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wat er r é0édli2ai83pfileddune 8, 2006cthe selrjgitmaastef ORFhichas insospouatérkly reference in
applicatbpn.erre it is desirable to separate solutes and water in an
aqueous BF5%n. BACKGROUND OF THE | NVENTI ON Seawat er and
bracki sh wat er desalination technol ogies hold great prom se to
alleviate water scarcity in arid and densely popul ated regi ons of the
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adequatgﬁﬁg?§$ﬂ€ﬁ%@$#%ﬁgs%ggguﬁfdely avai l abl e. The need to alleviate
wat er scarcity and ensure good water quality will be a major
chal l enge for scientists and engineers in the com ng century. Mich
wor k has been done to i npro¥EEER OF THE INVENTI@Nt nent t echnol ogi es,
particularly with regard to increasing the effectiveness and | owering
the cost of nmenbrane treatnent nethods. In a nenbrane treatnent
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process exactly, and equilibriumw Il form One menbr ane
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under st ood by one of skil] . ) jesal 1 nat i The process of
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concentr at i orSeatvatdr ssdbraekisic oafeo dediinatidngechwmil epiesitodd sienepromidetie

source side is used to "reyverse" tgg natural or forward osnotic,
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advant ages of the FO process as conpared to RO include | ower energy
costs, high feedwater recovery, and brine discharge m nim zation.
In the ammoni a - carbon di oxi de FO process, a sem -perneabl e nenbrane
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A sinple and proven approach to the renoval and recycling of draw
solutes fromthe dilute FO draw solution is the use of a distillation
colum, which is also known as a reboil er absorption colum, or

stripper., This appr h is now enpl oye for exanple, int .

stri oo i et R RERG dre B R Q RS T S R es s
st r eans, fe@ivhtérGecdvesy, hBE ¥Eihé A cIRfrg@RMMMizaAbEAr bamat e as ammoni a and
carbon di oxi de gases in the production of urea. Depending on the
tenperature of the heat to be used in the recovery system one or
several distidlation | umms . sed, A Si and. | ow
cnergy cost dpsPLaBRofs LHDpdalEEUI e arerEatiT R B A e 1
of a si ngpesimaatitonthatiwed il ROIiO Dseictb Yophratd fiesheaRt HOnOA sdink Yeddeaker
prior art single vacuumdistillation colum is shown in Figure 2.
This corfPigar &t R6h this sepapdion as dyvendurahydipbic nressusaipdiant@erasy tenal
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of reboiler (1) to induce water vapor to rise in a distjllation

col um  (38YT&s ThA&CRIPEEsE UasA0F BYMH Fodenaninf msiride ot indhediretio et t he
col um) b sl LS f
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fromthe. |l ess volatile_ water, .suc hat higher, in the colum fhere is
a hi gher™§ RS P BTG S H@sﬁ%ﬂ SHPOR, desPRBRERBT P PRt
in the GRiHIMaAhrboh ARNISEOHRRBERBhoWR in Fidarploduct water (3)
exiting the bottom of the colum nmay be specified to contain |ess
than 1 ppm of anmoni a and carbon di oxi de. The recovered/separ at ed

solutes are i troduaed ba%ﬁ .Iilgﬁteo t he .concgnt rate ]g;?aw sol uti.o ¢
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f r om t hepresspigathat RO membrangs sgshyustain ubiyrequsymerh/eatsdg de use of pe FO
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have detia¢rsasednd stroadth dneadditiin Which tizeifichett ydimigiskesofuy e@ftrmhanced when FO
desalination process may be | owered even further if the efficiency of
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product TAEPRED Sr%rrﬁ“'f‘ ] E‘W%%I ution) by over 70%relative to the use
of a single distillation colum. SUMWARY OF THE | NVENTI ON It is
an object of the present invention to separate draw sol ution sol utes
and sol vent uUBiemggaliys impari anyFOfperfoundrice assoontedovithnR ©. mewbragssisplue fo

it is an_object of, the present i nt.i,on, to provi de.inprove .
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renedi ati on. It is another object of the present invention to

i nprove layrs) dibes be tray eglegonowithintly suppartingdeyansush dess sie ffictige esmotic
luralit fdistillati | Lt lsca f her pbject.. of .
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a first outlet for renoving the vaporized portion of the draw
solution fromthe first distillation colum; and at |east a second
distillation colum conprising: a first inlet coupled to the

20U £© e LSk e b DU B R IR R EL O
tr anst erpHRaReOuRdsaladetitiie 1ReGARdebShe bbdhi Appeal UM at a second

end, sai'd second heat transfer neans having an inlet coupled to the
first outlet of the first distillation colunmm for providing a source

f thermal for. the. d.distillati | d |
coupl od o  nEORLHHRSITTTART sEshhoroRe Fr R e P udther

ener gy tighpkdhies FECRndsighisichntlyg thetdFfee @l JfTOP tafe SR eBRpRitell; e@Blved HYQhiki ON
of the draw _solution in_the second distillation chanber to vapori ze.

It is arpedifeation; Semegfackirempipiitindhe pe-fbE¢ Pe®UR PRk quERSKt integral
separat i | .l S { e I t f dr aw

ol ut  orto PR R il R Ste ARPRLRTHE Bl RN ek Thbrt 70,

heat useppfoximmedVEimicrons in tHiokidsgtundadies thedleaganemb@ne ikt Where solute
speaki ng, . the present invention, in another preferred enbodi nent, is
al so di rMEEERN PUES- nererisasigngy PRemenly sevestl ayigrons thick, must b feipfgrred by
draw solii : o i — di.st bl L t
east - a s b finE ARy brdef ftuefir hdndlingld NliuShi R Tofel, WLEAIE
from a ssoherodsedéartthemenbrawendgyce dl'tas fasulst inlveatintedaadfction e effectiol t he

first distillation calum to v rize at |east . ortion of the draw
sol uti orPSP’r?“Fﬂ?éesflfrf’éi‘%iamestf’itﬁ?té’fqﬂ%hw@&}]l calze ifa @‘?I}S%E?Haf‘?dmﬁﬁ’éembrane
vapori zege.pakdd Qonof the draw solution fromthe first distillation
columm to a second heat transfer nmeans of the second distillation
colum such that the vaporized portion of the draw solution fromthe
first distillation colum ts as source .of  t mal , ener or, the
second d st i | |HETERHEERBI T EG S apeRr PETaTE 6o O Ry pf Brpreed RbtPaw
sol ut i onpflan'ridAebraeCRfbratandd fatigtt (PO, BEHindAYs the ratio ofBGeeitentd1Cordr aw

sol ution solutes and product solvent contained in the draw sol ution
in the anegsumdiluxi(sd), taribeoseticshfuy calenlpted ifiognthesisumots prasaurs dpfarenced.

