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(57) Abstract: Embodiments of the invention provide methods of removing ions from a feed water stream using a flow-through ca-
pacitor and a controller for performing the methods. A target value for a water property concentration or a fixed percent removal of a
water property concentration to be removed is established for a treated water stream exiting the flow-through capacitor. A feed value
for the water property concentration is measured in a feed water stream entering the flow-through capacitor. An amperage of the
flow-through capacitor and a flow rate through the flow-through capacitor is controlled to remove ions from the feed water stream to
achieve the desired removal of the water property.
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TON REMOVAL USING A CAPACITIVE DEIONIZATION SYSTEM

BACKGROUND

{0001} This application 15 directed at systems, devices, and methods for the
treatment of water using electrochenuical treatment.

[0002] Capacitive deionization can be used to remove electrically-charged
constituents, such as ions, from water. In capacitive detonization systems, a stream of
water passes through one or more flow-through capacitors which inchude paurs of
polarized electrodes. To treat the stream as the water passes between the electrodes, a
voltage potential is established between the electrodes. This voltage potential causes
constitpents in the water to be attracted to and at least temporarily retained on one of
the electrodes while the comparatively punified water 13 allowed 10 extt the capacitor.
{0003} After some time of treatment, the electrodes will become saturated with
constituents such that the electrodes can no longer effectively remove constituents from
the stream of water. To regenerate the cagpacity of the flow-throngh capacitor, the flow-
throngh capaciior may be set to discharpe the captured constituents.  Typically, this
discharge occurs by removing the voltage potential or by temporarily applying a
voltage potential in an opposite direction to the voltage potential established during
treatment, thereby releasing the constituents from the electrodes. During discharge, the

effluent water carrying the constituents s typicaliv routed to a waste line.

SUMMARY
{0604} Some embodiments of the invention provide a method of removing ions

from a feed water stream using a flow-~through capacitor having at least a pair of
electrodes spaced from one another to accommodate a flow of water and configured 10
transter tons between the pawr of electrodes and the water. A target valoe for a water
property concentration is established for a treated water stream exiting the flow-through
capacitor. A feed value for the water property concentration is measured in a feed
water stream entering the How-through capacitor.  An amount of the water property
concentration to be removed from the feed water streamn 15 calcnlated based on the feed
value to achieve the target value for the water property concentration in the treated
water streant. An amperage of the fow-through capacitor and g flow rate through the

flow-through capacitor is controlled to remove jons from the feed water stream to
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achieve the target value for the water property conceniration i the treated water
streany.
j0005] Some embodiments of the wvention provide a method of removing ions
from a feed water stream using a flow-through capacitor having @t least g paw of
electrodes spaced from one another to acconmmodate a flow of water and configured to
transfer tons between the pair of electrodes and the water. A fixed percent removal of a
water property concentration 1o be removed from the feed water stream passing through
the tlow-through capaciior 18 established. A feed value for the water property
concentration in 3 feed water stream entering the flow-through capacitor 1s measured.
An amperage of the How-throngh capacitor and a flow rate through the flow-through
capacitor is controlled to remove joas from the feed water stream to achieve the fixed
percent removal of the water property concentration from the feed water stream.
{0006} Some embodiments of the invention provide a controller for performing
one or both of methods described above.

DESCRIPTION OF THE DRAWINGS
j0007] FIG. 1 s a schematic of @ capacitive detonization svstern having a flow-
through capacitor and a hydropneumatic storage tank according to one embodiment of
the fnvention.
{0008} FIG. 2 15 a schematic of a capactiive detonization system having a How-

through capacitor and an atmospheric tank according to another embodiment of the

tvention.
{009} FIG. 3 is a schematic of a flow-theongh capacitor,
{0610} FIG. 4 15 a partial cross-sectional side view of a vessel containing a

flow-through capacitor in which the vessel has a valve attached thereto that is
configared to selectively route water through the flow-through capacitor and the valve
performs the vartous functions provided by some of the mudtiple separate valves from

FIGS. Tand 2.

{0611} FIG. § 13 a process flowchart illustrating the general operation of a
capacitive detonization system with a flow-through capacitor according to one form of

the inventive method.
{0012} FIG. 6 is a graph of indicating the current and voltage values of the

flow-through capactior over one example of an operational cycle.
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{0013} FIG. 7 15 a process flowchant illustrating a treatment ovele according to
one aspect of the inventive method.
j0014] FIG. 8 is a process flowchart illustrating a regenerative cycle according

to one aspect of the wventive method.
DETAILED DESCRIPTION

[0015] Before any embodiments of the invention are explained in detail, it is 10
be understood that the invention is not himited in its application ¢ the details of
construction and the arrangement of components set forth in the following deseription
or tllustrated i the followmg drawings. The mvention is capable of other
embodiments and of being practiced or of being carried out in various ways. Also, i
to be understood that the phraseology and terminology used herein is for the purpose of
description and should pot be regarded as lomitng The wse of Mincluding,”

o 5

comprising,” or "having” and variations thereof herein 13 meant to encompass the
ttems listed thereafier and equivalents thereof as well as additional tems. Unless
specified or limited otherwise, the terms "mounted," “"connected,” “supported,” and
“coupled” and variations thereof are used broadly and encompass both direct and
indirect monntings, connections, supports, and couplings.  Further, "connected” and
"eoupled" are not restricted to physical or mechanical connections or conplings.

{0616} The following discussion is presented to enable a person skilled i the
art to make and nse embodiments of the invention. Vartous modifications to the
tHustrated embodiments will be readily apparent to those skilled in the ant, and the
generic principles herein can be applied t© other embodiments and applications without
departing from embodimentis of the invention. Thus, embodiments of the invention are
not intended to be limited to embodimenis shown, but are to be accorded the widest
scope consistent with the principles and features disclosed herein.  The following
detailed description is to be read with reference to the figures, in which like elements m
different figures have like reference numerals. The figures, which are not necessarily
to scale, depict selected embodiments and are not miended to homt the scope of
embodiments of the invention. Skilled artisans will recognize the examples provided
herein have many useful alternatives and fall within the scope of embodiments of the

mvention.
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{0017} FIGS. 1 and 2 illustente capacitive detonization systems 10, 110 withowt

and with an atmospheric tank 163, respectfully. These capacitive delonization systems
10, 110 are designed to receive feed water and treat this water using capacitive
delonization along with other optional treatment processes to remove constituents from
the water. Systems of this tvpe can be used, for example, to treat water to improve
water quality for a particular use or o re-claim vahuable constituents {e.g., metals) from
the water stream.  Accordingly, while a system for water treatment is described, the
systems and methods deseribed herein can be applied to any apphcation in which a
flow-through capacitor may be used.

{0018} Additionally, while FIGS. 1 and 2 llustrate the use of mudiiple valves to
route water through the systems 1€, 110, other valve arrangements can be used, such as,
for example, a single valve arangement attached to the fow-through capaciior as
shown i FIG. 4 i which the single valve performs the function of many of the valves
shown in FIGS. | and 2.

{0019} Returning now to the description of FIGS. 1 and 2, on the inlet side of
each capacitive deionization system 10, 110, a feed water inler 12, 112 selectively
provides water for Rltration and deiomization to a flow-through capacitor 26, 126, In
the embodiment shown, the stream of water flows from the feed water inlet 12, 112 to
the How-through capacitor 26, 126 by passing through an mlet line having sequentially
disposed thereon an frop filter 14, 114, a carbon and/or sediment pre-filter 20, 120, and
an fulet solation valve 16, 116 (when open). For the capacitive detonization system 10
of FIG. 1 there is also a pump 17 disposed between the iron filter 14 and the pre-filter
20 which can be uwsed 1o maintain the pressure i the system 10, The pump 17 or
pressure sowrce can be differently placed or connected to the system 10 in other
arrgngements and so the illustrated embodiment is oaly one possible configuration of
the system 10. The inlet line also mcludes a nmumber of indicators and sensors
mchiding a pressure sensor 18, 118, a conductivity indicator 22, 122 and a flow
transducer 25, 125 disposed between the inlet isolation valve 16, 116 and the How-
through capacitor 26, 126

{0020} Many of the elements between the feed water inlet 12, 112 and the flow-
through capacitor 26, 126 are optional. For example, the iron filter 14, 114 andior the

pre-filter 20, 120 may be absent and the feed water inlet 12, 112 can be directly coupled
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to or directly in commumication with the inlet isolation valve 10, 116, Likewise, the
iron filter 14, 114 anddor the pre-filter 20, 120 can be replaced with or supplemented by
another pre-treatment process, if desired.

{0621} As will be described m more detail below with reference to FIG. 3, the
flow-through capacitor 26, 126 is capable both of detonizing water by the removal of
charged constituents from the water amd of periodically discharging the collected
constityents to regenerate the capacity of the flow-through capacitor 26, 126.

