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WD 2008/ 060435 PCT/ US2007/ 023541 OSMOTI C HEAT ENG NE
CROSS REFERENCE TO RELATED APPLI CATIONS 5 Thi s

wa@ppBioersi on claims the benefit of U S. Provi sPOIEE2007/023541

Application No. 60/858, 245, filed Novenber 9, 2006,
the subject matter of which is herein incorporated by
reference in its enOQSMOYIC HEADENGINHE | NVENTI ON 10
The present invention relates to an osnotic heat

engi ne for converting thermal energy into nmechani cal
wor k that CROSS RERNRENEE MOAREEATHINARREICATIONS e t
osnotic pressure into electrical power. BACKGROUND OF

THE | NENIDpGRatibR  tRECaRE theftfmbal domap@yvisihale Eélation No.
al ogg wth widenin Q{%m ati on of carbon dioxi
3 ak

PrEled Npyembsg dlthe sukiecs gratterpf w@ﬁé\mb‘fr@némmpated by
&@&g&gs;n fRoghiirdgproved efficiencies in fuel use.
However, an |an¥ort ant restriction regarding the
adoption of new fuels and energy technologies is the

cost of power pr Od%EED%FgﬁfE;ﬁVﬁﬁﬁoglvw l e

subsi di es and ot he support nay

assi sThd presdnt invaentiondigtatdsan anf ostiotis éleﬂ(bngmndimbcbrwemng thermal

eneryg SQUr.Ces ! tFSSf ul adi 6 ace nt o ; g onal .

FRFESYS IR BF l}‘i‘&?g]s‘é‘f% ¢ B8 2 arTUREMEY'T BFR 38?1 &‘i}‘ B Bsmotic

prRSdute infdreb&itabpowet.ar ded osnosi s (PRO), or "salinity

power" as it is often referred to, is a

menbr ane- based osnoti c pressure energy conversion

process. PRO ut BNC@?@ROUWO@‘TI‘IE‘EVV%@H&O‘I\OSS a

sem eE}er neabl e MeEnDbrane to generate electricity. PRO

proc §@§seérgéolzal demaslefor reaere xaiony with widenamg glatien apcarbon

5

é@?%gaer%fi%h&ngt ﬁ%@tbxpéﬁd d 11'13 %'eﬁ';ig ljglgewaﬁle &é’ %/2570&30%5 and improved

gficienciekin fu¢laiss ubpeeter, rmtlmeortmt restchomfegardingche adetlon of new

ﬁte[s anrcl:l n%?ort%q{n% oegesbl i ef&rs ngel:rn r. %usce nt | ileesteyme While
gy eaolseles 4f sl erst 8f P g g Bro

tmidie@lang)oﬂﬁaadbﬁﬁsdobmxﬁbme Buppdle|rh2@3asaist Bathenetrmalt;&cm of these

bodi such as the ocean,. Dead Sea.or.t G eat
Rl ey Dty SUEE ISP S Gh A pRIUgls @ust Recessarily be
grivalignbtaenegl comkiere freshwater froma river freely
mxes WwWth seawater. The PRO process utilizes this

chem cal energy and converts it into electricity. In

the ppleQiiredtiardeROSRERC@RES Sor “Satnit V\%ﬁow Q5§ itliSoften referred to, is a
pressuri zed and pl aced opposite 2008/ 060435

PEMbEBe-base OFBEIFIPressAretcner ey CYRIANETO0REs: &R%emld@s ognotic flow
§c§5@s a%%ﬁ%@%e@blmb%g to Eéh%ra?é&?&h&typr BRS lf)?(?t:e:sses are discussed

for exémple in U.S. Patent No. 3,906,250 to Loeb, U.S. Patent No. 3,587,227 to
Weingarten et al., and U.S. Patent No. 3,978,344 to Jellinek, the subject matter of each of

which is herein incorporated by reference in its entirety.

At first, locations considered suitable for using PRO technology focused on river
deltas at saline water bodies such as the ocean, Dead Sea or the Great Salt Lake. At these
locations, an osmotic pressure gradient exists where freshwater from a river freely mixes
with seawater. The PRO process utilizes this chemical energy and converts it into

electricity. In the prior art PRO processes, saline water is pressurized and placed opposite
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di fference between the seawater and the freshwater
(which is greater than the hydraulic pressure induced

wo@nroosloev43®awat er) causes osnotic flux to occurPEDUSEE7/023541

the menbranes. As flux occurs into the pressurized
seawater, the pressure is relieved by expansion
ohtlmugbshwates Weyatr @rass i n@ni(wmcﬁbhemembmns) Vel otmotic pressure

gf@reeggtg et%t g Iagw ¥e|¥ 8“5 It:ﬁo P%ﬂgvcvgtgrs gwshsi’qg{/is e t}gI %ydraulic
ppssuft indutad oﬁit‘hé sd@ﬂit@)’lcdusds’lotxabmcoﬂlsc to IBicanacross théimembedes. As
or extensiyve pretreatnent of feed and w stiea

s TG (g BB M ST B P U S P R BE Ty o
RyBRMEincf(Bdthétenedhs) whitheRGRsSelb@idifyanes and
conponents. Another difficulty arises fromthe | ow
differential osmotic pressures found between many
nat urilo fp&dMebeter ddial, 4% Kid¥h & r#eﬂ%«)?})”oﬂ@?,t h&ve several
pressure difference is Hot extraordinaril hi g
qpﬂra;s)saltahé dwgn lireitatiahs rFltsodyha @ehﬁp@mamvmwetwmt affeed and

the oy the ) e, te
b SeRtmornid e o) SRR, R BBseni & bieJRl e of

b@csommmemlcbmpmtnhence will yield linmted power
for even a well designed PRO process. Sea water, for
exanpl e, has an osnotic pressure of approximately 2.53

MPa  ( RfotRdr MAiffidiity CdYiseP Efon Qhe bW ONMtE@Atidl NEnldtig Npressures found
hydraul i c pressures that_are desirable for, efficient

psiesn prvuRRbised Watersas Bt i diecavailapifepsmabin pesseyra diffsrence is

Bt RBIRARAARy BRAINIRS B sal?l} Wi GHBhy tEp&aWIine, sfﬁEl?z?‘sSt‘l’lE $Rad Sea
may be used; but the process efficiency wi 11 suf

gi thai <ﬁne@ta$ﬁll liakef r Undortnnaseinathe cohenetriar Bew o water mto these water
?A &' Zs%bxgght (shg’ﬁ)ana\% cjé Wi 'i:l g l#rrgteh %E)W%xuﬂp Wl a wﬁ!]ll dsemgned

ructure. o rane € process.
BR@rmnmsm nSes wpar,tﬁor: enkamrpley has< ag estbatieprefsyret dfeapproximately 2.53

MIE FRa PO hBP b raCHRY o LSRRI Bt e ol 7 gBirabt for

eﬂﬁﬁeﬁmdw’:ﬁr Pebdattioda s .castd whefel Higher corsnteltioA lsiredsi e tdiBidered,

a ower facilities at the_i.nterface .
Reban bl s Ba ied, Bt fhgrprogess igency oyl e significanty
fOMI iheAEhSdntrafiBPFJIANEGon GULWIREh 8&UMaA HRSuppofedttudilft of the
and bays. 30 However, the primary obstacle to a viable

PR(Dbr‘s‘ﬂ@d’é%fqréh%)tﬁfﬂceﬁﬁenﬂ?‘&rﬁbenoﬁléﬁ?fbfslﬁ%‘éﬂarbr eippasbaied by the
M s°e'a' féérP \@/e} @ﬁlamPEéoreHelY&if Orf; EﬂéaFncJéE&‘Hﬁ%JaFauLé Wessures

per orna too poor to make power generat’ion a
enadlsd by opiré camcentatedfstreamsr at es 2 WO 2008/ 060435
PCT/ US2007/ 023541 require the use of nore nmenbrane
area to achi eve enough volunetric flow to generate
A final consideration is the need to place power facilities at the interface between

natural streams, often areas of considerable environmental importance, such as estuaries,

wetland and bays.

However, the primary obstacle to a viable PRO process is poor membrane
performance.  Previous investigations into PRO have found that membrane flux

performance was too poor to make power generation a viable option. Low flux rates
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power and are due to a phenonenon call ed concentration
pol ari zation. Flux occurs fromthe dilute "feed"

w@oiosnew@ss (freshwater) into the concentrated BCT/USEN/023541

solution (seawater). As this happens, solutes build up
al ong the surface of the nenbrane along the feed
@iqnhee theruse loé rrpnecr meebeng iatke tofachibes ¢ronph svlemeigiol loanto generate
Ut x?c? arte@ue toa l%n\{eﬁ% aﬂleH 8ncen 39{5? pgﬁrlzatlt Hb fane
hce e SO e concen ifons t he
rrenbrane surface dictate the true osnotic pressure

di fference acr.oss t he concentrati
pol aelfrlE’étOF%H’is &l‘?g‘n H\"re‘ﬁk\“ermngt"? eolpHp; &ﬁei%a“irb ‘%ﬂé@? éoncentrated
dr@fr SIS (seaiter)l O AS QNS 'hhﬁﬁén@fsohﬂ;@ bGP Hdrat the @urface of the
pol ari zati on phenonena can be mtigated by crossfl

meabene alopg thaifeadisidel S the aermeste side ﬁﬁwaﬁ@@wma@évee%futes the
@Q‘l’\%@ doliffest bk e SRerrat 3 Bice. b@%g FheY sd18% Lofcentrations at the
Un ortunately, menbranes currently in use are
msyhrane purfice ﬁlctﬁertb@ trug esmatiq prasaisediffenemanisa thegnengpbrane, these
[ rat i.ng: r e
bl huBEE LBl BiRforkdnd Fnd 88 A GCBEE MR g, The
a:vpdnyomfsths uppcantraticany polandatioh pperovicde sanmbe haitigated by crossflow,
ren rane, These nenbranes e been
8 %‘F‘Qgté'g’“ﬁe& tﬂﬁ?”e%‘?ﬁ ﬁe HEMPERC RIS a0 reiﬁ‘i"s c‘E% i‘@%‘f““'%su%‘hese
Bsundgry@dyes. osnosis (RO . In reverse osnosis, these
support |layers do not inhibit flow since water is
literally being forced through the nmenbrane by
hydr ayhfofurdl Priee s chiert)an A58 ab@mdetrit T OSIBAIE.CIn these
flow, the osnbtic pressure driving force is
BmAtNess A dn @fmasatloz/ ayer (Hhe layer whighr¢jeass thagalt, alstigelled the “active
f b
5rg)gir§l n@)%ptrg% ?)é aq;\r(])ﬁ)glg ?m:?%rct l%iel?’ bv%ﬂ:h &\ﬁ‘&or nags rr}necfi‘eﬂx aPEt}e%Eth to the
memmbsihe.at hese nmEmgrane:ls haesb@m ﬂemynd fompmsmrc atrivem membrane

Ero Al scg ev% oss(i%f) In rever; i Pﬁ bqIt layers do not
UppoTt S AYRFeVERe PHRY s.‘aé"' eé%f’*‘f“éod‘sv et BT Tavers dono
mﬁnﬁ:teﬂcbw africe nwat¢rOis arterm}t being folcéPrhrolighi thel rﬁgmwraﬂhm‘pﬁmy&aulic
the os pres a at er extent t
BB Dl 6P P20 S BIF Al A b B oA ey e force is
s@wﬁnsmem(ﬁ@%} thelhini detizalah &N T pofJuk Ruppakti19r playd £RighFicant,
critical for viable performance of pressure retarde

#dfien dindsring, role ipnsmaic firsperdrmpncene able to rej ect

salt to a high degree, however and be highly 30

perneabl e to water. For PRO applications, the draw

sol utAvilusiiaed fmbie. d. ki ggnifirenpeaneeriration npplerlzaﬁlon daygercan form

ORRCTR 346yt SRR 8 B CyRon Byl g concnsion
PaAiAa8@00(IC D) B6stbyerpmeaguthe ogmetih @esssredo @ mgeh lgegater extent than
E8Rbntration Polafizatdh RS RSP W k3TNt SECBAY ViR Rin or
elimination of ICP is critical for viable performance of pressure retarded osmosis. The
membrane must still be able to reject salt to a high degree, however and be highly

permeable to water.