Addi ti O%%kw%e%%ﬁé’fe%ﬁ’m&gfa%?gé}gt?&lsé q?ﬁ enbodi mrents of the invention may
p S

be set forth or apparen rom consf'deration of the followi ng detailed
description, drawi ngs, and clains. Mreover, it is to be understood
that both the foregoing summary of the-jpvention 8 and the follow ng
detail ed description are exenplary and jntended to provide further
expl anation without limting the scope of the invention as clai nmed.
BRI EF DESCRI PTI ON OF THE DRAW NGS For a fuller understandi ng of

the inventio reference i.s had to. t.h ol l.owi ng,description ta in
bomnet s on i T THEDERE Bt miRS hodt FELSm i 6. R Sofe' s (3 BRI 40
a schemat 3%, eveaGHidA @ingdmembediicdtesighfPdpedifiexilylfr FO. dBgink ARt dnefes of
process in accordance wth the prior art. Figure 2 is a

schemat ilewgherabraneperéorpmac@irtian etctot Hmitre ©dQ prpcassaperationackuyashce

Wth t heioﬁ)é iclsogufﬁéigntly high draw solution concentrations are employed. It has been
demonstrated that membrane flux could be established equivalent to, or in excess of, that
typical of RO, and that seawater recoveries of up to 75% were achievable, based on

effective separation of water from a 2 molar NaCl feed stream.

For effective FO desalination, the draw solution must have a high osmotic pressure
and contain solutes which are simple and economic to remove and reuse. In the ammonia
- carbon dioxide FO process, the draw solution 1s composed of ammonium salts formed

from the mixture of ammonia and carbon dioxide gases in an aqueous solution.
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Figure 3 is a schematic of one enbodi nent of the present invention.
Figure 4 is a schematic of another enbodi ment of the present
invention. Figure 5 is a graphic representation of the relationship
bet ween ure, of the heat s l.ied to t
ecover yiscpl SRR orhEt Beliud fmatanie TR Ff o RrbHB o PRS- 88 ¢ e
to separa@qﬁrﬁoﬂhﬁ%aﬁ%&&e 0D febd) hBSnchitn REDEMGTe i§ BY ¥&NMhe bSMBolde. dh e
solution - GOA is a frequently used neasure of the efficiency of
t her mal diew ablunatls Ay siiizestanohinhotherthemadiyremay e dianisadetes.ng
hi gher thermal efficiency. Figure 6 is a graphic representation
of the equivalent work of a FO desalination process. Fi gure 7
is a graphi c osPigeRhBdHatiteistit bearhfloalaQfsdH dloﬂdéﬂmnscdﬁtﬁdﬂses thedi¥io
sol ution concentration and heat duty as OUR gure 8 is a
gr aphi ¢ dfapreysniogamm dpxidpan thélaa‘{m@h@msahaaeﬂwéﬁﬁh%thw@o @f agmonia to
solutio o I
ol ement oL FEHEPL AR 4PRC ey Belbn i soncentatiofiof fmplitis Bl
r ef er enaelativeresthérntissobicd spédigsl athivdlloveebt & bithepednicentrdiobGRtddl ON OF
THE PREFERRED ENMBODI MENTS The i nventors_have di scovered that
there ard@UB@BRY Sals,deadingeto adighar ogpaptic pressiye suthin e solytien| [hegaxippum
the sep / t
From © hao e oL e A o D Rl 1S YRy 2 FnIEE
sour ces bat eddauam bidhmoata to esdlsa sdimtmn fhewrs the foematiorsal, anomomupr ¢antamnyate
maxi mum wat et out put for  a

desi ncrl erion | fi nti of
oot 0" Cand Rl 20eth e o S0 BTSSR RPRAIEY PAPATONS OAE chipop fipxide

present tb RYaAddOnd & J)x?"é{ﬁo@qrfg;ﬁ@?to@il%oﬁééﬁhlaﬁénst& ahﬁﬁémhﬁ%%glté oyl ti
stage flash (MSF) and rul ti fect distillation (MeED) thernal

desal i natissolvegr Gbeyeesin lwvadsmpenmhiretlsatadwsl slonmﬁdmagomudsdimeone
killed bot.h
at er | al =B BEHE Wi das e e o S LR R Byt S PG bnePions s

Pressur ahe ki@ tisd @86Stheefond thd s h'The E,e&éfﬂﬂﬁlrcﬁthl EoeReHBRESURE in turn
vari ous desi %ns | N~ MSF/ MED pr ocesses, heat is introduced to a "top"

stage ofallawsiteighe zenesatian efthognhigh M fugesansoliel &eedwatsr rocomenss in the

f eedwat eIrOa&qhb nvﬁ8€{§s.t hus produced is condensed on a heat transfer
surface in contact ‘W a second stage (at |ower tenperature and
pressure), causing the vaporization of additional feedwater and so

on. This process |is carried out repeat ed%g, with the nunber of stages
dictated by t®eeethagunots rressyes sradict geatonthefO prosessirausss dieghivater to
Stages. @alBS hERRAIAW Foflild SEDGADHUIRR EREMAAIR, Hiiigher
t he nunber of stages e greater the energy efficiency rea

t he desidyaw sblutibin ﬁnMSFe acudedieDtpr separatesof the hmmeondury alen dl‘hmf.@araabn
streans nove i thr h stages of .decreasi press t hese
st ages HEPSFSS (@ioTelerreio &y BEareay FRPIEFERHE PESH Q%haagaldﬁg?laagmon of
The pr esa%ﬁhoﬁﬂfﬁﬁﬁ&dr%haﬁ@ Fé!n%ﬁé"te Taﬁ’&ca?rbﬂﬂbt% Sglltsslhtd Arﬁt‘hbﬁi'ﬁ ah@ |ch!r'i§Bn AR
of solute removal In FO'W t h a plurality of distillation colums,
realizi @smthatmcemyvl'galarsshsmmcbaﬂalmmg ﬁlhmhdés IVBRARED fm@pr@r@tmgl e
flash cgan‘oer n a{g t.he rese (iﬁgventl on is directed
to an a P%IFE%@ Pr?%ﬁb‘&er 08%%0%’6 St PRI @pout

sol vent doe@m At BixWpeedudéd, e de\é&ﬁf)@shtﬁbﬂ iéﬁlp@ﬂiﬂﬁré AbétBase® PRIpbBfMall} This
first distillation colum conprising:
heating, decomposition, and the stripping and recycling of the ammonia and carbon

dioxide gases may be accomplished in a single or in multiple distillation columns,
producing as its products fresh water and re-concentrated draw solution for reuse in the
FO membrane system. The product water from this process may be specified to contain
significantly less than 1 ppm ammonia and carbon dioxide, as is appropriate for potable

usc.