0622} On the outlet side of the flow-through capacitor 26, 126, the stream of
water exits the flow-through capacitor 26, 126 from an outlet Hne 52, 152 and passes
through a mumber of components o ultimately amive at either a treated water outlet 76,
176 or a drain 58, 158, The treated water outlet 76, 176 can provide treated water to,
for example, a residential plumbing system, whereas the drain 38, 158 accommodates
the disposal of impurity-rich or constituent-tich water during jon discharge, cleaning, or
regeneration of the flow-through capacitor 26, 126, In some embodiments in which the
system is being used to re-claim constituents {such as metals) from a water stream, the
water from the drain 58, 138 may not be disposed but may instead be collected for
furthey processing.

{023 In both capacitive detonization systems 10, 110, the outlet Line 52, 152
of the flow-~through capacitor 20, 126 branches in one direction o the drain 38, 158 and
in the other divection to the treated water outlet 76, 176, In the embodiments shown in
FIGS. 1 and 2, the path of flow of the water from the outlet line 52, 152 is detenmined
by the configuration of control valves after the branch. On the way to the drain 58, 158
and after the branch in the outlet hne 32, 152, there 15 a drain conirol valve 56, 156
which, if open, places the outlet line 32, 152 in fluid communication with the dram 58,
1538. On the pathway from the outlet 32, 152 to the treated water outlet 76, 176 and
after the branch. there 1s a treated water control valve 62, 162 which, if open, permits
water to flow toward the treated water outlet 76, 176. 1n the embodiments of FIGS. |
and 2, only one of these two valves will be open, while the other will be closed.

0024} Two lines provide routes for some or all water to be diverted around the
How-through capacitor 26, 126, The first of these lines is a blend line 88, 188 which
can be used 1o selectively blend treated water that has passed through the flow-throngh

capacttor 26, 126 with untreated water that has been diverted around the flow-through
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capacitor 26, 126 for delivery to the treated water outlet 76, 176, The blend line 88,
188 branches from a portion of the inlet line before the flow transducer 25, 125 and the
How-through capaciior 26, 126 and re-connects with the treated water outlet line after
the flow-through capacitor 26, 126 and the weated water control valve 62, 162, Along
the blend line 88, 188, there is a blend valve 90, 190 which can be used to select a flow
of water that 18 permitted to pass through the blend Hine 88, 188,

jO025] The second circumvention hine 15 a manual byvpass lne 84, 184 which
can be used o entirely bypass the flow-through capacitor 26, 126 and blend line 88,
188 when the inlet isolation valve 16, 116 is closed. In the embodiment shown in
FIGS. 1 and 2, the bypass hine 84, 184 branches from the inlet line afler the carbon and
sediment pre-filter 20, 122 and provides the water downstream of the flow-through
capacitor 26, 126, Along the bypass line 84, 184, there can be a manual bypass valve
&6, 186 which 15 closed when the manual bypass line 84, 184 s not v use.  If the
system 10, 110 1s to be circumvented or bypassed in order to, for example, perform
matntenance or re-route water during a power fatlure, then the inlet isolation valve 16,
116 15 closed (in some embodiments, a water outlet isolation valve, such as the valve 74
n FIG. 1, may also be closed) and the manual bypass valve 86, 186 18 open to route
water around the flow-through capacitor portion of the system.

{0026} Returning now to the description of the outlet side of the capactiive
deionization systems 10, 110, it can be scen that the arrangements of the capacitive
deionization systems 10, 110 differ downstream of the treated water control valve 62,
162, Most notably, FIG. 1 depicts a capacitive deionization svstem 10 having only a
hydropnenmatic storage tank 72, while FIG. 2 depicts a capacitive deionization system
110 that also has an atmospheric storage tank 163.

00271 Looking first at the embodiment lacking the atmosphenic tank in FIG. 1,
there can be an optional pump (not shown) which pumps either the water that has
passed through treated water control valve 62 (meaning that some portion of the water
has been treated by the flow-through capacitor 26} anddor through the blend hine 88
The upstream pump 17 can also provide a source of systemn pressure.  This water s
rransported downstream through a bine to the hydropneumatic storage tank 72 that
receives and stores pressurized water.  Pressure sensors can be connected to the

hydropneamatic storage tank 72 to monitor the atr or water pressure within the air
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chamber m the hydropneamatic tank 72, On demand, this hydropnewmatic storage tank
72 delivers water under pressure to the wreated water outlet 76, Additionally, a pressure
sensor 66 and a conductivity indicator 68 are attached to the hne between the wreated
water control valve 62 and an outlet solation valve 74 that is located upstream of the
hvdropneumatic storage tank 72 and the treated water outlet 76.

0028} In the configuration of FIG. 2, the capacitive detonization system 110
tncludes the atmospheric tank 163, Water passing through either the treated water
control valve 162, the blend line 183, and/or the manual bypass Hine {84 15 fed mito that
atmospheric storage tank 163 where the water can be temporarily stored. A
conductivity indicator 168 can be coupled to the line feeding the atmospheric storage
tank 163 from the treated water control valve 162 and the blend line 188, The
atmospheric storage tank 163 can inclode one or move level sensors or switches 165,
167 that establish whether a minimum water level in the tank 163 has been achieved
and/or whether a target maximum water level in the tank 163 has been reached. These
level switches 163, 167 can also be used to determine whether the flow rate through the
Row-through capacitor 126 is nowinal or high. One benefit of an atmosphernic storage
tank 163 i3 that the tank 163 can be able to store relatively large volames of treated
water so that larger quantities of treated water can be supplied on demand to a
connected pomt of use or plumbing system, even when the system is onable fo treat a
sufficient quantity and or provide a particular quality of water in real-time.

0029} Water from the storage tank 163 can then be supplied to a pump 104 that
pumps the water downstream through a check valve to an optional hyvdropreumatic
storage tank 172, If there is a hydropneumatic storage tank 172, then a pressure sensor
170 can be connected to the hydropneumatic tank 172 and can sense the air or water
pressure in the air chamber of the hydropneumatic tank 172, The pressure sensor 170
can provide a signal to the pump 164 indicating if more water needs to be pumped m
order to maintain pressure in the tank 172, in the particular embodiment shown, there
iz also an optional ultraviolet (UV}) treatment system 173 positioned downstream of the
pump 164 and the hydropneumatic storage tank 172, but before an isolation valve 174

prior to the treated water outlet 176.
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{0030} Although a hydropneamatic storage tank 172 i shown m FIG. 2, a
substantially constant pressure can be maintamed by instead using, for example, a
variable speed pump or another variahle pressure sonree.

0031} FIG. 3 schematically illustrates a flow-through capacitor 26 for the
capacitive detonization of water. The flow-through capacitor 26 can be similar to the
flow-through capacitor 126, and the ilustration of FIG. 3 is only intended to provide a
peneral understanding of the arrangement of the How-through capacitor. The actual
flow though capacitor can mclude vartous seals, connectors, sensors, and so forth
which are omitted from the schematic for simplicity of description,

{06324 The flow-throngh capacttor 26 mcludes a stack 27 of individual fluid
procassing cells 28 which are contained in a housing 29 having a water inlet 30 and a
water outlet 31, The How-through capacttor 26 1s configured so that, in ovder for water
to pass from the water inlet 30 fo the water outlet 31 of the flow-through capacitor 26,
the water must pass through the stack 27 of individual processing cells 28, In the stack
27, the water can be deionized during treatment or receive constituents dwring
discharge or regeneration.  Each cell 28 in the stack 27 inclodes one or more of a
combination of the following elements: electrode pairs 32, cation membranes 33, anion
membranes 36, and flow spacers 37 which are typically made of a plastic mesh., While
the cation and anion membranes can be used to provide unproved attachment and
storage of the constituents on the electrodes, the membranes are not reguired and the
cells can be manufactured without them. Additionally, the electrade can be constructed
to have a two-part electrede construction including a carbon adsorptive electrode layer
and a current collector.

j08331 In the embodiment shown n FIG. 3, each of these cell elements is 1o the
form of a relatively thin layer that is disposed in parallel with the other layers which are
stacked upon one another in a repeating pattern of first electode / cation membrane ¢
spacer / anion membrane / second electode / anion membrane / spacer / cation
membrane. After the last cation membrane, there may be another first electrode and the
pattern may be repeated. Since any flux of charged constituents occurs as the result of
a voliage difference created between the first and the second electrodes, electrode

layers can form the bottommost and topmost layers of the stack 27,
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{0034} To better appreciate the deseription of the flow-through capacitor 26 that
follows, it should be understood that FIG. 3 is a cross-sectional side view taken through
the center of one exaniple embodiment of the flow-through capacitor 26, The various
cell elements are generally thin planar favers having central openings that align to form
a central flow colunm 38, Accordingly, for any given laver, the cell elements on the
left and right side of the central flow column 38 are part of the same layer. Moreover,
water 1s able to flow between the taside of the vessel or housing 29 and the outer
periphery of the cell elements of the stack 27, This means that the area between the
housing 29 and the stack 27 on the left sude and the right side of the schematic are m
fluid communication with one another.