For PRO applications, the draw solution must have a high osmotic pressure in

order to generate reasonable amounts of power. In river delta PRO, however, the osmotic



10

15

20

25

30

menbrane area to generate |arge volunetric flows. This
problem coupled with ICP and fouling phenonena, make

W bh@sawess abl e osnotic pressure even snall er. EXTE82007/023541

i ssues associated with the draw sol ute include

conpatibility with the system conponents and the 5

pesdoreapadies aamiraiherrmyallbeSmalﬂer (m'rrmac tpoessnee @kadmtst &qarﬁd more
ont a

f bi
BomBERE Ah 1 Rt R0 0ud BIEH Tl piEY  EE) Bl sl 1op ane
foutihgl phargymeh ematerthe aava;labﬂ%l wﬁﬁotIiEi)rbﬁuER@eﬁl smrallen n S)tlhdﬂ issues

an open-| onfi qur.a i.s.means that the
o vl O o oM intune Samectisdied PBans & iemes dGwaBgms and the
AleinBFant. N 8e AR RAHCRSSorioSive WTRAL arts\MABboth REhNERVBIEicawater
and river water are brought into the PRO system they
Ay POIB@n biolagiqabeprapegentg|ihay sapechiefquling tp sxsiesheompageythgncluding
9‘3%’ del mfornul ation, respectively. In addition to

ng to the overall cost of the project, any
chem cal s that are added to these waters nust either

befl sea or be r u .physi |

o CrRRPSER PRl Ao i B oo BPer o8 ESTiebaliP RO hiB féins iRd: he feed
Erhﬂﬂf t dalwssoutidngars rdddreed t:o@lib et ﬁfwﬂ{eSPR@iﬂrob@v Efcomplete. When
Nt or eseen enV| ronnent a Di ver SI on o iyver

aﬁtsséwmfngv%r Walghars broughs %ﬁ%ﬁ?& SYStePathey Grist be fiftered and

dRinfealo fn‘eVéHt fouliak bd BIERINP BYmulhiiats respéttiO1g€n 4dition to adding
create a viable pressure-retarded osnDsi s process,

t he
tpsthe gyeralbepst phibe ﬁrowma@y pim%@%t{hétrpge addsd 60 hgrreewaters must either
bORGHE ut B éb%%r'b‘évi’e svrga%aﬁ,%ﬂ gh%?c%f f GhehBQY Giled SanDIS osal of
osnoti c agent, have been propo hi s appr oach does
Aisinfestipn chenhigals end disinfecsipn sbapnomc@sy canghaydi L@rfnrssebrutenwronmental
a 0] . . .
ir%b}l‘t.ﬁ W{% cgeﬁg'Flg %tgxtjrfi%'nﬁgo l%% {:(n%lt‘grﬁ]rgglftéld ﬁlglp?c?] 89dellcate river
ddnwveslsgon of environnental |y benign | ow t enperature
heat sources to electrical power. In several
processes, the draw solution is a solution of an ionic
sal t, THB, ﬁﬂ@ﬂderaﬁ) sostt Wnviehit rdsslee-redfidelesmidsBestodeds, the use of
exanp le in U.S, tenENo 3,906, 250 to Loeb. = Heat
ﬁlﬁiﬂdu B TRQ PStEEWhISh P ileh et [o BmpraN bigt 1o recycle an
§§llldﬁc'a%5htblyav¥ @Qé?ﬁbréltbcﬁgd aTpe ﬁﬁﬁr&ﬁh d@és IHE %aﬁ’ﬁhf‘er od ﬁHtLQal salinity
st eam “whi ch be condensed formt
giaflignts butingieadaxplyresitha isg of oprnetic msg@;r@g& @gledwvbfov thetpreduction
a A I
%f\ggr‘f(blér{ag{u?ggtgg g#:ﬁlte}s}oﬁl ogsgfmni ﬁwﬁt?d E&n%lﬂ%w tgﬁpe‘}gﬁwh‘éﬁ sources
oeel@htlscsabbemro dn s@@ral\pplcem ybedirw |sclutlcnrylsfaa&owoby>f o @se salt,

suc Pls?deig l:ll n t s SOCFI %dva or ?)?ac r%e 61r § Pe!}erg ®00?§68,250 to Loeb.
Hancapplzalttbohe OHR wded &aﬁﬁc@ftrateaheﬂﬂawaﬁoluylop ibe @airizalgl aeportion

af) @Ff%rtlgtgg%%alwgl wou (} %%rlf bg %Qr?c}érr}?etd I}or(r:natrl]le F%lelomzed working

fluid. Other processes involve the removal of a volatile organic solute, or the chemical

precipitation of solutes followed by their re-dissolution.

A primary difficulty faced by these OHEs is poor thermal efficiency due to high
heat input requirements for water and organic solute vaporization. In the case of

chemically precipitable solutes, chemical feed stock consumption can pose difficulties to



10

15

20

25

30

WD 2008/ 060435 PCT/ US2007/ 023541 econom c operation.
An additional challenge is the difficulty of obtaining

w@olosner43separ ati on conpl et e enough to avoid PCT/US2007/023541

concentration polarization (CP) effects in the feed

water. This is not a probl em when water is vaporized

enotiomis- cpanations e dinagddiiienal |chaliengads Khanglifficultyd of tabtaining solute
fi

iPdfabPale bl & PG B AT RAf AR r] SHRUER! e fco

wawp| ghal ig. noThi proplemnivbent watan isadapiotizenad, rere@adaised andistilled

FRGing U 9T Porec NN oAt bGP o g ATOREE Bigesolutes

whRRLR diffight RYBMbiconpidgur es and be highly renovabl e
for reuse. Near conplete renmovability is very 10

i nportant, because internal concentrati on pol ari zati on

ef f ecfyis #)(ﬂntg ReanRbHoRs] xfebééhxqmgfcﬁﬁfin éﬁ'o%bt@d&)ly Gﬂ%n membrane
drastica reduce menbrane

pr@e@semsﬁmdlﬁﬁqu}atof ddrghifying ausolut wbleh @adrbmh @@Iat@t legh osmotic

i ) AT, Ot Sl g v

fngportedtf bethuseantcamb cdmcantmhen polanzdmen rEbds anexesytskmg]ﬂuud (feed

Eiicnf e B e ER e Rt Sl Mot Tfss BTBER opgOff heat engine

Wogl luye $dlawtsoRiteth@amak chefollawing feaflis: {1ntighlyi soluble; (2) completely

descrlbe here| Qver coneg s f th

regroxaple ( ‘glﬁ é‘ﬂgip)b?qr B&G%WF RS ’;5?'6{0%& %ﬁ maﬁ‘ﬁ‘%ra“e system,

aldt @) Rahikes @esgﬁé’d't‘ For@bluRAVRE VAP tHaOMEreQired fdtale WhPBrization of water

osnotic pressure to generate electrical power from

ehighle solwltle pigapigseldies-heat . Wil e several prior 20

I nvestigations of the use of osnotic phenonena to

produce power have been conducted, such as those used

t o c oTiwe'nt/enTiem Hémiibe;d poeive attenfptoim dvaeome xbmg ofHthe mated ipadblems
prlgr %rg % plf'oggslr%%adn %{er?%lvg gnéangnso rfe pé)?\ytrer{) Vedé{clct) g \#8% usgl osmotic

pmssuwto @amata elwtrncztl po@egiiorh heurcs of dnvsgrade béat hmule 's@kral prior

ENTION.It is an o
B‘W%%‘éﬁt"“? n‘?xf/ ‘158r‘? DY PIERACHA DR 1B 8 ? p‘?’(‘éeétha‘é%‘éﬁeﬂ gonducted,

fuRtas tHobCused @Scahivbru tQlifiBEFIWey” H6h AR ABGhg dFah@iFal 8dind and fresh
working fluid and a nenbrane that is confjgured such

YAtst Strfﬁméf rekatively fevs studics haye foevsse iondbs Bys fgB@otigphenomena to

loBEkerp o@v@neth%%gmﬂefcoﬁ\ie%n &fhepat er across the nmenbrane.
O It is another object of the present invention to

provi de an osnotic heat engine having a draw solute

that is fully confaiPARYWE PHE INVENTRIR COnponents. 5

It is an object of the present invention to provide an osmotic heat engine that

includes dilute (nearly deionized) water as a working fluid and a membrane that is
configured such that internal concentration polarization does not hinder the osmotic flow

of water across the membrane.

It is another object of the present invention to provide an osmotic heat engine

having a draw solute that is fully compatible with all system components.
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WD 2008/ 060435 PCT/ US2007/023541 1t is still another
obj ect of the present invention to provide an osnotic

whe@s/0engi ne that uses a draw solute that is PCDOB3007/023541

sol ubl e and conpletely renovable. It is still another

obj ect of the present invention to provide an osnotic
heat lemgtiHanotberabidchgf the dresant suknticn to petvidsrap\osuietic heat engine
(%64 &E?&drﬁ%@ghte%hﬁﬁseﬁgmg @ol%l?gﬁae&tmd)létél% bty kGhie aNOL her

obj ect of the presen nvention to provide an osnotic
heat engine that mtigates the environnental inpacts

il R UTI  T

hdvag ddrhWis@18 that pRVIIRS 8P b Garf M oBio brésire dradieme

enbodi nent, the present invention relates to a nethod
~of generating power using an anmoni a-car bon di oxi de
OSNDU & ﬁa@ Ghot R D36t ofG ket Merdthon t§$)§ﬁ§ie(&f1:osr%§ti@ﬂeat engine
pressurizing a concentrated draw solution to a
hpomitightet thg erygrpnmentabiypacts eHHhaPROPressssot i ¢ pressure on

afir ' e e r ;

intr o1$ uEzhl%n‘ggh%élﬁlf((fiqzileust§ @%‘ﬁ%ﬁéﬁ&gé&l Shrzed %819 Egldnlaoq’ F%(I)d) rocess
that @ilizeggesyciablesdrabe sadfite. t he semi - per neabl e nmenbr ane;

20 c) causing a portion of the dilute working fluid to
flow through the sem - perneabl e nenbrane into the

Pr es skifoné eghbediments tle prdserit ifv@ntidre@tates 3o Wadetod off lgenerdtiigpower
expands the vo| une of the draw sql ution; 25 dg

hsiee RN W?f}lwrmnn@ﬁ@d%%ama BEPL GO RirSOTBRT IS Heh e peRy Of
solution through a turbine to produce power; and e)
processi ng the expanded vol une of the draw sol ution

t hrowJh a Pagssurizingag iconsenteaied, figwatolgios fptag Bydsaulic pressure lower
t enmper at ur, t . .