a first inlet coupled to a source of the draw solution for
introducing the draw solution into a first end of the first
distillation columm; a first heat transfer neans coupled to the
first distillation colum at a second end, said first heat transfer
means having an inlet coupled to a source of thermal energy and an

outl et coupl edl sinfplt BRd pioed asiirsddhl th Wid RMoTal 4hdMteéyRlink BF ARAWDIREs from
thermal energy to the first 10 distillation colum to cause at | east

a porti che éflute & drawmgobiontis Be use of wdistillatian eplwnn,| which sralsedingivm asa
vaporize;, . afirs tlet.faor fenmpving.t.he vaporized-porti of
the.ar aveeatosepsReiortiRl o g%, DEFRILBR ol TR AR, ehoBl, B,
second chse Etiri?bﬁlfgidfﬂaﬁ@dswmatﬂ@ Balides G081 wastewater® ahdl Eﬁice@:ﬂﬂh%hm@,%lﬂ'f@ﬂth&o
the source of the draw solution for introducing the draw sol ution
into a freplingR§agmopHen sEpeRatedF SMIMan Fhraebardieride gases in hesecond
heat tr . o FSL [

second a0 higEEdter PHBLEfn B baSeRpeaRte Ot Gk bl bE Uiy i Bl
to the fdystein, ond biedevefl dibglldtionsolhahistmaby 8d hged. col urm for providing a
source of thermal energy for the second distillation colum and an
outlet coupled to the second distillation columm for introducing
thermal ener gy shfpik B REPEM L hbdB1haB S5l By FAS E0Rrob&EN 1B
portion of t heS raw sorout‘lg}{(;égg)idn thﬂeﬂrsecong gI{ still g}trﬁlon c(k??rfger to
vapor i zease of a singlthecuanidondlagérecdning. ¢f schbmatppbr bpus] pria setinglort h

in Figure 3 that. depicts a.first distillatiaon colum. (a) and a second
i st 1 1| SePT COUUARR £ S it fhodrsin s b o156 peHe Tiob b prbettals SeFiu
dilute dyRW BELMLOST BEMEAhELY is 4t Iow tdiipdratufesCRMRBHutl M 1B aBOMIf1e Of
dilute draw solution (27) fromthe nmenbrane systemor front end of

t he FO phogwsa inTHiguntrZaheaial tempsrateies analow &s 451G isonlzetlucedin 2 heat sousfer

of the dilute dr sol uti nd.is,introduced.i h parallel ,to each of
Che tuo Tt et SRSy bl SPHEE S LBoRER) o T PG Bl
an out sitgiss @i aRtill&lon hamp (d)ed thenilits diald sdlution (ﬁﬂﬂoﬁﬁﬂfbd(aﬂh@tbg@_f heat
transfer neans, here, the exterior heat exchangre surface of reboiler

(1) t hercobymnr@hegseades dgwnaerhin crupter-purent dowa SThetteansive pheniorgnprythe

source for_dist] [ : r rJ .
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next subsequent distillation colum. The vaporized portion of the
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applying thermal energy from a source of thermal energy to a first heat transfer

means of the first distillation column to vaporize at least a portion of the draw solution in
the first distillation column;

directing the vaporized portion of the draw solution from the first distillation
column to a second heat transfer means of the second distillation column such that the
vaporized portion of the draw solution from the first distillation column acts as a source of
thermal energy for the second distillation column to vaporize at least a portion of the draw
solution in the second distillation column;

whereby the draw solution solutes and product solvent contained in the draw

solution in the at least first and second distillation columns are separated.

Additional features, advantages, and embodiments of the invention may be set
forth or apparent from consideration of the following detailed description, drawings, and
claims. Moreover, it is to be understood that both the foregoing summary of the invention
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and the following detailed description are exemplary and intended to provide further

explanation without limiting the scope of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference is had to the following

description taken in connection with the accompanying figures, in which:

Figure 1 is a schematic diagram of an ammonia-carbon dioxide FO desalination
process in accordance with the prior art.

Figure 2 is a schematic of a single vacuum distillation column also in accordance
with the prior art.

Figure 3 is a schematic of one embodiment of the present invention.

Figure 4 is a schematic of another embodiment of the present invention.

Figure 5 is a graphic representation of the relationship between the temperature of
the heat supplied to the FO recovery/separation process and the quantity of that energy
required to separate draw solution solutes and product solvent from the draw solution —
GOR. GOR is a frequently used measure of the efficiency of thermal desalination
systems, with higher GOR values indicating higher thermal efficiency.

Figure 6 is a graphic representation of the equivalent work of a FO desalination
process.

Figure 7 is a graphic representation of the relationship between dilute draw
solution concentration and heat duty as GOR.

Figure 8 is a graphic representation of the relationship between dilute draw

solution concentration and equivalent work.

Also, while not all elements are labeled in each figure, all elements with the same

reference number indicate similar or identical parts.

DESCRIPTION OF THE PREFERRED EMBODIMENTS
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The inventors have discovered that there are benefits of the use of multiple
distillation columns for the separation/recovery of draw solution solutes and product
solvent from the draw solution especially when higher temperature heat sources are
available at costs which favor their use, or a primary design criterion is maximum water

output for a fixed quantity of heat.

The configuration of the distillation columns in the present invention follows a
principle similar to that used in multi stage flash (MSF) and multi effect distillation
(MED) thermal desalination processes; processes which are well understood by one skilled
in the art. In the MSF and MED processes, both energy and material streams move in
series through stages of decreasing pressure, these stages being "flash" or evaporation
chambers of various designs. In MSF/MED processes, heat is introduced to a "top" stage
of a single distillation column to vaporize a portion of the feedwater and the vapor thus
produced is condensed on a heat transfer surface in contact with a second stage (at lower
temperature and pressure), causing the vaporization of additional feedwater and so on.
This process is carried out repeatedly, with the number of stages dictated by the range in
temperature between the top and bottom stages, and the temperature difference between
each stage. The higher the number of stages, the greater the energy efficiency realized by
the design. In the MSF and MED processes, both energy and material streams move in
series through stages of decreasing pressure, these stages being "flash" or evaporation

chambers of various designs.