j0035] In FIG. 3, arows generally depict the pattern of forward flow through
the flow-through capaciior 26, Although a forward How direction s shown, in some
nstances or operanonal cycles, water can be run through the flow through capacttor 26
i a reverse direction.  In some embodiments, to achieve a desired flow patern within
the flow-through capacitor 26, there can be multiple water infets or structures that
promote an even or otherwise desirable water flow pattern through the flow spacers 37
in the stack 27. There can be additional structwal elements that are used to position,
electrically connect and/or compress some or all of the cell elements in the stack 27.
{0636} Az also shown in FIG. 3, the How-through capacitor 26 mcloedes many
electrode pairs 32, In one embodiment, each electrode pair 32 mchudes a first electrode
33 {which during treatment acts as a catbode) and a second electrode 34 (which during
treatment acts as an anode). The electrodes 33 and 34 can be constructed from high-
surface area electrically conducting materials such as, for example, activated carbon,
cartbon black, carbon aerogels, carbon nanofibers, carbon nanotubes, graphite,
graphene, or mixtures thereof. In some embodiments, the electrodes 33 and 34 can be
placed as a separate laver on top of a current collector or can alternatively be coated
directly onto the current collector.

{00371 The first electrodes 33 and the second electrodes 34 are configred and
electrically connected relative to sach other to establish a voltage difference or potential
there between.  The first electrodes 33 in the flow-through capacitor 26 can be
connected o one another and are then connected to a power supply. Similarly, the

second electrodes 34 in the flow-through capactior 26 can be connected to one another
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and are then connected to the power supply. Although sot depicted in the schematic of
FHG. 3, the electrodes can be connected to one another at thelr outer edges using
peripheral tabs that contact one another or using other forms of connection. The stack
27 will be arranged so that nearest neighbor electrodes will be of different kinds (le.,
the first electrodes will be disposed between the second electrodes and vise-versa). In
some embodiments, the varions electrodes sets can be mierleaved with one another and
arranged so as to place multiple electrode pairs 1n series with one another,
{0038} Regardless of the specific electrical arrangement and connectivity of the
electrodes, during operation these first and second electrodes 33 and 34 can be
differently charged from one another to establish a voltage potential acrosy the
electrodes pairs. This voltage potential can be used to either draw charged constituents
out of the water toward the electrodes (such as dwning treatment) or velease the
collected constitvents back into the water (such as duning regeneration, discharge or
cleaning}.
j0039] Cation membranes 35 and anion membranes 36 are positioned adjacent
to the first electrode 33 and the second electrode 34, respectively.  The cation
membrane 35 and the awion membrane 36 act as charge barners that can be placed
between the electrodes 33 and 34 and the centrally-dizposed flow spacer 37, The term
“charge barner™ as used herein and m the appended claums refers to a layer of matenal
that can hold an electric charge and that 15 permeable or semi-permeable for tons. lons
with the same charge signs as that in the charge barrier cannot pass through the charge
barrier to the corresponding electrode.  As a result, lons which are present in the
electrode compartment adjacent to the charge barner and which have the same charge
sign as the charge in the charge barrier are at least temporarily retamed or trapped in the
electrode compartment. A charge barrier can allow an incregse in ion removal
efficiency as well as a redunction in the overall energy consumption for 1on removal.
{0040} Finally, the plastic mesh flow spacer 37 is disposed between the cation
membrane 35 and the anjon membrane 36 {and the corresponding slectrode pair 32).
This mesh spacer 37 has a pattern sumilar to a window screen and also has some
sections that are thicker than others sections in the height dimension {the height
dimension is generally perpendicular 1o the direction of flow through the spacers 37} so

4

that, when the spacer layer 15 lightly compressed between two other layers such as the
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cation membrane 35 and the anion membrane 36, swater 1s able or permitded fo How
across the spacer 37 layer and between the corresponding pairs of electrodes 33 and 34.
j0041] FIG. 3 is only a simiphtied schematic of the flow-throngh capacitor 26
and does not iHlustrate all of the mechanical components that can be part of the flow-
through capacitor 26, For example, a flow-through capacitor will likely include tens or
hundreds of electrode pairs to provide an appropriate amount of surface arga for
deionization of a usable amount of treated water. Moreover, while only a single stack
is tHustrated, multiple modules or trays of cell components can be constructed. In some
embodiments {such as the medule shown in FIG. 4), ttays containing 3 number of
electrode pairs can be stacked on one another and the trays separately or aggregately
compressed.
joR42} Additionally, althongh not shown in the schematic of FKG. 3, the various
layers of the stack are compressed to conirol the amount of space between the cell
components, thereby establishing a cross-section area through which the water that can
flow through the stack 27. This compression can be done in a number of ways. In one
embodiment, a pressure plate at the top of the flow-through capacitor can comypress the
cell comaponents or lavers i a direction perpendicular to the direction of flaid flow
through the stack 27. A pressure plate such of this tvpe can be able to apply a variable
compressive force by mechanical fastening (e.g., emploving a threaded screw element
which can be tghtened or loosened to adjust compressive force). I other
embodiments, the stack can be divided 1ato muluple portions, sach as in modules, with
each portion being separately compressible,
{0043} In general operation, water flows enters the flow-through capaciior 26
via the water inlet 30 located on a bottom side wall of the housing 29, At this point, the
water is able to flow through some volume between of the housing 29 and the stack 27.
Some applied presswre differential (likely established by the continned inflow of water
to the flow-through capacitor 263 will then cause water 1o be forced through the spacers

oy
4
H

37 of the stack 27 and into the central column 3% at which point # flows upward and
out of water outlet 31. By establishing a voltage difference between the electode paus
32, charged constituents such as lons can be transferred berween the water flowing

b d
;
¥

through the spacers 37 and the cation and anion membranes 35 and 36, The specifics

of the control and operation of the cell will be described in further detail below.
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{0044} FIG. 4 llostrates one ewbodiment of a portion of a capaciive
detonization system 410 including a valve 402 positioned on top of a vessel 404 that
houses a flow-through capacitor 426, In this embodiment, the valve 402 15 coupled to
the vessel 404 at a single location so that water can flow from the valve 402 into the
vessel 404 and from the vessel 404 back mito the valve 402 through separate channels.
A flow pathway can established through the vessel 404 in which the entry and exut
channels are provided at the same opening of the vessel.

0045] In FIG. 4, arrows are used to indicate a forward flow of water through
this section of the system 410, The arrows indicate flow from the valve 402 mio a
chamber 480 of the vessel 404, between the vessel walls and the Sow-through capacitor
426, through the flow-through capacitor 426, up a central column 438 of the flow-
through capacitor 426, up 2 central column 482 of a compression element 484 that
compresses the stack of the How-through capacitor 426, and retums the How to the
valve 402 to be routed to either a treated water outlet or drain. This forward flow 1s for
the purposes of illustration only, and the specific direction of flow and the structure
used 1o divect the flow can be differeny than that illustrated.

{046} The valve 402 s a control valve assembly that performs multiple water-
routing functions and can shiminate the need for multiple separate valves as shown in
FIGS. 1 and 2. For example, the valve 402 can have mwdtiple positions including the
following: (1) a service posttion v which all water from an inlet line 1o the valve is
routed mto the vessel 404, through the flow-through capacitor 426, and then 15 directed
to a weated water outlet {such as, for example, outlets 76, 176); {2) a blend position in
which a portion of water from an inlet ine mto the valve 402 is directed into the vessel
404 and thwough the How-through capaciior 425 while the remainder of the water from
the inlet line is not routed through the flow-through capacitor 426 but is re-combined
with the water that passes throngh the flow-through capacitor 426 to blend treated and
untreated water; {3) a drain position in which water is routed through the flow-through
capacitor 426 and then routed to a drain hne to a drain {such as, for example, drains 3§,
138); and {4) a closed position m which the outlet of the valve 402 is shut so that water
does not continue to substantially flow through the valve 402 or the Hlow-through

