WD 2008/ 060435PCT/ US2007/ 023541 OSMOTI C HEAT ENG NE CROSS REFERENCE,
TO RELATED APPLI CATIONS 5This application clainms the benefit of U S
Provi si onayyoApdseasi on No. 60/858, 245, filed Novenber @;r/dfd0@0231e
subject matter of which is herein incorporated by reference in its
entirety. HELD OF THE | NVENTI ON 10The present invention relates to an
osnotic heat engine for conver OSMOTIEHEAT BENGINEY i nto nechani cal
work that uses a sem -perneable nenbrane to convert osnobtic pressure
into electrical power. BACKGROUND COF THE | NVENTI ON 151 ncreased gl obal
demand for energy, al ORQSS/REFRNENIE TQ REIGATED APPLOCATHION®N di oxi de
em ssions, have expanded interest in renewabl e energy sources and

i mproved sef fi ci empis egpplitationl etlaitEe theHBWRBE of B1B.1 PROKToAdt ApSifdhtidnC INGON
regardi ng the adoption _of new fuels and energy technologies is the
cost of poméplsﬁ{‘%‘}qu@ée& Noyerpprs Se200g-dhesSublapimastesofiydiichi iphergn ipcerperated by
forns of artrktbieRdeah itSeRiRRy.t My assist in the introduction of these
20renewabl e energy sources, successful displacenent of traditional
fuel s nust necessarily be driven by total energy costs.

Pressure retarded osnosi s ( PREIELPOF BREIRVENXTRONESr " as it is often
referred to, is ﬁhnenbrane-based osnoti C pressure energy conversion

process.!0PRO ut i The BEsegt iRyentionfTelates toan gimasic heat engipe fpatonueiings thermal
nMenbrane to gapeis theBlaBRAIN Wérk that UERRQ@ RIMRFATEAR ALAbLEIS RUSERS: §sitlotic
exanple in U S Patent No. 3,906,250 to Loeb, U S. Patent No.

3, 587, 227 t 'L electicakPOREr-  and U.S. Patent No. 3,978,344 to

Jel l'inek, the subject matter of each of which is herein incorporated
by reference in its entirety. 30 first Ioc oq?)Nconsi der ed

suitabl e for using PRO t ecBAKRSGROUAD QL
15 - Increased global demand for.energy, along with widening regulation of carbon

dioxide emissions, have expanded interest in renewable energy sources and improved
efficiencies in fuel use. However, an important restriction regarding the adoption of new
fuels and energy technologies is the cost of power produced by these means. While
subsidies and other forms of artificial support may assist in the introduction of these
“20  renewable energy sources, successful displacement of traditional fuels must necessarily be

driven by total energy costs.

Pressure retarded osmosis (PRO), or “salinity power™ as it is often referred to, is a
membrane-based osmotic pressure energy conversion process. PRO utilizes osmotic flow

25  across a semi-permeable membrane to generate electricity. PRO processes 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.

30 At first, Jocations 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



deltas at saline water bodies such as the ocean, Dead Sea or the

G eat Salt Lake. At these | ocations, an osnotic pressure gradient

exi sts whewe Zdesastusat er froma river freely m xes w th pegvadenozsskhe
PRO process utilizes this chem cal energy and converts it into
electricity. In the prior art PRO processes, saline water is

pressuri zed ofinke flestoattr opgdeysactas aofenti{pernfentds muatbeme waTler omoitio Sgesaure
sem - per neabl.e nepbhrane. . The osnDt | ressur ﬁiifferenc b en t.he
Seauat or andHECT BESREL S P RT B e MR T PHL R SRS o el
pressur e i ngussde ndudeti en feavmtatr)) cagms swotio Sinota a@cdriatmosstthe merbmneACAOS S

t he nenbranes., As fl occurs i,nto th ressurized awat er. he
pressure | o et Bl S e o ES T ARGl P Ry e
means) W3 clhydretueliad @sotbdrexetans) edhich generates eleBiRGtyr ocesses at river
deltas, also known as "open | oop" PRO have several operational and
design limtations. First is the need for extensive pretreatnent of
feed and draw st PR@nEocesdesriat fivert delths)atso rkdopn e dopen dasaPROahdve everal
processes, to prevent, foul.ing. of rgcess nbr anes and co ents.
Aot hor i PRIy S EREn b P 4 o M PP e BLROr BN os
found bet weelfawrerdamiatitiilad tof th&CreyViiee Iif .deshhiddtioh prockREs, &Y piekvablfeuling of
osnotic pressure difference is not extraordinarily high unless the

sal i ne ePIYSENETbrancs ANdCampRENtSs  ch as the Dead Sea 15 or the

G eat Salt Lake. Unfortunately, the volunetric flow of water into

these water bodies |[s s at, small and hence will yield limted

power for even agﬁ?ét"‘fr 3@@3?@6'8%%0& a’feg’g’. g%gﬁ“’i}\%t%sf“,o“? dresgiresiquad
Qas an ?s nFF:Eme]gf ﬁﬁ?yhﬁ@%r_et fﬁa@wg@ﬁi :’[_lhﬁteils,whaaﬁﬂaﬂwtas#(fﬁ paasmrde da_f(eiegélb is
oes not allow tor e ni aul |l C [ essur,es are desiranl e
For el 1 of erPt AU HE A t g SBer G R GEe. g tSdnt PE A
streans 1ar e of #SGeel 84t Lakd0 Uhfghatatehy dcatdlbfietiid 66® WTGSatd¥Hito ARest SRtkr
but the proce nificantly frominternal

s efficienc il|l suffer sij ] e
concentrat i ﬁg‘%}sﬁﬁﬂﬁﬁtéﬁ'ama&?e%i""d‘ﬁl Yﬁt’?‘ﬂ?’é‘fdi RYVEH f§ﬁ‘i5‘pw”€ﬁ designed
struct ulr e FfPRUWQO%EIbISGa’IGJawﬁ&ﬁ' &@mple) RaspinOiStc pﬂéhliuﬁe Mﬁﬁmk&ww .33
partlcu ar X ernat e the. .l ncrease upp rt ayer thi ness
required to*ﬂﬁaségetﬁgh‘éhlg'hgg{eéagtéaow ot iﬂr'qhﬁwfaéggmsgreéﬂab#ré Sseﬁ?r{?re
concent r at edffitidhepéWer pZfluction. In Laskd Whdre BIRAEH cBRdeAtdtion sirdanishee ASGeréd)

pl ace power facilities at the ipterface between _natural streans,
often ar@ash e’c‘B’H?i“g%P’éﬁPfés EAY PTGt P'i"ﬁf‘ﬁb?ff'&'ﬁ’t"é’,w'ba%ffEF"a'&rlT‘E“a“ﬂY

estuaries, ik iakehaPthcdhditon &mriemwrcp% WhRh BEJuFEAh YheQRlSHoRGlrotlrd oftthe
vi abl e PRO process is oog menbr an%t_ pertormange. Pr ?w ous
i nvesti gati GHEOFAIE FSERIST HAR, BIOFGEn d MenBRENGIRTIBR 4h Rertiew ALy prpseshatrd iyethias

t 00 poor t o ingRdaSedP Bt IRRE EAcknesd requied b @espP tthed therehRW Hyl¥lid Ble@res
nore nmenbrane area to achi eve enough vol unetric

require the u%;? f
flow to genéhaied Byaese copsentraied SE3@st o a phenonenon cal | ed
concentrgtion pol arizati on.

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.

30 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

hl



Flux occurs fromthe dilute "feed" solution (freshwater) into the
concentrated 5 "draw' solution (seawater). As this happens, solutes
buil d up alwenrgudidegsssurface of the nenbrane al ong the fegdgider26311
t he perneate side of the menbrane, solvent dilutes the dissolved

sol utes al ong the nmenbrane surface. Since the solute concentrations
at t he menbreamge sher dsaad nibire tr@tnbrahd ered kol echizsedbdugh poleseic dlodi fof geharae e
across the nenpbra %l,edtugﬁse concent raeﬁ'%é]on | ari zat.i on phenonena nust

(éonc%ato 1%33

be m ni mi zed° 16 endUire® M4 hc?ﬁ"ﬂ%‘%‘.’ gﬁf 8 the
concentration pol arizati on phenonena can be mtigated by crossflow,

wherein turbul ent, fl ow near the,. ' ne rface can, reduce the
t hi ckness of t hetléi'x %&Hﬁgﬁf’{}' hﬁféﬁ@nq%ﬁ‘f &P@ﬁ%ffﬁqsw t Hﬁ? ?H’e%o”ce“"ated
current|y i rfduse saluforf@yaWatdr). | As this Bdppers] solfes Huild tupesehg tAbsrREDEBMES,

a thin separating | ayer, (the. layer which rejects the salt, also

Cal led tno- ikuitrhg o4 e e idea i e Remeats s h P StrS betippop ety the
whi ch provi digssoli@iCébhnésCalbngSthe emgibiant Guifite. nsindarthad eolutd RoRRniTRITHY aN@s
have been desi gned fg[)r Hrege\s}gre driven merrbrg_gee Eroces%es, uch Es
reverse osmySLRSTAE HClIa it L ST pressure fUiRrenge agnoss fhemembrane, 4Besp, o ¢
i nmj bi t flbowﬁmd;meaeiou\@baﬁzaiﬁsn Iphér@iahd MUheBhel’hginﬁrﬁiﬁﬁE% énlgﬁreu@m fibRs. The
menbr an y rauli,c 20 pressure. On the other hand, in osnoti