30 T he. dr B P o R o b R b e e
solution and working fluid streams for reuse in the

syst BRI EF, DESCRI.PTI ON OF .THE W. . o
25081 Do0a 38 s TESAYNY (5 SHiEy Wi s o Wopposice side of
under st andhexgmipernteable meabtdnen, reference is nmade6 to

the following description taken in connection with

t he acconpanying figures, in which: Fig. 1 depicts the
PRO pg)ocesausing & pertidhasans ailet workiag Thikd &OfTBMIhiodgh the semi-

pol ari zati on . ) .
permeable membrane into the pressurized draw solution to create a water

flux that expands the volume of the draw solution;

d) inducing flow of the expanded volume of the draw solution through a

turbine to produce power; and

€) processing the expanded volume of the draw solution through a distillation
column at a suitable temperature and pressure to separate the solutes from
the draw solution, thereby producing new draw solution and working fluid

streams for reuse in the system.

BRIEF DESCRIPTION OF THE DRAWINGS
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5 on the feed side of the nenbrane an externa
concentration polarization on the draw solution side

wotoosler4aenbrane. Fig. 2 depicts an osnptic heBCT/BROTIE23541

systemin accordance with the present invention. Fig.

3 depicts flux data and denonstrates the relationship

bet vvelém anhuller urfderstanding of lli}: aventiogofeferénse i madedntorthe fadlowing
b ts th m

geslgrqlat{on t?rI(%P al{r &)\?gecttlgn g/ltg cl)n%:pa% ing %ﬁonr%s n %glrc}ég g\lil\fres

in the osnotic heat englne of the invention. Fig. 5

depi ct.s 0s heat en ine efficienc S a, o
perc ﬁalzq%epbcfts {‘Tigﬁ’:ﬁ‘g} Prafgt H‘é © BICPIREY %’ﬁ‘&ﬁ?ma¥%?"é'%‘i5\?‘§‘ pjarization
bR ehd ekl RIRNGTEhS ShenRfRdhet HEelIdtHLIhbdntraiich PSIBAati6n on the draw
pressures of the 15 draw solution. DETAILED

|sste| obheembpnepREFERRED EMBODI MENTS The pr esent
| nvengib o JeBlcal &5 oBRORT Alak ¥nkifle 3y A& NRGhcird e Qﬁnﬁ'nt {hrégpresent
power Using an anmmoni a-carbon di oxi de osnotic
eNeition. conpri sing the steps of: 20 a) pressur|2|ng a
conc I [
over! by i HEYoRg o] bt AR08 BEGREH Wi gux and
&awmomﬁomeabMEmnemﬁnanﬂnmnMMMxe|n t he concentrat ed

dr aw npri ses anmoni arbon i 0

25" ) P 6B RGBT BV TG FIOE Befdale SR osmoi
Piekasds iieths osifotitf hebt g e OF the peieniamb| € menbrane, wherein
the dilute working fluid conprises nearly deiaqnized

wat erFigapdepjctsth agﬁmﬁjwéleﬁ&flg%# Igiengys amexca@tégwfﬁem@engme
Efr 'f.'ieFIC)I Reldtlve b thB uatkehc Baws&ithe hRPAuTE ald ST BIRARes of the
into tthe pressurized draw soluti'on to create a water
fllagsotubigr. expand the vol ume of the draw solution; 7 WO
2008/ 060435 PCT/ US2007/ 023541 d) inducing flow of t he
expanded vol une of the draw solution through a

t ur biDIETALLED WEMN,OEWH[@@FERBW EMBOIMENTS

ng??ﬂreaqresgﬂt mven?lon re!]atesd ge‘%‘c’a\’raﬁOI oug Im%%otd%rfoggr%ratmg power using an

ammonia-carbon dioxide osmotic heat engine comprising the steps of:

a) pressurizing a concentrated draw solution to a hydraulic pressure lower
than its osmotic pressure on a first side of a semi-permeable membrane,
wherein the concentrated draw solution comprises ammonia and carbon

dioxide;

b) introducing a dilute working fluid on an opposite side of the semi-
permeable membrane, wherein the dilute working fluid comprises nearly

deionized water;

c) causing a portion of the dilute working fluid to flow through the semi-
permeable membrane into the pressurized draw solution to create a water

flux that expand the volume of the draw solution;
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5 colum at a suitable tenperature and pressure to
separate the solutes from the draw sol ution, thereby

w@e@doeisay new draw sol uti on and wor ki ng fl ui dPCEHUSBaNG23541

for reentry into the system The osnotic heat engi ne
descri bed herein is designed to conpete with other

t ypesd)of Hmhlcinglﬂbvem@ithmsxpandddumlmge gdishd drapi pawgtion through a
(Brayton st.eam turbi nes (Rankine Cycle),

i nt er nal %ég %?roglillcegﬁwer 8%dq(gasol i ne, diesel), and
external conbustion engine (Stirling engi nes) The

present invention relat d notic, .. ..
heat ®ngi PEOCCSHS By &XRa edwgﬁ@ea# tﬁﬁﬁfﬁw.sa Ceidh Sapien 2 distiltation
di oxi de drcgMmnOdt WtsuRsbl@Rehperafled M Fredureab 8épatid thi RBlutes from
fluid. The 15 deionized water working fluid conprises
wat er t hatthg dray splitimthesehyprodicingegm cgw delnien andgworking fluid
What is ed is that the
dei oni Zeg‘%\%ﬁ%{%%&?@ﬁ’ Mtod[ﬁé gféie@ont ains less than I
ppm anmoni a and carbon di oxi de and no other sol utes.

lution is, highly. sal uble,
E0E o eed cfbind foseined B s RO 5 5aBPa® i el ypes of heat
é@n?(e@|1m#cﬁng8%dsuﬁ1®&es ayton €8 clef, sdamatrbires (M]Ecihkﬁhé (3Bled internal
wor Ki ng uid ma es nmenbrane mass transfer 20,
embHstich sgies tepenl i FSEm B FF ISR kAR IaR eBSlps @ﬁrlmg engines).
effects. The draw sol ution conprises anmoni um salts
formed by the introduction of anmpnia and carbon
di oxi H PrRtest inyendiondplates & asloged syclenesmoie hept qngige. The system
Y %ﬁ%ﬂn%nfa%arbgﬁ @ﬁﬁ(ﬁfe%rﬂ ﬁﬂﬁtfdn%h alieithized \-mt%r QB&Yﬁg fluid. The
solution 1s formul ated m Xi n% amoni um 2
Beienizadomatereverking fluid ermnmww&tmt gtds enbisidatialky (ﬁomemlm) deionized.
ngls%eaﬁgéyﬁéa d%%nlém r@}lnaltJ tHe d%i%ln {é‘P WOﬁJ dr{bgﬂuld contams less
ammoni um bi car nat afmmoni um car ona
than b@pmtammdﬁlmamirmnbnn dokidaamdm mherhykﬂtesxil“kﬂtedraﬁdekdtlorsns highly

SO P B A o Eing F R R p By B S F e The

g uf ideidnizERSvabsd ANHOMGrRing Ofl Wi A Im e hebrimdt m@ssOfransfer by

bet ween abou} 1:1tg 2.5:1. . In faddltlon the 30 draw

elgninetinginigeel coneetalien RodrizatienAticsist ween 0.1 and 12

nol ar, preferably between about 3 to about 6 nolar. 8

WO 2008/ 060435 PCT/ US2007/ 023541 This draw sol ution

has sBicefmv sautianapireprispin pratoaivims silissformerd byidhe gntfodyction of

Fﬁ’n&%mﬁoelnﬂb al‘HOBydl&tlgé Iﬂﬁo nﬁgﬂ EU?écf fiv th@z(bHﬁ Afatﬁé \{r?\le}{tion to
ow nol ecu ar wel an o] ftusivity the

génerate alectslpdcpcs’serl edtié igaw cohitigh ipSomtulagedy lbesmixim a@gm@nium

e t al o] o] a f
Pg?r%é%l‘eu fagt;( wﬁﬁ rll{nmon?u%p %ﬁ%‘rg%u% to rt‘cfrg'nt Le | {)rlnﬁemjv gb&r{ oF %mmomum

are al

~ bdiat compriinganammoninm s didagbonatgo mnimiunn gcatbdnlatet raad d ammonium

carLeHrrtlAtg n’l'%cte a%rc])unatpcfy nrl(i)n%n? htygrrggl E:aatdtlilerdeis minimized to minimize the
concentration of unionized ammonia in the draw solution. The concentrated draw solution
has an ammonia to carbon dioxide ratio of between about 1:1 to 2.5:1. In addition, the
draw solution has a concentration of between 0.1 and 12 molar, preferably between about

3 to about 6 molar.
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and pressure (for exanple 60C at 101.3 kPa (1 atm,
deconpose to ammoni a and carbon di oxi de gases t hat

worensioer4seadi |y renoved to | evel s of | ess thanPdI/pRrop7/023541

and (4) the thermal energy required for the renoval
and recycling of these solutes froma quantity of
vvat er Thig drpyynsclutioanhasy seversd depizablet leharactésiptivs; eidcluding (1) high
t gl r

g@!’l{ ?tﬁ%tﬂ@lﬁé ajflﬁsé E)’fr%leéti'vg‘,_\J lpﬁ' enli]oﬁ%c@en ¥ I(%?lif gr}%hlg&pdlffuswny
oﬁnhfemhcrabeld spbciasy lsaling ltcmrhlghs opmnetis prasaeek td anoderate external
hydraul. c ressure I notic ressur
R RLP PRRTETIPR SRy B UHIE gt fos Prost el A bl T tha

tﬂawmdor@@msalmmrah@nﬂ wWetB thO dratl RKitidR)at bt ayiopriteotetPerature
the sem - ane into the pressurized

S e bt (a scermple SOl | IKER (bRERRSOTFRS FoRmEniaend carbon
HoRiddr AVesStRhtkhhy Be rédafliiGlmgheli! 8Veved bhleaUana B;Hﬁ bar{aem) the
produci ng power, Heat i1s introduced to the osnbt
H@analénqey. eequisedifor ¢he remowid gad ryding of thespesoélamfrce@ afquéimty of
| . sol ution
s R L
s| mi | far theo ammg)g@ -caghed dlnxm_evqgsm_s)ec olsmjsihgine (®RQhe invention, the
g&z:\%}tfsag r?\g nsol%tlgr’? ‘Fsgqr%gﬁrg?eldﬁé%l gr%iglec regstu fgwer Ehg{\ éts osmotic
pmesuw, a(drlute 20rKihg flpid ¢dadartized rwesdd icbtpin Lig 8ss shah qupﬂi @ihénia and

\NSO| re heat nput to the system
C{fisﬁ% ?‘ga‘é%gj iy ée“l'rPé"ﬁ‘?anﬁ Bismbrage ot dies peessurized
B(ﬂéﬁonl and &iSwatd hR éxlﬂ%dsﬁﬁé/ WbIRMEEITthd dra0 Satutfdhy indlBRg flow
sy stemis known as an "osnotic heat engi ne" because

H@%&gh ajtarbig spIpEHSiNSnger- dilent isdrfraduerdyip e asmofg lerstiengine to drive

X\@édaﬁatlgh Bf fhe %Flt.lteg BOmERL Bx??«ssoﬁfngﬁ,hr I[}ttr?éﬁﬁ ré%wgédé%%%ﬁnﬁbn and
have previ ously been configured, ethe oor nenbra

perking flaid ctreamsd/ ér pregspest éxicliingert simdlar tofthmmsed nrmdvede 0smosis

I i,nad te

Ll%@ B&rﬁgrgag&? ? RJ?%MG I‘IﬁH‘l?%llll gheD ?%eé\?uéeo L Ieo %rag gog e sugje of the

sembrape imt@adpsthteoperatiort. r at i on  pol ari zati on effects

30 In order to overcone the deficiencies of the prior

art, the present invention proposes the use of

ammonTie- p}&rebtaﬂvéihhelx Lt a (&dySablR)awOosoié inCPHG,alhefdgHalis - mput to
hi s heat ine is illustrated jn Fig. 2 and uses
VTR YOOI TR eBRRETeIS Fsctatisn Fedaé‘dgeé§@§ hegtii ggected to the

&Blirghment-in J0MRSRayd RSy Gh 'f@ Ko h lay arp @skibli€ h&f Rt Because heat

salts in solution, which 9 WO 2008/ 060435

PEbssEre rgecteskend woskhisgaotupest SVbilsndifferentsoneeptionsof gis type of

e h 1
S, Fare PTRRRERS qolPfred, e o RERpAT peflbrmance. andior
nsffisiant ais¢ yofeliclat dindted, fuﬂhd doretopinest, hiughinypart to the inadequate

performance of the selected draw solution agents and severe internal concentration

polarization effects.