The present invention replaces the single distillation column means of solute
removal in FO with a plurality of distillation columns, realizing efficiency gains similar to
those of MSF/MED over a single flash chamber. In one embodiment, the present
invention is directed to an apparatus for separating draw solution solutes and product
solvent from a draw solution, wherein the apparatus comprises:

a first distillation column comprising:

a first inlet coupled to a source of the draw solution for introducing the draw
solution into a first end of the first distillation column;

a first heat transfer means coupled to the first distillation column at a second end,
said first heat transfer means having an inlet coupled to a source of thermal energy and an
outlet coupled to the first distillation column for introducing thermal energy to the first

10



576.70 1 8 Table 1 Table 1 is nmeant to be exenpl ary and not
limting. For exanple, it is contenplated that at | ow.anbient
tenperature, two distillation coI unns may be used with an outside

t her mal /LE ngI ener ource a; era{: re of @ .t % ﬂ

cont enpl 4t “PHzSP K cavie it 155t ac Ft‘?}b“’ttBe TS(S gfonan
be used didhn ih@RESSENt | nvention. Furt her more, given a high enough
tenperature of the out si de thermal / heat energy source and a

suf fici ently hfighowtet ifariremoyingdhgyeaporiagd patian of thasiravabaution om the first

distillati be used in the practice of the present
i nvent i o‘hsaﬂmoncuﬁn ale‘%/i ng the energy requirements of the present

invention, thgdRveacohsdRANAIR @MkRbshpedigsd the rel ationshi p
bet ween t he tenperature (also typically described as "quality") of
t he heat supp fistinde cpmzletttp tnhe@wee of the dzava soluvions fps indracapiggtheedraw

f.th I I
and pr ottt iondfe LG IR RIRBR By "o e SO S

rel ationship d secbitl heat ffﬁnsﬂ‘ér 1f@indedusled pithe sédon@ d{sGB0Rion eslubhhiat §ectdad
of kil ograns of water produced for each kil ogram of steam condensed

in the readesaidpeconthheattigngfer megnsdiaving andelgt eatmladrte thyt figsheutlot pf thedhaty
f th |

i gher Ay 4AGA bRl BETVEKETE solibd b M enlU TR e L1 BldiGion

rel ati onghirmm aﬁkpm ontleradeléd/i thabecoad daallition ddbimm fish iMebdhveirg theIR of

between 8 and 15 at terrperature of 70 to 120 C. Table 2 provides the
range ofenegao by sseend dstillation Cﬁf ocayss qﬁé‘eaat 3 Porgrs ng@tq[’)fi“l"é?]i%ﬁn in
col um gpdt dEl% fsid ¢ %Bef’ﬁ)l Srifor the present invention
ut|I|2|ngapura|ty ofh till t|on colums. It is readily apparent
that the present invention, with GOR val ues of between 14.2 and 29.7

for tenperatures between 70 250 C,has i effigie of t
L9 he Pommn D ViOH BEmeRRof Sempra i s Py edgurert afideicts o B
i mpact edyi@l1atibe c&lﬂ %#&ﬁ& £sRbnd BRUNANFERRRNE (D! RBAUTAl e hAn the

external heat source he exanpl es provided herein are based on a
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here, the extenor heat exchange surface of reboiler (1) thereby transferring latent heat for

use as the thermal energy source for distillation column (a). The heat energy vaporizes a
portion of the draw solution in distillation column (a), allowing for draw solution solute
and product water separation from the draw solution in distillation column (a). The
vaporized portion of the draw solution (6) from distillation column (a) is coupled to
distillation column (b) at a heat transfer means, here, reboiler (7). This arrangement
allows the vaporized portion of the draw solution from distillation column (a) to condense
on the exterior heat exchange surface of the reboiler (7) of distillation column (b), thereby
transferring latent heat for use as the thermal source of energy for distillation column (b).
The thermal/heat energy vaporizes a portion of the draw solution in distillation column
(b), allowing for draw solution solute and product water separation from the draw solution
in distillation column (b). Thus, the energy is directed to the distillation columns in series.
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It is noted that the vaporized draw solution (6) used as the thermal source of energy for
distillation column (b} and the draw solution introduced into distillation column (b)
through inlet (3) are completely separate. The condensed vaporized portion of the draw
solution (8) from the reboiler of distillation column (b) is coupled back the membrane
system or front end of the FO process where it is added to the concentrated draw solution.
The recovered/separated solutes from the draw solution in distillation column (b) are
introduced back into the concentrated draw solution through an outlet (9) of the distillation
column (b). Product water is collected from each of distillation column (a) and distillation
column (b) through outlets (4) and (10) respectively. The columns are designed so that
they differ in the pressure and temperature of their operation, with distillation column (a)
having a highest temperature and pressure and distillation column (b) having a

temperature and pressure lower than that of distillation column (a).

The apparatus shown in Figure 3 is exemplary in nature and is not meant to be
limiting. The higher the temperature of the heat source available from the outside heat
source (also typically known as heat quality) the present invention may utilize more than 2
distillation columns to separate draw solution solutes and product water from the draw
solution of a FO process. The specific number of distillation columns will also depend
upon the concentration of the draw solution, and the ambient temperature. Figure 4 isa
diagram of such an embodiment of the present invention comprising six distillation
columns, (a) through (f). Each column receives and separates the solutes and product
water from an independent parallel dilute draw solution stream (2), (3), (11), (12), (13),
(14), portioned from the source of the dilute draw solution (27). The columns are
designed so that they differ in the temperature and pressure at which they operate, with
distillation chamber (a) having the highest temperature and pressure, and each of the
remaining columns operating at a temperature and pressure lower than the one before it. It
is noted that the pressure at which any given distillation column operates is dependent
upon the temperature at which the distillation column operates. It is also noted that the
temperature at which any given distillation chamber operates is dependent upon the
temperature of the heat energy supplied by the outside heat source and the difference
between the temperature of the outside heat source and the ambient temperature. In this
arrangement the vaporized portion of the draw solution (6), (15), (16), (17), (18) from
distillation columns, (a) through (e) respectively, is coupled to a heat transfer means of the
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next subsequent distillation column. The vaporized portion of the draw solution
condenses on the exterior heat exchange surface of the reboiler of the next subsequent
distillation column, thereby transferring latent heat to be used for separation of draw
solution solutes (8), (19), (20), (21), (22) and product water (10), (23), (24), (25), (26),
from the draw solution in the distillation columns. The condensed vaporized portions of
the draw solution (8), (19), (20), (21), (22) from the reboiler of distillation column (b)
through (f) respectively, are coupled back to the membrane system or front end of the FO
process where it is added to the concentrated draw solution. In this way - directing the
material streams in parallel and the energy streams in series — significant gains in
efficiency may be realized over the use of a single column alone. Figure 4 is also

exemplary in nature and not meant to be limiting.

Another embodiment of the present invention provides a method for separating
draw solution solutes and product solvent from a draw solution, comprising the steps of:

introducing draw solution to each of at least a first distillation column and at least a
second distillation column;

applying thermal energy from a source of thermal energy to a first heat transfer
means of the first distillation column to vaporize at least a portion of the draw solution in
the first distillation column;

directing the vaporized portion of the draw solution from the first distillation
column to a second heat transfer means of the second distillation column such that the
vaporized portion of the draw solution from the first distillation column acts as a source of
thermal energy for the second distillation column to vaporize at least a portion of the draw
solution in the second distillation column;

whereby the draw solution solutes and product solvent contained in the draw

solution in the at least first and second distillation columns are separated.