T ot 1t 1O 5 SRS 1 coren bR A G RIhu o8 A LF SHIGEGh By CRIo™ he
thin active whawsi turbilit PRWORKEr SidpRahbraleayi@acedtaygdide She MHidknesanif, thaed
of ten hi nderbi{l}ﬁlia role in osnotic flux performance. As illustrated in
Fig. 1, a siP§HMeYda®XIS: concentration pol arization |ayer can form 25

wi thin the porous support |ayer on the feed side. Called "internal
concentration po{c]a i zation" (I CP%(,J this, |ayer ig%%ct,s,t he osnofic

pressure to a nu HOSP'éaéfiI%r‘“eéli(Pfaé’ﬁ YAt WORE s asupmelHe Jhptaietusas ndhese

| ayers epst emisalbrdngs, b fign sEpaRfigNRyd G6E)ayerMiidhfeéas the Bal hise bdlRl RRtk&@Re Of
ICP is critical for vi a{%e performance of pressure retarded osposis.
The menbr and®fUi3{s SPRAEd B 2 2BTous {upPTefaxey iy Rrotides sneshagioatidignaiy to the

however and mgnbingh! Yhek PREiBadek Chalv® beat Qesigned for pRR%ur@BEven membrane
applications, the draw solution nyst have a high osnotic pressure in

order to geRECETE: FUeAED FRYFPROSRASEARD): offt IRSHE SMesis, HesreiPReg] lavgrssfocyot
however, t henHuas{Tabw Csinc 'vaft@ Ui Qit@ilBdbeaipl forctl hroadt@E rSdhirine BIR}drflic

osnotic pressure gradients requi.re nmore_nenbrane area to generate .
| ar ge vcﬁ%uné’fets?“ée'f Qswthe offpsr da d%loérﬁ?tlccﬂﬁ"frr@‘a ofPete ﬁ’r@”'ﬁn‘g“’f’@u OfR g
phenomena, rEkgiskddcondyenet Blelthin @siRLIAyer. PTRSSIHGS sEHOR I1SRPPILRS a sidifiant,
i ssues associ%lt dwth th(? draw sol ute include conpatibility with the
syst em conpdREATR hfigring, pleinpsmpfieflux permdactesr ay be corrosive to
netal parts and both freshwater and seawater nay contain biol ogical
conponents that cause bipofouling to system conponents, .i ncluding the
menbrane. River g%iﬁiﬁ“ Y '§o?=r ﬂﬁ@“’%ﬁa"éﬁoﬁﬁ@%P%BﬁlaE@HP‘? Praganofgrm
This meass thain tHeepéroad sifpodndyer e tHeaWed Gldd! | @aBedaFBterfal WoMRALrdtidn
the ocean after, t_hg@’ﬁ% rocess is conplete. Wen the seawater and

river water PRREZAPRY Igver frapasiy s aotinPressHisyfo miuich grsater extent thgn

and di si nf ecb@@nttBioR rpRlEiRdtioh ANersNekt@R4l 1B1 1€ inloMbiAE (BCRY, | MMinimization or
respectively, In addjtion to f ding to the overall cost of the
proj ect, anylimmation-eh P ip siticaf for yirglecperformaness of ResswE Setpriec osmosihe Thee

flushed out membb@a Miist REI e MBMEEd ffREt0s48 o PN Nish GRhre® hoWR e 2! be RS -
Di sposal_of 15 disinfection chem cals and disinfection byproducts can

have unfidr ePEBFRURAYSHent al i npacts. Diversion of river water may
al so have an environnental inpact on delicate river delta ecol ogy.

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



Thus, in order to create a viable pressure-retarded osnpbsis process,
the use of 20 closed cycle PRO systens, which are intended to use |ow
t enper at urege@lostesr ecycl e an osnotic agent, have beernpdaoReERH3541
Thi s approach does not capitalize on natural salinity gradi ents but

i nstead explores the use of osnotic pressure as a nmediumfor the
producti on qfresswe lgraden@ldré magher hemalt.o rBneallsi oamam‘fc PResstire (gfhﬂ*&ﬁﬂsabduyrehﬁmi:gn
TP SRR e SO Bl RS el SR Min s

processes, draw so
as sodiumc Hblﬂmgotélpnmnatemakel thedviilableexsamiid pressareles®n spatle@nt OfNer issues

3,906, 250 to_Loe t he re-concentrate e
draw sol uti oﬁsoﬁ\é?gd 5’3@31? zqaﬁ’gs%& @d%ﬁow%Hg ‘\'/!l’i‘[qg Syﬁﬁ?’c@@?%ﬁﬁ aWi@Eh
woul d t hen bmenmﬁememhtdrona‘ydfemotrb@vedemmmlm mdrHotm@esﬁdvuerchnd @:dmrer
- processes invol ve r an| sol ut e e
hen cal - pr Qs PHIOAT gt el sy freRaent B Sty rehie
30 A phid matiarchl f fi cul ty faced by these O—|Es i s poor thermal
ef ficiency due to high heat input requirenments for water and organic
sol ute vaporization. In the case of chem cally precipitable solutes,

cheni cal feed St Rokr Ga PROPAISQhsGREn GBS0 ichi figtititibi, €Bhid @eanS SANAETEd
operatio afﬁg‘ltl onal challenge is the difficulty of obtainin
par*’éi‘fl

solute s HaRsATRif t? (e qeran atter dhedteift PREssHis oppplete; Pon

(CP) effect ghd Rawhter dngeReMRAtE are Er tliffio FRIPRD HYseR| Y Mg beRieRY ah
vaporized and.re- condense s d| | ed working fluid, but could pose

a signifi cartisigfFetish tg H"‘\Xﬂ% Eg "Hlj H'B\f%!’ﬂ'i"@“&’? éWP%"SIV‘ﬂi’ e® HgifpELe addips

difficult taocRwwel caxipf 8 plojct, any chemeElb thaPgtk Bdded tthadd vaEked hiid® Biltler
reoccurring cr}_ﬁl | enge in osrmtl caII |vp§¥1 r;Errbrane rocesses - the
A

difficulty OF HugedtU {A 55§ oA be sypRved gt ehegycahfgansi dhsroshdfi ¢

pressur eg aniikinfectioh ¢hdnyicdl€ BRy alsihRcfidr b)l’pﬂidﬁas ci¥e Bdve GRAFIARs€nCenvironmental
ause i nter nal .conce ation

removability is v ortant

ol 2t | 28t | onmBRSa CIETTIA KRR Ty 2 B o PR MBI TS it ve
drastical | y derfitepgyrenbr ane water flux. Thus, the ideal osnotic heat
engi ne woul d use a draw solute that has the follomﬁng features: (1)
hi ghly soluble; (2) conpletely renpvable; (3) has a high diffusivity

for eff ectl ve MaShus) lABFECH dréutd helaﬁen@ésame.remaédeaamoa@q)r&c@s freClidk lo8'S
| ess he sol u r enoval t ‘ﬁg’w r d for the vaporization
of vat or? 15& fosi il 3’&%%&9%@?3}% gy ow tempergiie heph/ ey gl an
descri bed hexgbtit atAtCRERE eeénq)r@\b%dcqm apPidBchioed MR cipfwhRA of mafkae BBinRY
the prior art by %quOSI ng an gﬁt ernative means of power_ production,

that use osfdiQtshubasteadexplgres sdssplosBPRCRIFSSHIE RS bmx@emfferotm potction

of | ow gradefhend endbid Be SaNEEIBA opé’riv%nme%&lI% BMfSt lb@aém;sefb‘éureﬁeat Et@nrdé§e
of osnotic phenonena to produce power have been conducted, such a

those used t'®CEHHRALPPWers év Fff’fF‘iaﬂ/Pfﬁ‘éﬁﬂ%F’ th frgipn splyBonis @ salytiert ofreatlmeﬁalt

saline and fsn@sh swmxerch@ha@amscﬁtehasrlemhme freviss paisht &2, Naoshes usad
on the use of osmptijc @ enonena to produce power through the

conver si on ¢feahapRticd 95 W“@'—"*‘FPIEE'PWWFW solution by yappeizinga geyfias t

of the presefithel v hto QamOwRIEP WoGa tidh 12SIIRAdnSedE Mrmeth i&1ghitddatorking
i ncl udes dil te (Snearl y del onj zed) water as a working fluid and a

merbr ane th bemirpessice invelye therrrmeval At & valatile Oedeie el prohe chemical
pol ari zatio rééfwaudwfs&)uteﬁeno&éa%ye&m&hﬁs&&tew of water across the

menbr ane3 3
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



It is another object of the present invention to provide an osnotic
heat engi ne having a draw solute that is fully conpatible with all

Syst em COoNworerd/ (%0435 It is still another object ofpthespimarsnl
i nvention to provide an osnotic heat engine that uses a draw solute
that is highly soluble and conpl etely renovabl e. It is still

anot her obj eewmonic ohaatines ¢k additicanit Floticnge ioribyidifically of wbteininghedute
engi ne Shavig %ﬂ:a@loﬁl E@l%l@tg chtr)&gt@g%oicﬁ) E&}\éhﬂﬁﬁor{) dlar a!nt?'lr ?.ﬁ’ggﬁ"g%t fnCtPe feed

pressure gradi
i nventi on t ovaterovihieisamt asproblew wiesat watergis rvepqrizai' and tel-t@adea;sedt dyedistilled

envi r onnent 1S Of Dk . t he
present 1 nvarpiiRRGLTuR cobil Gole N REAGR Fotm snen pejug HRbstR, gl
10t hat utsi.| ivhéch age diffcylt toarbihevecioaplertyl. ut e. I n one enbodi nent,
the present invention relates to a nethod of generating power using
an amoni a- car bon di oxi de osnotic heat engi ne, conprising the steps
of : 15a) pr essur i Thingeiats dxomrmldﬂtinm ,eebcchrang collange tmmsmoticallmhtﬂ\reauichtbranc

D s ol HEnD A BRI BB SR B ) P8 et
wor ki ng fl U|p¢smnesamdopqo(hghtyermodab1@ffort hesesemeanpecm;ﬁablranmhmmneyerﬁo
St por oab Db Pokate el tentiiall s Hion e Gy e AEPE A REbE
wat er fl ux tsblatiomxpadrakicdllyecduod mambrade wihe fhhxamhlspihuﬁdeaim,smaﬁuﬁeatmdgme ng
flow of the w%’ﬁ[%aurégggsaw soﬂl?ethﬁfhast {ﬁﬁ fo‘i'lé%‘g‘l’giga'é%é' o ﬂfyosgﬁplﬁg(zggoﬁleﬁ‘&yt °

produce power rocessi ng
sol uti on t hrengiable; @) basia Hight dlffnsivny for effectivel miaym trarisfem irsthe h@imbmne system,

tenperature a [ ess rate t o| ut es .f.r 30t he
Sol Ut on. ¢ AE) ERFARFSdE e R S0 Pl P R G RSy i f Verer

15 or highly soluble organic solutes.

The invention described herein attempts to overcome some of the noted problems
of the prior art by proposing an alternative means of power production, that use osmotic
pressure to generate electrical power from sources of low-grade heat. While several prior

20 investigations of the use of osmotic phenomena to produce power have been conducted,
such as those used to convert “salinity power” from the mixing of natural saline and fresh
water streams, relatively few studies have focused on the use of osmotic phenomena to

produce power through the conversion of heat.

25 SUMMARY OF THE INVENTION

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.
30
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.



streans for reuse in the system BRI EF DESCRI PTI ON OF THE DRAW NGS
For a fuller understanding of the invention, reference is made6 to

t he fol | owwogoakmessspti on taken in connection with the BCrosmemzsng
figures, in which: Fig. 1 depicts the PRO process in the
presence of internal conbustion polarization 50on the feed side of the
menbr ane an ext ektrastillcaanberbiest ¢fahe projentrinveatidrote poeviderpe cdmeniv heall anginon

side of the gy a lute that fd ofho] |\GpReat engine
systemin 'aé%:%rg%gnggawvaotuhe 'P ﬁéé %‘?%‘%%"nt |%§2%@8@M6 bl Fig. 3
depicts flux data and denonstrates the rel ati onship between wat er

flux and 10draw gql yfj aglgthgrocg)ie%mf: t@é érgﬁ%ntf i%enﬁ@ﬁto@ r%aﬁq.e‘osmotic Jegtst%%@? C4

depi cts the nenbrane power nsi ative ulic an
pressures i mavihga dewobluts that atovisagionelagge oshetici pnaseunt gradient. Fig. 5
depicts the osnotic heat engine efficiency as a percentage of Carnot
engine effitiency, relative to the difference between the hydraulic
and osnotic preslus pg andther lwbjedt5d thavpresedtiitveotinn tDETAIdeED oDRSERIeR TdngiNe OF

THE PREFERR'%IQH El}@gﬁ(.ls) gﬁ%o'é‘ﬁ onmental imﬁ%?s 4t Eh%slﬁ{@ Spr!)&\{se.mt ion relates

generally to a et rgener at'l powWer “usi ng an anmmoni a- car bon
di oxi de osnotic hediat em)theeprasentpnvestiongelfee gaicmilyg toh closed |popeRRIDI ptozésng

a concenltor att}(]aagutt}lﬁz%gvarseglbctlgblleod;a‘ggoléate.hydrauI i c pressure | ower

In one embodiment, the present invention relates to a method of generating power

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

15 a) pressurizing a concentrated draw solution to a hydraulic pressure lower

than its osmotic pressure on a first side of a semi-permeable membrane;

b) introducing a dilute (nearly deionized) working fluid on an opposite side of
the semi-permeable membrane;
- 20
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 expands the volume of the draw solution;

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

turbine to produce power; and

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

streams for reuse in the system.