capacitor 426,
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{00471 FIGS. 1 and 2 further iHuostrate that a processor or a controller 78, 178 i
in electrical communication with the flow-through capacitor 26, 126 and many of the
components of the capacitive detonization system 10, 110, The controller 78, 178 is
copnected to many of the sensors including the pressure sensor 18, 118, the
conductivity mdicator 22, 122, the flow transducer 25, 125, the pressure sensor 66, the
conductivity sensor 68, 108, and level sensors or switches 165, 167, The controller 78,
178 is also connected to a number of valves including the drain control valve 56, 156,
the treated water control valve 62, 162, and the blend valve 94, 190. The controlier 78,
178 can also be connected to a power supply for the flow-through capacitor 26, 126,
One having ordinary skall i the art will readily appreciate the fact that controller 78,
178 can potentially inchude one or mere processors, microprocessors, progranunable
logic controllers, or other swiable software and hardware configurations. Additionally,
n alternative embodiments, the controlier can be connected to other system elements or
not connected to some of the system elements depicted. Moreover, the controller 78,
178 can provide or be connected to a user interface for purposes of monitoring a water
property (or water property concentration), monitoning system functons, adjusting set
points used for system control, reviewing operating history, and providing diagnostics.
(048] For example, with reference to FIG. 1, the controller 78 can provide
control over the delivery of water to the hydropneumatic tank 72, when one is present.
When one or more pressure sensors sense that the air or water presswre in the
hydropneumatic tank 72 1s below a lower set pownt, the controller 78 opens the control
valve 62, turns on forward operation of the pump 17, and turns on the power supply for
the flow-through capacitor 26 {provided that flow-through capacitor 26 does not require
regeneration, as &8 described in further detail below) until the air or water pressure in
hydropneumatic tank 72 reaches an upper set point for the pressure. If the flow-
through capacitor 26 requires regeneration, then the controller 78 will close the control
valve 62, and remove andfor reverse the charge provided to the flow-through capacitor
36 by the power supply. The controller 78 opens the drain control valve 36 when the
ions removed during the regeneration mode are to be discharged via the drain 38

{0049} The controller 178 can also provide control over the delivery of water to
the atmospheric tank 163 for a system 110 such as shown in FIG. 2. The controller 178

can he connected to the low level sensor 165 and the high level sensor 167 on the
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atmospheric tank 163, When the high level sensor 167 senses that the water fevel m the
atmospheric tank 163 is below its set point, the controller 178 opens the control valve
162 and turns on the power supply for the How-through capacitor 126 {provided that
the flow-throngh capacitor 126 does not require regeneration) until the water level m
the atmospheric tank 163 reaches the upper set point of the high level sensor 167, If the
flow-through capacitor 126 requires regeneration, the controller 178 can temporarily
close the control valve 162, remove andfor reverse the charge provided to the flow-
through capacitor 126 by the power supply, and open the control valve 156 so the ions
removed during the regeneration cycle are discharged via the drain 158, If the water
Jevel in the atmosphenc tank 163 falls below the lower set pont of the low level sensor
165 and the flow-through capacitor 126 is unable to keep up with demand, then the
controller 178 opens the blend valve 190 antid the water level m the atmospheric tank
163 reaches the upper set point of the low level sensor 165, temporanly circumventing
the flow-~through capacitor 126 for particularly high water demand. In this instance, the
conductivity sensor 168 can monitor the water entering the atmospheric tank to ensure
that the water quality does not exceed a unacceptable fevel.

EERTH The level sensors 165, 167 can be used to measure and adjust a flow of
water through the flow-thwough capacitor 26, 126, In some embodiments there can be
one or more level sensors or switches that can be used to perforn such operations or
MEeASUTSmENts.

j0051} Additionally, the controller 78, 178 can use measured qualities (e.g.,
pressures and conductivities) and related logic to perform various operations and
provide mstructions for, for example, opening and/or closing valves, routing the water
stream either m full or in part through various lines of the system, and operating oy
adjusting operational parameters of the flow-through capacitor.

{0052} The underiving structure of some embodiments of the capacitive
delonization systems 10, 110, 410 having now been explamned, the general operation of
the systems 10, 116, 410 and the various operational cycles of the systems 10, 110, 410

will be described 1n further detail

General Operation
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{0053} During typical operation, the capacitive detonization system 10, 110 and
the flow-through capacitor 26, 126 cycles between four principal operating modes: a
standby mode in which substantially no flow of water 15 processed by the How-through
capacitor 26, 126, a treatment mode in which the How-through capacitor 26, 126
removes charged constituents from the stream of water passing there through, a
regeneration mode i which the flow-through capaciter 26, 126 eliminates or
discharges the collected charged constituents to regain capacity for further treatment,
and a cleaning mode i which the flow-through capacitor 26, 126 18 maintamed to
prevent scaling and other potential effects of long term cveling. The system 10, 110
can be configured to toggle between the standby, freatiment, regeneration, and cleaming
modes based on a number of criterion including, but not limied to, the demand for
water {either mn an attached hydropneumatic or atmespheric tank or i the greater
plaumbing system), detected feed water and treated water properties {e.g., water
pressures, water conductivities, and so forth), and measured values of system
parameters (2., properties relating to the operation of the flow-through capacitor).
0054} To simplify understanding of the operation of the systemn for the
purposes of this application, these four principal operating modes will be the most
thoroughly deseribed. The system is not limited to merely the described operational
modes nor does the system necessanly need to mclude all four of the modes descnibed
in detail herein. The system can include other modes of operation such as, for example,
diagnostic modes. Likewise, the system can nclode functionality that includes fault
detection and/or permits the operation of the system during a power failure. Operation
of the system can be either manually controlled {e.g., at the direct instruction of a vser)
or automatically controlled (e.g., according to pre-established programs). When the
system is automatically controlled, it will be at the direction of the controller 78, 178
which has the ability to sense conditions i the system 10, 110 and to mstruct or control
the operation of various components of the system 10, 110,

{0655] The specific operation of the system will be described m further detail
it should be appreciated that any language describing operation of the system or flow-
through capacitor, regardless of whether or not the controller 1s specifically mentioned,
should be read as being possible to do with or through the controlier. For example, if

the svstem 1s described as monttoring a current valoe, this momtoring function can be
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performed by the controller.  Likewise, when the system or fow-through capacitor

operation s changed, instructions can be provided by the controlier.

Current-Regulated Operation
{0056} The basic principle of operation n capacitive delonization svstems has
been that charged constituents can be trapsferred between the water and the electrodes
{and/or membranes) of a flow-through capacitor by controlled and selective application
of a voltage differential between the electrodes. Since the voltage difference or voltage
potential is the "driver™ of ton transfer, prior systems have focused on controlling or

regulating a voltage potential to operate the capacitive detonization systen.

j0057] Methaods of controlling operation of a capacitive deionization system
and controliers for a capacitive detonization system ave disclosed. Among other things,

the disclosed methods and controllers nithize a different mode of operating a flow-
through capacitor than that which is found n conventional systems.  Whereas
conventional systems aim to regulate the voltage potential established across the
electrodes, the methods and controllers described herein vely on the control and
montoring of current. By integrating the curmrent or other value over the time of
operation, a capacitive deionization system can be operated in such & manner as to
more accurately reflect the actual state of the capacitor.

j0038] The methods, systems, and controllers described herein apply a new and
antquely different methodology to the operation of a capacitive defonization systew.
Instead of controlbing and maintaining a specific voltage potential or differential
between the electrodes during the transfer of fons or charged constituents, the methods,
systems, and controllers of some embodiments of the mvention monitor and regulate
the current of the flow-through capacitor during the operation of the system. Singe the
flux of charged particles directly relates to the cwrent and amount of treatment or
discharge occurring, current-regulated control is a wseful proxy by which to run and
measure capacitive deionization system operation.  Although a voliage iy applied to
create the potential across the electrodes in the How-through capacitor, the applied
voltage is selected to obtain a particular current in the flow-through capacitor at given
point in the cycle. In the instances in which constant current 1s to be maintained in the

flow-through capacitor, this means that voltage varies gs the electrodes tend toward
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satwration snd 8 greater voltage potential must be established to mamtam constant
current.
{00359} Among the advantages realized by current-regulated operation (as

ge-regulated operation) is that by integrating the current transferred

opposed o volta
over the length of a single operational cycle it is possible to determine an aggregate
amount of fons or charged constituents that have been collected on or discharged from
the electrodes andfor their corresponding membranes.  This amp-second value or
"ampsom”, which is the integrated amperage value over time, can be compared to a
known or calculated total useful capacity of the flow-through capacitor to determine
when the electrode pairs of the flow-through capacitor have been satwated (1e,
approached their useful treatment limit) or de-saturated {e.g., approached a point at
which most or all jons or charged constituents have been discharged).