In order to overcome the deficiencies of the prior art, the present invention
proposes the use of ammonia-carbon dioxide (NH3-CO,) osmotic heat engine. This heat
engine is illustrated in Fig. 2 and uses a mixture of ammonia and carbon dioxide gases

mixed in solution. These gases form highly soluble ammonium salts in solution, which
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renmovabl e and recycl abl e solutes. The use of deionized
water as a working fluid maxim zes nenbrane nass

w0 e@n®6m@Bs by el i m nating internal concentrati OPCT/US2007/023541

pol ari zation 5 effects. The results provided herein

denonstrate the feasibility of the osnotic heat engine

fagr genaratep paaticcprksseish wé oy oS lohtniospheresniiercathan d Ohtémes that of
S heat |3

?e%\%%? : gﬁneocrllgﬁf%[uno;[ FEIIH g‘%&b&F S tlgeﬁﬁ/ ngt e{nla contains highly

femomable candtlac)mlablg; kaloted.e e wme dﬂ ddotiveid watet wh GS)NOI‘kmg fluid

wor Ki.n id. The se of this fluid as. a feed .

PR PaE R MAS, LTS daLS B eiE By Remsepkuisfigroliization
Widckse mlrésultegl@amed héreimdemensta@\WhSRhSIBili by 3H@hc héke engine
menbr ane cause | CP, the nenbrane is chosen to

fos Jﬂeoqra%e«?ltcon\teel%{l ofilop tempgragie hegh FRURCERq ROWEET ve t o
counteract this tendency. The nenbrane is a sem -

per meabl e menbrane that ha an active |ayer oriented

t owar bhet ¢smotie dgatsaging job theaingention selisikiongth¢ aseeof o déienizaslgwater

r f t n
[ RE A G 1520 g Y AT L L AR s
toeﬁstm&mﬂﬂarte iR advedtagous .beCluee ad ICP@cdury S Wlﬁ)letsble leakage from the
fficjent osnptic heat en |ne cess of the invention
g s TiOp, HEUER A5 mPmGran ML RisSICE Fig Membsgngis sogem tp preet salt
thid m’gle deg}é@\wml willli sefve td bd)l.fhtdré‘ct wieteaddnbr Themembian®fs a semi-
usi n ia aBd car bon, di oxi de, draw sol uti on be ones

Bpps ﬁ‘ntme L5 U8Y Boan ARlive laves Osieptag) tyiard e &raws 19 tgsm and a

Séckingn%r br&RIRWEF tHS FRE sJ)IQM\‘)rI ETRAV AR thAtR]PAnds the volume
gas renmoval using Aspen HYSYS(r)

e%tbemawpbmpm Briymeshlyat east Abryt 831, /quurI i ngton, MA) has
shown that steamw th tenperatures as | ow as 40C can

be utilized wunder a vacuum gas stri pping process.

Thi s @hd ofitke keys te the etficidnt zmcit'mmeaifenginv arocess pf the ifmeation is the
Fe?a r%qgisr H)agegflr%%/e%ltré{_%é%ﬁll ){1(:}65 olg{r%f% ;'(Iiltra{“lll t ttlo%n dTl'\lllSe ésy where the
biriefit zﬁﬁm@ﬁamﬂnodu@\un@ catien Haide idsave kélbticnabecbes i@arent because

able i epment at i as .an electricit neratin
CoBTST MY DF OG0 HlEaReCshimouaer uinl TPY ofngetdure steam.
Nﬁ)ﬁblﬂigyoiOFasl REANGSAINisRE ABeh UdY DYS@EladdilaBRMAbrA CA dpei nechnology,
gl ass rmnufacturlngl oil refining a

st eel
E’H%‘PE‘BB’I M rh% Sl}?&ﬂéhatg‘éeﬁ@r‘éﬂ‘h tspersiiresd low agdaiptae bsrﬂslhzed
P @aduuf éa@tsir%Bmg’%lréce%f THAEARWs THURL LiiBAHPEf a variet of heat

el aborate neth reclaimng their waste heat,

awpges thatleavh évpically liglewsility and gerytlow o @slyi r onment

t hrough water cooling or flue gases. 10 WO

2008/ 060435 PCT/ US2007/ 023541 Renewabl e sources of

heat HeyNH}-€0: loemotselitat Geatetseutiimbtidnesftlos @uade dsatds eritical to its
ndan but are rar

h en .quality to
\dlar eC{nP )?mﬁntﬁ flS alelg%ti[P?yC ?Wg““ﬁ 6[%%{%}}@, aLow grade heat sources
come from a variety of industries including metal manufacturing (steel mills), glass
manufacturing, oil refining and thermoelectric power generation, by way of example and
not limitation. All of these industries use elaborate methods of reclaiming their waste heat,

but low grade heat is always lost to the environment through water cooling or flue gases.

10
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these sources may be used to heat and cool hones, but
can also be used in a binary cycle configuration

wakioshewss | i zes the heat to vaporize a secondaP@T/US2007/023541

liquid, such as ammonia, and 5 expand that vapor
through a turbine. The vapor can then by condensed by
rej ech':rng'abieastoutcos of Heatah‘rayoalaslbﬁflaeda GedgtiarmalA hedt ndoliees are

B e PR Bl 5o 32y SRR opcty

dﬁm)s”oluﬁbes map be ngidne hediiatd ccuil lhbmg@ S?]ﬁ dan a}sgmg sl fadtary cycle
ocC n wate S, heat source and the co eep ocean
fenighratian which Jtiflags fhe heatdp posize ¢ §°CPPary) iiptich SHofeds ammonia, and

Q)k;ﬁﬂ('l MlaQVa‘E)blemr&EEQtd#&ﬁ§ ’I’W\fibaﬁ,taﬁ‘ theh By ¥éRiRhded %y ?ejectmg heat to
iquid, Iike 10 ammoni a, which _then expands through a

fh@r%r lesurtiproWaies AsSmHaCOneRpl &R YERE Wt Wakes i dledocerip isppoean

gﬁggag e gg?rﬁmb@ggm ThF%&st@rEtcBmB{lTeg 'ag ¥feifll RERAHBRzes the

waimg surfage ofqap waies tas béﬂe@me@ch andsthe caltd deaag@eammu:r ad @ heat sink.

Sﬁn&sﬁéﬁo hg I%e{}h%[‘}s gltnﬁr&tcgfclgtnggtg& EIF!{ g\lﬁr}%t Og )to V%ﬁ)OI‘lZC aﬁquId like

hrhmomammclatm:mpxpandgfmroagh e aurbinel Yheigads nheﬁ hon‘dhe.ed w1th the cold

snoti c heat en the 15. invention. th

SEeP et Which BREPTLIFy Hoo I kb PRORESS g 1 BT bt o he
GOking ﬂara%dtr@n@eom@gbs@rmﬁbeﬁ@stg@s&ad (rcehaameuskwwt 1 Wietbrs in
di rected through the turbine to generate, S
fiameten dorasteany aslrameﬁﬂ@ i Jhistissq gemigm E‘aﬁﬁt‘(’@eﬁ?}f P%n bgglleviated
%&E&%Qﬁ@éﬁﬁém%?pﬂ%‘en? B&hin&ily ubd¥aRit e REAEH FRBEBRRDS the
to use |lower density gases, and are very efficlent at
goentont i By using the wamvowetleec:t stripithey NH2G Q4 dsawmesblutiofind the cold
x iIEF H §on?§%£ éh%geg ﬂ{ \%}Em \r/fgx‘r?’ f‘ec{eg\{ﬁr%a%hoﬁle tlf'rbmlé] % generate
powergemsteat a)lnqajldachms csadf sgnfﬁcgy berietie, ashydmgxrjffmﬁslamnmfh smaller

he heat tlon sol ves
RS HEes BTG S st ik S ROK diksaind 8 SfBecigPlens fgionverting
otk iefo eRidfdiciiye to its cl osed | oop configuration and
recycl abl e draw solute. 25 Utilizing | ow grade heat
sources al so provides an essentially cost-free energy

sour CR beh€MasiShe tobRotdRtat Rhgihb O f FNEP@Yent Snvefticht BAnh®Rbiity to
to the capital cost of the equi pnent anortized over

pyceesshutly CB’?"eftH@Wé’(ﬁ‘iﬂeﬂﬁé‘rﬂour&ﬁﬁmﬁﬁﬁlﬁﬁt@%ﬁﬁfégy Thee radiguration of
R Geht eRGint BF the Wﬁ‘t‘i(ﬁ# doRs Hag)l"l of1 tﬂéf\’gl%wo% EdnbhRThd environmental

solution 1s typically intro t a tenperature of
Iseuepeériversotiet PR dueto 25 @0sed-app banfignration #ral reeyefableatraw eolute.

ﬁﬂbé qgv f@gdesﬁa’é%iar@jrwgg:?l;ohgroé%esd al?vgssseg ia fyeg'osI frge . gnergy source
solutron 1 roportional t ure ana-press

bgcpuseathk )coistnbf théuenedgy it reaaltndubnlﬁ t03h¢ @apitad wbstlcﬁ‘ the nquipment
eilzr?r(lgrrtri%de 'ove]ilthe life of the equipment and maintenance. The heat required for
separating the draw solutes from solution is typically introduced at a temperature of
between about 35 and 250°C. Furthemore, the temperature required for separating the
draw solutes from solution is proportional to pressure and pressure is typically introduced

at about 0.05 to about 10 atm.

Example:

11
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WO 2008/ 060435 PCT/ US2007/ 023541 Fl ux experinents
were conducted in the |aboratory to determ ne the

WO 2@Blb48y of the osnotic heat engine process PET/UR®07/023541

invention. Water flux nust be high if the generation

of power is to be efficient. Previous tests on fl ux

usi ng reverse osnosi s nenbranes showed 5 that the

flux . d m,ni num,val,ue no re than. 2-.
oo Sl AR SR T TR o BB i or
asmbticfhieatrengine process of thaamvehtigl. dVaterTiex mist 88 high $f the generation of

i nvestij gat td .a c?)rmer ciall vai ] abl e nmenbr ane i ch
pewverds Togiﬁeeg ICigidy PHYIRYE fests Fv’éﬁ'éé‘é‘élg FEYSEFE PENPRS NPMRrapgs showed
bat 1 gix RatlykeeedtEmihvh@n Wakied (b SHor¥iHah 2t§"'%alllb|hg3per]f@ot squared
CO2 draw solution on the active | ayer of the nenbrane.

memgrapn pra aenday 631 wd @ftaraucisiess tha keftll at e osnoti c

heat engi ne conditions. Two tenperatures were

eval uated: 20C and 40C, and the feed and draw

sol ut Tlenigventere invgstigated recbnavercialgnavadable trenbematwhichsis tailored

ROy S5 B 507 0 W L. B v
@D, dswdolutiop be Siselictee lafdr WX @2 nddntdrare0 A @dichixdrveater feed was used

obtai ned in.sonme tests, suggesting that this .
bﬁ?W@tﬂ OSOfE AEY SRS S TIONS. CHvP {huseratyes VEE e Hupieds GE and
po°ey hialigk Yecd @58 @ehwiiiions @sre idinteiedaSidéntishlGerhpdrant for both
i npact on the anount of, nenhrane needed to produce a

Srigepfl taftdbubite revulte prechowtintye: 3Hi gher f1 uxes yiel d

smal l er requirenments for nmenbrane area. Note that the

perneate streamwas not 20 pressurized in these tests

(and Twe tamperabresswerejtested dvar prasge olissmatig esassugest | ues over 50
it . [ a [ .
GAEE bR L el gy ORI AL AR50 e

betteaithanabdomef provivustyp easted eudminhregy whiBhirhas gdigmificaMA)mpact on the

Usi n aripus draw solution concentrati ons oyer. a :
bRl AenBitfeacchtlo bluis S FERTSh R arrBiiay  peheBes viel
amaileg re@eremicnts | on menibriie 6@h.c UNafeethabyheU péri@att Nream was not
foll Qqwi ng equation: Wrk= (Turbine efficgliency) x .