BRIEF DESCRIPTION OF THE DRAWINGS




than its osnotic pressure on a first side of a sem -perneabl e
menbrane, wherein the concentrated draw sol uti on conprises amoni a
and car bonwei 09/@ei3sb) i ntroducing a dilute working fl upch/@odiin2isst
opposite side of the sem - perneabl e nmenbrane, wherein the dilute

wor ki ng fluid conprises nearly deionized water; 30c)causing a portion
of the dil ute woFt ndulkt unddrstapding ofitheinugdn, réfaesens maiedr toabdfoowing
menbr ane i ntc{% ctnhﬁeo tglt(ae%shlljrgnzec%og{vﬁgvthsolcuti on.t Q crega't] %hah_wat er flux

t hat expand HEPUD! At TR Gl ST UIPE S Higyes, th which:

2008/ 060435PCT/ US2007/ 023541 d) inducing flow of the expanded vol une
of the draw sol ution  thro turbi.ne to produc wer: and e). .
processi ng t he eiiﬁaﬂag’d%@‘?%ﬁ@ pd?cefsdg%grpé#r%[ogp?eg% ERSAT ng?a%zatmn
di still ats oron the dedwide it tha nseribkaablag dxemak taicett@tion folpiiasei b€ tHeOdraw
separate the P§|UL&% fromthe draw sol ution, thereby produci ng new
draw sol ut i SRVEAIEH RIS M MCY streams for reentry into the system
The osnotic heat Fgngi depicieac vinieid Hear eigihel sysié@singaesidinde GOMP@E Srasert
ot her types .of heat 10engi nes including gas turbines (Brayton Cycle),
st eam t ur bi A& Panki ne Cycle), internal combustion engines

(gasol i ne, di eseFig, 3 deglcteRine dna hndcdeonSiated theardigiidhehip Sedwetri Wger flux and
engi nes).. p Ihe Qresent igyggtio% relates to a closed cycle
osmoti ¢ HeatBhipHiEn cafeantejas for{hg MEmbEAC. s nypni a- car bon di oxi de dr aw
sol ution and a dRignAi depidtsveht lienydddnki pogvef detishly rditie t3 Shyd@i bie Gsnyit er
working fluid conprises water that is substantially (or nearly)

dei oni zed. \RAETYTS" Qﬂfmtwef’fee&g‘f‘?/o%% YHRP¥Y is that the deionized
wat er wor ki ng f 1 Bigds eepiitahesmlofis Sedt Bpihe kRN PEHR o8t CambQgine

di oxi de and .ot her solutes,.The draw solutiqQn i s highly sol uble,
ot 1 cal 1y BHHFEN N RRNE A rRIchieh Pery SIS pmeta A HEs §EVEDI o
sol ut es.15Thelrave@l@fondei oni zed water as a working fluid nmaxi mzes

menbrane nmass transfer by 20elimnating internal concentration
pol ari zati on effects.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention relates generally to a method of generating power using an

ammonia-carbon dioxide osmotic heat engine comprising the steps of*
20
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;
25
b) introducing a dilute working fluid on an opposite side of the semi-
permeable membrane, wherein the dilute working fluid comprises nearly

deionized water;

30 ¢) 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;



The draw sol ution conprises ammonium salts fornmed by the introduction
of amoni a and carbon dioxide into water and is used in the OHE of

t he i nventwonotsmegner ate el ectrical power. The draw sopai/uSM0R3541
formul ated by m xi ng ammoni um 25 bi carbonate salt wth amoni um
hydroxide to forma conpl ex solution of amoni um salts conpri sing
ammoni um bi car bodnat e, inmmmilqwnoﬁmebomakbd anbimanofothé drave solitanethenghThe
anount of anmoni um hy, tgl:bln)éétg mgq:g 9wér an nimzed to mnin ze the
concentration of unionized AMonTa he draw sol uti on. The
concentrated draw sol ut| on has an ammnl a to carbon di oxi de rati o of

b b 2 0d h
omertration o ther iasgsdie hdnBifist v Bhne b e 38 QB IR R 4R S

to about 56 nol ar. columanMassuﬂttbieWempdralﬁneand bﬂﬁufeemeeml-atms balattd Bom

et oh oel 51 ow R sl R etk P PG Rl

chem cal species Ieacktragnstfbrdee:gfylmsmtsyﬂermr essures and noder at e
external concentration polarization effects; (3) solutes that are
al nost conpletely renovable in that 5 the amonium salts, upon

heating w t IThe b&n&fo&i&at&ﬁginé déexerild haﬂamapﬂésigaéci ﬁtcambamh athdr §p&nd heat
pressure (for exanB 60C a se 1o apmoni a
Pyfne

and car bdn MeREsdH EaSyY, F‘eﬁr@a’ﬁ‘é‘ &@iérl Slt"s?mrté!’r?ﬁ\?% el" ing Lyelpls inggrnal
less than | cp@bustiaMehg(nds (dakiffing, IRkdTR bnddxeHGY confibtionREghOELEREG ek @Ry al
and recycling of these solutes froma quantity of water is
significantly less than that required to vaporize the water itself.
1g| n the anmoni ngeapl’BQﬂt %i]ivﬁﬁﬂodeelﬁlssmotd aoslaeaycleagmnehmﬁt dnfige. TheaRdtt@N,
t he concentrate raw sol ution, ressuri to.a rau ressure
| over than 1465 0eoERE a8 SGRE: SabiaPPaTL ot tel it PG e SHIS, dde
wat er corst aideioniged ®&er \t/dimiﬂg ﬂumwn@m Matr tadis catistafiialigh(exdicay) deloniaed.

t hrough the o.the ressurlzed solutio

b Lhi's var B BenERD S TENaeSof g i iirst e et T M COMATISS ng
f|h ow 15 _thrtﬁm.grppa] dmifidnigd cﬁkb&d&l@}klﬂ!@anﬁ(h%merddﬁf% Ese dr&kfﬂé&lﬁﬁ&fﬁﬁhn@]ﬂyh
the osnotic I e a separ.ation of .t SO es romtne
i e So1 ut 1 RCoT SR e rieh LA S oy Db elerbls S ey fatrs i
streans. A ﬁfs@%ﬁﬁﬂeﬁmﬁk!&hﬁmﬁefs §Ivfﬂrlhﬁ9g‘ fluf madftzey S@Ghbrdhe B¥8I B@sfer by
0oSNDSi S desalination is }a mai nf.ain the pressure of the

draw sol Hmé'\aﬁ’ég igterna %)nﬁeé’%tfoé‘r?@ iFAtign “state operation. 20

The present i nvention uses a recyclable draw solute in PRO where
heat is input to stem whi ch serves to regener he draw

sol ute and _excesgﬁehgﬁf"y? Utog; CORPEIEESt BRI TSy @ﬁ‘ﬁ‘@ﬁ&’yltﬁe agieduchigy of
The syst em iagntonRVdhdagarkan d@ﬁdm_tntccwae:ahndeﬂgtseam hﬁC@HEQth@eatnvbr&mn to
absor bed and rej eciﬂ nd wor k ﬁs ggvo ced |IeI\ fferent -

concept i ons &8¢ t‘hl CTtrS‘iaep%‘fer' o Ehes Jeape sRlHIGY ois %’i‘}i"ﬁ by migimg ammonium
confi gurmd, bidafvehatd € witk mblmanpﬁydfr@;ﬁmewa%ﬂmex REhfidrCofetmatgn Of
heat limted further devel opnent e in part .to the inadeguate

per f or mance S8 (ABPULTE \/\P‘ﬁ?f Uieo FPRNHN  carbpnatey @PE FRHPNiYY

concentrati Qarbmatar nzlatamemnefffaﬁmmn{s@jdfbx%otﬂﬂed R MMBENIEANB hiRBhize the
deficiencies of the gf(l or .art, the nP ent nve ion pro oses the use

of armmoni a- CATSBFRAIGR BLynRRiZeR pEmSE A e diawise uH‘%J’at he fRfcrRra e?ﬁ'ifaé” folitipn

engine is i lphsisd sraheda kcdrbdg. dl&l@d‘ﬁtl@ﬁﬂﬁet\aed’ﬂaﬁ&dﬂﬁel Rf2. aMMBNhRitRAthe

car bon dj oxi de
30 draw gO?LIthH has a concentration of between 0.1 and 12 molar, preferably between about

3 to about 6 molar.



m xed in solution. These gases form highly sol uble amoniumsalts in
solution, which can generate osnotic pressures of over 250

at nospher ewp wwwogodzan 10 tinmes that of seawater. The dr@EmusoduEzsRN
is highly soluble, osnmotically efficient, and contains highly
renovabl e and re)gd;cl abl e solutes. The use of deionized water as a
working fluid maXhi s’zre\y spdution alres  semeral ﬂ¢sambd¢ esharpsteresticsyr ineledimgy (1) high
internal conggBhikAdf I d
her ei n denonst ral'E)g(g t eamlﬁg@%t@?w ty y oggﬁr}gl cum%e{f??@rdléfg#w@éh
practical colviée sqhemlcglr spegigs tleadingr tat btgh m@tlc Juesswes ath rrpadmue external
The osnotic i n

dei oni zed Mc{ag&h('ﬁﬂg 'p?ﬁlg%:t]lo% Igfﬁ:‘clﬁs (\éfgbth%t?sqm{t% € a?rﬁ%s? 901150[{1 %Ig%z%)lg%tfl% gl)that
wor ki ng 3 uithe arfineniug esalts updni heafingiwith ths dsawl oldtmedit tw agphepriaerremgenaure S
advant ageou | 1, e raw
solution t h%gggﬁ%ﬁi(f%%ﬁc @&%% %‘a&a (l?éﬁ;%’ {jﬁgﬁﬁé%%or %’?\%8}'@5;0 i8S en
to reject sallqmdeogaaeShlhqwndegq: e&adllw\kﬂnmmd/\ltd levae pf/ kst than:dwmeraadt(rl)t this
tendency. Th i hat a an ct| ve
| ayer orient Ec‘iﬁgl %g%qlﬁge P g\fff]vg]sf% ut f%‘ﬁq{%ﬁa'm? Eh% il Utcf‘c’aﬁroenr v tl’ftoéd
toward the fve?éailss&!ﬂrlﬁqammIESTN@nmialt@quddu«v@hazetw‘paerdself he 15 voI une
of the dfpaw sol ug i i Y. t 25 X -S,
One of t e keys g"o?ﬁéﬁ‘gﬁ‘?é’?@h‘% dé(gan‘%?t ?c(%% Feay fgFne Ogrtg?:e'g\éen "’twg

i nvention i gondeatrdiehbdraw solutionel presswigghitoat kydpuiie pmwiofrvem:t ieosmotic
diluted dra [ [ nefit usn nd
car bon di ox;,iscrf?asg{lc'i"!ﬁjtaav(\i/(ﬂ Etg w-épl '%ﬂlgd ﬁ’é@e‘}a%%‘%&g’n a'“"l%e%*éll‘éa v maﬂ"éréog‘agaﬁges
may bc succesdbuldigkids) rﬂqm\peﬂmrdugbnmmmmi-pmbabga hmwbtaaapemamurmessﬁmm

