ELECTROCHEM CAL DESALI NATI ON SYSTEM AND METHOD BACKGROUND Techni cal Field

[ 0001] Enbodi nents of the invention relate to the field of desalination

t echnol ogyo 2and4mse particularly to an el ectrochem cal pdedamsbemnasisoh system
and a nethod of controlling the system D scussion of Related Art [0002] One
type of electrochem cal desalination systemutilizes at |east a pair of

el ectrodes within an electrolyte solution. The el ectrochem cal desalination

system conprises a plurality of successive operation cycles, and each
operation Gycl ELESHROSHEMICALLPES AGINATIONTS TyEM AN MRGHORI schar gi ng

node of operation. In the charging node of operation of the el ectrochem cal
desalination system the pair of electrodes is oppositely charged by an
external power supply to forman electric field between the pair of

el ectrodeg. JuNphe electrolyte solution are driven by the electric
field tomgmﬁf@‘ﬁg opp%si tely charged el ectrodes and adsorbed on surfaces of

the el ectrodes. Accordingly, the pair of electrodes forns a capacitor which
st ores el detimiaal Emdd gy during the chargi ng node of operation. During the
chargi ng node of operations, the concentration of the ions in the

el ectroly | uti gn .reduces. over tine, and, accordi ngly the electrolyte
Soruti on’ 03P el S i ntia el RpE SRR ol Hithebdr sfhio ! | ot e
wat er W t ind Qb6 grticanslydo 60 FRRErBehenficd] s Rhifeibh Gyyted Sl Wth&Rod @ i nto
the el ectrochem cal desalination system During the dischargi ng node of

oper at i oncontigdlieg e systemener gy stored in the capacitor (el ectrodes) is
rel eased, and ions desorb fromthe surfaces of the pair of electrodes into

t he el ect 0l L.am.a Accordingly, the electrolyte solution exiting
fromthe ie)?se(:}cﬂ%s?%nzﬁﬂe%%tg?A esal ination systemduring the di schargi ng node of

operation is a concentrated water with a higher concentration of ions as
conpar ed {@02he DmedymobiutlecrnchSmahal desabhavtr ysteemiglides che &bt mphir @f devi ce

's also rel iR withid el e AR, Ofnd SRASAZHAT deiRhioy Syt
comprises a plurality of successive operation cycles, and each operation cycle
comprises a charging mode of operation and a discharging mode of operation. In the
charging mode of operation of the electrochemical desalination system, the pair of
electrodes is oppositely charged by an external power supply to form an electric field
between the pair of electrodes. Ions in the electrolyte solution are driven by the
electric field toward the oppositely charged electrodes and adsorbed on surfaces of the
electrodes. Accordingly, the pair of electrodes forms a capacitor which stores electric
energy during the charging mode of operation. During the charging mode of
operations, the concentration of the ions in the electrolyte solution reduces over time,
and accordingly the electrolyte solution exiting from the electrochemical desalination
system is a dilute water with reduced ions as compared to the electrolyte solution fed
into the electrochemical desalination system. During the discharging mode of
operation, the electric energy stored in the capacitor (electrodes) is released, and ions
desorb from the surfaces of the pair of electrodes into the electrolyte solution.
Accordingly, the electrolyte solution exiting from the electrochemical desalination
system during the discharging mode of operation is a concentrated water with a higher
concentration of ions as compared to the feed solution. Such an electrochemical
desalination device is also referred to as a “supercapacitor desalination (SCD)

system.”



WO 2011/ 041013PCT/ US2010/ 042505 [ 0003] Conventi onal mnethods of di scharging
the pair of electrodes during the discharging node of operations conprise
form ng awehorto4tiidcuit bet ween the pair of el ectrodes, Por/Usermmeisnhg t he
pair of electrodes with a utility to consune the electric current rel eased
by the pair of electrodes, or reversing polarities of the pair of

el ectrodes to release the electrical energy stored in the pair of

el ectrodes. None of the conventional nethods makes direct use of the

el ectric EMO3hy Fepwasienalgmethegs i edispharging dhe gamrfeclestrasise (duringrthe n t he
SCD syst e : C I JGH j . ' . system
that di ffg}rsgﬁ‘?ﬁ')‘m‘ﬁ%s@ ;?gaig‘é’ﬁ% C&é‘%‘pgg%ft"g'rﬁ}‘s“%teﬁ‘Lal{&‘gér‘gm?ﬁ'}eraz%e?ﬁ ‘99 gigaf abl e and
make dir eelectnsdes 0fr ddnacaingathe ipaimlof eheetrodesrweitle aseiditydter comgurhé ehedélsatiar gi ng

process. It may pe desirable to, have met hod for controllj oper ation of
the SCD s§¥F&h ‘elre By rhengin P%ﬁfef%‘g“é’ &F éewm&rﬂq?%ﬂt&éa?d 1) eAir shy EF
DESCRI PTI ERl:¢r 842940 reidhs @ eI SA/EE eidrb D sRRR iﬁf{i?@ﬁéiﬁﬁﬁélectﬁﬂe@ R6he oedem cal

systemis provided. The el ectrochentcal desalihation systemincludes a
first andcenvssgoradl ndthodsr mekesnilicerdt we\df abe abadtric enmgy otleased dimimgfthest and
second el ectrochem cal devices each rises.a .electrogchem ca

Gosal | nat FBHrEaE BSRoAb PP & BrteSCP DR e o FesPBERF ub dnanie o
conpar t megésitBlews Save ag AR bystéth it FHFero d@sn ke §RERMY bNGsBihsahgCit ol yt e
solution. Each of the first and second el ectrochem cal desalination devices
conpr i sescargitiyravailable gnd surkeedizicy asoplthet ¢lenirieal einergy Elgasedcdusing henpri ses
a chargi ng:. f.operati far. . r.qi C ir of electr nd for
dsor bi ngtisSaenE prRES 1L ) o Bl e SRR LpinouBEdP-RERY o

di schar gi thg SUDIeysdém opedhadiffens fiem ibiss aleasugiendy hViglaplei r of el ectrodes and
for desorbing ions fromthe pair of electrodes. The controller is
configured to control the systemthat the first and second el ectrochem cal
desal i nati on devi ces have interl eaved chargi ng and di schargi ng nodes of
operation. One of the first and second el ectrochem cal desalination devices
is in a dgp¢bppgstRPPeeNand the at | east one pair of el ectrodes rel ease

el ectrical current, while the other of the first and second el ectrochem cal
desalination devices is in a charging node of operation and receives the

el ectri cal008d} r el acepidanced Witho mnsaicthbodienest, aneckertreshemingl syseml is

el ectrochem. cal, d | i Lon .device. WO 2 0 P 10/.042505

[ 0005] I n I[c:gt‘:’g(ggan?ggv?ﬁi e{lﬁ%%lﬁzgn ‘gﬁb%egglr‘r‘%ﬁ‘%ﬁ? sg%t%éf{ éncgu%%gﬁﬂsggﬁgaaeg% 0|n§at i on
met hod i selgéteduhe@ital dbdca@idocomoiipy. | Besfispaiddect@ éledtiochémizhieddviceshem cal
desal i nation device in a charging npde of operation. The chargi ng node of
oper at i onS¥BRIMPEESS ¢ AlselERGhgmigal aésabflatmemg lg compusiBg at lsad ongpairiol fir st
el ectrochepmeales dﬁxﬁ%'%ﬁ(ﬁaﬁﬁwﬂ?‘ﬂeﬁ@eeﬂ‘ éalahoﬁ)agp%ﬂeffeo?x%h@%'f&] feteiv ng an

el ectrol yte solution through a conpartnent” between each palr of el ectrodes
of the fielsttrdiecbhitiohe Eacabdf e $mitiand second dleciroeienacd desalingtiomdryiden t he

el ectrolyte solution on the at .| east one E@ir of electrodes; and exiting a

di | ute sofRMPEESa urslftytqtﬁéuche%*fe Reron CyREH Eath el Aompriseohhitginge. The

el ect r ochglie ak of&aab ﬁﬁtdhﬁfgix?%&cbamlé&%eé)% ﬁ)triaﬁgorbiﬁg ibhy & the |
el ectrochem cal desalination device in a discharging node of operation

conpri si nglectedlpasiolgtianl oot theceleetendgy, sndpedischurging modd of sipertionplorr  of
el ectrodes. of t.he first glectrpchen.cal desali nat.i on,devic 0.a ,second
ol oct r o tasring fpiinaf PR B8 FScra O R goR e O SIBIRT of
el ect r odegh®f confiBli&e e NBnAL@el r RF keAk61athed §§abmNeHat Ofe dBME CAJUSEdEdt he
el ectric energy released by the at | east one pair of electrodes of the

first el eeleg jqah | degdinglipm adavages deayec interlgayed exberging qind ofischasgiogul at ed
on the at_J aas it~ Of t Lrst electrochem cal
desal i nat iSRS PSRl Oftor P B ABFSeha S EblcRlie o B BBTIET .