PR FZRS It Ehesr 68 (A ax gL OESEHFHECY Ipegviquynvestietipniesithe).
efficiency often exceeds 90% and overall driving force
causes flux across the 30 menbrane. As hydraulic )
powerFrpr thig datg pprengeactationedats fap herpstimatedby mpofeling the process in

Ag5heae s sabll -abfzaef'rpvxe B RENrBRAS! B A1 OM;A' ). USing vari
establ i ‘shed.ééF?lg.. 4 (:) 'udtrares t ?’s ?e‘a 3?’e 3r Ugmg vanions
drawgseolutioh ehneentraidonst dwsn acrangeenf perimieataspressarization, the amount of

. €S ' . LUt i ncentrations
PRI ifiall B A By S AE R by R T0L TR
over a range of 12 WD 2008/ 060435 PCT/ US2007/ 023541

e e s LB I 5 e n (1)

Turbine efficiency often exceeds 90% and overall driving force causes flux across the
membrane. As hydraulic power in the permeate stream is increased, flux decreases, but a
maximum power generation point is established. Fig. 4 illustrates this feature for a range
of draw solution concentrations and demonstrates how various draw solution

concentrations perform in the osmotic heat engine of the invention over a range of

12
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HYSYS(r) (avail able from Aspen Technol ogy, Burli ngton,
MA). It is inportant to note that the expected energy

wee@dnesdN fromnatural salinity 5 gradi ent SPCHUSINOEG23541

those present at river/seawater interfaces, would be
far lower than these nodel ed energy outputs. Using
p¢rm¢atomdeyhydwé@tprgmled “ﬂmrbmeagbesroduﬁwnpmvemowcqouting Aspen

R R S R S

NH3- CO2 osnoti c heat eng| ne of the i nvention, using

this tailored osnot nbrane can exc at output . .
by 2005 1 I 9aor it T FXEGI Rt GHtgton o TAl aliniy
BRERAB WicRELAoseSpreveftQut WS fbebatérhftefRes, ivioul Pbe BARWeRthan these
cost. and because the heat input  to t he systemis

Bodelpd FrergxouRue mgw&w%ilvémwﬂgﬁt%memb@ﬁeﬁs&w power output per

HRBFAB Cardd Gﬁl 3Rh UBShiBMGiteraPRO" G8L PSR ND4 ow/rhhe This data
total cost of the electricity being produced. |

deronsirates thet b G0 owtoticHwatxnging rqffﬁlm:@vemlon,msmg this tailored
i i

SR, R0 af LKL 0P oy ' UL R U6 rions

Sake membrape sreafis Povwesed acthawetrgi foncapitéli costend y)ecanset the heat input

ur bi n and gver syst.e
09 el B P R B e 1B R o8 et have
@ Uirédd 8eddnlz ofl itRviotabDddst &f3She dvidity demPhodagednat er f 1 ux
t hrough sem - per neabl e nmenbranes oriented in the 20
PRO configuration (backing |layer toward feed, active

| ayer [ptiaumbsl pisjdtofPbtthd MMHorRERY beithe afi@oRial@Fbon dioxide OHE of
estimations of engi ne performance. Menbrane water flux

thetinventien wBKeaalsocrsed @i ergermentesista forvwatsnBrarrelculationsaafgower
t
gﬁﬁgﬁle ? e\?\g?li%?_}ﬁ %&ﬁg&gﬁ@gﬂg grgsslll-geregdd"g? %&e@ﬂ ar‘fg mo&aﬁ"lg of the

Mgy spemaresiswerthe remm'altaedi recyglinigiofi the (XHIE dﬂaa/rsnblkes to

i mprove support of the nenbrane as well as to pronote

25 turbul ence and mass transfer. A viable speed

per i sMaashremeptsnyd vqauaﬂdxaﬁhkomgh rsam-Mmtz&xlef membraoés (anmdnn the

i1 IL).with d
PhY Susbiinl e Bt R A R S P R ovie
aams&a&mln{aﬁmeﬁaéngm Mefostfiaralt Mémbrand ablef fluk AAaNeS elained
of. New nfg)ton was used to nmaintain both the feed

4R &L iosy ‘i‘}f"i"B'ﬁ“? eliandastpcisted sygiem compeficatse lhe girensions of
Meatighndl W7t l(Vi%tlﬁ/r%t}ﬁﬁthlH@ Vﬁ?)%ﬂ ey, | PestS{paden @é% inserted

steel heat exchanger "coils 30 wer e submerged in
Wbmsb@thr@@mwéa ke impevel rsuppasio Pfitthe membsang dasowel asctyl promote

Ac@% Emads MY %fableggggdggmsﬁm gempgmggme fh ﬁ&@erﬂex

anges were neasu termn
Dﬁ&eqnen el dlwaitkra dualipumpr headmeashused @ pasp pbthabel faed and draw
t he. cel.l ch, t hat .t he WO 2008/ 06Q435, .
o SREOLERT AR RS Rt B (aegilaplf from Nesiab of
Netvingeon| HYE wasisdd td@aiheatbasioih tfiéed AndvBiawasghitios tenipe@tures. Heat

suppor t - I . .
trarPslPer took place within the water bath through inline stainless steel heat exchanger coils

which were submerged in the stirred bath. The draw solution rested on a scale (available
from Denver Instruments of Denver, CO) and weight changes were measured over time to

determine the permeate water flux. The membrane was placed in the cell such that the
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| ayer. The nenbrane used to collect flux data was
designed for forward osnosis 5 desalination and was

wo@bdoaioemaas from Hydrati on Technol ogi es, I nc. (AP@ENF2007/023541

OR). The chem cal makeup of the nmenbrane is
proprletary, but is believed to contain cellul ose '
drast splwiopoyasraspigst tirhactiye daver éiidethe deedssplhion wag againgt the swpport
§garat|ng | ayer supported by a relatively thin
%’ , less than about 50 m) support structure.
Further support is prOV|ded by a polyester nmesh

nbedded h h 1
Ce o i 8, R P B8R B A SHPRH G
desaligitibh ahd s . obtalied M@M}&i‘fﬁthhlmm\mﬁglmm bylban;xlcng) The

akr)%ogal)l Hrﬁr%%%&aﬁ o nf?lteggﬁ%ﬁlr thsgérgpeg%1 égg 1§ dqemveg o d:pntam cellulose

BETRO pAPIEAR! tThe st QIR is 28 REri RN #@p@ﬂaﬁﬁ%ﬁ%@u ported by a
anmmoni um car bonat e and armoni um carbamate, 15°with the
Ff&ftté’ﬂ}'ﬁblinr(ge ¢ lges thensaboubifhigmhsuppert stoistiset Farthse support is provided

vari ed
525 Boly RS el B BEERT i R S e BERE W2 'S0 B o
and t he tenperature at whi ch |t mas to be used. The

am)unb rr%t'cl\wzlier ux was daerm ne? rrt;%)ﬁ r%n%e tdﬁaew acngn concentrations.

concentrati on unionize
§h¢ dtawo snluthnowar tniaéks bpimiking attmeoniuso bivaibonate sals @IHIHICOs) with

nDdeIJn of t | udi ng osnptic pressure, )
Pwylg hW@é@s. &}_!F Qﬁb 3 PTG e COTP b SalHER Ui PIRMARIE, salts,
Wﬁ@d of avhluabbRarbbie, éﬁﬂﬁiﬁluﬁﬁeﬁﬁ&{aﬂg%d ﬁ%ﬁbdlﬁlﬁtc@fbamate

conj uncti on with an electrolyte propert

mfia lsla‘g'étef Peing themasy aquadant in epacentigsd isplytignsaiThe amomt)of NH,OH
EXRE WaT il de?@ﬂm(g%%é’@)tn%ntltah&f(ofq}% (ﬂ*aw’%f)lﬁ%lbhc'ﬁﬁ th@temperature

calculate fit appar ent 25 mass trans
@towhfch dt @as ¢0 besqsk edhe ainovrd qffNIebQPé Maa | mipisrigesintor miniize the

rrgl(tl‘a%lgltl 0 1311% i d)an@lonitilﬂq Blﬁﬁ(?n ? p\é\ﬁ%g o} tﬂg d{aw solutions

rane an e concen ra dr aw So I on us
dsadvie modciglgmeﬁthma])IéE ih¢luding Eﬁﬂbtfefpfrcsmr& dfemsntyawscosny and pH, were

PR MR n B S B PBle o ahsEen TERER, Burigion, 1A, i

6@1§‘|ﬁrfct16ri Gfth aaRkcheal qar@'ért&lphéﬁaF@ 86MmYOM $yRtenR’] BIA! Wlorris Plains,
concentrated ECP e ects cal cul at ed based on

‘rapol ation formthe experinmental 30 data. This
nmodel fitting and extrapol ation is considered

necessary in light of the expected significance of
ECP ef¥rstimgniaj memprape tyaer Slupelaiar were usshstoetpicatpée fities (apparent)

hﬁ?sdt‘?&léﬁﬂf é?ﬁcxer& r‘fg a‘?cqi%hs EI 5 r&glec‘aﬁé/en{rﬁ)noqe;ﬁ)gg{rfzgﬁon (ECP) at

mass transt na in concentrate
ihdeiaterfaes bﬂtwcﬂm thi onmbra’Mearprtéd|cgmoadtratehmaa/n@ltftioux®sd to drive

gr‘?‘éu%qwatgre ﬂlﬁ)i.t }Ség eﬁgétg %reanc%\écé/r\ﬁrét%d d%la%v solution in an OHE membrane

system are predicted with the fitted mass transfer coefficient and based on film theory with
highly concentrated ECP effects calculated based on extrapolation form the experimental
data. This model fitting and extrapolation is considered necessary in light of the expected
significance of ECP effects with the OHE’s membrane system and the inadequacy of
traditional film theory to describe mass transfer phenomena in highly concentrated non-

ideal solution flows. The predicted membrane fluxes using the fitted efficiency were
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WD 2008/ 060435 PCT/ US2007/ 023541 found to correlate
well with observe water flux performance, within the