Another embodiment of the present invention provides a method for separating
draw solution solutes and product solvent from a draw solution, comprising the steps of:
introducing draw solution to each of at least a first distillation column, at least a

second distillation column and at least a third distillation column;
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applying thermal energy from a source of thermal energy to a first heat transfer
means of the first distillation column to vaporize at least a portion of the draw solution in
the first distillation column;

directing the vaporized portion of the draw solution from the first distillation
column to a second heat transfer means of the second distillation column such that the
vaporized portion of the draw solution from the first distillation column acts as a source of
thermal energy for the second distillation column to vaporize at least a portion of the draw
solution in the second distillation column;
directing the vaporized portion of the draw solution from the second distillation column to
a third heat transfer means of the third distillation column such that the vaporized portion
of the draw solution from the second distillation chamber acts as a source of thermal
energy for the third distillation chamber to vaporize at least a portion of the draw solution
in the third distillation column;
whereby the draw solution solutes and product solvent contained in the draw solution in

the at least first, second and third distillation columns are separated.

In a preferred embodiment, the draw solution is parallely introduced to each of the
distillation columns as described herein. In other words, the draw solution is introduced to
each of the distillation columns from a single source which, as discussed above, is
typically a source of dilute draw solution from the membrane system or front end of the
FO process. Put another way, the draw solution from the draw solution source is not
introduced serially into each of the distillation columns discussed above. Further, the
vaporized draw solution used as a source of thermal energy for each subsequent
distillation column is separate from the draw solution introduced into each distillation

column from the source of dilute draw solution and remains so throughout the process.

The number of distillation columns used to separate draw solution solutes and
product water from the draw solution in the FO process of the invention is determined by
the range of temperature between the first (i.e., outside thermal energy source) and last
distillation column (i.e., ambient temperature), and the temperature difference between
each of the distillation columns. This can be determined by modeling the energy
requirements of the recovery/separation system of the FO process using commercial
chemical process modeling software (Hysys, Cambridge, MA), operated in conjunction
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wor k. val VecdPresue s ppsdad £ HeRcRghaieiss Pining; Xpive Sisiffatior cqigmn
added t at2RY, #H QRS proe&dquighdént equi rements. This gives a unified
value for the total value of energy consuned. The cal cul ati ons

of equi val ent work, including the conponents of heat duty and

el ectrical e Al ri i Nl . Fi e .
equi val ent V\onﬁ{(eg%gﬂ%ﬁgn E@ﬁc ;'1}13 a e?%%i%@gir?ﬁgé g%ligi%lél (g)slﬁ g%@%%%ﬁ%%ﬁ%t e
draw sol(g¥dikble fah Kozhi®esyek) eah 4 ajid GactisredB0.04%; atspediie agd af 58y of

heat supf%I ied. As the tenperature of the heat used increases, its
wor k valth&tef statie §okdup of Aees and e gressure dropriyl Sraadisfs Sapriag byighhwagse
of multiple 4bgtillation colums. The net trend is increased

equi valent work. Simlarly to GOR equivalent work is also inpacted
by the tenperature of the condensate streamreturned to the external

heat source. The exanpl es provided herein are based condensate
return str earﬂT Wﬁﬁ%‘@‘é@?@“@i R RRTgREeyents N@r%‘faz%iﬁi’tﬁﬁ%% %Efe‘ao‘gfgmghe
heat enefayROBL&A dala odué?%a'fbr%tﬂﬁl'it%gé&ﬁé&% dotaeths AAH 1038, y@t er
return streamis assuned to be at a tenperature 200 C.) If the
condensanenowauftrwastasaaned that si¢am weslthatheat doowerfot rpeluatnreboidrgandt the

C enper attiragite sl be iiritet B H63eER 0B R5, 1bEThriydlor i aggroach in
(i.e., siig® cichbgedM Whiddinod 8amFHeas sdkpBil{ Rhay than those typical of thermal

desalination methods.
Table 1 provides examples, indicating for a given temperature and minimum

steam pressure of the outside thermal/heat energy source, concentration of the draw

solution and an ambient temperature of 20° C, the optimum number of distillation columns
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D;aw Sol ution Concentration (M Nunber of distillation colums OUR
Equi val ent Work (kWh/ nB8) Heat Duty (MJ/ nB) Elec. Duty (kWh/ nB) 40
1.07 1 1 6.3 .66 382.27 .22 40

for use in the separation of draw solution solutes and product solvent in accordance with

the present invention.

Temperature of Minimum Steam Draw Solution Number of
Outside Source of | Pressure (psia) Concentration (M) | distillation columns
Thermal Energy
(i.e., steam) (° C)
40 1.07 1
40 1.07 1.5 1
44 1.32 5 |
70 4.53 1 2
100 14.70 1 3
130 39.20 1 4
160 89.67 5 5
160 89.67 5
160 89.67 1.5 5
190 182.05 6
250 576.70 1 8
Table 1

Table 1 is meant to be exemplary and not limiting. For example, it is contemplated that at
low ambient temperature, two distillation columns may be used with an outside
thermal/heat energy source at a temperature of 50°C. It is further contemplated that draw
solution concentrations of up to 6.0 molar can be used with the present invention.
Furthermore, given a high enough temperature of the outside thermal/heat energy source
and a sufficiently high efficiency target, up to at least about 15 distillation columns may be
used in the practice of the present invention.

In modeling the energy requirements of the present invention, the inventors have
also considered the relationship between the temperature (also typically described as
"quality") of the heat supplied to the FO recovery/separation system and the quantity of
that energy required to separate draw solution solutes and product water from the draw
solution. The unit of this relationship is in terms of gained output ratio (GOR), or the
number of kilograms of water produced for each kilogram of steam condensed in the
reboiler. This is a frequently used measure of the efficiency of thermal desalination
systems, with higher numbers indicating higher efficiency. Figure 5 is a graphic
representation of this relationship. Approximate typical values for MSF and MED are a

GOR of between 8 and 15 at temperatures of 70 to 120° C. Table 2 provides the range of

16



1.07a1.5 1 4.4 .84 541.55 .24 44 1.32 .518.9 .73 269.13 .20 70 4.53

GOR values for a FO process using a single distillation column and the range of GOR
values for the present invention utilizing a plurality of distillation columns. It is readily
apparent that the present invention, with GOR values of between 14.2 and 29.7 for
temperatures between 70 to 250° C has improved efficiency of heat use as compared with
current desalination processes. The GOR is impacted by the temperature of the
condensate stream returned to the external heat source. The examples provided herein are
based on a condensate return stream at the same temperature as the steam provided as the
heat energy source (i.e., both energy source (steam) and the water return stream is
assumed to be at a temperature 200° C.) If the condensate return stream is returned at a

lower temperature than the steam, the GOR increases, particularly at higher temperatures.