is in a discharging mode and the at least one pair of electrodes release electrical

current, while the other of the first and second electrochemical desalination devices is

in a charging mode of operation and receives the electrical current released from said

one of the first and second electrochemical desalination device.
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BRI EF DESCRI PTI ON OF THE DRAW NG FI GURES [ 0006] These and ot her features,
aspects, and advantages of the present invention will becone better
under st oosiowhew4idie f ol | owi ng detail ed description is reat/useal/ossher ence
to the acconpanying drawings in which |ike characters represent |ike parts
t hroughout the draw ngs, wherein: [0007]FIG 1 is an exenplary schematic
di agram of an el ectrochem cal desalination systemconprising a first and a
second el ectrochem cal desalination device according to one enbodi nent of
the i nvenlQ®98] WD aoardanee1 withPore Lsptddnent? 505 eleogodemiaal desplinationr at es an
exenpl ar rgi S r gl vol t i .am f th ISt .
el e(r:r}[) r oc%én%ﬂg)glg lsgglgg\{!?%d;t i ?)Qead-g%/tﬁcgde C%an%?% %fgl\%{]ﬁ%i anc}irﬁte e%ﬁé?%l{el}ndﬁalcycl e.
desalination device in a charging mode of operation. The charging mode of operation

comprises charging at least one pair of electrodes of the first electrochemical
desalination device with opposite polarities; passing an electrolyte solution through a
compartment between each pair of electrodes of the first electrochemical desalination
device; adsorbing ions in the electrolyte solution on the at least one pair of electrodes;
and exiting a dilute solution out of the first electrochemical desalination device. The
electrochemical desalination method comprises operating the first electrochemical
desalination device in a discharging mode of operation comprising releasing electric
energy stored in the at least one pair of electrodes of the first electrochemical
desalination device to a second electrochemical desalination device, and charging at
least one pair of electrodes of the second electrochemical desalination device using
the electric energy released by the at least one pair of electrodes of the first
electrochemical desalination device; and desorbing ions accumulated on the at least
one pair of electrodes of the first electrochemical desalination device into the

electrolyte solution in the compartment.

BRIEF DESCRIPTION OF THE DRAWING FIGURES

[0006] These and other features, aspects, and advantages of the present invention
will become better understood when the following detailed description is read with
reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:

[0007] FIG. 1 is an exemplary schematic diagram of an electrochemical
desalination system comprising a first and a second electrochemical desalination

device according to one embodiment of the invention.

[0008] FIG. 2 illustrates an exemplary charging and discharging current diagram

for the first electrochemical desalination device of FIG. 1 within one operation cycle.



[0010]FIG 4 illustrates an exenplary chargi ng and di schargi ng current
diagram for the second el ectrochem cal desalination device of FIG 1 within
one oper avoaniigpsedie. [0011]FIG 5 illustrates an exenpl acy/ush@o®ursgs and

di schargi ng vol tage diagram for the second el ectrochem cal desalination
device of FIG 1 within the operation cycle. [0012] FIG 6 is an exenplary
process map of a method during a discharging node of operation of the first
el ectrocheni cal desalination device. [0013]FIGs. 7 and 8 illustrate an
exenpl ar y 08+ r Béfhe&rillwl:ra@walquvla@hcmgmg@ndtdlf@hargm vadiage diagsdveni cal

desal i nat lfo‘}’haéjﬁ%ék Sl‘éctgéchgﬁl%al &esgﬁx?aﬁgu‘ﬁccfelu‘ég oY PR Wil éﬁé‘%ﬁe?;&tﬂ% ﬂe of

operation an at’1on; acco 0 one “€eirbodi nent
of the invention. [0014] FI G 9 is a cross-sectional view of the

el ectrochi@i6hl BHESA ilhatriaes anrixemplaey chlirpiggtand adiathbrying olredht rieptamef t he

' nvent| Onfor the second electrochemical desalination device of FIG. 1 within one operation

cycle.

[0011] FIG. 5 illustrates an exemplary charging and discharging voltage diagram
for the second electrochemical desalination device of FIG. 1 within the operation

cycle.

{0012] FIG. 6 is an exemplary process map of a method during a discharging mode

of operation of the first electrochemical desalination device.

[0013] FIGs. 7 and 8 illustrate an exemplary electrochemical desalination unit of
the first electrochemical desalination device of FIG. 1, respectively during a charging
mode of operation and a discharging mode of operation, according to one

embodiment of the invention.

{0014] FIG. 9 is a cross-sectional view of the electrochemical desalination unit

according to another embodiment of the invention.

[0015] FIG. 10 illustrates an electrochemical desalination system according to

another embodiment of the invention.

DETAILED DESCRIPTION

[0016] Embodiments of the invention relate to an electrochemical desalination
system. The electrochemical desalination system comprises a first and a second
electrochemical desalination device and a controller. The first and second
electrochemical desalination devices each comprise a pair of electrodes and a
compartment between the pair of electrodes for receiving an electrolyte solution. The

first and second electrochemical desalination devices each comprise a plurality of
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[0015]FIG 10 illustrates an el ectrochem cal desalination system according
to anot her enbodi nent of the invention. DETAILED DESCRI PTI ON

[ 0016] Entwoi2neri4s018f the invention relate to an el ect r oeheEnisealo/042505
desal i nati on system The el ectrochem cal desalination system conprises a
first and a second el ectrochem cal desalination device and a controller.
The first and second el ectrochem cal desalination devices each conprise a
pair of electrodes and a conpartnent between the pair of electrodes for
recei vi ngseasesivecanestipneysiss Landorch Thide cpmprisesrichasgiog anasie o topexakieni cal
desal | nal jansdeh £ 8% SACHE BOORLAeS Gnfl LD AL ibY. B 1ne WGHERA YGLABPLR! I O
cycles, an each ycl'e ‘conprises a charglné Rode or operdati on for charging
the pair eirf®keof theddactoies, afdd ardisdhgrginsod® of bperaficicior etlydstngs€lktticon on
surfaces of the el ectrodes, gnd a di schargi ng node of operation for

rel easi ngSRATBY: siored e Ehegaik phFlegtredestang ‘_}?é?rlbnlgf iog$ Ehat peehwaulaisd %é@_@)r bi ng
I ons that ReesdliglSile YkcBRE k@lﬁﬁ?ﬁd%e' Bﬂoﬁé}%ﬁ%oﬁﬁ%xfr% Xb %Pﬁt%l%b on. The

controller 1s configured to“control the electrochemc desal i nation system
such t hat elehteochomécabfdesdimation systamdswbcthad vdleacoreoohelnd €indt alwls adcondt i on
de of. qperation .and the pair of el eé:lgr odes

devices is in %Edi.s Har ingng f.
rel ease efEeToqhemical desalpation, devicasds 1 dipchorging modg pfoperatign and
el ectrochggi GoHl clegades NAld[8 éi@éfﬂi@a@seﬂe?g}j, nh 6fAeF B "Ge"BAE Ll ORGH&LT On and

the pair of electrodes receiving the el€éctrical energy released fromsaid
one of t helettrochemigall dswbioatibredayades d¢ earchaingesedd efaticoniodennidabs pair

Accor di ngl el ectric.ener rel eased b he di.schar.gin de.of operation
of “one o) SLPFBTEN EERE FRBr el elfRel [RR PiEans TR e a0

el ect r ochegtofidleled@detlentiadli deBaltRvibE @eviety] AREsdihgsf, fdlé?ﬂt@cﬂ@ﬁ{er?{' rélbRed

el ectrochem cal desalination systemis inproved. "Energy efficiency"” of the

el ect r ochbhitkeaisghasging megdecef enpsatiom ofemner deqiipchernisnl desghinasiqardgyicgsigéd f or

i on renmoval:: r r . Qelz

el ectroc h?%l%egl Q}Q%s? al’l %getcﬁggﬁegég edr%hgél{#ﬁg()ﬁe)ﬁ%@f (Kfzgd\gﬁee& %gl%lf%%lélgﬁylt nat) on
syst em i selattssrhesiical rdedalimatias systesupier tagraced. or “Besgy | offitiendty’systen " and
t he el ectrochem cal ges | i pation deyi ce is alsoreferred to as a

" super capSEFTUNCHUSLATALRILAR SYRMBerhioraiaHo of FRsreY Pidio] RBFERRYHEPR i ng
| anguage, u@stolt@e&eggﬁry Bhoidedr Oy1aNBiher! NbphP &6 ithd ERlclBtheRichl dRARrioffRY e

applied to nodify guantitative rep entation that cou perm ssibly
vary wit heystem.esulle rejedtnockercioaln glesdlinatibve Hyaghc Sunsdi cferad woi @b at i s

rel ated. Accordi ngly, a,Vvalue dified by a termor.terps,. such.as "about",
S ot i o e et e it n At GG R B fia SRR iR cae t ne
appr oxi mahlsd eefbrétDiead @ ‘TRyereapatittRiefinhGort B8R eeteth Merof an instrument for
nmeasuri ng the val ue.

{6017] Approximating language, as used herein throughout the specification and
claims, may be applied to modify any quantitative representation that could
permissibly vary without resulting in a change in the basic function to which it is
related. Accordingly, a value modified by a term or terms, such as “about”, is not to
be limited to the precise value specified. In some instances, the approximating

language may correspond to the precision of an instrument for measuring the value.

