change in selectivity has a proportionally low change in Δc
and equivalent system costs.

Our results suggest that CDI may be cost-competitive for
selective ion removal at low to moderate mole fractions,
particularly with increased selectivity. Water prices below
$0.20 per m3 are achievable for NO3

− at selectivity coeffi-
cients below those experimentally observed (S = 6–10)
(Fig. 3A).2,68 Conversely, increasing selectivity is crucial to
achieving low treatment cost toxic anions in the micromolar
range such as ClO4

− (Fig. 3B). Reducing the water price be-

low $0.20 per m3 will generally require ClO4
− selectivity

above 10, which eclipse the range of selectivity values
reported in the literature for this ion at comparable concen-
trations to those of this study (S = 4–6.5).46 The significant
cost difference of selective removal between the two target
ions is due to relative removal necessary to achieve regula-
tory concentration levels for either NO3

− or ClO4
− (30–90%

vs. 85–99%). As the necessary removal percentage increases
to higher levels (>95%), treatment requires near complete
deionization of influent water (i.e., cout = 0.4 μeq L−1 to 0.5
meq L−1, depending on influent ClO4

− concentration). These
findings align with recent observations that CDI cycling be-
havior begins to substantially deviate from ideal behavior at
high influent concentrations for ion removal levels
approaching 100%.69 Such high concentration reductions
can present a substantial barrier to cost-effective CDI imple-
mentation, particularly for influent waters with total ionic
content above that typically seen for drinking water. Under
such conditions alternative separations technologies such as
shock electrodialysis, which achieves near complete deioni-
zation, might be more cost-effective.70,71

3.3. Case studies for the cost of selective capacitive
deionization of nitrate

Based on the promising simulated results reported in the
previous section for selective removal of NO3

−, CDI systems

Fig. 4 Water price (A–C) and operating vs. capital cost contribution (D–F) for NO3 removal with CDI systems sized for influent water quality
determined by case studies located in Illinois (A and D), Spain (B and E), and Israel (C and F). Price was evaluated with target NO3 effluent
concentration set at MCL (0.7 mM, solid line) and ½ MCL (0.35 mM, dashed line). Water price decreased as nitrate selectivity with respect to co-ions
was increased from one (red) to ten (blue) due to decreased system sizes. While increasing selectivity decreases water price, this is largely due to
reduced capital costs leading to lower relative capital contributions to total water price.

Environmental Science: Water Research & TechnologyPaper
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were sized and costed for the three potential treatment sites
that differed in target ion concentration and water composi-
tion (Table 3). In order to simplify the analysis, the selectivity
constants were identically fixed across all co-ions included in
the water quality table for each instance (SNO3

−/Cl− = SNO3
−/HCO3

−

= 1, 10) and all other system input parameters were fixed (Ta-
ble S1†). Water price of sized systems was strongly dependent
on concentration reduction regardless of flow rate, with Israel
and Decatur case study water prices being the greatest and
least, respectively (Fig. 4 and Table 3). For all case studies
and target effluent qualities, the price of treating water with
CDI was below the $0.33 per m3 cost of existing technologies
estimated by King et al.72 for the State of California (Fig. 4).

Since capital costs make up the majority of total cost (65–
95%), the lifecycle water price for all case studies dropped ap-
proximately two- to three-fold when selectivity coefficients were
increase from one to ten (Fig. 4). Conversely, decreasing the tar-
get effluent NO3

− concentration from 1 MCL (0.7 mM NO3
−) to ½

MCL (0.35 mM NO3
−) approximately double to water price for

all case studies. However, incorporating more selective mate-
rials served to offset the water price increase incurred by a
more stringent product water quality limit. The relative cost im-
provements of increased selectivity were more pronounced at
higher influent NO3

− concentrations (Fig. 4A and C and
Table 3). The cost of water treated to half MCL with SNO3

−/X = 10
was 1.18 times more than water treated to the MCL with no
selectivity (SNO3

−/X = 1) for Decatur, IL (Fig. 4A), whereas for the
Israel case, cost of water treated to one half the MCL with SNO3

−/

X = 10 was 0.74 times less than water treated to the MCL with
SNO3

−/X = 1. The Illinois and Spain case studies highlight how
ion selective removal at low influent concentrations could lead
to conditions in which pump and capacitor energy consump-
tion are more influential than initial capital investment on life
cycle water price (Fig. 4D–F). Therefore, while improving sys-
tem lifetimes and charge efficiency are necessary to decrease
the capital costs of CDI systems, increasing target ion selectivity
in CDI is a promising means of either reducing treatment costs
or achieving more stringent effluent quality levels without sig-
nificantly increasing treatment costs.

4. Conclusions

The results of this study indicate that selective NO3
− removal

with CDI can likely be achieved economically within previ-
ously reported selectivity ranges if target cycle lifetimes can be

attained.2,8,43 However, the removal of contaminants with
lower influent concentrations or requiring high percent re-
moval (such as ClO4

− Li+,20,22,77–81 F−,24–31 CrĲVI),23,27,28,32 and
AsĲIII)/AsĲIV))23,33,34 with CDI will likely be cost-competitive only
if high selectivity can be achieved. The development of selec-
tive polymer electrodes is a promising avenue for engineering
electrodes with high selectivity for target contaminants while
also preventing degradation of the electrode.23,82,83 In addi-
tion to reducing water price by increasing selectivity, selective
polymer materials may also reduce price by increasing charge
and system lifetimes as previously reported.19 As is shock
electrodialysis since near complete deionization is required in
the micromolar concentration regime. Regardless of the target
ion, CDI systems can potentially reduce treatment cost for di-
lute water by utilizing the intrinsic strengths of an electro-
chemical separations process over standard size exclusion or
physio-adsorption separation.6,41,72
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