HEHR Accordingly, current-regulated operation provides a vet-onrealized
methodology to control operation of a capacifive deionization system and a metric by
which to enable superior efficiency of the capacitive delonization system. By using
current-regulated operation, the svstem can be configured 10 not continue to apply a
voltage potential when minimal or no transter of jons or charged particles 1s ocowring.
This prevents, for example, the continued application of a voltage difference m
treatment mode when a saturation pont of the How-through capacitor has been reached.
j0861} instead of dircctly monitoring and integrating current to establish the
duration of a cycle and the capacity of the flow-through capacitor, 4 water property,
value, characteristic, or parameter can be used (or a concentration thereof). For
example, by measuring the conductivity of the water stream or the conductivity
removed (by comparison of the water before and after processing by the flow-through
capacitor) and integrating this value over the time duration of a cvele, the amount of
capacity utilized in the flow-through capacitor can be ndirectly measwred.
Accordingly, in some embodiments of the method of the mvention, the "current”
measurament and calculation can potentially be replaced by other measured water
qualities or properiies, such as for example, conductivity or hardness. To the extent
that such characteristics, values, or parameters correlate with current {i.e., conductivity
of water depends in part on the npumber of lons in the water}, they can serve as good

proxies for operation.
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{0062} FIG. 5 illustrates a method 500 of cwrent-regulated operation according
to one embodiment of the invention. It will, howsver, be appreciated, that rather than
measuring and adjusting current another parameter can be controfled such as, for
example, a water property {e.g. conductivity). According to the method 500, a
summed-current capacity of the flow-through capacitor is established i step 502, The
summed-curvent capacity corresponds to a useful capacity of the system. To draw an
anglogy, this synuned-current capacity corresponds to the amount of tons or charged
constituents the electrodes can support in the same way that one could determine the
amount of water that a sponge could absorh (either empirically or by calculation}.
{06634 This swnmed~current capacity can be, for example, theoretically
calculated based on qualities and traits of the capacitive deionization system {e.g., using
physical and chemical values andfor design parameters such as the number of modules,
stack size, number of electrodes pairs, cell area and swrface properties).

{0864} Alternatively, the swmmed-current capacity can be established by
observation or measurement. For example, the system can be run in treatment mode
antil the flow-through capacttor has reached g potat of saturation or the water reaches a
property Hmit (which can be delernmined by comparing the difference between the mput
and output water conductivities, as conductivity correlates with the nmumber of fons in
the water). The flow-through capacitor can then be set {o regenerate until all ons and
charge constituents are driven from the electrodes/membranes. During either treatinent
ot regeneration, the current can be integrated over tine until no or hittle additional
current i3 transferred. This measured value wousld comrespond 1o the usable summed-
current capacity.

0065} In some embodiments, the system can use both methods and andéor
coatinye to periodically re-caleulate or re-establish the swwmed-current capacity. For
example, the system can mitially operate using a theorstical valoe and then begin to
monitor treatment or discharge cyeles to fRuther refine the summed-corrent capacity
value.  In other embodiments, the system can continnally or periodically monitor
discharge or regeneration cycles to re-establish or revise the summed-current capacity
for each subsequent treatment cycle.  In still other embodiments, the system can

continvally or periodically monitor treatment cyeles to re-sstablish or revise the
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sommed-current capacity,  The flow-throagh capacitor can be operated through
nultiple operational cyeles until an equilibrium capacity is reached or approached.
0066} The system and controller can be penmitied 1o operate at an imbalance
between discharge and treatment cveles so that more energy is stored in each treatment
cycle than is discharged in the subsequent discharge eyele until enough of the capacity
is used to achigve an optimuom regeneration cycle. Thereafler, the system can operate
in balance with the energy discharged and the energy stored in each cyele o be
approximately equal.

{0067} In capacitive deionization systems, the summed-current capacity can
typically be between approximately 1000 amp > seconds and 2200 amp - seconds per
stack and the area of the electrode pairs for each stack can be approximately 5800
square centimeters.  However, systems having higher or lower capacities can be also
used.  H will readily be appreciated that design parameters can affect the suomned-
current capacity of a particular system.

{0068] Once a sumned-current capacity is established according to step 502,
then an operational cycle of the flow-through capacitor can be started according to step
504, This operational cycle can be, for example, the treatment mode, the regeneration
mode, or the cleaning mode.

0069} This operational cyele need not inunediately occur after establishing the
sommed-current  capacity.  For example, after establishing the summed-current
capacity, the system can be m a standby mode until there 15 a demand {or treated water.
Moreover, this operational cyele need not be completely continuoys, For example, a
treatment mode can be started based on the demand for water and then stopped
temporarily until more watey 1s needed.

{0670} Unce the operational cycle has been started, the controller monitors the
current and integrates the current over the time of the operational cycle to determine a
monitored-current value according to step 506, Over the course of the operational
cycle, this monitored-carrent vahwe 13 compared to the sununed-curent capacity
according to step 308 to determine whether (1) to continue to operate in the particular
operational mode 1f an endpomnt condition has not been reached, in which case the
system continues to monitor current according to step 506 and then re-compare the

summed-current capacity and monitored-current value according to step 508 unmiil the
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endpoint condition hag reached or {2) to end the operational cycle according to step 510
if the endpoit comdition bas been reached.  The condition that results in the
termunation of the operational cyvele at the endpoint can be, 1 one embodiment, when
the summed-current capacity is equal to the monitored-current value. In some
embodiments, this can mean integrating and counting up to the monitored-current value
to the summed-current capacity. In other embodiments, this can mean subtracting the
monitored current value from the sunumed-current capacity until the resultant valoe is
equal to zero.

{0071} Seme tons or charged constituents may be strongly connected to the
electrodes andfor membranes durng freatment.  As a resali, there can also be logic that
permits the cyele to be terminated if the eadpoint has been substantially reached,
although not achieved.  For example, after a period of discharge, a relatively small
percentage of charged particles may not separate from the electrodes andfor membranes
due to the strength of their atachment. The system and controlier can be configured to
terminate the cyele if the summed-current value is within, for example, 3% of the
endpoint and remained substantially at that sumimed current for g predetermined length
of time.  Such logic can prevent the system from becoming locked in a particular
operational mode when transfer becomes inefficient {or perhaps even impossible) due
to changes m the capacity of the flow-through capacitor.

0072} in some embodiments, the system can undergo a partial treatment cycle
and then, afier a specified duration of tnactivity, enter a discharge cycle to discharge
only the collected amount of charge. In these embodiments, the monitored-current
capacity during discharge can be compared to the final monitored-current capacity in
the prior treatment cyvele.  Such operation can be wsed to restore the flow-through
capacitor to its full capacity during lengthy periods of non-use or standby.

{7 3} During continunous demand for treated water which exceeds the total
available capacity for the flow-through capacitor, a switch between the treatment mode
and regeneration mode can be based on the comparison of the summed-current capacity
and the momtored-current value. For example, when there 15 a demand for water, the
systemn can operate in the treatment mode until the monitored-current value 18 equal to
summed-current capacity. At this point, the system can determine that no further useful

treatment can be performed without first discharging the collected 1ons and
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comstituents.  Accordingly, the system can switch to the regeneration mode in which
jons will be discharged from the flow-through capacitor until the comparison of the
summed-cutrent  capacity  and  the montored-current  value  indicates that  the
regeneration cycle should be stopped because an endpoint of the cvile has been reached
{1.e., all tons or charged particles have been discharged).

j0074] Alternatively, instead of comparing a summed value {0 a capacity value
during regeneration, a fixed time regeneration ¢ycle can be used. When a fixed tune is
ased, certain assumptions are made about the rate at which constituents are discharged
that, when valid, simplify the regeneration cycle. For example, if the systam is set to
20 amps and the regeneration cvele is ran for a fixed time duration of 90 seconds, then
{piven efficient transfer of the constituents from the electrodes to the water} 1800 amp-
seconds of capacity can be assumed to be regained.

{0075} The controller can be programmed so that ander certain conditions {e.g.,
high measured input or ouiput water conductivities corresponding to high levels of
constituents  and  the flow-through capacitor having  sufficient, but not full,
regeneration}, the system can be allowed 1o return to the weatment mode without fully
completing the discharge/regeneration cycle. Agan, because current-regulated control
of the system provides an accurate metric of the available capacity of the flow-through
capacitor, complex logic such as this can be employed m system operation which was
previously anavailable or in which available capacity would be, at best, a guess.

j00706} FI1G. 6 illustrates one embodiment of an operational oyele in which the
current and voltage over the time or duration of an operational cycle. The top chart 610
Hlustrates cwrent over time and the bottom chart 612 iHustrates voltage potential or
difference over time.

0877} As shown in the top chart 610, a cwrrent-time line 614 depicts the
current measurement over the time of the cycle, which ends at a time 616 mdicated by
the dashed line. The curvent or amperage is beld constant over at least a first portion of
the eyele until it begins to taper off near ihe end of the cycle al a second portion.
However, in some embodiments, the cuwrrent can be held constant over the entive length
of the cycle {for example i a system having 1800 amp - seconds capacity, a treatment

cycle can be at 20 A for 90 seconds).
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{0078} One reason that the current can be held constant 1s to provide a relatively
constant flux of {ons and charged particles over the duration of the cycle. In some
embodiments, however, current can be adjusted for actual operating conditions such as,
for example, variations in feed water conditions such as conductivity and flow rate. For
example, if a flow rate of water flowing through the flow-through capacitor increases,
then it may be desirable to increase the current to increase the flux of ions and charged
particles between the elecwrodes andior membranes and the water.  Likewise, a
significant change in the observed conductivity of the water {(indicative of a ditferent
amount of ions or charged constituents) can dictate an increase or decrease in the
curent or amperage level to obtain or maintain the desired water property or water
property concentration in the treated water. The current or amperage level can also be
set or adjusted based on a treated water property or water property concentration, such
as treated water condactivity.