WO 20806@85 experimental data. Water fl ux measuPEnEs1087/023541

under unpressurized conditions are assumed to predict

5 flux in the pressurized OHE system of the invention,
favnil o engredatee wedlv withi otgerse uetéro flux grerfoR@ee ndighin the range of
d{fﬂerlp d?SﬂDtIC and hydraulic pressure conditions:
3}Ff"wnﬂ€a Anm - AP) (2) 10 Here, A is the water
perneablllty coefficient, a the reflection

coef f t, Anmthe difference.i tic ggess

or 05 icf dul ghg3F e HRHSE HRTRRSURC, ORI HoNS At S fppredict

ﬂhx intBe BREAFiA4d ORE isidtéh bAGE idvientfon, fdlIBRinFRADERBAifCdquMdn for
%ﬁr surface), and AP is the hydraulic pressure

l@ﬁ@rﬁe@erw&m@ew addydranlis etsuicicandidende and t he
morklng fluid. Anm is calculated fromthe bulk
osnotic pressure of the draw solution after accounting
for HGPF Al@\meffAdts as di scussed above. It was assunéd
that a = 1 in all calculations because of the
relatively high rejection of the FO nmenbrane used.
Haret erisrohee waten epenatability evefifiaient, idt yhec eeflettion eoufﬁo@eritsAnm the

d. to he independent of the lie dra
BFRLEER i SR PIoRYTRagIo o MemhES A REB s ALY figh soluton
dh thesepgratior0 ntéfact NEe. Ve hi2R®BranO RRE RS 148 BIERSKIAE, AP is the
qp tenperatur? of the systeminc|udes the accuracy.
by rtlic reseyre epese AetyRen e deavasalyiioptsids pad thphvzéorbwé%ld Aty

Q{CQQUE%Q fid¥n tho ﬁulgd.Em()tW %rhs%ul% of %erév@ Sol@fonter Q:lé@lmtlhé Yor ECP

water nmoving through its turbine per unit of

effocts asidiscaseshabione.pr essure in that turbine which i s

equal 25 to the applied hydraulic pressure on the
draw sol ution side (OP), and the turbine efficiency

(E): Nuwvas SeiRed Bt 3O 1 Tinall caluibitioas m‘cﬁlise oéthe yelﬁiviely high rejection

reater. than 90% The ef f

S B EO Y eRael, FHRRA S MR P SR o gt is assumed
ar bssnﬂapmiehtonf otie h;hﬂledi rh'g/‘dlraﬂbd: pirdssuie,i Snplyly@mglhglme membrane

reater t 5 155 i ned eff|C|enc¥ of th
Ehshs i LR siecuon Ry REPBERe: Gropties Htuloor dPhagure of the
SRRaT inblageshied Rkiivacy 6F prdtlioBS Bistd & théseiagnmptiods. 90% f or
15 WD 2008/ 060435 PCI/ US2007/ 023541 proj ections of

power production, captured in the value of 0.90 for E

i N Eqp@d doWar prodi@Y By the IEE YR W@fuﬁétfé\’i"o?ﬂwﬁhﬁrﬁfg}g@f \I/zﬂfr moving
tur bi ne per unit time ( I's”equal to the product o
thiseugh its turbine per unit of time (V), the drop in pressure in that turbine which is equal

to the applied hydraulic pressure on the draw solution side (AP), and the turbine efficiency

(E):

W =EVAP 3)

The turbine efficiency E is typically greater than 90%. The efficiency of the
pressure exchanger used to maintain steady state pressurization of the draw solution is

typically greater than 95%. The combined efficiency of these two components is

approximated, in the modeling effort described herein, to an overall efficiency of 90% for
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water flux through the nenbranes of the OHE (J,) and
the total nmenbrane surface area. This flux is a

wo eovsew@ss of both the hydraulic and osnptic prEGEUSEE7/023541

of the system as shown 5 by Equation 1 above.

I ncreasing the hydraulic pressure relative to the

projestions qf rpewswreductinmrcelatsesl in the velweof 080 then it iqo@quatjm 2 above.

f h t [ e, ~Rut W

¥ B, 0 Wt g PO oo MR B el o B o e

watee fluf khno(ughlﬁdmembgmésycd'rtmj OH(E {d @reﬁnﬂ shy tatahmﬂehanmv Buitfdve area.

NV ect O Th CI ency is cal.cul ated by

T B i g At s e i el SR st B ef g Shown

b Bqa@idAtl dbovel Iteating sRthydtAlic phesus€ RMtRE k@ heddfhotic pressure

recovery of the draw solution). There are two

ASERass dhe BPWRSTQUIRME PR YNilukPlEmE pyvates thiong] avérté@men but will also
w . .

AL L) RLROE iery R BRGNS TR  Reducing hydrauli

ps:salrmwillylat/hélelrrvatsrcoffccﬁ engi ne power output over heat

i nput. Carnot efficiency is a neasure of the 15

ef ficiency of an engine relative to that of a Carnot

engi n’EhenﬁﬁieetW‘J]ieﬁdy prattukesd tyhmeasiEng mhﬂ‘rqliahﬁ@rﬁt;bdwdr produced
ant it from iyen heat flow, bas

e i ths TuanbBisiens Bed B e Seraraton anibveyTone fradotution

Thérp aitaiio mdas@ogbmeficitddyGiifdiCitaE Bhcdigiderl wk@mﬁn@as@@me s

on_ 20 the heat duty of the distillation colum use

psfrmpngeathernial eticisnpn pad Geraotchigeney dilbsingd etfrcicapy tsrﬁanply the
Fhitib leeen‘éﬁl%V}So%éF Wutpal ové?r}{égtu ﬁ1'p[1‘19 @aimnBr CAREREY ) Sballir@WF the

sol ution and deionized working fluid. The ‘col um heat

efificigngin of o Papiad reliative mspeh Ofrwsﬁ'a(l@t) engingaiohebthéchf produces the

m r Ny n t

Q%Qe ectﬂ%g )f}tkegg%l’antﬁ rdtfy (%Iéc me 1]yérp hga%iqold\nct}a%e% oﬂMa &rfectly

taversib{eNvogess Pl ai ns, NJ), follow ng the pr ocedur es

used in estimating 25 the energy demands of forward

osnosi s desalination. The efficiency of a Carnot

engi Nehe(‘fqudntits oOhedeTcolypotidnt &f dngine Bfficdgncy 36h H'd'l:a\mlﬁit@l bhkéd on

i.s .the, abspl ute nperature of heat delivered to th
g greatedupy ?fgth? f‘lﬁ%’lt]at'oe aﬁwu@tqssﬁto FRATatE KRNIz, A epgbapgdioxide

b8 B0INLY R SAMESRpEIdRCiAE aWicEiteMBAd draw! B1upich %ﬁd tdaomzed
the environment. Measuring OHE effici ency agal nst the

wprking BdyThsreolmmalieabduty gs medelaswitipAspae w&@davallable from
Rgf!nlﬁ%%ug92§§ﬁ$étoﬁ SI{/@ llﬂ §Jﬁ$§1cﬁ%ﬁfn faﬁ QfeEthﬁytE IB?opngpackage

Is relative'to t quantity of
oot Glelr MtemSpmewlamamssNh)g fcﬂto@y@gﬁéaproccdwese»sahpﬂ gstimating

QRLALD) Bndhdl BEHMRrd SLH 4R £OGNafn, 20% woul d

The efficiency of a Carnot engine (1)) is given by

n=1- @

=

where Ty is the absolute temperature of heat delivered to the engine (from fuel
combustion, for example) and Ty, is the absolute temperature at which heat is rejected to

the environment. Measuring OHE efficiency against the efficiency of a Carnot engine
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not, by the thermal efficiency nmeasure, seemto be a
very efficient plant. The Carnot efficiency of such

w@poosigli4ae, however, woul d be 55% approxi mat ePgT/US2007/023541

equally to the 5 Carnot efficiency of a coal fired
power plant operation at 537C. This is a particularly
estaflighes iowledldctofe thooOidEris stative &t the gwantityaif heatgi wses. A geothermal

BB AR R B 9o BEHRT B! 482 woui
héteby elid thaimal eeficienkcy nedadur;i seerfi ite be ar eergeiticient plant. 10heASarmnot
the. difference is .osnotic pressure b?tme t wo

glficispsn S?qlilc?fbﬁ’%%ge q{%ﬂ/@qu would; be éadh a%prommately equally to the

cerfibt PECRRALbCa BRINraNSovwee PRinBbpdistioh e s8Y%. Wilkib is a particularly
[ ncrease as well. This relationship is not |inear,

Hisd | raethosh e pRT RIS beswpely hepbengive ierlnoalqedes avhentionsidering heat
33 GE 1 ad BRC aﬁwstyn?mén tdnfbeRIRiedTOMEre (HD@RI Qhé&éuea thermal
on active layer side of nenbrane) wth delonized
oliciencigsare peitefle®d, only external concentration

pol ari zation is expected to occur, 15 assum ng very

high rejection of salts by the nenbrane. Fig. 3

i Il usAs dteediffeieacer Bl @amiotn presqure bettveae tworsdletiont lincceaaen the flux

aw, sol ut.i on cent ion for the nenbrane. .
B> pefh B FTe et e Erretinar BF NG Wl Gsaoa, ket This
l:b$altf(’.bgslﬁp1 is RoIlinesrs diid wechnblintraGsR pélhraatic® kffédton the tsﬁlrface of the

ni zed hr as the feed stream wth feed_ 20 a
a8 u{"iwg tﬁ@?‘\’ha? utipeory PFW’enBY?ro?‘é“e of é“embfa“e) with

Géll)xﬁk’éda@aﬁg d@@&eﬁe@ Bn gr@(té?r\é'l KorReRREibR pPLASSigh ?s Ipeété'beto oceur,

draw sol uti on. 1 nes indicated pure wate
AgsUming| very ek mbpm pf salts Hg thermémbrenet riign I idusirates the relationship

&WQ@H ﬁat&refﬁ.ﬁ(sa Wdl;a'av stom%(‘logi1 eﬁfﬁ%ﬁ ‘?CHZI? rgérﬁlgr% egnces

e ween e l'ines an exper1 ment a are due to
external concentration polarization. 25 Data are shown
for d wth:.the fee nd dr.aw sol ut i
eachzg%@(gls? ngltseotftlwux REC Cuexdlgls S RST8] XES af'% ({ figing an
ognressurizep NEHEALO pdrawfsolutien dith\deisnized wattisas th Gleé stream, with feed

t & g{vgg 101{sellﬁcg€e?%1%ll(j '131 gglvtr‘g }c%f%lhcgﬁe%vgg?egirotnqhe Dt‘ﬁk osmotic
plegsma&n the tyawastutione DHshddusiey iiddycall pubewsteaydelid pemeability
Wth the FO nenbrane operated in the PRO node with a

dieraHRedfom A erser Qsaygsis mwnh thexsagecraeplraness  Byfferencap between
{h@§e) [7ids G éxﬁ@ﬁm&ﬁﬂ dRE YRS Rie kOlerRil cmﬁﬁﬁ pB&FizARY