Model i ng of from Aspen
Technol ogy, %ﬁﬁ?ﬂr %g?\c()'ﬂL &é&sgﬁfﬁg%& i ‘i‘rh ?t(tﬁf 35‘% W ‘f fony & °é'}€§f%‘¥ es
as | ow a9 40Rogge thebings prbduzing ptmd'elHea wmtrodmugashe&tsmmﬁ]mem@n@mameﬁﬁe
This all ows for a;t%eoi’%'esolzathgn of 2, Yari %’: ?t heat sources Ith

have typi cal}® Pafr e et narﬁlaf WS‘O'I'bc’vv PG 18 Fopwedygaw solution-pad
NH3- 02 os erqulCmgléati SHngnmeASPressurb Iezcihhmgan siofilat @Wwhgeagel mer@berseSosmosis
critical toj i.pl ntation,as _an eI tr|C|t ener ti

al ternati ve.d)‘P?) dxgaﬁ"aé'%n heat E%Qi?g)urp%lgesa'nc%lné) P 8m° k’f‘afjragté"g u%t?tﬂf es
i ncl udi ng rmmmbrmmﬂtadrstatnngerétmeel mlls), glass manufact ur| ng, oil
refiningnand thernoel ectric power generation, by way of exanple and
30 not I'Tmtation. Al of these industries use el aborate nethods of
recl ai m ng thei rThmmt@nﬁemtiomsdwc@bmd:eammme insPRO), waig®: Hedtdd inpat tb he
envi ronnent I8 olin I fI ye

sources of tﬁeh{ygt%%mta SO ﬁg?oureédg e fawnéf%%%"gte"%“éﬁP%aéés rﬁﬁg\é@“blo the
abundant butenarcmmeutne bomeokayhithh s;stmug knayneds iah Vostrmtndheraemginy” beast htae

electricity. urces my eat

rorms, | but ” dxaEpEiny sl AR wBRE BRSucR v Bfe MBE e Buebffns A s R o
utili zes25t heysteathato preajposly Z].'EEIH csmgumdaregherl ipojt Gem e perford BT Ndnd/or
and 5 expa per, th turbi ne. e, vapor can then b
condensed bgrgerf%cjb%%tu:é‘% 1 heatt li'fn r)ltg@h@nhaef régﬁerbpﬂfp? A& \E/i/a?aetr 0 fieg quqg?te
concept of psiforquaneer off timt etecied drive somdamn agaitsoariABeveiReintitRlal GREf¥ation

conver si on %QTH f)é "\7@% system conpri ses an engi ne which utilizes the
war m sur f ac &an I as a heat source and the cold deep ocean

wat er as a heat sink. Simlar to t he geothernal bi nary cycle OTEC

uses warjm wat er v, rize a u , ch, t hen
expands {6] hr ough g rﬁl?'g% everPRE %‘gsdcfjge'ﬁfé pfet %d’&ﬂ é‘& %Ftﬂ’iesﬁ'ﬁe'“ﬁ%’ﬂﬂn
deep ocean \patpesesamdlse ef yroheada- cfEﬁd’n diatndlb (o.ﬁigtct@wsnﬁummeafcﬁgne aTlgakeat S
bei ng used as .t he Ki lu hence a J arge, turbine

need (1o S PR T M2 fad s MRS el Sl enie e
OorC) . Th| s insxal ideslution. | Thekd gdsesoforrh hiphlycalublzeanshdnéun sdlech seploaCivkigh

t he anmoni a vapor system comonly used with the osnptic heat engine



15 invention. By using the warmwater to strip the NH3-0OQ2 draw
solution and the cold water to condense these gases, the working
fluid directed through the turbine to generate power is instead a
liquid. This is of significant benefit, as hydroturbines are nuch
smal | er than turbines designed to use Iovver density gases, and are
very efficient at converting work into electricity. 20 A
benefit of the osnotic heat engine of the present invention is t he
ability to sucEusEMERPPSRYIRRIENIEHR oYY Fa& HaRherey Grogedan Ht fmes that of

el ectrical "enex@yaed Nihe Qﬁﬁfsblg&’d’na.ty hiehly SlublehRmbeally @ngén@nddontkiiehighly

i nvention sol ves n ous, econom ¢ an viron

i ssues of ri vefe“wnqi %f‘“dP E"Blg sf’lé”eft:rh%luf)es% oggﬁ‘gévggfl Pyt oflrgnhué(}]d
recycl abl e dr amasioliagt excmbi@ée toloss |tiaizsifen dpy Iehangmadtéem@a;pncsmhwewl@m
provi des an es%ﬁ%‘ié a@leylefu%ﬁmfufdsoeh&a%axm@t&w &€ féagsms&f thd1GerfoBS heaf

the energy is relate he caEPé cost of the equi prent
anorti zed over eigi fP‘l”P"dJ"t‘fflcaﬂ PROVEHRN S HRSHEM RS A FOURE ROV The heat
required for separating the draw sol utes from sol uti on is typicall y
i ntroduced at a tenperatur n_about 35 a urt

the tenperature r eqrrﬂ eroéﬂ""rcgl?zg e’é%'%f cﬁ% no PRe r%llﬁsd?%@ve SO ogtaéigm?md%
sol ution is pr-iparctitonag litle opretiseira salts)progduafiud. i Bhetnpppfabis fyid as

i ntroduced L ?&9%‘ ithQtﬁblBl% 1?‘5!9!%[& s BlcHbse FX AP cBurs. While salt 1eﬁlage(ﬁom

experlnents were conducted in aborator to_determ ne th
viability of tHe Gsnervien Huate héhfglvﬂ@’iwaaaé%m%i R e P?%ﬁ‘?ﬂ%ﬂm%? er
flux must be higdrt daft td MBgQRARE, a"ilicﬂmvﬂmcrqa&y\&[mtbmctﬂﬁs tolesfy Thd roentbrane

ﬂ]gv} f’ﬂ 5 ﬁ gftels yso.-.lnsc: u-gcélégt%fc n%mbren}{c? n‘?t i an %‘()we la%mgrmﬁ ﬁ@oﬁﬁrﬁg&é%?foﬁlg |toer
foot squared menbx basking g Opeltcdda‘y’u‘{ @fe dPpd endiont Teswaterdiyx fhakaxpanpghe 1

gf d). 15ThE oY BNkt Sy INNiBS s BREIBCh: RasE TS &i18F hiymByai | abl e
menbrane which is tailored for osnotic processes and found flux to be

much better. The data was taken with the NH3- 10 CO2 dr aw sol ution on
the active layer ofoichs iney tane. ofiviclessoniizied anaine profeed tipvaradst o

simul ate osmot j,G hgs%é&?e'a% %sm%@agé L Q% Tiom uT Vitute BIRG ik S PriVYE Wiere the

eval uated: 20C a raw sol uti ons were
mai nt ai ned at M@ﬁt ofing pempRia @ildtff“é%" qlwdem%sowp? Brgongys apRAEl becysp

resul ts arepopshgwse bdacth1g> b suckRIWDy §tﬂ1ﬂ%@rﬁah1uwa& mgao@aaﬁlﬁdum/ﬁéanﬂ
range of osnot lig‘%%g‘Ob%:ﬁ%('i?%A?P\é’?EW%%Bg (avayi/eo e obt e@cﬂnglo%p

tests, suggest rane use
better than SomllpgteMIMmh past gove dhatrelpdor affe sempataiueds ahdcsw as 49°§raan b ant

I npact on the %Hﬁé&&ltﬂ £f 2 FIRR] ﬁpﬁnﬂﬁﬁ%ﬁﬁes& OTiRd QWS for Ahe gﬁﬁéﬁfbm%f@“lﬂ&ty of

electricity. Hi l uxes yield requi rements for nenbrane
area. Note that 'B%Eﬁf’b‘é‘fsr‘r‘ﬁ‘é]ff’é‘e Bt’F@%\M‘{R/é‘gl‘t%‘id V?Uﬁ?"é?@ﬁtci’sﬁed in these
tests (and swas not pressurized in previous investigations either).

The NH;-CO» osmotic heat engine's utilization of low grade heat is critical fo its
viable implementation as an clectiicity generating alternative. Low grade heat sources
come from a varicty of industries including metal manufacturing (steel mills), glass
manufacturing, oil refining and thermoelectric power generation, by way of example and

30 not Himitation. All of these indusiries use elaborate methods of reclaiming their waste
heat, but low grade heat is always lost to the environment through water cooling or flue

£ascs.
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Fromthis data power generation data can be estinmated by nodeling the
process in Aspen HYSYS (avail able from Aspen Technol ogy, Burlington,
MA) . Usi ngwoaissidkizglr aw sol uti on concentrati ons over a p@Rg€®iu2ssa
perneate pressurization, the amount of 25energy generation can be

cal cul ated by using the follow ng equation: Wrk = (Turbine
efficiency) x (Hpefiemablecsoprces sfithedt xay Wizb LBISEusféH.U&)otﬁdrmalThéabisﬂﬁces are

ef ficiency xceeds 90% anpd overall dr force cause u
across the % dﬁ%ﬁw ﬁrﬁéarell@{hggfﬁﬁgﬁﬂuaﬂm J”Fﬂ[;?ﬂ‘?éerﬂ&cﬁﬁtﬁflg S]Eylpé?é s
i ncreased, fthasx selewt ﬁﬁsﬂbs uselﬂlldi héit SRMJoBLHBROWRE canebabedrn PBindty dysle
established. FLg. 4 ill g}‘iﬁt his feature fgarr g r,gmg of draw
sol ution corfeaﬂiﬁqvaélpwﬁgc HHtzed Bfbea 1 perizeRsropdary Bad ghches apmgpipgid
concent r &t i QRpandeHial @d’pm ihfough @ et tTihe vijRatanahi byRomlended 8y reﬁvéﬁﬁgt He@tto
over a range, of 8 geate Slg liﬁgraul iC pressure The energ