{0679} Still referning to the top chart 610, the shaded area 618 corresponds to
the total amp - seconds or ampsum of the cycle (e, the mtegral of current over time),
As discussed above, throogh the course of the cyele, the integral taken from a zevo time
at the start of the cycle to a present ttme in the cycle is the monttored current value
which is then compared against the summed-current capacity to determine the end point
or time of the cycle. With line 616 being the end time, the integral under the amperage
curve from the zero time to the and time (depicted as shaded area ¢18) also corresponds
to the sunwned-current capacity of the particular system.

jO080] As shown m the bottom chart 612, a voltage-time line 620 15 used to
depict the voltage over the time of the cycle. I the current or amperage i3 held
constant, then the voltage may need to be increased over the duration of the cyele to
maintain a constamt rate of ion flux. This may be a result of, for example, a decrease
the effectiveness of the applied voltage as the electrodes andior membranes saturate
with 1ons or charged coustituents. At some pomt over the cvele, it 1s possible that a
maximum voltage differential 1s reached based on the power himitations of the svstem.
When this happens, voltage mayv peak at a constant level and the flux of ions or charge
may begin io decrease as the constant voltage 1s of decreasing effectiveness as time

further progresses.
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{0081} Formulas can be emploved to couvert the electrical capacity of the
capacitive detonization system {0 an jon capacity based on mbg {(milliequivalents) and
visa versa.  Such formulas can be used to convert ampsum information to useful

mformation that can be passed to the end user by the controller.

Standby Mode

{0082} When the system is not transferving tons, it can be placed in a standby
mode.  In the standby mode, the capacitive delonization system 10, 110, is m such a
state that water 1s neither flowing mto nor out of the system 10, 110 {or at least m such
an appreciable quantity as to require processimg of the water).  Since no water 18
actively flowing through the flow-through capacitor 26, 126, it i3 not necessary 10
either draw constituenis owt of the water as happens dwring treatment or {flush
constitwents from the capaciior mto the water as happens dwing regeneration or
cleaning. Even in this steady state condition, some amount of voltage difference can be
applied across the electrode pairs 32 so that constituenis do not migrate out of the
catton membranes 35 and the anion membranes 30 and nto the water standing in the
How-through capacitor 26, 126.

{083 In addition to preventing scaling when the system is in standby, an
apphed vollage potential belps to prevent poor water quality on start up. This 18
because ions are less likely to migrate into the standing water in the How-through
capacttor.  After a particularty long period of standby, the system can be configored to
send a predeterming volume of water to the drain in order to ensure that the initial
volume water sent to the treatment outlet has not become impurity or constituent rich

while sitting stagnant in the flow-through capacitor or another portion of the upstream

plumbing.
Treatment Mode
{0684} When there is a demand for treated water and water is flowing through

the flow-through capacitor 26, 126, the svstem 10, 110 can enter the treattient mode or
purification mode. In the treatment mode, at least a portion the water or solution passes
through the flow-throngh capacitor 26, 126 with a voltage potential applied in the

normal direction so that wns and compounds or particles that exhibit charge attraction
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are attracted to the electrode pairs 32, These constituents ave drawn out of the stream
of the water and pass through the cation membranes 35 and the anion membranes 36
and are captured on the carbon electrodes 33, 34, The stream of water, now having a
portion of the constitnents removed, can exit the flow-through capacitor 26, 126 m a
comparably pure state to the water that enters the fHow-through capacitor 26, 126 and
the treated water can be routed to the treated water outlet 76, 176,

jOO8S] Many vartables can effect the rate and quantity of the fons and charged
constituents removed from the water daring treatment, mceloading, but not limited to, the
voltage potential established over the electrode pairs 32 (and the related amperage
which s, in fact, the regulated portion of the capacitor}), the flow rate at which water
flows through the flow-through capacitor 26, 126, the flow pattern through the flow-
through capacitor 28, 126, the mlet water quality, and to what extent the constituents
have satvrated the membranes andfor electrodes. The flow rate can be adjusted wing
one or more valves, can be variable within munimum and maximum fimits determined
by the module configuration and/or operating conditions, and can be basad at least in
part on a demand for tregted water. The amperage of the How-through capacitor is
determuned by the controller 78, 178,

{86} As a general rule, as the flow rate decreases andfor the amperage
mereases, more ions or charged constituents per unit volume will be tansferved
between the water passing through the flow-through capacitor and the electrodes.
Conversely, as the flow rate increases andior the amperage decreases, fewer ions or
charged constituents will be transferred per unit volume of the water.

{0087} One method of treatment 700 1s Hlustrated m FIG. 7. According to the
method 700, a targeted water property {(or water property concentration) or conductivity
or a fixed percentage removal of a water property {or water property concentration) or
conductivity can first be established for the treated water according to step 702, Then,
some propenty of the water, such as the conductivity of the feed water (although other
gualities can also be used), is measured according to step 704, Since the capacitive
detanization system remmoves wons and charged particles to make the water more pure to
a desired water property, the controller is then able to determine the amount of
conductivity that must be removed from the feed water in the flow-through capacitor to

achieve the target water property (Le., the treated water conductivity) or a percentage
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removal 1w step 706, Based on this conductivity to be removed, the controller can
control one or both of the cwrrent or amperage of the flow-through capacitor and the
How rate of water through the How-through capacitor to achieve the desired resultant
property in the treated water stream according to step 708, The conductivity of the
treated water can be measured to confirm the effective removal of tons and charged
constituerts.  There can be lunits on the treatment level achieved. For example, water
that is too pure coukd cause issues with residential plumbing, and cause too much
resistance in the cell, which would reselt i high voltages required for treatinent and
less efficient treatment.

{0088 Once a particalar water property of percent removal 18 targeted or
selected, a volume can be calenlated that corresponds to the amount of water that can
be fally treated v a treatment cvele given that property {(e.g., conductivity} in the feed
water. Such a vohune can be established by considering the summed-cuwrrent or {otal
usable capacity of the flow-through capacttor {(which represents the amount of charge
that can be received from the water) and amount of conductivity to be removed from
the water {which comresponds to the amount of tons or charged coustituents to be
removed per unit voheane of water o achieve a desired water property). In some
mstallations or points of entrv, # can be acceptable o assume that the feed water
conductivity will remam relatively constant and so the controller can use this calculated
volume as a basis for determining the length of the teatment cyele.  Under such
conditions, the amperage can be adjusted or varied based on the flow vate to continually
remove a particular charge per unit volume of treated water so that the treatment cyvcele
is set to end when the calculated volume of water has been treated.

j0089] According to some embodiments of the method, the flow rate through
the system can be determined by and, in some instances, change with the demand for
treated water. The demand for water can be provided by monitoring the presswe in the
hvdropnenmatic water tank and/or the tank water level i an atmospheric tank. If the
pressure or water level drops below a certain threshold level, there is generally
increased demand for treated water. It is possible that demand can be observed as a
binary condition {i.e., either more water needs to be treated or it does not) or that there
can be various levels of water demand, either stepwise or comtinucus, based on an

observed pressure or level sensor value, For example, the degree or amouat of pressuve
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drop in a hydropneumatic tank can be used to establish the magnitude of the demand
for water. Additionally, a flow sensor or sensors can be used to determine the demand
for water.

{0090} In low demand situations, the svstemn can generally meet the demand tor
treated water. o such instances, the flow-through capaciter can be mstructed © only
treat the water to a targeted water property or percentage removal to save epergy and
capacity of the flow-through capacitor or can be instructed to treat the water to be as
pure as possible. Moreover, In some instances, treated water can be re-circudated one
or more times to further remove constituents from the water,

{00911 In high demand siuations, the flow rate of the water to be treated can
exceed the ability of the flow-through capacitor 1o process the water 10 the desired
property. When this bappens, the system can treat the water to the extent possible and
allow the treated water to be of less than the desired qguality or purity. This may be
preferable to not providing water in a sufficient quantity to meet point of use demand.
The removal rate can be lowered by allowing the system to operate at a treatment
currert or amperage less than the current calculated to provide the design removal
percentage. Likewise, to prevent the cell of the flow-through capaciior from exceeding
s maxinu operating voltage, the targeted change in feed water conductivity or other
measured property can be hmited. The controller can be set to end the freatment cycle
if & preset or calcplated treated volume is exceeded, @ time length of cvele has been
exceeded, andfor maximman voltage has been reached.