The nonlinear relationship shown iIs due to ECP,
caused by dilution of the draw solution at the

rrerrbrﬁglg ar Tﬁe&gqugg?#@nﬁWQnge ?r?d QJawtéaﬁltlanst ig each cases

["ux a are use
tsalhem’nadtt Bluk ieeshpoweelatouettp tite csmotihpreuies aﬁthdelsaw sdblﬁizbns Higher
W, 200 060 35 PCT/ US2007/ 023541
E’HPF%‘ % le\f{%)rtoolﬁgé% WAt fpss % % §HH 8E cperature on the

higahbrie iveatansbnsdbility anPrtes diffieivity of the draw solutes. With the FO
membrane operated in the PRO mode with a deionized water feed, water flux exceeds 25
m’/m’-s (or 50 gallons per square foot of membrane per day, GFD). The nonlinear
relationship shown is due to ECP, caused by dilution of the draw solution at the membrane
surface on the permeate side of the membrane. These experimental flux data are used to

calculate the power output of the OHE as described below.
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whi ch produce the highest power output per nenbrane
area, or highest nenbrane "power density." The power

wa@lensiosos3d s cal cul ated based on nmenbrane wat er PET/UK2007/023541

draw solution hydraulic pressure, and antici pated ECP

effects in the CHE nenbrane system The ECP 5 effects

wer e On¢ cniteraerefyr optimiging the OHEMSs rastect hiainaidierand osmotic pressures
i C eterm r oy h

gv)%l?cﬁé rodug?{hf: %igh%St Z)ﬁ\eygrsoé?peugg%{nzer?brg ¢ alean, g[hoe gne “power

dem:hy Nethe pdver demstitg \is oficull el lmseﬂ o urehmbmﬁe &nackr pblnesdrmw 8olution

e Rottenie SR RERTRNECE St B ar Ok AP abrepsysem. The ECP

PSS WeS chlbulatb® oIk, a IfRfedtrhi€ thmsfeN @oefMBIBRI 6N E.7RONEIN™ m/s,
density is shown jn Fl %H 4. Each curve corresponds to
geteimincy WrAvShicxperimEniah we@ﬁ%s@% r G PRE) moden The combined
CARKALY thi nd T R lsduid N Th
r%e O%Hrro%eny ty%lkéss,ﬁgec eved &)\%1 fhe F}'h |/i°:n ©
mké@sslme bﬁ@vealpphmﬂsmmweanﬂ IHQoauGE préseures mthecOHEe@aywe.to the
o Pe 7 er Bt BoSaP¥baiie §. BrataiedoBoniae Be Ry mmonia-
darborMiidxids\drawl sulutiomcgncadtadomg 19. 16 MPa (197 atn) of
osnotic pressure is approximately 170 WnR. this is
gquite high as conpared to the power densities expected
of  rTiembeadmpahdEatédodhhtth Ynarx’mrﬁ)ﬂm{brdhb Wes déﬂaitﬁl’k achieved
aretyplcall in the under 4 Wn?2 range. The powe

¥ ﬁ%fwyﬁﬁyh%@wwﬁ inapPrPERishs e B the r‘Pé‘F‘@‘é"sPrﬁif“’teh J or an OHE

Wi aHyHRQWiVELQGietof 10113 M Lilde aﬁlﬁ)awe %%wdeﬁﬁty%éﬁm b(ytu@e ofa
reducé ECP effects) or the hydraulic pressure of

oM drasvranlution psq@wemw %MBau (h%j #m) aﬁosmémc wfesyre is approxxmately
xantl.y; e d 0 e§

§‘7(9nWT' OSn%lr% hs Sﬁﬁe % Cﬁa é{njec’?v{o dt\;éésr tws&lgso'}‘éﬁected of

p'WéSﬁaWMﬂSSmaB’SPRQ)mer [ptantsj whlpbasexbld;ayly apthe @ mderr&t\?é/lnﬁ range.

61% over those of a nmenbrane systemwth the fluid

dynam cs of the test cell used in the study descri bed

~ her ei The fbweb défisiy inay Bafudther iatredsed)by dbreadimghe kjossflodrveliity of

eratin 0.13 0 at hydraul i c
Hieauf Rhiipn Srciimado Riive BB ot HENGTT e RSP Rressyfs of the OHE
&%ﬂlbye\[n@@ysitéh t Moﬁelﬁfgeﬂﬁﬁ OME WhK €ilshifigar®ly iRRead¥dEcr¥dshibw delocities
20. 26, MPa hydraul i c operati nngr essure
(havci a8 r&m htgév\n?éqw glanael),j indicates thet QEE| nosiee densifiepyvould be
%rr%%%' by QBAoxfaterP 63 Bb&sﬁ]ogg oft a %Qm%&né%ﬁé\{aﬁ &00he fluid

system I ncreased crossflow vel ocit owever,
dynamigseafithe testncezlidtﬁﬁd imﬁhalstugbﬂ@qcrlwgmmm #nm/saingn 0.3 em high

hﬁh%ags elgjor hé’ exg{lr%i at'h§. IW‘IJin)a (%’dJ la{ Hgd‘rguhc pressure, the

expensi ve process ese oper

ORRhum poveer dedsity mukdsbsabodty%bﬁ’/méuttbtsscenarlo 18 WO

2008/ 060435 PCT/ US2007/ 023541 process optim zati on,

bal anced agai nst correlating factors of process fluid
punp PMed&ing of an OHE with a 20.26 MPa (200 atm) hydraulic operating pressure

indicates that power densities would be increased by an additional 47% over those of a
10.13 MPa (100 atm) system. Increased crossflow velocity, however, will result in
additional power consumption, and increased hydraulic pressure will require more

expensive process components. These operating conditions will necessarily be factors in
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consunption and equi pnent capital and repl acenent
costs. The Carnot efficiency of the OHE was nodel ed

wo@@B/060488ange of osnotic and 5 hydraul i c presBCF/ES2007/623541

the cal cul ati on of engine thermal efficiency, the heat
and el ectrical duties of the draw solution separation
aredess eptimizatien, mabneesisagamet eoneisting dactass oferogess dtuid paihp power

% gtﬁwdoli{ﬁd% u‘ﬁﬁlgﬁ “%V}@lgla%‘fmﬁtr %gtlsng turbine for

natro raulic pressures
exam ned. Because the eIectrlcaI energy needed for the

draw sol ute separati a rec cli is negligihle, .
et ik Hamow FRRENSHeD hedORFLEtY Baidigh bris's Sref of goiotic and
hedrivaRpréshiges | 18 € dakalatigner cﬂ?m@ FIREHSREdhcY NBe KdaEarNkctrical

the thermal energy required t he draw sol ute
dwiies ohthe Srw SltioT SR 98138 rooxclng PREFEEr PnitaEed to the electrical

bﬁ@@@t%ﬁ' Stathe GHE ?)b@@lcgengfatl 6Bt o I e bARELA o B¥motic and
h the sane hi nperature heat streans,

QYWH@ messurpepmmg eBwﬁuseahmeJ@ctmaﬂ erdrenasededriassha drawfsolute
%ﬂ r| ca{j qg{}%ﬁn%%; f %élgg)?%\?tvh g‘gf‘& éﬁ?gﬂ%%@& %ﬁd’mca“y the ratio

beteyai tha glec}nlcdms&y peodiicernbs thie (KIS land)fhesthlffrmaberergy required for

GG A aP PSR RSP B e o

Thﬂnﬁt afgindt dperatiag Medthe Samehigk @id thwt &n@eﬂttﬁé hédt 3fréady, giving a
colum with characterjstics E%EI oprjiate for the

rREAEVELS Olamot SliGigIcy” mrasurg oh VAlEnRsHeIMaseci fi es a

single distillation colum, effecting the separation

of 20 draw solutes froma 6 M (COQ2 basis) draw

sol ut Tofetermincthe hodh pecthelewiicat dety of the doaw sghate rqnavel @@ recycling
?1[0'3355 0% r‘g});‘l, CSORIEISY? DT gfflcn:n{ Q@ncgl_! t%E'm ;?f;&u/‘éytﬁ% %Eﬂwtlc pressure

ontai ning structure
Hesirgdhtis (n'éc)ﬁt:cheoa 1Y E® sh@glezzi)sneulpqmrl wddeli tTﬂnlshsaattloatstream is

C f at_a
bt lo £ BtiRioR sob Bl b¥ BFeriBEL D heRngtp ik Wifeppval. One
Mpdcﬁof%ﬂl @modelrspemﬁe@ asIngladistilatioe badumeyreffeetitg the separation of
xcha r sure nd 25 t rature
o e S FoD P T Suder sime GRdgmrate fhos Mps
(18.260mPfosinbec p%@’su#émn Ithe Wl-ﬂi'l@n@énﬂﬁaﬂeosﬁt%mc c%tfafhlr%n structured
P?cgr gy. requi_renent. of 3196.8

A ST Prischy ST Hsombenl Saets) STRPIGY AR eNDRIEC. A

81h io€ ¢hid 8pt REerh@PS 4 B8ttom ﬁ‘é%gfeeaﬂﬁ%rﬁﬁéfathl%a&f' 18%2 kPa (0.1048
required to maintain all streans at specif

tm;!ﬁwéd 46.06°€s(given 335C AT inheygboilep heaa e}scda@raeer)h@aita @otpyesgfre and
Zeﬂ%@g@éﬂ%f 7854 H}Q & h Gt z{tfns: @hd gf?’? ?ef LtHe'alq QH q@ 'tl{égtob 'f the

separation process’is refative
¢Qums id/prehBited £o §2rl‘ﬁ!aw;thcfh dnh@yhequlramdt oéBdeQﬁ% |M‘J$th (per m’

TN bR ORRRRL AR, TR Govter
Pugplénttexchry heafiap keuited HhhsintaimbillestréAsoatppevificiasmpani@redfs 385.7
l\/ﬂ?%g(g?l?&tét e #@Sﬁgﬁ\?ﬁ,m&) uet e!lgc?rlctal1 g‘l}ty ?orr%ugdepl)u?r}/p?r?g in the
separation process is relatlvely negligible (0.48 M)/m? ). A summary of the heat and
electrical duties required for the separation of the draw solute at typical concentrations
used in the simulations is provided in Table 1. This table also provides some of the

properties of the draw solution that are relevant to modeling OHE performance.
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engine efficiency as a percentage of Carnot engine

deserikadepaye. Prgraf jrpege oY tsHepligH f ifcat deereraiwesnecVarha variety of
%‘éf%ﬂrésc RN FRATREL CwdiE er%ﬁgfkgﬁl%oéontsigﬁnt drfﬁ""F?gm 5'” fran Famot

For h tenperature of 50C a l'ow t enperatire o
Q@@entleﬁe or ﬁ&iEﬁeqnewgeg oithrf%G heaharenshowst dsala remggi af @smotic and

ERA R RAARONE AP Sl R oo o s o
eppenacte werehad cﬂnﬁarm,swuh|ach1gprtemp¢ratare9mr|t6rnimsteté ofhenergy
t he..b t,i f utian. Th

UBLFY o SO ol P GRS oG SIS R rea P Bt SREgPryent of
ofCcai ned when the difference between osnotic and

hydraul i ¢ pressures approaches zero. G ven equal 20
osnotic and hydraulic pressure at equilibriumin a

zer o-fibU% fpRAédd GHE 'eﬂ@h@%‘fﬂ&eﬂc@ £S5 I0bdr&enREE TTUC Siot engine
wi || increase nenbrane water flux, thereby increasing

effisienerb tirletivsfto theodiéferepeeobrivess thy hydraulioHmdtagmptio pressures of the
G, SRR, '13 § h' fen@Fr%ﬁﬁéj ?sa‘cea.?cfg'lswetgmB{ﬁatuhe of 25°C, the

I ncreasi ng t utton concentration
potentazt r(ﬂtmmmdma!hﬁwdioat e effigigneye(Carnot) reaches a maximum of

approximately 16% as the net driving force (An — AP) approaches zero. The osmotic

pressure Ar is based on the bulk osmotic pressure of the draw solution.