[0018] Unless defined otherwise, technical and scientific terms used herein have
the same meaning as is commonly understood by one of skill in the art to which this
invention belongs. The terms “first”, “second”, and the like, as used herein do not
denote any order, quantity, or importance, but rather are used to distinguish one
element from another. Also, the terms “a” and “an” do not denote a limitation of

quantity, but rather denote the presence of at least one of the referenced items.
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[ 0018] Unl ess defined otherw se, technical and scientific ternms used herein
have the sane neaning as is commonly understood by one of skill in the art
t o whi ch wbizgiiviavent i on bel ongs. The ternms "first", "seecmdS2oandsvhe |ike,
as used herein do not denote any order, quantity, or inportance, but rather
are used to distinguish one elenment fromanother. Also, the terns "a" and
"an" do not denote a limtation of quantity, but rather denote the presence
of at least one of the referenced itens. WO 2011/041013PCT/US2010/ 042505

[ 0019] " SupH&hpacPersicappeitaih issinedeqiochamicalalapeciioa tat bas & telativhlyhigher

rel ativel L.gh e d | en ¢ red .2 _CO n capacitor. As
used her e%%%}ggsg{)né’ﬁga%g}é?t g&ﬁf)ﬁhéd },\{r@c[&usﬁ%\g@? ¢ B Celt?(l)r'hi g%? p Sre? o%ﬁrﬁ%e

capaci t or Ssupsttapaciterul it r BRRRE@I oBr StheA lagipapdrfiimahse afpadieed,r bkl adevi ce
that can store energy in the electric field between a pair of closely
spaced coHHTIERRFCKOEc 4} Fapacites|ipan pleetaisal)devigg dhat wam siarreericEeyaiphe elactyie t he
capaci t or ¢.gil | . L& Si rnty,
bat 1d up. BereRe ROt B PR g R fRROS W Bl o
desal i nat iscapptiyd tcethe Sapdrites, edectipehacgpad ictjoal mamithde)dut oppdsBEPYlasipsst em 10
conprises,a, first %Sﬁ%) devi.ce 12, a second SCD device 14, at |east one power
supply 16PUUhUP an ¥R EIMCEE 18 control Iing operation of the first and
second SCD devices 12, 14. [0021]In the illustrated enbodi nent of FIG 1,

the first[g20] seRefsringld da%. G€San electrochemical desalination system such as a
supercapacitor desalination (SCD) system 10 comprises a first SCD device 12, a
second SCD device 14, at least one power supply 16, and a controller 18 controlling

operation of the first and second SCD devices 12, 14.

{0021] In the illustrated embodiment of FIG. 1, the first and second SCD devices
12, 14 are electrically coupled to one common power supply 16. In other
embodiments, the SCD system 10 may comprise more than one power supply. For
example, the SCD system 10 comprises a first and a second power supply (not shown)
respectively coupled to the first and second SCD devices 12, 14. In the illustrated
embodiment, the power supply 16 comprises an AC power source 20 providing an
alternating current, and a rectifier 22 for converting the alternating current into a
direct current to apply to the first and second SCD devices 12, 14. In other
embodiments, the power supply 16 may be a DC power supply which provides a
direct current or a DC voltage to the first and second SCD devices 12, 14 without
using the rectifier. In the illustrated embodiment, the first and second SCD devices
12, 14 may be electrically coupled to one common rectifier 22 via a shunt for
example. In other embodiments, the power supply 16 may comprise a first and a
second rectifier operable for respectively coupling to the first and second SCD
devices 12, 14.

[0022] In the illustrated embodiment of FIG. 1, the first SCD device 12 comprises
at least one SCD module 24 (first SCD module 24) and a first converter 28 between
the first SCD modules 24 and the power supply 16. In certain embodiments, the first

SCD module 24 comprises at least one pair of electrodes 32, 33 and a compartment 36
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12, 14 are electrically coupled to one common power supply 16. |In other
enbodi nents, the SCD system 10 nmay conprise nore than one power supply. For
exanpl e, wheoS8a@d@Epst em 10 conprises a first and a secomdTasaew/0$25ppl y ( not
shown) respectively coupled to the first and second SCD devices 12, 14. In
the illustrated enbodi nent, the power supply 16 conprises an AC power
source 20 providing an alternating current, and a rectifier 22 for
converting the alternating current into a direct current to apply to the
first and%@@@oﬁ@g@ briveee shelpair off eleacodashdd. Bnbudeeriring ant ¢lectisdyier suppl y
16 may be R r voltage
to the fi r(g secorS’l“ggg()‘,‘DL\Mgé‘%]e Bcllgé ﬂ%}rg‘e?hgﬁ)g)ﬁﬁlgﬁnﬁf e Secorng(a:%(gﬁl er.

the ill USHéﬁt@d4Qﬁh@ﬁls€§3£tt leadthonel $CHtmadide seq@mn&sam@m@wsza)zan&é may be
electrically coupled to one common rectifier 22 via a shunt for exanple In

ot her enb&¥iongd ﬁ?%ver&ehé() &swgﬁn%wcynqé%wé&%ﬂﬁ%déhq Pewer sipplyal&econd

rectifier I d d SCD
devi ces 1%9‘9%%9%(81(92&;? E #%?ggiegﬁ%og%ﬁ%%?eéf&ﬁeé%q 3§§ﬁegf| rst
SCD devi ceomﬁamnemrﬂﬁsbawatn Itimapzhr oﬁ&lcﬁtﬁ&imﬁ@liﬁ A reidiviag abCilectmudytte 24)
and a first_conv 8 bet he first_SCD nodul es and the_power
suppl y 1650pHo% ey a Fl ‘5 mﬁ’i‘é e {5t apd SHERN §8§4“E 2 ggs at

| east onerQRpidiively &hﬁffsé@ﬂ?ﬁt%l r&@stﬁﬁ@l@i ﬁﬁrmrﬁlr@ﬁtenﬁ)@duﬁat Qﬁc fifstand 8)
bet ween the pair of el ectrodes 32, 33 for receiving an el ectrol yte sol ution

(FIGs. 7 amblsac)ondurdnevm@e 28; 130t 4re dakh s bi-direntionatbBEVE tonveler. sbrend SCD

econd coRURPHEE SO Rumilaie e OCoRISHrD Mot G Eo3 RRE PRECUBAEE Suppl y

16, and t bpds@¢iens coflarmmdul e 26 conprises at | east one pair of el ectrodes
34, 35 and a conpartnent 36 between the pair of electrodes 34, 35 for
receiving an el ectrol te solution. In the illustrated enbodi nent, the first

and secontP0338D ufn the iBustrated sahgdimentpEIRJG e bripe {58 SCIh deigce FhePmpiases st ance
Rl and R2, 0 are
each a bi - 5'!r Ir é’?? ? EPW@S%%E?HE‘%“@%P%@H%{Wﬁg‘&%g‘ eir?’%@s(jé)I§ t he
first and24eannd fis€Courrnt sefdor £26fcr angasinsmennef a ehmnginghdisdhiarghcg bum&it
converter, 3l,In the il]ustrated ephodi fjrst SCD
devi ce 12( I&E?ﬂﬂic &g ogr fiaP%‘J(gQ‘a‘l Qgyr Qgg‘ 0%85?013 rfbé?s%?@?‘egé V¥he

vol tage (Yikom ﬁgk'isa steh@n(f d18dge Sddob b ForlMieasttendd bf Rlvoldgd B) RERSOT 42

for measurenen a charging/discharging current (I1) appl |ec} to or
rel eased ﬂmmcpmb S}ﬁ‘d]’ rungf 2@| &kt p odeond32urrdB. selbre @%éomdlemrdem efea 14

conprises a second vol tage s 0 ,for asurene t of t (V2)
orbes 1 e BER a0 hoplida 18 on R BB o8k o HrosiSot
neasur enep$, OfheAmehaik&i REk egqmr gi2yGn@UdurRAts (11.212)a00tiasmitkdoo thel eased
by the pair of el ectrodes 35. The neasured voltages (Vl, V2) and

currents ¢ontrollep)i8aopnd meamﬁmﬂl%élf@we& these signals| foe contmlling, ther Fiest @bt r ol | er

18 uses t?e‘%%ﬁd§b%&’év§ce§% ﬁpntrol ling the first and second SCD devices 12,
14.

[6024] In certain embodiments, the first and second SCD devices 12, 14 each
comprise a plurality of successive operation cycles. Each cycle comprises a charging
mode of operation for charging the pair of electrodes 32, 33 (34, 35) and adsorbing
ions in the electrolyte solution on surfaces of the electrodes 32, 33 (34, 35), and a
discharging mode of operation for releasing electric energy stored on the pair of
electrodes 32, 33 (34, 35) and desorbing ions that are accumulated on the pair of
electrodes 32, 33 (34, 35) into the electrolyte solution.