Temperature of | Minimum Draw Solution Number of GOR

Outside Source Steam Pressure | Concentration distillation

of Thermal (psia) (M) columns

Energy (i.e.,

steam) (° C)

40 1.07 1 6.3

40 1.07 1.5 1 4.4

44 1.32 5 1 8.9

70 4.53 1 2 12.6

100 14.70 1 3 16

130 39.20 1 4 19.1

160 89.67 .5 5 26.5

160 89.67 5 20.2

160 89.67 1.5 5 14.8

190 182.05 6 20.3

250 576.70 1 8 18.2
Table 2

The temperature of heat used by the FO process affects not only the quantity
required, but also the value and therefore cost of the heat used. An effective method for
estimating the value of process heat in thermal desalination systems involves the
calculation of "equivalent work". Using this method, thermal energy is assigned an
electrical energy value, based on the capacity of that thermal energy to generate electricity
in a steam turbine. If it is assumed that the steam used to supply thermal energy to a
desalination process is extracted from a steam turbine, one may calculate the work that the

steam could have done to generate electricity. This work value may be used for
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12 12.56 1.50 185.38 .21 100 14.70 1 3 16 2.03 140.91 .20 130 39.20 1

theoretical comparison of thermal process efficiencies, as well as for real-world costing of

process steam supplied to a desalination process.

The following formula is used to calculate this equivalent work:

Wequiv =nga!ergr‘aducf_LHs{eamusedﬂs!eamconden.s‘erL_XE turbine X0.000277 kWhik] -+ W elec
GOR

The enthalpy of the steam at the point where it would normally enter the turbine condenser
is subtracted from the enthalpy of the steam at the point where it is extracted and directed
to the desalination process. This difference in enthalpy is multiplied by the efficiency of
the turbine (in this instance assumed to be 95%) to assign the heat an equivalent work
value, in kWh/kg steam. The amount of steam required to generate a cubic meter of water
is given by the thermal process's GOR at that steam temperature. The result is multiplied
by 1000 kg. of water to give a specific heat duty in terms of m® of water. The condenser
temperature is assumed to be 35° C, based on tabular data relating condenser temperature
to seawater cooling temperatures. Once the equivalent work value of the steam used by
the process is calculated, it is added to any process electrical requirements. This gives a

unified value for the total value of energy consumed.

The calculations of equivalent work, including the components of heat duty and
electrical energy, are summarized in Table 3. Figure 6 shows the equivalent work of the
FO desalination process based on a 1 M (dilute draw solution) column feed concentration,
relative to the quality of heat supplied. As the temperature of the heat used increases, its
work value offsets the increased efficiency made possible by the use of multiple
distillation columns. The net trend is increased equivalent work. Similarly to GOR,
equivalent work is also impacted by the temperature of the condensate stream returned to
the external heat source. The examples provided herein are based on a condensate return
stream at the same temperature as the steam provided as the heat energy source (i.e., both
energy source (steam) and the water return stream is assumed to be at a temperature 200°
C.) If the condensate return stream is returned at a lower temperature than the steam, the

equivalent work increases, particularly at higher temperatures.
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4 19.1 2.3% 113.53 .22 160 89.67 .5 5 26.5 2.14 78.62 .22 160'89. 67 1

5

Temperature | Minimum | Draw Number GOR | Equivalent | Heat Elec.
of Outside Steam Solution of Work Duty Duty
Source of Pressure | Concentration | distillation (kWh/m®) | (MI/m®) | (kWh/m®)
Thermal (psia) M) columns
Energy (i.e.,
steam) (° C)
40 1.07 1 1 6.3 .66 382.27 | .22
40 1.07 1.5 1 44 | .84 541.55 | .24
44 1.32 .5 1 89 |.73 269.13 | .20
70 4.53 1 2 12.6 | 1.50 185.38 | .21
100 14.70 1 3 16 2.03 14091 |.20
130 39.20 1 4 19.1 |2.36 113.53 | .22
160 89.67 5 5 26.5 |2.14 78.62 22
160 89.67 1 5 20.2 | 2.77 103.04 | .25
160 89.67 1.5 5 14.8 | 3.69 140.37 | .26
190 182.05 1 6 20.3 | 3.18 97.58 30
250 576.70 1 8 18.2 [3.93 94.29 .50
Table 3

There is a direct relationship between the concentration of dilute draw solution
entering the solute and product water recovery/separation system and the amount of
energy used by the FO desalination process. As discussed earlier, the concentration of
draw solution required is directly related to the FO membrane's performance ratio and is
therefore directly impacted by membrane design. Figure 7 shows the relationship
between dilute draw solution concentration and heat duty as GOR. Figure 8 shows the
relationship between dilute draw solution concentration and equivalent work. The values
shown are for both a Multistage Column Distillation System of the present invention
operating at 160° C and a single vacuum distillation column operating at between 40-44°

C (lowest vacuum column temperature varies with feed concentration).

The use of higher temperature heat sources in the present invention results in
significantly increased efficiency for FO relative to current technologies. This is due
primarily to the fact that in FO, energy is used to vaporize draw solution solutes, rather
than feedwater solvent, as is done in MSF and MED. An additional benefit found in the
use of FO process of the present invention is in the low electrical energy consumption of

the process. Current processes use between 1.6 - 3.02 kWh/ m’ electrical power, while, as
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20.2 2.77 103?04 .25 160 89.67 1.5 5 14.8 3.69 140.37 .26 190 185.05
16 20.3

shown in Table 2, FO processes utilizing the present invention requires electrical power of

only 0.24 kWh/m’.

While the invention has been particularly shown and described with respect to
preferred embodiments thereof, it will be understood by those skilled in the art that
changes in forms and details may be made therein without departing from the scope and
spirit of the invention. For example, the present invention is as applicable to Osmotic
Heat Engines (OHE) as it is to the FO desalination and water treatment processes

discussed herein.
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3.18 97.58 .30 250 576.70 1 8 18.2 3.93 94.29 .50 Table 3
There is a direct relationship between the concentration of dilute
draw solution entering the solute and product water
recovery/ separation system and the anmount of energy used by the FO
desal i nati on process. As discussed earlier, the concentration of draw
solution required is directly related to the FO menmbranes perfornance
ratio and is therefore directly inpacted by nenbrane design. Figure 7
shows t h&hatdp glaimedisi p bet ween dil ute draw sol uti on concentration and
heat duty as OQUR Figure 8 shows the relationship between dilute draw
sol ution concentration and equivalent wor k. The val ues shown are for
atloqﬁpé§ten1of the present invention

bot h I
ogtera?l % :[alt s%%gs sc?meﬁcr%f‘lg SE "St& | ati on col um operati ng

at between 4 4o‘§m%t&£1 en"lﬁ&ﬂ ‘t’éHPcI)ﬁ ﬁﬁgﬁ%ﬁﬁg Bfalﬂﬁema%h feed
concentrat tl% Peomp Sm Hae ﬁ A Va? [od ure heat sources in
t he presenut v en Fesury &1 gt |'\‘| Cant I y increased efficiency

for FOrelatiye.dt &sﬁﬂaﬁfoﬁ%hﬁﬁ?gﬁﬁ%ﬁ % This is due primarily to the

fact that in . energy IS use orize draw sol ution sol utes,

rather than feedwaj gfst #0¢\8 led #sthe SoteE 6 dilutMpfave@utMEor Mroducing a
addi ti onglk; ﬂ%ﬁ—ﬁ&{ b{]thfe AUOR: dr t181|§ &t PRl B?QI%SﬁerfdlgtﬁﬁanBﬁ 5

invention I's int I'ow el ectrical ener gy consunption o e pr otess.