£ Yathg

product i on EShHB CPRPERERrUSINg AL WRfF dn fhecﬂwa/&s'@@wan
Technol ogy, tRitmbli dAgig® Ronvii)on (OtFECﬁ Tﬁmgfsfealrﬁmrtpﬂsda% Qnélﬁbaﬁhlklh@nhzes the

expect ed ene roducti on from nat ural adi ents, such

2 those pre@%ﬁﬁéﬁwr‘)ﬁ%wa&a A St BeeRld dhs berdhaieats 4 BALHIE

than these rEaddrad ﬂﬁrgemgym@uslw SycldOTEQ Li%ésemrmséwr tb RYR%ikE 98484 like

menbr ane t he powe l:; ﬂl@ %lbrane area in open fresh/ seawat er
whigh & tyay

PRO was [fgggonig, s g gasds thameondensed\ith hepold

osnot i ¢ heatdegn@iefe watkr aﬁaerea:yalee nthpBoth Utk frbdeSsel, A a0l LELIRSIRY hthe
menbr ane can e{égge%d t hat nut pEF?éﬁ 200 tipes under certain

confi gurati o¥¥ Bidgnd hs %rbH'Pé’&‘Sf be uged di-gps% deastsaboplel rmetessdn

for capital dmsder X060k andRe tARC)NEBRis iR WesibP lilnNBichY RS 52 alleviated
essentially free, hi gher .energy production per_ nenbrane area val ues

have a dir ectPHER IR BANIR KEPof Btsem Q?B’éft"“lifust*‘%éf‘”&hé@ﬁm?t& hegt apging gf the

producedis | Nnaasdn. | B9 ustig_'ﬂiee\%dnoﬁﬁeﬂf) stripeth® N EPRHS sAlitidn$d the cold
anmoni a- car bon di oxi d 15 the invention were al so based on

exper i ment al WAt cangpnsqiieas easesythe voslring fluid dissriedgropginibe nelins erasnassie

efficiency igawkhieidstéadi ﬂ?.n@nﬁhl@fs%ﬁﬁgﬂlﬁcahﬁﬁﬁé‘fﬁras%)j&%ﬁx%nes aﬁ%mgﬁmeﬁlg
of the energg/an %w remen he renoval and récycling of OHE

dr aw sol ut edianNEbiGs drisied to pselawer donpitygases adypre &M QfE@F‘ﬁé‘alﬁ?Yé’emng
menbr anes orjg@ingckléchidithe 20 PRO configuration (backing |ayer toward
feed, active layer toward draw solution) provide data for estinmations
of engi A performance. Menbrane water flux data was obtained using a

crossfl ow nenbr apepcaétit ofahél oRaGRCHeAL @@uﬁy&ttﬁagfe@mmmo% is Tﬁteab.my to
di nensi ons of thgl channel. were 77 mm | Ogrﬁg ﬁg 6 Mmwide b
RIYET!

Mesh spacer SUGRETSEHILY FORYEFt R \radmingrt SoHress galteaersmpﬂafv@nﬁwwmof of
t he nenbr anghdgeatdkine 3sthk %v@:ﬁt%ﬁ%l@es laa‘iytoflfmy@rbgee@n@lnm%eﬁﬁrmn@aﬁ
rom Masterfl ex of Vernon

A vi abl e speed peristaltic (avai l
Hills, L) Wstes °£r'aeraﬂut ff&%f) fhedel thelesed 4oog corfigyaipn HstReycible dracobyed

draw 50'25t | QRfizin C%‘&ﬁel%a{ uPoes 'ﬁls@%&ﬁ&@tant@@ﬁil@t élfsﬁfré@‘aérﬁfgybs%w@e
(avai l abl e from sla of Newi ngton, NH) was used to maintain

the feed andeerbenthsdtosk P Wet@ﬁ‘ﬁér'étrﬂ?té% onlyater the ogpite epstiaighe ﬁﬂlanréent

Wi thin the walofilzedalt th@rmqh th@'ehﬁlﬁrn%adnﬂhﬁﬁﬁtcﬁn@eel Th8 Aleat® ¥eGINARAIRE
coils 30 which were subnerged in the stirred bath. The draw sol ution

rested on a SeRaAtiag (he diapatoiest fremmsplativeis piselbuingpdusedpt pdemperatureof

and wei ght GRARBEELAERS aRE 2SI E GruRN&Hord lt@ta@eﬂﬁ@femuma ftmh?e REfife@t €
wat er flux. The nenbrane was placed in the cell such ﬁ
3 draw solutes from solution is proportional to pressure and pressure 1s typlcal]y introduced

at about 0.05 to about 10 atm.

Example:
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draw sol ution was agai nst the active layer and the feed solution was
agai nst the support layer. The menbrane used to collect flux data was
desi gned f@ Hoamoseysd osnosis 5 desalination and was obg@dedyFiae8Ty
Hydrati on Technol ogies, Inc. (Al bany, OR). The chem cal makeup of the
menbrane is proprietary, but is believed to contain cellul ose acetate
pol ymers. The structure is asyrmetri cal with a separating |ayer
supported by a re|ativel han out .50 .Suppor t
structure. Furt hglruxs [?BB‘Pré pts i sereﬁ&owfﬁgﬂngilagm Q%g"ftaff""?%é%%%@téag@a
W thin the pomytiekcasupipe ptocésaythe inkbhtion. WateOf BIhug bvRigh §f thd gerd@s of
determ ned for a r of draw so] uti op concentrations e dr

ol ut 1 on wad SHEE “EO Tt PRGN et P oE B BN SR PSS SR
anmoni umShydhaDXliedhlx(rNH@beeedédmiﬁiﬂngn 8al @0 ) BXreSin2t] glloAd pe faHD B ukkia
salts, conprised of ammo a bona m car bonat e and
amoni um car ?ngarea?_%'%h% g f‘%[‘tr@‘?c Eééf ﬁ‘@mT?ﬁ@ 'nost abundant in

concentrated solutions. The amount of NHACOH added was vari ed
dependi ng on the _gconcentration of the draw solution and th

tenpérature at vﬂﬁ"c KLY FRIORG Ay eﬁ@‘“ﬁ% a&%’@ﬂl’erc’ﬁ 3 a%@ﬁﬂ“eﬂfbrwhwéﬁa"omd

m ni m zed tq‘omsﬁioﬂ& Fi8cds € afPRERIMUXas bORudbelédH TRé dRLwATRA Wwikh itk NIE
draw soI 2¢1[ iIl?r Ogogtgtl es of the draw solutions used i.n nodeling of
i)

the OHE,! lop on thegrbvedpyerof themembrgne. \A deerndzedyvales feed mas ysed e

20 obt ai ned twksintulaAsaaiitNQY Hdide doadiBblsaiwe thih RMASPREre TOANAQ @@E,and
tion with an el ectrol yte property pac

Bur | i ngt on, onj un e
from OLI Sys“!tE@n‘;’“é ﬂ‘ﬁ%"e fcjﬁ“’ssc’lﬂl“a’?s ngere NSW‘*"E?( BifETHistiemPeratdreY %hBOﬂg
wat er flux dafie ofRse useeésultea@aﬁmhm:@ jitted (apparent) 25 mass
transfer coefficients for predictions of external concentration

pol ari zation (ECP) at the interface between the nenbrane and the

concent rigt ed dr aTws @nifietaBliesis@ 6 tdsed didr WQarfe GF aﬁnmtpeéss&éswﬂux%@s’ver 50 -
effects for conc ntr Ied draw sol ution in an, CHE nbrane system

are predict W”Fﬁ F‘l SPRE {FStiaugacsting, Rat dHs pagiuiar E‘ic@ﬁ'[a“%l'r'féd l§a§§é’éﬁeén

filmtheory baitdrhhdn Q:‘ﬂie}’pr@ﬂ&ﬂs@nfeﬁtéd aRdmblaRese WhrRE s (‘aadlMcﬁﬁteﬁquéﬁﬁndthQn
extrapolatlonforrg\ g ]ge(egrlrrental 30 data. This pod fitting a
OpY of BHYPERY

extrapol ati &f deqdp groduge &ivsn PTG °fﬁle°mfétyeklt£@6’t%es Yle"j

signifi CanCer@flcrElgﬁhlﬁ:Heﬁt@ttSr \Meltbranb Gar&HE Notd TRHAD et Bermé &b QbR dvas Nt
[ nadequ of trad‘{/'tl onal filmtheory to describe mass transfer

phenorre i PrasFugiedin dhomcclesit (nd wes nobPersHaRsr INRIFYiRYsdRvestieaians citice-
predi ct ed merrbrane fluxes using the fitted efficiency were found to

correlate well w.th ﬁbserve water flux performance, within the range
of experimental is data power gaggrafjonrdalg careastimalad by Bogliag the process in

unpressuri Z%p&ﬁﬁ%&[ﬁ?@n@vﬁfa&eaﬁiﬁﬁl Bgent @ecﬁﬁ&&%ycbuﬁfnhlﬁﬁ MA)! D&ng various
pressurized OHE s%}?f;&em of the invention owi ng_t he governi ng

equat i on f ordrPREPIBHRACTONERIrRUANS Y0 FHIEF © anﬁanqqg?d?raaﬁvn@nm dlgs grpeunt of
condi ti QIS energy generation can be calculated by using the following equation:

Work = (Turbine efficiency) x (Hydraulic pressure) x (Volume flux) (1)