[0025] In certain embodiments, the controller 18 is configured to control the first
and second SCD devices 12, 14 such that they have interleaved charging and
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[0024] I n certain enbodi nents, the first and second SCD devices 12, 14 each
conprise a plurality of successive operation cycles. Each cycle conprises a
char gi ng wodetigis1@per ati on for chargi ng the pair of el eeCrasesd®25033 (34,
35) and adsorbing ions in the electrolyte solution on surfaces of the

el ectrodes 32, 33 (34, 35), and a di schargi ng node of operation for

rel easing electric energy stored on the pair of electrodes 32, 33 (34, 35)

and desorbing ions that are accunulated on the pair of el ectrodes 32, 33
(34, 35) diselrging negdes of epgraidors oMhenome of 0lg2Bist and secoadl $CEhdedesseld s, t he

controller,18.is,confi.gured.ta. control t firs n ecand, S deyices 12,
o suoh > i EgRRE R rB8e & GRENOR anh Ui, PAT 5T G RE I 40 B Tt ot
oper at i onrelddhe BlediRalodurich€ the bhikr aNdle SRaQNd sSEJAIBOD Geicds?12, 14 ikm an a

di schargi ng node of operation and the pair of electrodes 32, 33 or 34, 35

rel ease efieging dagdecelr prepation; andl bernar offelediewdes P4t 3nAE 33etbimsesemheevi ces
12, 14 i Sel'e&i@alc&?{eﬁf {Egeiag&fﬁof?\f ﬁaﬂpgﬁea(r)f' t?@ fﬁ{}danhrégcc?ﬁ' §C19fde€£cg§ rlﬁ, es 34, 35
e el ec re r

or 32, 33 recelive t rical curren ease om Sal d one’of 't he
first andFseeanplSahedeld fins SCD, devdce 120 e disphaginghaddet dfepkiatish, th€D devi ce

12 is in a dischargin e of qperatiaon, the pair of electrodes 32, 33 of
the firstP&d a@w S%ngwéa%géﬁtéﬁb Aesie &ﬁrr?lew@,ewwqai ciRenis Whded ScD
devi ce 14.Sef I i : e ode 34,
35" of "t e EScbohg P ALHLT THIS Dar LB S iRk MR faillr HLEELE 008 From

the pair 84, ¥ eCthecdemd3X"D3Bvek Idhrective e GSfricd \duoentli2leaWdefromithe second

SCD devi ce .14t t di schar gi de of tion, t i,
ol oot r oebuisar battiet S aabnArRLsPR A5, SVRER Bies8nainti BRkbe Be 1 e
whi | e theufihd &la ma@gugw&%ﬂ@e}aﬁoa, tﬁ%%hgidmwme@esom, opejrahd oadd the

pair of electrode 32, 33 of the first SCD device 12 receive the electrica
current r8&CPadedcd ddrmelanse gleciricef cerrerst mbde sthe AirsBSCHY detiee d@cisnid CD

devi ce 12 r.di .ectri ner g t i ar.qi node of
oper at 1 onFERR TR YoRUhld e PR oBYbiaREE M B Wl PR BN B2 e oy
ef fi ci encieceive ticel STEcA wairen réRaded framtavedr of DEAIIEN34,5 ¢ the sutoadli ment s,
the controller 18 is configured to calculate and store charging current

profiles Phbyd - awgordinglyyi slectic gpergy ryleassd hynderdischargigomede 6hd SCD
devi 1 i . . i . . i
the pai r st AREBLEISGeyiCe s WBEE A} bigfndt SUTBe i), aRFERREY EAICRRELS 00

current i sf the SOx¢yatim Disdmpreetd. | n one enbodi nent, the first and second
converters 28, 30 are operated to output charging currents to the first and

second S ices 12, 14 according to t ar gi ng current ofiles. In
the 1 1 ustdpLa” Bnedtimembosinty de somalfer SRt s ondedied B idtin and o

el ect r odegoRZeh feubrB® profifes s%i'%}@%? @8d Lharginh Bmel F @ firs of
oper ati on, Oi s(B ta?%ﬂgrﬂ_lt t edﬁt ﬁrou(gh_ the first _?:roglrllﬁ\;gerterm%g%t 0 c’?ﬁrebmsag%ond SCD
devi ce 14sccandiSCD davicende, tbragesrding tbyhe plectsie sharge (Qnweeded foscharging a

char gi ng rrent fo LN ir of .el.ect es, 34. 35 of .the
oo S8 it E Bty flos 325 9bRP3L 1. AR dne BnpBiafifenk ARE Bnteine Shmgl AT
el ect r odes c3dktan3 DOEurtdne HeeemSdingay ihedirdtdandrsafsidl donegttdrd 0O Uhart he

second converter 30 to the first SCD device 12, )
operated to output charging currents to the first and second SCD devices 12, 14

according to the charging current profiles. In the illustrated embodiment, electrical
current released by the pair of electrodes 32, 33 of the first SCD device 12, in a
discharging mode of operation, is transmitted through the first converter 28 to the
second SCD device 14, and is further converted by the second converter 30 into a
charging DC current for charging the pair of electrodes 34, 35 of the second SCD unit
28. Likewise, electrical current released by the pair of electrodes 34, 35 of the second

SCD device 14 transmitted through the second converter 30 to the first SCD device 12,



and is further converted by the first converter 28 into a charging DC
current for charging the pair of electrodes 32, 33 of the first SCD device
12. [002AVOroome1@abodi nent, the first and second SCD de¢iramsgoi®42588 have
an equal cycle time (T).FIGs. 2 and 3 respectively illustrate an exenplary
char gi ng/ di scharging current curve and voltage curve of the first SCD unit
24 as measured by the first current sensor 42 and first voltage sensor 38,
w t hin one operation cycle. Voltage curves V1 and Vcl in FIG 3

respect i vand iy &pthes eanvaried o theafjest aonvrser t28eintg asehagdiy X tcugantafed a

vol t age aﬁﬁi%gé@{%ﬂ?ﬁ%frel?&ﬁ@%seﬁ %g%?%he%% tg@\}@,%‘az4 and 5 respectively

illustraté a ng/ c ging -curre a voltage curve on the
second SCD unit 28 of the second SCD device 14, as neasured by the second

current sgRe] 4ih andembwiimenty dletfageansiansaid SIOD devickd 12,t1Ahasan® cqper at i on
cycle and wiithin the sane tinme period as FIGs. 2 and 3. Voltage curves V2
and Vc2 i AYels gtimgs  Epect FlGwst y 2r epdestneesprelively ¢ Hietaier 8s aXsEd8¥ond SCD

it 26 . . . i | a
11 ust rat o EnkRe RAREACh A SIRCPA vBlask Gl OFRE Pl SRS sop
devi ces 1fheasided byhthhafiet auohar spnsgr AD dadofirsopeitagd eensoi BR, thidiclvae gi ng
time (t1) and.a di sch i ng node 0 tio ith a dischargin ime (t2),
e T2t phetish FyFIEn I BBaTRER | ARG Valaingh iy 1 ForReiEl TR Lo e
di schar gi D@itddetBrosé thke-firb 098 inRelemtiianGlthge Frb&- the pﬁf‘tg& Sectflidel ?_9, e

chargi ng node of operation within the charging time (t1), the first
convert er Fi8s. 4% ang et aerpectivelypiildnsirde a dischergimg/choaging rmurgntl yunve andeaf i r st

SCD unit 2 In the iklustrat e i t. th r.gi.n urrent 1)

duri g 1 hEuagstcer i) SR SR 2B, RS ool SEIPARIE £ it

embodi menbg,thé Recondangieng senwor et atd ddcoldrvdl@gé Rensohangivichin ithe shihd) nay be
variable wmth tinme. As is shown in FIG t he charg' ng voltage (V1) cross

3 i
the fir st oBemiamsycloandamighintee s ige pened 3s BGs03 8nd Be Viokinge efves ¥&t r odes

32, 33 dugi - ' j [ i .

di schargi %%d"gg%%? o] g?)gésggcltgﬁ%e% %e%%ntttﬁ(g%gﬁggh%?%?ggé %‘?é%%??tbg] ka Eg pai r of
el ect r odeand@2 volBderet@asiee paidoSabargics4.ciq. r Bnthe (llusirated reptglindir, the r st
converter 28. . The discharging curren | 1), during the dischargi ng node of
oper at i on°P¥a9p F’é‘gfér%g]eﬁe%il‘rﬁ'e%‘fquﬁoﬁ S gYiees { %%acgﬁwsi%éwé&wg ent (11)
in the chgygi : i : Al | USit: j 0f FIG 3,
the. di schacar ug Ao rap PO haiEihe 4Re (15, B HRHERS RPN RIS o 2ge
(Vcl) acr wih atdigchpeging ahe €i28dter e b+t32 In 88c dmbodigienh) thedibargiag gimadtlhi me (t 2)

decrease..[0029]1.n t.he il.lustr d enbodi nent of FIGs. 2 and 3, the
di schar gi ﬁgeqﬁéc}éﬂbef&%%@*gé’ﬁg Weg'éﬁ‘pri ses a normal discharging mode of

operation for a normal discharging time (t3). During the normal discharging

time (t3)[002BE PReferddg & EIGs 0Rd BAuridd ﬂﬁ@bl%ﬁiﬁg&n&ﬂesdfhﬂfe_ﬂitiﬂﬁ widfinent (11)
driven by the electric ener?_y stored therein through the first converter
28, the vetchaginatine 4dp.dhe Hfsicoryarst 28aropasitle supmmidetahaiging egeent Ve 1)

acr oS AP e IS UERIES 130 FaFEL SRS pERUBL ey LiRFTA)OT L1

nor mal di ar gl ng nmode of “opeérati on, I'¢ ener S Nno npl etely
rel eased bedtaige dhrdie tivel ¢Hge @acoment DE cuném! Nal othesimsicivaent§,Rhy whi ch
LS Rt A Hirvent 1) AU the Tnarping Sse () iy ba variable with thue. Az ig” > o™

shown in FIG. 3, the charging voltage (V1) cross the first SCD unit 24 and the voltage

(Vcl) across the pair of electrodes 32, 33 during the charging time (t1) increase

gradually. During the discharging mode of operation within the discharging time (12),

the pair of electrodes 32, 33 release a discharging current (I1) through the first

converter 28. The discharging current (I1) during the discharging mode of operation

is in reversed direction as compared to the charging current (11) in the charging mode

of operation. In the illustrated embodiment of FIG. 3, the discharging voltage (V1)