The results indicate that the highest engine efficiency is obtained when the
difference between osmotic and hydraulic pressures approaches zero. Given equal
osmotic and hydraulic pressure at equilibrium in a zero-flux condition, increases in
osmotic pressure will increase membrane water flux, thereby increasing the amount of
power produced by the OHE turbine. Increases in osmotic pressure are achieved by
increasing the draw solution concentration. Higher concentration draw solutions require
more energy for solute removal and recycling in the form of supplied heat. Therefore, as
osmotic pressure is increased, power production, membrane water flux, and heat duty

required by the solute recycling system all increase concurrently.
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nore energy for solute renoval and recycling in the
formof supplied heat. Therefore, as 25 osnotic

wWEe@s®eras i s i ncreased, power production, nenbPEIRES2007/023541

wat er flux, and heat duty required by the solute
recycling systemall increase concurrently. 20 WO
2008/ Dig0di 8B 1aRGT EAISAD 0FAR3MB4 tolutthecydlirngt syktemtis bowavet imafficient

d for ol ute recycl i SYyS i.s hgweve
oS @bl N COLRRY e e liBap SPARS otep gapor s aso

Gblﬁd%@&dﬂanM§ Gleatt Wﬁiﬁh lﬁi}l\mlﬂot\/\ﬁd ebn\’éﬁélDltoblpSwéﬂ ﬁl@ductlgn. As the
renove uirin eat iC y not be converted to .
f:')?ﬂﬁé‘i‘“ab‘% Ggg'le ‘%‘ﬁ" Hutiqnyis Incegsrde HieraoMBlnefoyater@pefy Agated in the
aRtidtioR Rolufnl iRGERESRvelll A ﬁ@%?en@fne%‘e%éy Y2dePAration results in
created in the 5 distil[ation colum increases as
fleareasing QHE effisienqyvertt Thisdnarease ivpsyrogs p@ésym%eﬁ Bewever result
i fthdaSed! Patef %&e@mcn Obefrkifs %xgﬁ €6 MG lnc1emu_smembrane
I ncrease in osnotic pressure oes omever esult in
porveralensaty. \kEgher nfem!vxane \phwmebsﬁgfrbqlsrem& rrwpéxraneiama for a given
Elne n@y %%)acfs)g aﬁ&‘ enSI rréesm rraené:E?or er | egsg Srcla trgl%ntHnag trgdeé)ff between
fnembeang icapdtal coenamd@yngma piiiciehyy, amithtonussbd e isniperinih tierdesign of an
g) This represents a tradeoff between 10 nenbrane

g%fsc Y$fMcost and engi ne efficiency, which nust be

optim zed in the design of an OHE system As is seen
fromthe above di scussion, although overall engine =
ef fi cheicspen omdhe phove disgussiopoplhaneh oxsrall enginerplivigioney is fairly
96 depEAGling bl RELERAY of 6% L6l ¥TRRALALHATIA h
efflag?ency}n% e 0f1e po%rsgoﬁt put )gern lrrh, gﬁerat %at an
sifisignesaof iaéo%wﬁhc eowrghltplﬁ peranaetyanefre &0 bp/guite bigh, in excess of

n I r

7RO A6 e frand gt " ol ik RS AT BpreB G iR TRRR o 40

10k i est aﬁagneagypnmmtm@ggmg ntaylapprpachAmghgrbmt)t am important
consj der at i ca and | abor, casts of
FRBREGREL O] RS G o) TP ECist S Vrots Sy g R iripadls on he
edseof dléctiidity pprdackdced. 20 The use of the ammoni a-carbon

di oxi de osnotic heat engine of the invention allows
for power production fromdiverse energy sources such

as hepte {i9e08f theankBdStarbsit HRANE RFnoBX hedt! dhgine Ve invention
pl ants, otherw se unproductive |ow tenperature

aliaytsnior Wﬁweh@fﬁf‘““@ml{i’é‘bél"eﬁé\m@éh SRHEIsaFlbAS deateffom the reject
SBRIRE GO R B SR oW S 'FQt @

ocean tﬁer n’gq%grellg‘? gy coﬁve?élr%mgﬁg:ng ot " :égmgeﬁwa] hea
srfurceh.e bav-cansentratiore splao thesmaloénergye bnqmasse rheato(nomcomt;uﬁesn) and

t b ile the

DT e ol BEGRA BB oo DL o e Pt @R of e

gwerttiohiptoduces power that is renewable and carbon free.

While the invention has been described above with reference to specific
embodiments thereof, it is apparent that many changes, modifications, and variations can
be made without departing from the inventive concept disclosed here. Accordingly, it is
intended to embrace all such changes, modifications, and variations that fall within the
spirit and broad scope of the appended claims. All patent applications, patents, and other

publications cited herein are incorporated by reference in their entirety.
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nodi fi cations, and variations can 30 be nmade w t hout

waelepansissy fromthe i nventive concept di scl oseRPCTEs®N7/023541

Accordingly, it is intended to enbrace all such
chan%es, nodi fications, and variations that fall

S I and broad scope of the appended
claims. Al patent applications, patents, and other
publications cited herein are incorporated by
tef er Anmoeghodof Beieratingtpowet ysing an WONRAGS/a0®@4B&xide osmotic heat
PCT/ US2007/. Oztﬁgz%l W—IAT IS CLAIMED I S: 1. A method of
8%'53’ 8?%?{51 1Rt 'ng an ammoni a- car bon di oxi de
osnotic heat engine, conprising the steps of 5 a)
pressurizing a ,concentrated draw solution to a,
hydr adll | ¢ BEFse¥&ifgea (cgugentrated, dipw slutingntgr 3 Bydpdisspresugsnplower
a first sifg R o@n@RPreRGE TR ikt TRERFANRmi-pUREEE Tembrane,
the concentrated draw sol uti on conprises amoni a and
carbon diwherede thel congyntiatedr draiy ciohigfom cdinprises awpmadaiingnd carbon
fluid on af )%)éoosi te side of the sem - perneable
menbr ane, wherei n the dilute worKki ng fluid conprises
nearly deionized water; 15 c) causing a portion of
the diJute working fluid to.flaw through the sem - .
per el ¢ PREHBERRCR diits” patking Bl PP AT ORRealy SBF TG i semi
t 0 creat e peribRI methbrdite, tWhtteire dizadithtd Workwtpl WTe coipiites nearly
draw sol utj on; E%N i nducing flow of the expanded vol ume
of the dr fFYEFLPPER t hrough a 20 turbine to produce
power; and e) processing the expanded vol une of the
draw solution through a distillation colum at a )
sui t abl e tangied atrgrtonefdthe dédutsuvasking fhid i Hpw thrpugh the semi-
solutes fr [ j
draw sol uté%(gnﬁeaglr%jn%? |ers1g'¢fhhﬁ)gess% @Jstg %gva%glg gr% ?g:ﬁ{sé:d%ater
i n the sydtuwrthat2xpantl¢hervotumecbfgheotvawselgtiang ¢l ai m 1,
wherein the concentrated draw solution has an anmoni a
to carbon dioxide ratio of between about 1:1 to 2.5: 1.
30 d) inducing flow of the expanded volume of the draw solution through a

turbine to produce power; and

€) processing the expanded volume of the draw solution through a distillation
column at a suitable temperature and pressure to separate the solutes from
the draw solution, thereby producing new draw solution and working fluid

streams for reuse in the system.

2. The method according to claim 1, wherein the concentrated draw solution has an

ammonia to carbon dioxide ratio of between about 1:1 to 2.5:1.

3. The method according to claim 1, wherein the draw solution has a concentration of

between 0.1 and 12 molar.
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3. The nethod according to claim1l, wherein the draw
solution has a concentration of between 0.1 and 12

wWOori0a/060422 WO 2008/ 060435 PCT/ US2007/ 023541  4pCTVR82007/023541

nmet hod according to claim3, wherein the draw sol ution
has a concentration of between about 3 to about 6
#ol ar Théomethibdacretdingdo alamw B dwingein thealraw solidtjontag s edreetittation of
early dejpni zed water conprises 5 less than 1 ppm of
g%ﬂf/aabo %ég%@ﬁf)'ggﬁn?}%xi de and no other solutes. 6.
The nethod according to claim1l1, wherein the new

r ki fluid stream produced in the separation: .
g_?oc_e@g" eeipdefiordianl wEn L VisETIR e B AFINAFRVAISF pripprises
(HsOphisl € pAR bf BRmoRfaRRE c2BndiS8de AHA nb-othERSH16¥ed, hod
according to claim1, wherein the sem -perneabl e
menbrane conprises an active |ayer oriented toward
bhe ofavnsRbd!Adcani iR 3CKhdgn! QoiRRRRY st
Bho f oad B iceBailg cfink 3 khidtn Bk QEAGHARY oliuces
ih theseparstion ptogespmomsaing lesxthars 1| apm|of ammoaiacod c@bon dioxide and no
?ﬁlln%ﬁ 9. The nethod according to claim1, wherein

€ utes. . . .. .

€ draw solution is formulated by m xi ng anmoni um
bi carbonate salt w th anmoni um hydroxide to forma

onpl sol ution 0 of ammonium salts conpri si

ron | BimR0d, BeFetRE o Sl ﬂm@&r%ﬁﬁ% es%-aemgﬁﬁﬁrfmm?rane
eath BraeBhe actiV0 layEheridieddNedard GROdreiviglution &hdh BARing layer oriented
wherei n the anount of ammoni um hydroxi de added is

AYrdhihs &gdselutiohi ni ze the concentration of unioni zed
amonia in the draw 25 solution. 11. The net hod
according to claim1, wherein the pressure of the draw
8ol ut Tnmeihdé agfordinpdo wiarbriarvenerein thei water flexd i§ at hstadiyut 25
ﬁf%@s usi ng a pressure exchanger and the efficiency

of thé pressure exchanger is at |east about 95% 30

12. The method according to claim1l1, wherein heat is

gtOE: uc%%thg(tl a‘E‘ch(%HE % acl}ayrrrl el, %here?neEhve\:e rgw as%ﬁxlfll%n :?55 fc%‘rr;l%lated by

mixing ammonium bicarbonate salt with ammonium hydroxide to form a complex solution
of ammonium salts comprising ammonium bicarbonate, ammonium carbonate and

ammonium carbamate.

10.  The method according to claim 9, wherein the amount of ammonium hydroxide
added is minimized to minimize the concentration of unionized ammonia in the draw

solution.
11.  The method according to claim 1, wherein the pressure of the draw solution side of
the membrane is maintained in steady state using a pressure exchanger and the efficiency

of the pressure exchanger is at least about 95%.

12. The method according to claim 1, wherein heat is introduced at a te?ﬁperature of

between about 35 and 250°C.
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according to claim 12, wherein the heat is a source of

wo owsgeEde heat selected fromthe group consiBCT/N§001/023541

wast e heat from netal manufacturing, glass
manuf acturing, oil refini n% and thernoel ectric power
e

d&ner Bhd methpt exseriingsto cdppwtlRewherpin theelaat s@usonkss of kngrade heat
086y &"Jaﬁlr E@l ll%ﬂ? n"?))f%gt%gf %Ja?t@ e%t ]f%m Tﬁk‘? lnﬁglth?gcturmg, glass

accordi ng erein t era

rrmqufaa:temhg‘ @il sﬁplag aahd nlgermbéiectdc @mw&ogmmmri Iporesses, geothermal
olution i E li? lona to the pressure and the
B?aéé%%?eé *1“ PG RE A CORSBIR™ 0. 05 to about 10 atm

10 15. The nethod according to claim1l, wherein the

power _out put per menbrane area i s  at |east about 150
W, Thesmethpagepridiigdo slaim | &ivgreinthe fearnsraiuse reguisgdofop separating

Eﬂ%gdn\%\,@«"\n’gélutgytﬂ%ﬂ sBfiol I SHIRIMALIERD kR pRisuteasd tRPBHEsure is

introduced at about 0.05 to about 10 atm.

15. The method according to claim 1, wherein the power output per membrane area is

at least about 150 W/m>.

16.  The method according to claim 15, wherein the power output per membrane area is

at least about 250 W/m>.
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