Turbine efficiency often exceeds 90% and overall driving force causes flux across the
30  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
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. Jw = A(abarm - AP)(2) 10Here, A is the water perneability
coefficient, a the reflection coefficient, Anmthe difference in

osnoti C pPregvé@seasr o0ss the nenbrane between the draw pigydeeozzsst
solution at the separation interface (i.e., the nmenbrane active |ayer

surface), and AP is the hydraulic pressure difference between the
draw sol ut i grrsdatbesiden tydrindicvpredairag THeudnergy Amsductiosh wad muliedddedkifgr aspet he

bul k osnoti re. he,dra olutiaqn after, accounting for ECP
15ef f ect s a?%f@%gasv@&a%kﬂ%\%&penWea""?]f’g)(l\/ggrhagtgrb%%'t hat a = 1 in all

cal cul ati ons because of the relatively high rejection of the FO

menbrane used. Furthernpre, the water perpeability coefficien .S
assuned to be i ndepeh t@f“%%@atalbf)fe’ﬁgﬁeﬂeﬁ'&@’uﬁ’? UCB?%E'g'ﬂr'@t,“""}t] ﬁgf”ﬂ’ng

negl i gi blse neadsnaneck @s thosgaatitanrivelbavwart Bethas, vejuld hefamedby thitfthese
operating pr esdégr es, and tenperature @f t he sgste i ncl.udes the

accuracy of PISHP ERTHRUIBLS SEMgPrevioisly inestigais msmbranes, the pover qutybRGs
produced by ridibrideEaredini gped frdshiedanair PRRA Mas Gisambidtt y4 ol/midat erhigmaxieng

through its furbine per uni tinme , the drop in pressure in
et fur bi neRATEAE? Db Ao TaC b Fradts o1l upTienpraschir e

t he <(1Ir ;atw SO|d9ﬁ1bmflgﬁhldﬁm$ feab exoaéﬂjthéh&ltﬁlu royi ml t.ﬁﬁési lﬁidaﬂné‘e)‘taﬁh@ohﬁégb(/r)%_}ions_:i_ ]
EVAP( 3 oT tur bine efficienc is typicall reater than 0 e
11 ci el | RceREnITagE St5p s ARG meth Y Gomitd S bisebsialy epbipen
press u;ﬂi) zat g@ mfe]gs;stédm edé’eﬁtflﬁlﬁ'cﬂ'eu,tﬂiglﬁr brferdy)pRddation\pe@imerabetic e_tréhamugéf’/@ve
The conbi ne I.ci ency of these two, conponents |is approxi mated, in

t he nodel i ngj”ﬁ‘F?tc?F?rmﬂé’ dieitpa Oﬁéﬁfg\eﬁ%wf‘g'%atﬁm@?é?d&ﬂd- efficiency of 90%
for projections of power production, captured in the value of 0.90
for E in Equation 2 above. The volune flow ng through the turbine per

unit time (V) iseRyduenpsoisatienshtsinperogangent nfarcgsbon dioyide RHERE

nenbr anes Ofthd @erEbiEwerbMisodaskdt dhCexh@infehtaM B foR NRted ALE, R6RUIBERR of fdtes
flux is a function of both the hydraulic and osnotic pressures of the
system as SABFSION efficiency in the turbine and pressure recover systems, and modeling of the

energy requirements for the removal and recycling of the OHE draw solutes,

Measurements of water flux through semi-permeable membranes oriented in the

20 PRO configuration (backing layer toward feed, active layer toward draw solution) provide
data for estimations of engine performance. Membrane water flux data was obtained
using a crossflow membrane cell and associated system components. The dimensions of

the channel were 77 mm long by 26 mm wide by 3 mm dep. Mesh spacers were inserted
within both channels to improve support of the membrane as well as to promote

25 turbulence and mass transfer. A viable speed peristaltic pump (available from Masterflex
of Vernon Hills, IL} with a dual pump head was used to pump both the feed and draw
solutions in a closed loop. A constant temperature water bath (available from Neslab of
Newington, NH) was used to maintain both the feed and draw solution temperatures. Heat
transfer took place within the water bath through inline stainless steel heat exchanger coils

30  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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5.by Equation 1 above. Increasing the hydraulic pressure relative to
the osnotic pressure increases the power output per unit vol une of

wat er t hr oWghrodshgedssr bi ne, but will al so reduce the totgdrNehsiiRINAL
water by reducing menbrane water flux. Reducing hydraulic pressure

wi |l have the inverse effect. 10Thermal efficiency is calcul ated by
measuri ng t hisavy selntian wasciRaipgwer agiveo iyocd el fadd sotitivn wab egainsatitistppoaf
heat used (V\g)l; the separation and recovery of the draw solution).
There are t nmeasures of efficiency which nay be considered in

eval uating an engine's performance: thermal efficiency and Car not

out put over hoat Thsnrorg B b Rl JA° bty G Rl BiRSs

out put over heat "i'hpu iency 1's a nea
ef ficiendy cﬂes@matmgmdewasejbmmeddrdm I—lyhtatlomﬁ‘echncﬂi@gmoﬁnce(lglﬁm@, Ox)e The
whi ch produce the retical nti roma given

e f ..wor.
heat fl ow, bas%lﬁaorﬁ au'i’:)erl‘t &Y r?'éevlérp§?pg’|e%ryprblﬂ S"s“’?‘e“FHﬁ" AR Y OsE1
heat" conponeettte pblyemgi riﬁleefrﬁcttmeémsymmmcblewmak cephxatiﬁgilapa%pbo@tad byrQ
t he heat duty, of .t atlo m_used to s rate the a
and car bon dgl(%t)ﬂ'e&ettﬁ’fnr(g { bﬂ‘ﬁﬁdﬁ”ﬁ\ﬁ”%"@ﬁ&f PERe- EE%H[J?‘HPHBT 5 P“’mﬁl
re-concentraiyacbotyeawmhuhbeaﬂecammﬂelb@mmelokuwfﬂqh g fluid. The col um
heat duty was nodel ed with Aspen HYSYS (available from Aspen

Technol ogy, Burlington, MA) in conjunction with an electrolyte
property packageObinoth Whitr fhystvasndeterhimed fdrMomandesofRirai B&lutidddoncentrations.

follow ng t procedures used.in estimtin t ener 0

f orward osno h@\e Jr%}%g%f' T PR aderhy, Miting 81?“88@9‘“3?“ 062{%%3/@%&?@?&‘?& s
gi ven by anfnedhéunT Hydioxidh eNahOH), ufoeming NP ebablek esognfnorheﬂ‘t axﬁiﬁ&dlmrﬁlﬁs,t 0
t he englne(fromfu conbus for exa and TL is the absolute
o L A S e e S g
OHE ef fiI5i ema;h tﬁg&tdﬂﬁtmgﬂe nefsf AbRhd2nCivi ceﬁcemrafairsamhoxenglhaemo@ﬁbﬁtrmcsmes
how effectiv eat, it uses.

atiye to qu A
Geot her mal - O s afed et 5048 chiisttod pF s R g i pepre
thernal ef f ia€iwhithyit &fas 20% uvedu| Thenghounbyf NBIEOK Ress MRihingtddi ©1 miaRdize the
neasure, seemto be a Vel’%ﬁffl ci ent pl.ant. The Car nota{e}gfl Ci enc

such an engiAeceniiRR 9Eymnio Iaﬁ'“'é’@‘a%%e doliP g FRrET e S f i frgw solutl

used in modeling of the OHE, including osmotic pressure, density, viscosity and pH, were
20 obtained with Aspen HYSYS® (available from Aspen Technology, Burlington, MA), in
conjunction with an electrolyte property package from OLI Systems, Inc. (Morris Plains,

NJ).

Experimental membrane water flux data were used to calculate fitted (apparent)

25  mass transfer coefficients for predictions of external concentration polarization (ECP) at
the interface between the membrane and the concentrated draw solution used to drive
engine water flux. ECP effects for a concentrated draw 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

30 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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5 to.the Carnot efficiency of a coal fired power plant operation at

537C. This is a particularly useful nethod of conparison between heat

engi ne t eclypoh@@sess When consi deri ng heat sources as | ow@gs2dPfazaapve

anbi ent tenperatures, where maxi numtheoretical thermal efficiencies

are quite low. 10As the difference is osnobtic pressure between two

sol uti ons i rfounda®esqrreldoe Welluwith obsengh wates ik - preforieintd, evitimliiaf@ge of

separating the two Will increase as well. This relationship is not

| i near, due ef‘Be“érbeH@E%’*ﬁtarati on polarization effects at the surface of

t he menbrane. In PRO node (draw solution on active |ayer side of

menbrane) with degionized water as the feed, only,external )

concentration polwzf%r{éf‘i"beﬁsq"gne(g%dﬁ'é?re‘[i‘pfeésuﬂé@tﬁo?{ ieng aeg asswigedy e myedist g h

rej ectiors offlugan the pleysutibel OMEBYseaeof tiel ifvenBor, fdlsinzakesoviMRg equation for

rel ationshi B)Rlbet veep.water flux gnﬂﬁ raw sol utﬁéion concentration for

the menbr and RO under difiering opmoneand pydraulic PESPFeoRdiRNS of t he nenbr ane

was eval uated using an unpressurized NH3/CO2 draw solution with

dei oni zed wat er &?_&1 fegﬂJ stream with feed 20 and draw sol utions

i sothermal. The tfT ‘ﬁ’é‘m de is cal cul ated based on the bul k @snotic

pressure of the draw solution. Dashed |ines indicated pure water

hydr aul In@ per nea i_Ii‘g% determ ne,g fromreverse osnosis tests with the
ra

same ne 16 o 11F dPe RRKE PSRNCARIENY eordient fdke Flaction puritisisAt ATadihe a

are due to eliff@éndéin GARGE Plessdics AttoRd AeAmbrRithnc R twedD BR dRavRA iRl BEDMULHRT
20 and 40 C13fzvt\‘li_l}‘§(h the feed_and, draw solutions in each cases
I

i sot her mal . sqparaligyy, fiterfass 4ks- e tBemphrane kst ilayeh sufee)r aad &P ishibe

draw sol uti gisraulldi Gheire UERRALASIWRS theaBly bAuktinGRR andVBle Sorllihe HES. AHE
to the effects oIﬂterrpera ure on, the menbrane vvaterﬁ%errreabl_llty and

the di f f usi Vi BFuBtediiom G Bk syraiicaeessopy piithe diaw et pBeraseouaiing fat BEP i n
t he PRO msodefidtd & dscoeédmoved wat er feed, water flux exceeds 25 30 x
104 nB/n2-s (or 50 gallons per square | oot of nenbrane per day, GFD).
The nonlinear relationship shown is due to ECP, caused by dilution of

the draw sol uti of wak adstifed RatRI-ANR WAL RGNS Bech ke oPME FERAN 8y Bigheej@tkioh he
menbr ane. Th$§$ %‘Be“ mental flux data are used to calculate the -
FOyacrepign

power out put® e eiseq SN PIENOEE Bis) vefgr permeability cpeffigientiAnisiassymed
opti m zi ng thee GhiflepbrilehtOos teCspplidty By dalllic Cpravaste ORMPNiAE n@%@wmﬁbvyﬂé ch
produce .t he hi ghest ,POWE{ out;%t er, menbrane area, or highest

menbr ane¥ pSARPECHYh sTheselectigpe E}E\Ag?mtd@‘r‘?s?ﬁe?‘“f‘% PrESSMESH 284 &dnRserbisel ke
menbr ane watsgdtent Inbhidesdicdeis 80y WE hredictiond bl bisthBle@sssponsand
anticipated ECP effects in the OHE nmenbrane system The ECP 5
effects were calculated using a fitted mass transfer coefficient of

1.78 x 104 m's, gt pochotdibyome DHEXRSIiE ARARh of Ihe §udVBBSWaREAbing N

t he PRO node. The cogbi ned effi.ci encY of the hydroturbine and .
pressure redygushytsfubing gernpag of Hwe ik the drapdn grssfurerif ghap wirting Wiehis gaual
bet ween 2she ioseRfglied Bytauly greddutd ¢h thY &&% Y618Gor sﬂieEﬂF} Sdhe RRRdEenk
t he nmenbrane_power density is shown in Fig. 4. ach curve corresponds
to a fixed &#onia- 10carbon di oxi de draw sol uti on concentrati on.
The nodeling indicated that the maxi num nenbrane power density is
achi eved when the hydraulic pressure is approxi mately 50% of the
osnotic pressureWT: VABn ORE with a hydraul i c pressure of 10.1® MPA
(100 atn), the power density provided by use of a 15 4.6 Mdraw
sol ution producing 19.16 MPa (197 atm_ of osmptic pressure is
approxi mit el y 1760ajurpne sifipiencysE ds hpisally grsatsis thas $8%r efhe efficisreyfuibe

densi ties eypeateekchingtl ¥l 46 SRNREL ied st br¥ssHRRBPYEHe REANFutionhs ch
are typically. in the under 4 Wnp range. )
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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The power density may be further increased by increasing the
crossflow velocity of 20 the draw solution stream (to reduce ECP
effects) ow()tzhag,rdayﬁsaul iC pressure of the ORE nenbrane BYBE007/023541
Model ing of an OHE with significantly increased crossflow velocities
(5 Ms in a 0.05 cmhigh flow channel), indicates that OHE power
densi ti es woubjektioes éfipormengedictin, amunm(mn’aa& allue of D% doreE mtEqnsta)ncn‘ abave.

menbr ane sy t luid.d of. the
study descr ?%123) er regh o“h?gotfh gg}Hhexur%me i) unét s H %equﬁg ol Pﬁ?g‘fc)t of %Sr
an OHE oper atatargluatthroiphitBe Blabrddd @f dterHE id)y &mlll the:topil a&mbraer—; surfaee area.