[0030]In the illustrated enbodi nent of FIGs. 2 and 3, the dischargi ng nodes
of operation of the first and second SCD devices 12, 14 further conprise a
conmpul sorwodbsigidaarigdi ng node of operation for a conpul soPgTdiSscloAsFohg ti ne
(t4). During the conpul sory dischargi ng node of operation, the power supply
16 provides a conpul sory discharging current (11) to the pair of electrodes
32, 34 but with reversed polarities as conpared to charging current (l11) in
t he charging node of operation. The controller 18 is configured to control

t he syst efiosudls firpayCRunitd andghe voktage (Vedbadrasrihe apis of slegiredss P8d33 of
operationg kL I . he pair of electrodes 32, 33 is

subst anti g ‘F@%‘g&%ﬁgtﬁé‘("ﬁ‘r‘%@“ (([ae%?/%ﬁ'age (V1) across the first SCD unit 24
is below zero. Accordingly, electric charges stored in the first SCD unit
24 are coffji28i el In thel iHasteded pMBBdiinehn of EiGaiaweirbodhe Bsthargiighmodeodnd SCD

device 14 has.the sape operation cycles as the first SCD deyice 12. \Wen
the first OREHITERATIEISEH PR dscharking %‘?erﬁf&@é@rl%g%aawgﬁf&ﬁsghﬁrm he
charging tiiBd)t 1burihPans a6 ECRaAEN] Gitmeld3), Shd Pait o Q&hRjaed BY, gpde of
operation and rel easing electric current for charging the first SCD device
12. WWen teleasé ardésch@gbgdawieoe(I1pdiiveni by te dlestrivaengigigstomd ¢heséinghmugh i on

during th . schargin i 2 rel eases e tri.c,current, .the second
SCD devi cglelﬁrsf %"‘1"%“‘%{9%%5%W#‘.@"%%ﬁ"&%&?ﬁ‘%ﬁe ngfif & %iﬁ&e@lﬁlﬁet he

el ectric gugmnedtoss &he pardofdyletthricl 1325 B33 Hreded/ | ¢owleteANfl thd@ndWehe SUPPI Y
16. WD 2011/ 041013PCT/ US2010/ 042505 [0032] I n certain enbodi nents, during

t he char ghergnalgisshaginggeeda plovpesdtionh thefelectric grmeyswiat ompletdly rdpasedi ng ti ne
(tl), the.first r S I . Iat .t i.ng. current
(11)" accorefit ot Yt acies nd PR SiahCe (RIGANT, i oo LRaRbFof 15 e
control | eimpr8ving tleosrfer Gueftidichoy efohé SO dylsens Wkt em such that when a nor nal

di scharging current (12) released by the second SCD device 14 can neet the

i f j h i , the fi
convert or (8830F1T 1 eclindEEed Hubdfmal ook R argent e ieleeipe sjotkpor ©
gener at i ngpdrR\orCHhEIrRE HHM b $EB)deWMcEd ot 14 REBEY EQEMRLSCLdrhguliiy T ent

fromthe power supply 16. Wen the nornal di'scharging current (I12)” rel eased
by the sedisclirSad miwlei efeopedativanfon at comgedsorhdiseagigy timee (14).e KBmingftbe
generating_the chargi,ng .current 1 .he first converter 28 is,operable to
receive e%%rfl SHYi 9%?}’ nﬁo{nﬁ’ﬁ? h‘gfl r?i??ﬁ‘?’h?n’df}?cﬁ’é??"ﬁf nﬁ‘pr.Yr rlgnf’m(vfdff_ 4nd an
electric @aféplﬂgﬁryfdmnargh@ dRRBI (ISHPRhy F.«;ﬁ@ of E1RBBSek B2C%S b witle Flveiedrent s,
chargi ng and di schargi ng processes of the first and second SCD devices 12,
14 per f or hlaritis asheorapaied ¢ charging ewrent (I imtheocharging anedsavledpdratian. ne.  An
exenpl ary e e for .discharging the
first SCDTQ%@?@Z&T%OL%S& ‘Hngfgmr%gt Q%Cér{rql%lkﬁ%]g{g%#ﬁéc}%?}?aﬁsﬁt rtgéf gg(q porf%%:l(éss 100
starts at cahpylsct9Aisaliatgding heodeodf opbdaton, 1B GRRIGE (Vig)Satebsst that pdinefpai r  of
el ectrodes 32, 33 of the first SCD device 12 bhegin_a normal discharging

mode of opEFEResA2attiiSrwhaadially sayplng) Zers. dohueltngn ¢ Vd Lasrat the st S ough t he
first con r; t Al . r l: . Gl i : rent
(1 1o f ot RErS Bou iRl ACCROERG e it 1R iy SR SEL e 21
pair of ehlrecbmptitaly del¢asdd of the second SCD device 14. [0034]1n certain
enbodi nents, at step 104, the controller 18 determnes if the

{0031] In certain embodiments, the second SCD device 14 has the same operation
cycles as the first SCD device 12. When the first SCD device 12 is in a charging
mode of operation within the charging time (t1), the second SCD device 14 is in a
discharging mode of operation and releasing electric current for charging the first
SCD device 12. When the first SCD device 12 is in a discharging mode of operation
during the discharging time (t2) and releases electric current, the second SCD device
14 is in a charging mode of operation and is charged by the electric current released

by the first SCD device 12 and the power supply 16.
10



el ectric energy released by the pair of electrodes 32, 33 of the first SCD
device 12 will neet the energy requirenent for charging the pair of

el ect r ode®02411/B%16f t he second SCD device 14. | n one embodiSa®niog2svhe
controller 18 conpares an instant electric power (Pl) released fromthe
first SCD device 12, according to: P1 =V1 x Il , with an instant electric
power (P2) received by the second SCD device 14 according to: P2= V2 X 12.

If P1>P2, it is determned the electric energy rel eased by the first SCD
devi ce 12831 meda certan embpdinentsy dutingfischagginghaode e OPRETSED ofdbe isst14, t he

1 ‘ . . .
erbod: ment 6D Ppician it A EhE RarlED, IO R 1 perdle SRR s e o
28 to trackargingautrent ()racpardiightd ehediusieheprofileC iahipalatdédbyt the comesited 18CD

device 14, and then returns_back to step 104 until the electric energy
rel eased BYe t%@“f’ﬁ‘?rsﬂg sesopfighed t?zc%‘gﬁpﬁ‘éﬁ sysen ek tBaeVhOD B rent  of

the SeCO”QiségP%ﬁg‘@ggg%tﬁQZ) felleaSed B the é%%%nq[ E&E @erv?&eﬁﬁ%%pxgle&rtﬂg %ﬁ%@yw th

step 108, and converter 30 o e second S evi ce S
oper abl e taguirementy forcgenesting bthe hehiarging tcherenti ¢ hathg i fingt eowregyr 28| @dged by

the first SCD device 12 .and an el ectr) ner f.romthe power supply 16.
[0036] AC - EFEC 07 FOTHREAPF R FHGGR A £ ERail e PP SR CL) at o5 and
det er m nesyithehtMBdceMirC BREGR &iHdn€ Tont lld poRef RBpplfi fEhawRiNthe hoEndt 3) and
conpul sory discharging time (14). In one enbodinent, the controller 18 uses
t he char gdisghasgingeqwrreqitl 0IR) aeldasel by et segend BLD @kvige Jhesanonss mpesrtaci on
cycle of the second SCD. device.1l4 .and other inf 2{}%'8(%” such r%.‘sszignternal

‘a I

resi st ancENFRY UM EGtoE E5AGHHR E ORBing urtelt KI-g T FORFHIRE 28 15
di schar gi bgerhble®o (dodive BnbrggAUFVh B9 HOtiiheGldamal dischatdiBg Clirfont (12) afd BT
enbodi nents, the controller 18 may use average val ues of the current and
vol t age oflegtrigshpent fggm ghepawer suppletanyl e.
[0033] In certain embodiments, charging and discharging processes of the first and
second SCD devices 12, 14 performed by the controller 18 are similar but interleaved
in time. An exemplary process 100 performed by the controller 18 for discharging the
first SCD device 12 is illustrated in FIG. 6. The illustrated process 100 starts at step
102, with the controller 18 operating such that the pair of electrodes 32, 33 of the first
SCD device 12 begin a normal discharging mode of operation and release a normal
discharging current (I1) through the first converter 28. Electrical energy of the

normal discharging current (I1) is further converted into a charging current (I12) for

charging the pair of electrodes 34, 35 of the second SCD device 14.

[0034] In certain embodiments, at step 104, the controller 18 determines if the
electric energy released by the pair of electrodes 32, 33 of the first SCD device 12
will meet the energy requirement for charging the pair of electrodes 34, 35 of the
second SCD device 14. In one embodiment, the controller 18 compares an instant

electric power (P1) released from the first SCD device 12, according to:
P1=V1 X 11,

with an instant electric power (P2) received by the second SCD device 14 according

to:

11



[0037]In the illustrated enbodi nent, the step 107 conprises a step 108 that
the controller 18 cal cul ates the discharging current (11) to nmaxim ze an
energy owpuroi1Ehiyi3fromthe first SCD device 12. |n thePCriusseoasmsds

enbodi ment, the step 107 further conprises a step 110, that the controller
18 is configured to cal culate the conmpul sory discharging current (11) on
the supposition that the first SCD device 12 starts the conpul sory

di schargi ng node of operation. In one enbodi ment, the conpul sory
dischargiﬁg=€ﬁ¥P%H% (11) is a constant DC current. In certain enbodi nents,
t he conpul sory di scharging current (I1) is calculated according to the

conpul sor | t4 ' | | ' LOg tine
(12 and Trefo, if berghEdulciccfe ki PRRRE B 1B At SEDRETERTI 4%
equal s t heedi the eaegyrgquittmtiean bf thenec¢td@PCDt dewiceolp thhesproyesk i 100 proekedi s t he
di fference. betwe the charging tinme (ti) and the normal discharging tine
(t3). In &N Sé"r?t@gi ment, the controller 18 is configured to calcul ate the
el ectric charge (Q remaining in the pair of electrodes 32, 33, and

cal cul at ep@3sp CAMRWS0Y, GHCERNh arbcdidbMg He LrtroliBr 14 €didulites ah§038] I n

the illustrated enbodi ment, the step 107 further conprises a step 112 that
t he cont r edritends thg fissticonyertee 28 mtransariyy manimum possitle dfschasge Sopntwthee 12

G 09, L SRR e 3L BASREC 2 BRGRE30P el BRRRLN Hie
released by the first SCD device 12 can not meet the energy requirement of the
second SCD device 14, (i.e. P1 < P2). The process 100 proceeds with step 108, and
the second converter 30 of the second SCD device 14 is operable to receive current
both from the discharging energy released by the first SCD device 12 and an electric
energy from the power supply 16.