0092} It is also contemplated that varying the flow rate in a ovele can help
loosen or remove scaling andfor fouling during treatment.  Particolarly, in instances in
which the water is being stored prior to use, it can be beneficial to cycle the flow rates
between higher and lower values to alter flow patterns and the applied shear force of
water on the surfaces of the flow-through capacitor.

[0093] Additionally, various aspects of the treatment cycle can be used or
considered to adjust the summed current capacity of the system. For example, over the
course of the treatment cvcle, the tuyne to reach the maximum volfage can be
determined. A decrease in this time over vartous cycles can mdicate a loss of capacity
in the flow-throngh capacitor. As sull another example, the percentage of the summed-

cwrent capacity realized hefore the maximum voltage s reached can be used to



WO 2013/063578 PCT/US2012/062433

b
-3

determine a loss of capacity of the systern. As the percentage of system capacity used
before maximum voltage s reached decraases, so does the usable capacity of the flow-
through capacitor. Based on either of these observed conditions, the sunnmed-corrent
capacity of the system can be adjusted andior the regeneration cycle can be triggered.
{0094} In another embodiment of the treatment mode, the tremted water
conductivity {as opposed 1o the feed water conductivity) can be measured o determine
whether to adjust the amperage of the flow-through capacitor. Given that feed water
quality may be relatively constant, it may be acceptable to adjust the amperage up or
down based solelv on the measured treated water conductivity, Such an adjustment can
be suitable to accurately adjust the conductivity to be removed, even in sifuations where
the feed water conductivity is unkanown.

{0095} In still other embodiments, 8 water property other than  water
conductivity can be used as the basis for determining the amperage at which to run the
flow-through capacitor. For example, a pH or alkalinity of the water can be used as a
monitored water property.

0096} Moreover, in the event that the treated water purity is behieved to be
approaching a minunam accepiable water property or 13 continually ronmng below the
target water property, the system can be set to alanm or store the event as a fault
condition.  This can alernt the user to a deficiency 1 the system and a need for
maintenance of the system or the mability of that particular size of system to

continpally meet the demand for treated water gt that point of  use
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Regeneration Maode

{0097} Once the electrades become saturated with ions duoring the treatment
mede, the electrodes 33, 34 can have their capacity regenerated during a regeneration
cycle. During regeneration, the electrode pairs 32 are shorted or the voltage potential is
reversed and the jons (and compounds or particles that exhibit charge attraction) are
driven oft of the capacttor’s electrodes 33, 34 andior the membranes 35, 360, This
process forms an impurity or constituent-rich concentrated solution in the flow spacer
37 which s then hydraulically discharged from the flow-through capacitor 26, 126
typically through the drain 38§, 158, The water carrving the discharged constituents will
be directed to a waste water output or drain 58, 158 until substantially all the
constituents are released or the target capacity is restored {although some constituents
may be so strongly sttached to the electrodes and/or membranes as 1o not be readily
detachable). Once some or all of the capacity of the flow-through capacitor 26, 126 is
recovered, then the flow-through capacitor 26, 126 is again ready for ion or impurity
removal in the treatment mode.

{0098} The fons released by the electrodes can include hardness ions, such as
calcium, awd alkalinity ions, such as carbonate and bicarbonate ions. I the
concentration of these rwons m the wasie water becomes foo hagh, these ions can
precipitate and formn scaling on the spacer 37, Scaling in & flow-through capacitor can
clog up the water flow path and possibly also contaminate the electrodes, particularly
the cathode. This may negatively influence the performance of the flow-through
capacitor or even cause the How-through capacitor to stop working, While periedic
regeneration and cleaning helps to improve the usable life of the system, it ideally
should be performed in such a way as to not impair the long-term performance of the
systems by forming scaling.

{0099} In some embodiments, to improve the efficiency of the regeneration
cycle, the regeneration mode can be performed with clean water, purified water andior

chemicals to clean the system. However, in the most basic enthodiment, feed water can

a3
19

rve as the transport agent for the discharged ons.
{00100} During some forms of regeneration, the system or controller can

compare a monttored-current value (i.e., the ampsum of the discharged ions) during the
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regeneration cycle o the final monitored-current value of the previous treatment cycle
or the summed-current capacity of the flow-through capacitor to determine the endpoint
of the regeneration cycle as described above. The monitored-current value for the
regeneration cycle is an integral of the carrent over time which will correspond to the
amount of charge constituents transferred from the flow-through capacitor to the water
stream over the time of the regeneration cycle.

jo0101} in some embodiments, the regeneration mode can be initiated and all
steps within the regeneration mode can be started or ferminated based on time andior a
change in the water property as measured by (without limitation} conductivity, pH,
ORP (oxidation-reduction potential}, specific jon electrode or other means. Moreover,
one or more of feed water hardness, pH, alkalinity and conductivity can be measured
and used as a bagis to calculate a maximum discharge conductivity ander which the
potential for scaling is reduced.

{00102} While the net jon flux during the regeneration cycle will be from the
electrodes andfor membranes into a discharged stream of water, the current or
amperage and the flow rate can vary over the length of the cycle. For instance, the
regeneration cycle can have portions where the electredes are shorted, where the
electrodes are set to a reverse polarity, and even where the electrodes are temporarily
set to a normal polarity. Additionally, the flow rates can be adjusted 1 magnitude {low
rates and high rates) and direction (forward, reverse, and no flow). In some
embodiments, to reduce water usage, but to maintain a flow, water can be, at least to
some extent, re-circulated through the flow-through capacitor during regeneration.
{00103} The concentration of tons or charged constituents 1 the discharged
water can be controlled to reduce the potential for scaling and/or to provide time
efficient discharge of the collected ions and charged constituents according to the
method 800 illustrated in FIG. 8. As with treatment, the How rate and amperage can be
controlled to adjust the rate at which ions and charged constituents are transferred into
the water and the volume of water exposed to this ion fux.

{08104{ According to the method 800, a targeted water property {ey., a
maximum impurity level of the discharge stream) or percent addition of constituents
can be established according to a step 802, This property in the feed water (e, a

conductivity of the water} can then be measared according to step 804 before # 18
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received 1 the flow-through capacttor.  According to step 806, the targeted water
property and the measwed feed water property can be compared to determine what
amount of the property, such as conductivity in the form of ions, can be added per vt
volume of the feed water to provide a discharge stream having the targeted water
property or added percentage of the water property of mterest. Based on this calculated
value, the flow rate through the fow-through capacitor and/or amperage of the flow-
through capacitor can be altered according to step 808 to add the impurity to the
discharge stream from the electrodes and/or membranes in the How-through capacitor.
{00105] Accordingly, in one embodiment of the method, by conwrolling the
discharge amiperage or amperage sei point, measuring the feed water conductivity or
other water property parameter, calculating the ton transfer rate from the discharge
amperage, calenlating the flow rate requared to control concentration of the discharged
water and using a valve or other method to control the water flow to achieve that flow
rate, the concentration and/or amount of the impurity transferred to the discharged
water can be controlled. Similarly, the concentration and/or amount can be changed by
adjusting the curent or the current set point based on the discharge water rate and the
measared feed water conductivity or other water property parameter based on the
calculated 1on transfer rate. Formulas can be used to calenlate flow rates for dilution in
regeneration based on feed water conductivity and ion discharge rate.
00106 According to one embodiment of regeneration, multiple flow rates can
be used to save water while simultaseously preventing the concentration of ions andfor
constituents in the water from exceeding a maximum allowable concentration. The
flux of ions and constituents into the water will initially be high and then decrease over
the length of the regeneration cvele. This means that the water flowing through the
flow-through capacitor can initially be provided at a high flow rate to receive and
transport the mmtial hagh levels of 1on flixx. As jon flux decreases, the Hlow rate can be
reduced because fewer fons need to be transported out of the flow-through capacitor per
unit e, Accordingly, at the end of the regeneration cyele, the water can dwell wathin
the flow-through capacitor for a longer tune than at the beginning of the cvele withowt
approaching the maximum acceptable impurity level for discharged water.
{00107} In some embodiments of the regeneration mode, the flow rate of the

water can be pulsed 1o reduce the amount of water used or to provide vanable Hlow
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rates to whibit scaling.  As described above with respect to the treatment mode,
togeling high and low flow rates can be used o loosen or remove scaling andfor
prevent fouling duting regeneration,

j00108] In still other cmbodiments of the regeneration mode, flow can be
temporarily reversed during fon and charged impurity discharge.  If the flow s
reversed, it 13 possible that the drain can be disposed upstream of the Hlow-through
capacitor, so that the impurity or constituent-tich water flowing i reverse can be
removed from the system prior to the flow-through capacitor.