Current processes yget Rek Wakdterlmbars cBuPéd kKW ﬁ’?ﬁ dﬂtﬁlﬁﬁfn‘l 6GhmBRYET .

whi l €,  agcon QN the FirdtehCirdns %é&ﬁ?ﬁﬁiﬁgﬁr Hlidle 2?115 CE d DErPERRENGS

I nventi g4 Hﬁérﬁ? afid & Bﬁﬂe(f% uﬁ@d’\ﬁf ini directing thermal
energy to the first distillation column to cause at least a portion of draw solution solutes in
the first distillation column to vaporize; and

a first outlet for removing the vaporized draw solution solutes from the first
distillation column; and

a second distillation column comprising:

a first inlet coupled to the source of dilute draw solution for introducing a
second portion of the dilute draw solution into a first end of the second distillation column,
wherein the first distillation column and the second distillation column are configured for
parallel operation;

a second heat transfer means coupled to the second distillation column at a
second end, said second heat transfer means having an inlet coupled to the first outlet of
the first distillation column for receiving at least a portion of the vaporized draw solution
solutes for use as a second source of thermal energy, a first outlet coupled to the second
distillation column for directing the second source of thermal energy to the second
distillation column to cause at least a portion of draw solution solutes in the second
distillation column to vaporize, and a second outlet coupled to the osmotically driven
membrane system for reintroducing the vaporized draw solution solutes from the first
distillation column condensed within the second heat transfer means to the osmotically
driven membrane system; and

a first outlet for removing the vaporized draw sclution solutes from the
second distillation column. :

2. The system of claim 1, wherein the first outlet of the second distillation column is
coupled to the osmotically driven membrane system for reintroducing the vaporized draw
solution solutes from the second distillation column to the osmotically driven membrane
system.
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Wil e the invention has been particularly shown and described with
respect to preferred enbodi nents thereof, it will be understood by
those skilled in the art that changes in forns and details nay be
made therein without departing fromthe scope and spirit of the

i nvention. For exarrpl e the present invention is as applicable to

Csrmot i ¢ feat Fpgl dheh Bod s R QOB R B PO HAE
tr eat e, Rragead %@r Sty gﬁ" aaisp;lgﬁénﬁggﬁuﬂés EPEiel g

osnotic sol ute an osm)tlcally
driven nmenbrane syst em corrprl sing a source of dilute draw solution
conprising thermally renovable solutes; a first distillation colum
conpri sifg:  The system of cl@nd 1,/fafthdrtb n%gp' ed to the source of dilute
draw sol ution for introducing a first portion of the dilute draw

sol ution int qutdeabi 4 irdatigtilBiioh Belubin' inpitisiigt | | ati on col um;

a first heat transfer nmeans coupled to the first disti IIation col um
at a second end, téBrstimatcohglad td thassiree ofidifuts dieawsdigti@nfor nteiducing a
coupl ed thizd poftionsif dfloterdreweblutibeinrela fenengwr ardhizd dzutlhedn @duphed to
the firsyhdikintthd it dailkaby BBuhRIis doiBSédBr bhlSRIpeRRiRh Wit Be A and
first digtddd 8idiRFosebiihst 0 cause at least a portion of draw
solution solutes in the first distillation colum to vaporize; and

a first outlet forahad@hehtteanshe MeARPENHEM 6 Hiayhialdiktiliafions 8bluinBSt AT om
the firsfecstdsdnd! sd R 1rat Hﬁﬂ'ﬁfer‘?ﬂ&ngh%ﬁ Qﬁinﬂét%’u led@td B 1R JHiBt of the
compri Sigadond distillation cqu fok E’&%lvll ﬁtle PH %n 6P 18 CEaRsoflkiblt
draw sol ii dtgsnff htthQ$h MhffaiflpaW

sol uti on 8#‘2 ds &8 g&h f) g‘%g ]?%%IV%

the fire yv%ﬁafrrﬁ Lytish Skt H“’i 8‘?1801 P’f 1’15?% laﬁ”fi P
confi gur‘g ghﬁf%ﬁf 0 e l.on column to cause IHEQ? fﬁ"gf er
nmeans cogpitiog sppitesHa t%fe%ﬁah%lﬂlém rhambss t%‘&peﬁﬁe ép a seedrapt hfampké

second Hedle esmpiically drfgemmemhiang gysemiten isintoduging therporieeds drawtsolutlon
out | et oolutéselrdrntleg segped distiBaticorcobwhm pendensedvation tathird hedtdmosfenmeans
por ti on tofthd demotzpldy idech dembranolsydterapargiol ut es for use as a second
source of thermal energy, a first outlet coupled to the second
distillation col urenfifsbputét fergeineyingiike gaawuﬁ@f drgwrsobutioh sohwesiadm éheer gy
to the dbodddtitlatsan ¢dlamnon col uim to cause at |east a portion of draw
solution solutes in the second distillation colum to vaporize, and a
second outlet coupled to the osnotically driven nenbrane system for
rei ntroduci ng_t he vaporl zed draw solution solutes fromthe first .
st 11 %1 on B SRR FREFSS SARFEIR e RSO IEE BhoREE DEHbATemo LIS
to the coupled é{athey)SmOFlO@b/ drivvesraerabrape sxskgm fydeintroducing the vaporized glpaw
out | et fsotutiogrsolritgsgrarh he/thpd distiddticlr erugo teithieawmotibaltyedrivienoneriprane
second diysteml. | ati on col um. 2. The system of claim 1, wherein the
first outlet of the second distillation colum is coupled to the
osnotically driven nenbrane system for reintroducing the vaporized
draw solution solutes fromthe second distillation colum to the
osmot i cefl-| y drasyptermetfisiaimel syhereimthe osgotivally dysananembrage systgmp is a

wher ei n foreardiosmpsis desabinatiesl ies.f urt her conprise second outlets for
removi ng solvent fromthe distillation colums.

7. The system of claim 1, wherein the dilute draw solution comprises an aqueous

solution of ammonium salts formed from a mixture of ammeonia and carbon dioxide.