Voael 1o of i R & Mt o B oMb S Siicla stk SR, B g

pressur e 5 ndiycEjuetsont lhaiiovpovnereasimgwm thiydraulicqpuéselird eclative te ths ebdnbt)c Pressure
addi tional 47% over those 100 at

. Syste
| ncreased cr'8&¥fo \98‘1"?50‘?"?%9': p‘l"fo‘{]i}étvvé’?“me\/\?tjl ‘I"at?’%gé?f‘@ g t%’d‘F’t [i"”(Sr‘l‘g" also
power consunpducothe tﬁﬂldvdllfm&l’ ﬁa@a&d b yellugitg e mbfags sateeflinl. | Redb@ifiglhydRaulior e
expensi ve process @F@ ?1ﬁ &tgese operating conditions will
necessari | y BESYayilthaze g inveiseeffect “onti ni zation, bal anced agai nst
correlating factors of process fluid purrp power consunption and
equi pnent_ capi tatg and rffgll acerrent coqs The, Carnot efficiency of the
OHE was todel ed SUEMaLGiRY i5rcalguatpd by mgaspring thyy ayagtiyi of Rowes Brofussd
I'n the cal cutlafiveas thefquantigy cﬁfﬂaeith@d’dr(ﬁﬂr tiefsepeedtiRn aid rebdveryliE @e dadvilsolution).
el ectrical d@ ies of the dr ol uti nhseggratl on and rglc cling,
process are compst BE PESFR° @If PPy waich Biay &R consiared in evaluatngan fhgias’s
generating tperfbrinfageef Mermidieffoenbi andtGaaddt officRRdYD U Thernmi effiaiadyaid kinfply the
pressures exgqm’ g‘ﬁd' .Because the el ect r.i cal lﬁenergﬁ_ needed for the gr aw
sol ute separd{d SheUHNg RONE] ORtPRGOveR heat danuli (Gamot Eficiepeye S meatirs of Bacy
I's practiscalelffjcidnBe of ahieagih® rilgtveaenhithe £laebr b.cga{e, oRe Kwﬁléh Rroid&setie by

the OHE and the thernal ner d for,th r
separ at i on. Wi'"%“"éiﬂi“?oﬁef ‘%y 8gﬂ‘6 gﬁmtfbgt"ﬁ'é?‘F e@"’etﬁﬁfglc’“e‘l‘ PrgSEhCy

of a Canot egagisitge pPeRAt | ng with the sane high and | ow tenperature
heat streans, giving a "percentage of Canot efficiency"” neasure of
OHE performance. 15To determ ne the heat and el ectrical duty of the

draw sol ute renpvhd “qandity @meﬁtl’ icBEpdReMCE Shgince fAEI@Yy S BH daRilaRf based on
sufficie t concen ratjon ?rod ce the osnotic pressure desired is
speci f i %‘é‘%@ﬁﬁ éﬁ%‘!ﬁ i FO wweaﬁ? Efﬁafﬁ@d'éel ammgpriasand garhpp gigxide
streamis dlﬂf‘cﬁﬁthedllltu@ daa»dscﬂﬁﬁdnl ﬁrbﬂ&ﬁhgczf}e%ﬁcemrétéﬂ @rbﬁrsamlﬁﬁ{ hriatt de]‘c?o‘iuzed
s kg e He i e e s TBiod S AR oY oY SB §haag rom
sol ut es fr omspeSTdhidER, Badingdn, ns;ehjuﬁduemwh laf @Rkttt 9&@9@&%@@@8

A LG R s e

t heor et ixsal td GRS HerPahaPbT BAvavd dshokieadsalidati®&QC. A columm of this type
operates at a bottom pressure and tenperature of 10.62 kPa (0.1048

atm and 46.96C (given a 3C AT in the reboil er heat exchanger), and a
top pressure andTh&&'ﬁéiaﬁpefﬁwﬁﬁe@éinelﬁ?]%.dél?ay(0 1040 atm and
35.55C. The streamfed to the top of the colum is preheated to 32 C
with an energy requirenent of 3196.8 MJI/nB (per nB working fluid
produced). The cqkunnpheat duty is 3454.6 MJ/nB, supplied to

reboi | er3p Suppl ementary heating required to maintain all streans at
specified tenperatures is 385.7 MI/nB, for a total heat duty of
7037.1 MJ/nB. The electrical duty for fluid punping in the

separati on ﬁYhGE?egs is othg é'P%{%‘if‘?/é?'?Pef?élg’ﬁf& bk delivered fop thesgnging @iﬁ’fﬁ'rﬁ'fegl
of the heat cgMBusBb®Gor dxadblefaidi8Ss iR GYEN R ehiPEratulCat SHRANRE 9 Rej@iedlibie
draw solute at typical concentrations used in the simulations’is

provi ded i n theagivionmentzy Measugigg OHE efficighcy\Asaiest thopficigreyi e Grrapengings
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establishes how cffective the OHE is relative to the quantity of heat it uses. A
geolhermal power plant using 200°C heal, for example, obtainiﬁg a thermal efficiency of
20%, would not, by the thermal efficicncy measure, seem to be a very efficient plant.
The Camot efficiency of such an engine, however, would be 55%, approximately equally
to the Camot efficiency of a coal fired power plant operation at 537°C. This is a
particularly useful method of comparison between heat engine technologies when
considering heat sources as low as 20°C above ambient temperatures, where maximum

theoretical thermal efficiencies are quite low.

As the difference is osmotic pressure between two solutions increases, the flux
through a semi-permeable membrane separating the two will increase as well, This
relationship is not linear, duc to concentration polérization effects at the surface of the
membrane. In PRO mode"(clraw solution on active layer side of membrane) with
deionized water as the feed, only external concentration polarization is expected to occur,
assuming very high rejc-;clion of salts by the membrane. FIG. 3 illustrates the

relationship between water flux and draw solution concentration for the membrane.

Osmotic water flux performance of the membrane was evaluated using an

unpressurized NIH;/CO; draw solution with deionized water as the feed stream, with feed

20

and draw solutions isothermal. The driving force is calculated based on the bultk osmotic

- pressure of the draw solution. Dashed lines indicated pure water hydraulic permeability

25

30

delermined from reverse osmosis tests with the same membrane. Differences between

these lincs and experimental data are due to external concentration polarization.

Data are shown for 20 and 40 °C, with the feed and draw solutions in each cases
isothermal. Flux is shown relative to the osmotic pressures of the draw solutions.
Higher iemperatures lead to higher water fluxes due to the effects of temperature on the
membranc water permeability and the diffusivity of the draw solutes. With the FO
membrane operated in the PRO mode wilh a deionized water feed, water flux exceeds 25
x 10 m*fm®=s (or 50 gallons per square (oot of membrane per day, GFD). The nonlinear
relationship shown is due to ECP, caused by dilution of the draw solution at the
membranc surlace on the permeate side of the membrane, These experimental flux data

are used to caleulale the power output of the OHE as described below,

17
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One criterion for optimizing the OHE is to select hydraulic and osmotic pressures
which produce the highest power output per membrane area, or highest membrane “power
density.” The power density is calculated based on membrane water flux, draw solution
hydraulic pressure, and anticipated ECP effects in the OHE membrane system, The ECP

5 effects were calculated using a fitted mass transfer coefficient of 1.78 x 107 m/s,
determined through experimental flux measurements in the PRO mode. The combined
efficiency of the hydroturbine and pressure recovery device was assumed to be 90%. The
relationship between the osmotic and hydraulic pressures in the OHE, relative to the
membrane power density is shown in Fig. 4. Each curve corresponds to a fixed ammonia-

10 carbon dioxide draw solution concentration.

The modeling indicated that the maximum membrane power density is achieved

when the hydraulic pressure is approximately 50% of the osmotic pressure. For an OHE

with a hydraulic pressure of 10.13 MPA (100 atm), the power density provided by use of a

15 4.6 M draw solution producing 19.16 MPa (197 atm) of osmotic pressure is approximately
170 W/m?, this is quite high as compared to the power densities expected of

river/seawater salinity PRO power plants, which are typically in the under 4 W/m? range.

Tﬁe power density may be further increased by increasing the crossflow velocity of

20  the draw solution stream (to reduce ECP effects) or the hydraulic pressure of the OHE
membrane system. Modeling of an OHE with significantly increased crossflow velocities

(5 m/s in a 0.05 cm high flow channel), indicates that OHE power densities would be
increased by approximately 61% over those of a membrane system with the fluid
dynamics of the test cell used in the study described herein (0.46 m/s in an 0.3 cm high

25 channel). For an OHE operating at 10.13 MPa (100 atm) hydraulic pressure, the

maximum power density would be about 274 W/m? in this scenario.

Modeling 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

30 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

18



5229.6 1.6 2847..,7 0.26 6 319.7 1.8 7037.1 0.48 The overall
Canot efficiency of the OHE was cal cul ated based on nodeling as

descri bed @ooMoceser a range of supplied heat tenperatpd®fsrofdBss4a
variety of tenperatures the efficiencies were remarkably consistent.