[0036] At step 107, in certain embodiments, the controller 18 calculates and
determines normal discharge current (I1), normal discharging time (t3) and
compulsory discharging time (t4). In one embodiment, the controller 18 uses the
charging current (I12) and the voltage (V2) of a previous operation cycle of the second
SCD device 14 and other information such as internal resistance (R1) and the
capacitance (Cl) to calculate the normal discharging time (t3) and compulsory
discharging time (t4). In other embodiments, the controller 18 may use average

values of the current and voltage of a number of cycles for example.

[0037] In the illustrated embodiment, the step 107 comprises a step 108 that the
controller 18 calculates the discharging current (I1) to maximize an energy output (E1)
from the first SCD device 12. In the illustrated embodiment, the step 107 further
comprises a step 110, that the controller 18 is configured to calculate the compulsory
discharging current (I1) on the supposition that the first SCD device 12 starts the
compulsory discharging mode of operation. In one embodiment, the compulsory
discharging current (I1) is a constant DC current. In certain embodiments, the
compulsory discharging current (I1) is calculated according to the compulsory time

(t4), which is the difference of a total discharging time (t2) and the normal

12



steps 108, 110 and 112 at a determned tinme interval until end of the

di scharging tine (t2). In one enbodinent, the tine interval is 5 seconds
for exanpwe.20{1084@BI n certai n enbodi nents, at step 116, pChaScanionzshs er 18
determ nes the normal discharging tinme (t3) and conpul sory discharging tine
(t4) such that a difference between energy rel eased and an energy i nput
during the discharging tinme (t2) is maxim zed. [0041]In certain

enbodi ments, at step 118, the controller 18 controls the first SCD device
12 to st afisckargisgpune Gy Aséhmahagging tm@1b¢ql@bethatdisgharairlgtdmereehdrngf

determ ne d en st.en d of the
determ ne&zgomu4m€ lé&g %gllg khg 1&‘%5}1?6% %Qwe?bglﬁff‘arlgfné m?e 89?@5&3& es an
exenpl ar y n&@ial rmsiuh@mgfumhmbl 5 bn@BAbsEARAY RCEMEREE 88 ilsZco ureaush as the
first SCD nodul e 24 during the charging node of operation.

i | 1 ust r at Edceiatechermleary s (Qapmmining dn 2he @airi ‘?fgelﬁﬁéﬂdﬁs@héﬁglaﬁ@ node of
operation. In the illustrated enbodi nent, the.exenplary SCD nodul e 24

conpr i sescalcuetea terrampoisoveannt agouking i g5 & vh(ndre, and the at |east one
pair of electrodes 32, 33 housed in the volurre and electrically coupled to
t he converter 28. [0043] In the illustrated enbodi nent of FIGs. 7 and 8,

the SCD niod38f 2#h the ilhekated epibbsigsengnhe lsept I07CAIhyr boaplias iangesnager 48
bet ween t he Falr of el ectrodes 32, 33. Further, the desalination vessel 46
i ncl udes et theeontralier §8fadqulgieroan enshay wayt tortBedfiniSEID device 12 during the

compulsory discharging mode of operation.

[06039] In the illustrated embodiment, the controller 18 repeats the calculation of
steps 108, 110 and 112 at a determined time interval until end of the discharging time

(t2). In one embodiment, the time interval is 5 seconds for example.

[0040] In certain embodiments, at step 116, the controller 18 determines the
normal discharging time (t3) and compulsory discharging time (t4) such that a
difference between energy released and an energy input during the discharging time

(t2) is maximized.

[0041] In certain embodiments, at step 118, the controller 18 controls the first SCD
device 12 to start a compulsory discharging mode of operation at the end of
determined normal discharging time (t3), and end at step 120 at end of the determined

compulsory discharging time (t4).

[6042] FIG. 7 illustrates an exemplary SCD module of the first and second SCD
device 12, 14, such as the first SCD module 24 during the charging mode of operation.
FIG. 8 illustrates an exemplary first SCD module 24 during the discharging mode of
operation. In the illustrated embodiment, the exemplary SCD module 24 comprises a
desalination vessel 46 defining a volume, and the at least one pair of electrodes 32, 33

housed in the volume and electrically coupled to the converter 28.

[0043] In the illustrated embodiment of FIGs. 7 and 8, the SCD module 24 further
comprises an electrically insulating spacer 48 between the pair of electrodes 32, 33.

Further, the desalination vessel 46 includes at least one inlet (not labeled) from which
13



a feed electrolyte solution 50 froma feeding source 52 enters the
conpartnent 36, and at |east one outlet 54 for exiting of an output liquid
fromt he worrpardt4ment 46. The el ectrol yte sol ution nay becCgaisded/ ouses de t he
desal i nati on vessel 46 by using external forces. Suitable external forces
may include gravity, suction, and punping. [0044]1n certain enbodi nents,
each of the first and second el ectrodes 32, 33 includes a conducting
material that has a high surface area, and a current collector (not shown)
wi t hi n t he feeshelaetralitg sotition ¥) frpmyra &edingr souedel §/2 elmplthﬂgompammentf%r st

conver ter .28 feluClel @l SHROALIRRL S O oI5 HANANELA e SUkbabL e Rt er i

and charac eristics o curren "ating

spacer 48Thayldaobte tolpesn desChd Beidednthidd ﬂiésddsalﬁlﬁﬁioh NeCRAABI By usifigi gned
U S. 20080185346, the disclosure of which is incorporated herein by

refer enceeXtF@@hfS’f‘F?éf epitalig extemal {orcep may ipelude gragivnsysting. ARbBUBPINGper at i on,
the pair of electrodes 32, 33 are respectively charged by the first

convert er (RR4RS fr BORih | ool Ot a&dm@ 8031 YeeoRl ShldiRdes 3ghgs T eed

el ectrolyte solution 50 omt source 52 1s ma pass the SCD
nmodul e 241rwhnﬂebatcmd\nctmlgemptanal thht bzhsemhrghdsmfaea ared3andCatduamst (d‘ﬁe\;tormve

towards and are adsar.bed, on the negativ | ectrod danlon X- nove
ovar de. Al ShEwBESEIIE dh FopfEBESmerE BrcterEiig soute o teuRrt ot hi s
charge acgsfvelat 28N iNSéGRid %b%@%éﬂawfem%mv&mn%hnhmeIﬂngeéhgl aWfpi ch is a

dilute liquid 56 com ng out of the SCD nodul e 24, has a | ower concentration
of cation a(rmtgrlsansjoahp@mtrpd(%) cargert gnflenterd andinshlgtiigephcen 4 map by o

2011 on Ry s R Py SRS SIS b, P "Re50, 15 ) oo

anot her eaigadgu*feafwhtchqsmcbqy*oeatédmeﬂtﬁaefesel@at put for industrial use for
exanpl e. [0046] Referring to FIG 8, during a discharging node of operation

after the_charging npde of qgperation, the adsorbed cations and ani gns
desor bed FI048] ¢ hBefsging & FlPeds dyting a3 shargimg made of toperatigRn B PERS, duri ng

the disc h@l'ég#&%ﬂ nd %SOsre % e@ﬁ’vé?g é:ﬂfdrg%g' Ebysgg ARAVL S ety 28! éshQ %tl%" e

polarities e pair ectr be mai ntai ned "t sane, but
t he pot entleetroddi a‘xﬂerrmgaevd)eiewﬁ&h tThe fpad eleﬂfolgtleesohmodéﬁ fidiin tlﬁ:Sfeathyg becone

L5555t el 10, LTS 20l IS a0l ar 0 desond Lrem e o sl odes
33. Cations (M*) move towards and are adsorbed on the negative electrode 33, and
anions (X') move towards and are adsorbed on the positive electrode 32. As a result
of this charge accumulation inside the SCD module 24, the output liquid, which is a
dilute liquid 56 coming out of the SCD module 24, has a lower concentration of
cations (M") and anions (X°) as compared to the feed electrolyte solution 50. In one
embodiment, the dilute liquid 56 may be again subjected to further de-ionizing by
being fed back to the first SCD device 12. In another embodiment, the dilute liquid

56 is output for industrial use for example.