{00109 The controller can limit various aspects of the operation of the flow-
through capacitor during the regeneration mode. For example, the regeneration How
rate can be variable with minimam and maximum Hmits determined by module
configaration and controlled by the valve configuration.  Additionally, the regeneration
mode can be zef to terminate based on a nomber of factors including excessive length
of time, excessive amperage, or comparison of the monitored-current value fo a final
treatment  monttored-current value or a summed-current capacity of the system,
Likewise, these conditions can be used as suggested above 10 glter the sumoed-corrent
capacity of the flow-through capacitor.

{00110] Additionally, the contralier can be configured to ensure that the flow
rate does not go below a minimum regeneration flow rate set to ensure water
distribution throughout the cells. If the flow rate were to become too low during
regeneration, localized areas of highly concentrated discharge water could be created

which could result in undesirable scaling on, for example, the flow spacer.

Cleaning Mode

[0ty As briefly mentioned above, once attached o the electrodes and/or
membranes, some wons may not be easily removed. These tons mav require something
more than a standard discharge cycle to be removed. Although a higher loading of 1ons
has been found to actually improve the kinetics of ton transter duwring wansfer, too
many strangly attached tons can have an advarse effect on the capacity of the system.

00112} Accordingly, the system can occasionally eanter a cleaning mode in
which the system undergoes more time intensive regeneration processes. These can

mclude longer regeneration modes with greater voltage differences or pulsing voltages,



WO 2013/063578 PCT/US2012/062433

32

variable flow rates, the use of a cleaner or other process variations to remove hard to
detach fons from the electrodes membranes.

00113} The system and coutroller can be set to automatically enter a cleaning
mode when one or more of a number of conditions are met mchuding, but not limited
to, a threshold number of cycles have been performed, a threshold wreated volume of
water has been processed, the system has remained in standby for a duration of time, a
significantly high pressure drop 18 observed over the flow-through capacitor, & ime or
window of time of the day 18 oceurring, and a loss of capacity 18 observed.

{00114 If the system 13 unable to restore the svstem capacity to a particular level
during cleaning, the system can be set to provide a loss of capacity alarm. Such an
alarm can help the end user to determine when components need to be replaced or

otherwise mamtained.

00115 It will be appreciated by those skilled in the an that while the invention
has been described above in connection with particular embodiments and examples, the
myention 18 not necessarily so limited, and that numerous other embodiments,
examples, uses, modifications and departures from the smbodiments, examples and
uses are intended to be encompassed by the claims attached hereto. The entire
disclosure of each patent and publication cited herein 15 incorporated by reference, as if
each such patent or publication were individually incorporated by reference herein,

[o0116] Varipus features amd advantages of the invention are set forth in the

following claims.
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‘What is claimed is:
i A method of removing tons from a feed water stream using a flow-

through capacitor having at least a pair of electrodes spaced from one anether to
accommaodate a flow of water and configured to transfer ions between the pair of
electrodes and the water, the method comprising:

establishig a target value for a water property concentration for a treated water
stream exiting the flew-through capacitor;

measuring a feed value for the water property concentration in a feed water
stream entering the flow-through capacitor;

calonlating an amount of the water property concentration to be removed from
the feed water stream based on the feed value to achieve the target value for the water
property conceniration in the treated water stream; and

comtrotling an amperage of the flow-through capacitor and a flow rate through
the flow-through capacitor 1o remove ions from the feed water stream to achieve the
target value for the water property concentration g the treated water stream.

2. The method of claim 1 wherein the amperage is a function of an amount

of tons to be removed from the feed water stream.

3. The method of claim 2 wheretn the amount of ions correlates to the

amount of the water property concentration to be removed from the feed water stream.

4, The method of claim 2 wherein the amperage is further a function of the

flow rate.

5. The method of claim 1 wherein the swater property concentration

correlates to conductivity and the feed value that is measwred is conductivity.
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6. The method of claim 1 further comprising hmiting the amount of the
water property concentration to be removed at a given flow rate based on a voltage

timmit of the flow-through capacitor.

7. The method of clanm 1 wherein the How rate is based on a system

densand for water in a system attached to the flow-through capacitor.

& The method of claim 7 wherein the system demand is measured by

measuring at least one of a water pressure in the system and a tank water level.

9. The method of claim 7 wherein, when the svstem demand for water
exceeds an ability of the flow-through capacifor to remove the amount of the water
property concentration from the feed water stream at a particular demand flow rate, the
amout of the water property concentration to be removed from the feed water stream

is reduced.

10.  The method of claim 1 further comprising the step of measuring the
water property concentration for the treated water stream exiting the flow-through
capacitor and altering countrol of al least one of the amperage and flow rate ifa

measured value of the water property concentration 18 different than the target value.

11, The method of claim 1 further comprising caloulating a volume of the
feed water stream that can be treated given a sammed-current capacity of the flow-
through capacitor and establishing a time duration of a treatment cycle based on the

summed-current capacity and the flow rate.

12, The method of claim 1 wherein an end point of a treatment cvele is

established when a maximum voltage of the How-through capacitor is reached.

13. The method of claim | wherein the flow rate 1s vanied over a time

duration of the cyele to inhibit scaling.
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14, The methad of claym 1 wherein an end point of a treatment cyele 18
eatablished by a comparison of a monitored-current capacity of the flow-through
capaciior over the duration of the treatment cycle to a summed-current capacity of the

flow-through capacitor that 1s pre-established.

13, The method of claim 14 wherein an end point of & treatment cycle i3
established when a maxinuom voltage of the flow-through capacitor is reached and the
summed-current capacity of the system 1s adjusted based to be a monttored-current

capacity at the maximum voltage.
16, The method of claim 1 wherein an end point of the treatment cvele is
established when at least one of a pre~-determined volume of the feed water stream has

been treated and a duration of the cycle 13 reached.

7. The method of claim | wherein the flow rate has maximum and

mrindur flow rates.

18, A controller configured to perform the method of claim 1.
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19, A method of removing jons from a feed water stream using a How-
through capacitor having at least a pair of elactrodes spaced from one another to
accommodate a flow of water and configwred to transter ions between the pair of
electrodes and the water, the method comprising:

establishing a fixed percent removal of a water property concentration to be
removed from the feed water stream passing through the flow-through capaciior;

measuring a feed value for the water property conceniration in a feed water
stream entering the flow-through capactior;

controtling an amperage of the flow-through capacitor and a flow rate through
the flow-through capacitor to remove 1ons from the feed water stream to achieve the

fixed percent removal of the water property concentration from the feed water stream.

200 The method of claim 19 wherein the amperage i3 a fonction of an

amomnt of 1ons 1o be removed from the feed water stream.

21, The method of claim 20 wherein the amount of fons correlates 1o the
fixed percent removal of the water property concentration to be removed from the feed

water siveam.

22, The method of claim 20 wherein the amperage 15 further a function of

the flow rate.

23. The method of claim 19 wherein the water property concentration

correlates to condactivity and the feed value that is measured is conductivity.

24, The method of clatm 19 further comprising limiting an amount of tons
to be removed at a given flow rate based on a voltage limit of the flow-through

capacitor.

25, The method of clatm 19 wherein the flow rate is based on a system

demand for water in a system attached to the flow-through capacitor.
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26, The method of clanm 25 wherein the system demand is measured by

measuning at least one of a water pressure 10 the system and a tank water level,

27, The method of clanm 25 whergin, when the system demand for water
exceads an ability of the flow-through capacitor 1o remove an amount of tons from the
feed water stream at a particular demand flow rate, the amount ions 1o be removed from

the feed water stregm is reduced.

28, The method of clarm 19 further conyprising the step of measuring the
water property concentration for the treated water stream exiting the flow-through
capacitor and altering control of at least one of the amperage and flow rate if a
measared removal percent value of the water property concentration is different than
the fixed percent removal that is targeted.

g calevlating a volume of the

o

29, The method of claim 19 further comprisin
feed water stream that can be treated given a surmed-current capacity of the flow-
through capacitor and establishing a time duration of a treatment cycle based on the

summed-current capacity and the fow rate.

30 The method of claimy 19 wherein an ead point of a treatment cvcle is

established when a maximun voltage of the flow-through capacttor s reached.

31 The method of claim 19 wherein the How rate 1s varied over a time

duration of the cycle to mhibit scaling.

32, The method of claim 19 wherein an end point of a treatment cyele is
established by a comparison of a monitored-current capacity of the How-through
capacitor ovey the duration of the treatment cycle to a summed-current capacity of the

flow-through capacitor that is pre-established.

33, The method of claim 32 wherein an end powmnt of a trearment oycle is

established when a maximum voltage of the How-through capacitor is reached and the
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summed-current capacity of the system s adjusted based to be a montored-corrent

capacity at the maximum voltage.

3. The method of claim 19 wherein an end point of the treatment cycle 1s
established when at least one of a pre-determined volume of the feed water stream has

been treated and a pre-determined duration of the cvele s reached.

35, The method of claim 19 wherein the flow rate has maximum and

mininum flow rates,

36, A controlier configured to perform the method of claim 19.
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