8. The system of claim 1, wherein the first source of thermal energy is steam.
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4. The systemof claim1l, further conprising: at least a third

di stillation colum conprising: a first inlet coupled to
the source of dilute draw solution for introducing a third portion of
dilute aw ut. i o a fi.rst. end..of the third.distillation

col um. e e B ALl o BCHRL R/l bl o

par al | el2°8p 'ét"i‘ # Wi he first and second distillation col ums;

a third heat transfer nmeans coupled to the third distillation colum

at a second end, said third heat transfer means having an inl et

coupled 0 thg pfdif i ofQULdvelingli %l&%&%t@é@&%‘ah%%&%ﬂﬁgﬁ) iRt OF

receivi q,gelﬁgmbﬁlgfséen% tHQBltekh%p Ct% az; raw so I"on sol utes

;
for use as a source o rrgjlg\{gérigé{fa%’)z/ for use with the third

distillati 0 f8lidiHE t@ﬁ%e{fml ¥ drl s6RMBh r&@le%%oﬁggll@qitrﬂfieﬁgjéén{ltﬁ%ﬁréén
distill aSS' |5t8n’co I't;Jel}m&l[ec()i @%usé&ra?ﬁ'ﬁgéggmg %gr?%rg]%h%? é}%‘g&%grsg)\;\llhs%l ution

solutes in thﬁtré&ﬂéir%eéjgis%&ﬂtiﬁhio??mﬁ?ﬂl@&rawts%%dﬁ%ﬂ% b 4fst d1 gﬁoﬁ esapd;

outlet coupled to t snobt i cal I'ven nenbrane system

rei ntroduci Ngnirb@uchAPiArgafRrR] 850nd pbiioh T t1fditi&8ralv GMitidAGo 286

di still afiiantsRkscondensed within the third heat transfer neans to
the osnotically dri vén menbrane system and a first
outlet for reaRyditehd DeovyePthaahl Ray &P Bk aansTe MbSS of iRimdhe
third digétiatish cOnk® um. 5. The systemof claim4, wherein the
first outlet of the third distillation colum is coupled to the

osmotical |y drdpyefingeNRaaARG oSt GMbrkw soluBbA k619N SUNEr the BrY pBRIohZEthe

draw sol gifukdraQottids if RN @sd it cgfusid;| | ation colum to the
osnotically driven nenbrane system 6. The system of claiml,

wher ei n the afiretihea kst dbbMin JTERDVPOEzEY &G Bohfiod sbRitedad d hesi Bk fer

desal i NahéAR of URts@POnd dstilitfien SyRibM Of claim 1, wherein the dilute
draw sol ution conprises an aqueous sol ution of ammonium salts forned

from a m xt urepefiziagepeha agioeiaos oy dbexba eolutes dlicofIns texh@botioaion

1, wher gh@dilite didw SSluSSHINARe ScohfalsHBAL RN @Yni hdgsteam 9. The
systemof claiml1l, wherein the dilute draw solution has a

concentrat i onreefcliapaticad apondrast e vgF@ee draw sdutich seRitBoflomfthe first
r ecover iJigilffian cs@hitt dodberzed Wl ®8 hbfitarinefer AeaR 6fQRE setofld HMENawRIR@NRE

system b e SRRAJHRAIE @R MbMBrahbSysbgPS Of : ~ providing a source
of dilute draw sol ution fromthe osnotically driven nmenbrane system

wherein the dilute draw solution conprises thermally renovable
solutes; introducing a first portion of the dilute draw solution to a
first dildti | |'Bte methedbfichaim 10, furtheérdorrgaiisitigntie stop pfuealdlidly a lceicopsttion
por ti on oFfthd epotiizédidawHoam ohGblitéstforh thePse8@EDAISL1tHtDh icbluatn nheol um;

i nt r oducdshdtidalHOMiveR émbARe BRtengner gy to a heat transfer means of

the first distillation columm; vaporizing at |east a portion of
draw solution solutes out of the first portion of the dilute draw
solution in the first distillation colum, directing at least a

portion 1@ tHehewagbod afcank &0y feshertdonprsoigithestepsofa heat transfer

means of the second distillation colum,
introducing in parallel a third portion of the dilute draw solution to a third

distillation column;

directing at least a portion of the vaporized draw solution solutes from the second
distillation column to a heat transfer means of the third distillation column;

vaporizing at least a portion of draw solution solutes out of the third portion of the
dilute draw solution in the third distillation column; and

recycling at least a portion of the vaporized draw solution solutes from the second
distillation column condensed in the heat transfer means of the third distillation column to
the osmotically driven membrane system.
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vaporizing at |east a portion of draw solution solutes out of the
second portion of the dilute draw solution in the second distillation
col um; and recycling at |least a portion of the vaporized draw
solution solutes fromthe first distillation colum condensed in the
heat transfer neans of the second distillation colunn to t he

OSMDL | CalI ly dfﬂevlﬁgthpﬁ gpél?inf 1§ yv?llie?g] i t % rggﬁ a Qour gfl t‘rpe 1
furth 84 h
e ot e S R s e
to the osnDticaIIy drlven menbrane system 12. The nmethod of claim
10, further conprising the steps of: introducing in paraIIeI a

third pogti onrf midiSa dF Se 1 5Nkl dtof 1 E@ [»:f"&lli sétirsd 61}
col umm; ener yco gglln g%&rlséﬁgﬁét H}r 'tl(ﬂ'@o? 28 E‘dl%{? %\f) °C.
sol uti on Sd ute rom dicstiTa aticon cotumn

transfer neans of the third distillation col um; vapor|2|ng at

| east a portion of draw solution solutes out of the third portion of
the dilutse dreny Hethyd bPetaind 1 Rendr&ih gl Absb prodidi &ﬁkwﬂfdlﬁwﬂdraw
recycl i ngnffon!c8aDtisé Q{IIEH (ﬁfuté B&w, S%Rg{o‘nzfﬁ%n%raaéﬁﬁ &L thkibR Bf §l53
fron1th$n@ﬁpgﬂﬁ t|IIat| n colum condensed in t eat tran
nmeans o dlstlllatlon colum to the osnotically drlven
menbrane system 13. The method of claim 10, wherein the step of

i ntroducing a source of thermal energy conprises introducing heat at

a tenper@t ur eTfmalegbf S8inC10br UF, FaRdr combfisinglie B} SO irE BivEnd 3,

wher ei N i a6l 0Bk of He'@HHGHHY cqusRNr ce of thermal” energy conprises
i ntroduci ng heat at a tenperature of fromabout 90 C to about 250 C

15. The method of claim 10, wherein the step of providing a source of
dilute draw solution conprises providing a dilute draw sol ution
havi ng a concentration of about 0.5 nolar or greater. 16. The nethod
of claim 10 or 12, further conprising the step of renoving sol vent
fromat |east one of the distillation colums.
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