[0046] Referring to FIG. 8, during a discharging mode of operation after the
charging mode of operation, the adsorbed cations and anions desorbed from the pair
of electrodes 32, 33. In certain embodiments, during the discharging mode of
operation of the SCD module 24, although the polarities of the pair of electrodes 32,
33 may be maintained the same, but the potential difference between the pair of
electrodes 32, 33 may become less, thus allowing the anions and cations to desorb

from the electrodes 32, 33. While in other embodiments, during the discharging mode
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of the SCD nodule 24, the polarities of the electrodes 32, 33 may be
reversed. As a result, the output liquid, which is called concentrated

| i qui d 58yohasl/@1t1Bgher concentration of cations and anipomaScanparsesl to t he
feed electrolyte solution 50. [00471 Referring to FIG 9, an SCD nodul e 60
according to anot her enbodi nent of the invention conprises a plurality of
pairs of electrodes 32, 33 housed in a desalination vessel 46. The
plurality of pairs of electrodes 32, 33 are arranged in parallel and are

connect edof thent (A enadildn Hbrthepolatides ofthe gleeiredes §2, 33 mayths reversesk rAs ed
enbodi nment, . the d | . on sel in | ity of ..nlets for
si mul tane(})eﬁgfty%?en? ?@3&2%‘6& ‘évég:ﬁeﬁegéfegl %‘g:légtﬁtﬁ(?ilgqﬁl%?gr eﬂséf)e%tl}lé}]ee?y into

cor r espondomgneaigpesficartis a3 anfonpasmpired to hbdecdl didowofté tolutidn S0t | ets 54 for
exiting of output liquid which is a dilute liquid 56 during the charging

node of operatio nd a c entrated liquid 58 atf a discharging node of
operat i onPOeq“% anﬁﬁfet“é’%éﬁ ]Qﬁg 9eﬁ835ﬁ?r€?ﬂdﬂij"\/\€ﬁ gErordng, it m?ﬁ'%ﬁﬁﬁ?mhﬁ’gt”f’@“ .

drawi ngs, oPMle iRRAHA cBHl?riké&' £lpturh reﬁg&i%s of lRGHd&! 981 §PIyh&aSH! Htion 50
to one of the conmpartnents 36, and the conpartnents 36 are | nterconnected

i n a nmanndesatihattont vessa A6, eiThé photlityrned panspeT ¢lecode 862 cdinatmacatged ihhe i nl et
of another ¢ artnment 36 i,n series o that the liquid S over. each
conpar t npﬁ?ra@%.panfjr?r? ﬁgm}e]c}e&gﬁ%toga aBWﬁB‘qﬁ%ﬂ}ﬁan ﬁﬂﬁgg’?e 181?{&‘? ﬁE"SH_@FF_et s 54
is an exi bmBbdihfear, O Udeshlirthito - vAREOT4H N@kMded Ne sRRARNT bRt R | @ui d 58
can have a higher concentration of ions. In another enbodi nent, the SCD
nmodul e 60siguftapeouskynf inggdeeing n feady eloetinilyigt | tluticny 80 tespeetbisle ddecri bed

par al | el Seri. 1 ferri Fl Q CD system 64
accordi ngg‘ﬁ}g%gﬁ%(%lﬁéf gﬁéﬁ%ﬁ‘ﬂ#&%ﬁﬁgﬁ ]ﬁ‘fée af’%\r;g)rwrl(‘?ﬂolf %oor%l%lf }Ss‘%st%é e’b’?’ég é)f ity of
first SCDoapui Efd kdhidon redihedliquid S6rdugisg awciar@ihg htddetof opératies afdla SCD
devices 14 connected in series for respectively continuous renoval of ions
for the feuWEREated diquid|ip at fodischasging omode ofcBparatinn. erIng gnj aliegstive gur ed to
control t o fLr i .

interl eavgﬁb;é:%g%eglmr\;gﬂ gﬂg lﬁ?égﬁg’?& fr?\‘fé %ngé’o(ﬁﬁ%glgr)ﬁ@gﬁﬁl\%étl %M% a

cor r espontied glecaohmnesdb@ivprd &Y iccenclef thasompaanelie d6 windhhe ebapanaents 86t he
description of FIGs. %ig% Accordingly, the. di a%ha gi ng current of one SCD
devi ce i st MRFERENGSIFda it heMadisp HaLite puietc r@é et RRMBEEINGEH; 8. | n

ot her embggthRRBAicates BREnRE of Bfothér RmpatdhcHeys GEseritd FaHactRY ﬁgﬁiﬁtﬁﬁe@ave‘j

charging and di schargi ng nodes of operation with two or nore of the second
SCD devi ceverkach gomipatrhent giondn die lestrated bahoditheby onheonef dfrthe o®GMs Gévi ce 12

is utilized for. charai the.two or more of the second devi ces 14.
5049] ThE BhEubPh e R bt Rl Rt bgaired Topsh SeL hévons

st ruct ur egigh&y sérRBBtratRdACMBREO0AE aRatheN ImBbERRAL, Shé SUTL SRANR 6® chP bk he

el enents of the invention recited in the clains. This witten description

may enabl eonfigysed igfany comhination way of the abpee daseribes prsalle! artdiserice modpodi nent s
having alternative elenments that |ikew se correspond to the el enents of the

| nvent | onygeag) ! CRefetid ' FIGH 112 2 SIS $GO0R%GOLcchiftnd Y SRR Lt find2C| UdeS

conposi tions,” structur systéns an hods™ t 0 no romthe
literal | eftpeagenobn tr@pdieaianduratitydofffist $ED denicks di2 soaiebied iis taries tatid s,

systens and thods with jnsubstantial differences fromthe literal
| anguage BPI‘{qﬁ&yé’l sFnad EViSE {}I ERPEeled it serfes TR TEAPRFLINGHS CARHRINUE have

been 1111 UrkigihPbraids 485 the ECtifig 'icol IR NUIIRA! 50.CAThONSnAGMCIANGES My
occur to one of ordinary skill ih the relevant art. The appended clai ns
cover al | cenftguradothi forged itbesystont gichrthats cachQufAtioRfirst SCD dedicesAd2 has
el ectroc hﬁlrt%rfe%laecfj &Sazrigl,l}xg gxtl& nggclfa\{gslglg Mol B (I)psclrarlltﬁ)'n with a corresponding second
SCD device 14 (as described with reference to the description of FIGs. 1-6).
Accordingly, the discharging current of one SCD device is utilized by another SCD
device for charging the SCD umits. In other embodiments, one of the first SCD
devices 12 may have interleaved charging and discharging modes of operation with

two or more of the second SCD devices 14. A discharging current released by the
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a first and a second el ectrochem cal devices each conprising an

el ectrochem cal desalination nodule conprising at |east one pair of

el ect r odesOand/@i@enpar t rent between each pair of el ect Podas24610/04258Eei vi ng
an electrolyte solution, each of the first and second el ectrochem cal
desal i nati on devices conprising a plurality of successive operation cycles,
each cycle conprising a charging node of operation for charging each pair
of electrodes and for adsorbing ions in the electrolyte solution on the

el ectr odef,l,rsta?r@aiedlcscli’aﬁgmrﬂgzegrof@é chargingethgt twonorf moreliof dheasefond SER pai r of
electrodeﬁegaglgpr desorbing ions fromthe pair of electrodes; and a
control l er"configured to control the systemthat the first and second

el ectrochem cal desalination devices have interleaved charging and

di schar gi [@p49pdeThef empediaichn devditbedi heeite @€ tkenpley séf aochpdsicion]

el ectrochem cal desalinatjon devices is in a discharging node and the at

| east oneSEUGtIreHsYslemss prsyEthods baviag clepents earespanding {0 therelemerth of ot her of

the first sRnASREANRCRLLG HRCORME A THACHALEA Hel OB thELSndole YibsE dENAr i N
node of operation ang receives the electrical current rel ease fronlsald
one of t herdinarytskillrid tteearotdnatecatinee bmbodialentdmaingrattinativelelements that 2.
The systemof. claim 1, wherein the ntroller is configured control the
yst o s BKOHiG eBEBRGIO i el of it i gehres el FibE B o FRUSRF | nat | on
devi ces hgpuRNnP&Hidh tR%CinBlullédEompositions, structlid&, $YsedrBhuRtf melhdinnhy aqyher ei n
the controller is configured to control the systemsuch that a charging
time for noediffpaireinibe liood laofguageeofdhe daineyyand Surthed incbidgs gihaystrictees,or t he

el act r oot b efEE S adiarEF frktenol®ronr i 04 BREGRS oty 1

wher ei n t bRiONtIWAIIE @nly Selalnffegiufes darldoembadifRhtst ReveShdeheillustyaiéd ahat t he
chargi ng node of operation of each of the first and second el ectrochem cal

desal i nat figseribed/ herein, apy mosificationpandaghangescnay 8eay therreofosrdingst sl on and a
compul sor I ?@&»' g gﬁp er at | e B ié of claim
1, wherei ﬁ”ﬁﬂh?‘ | rg%ﬁaggp ggg?f%emélgstdrogc aenn%ugglmo é%atlf;rl\-gﬁdgérff %’l\g ces
conprise at |least one bi-directional converter electrically connected

bet ween the el ectrochem cal desalination nodul e and a power supply.

6. The systemof claim5, wherein each of the bi-directional converters
conprises a bi-directional DC/ DC converter for transmtting a direct
current to the el ectrochem cal desalination nodule of one of the first and
second el ectrochem cal desalination devices during the chargi ng node of
operation, and transmtting a direct current to the other of the first and
second el ectrochem cal desalination devices. 7. The system of claim
1, conprises at least two first el ectrochem cal desalination devices
connected in series and at | east two second el ectrochem cal desalination
devi ces connected in series for respectively continuous renoval of ions.