In Fig. 5, the Canot 5 efficiencies for OHEs operating with 50C heat
are shown, qremrssooptiarizptionfbatascedtagaina rdiréiptthgafattors of peses i pump pewdoHE
menbr ane system '
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as a percentage g.ﬁe éﬂ’t‘ﬁ e@l‘iﬁi’?ﬁ’egfeﬁhf i@&gh"é‘fl m"td%lF‘gN?’Vé‘ ?"Bg? R osmotic and
di fference t}@ammpredaﬁehyld Itt&whicmatac::mcbfeﬁgmtgermareeﬁﬁufcyzahafeat dne eléﬁraw
sol uti on. erature of 50 a | ow tenperature
he per cent AHIG A Skl R HoR GO PR A TERG ebtoteR 7 BHD QAP Rfica
reaches a bduLtionOsf thd aHE PuweredentritinkoW)bimsStok e coibimdtion bN@sthiceand Az

mept (P €18y

- AP) approa}1 Qes zero. The SIo

raulic pressures examme t.decause the electrical energy needed for the draw solute
separation and recycling is negllglble, the thermal efficiency is practically the ratio
10 between the electrical energy produced by the OHE and the thermal energy required for
the draw solute separation. This efficiency is compared to the theoretical efficiency of a
Carnot engine operating with the same high and low temperature heat streams, giving a

“percentage of Carnot efficiency” measure of OHE performance.

15 | To determine the heat and electrical duty of the draw solute removal and recycling
process, a draw solution of sufficient concentration to produce the osmotic pressure
desired is specified in a HYSYS® chemical simulation model. This solution stream is
directed to a distillation column with characteristics appropriate for the removal. One
example of such a model specifies a single distillation column, effecting the separation of

20 draw solutes from a 6 M (CO; basis) draw solution stream (which generates 31.94 MPa
(315.26 atm) osmotic pressure in the OHE membrane system, containing structured
packing 2.35 m (7.7 ft) in height (30 theoretical stages) supplied with heat at 50°C. A
column of this type operates at a bottom pressure and temperature of 10.62 kPa (0.1048
atm) and 46.96°C (given a 3°C AT in the reboiler heat exchanger), and a top pressure and

25  temperature of 10.54 kPa (0.1040 atm) and 35.55°C. The stream fed to the top of the
column is preheated to 32 °C with an energy requirement of 3196.8 M¥/m® (per m®
working fluid produced). The column heat duty is 3454.6 MJ/m’, supplied to the reboiler.
Supplementary heating required to maintain all streams at specified temperatures is 385.7
MJ/m®, for a total heat duty of 7037.1 MJ/m>. The electrical duty for fluid pumping in the

30  separation process is relatively negligible (0.48 MJ/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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menbr ane area cap. b%
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i nventi ct.i o m di rse ur ces
such as ReatPRPOmeEhe Porotl 8 PAtne re B8 S haPBUER Bleantls comorc
ot herw se urppssmduﬁt ls\beseﬂomltlteebntkeﬁnabtw‘;ﬁesgﬁé)bhﬁé difaw stI&tain sour ces

| ow- concentration solar thermal energy, bionmass heat (non- conbusti on)
and 25ocean thernmal energy conversion, anong others. In all of these

cases the pr ocesiha)iesultseirid'rwterth&tothepnghdncegmpoem:nertchat absineé neiwabthe

d carbon-f th t has been. d bed abov
wtn'rof or ertiege dgtused Camic, B WVGEDS, REURT PFOAIE Sibar ae CRA

many chadgessmonzdadd bydraubio pyresaurel av @nuilibiuansn @agero-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

25  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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30 be made w thout departing fromthe inventive concept disclosed
here. Accordingly, it is intended to enbrace all such changes,

nmodi fi cat i woposaR@ysyari ations that fall within the spirpdygdoaneas
scope of the appended clainms. Al patent applications, patents, and

ot her publications cited herein are incorporated by reference in
their entirety. TWHATtaGoCtoMmMER el Sr tHe sBluteieby@tn Dys@RNShdtdvadndTvET:,

I Si rizi once ted draw sol ution
Comr i ai o Rt ATSVALR W 6 T fhe e Aot Saipe peBbtaper gy

on a first skdevedf r@luﬁlﬁgﬂheﬂeﬁ/m&ah{a? 1B BB r AGkrted to ipdivErOphd@ichien. a A4 {het e
working fluid on an O[P I de .of . the sem @Sro abl e nmenbr ane;

promoting fIGNeBFaHRE Wl'%ﬁ""f"ﬁ‘sﬁ‘i’ dhesam YederSapar cratefhibe e
menbr ane 3 ntcmstmb@npfomuﬁarea@& admaw 200 kHid inﬁﬁeﬁt%eﬂﬁi@ﬁﬁ&ﬂeﬁrﬂhh WsBitsdh aw
sol ution; InddUCI (#ﬂ?wof thed te draw, sol ution throug

t ur bi ne; ecre?ﬁﬂ%r i ‘°‘§’é‘i¥a°r”5f? JS IS RGRATCA" SFRPUE REBYFF %Fﬁaa“@écrfr?sam
sol vent of tlﬁlen(ﬁ'tds&ﬁ @aﬁf&lﬂksﬂhwlﬁ iberfits2 OHEN Sgeyibh MetoldheindleRFed infenibide
car bon di oxi de t ygei_gerat e the concentrated draw solution. 2. The

met hod accorpﬂf”ﬁ'g gher memBpane paWer TSIt 1ews IFStmembEAng afes Sir asivsA

has an ammDmhérgy Caait Aid dhieX et nedblafe @bstbetrMieabpraRyta kadedtr bcdi@n
2.5to 1. 3. The rrethdaccordlng_gto claiml1l, wherein the

concent r % ednemstneCaritl fostand saeine ciiciensie whish mpst B¢ onsisizaddinthe designef an 2
mol ar. 4. ToHE gwtelnd according to claim 3, wherein the concentrated
draw solution has a concentration of between about 3 to about 6
nolar. 5. The nethod of claim1, wherein thermally separating

ammoni a and car bag iglicex g the MEvE BScudéidr) bRhRERW A éh{gine@ﬂfe&ﬂw isSFAy
gas stri ppi ng process. 6. The nethod of claimb5, wherein the ‘gas

Stripping priotesdProashing asmaxinue off 14% tamomsEicioney. cand tlikshn ensepsipg at an

vacuum 157. efﬂwenaﬁbhmio%fth@b@vémoéspuwﬂ%?h%marawﬁeag@a% b%tqmteplﬂ K% %@é&%‘%s
i s perforned at terrperature of between about 35C aC

pressure of 250 (a2 of BB brEnaEres Iéﬂ‘?noﬁ?dusa%‘ﬁﬂf“ah@‘?@ﬁi’“mes i the fange ot -
100 °C, the cost of energy input to the engine may approach negligibility. An important

consideration would be the capital and labor costs of the process and their impacts on the
cost of electricity produced.
20
The use of the ammonia-carbon dioxide osmotic heat engine of the invention
allows for power production from diverse energy sources such as heat from the reject
streams of existing power plants, otherwise unproductive low temperature geothermal heat
sources, low-concentration solar thermal energy, biomass heat (non-combustion) and
25  ocean thermal energy conversion, among others. In all of these cases the process of the

invention produces 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

30 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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22 8. The method of claiml,.wherein pronmoting flow of the dilute
wor ki ng fluid across the sem -perneabl e nmenbrane conprises pronoting
a water flux of at |east about 25 x 10-6 nB/nR-s. 9. An osnotic heat
engi ne, conprising: a first chanber; a second chanber; a

sem - perneabl e nenbrane fluidly coupling the first chanber and the
second chanber; a source of a dilute working fluid fluidly connected
to the first chanber; a source of a concentrated draw sol ution
conpri sing anmonia and carbon dioxide in a ratio of at least 1 to 1
fluidly connected to the second chanber; a pressure exchanger to
pressuri ze tReAGORGEAIM@DAE: draw solution in the second chanber; a
turbine fluidly connected aomnstrean1of t he second chanber; a gas

stripping op rat'%%mmif‘m \ggg& | downstream of the turblne and
a recycle syt enf i y;éonn%%{ ¢ Phe Has stripping operation to

the first and seB@ﬁdRUhanbeﬂEmmiﬂmN*ﬁ@mb@ﬁEWW$aﬁ@ﬁwaﬁﬁgﬁﬁﬁ”§§@6Wdlng

to claim9, whesral bt NG 1 6RNSENIE 8 Ldm AN S Ohtthtrme; has an ammnl ato
car bon dl0X|de ratl

osmotic heat eng/"H& 88%6?@?"%’%%"&%@?‘1&“ A ‘ip(ﬁ'os’tv\ﬂ%roglthﬁ Set”hgergqgar?g ent| %%Léd
dr aw sol uti on hasromotpgriioenf thadilugrvogdinglwidaeress te semigereheabe masibeepe into thy

The osmotic ﬁ?&%z&nﬂd\%m@én@ aa'eﬂaﬂea%llulé’m%ﬁwﬂoﬁ he gas stripping
oper ation conpri ses a di Sti e osnotic heat

tion
engi ne of cIa|n1I§mm¥JPWHEWB$§ §?W@mgn?ﬁﬂF8@”8f | ow grade heat
t her mal | y connectheghalipsepdiging aﬁmlsiarahqbcarlgn dipddegftaimpnlvent of the dilute draw

sofution; and

recycling the ammonia and carbon dioxide to regenerate the concentrated draw solution.

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

aminonia to carbon dioxide ratio of between about [ to 1 and 2.5to 1.

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

concentration of between 0.1 and 12 molar.

4, The method according to claim 3, wherein the concentrated draw solution has a

concentration of between about 3 to about 6 molar,

5. The method of claim 1, wherein thermally separating ammonia and carbon dioxide from

the dilu{e draw solution comprises a gas stripping process.

iR The method of claim 5, wherein the gas stripping process comprises use of low

temperature steam under vacuun.

7. The method of claim 5, wherein the gas stripping process is performed at a temperature

. of between about 35 °C and 250 °C and a presstre of between about 0.05 atm and about 10 atm.
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14. The ,osnotic heat engine of claim9, wherein power output per
menbrane area of the osnotic heat engine is at |east about 150 WnR.

8. The method of claim 1, wherein promoting flow of the dilute working fluid across the

semi-permeable membrane comprises promoting a water flux of at least about 25 x 10% m*/m’-s.

9. An osmotic heat engine, comprising:

a first chamber;

a second chamber;

a semi-permeable membrane fluidly coupling the first chamber and the second chamber;

a source of a dilute working fluid fluidly connected to the first chamber;

a soutce of a concentrated draw solution comprising ammonia and carbon dioxide in a
ratio of at least 1 to 1 fluidly connected to the second chamber;

a pressure exchanger to pressurize the concentrated draw solution in the second chamber;

a turbine fluidly connected downstream of the second chamber;

a gas stripping operation fluidly connected downstﬁaam of the turbine; and

" arecycle system fluidly connecting the gas stripping operation to the first and second

chambers.

[0,  The dsmotic heat engine according to claim 9, wherein the concentrated draw solution

has an ammonia to carbon dioxide ratio of between about 1 to 1 and 2.5t0 1. .

11.  The osmotic heat engine according to claim 10, wherein the concentrated draw solution

has a concentration of between 0.1 and 12 molar.

12.  The osmotic heat engine of claini 9, wherein the gas stripping operation comprises a

distillation column,

13.  The osmotic heat cngine of claim 12, further comprising a source of low grade heat

thermally connected to the gas stripping operation.

14.  The osmotic heat engine of claim 9, wherein power output per membrane area of the

osmotic heat engine is at least about 150 Wim®,
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