16



8. The sy
one of th

stemof claim?7, wherein the controller is configured to control

e at |l east two el ectrochem cal desalination devices to have

i nt erl eaws0 20hizgi1ng and di schargi ng nodes of operati onPe@rtus2@ao/ok®ast one

of the at
An el ectr
el ectroch
conprisin
el ectroch
an electr
el ectrode
adsor bi ng
el ectrode
el ectroch
el ectroch
conprisin

| east two second el ectrochem cal desalination device. 9.
ochem cal desalination nethod conprising: operating a first
em cal desalination device in a charging node of operation

: charging at | east one pair of electrodes of the first

AdMS:desal i nation device with opposite polarities; passi ng
ol yte solution through a conpartnent between each pair of
s of the. fj r I | .ion devi ce;

ionstli %mtéf%ée&{gfg%ﬁlt‘%]l dy%g %ﬁ{s%ﬁlghsﬁﬁg%ﬂlpﬁgelhgt | east one pair of
s; and exiting a dilute solution out of the first
em cah desalandata osecoed/i electravhemical devicaspemalt i ogmplidng i ust

on

gl.@ct(r:gc!her%?csa ldlesrl\ 1}12|1t?or}1 r%g}{&l(é\' %o}n?)rizsaingla% ?egzsitr grllen}%]airngfd fﬁe(g;odgf (aallicfl Exl
compartment between each pair of electrodes for receiving an electrolyte solution,
each of the first and second electrochemical desalination devices comprising a
plurality of successive operation cycles, each cycle comprising a charging mode of
operation for charging each pair of electrodes and for adsorbing ions in the electrolyte
solution on the electrodes, and a discharging mode of operation for discharging the

pair of electrodes and for desorbing ions from the pair of electrodes; and

a controller configured to control the system that the first and second
electrochemical desalination devices have interleaved charging and discharging
modes of operation, wherein one of the first and second electrochemical desalination
devices is in a discharging mode and the at least one pair of electrodes release
electrical current, while the other of the first and second electrochemical desalination
devices is in a charging mode of operation and receives the electrical current released

from said one of the first and second electrochemical desalination device.

2. The system of claim 1, wherein the controller is configured to control the
system such that each of the first and second electrochemical desalination devices has

an equal cycle time.

3. The system of claim 1, wherein the controller is configured to control the
system such that a charging time for the charging mode of operation equals a
discharging time for the discharging mode of operation for each of the first and

second electrochemical desalination devices.

4. The system of claim 1, wherein the controller is configured to control the
system such that the charging mode of operation of each of the first and second
electrochemical desalination devices comprises a normal discharging mode of

operation and a compulsory discharging mode of operation.
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rel easing electric energy stored in the at |east one pair of electrodes of
the first electrochem cal desalination device to a second el ectrochem cal
desal i natwonrodemMi@e, and charging at | east one pair of elCeaiscados2sof the
second el ectrochem cal desalination device using the electric energy

rel eased by the at | east one pair of electrodes of the first

el ectrochem cal desalination device; and desor bi ng i ons accumul at ed
on the at |east one pair of electrodes of the first el ectrochem cal

desal i nati on dévilbe system heclahedt vdieptie thol finst and i secdrile cleompaetmiaht .

10. The thod of claim9, wherein, chargi .he.atlleast one, pai r .. of

of ect r odet=nangy defiog SRpPHSH A Iedrt aas AR qiEeioh! (ERELST Elstcals

recei Vi Ngcenridtied bbtwiedh R HediRcRanRal dbuilinabod mibdalhal dipadetRgpIRf operation
of the at |east one pair of electrodes of the second el ectrochem cal
desal i nation device. 11. The nmethod of claim 10 further conprising
obt ai ni ng char §i AYE FvsE€RRPEi e Gy vdwteipraseh | dstheobi-dirpstipnal seonyergers econd

el ectroc h?&ﬂlﬁ&‘ﬁes %eﬁi?di;%ﬂéﬁz“z DERY %@ﬁ:cﬂ%{ﬂ gorcﬁﬂisfn(?l{tilng NY4ifect UNERL Bl O Out put
currents tor charging/discharging e pairs of ele€trodes respectively
accor di ngekearddhemdidab dgiatigains alodnlgi ofgoreustr taatfirpr ofd $eesnd electrochefical The

nmet hod of claim?9, V\,hersi n tg}gcgi schar gi. ng. node of operation conprises a
nor el di SERERRIRIevisas dying herchpigie MEAe 8 ARGTAHAN. AN HARNYIUNG 4 difket and

rel easin j i T din the at
Jedrdh (EGE olﬁié'i bk 5 MAReDhd R uBbRatiEd qeﬁmﬂﬁg%q &3265@.

| east one pair of electrodes in the tirst electrochem al i nation

device during the normal discharging tine. 13. The nmethod of claim
12, wherein th@é Adbenssistedi sfheleigh ny edprise$ asplensit tvon fosnplerseshemieapari ng i f

an i nstantangoys di.schar gi ng .ener .rel eas fromthe ir of ,el ectrodes of
the first d?ﬁ@%#*’ogcﬂeé’ﬁfeéa ntcég(Finﬁ%f‘%Sn a'&‘g\??j%asf‘rg‘g? S§ﬁ°£qaﬁ%f%%?§% s energy
requi r enegdsafligdtioahiRiizeNerinb@edai derief fe |r@§§)teétil¢?scdhftinhm 18@6 A1 ions,

el ectrochem cal desalinati on device. 14. The nethod of claim 13,

wherein conparing conprises conparing an instantaneous discharging electric
power of the fr5ic s ofsdaand. sderedidthe qopupileis eenfigueed ip cantgel one of

| nst ant ang@us (ljpg@t?téxg)i AtRBGhIchCaRAME o etilE BIRO0thAB6Ld ARDER GR4

desal i nation dev
discharging modes of operation with at least one of the at least two second
electrochemical desalination device.

9. An electrochemical desalination method comprising:

operating a first electrochemical desalination device in a charging mode of

operation comprising:

charging at least one pair of electrodes of the first electrochemical

desalination device with opposite polarities;

passing an electrolyte solution through a compartment between each

pair of electrodes of the first electrochemical desalination device;

adsorbing ions in the electrolyte solution on the at least one pair of

electrodes; and

exiting a dilute solution out of the first electrochemical desalination

device; and
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15. The method of claim 12, wherein the discharging node of operation
further conprises a conpul sory discharging node of operation for a

conmpul sorwodpsigldarigi ng tine by transmitting a direct cuPCEniS2410/081%65 at

| east one pair of electrodes of the first el ectrochem cal desalination
device with reversed polarities. 16. The method of claim15 further
conprising calculating and determ ning a normal discharging current, nornal
di scharging tinme, compul sory discharging current and compul sory di schargi ng
ti me based on apgrating thedirepelecitacbemisgkdesalimationalexice ringalisthargivemalle pr evi ous

operation Xclags. .. 17. The method of claim 16, wherein the
cal cul ati ﬂg G e‘iog}pﬁ’is’rﬂgng of the normal discharging tinme and conpul sory
discharging tine is repeated at a certain time interval. 18. The

nmet hod of claim 17, relisingi dlectiiCemtdgyRoredargs Mdeisk GBe paiel of BRRPdERS 0y
di scharging tinme are determ ned such that a difference of an energy out put
fromthe first thel Bt redeqiwehemicalydssalipation davigetpce sgernda gletreshginicahput t o

the first el echQffGOnCRVicdesA LAAihe % AENGHE paft JFRCHERDE the second

electrochemical desalination device using the electric energy released by the at
least one pair of electrodes of the first electrochemical desalination device;

and

desorbing ions accumulated on the at least one pair of electrodes of the
first electrochemical desalination device into the electrolyte solution in the

compartment.

10. The method of claim 9, wherein charging the at least one pair of electrodes
of a first electrochemical desalination device comprises receiving a direct current
released during a discharging mode of operation of the at least one pair of electrodes

of the second electrochemical desalination device.

11. The method of claim 10 further comprising obtaining charging/discharging
current profiles for the first and second electrochemical desalination devices, and
controlling a converter to output currents for charging/discharging the pairs of

electrodes respectively according to the charging/discharging current profiles.

12. The method of claim 9, wherein the discharging mode of operation
comprises a normal discharging mode of operation for a normal discharging time and
releasing a direct current driven by the electric energy stored in the at least one pair of
electrodes in the first electrochemical desalination device during the normal

discharging time.

13. The method of claim 12, wherein the normal discharging mode of
operation comprises comparing if an instantaneous discharging energy released from

the pair of electrodes of the first electrochemical desalination device meet an
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instantaneous energy requirement for charging the pair of electrodes of the second

electrochemical desalination device.

14. The method of claim 13, wherein comparing comprises comparing an
instantaneous discharging electric power of the first electrochemical desalination
device with an instantaneous charging electric power of the second electrochemical

desalination device.

15. The method of claim 12, wherein the discharging mode of operation
further comprises a compulsory discharging mode of operation for a compulsory
discharging time by transmitting a direct current to the at least one pair of electrodes

of the first electrochemical desalination device with reversed polarities.

16. The method of claim 15 further comprising calculating and determining a
normal discharging current, normal discharging time, compulsory discharging current
and compulsory discharging time based on a previous operation cycle or the average

of several previous operation cycles.

17. The method of claim 16, wherein the calculating and determining of the
normal discharging time and compulsory discharging time is repeated at a certain time

interval.

18. The method of claim 17, wherein the normal charging time and
compulsory discharging time are determined such that a difference of an energy
output from the first electrochemical desalination device and an energy input to the

first electrochemical desalination device is maximized.
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