WO 2010/ 052546PCT/ 1112009/ 007332 Ranki ne Cycle for LNG Vapori zati on/ Power
Ceneration Process Safe and efficient transfer of natural gas (NAG
requires that the natural gas be liquefied prior to shipnment. Once the

| i quefied natur as (LNG arrives at the target |ocati the natural gas
must be reg§’ fbé"a%ﬂ@f ore it can be used-as a fuel sour g{’mﬁz}%ﬁomsn

regasi fication or vaporization of the liquefied natural gas, which requires
input of work or Sheat, provides an opp"d‘r“t unity for secondary power
generation that uses the initially coI d terrperatures of the liquefied
natural gas and thBankingCyelelfordNG Me puer Gepefagign Process pr ey ous
known processes for generat| ng power in association vmth vapori zation of

| i quefied natural fg however, were |ess than optimal for several reasons.
For 10 exanpl e, PrEANGLLcIqnhFpRsiene Ry Rl 975 N gﬂ%&é e 10e patuia! gpppe
condensed \Aﬁdjlﬁefkd!l@m foGshpaieme ma@gr@(idueeai na(njtﬂml gali (9i@)herivesed thetarpétase
separ at or s, urn _increased ¢ an r rta

render ed thé"“B Q&g‘sesr?i ‘?&%"&HF? e ége%rﬁat'tr(g b% ﬁorgrg'eaeﬂsjg%? |vgﬁ}o
upset s t hat regagifitation duvaposizatios of thediquefied tatugal wqwfpﬁemmrmnmmwoﬂsm

pr Ocessegewé&t%sdméé Q%WW%P%%%W%B%P@&@%% mﬂawesésc’mmafﬂmg cbfassef]

when 15t treans oSitions were conbined. Finally,
known proceé@é&e"ﬂprﬁsﬁf)‘lhe('jﬂ‘!,ftf%%fu[%éaﬁ“dﬁﬂ?EYF’E‘I“@&%‘ inRut for VBPRSBAUAN  of t he
wor ki ng fluid. In connection with the above, US-A- 3479832 di scl oses

t f b t h | at
Pi T ogen- cont al n OB ILPPFOIRES (3 2E BB Ul ds T e L h Sae Bxange
to vaporizeof i:muaif ield rmtumiadasgaswe\?ﬁlnewbleabsexmmangenal dor senguaitredsane. aFsrer i es
of rodulgs Rarfife bidl axég] rdfe/hdiing it g,agfangr a&fan y E8RBH4AWerd Radif ol 81 1Y
FEnove 0

condensed ase- separ at ase fraction
partially c@ﬁdﬁ@n@é‘@‘%\em weludingithp aged fonphasee S?Pﬁf%tf’fsrrﬂ'@lﬁ‘é" &t iRer eﬂ‘i'qdect i on

of liquid ngasdis erld S&ﬁaﬂs' rﬁMY)a .woremrrprre&e%h mé bﬂ)cle!séwlnﬁbr@hﬁf&ﬁit td &filtrioPdhd r om
said fluid is ed and onbj ned esse hase
‘fraction, &8 itive {a Eh‘sé’tﬁ atsrU'QEte‘é”adi\glyeﬁtrﬁs?lE%ﬂtg%gf’ r?ﬂ'i"P'?é'E H@%ff""@)?c hange

in the fi rstoraeqbrcmeb@ecm&med mduﬁemod?mmarmﬁtcaqm@semértamnxmmloegest\htmn

partiall r f f | es

P ovi dedSt naenaap i Y dhdithtcadsBiie bO GRS  HAfly: HEIAMA HodRIL 3

i s punped, Heiatoedtseyseus@mfeemraheeﬁa&e&mnttrftheh\smfrma ue from which it was

derived, and then 30 m xed with the returning working fluid fractions
heated in that npdul e and the precedi nﬁq nodul e(s) .to be furtheLgheat ed in -

the next foll ow gcarpastioa witthiBe abgye P toddREe diRF'QRasr e EIPR PhEOWSIPY i nal
nodul e are ﬁm’dabigﬁcbf th@&?;ﬁtﬁ ‘anf lof egpamdmng mutg:gee-rcamtlampgvmma@dlurdemycI ed
to rov e eat u e as nodul e | I

her e nfll’r BiPst it ha® SxorBROe R aHePre b MR, e bR RRGe is - 2
successi vel yomtkiciedds essdries of 20 delesoh %cmOOWEIcwﬁmmtﬂur@h@pﬁfe(?y@ae@m\m ki ng
fluid cont akgﬁagpﬁf?glﬁheegd?%ﬂovea%df pHAE s@;tg:ﬁ'a{(a?g ﬁ%ové’&tr %ﬁé&oﬁéc}hoﬁfof ttt@?

conbi ned wo actions exitin nodul e i s nearl
times that petisocongersed veuking Byd emt%thtaﬁ'etquyle wamdéecten of liquid natural

Enrbod:]I ment s gaé ﬂbtw @rceﬁaerzetss@h Stﬁbq&;urdepm@ frhotiod meobamﬂmhe.samndm and
provi di

ng a rocess e rat ng. power .in association with a
vapor i z?%g %S'Pﬁ%&théagﬁa'fqﬂfeé?edgé@%b t’ %l Bham ﬂfq'u@ ‘frgtl‘el()f"i’?l?g?s'vely
drawbacks. hedtad pairidirediihast, emhameen metjmilame stbseigentdhadtliass dihe vppm\pihd% a
brocess usi Haontt ieheriyEonddhst WRRR At ARG Lach At s BbAloR| nlTee
steps of: (ayovueeétsmheatmgytméwwmdr@ fnmvla. thebuidepftasadraghen ipapoinedi ng
the pressur hé&gd WQTikdirRGt hbati éiché]r%(a% Q%@%Wéihl&gfrérh iRk %s%&!ﬂivé’@%@' tﬁé‘fﬁj

wor Ki ng fluid 1n One or nore expanders for the generation of, power,

wor ki ng3f1 ufmkedwit g PHEINGHOTORO éraemrnfeﬁ%* LGRS R eEfeﬂd'%l %
ni trogen, h(hio):lulﬁ&l) halrte fuﬁhdﬁi aeaaid il thel reRMmBRInG mmmf hmeLhda@dﬂWoFtﬂ’labé
greater than.or equal to that o ane. an ur.t onent
conpri si ng E}’ﬁlérﬁﬁqed‘%ngttﬁ?/If'E%]e';“o‘E‘ﬁ%)c% ICPWB’"FﬁeF' %)%(n\ﬁ% %?rﬁleﬁn@ Ef't%y

i ndi rect heatwenartioegeloa tbipravidthaat dstyue tecdst mopidd. i ledhﬂ&m;m[alfecgawcessc eam
such that |iquefied natural gas is vaporized, the cooled working fluid is
at |east substantially condensed such that |ess than 10% of the working
fluid is a vapor after said at |east substantially condensation, and the
nol ar conposition of the expanded working fluid does not change during heat
exchange between the working fluid and the natural gas; and 25(e)recycling
the cooled working fluid into step (a). Preferably, the working
fluid exiting the one or nore expanders conprises 6-10.6 nol % nitrogen.



WO 2010/ 052546PCT/ 182009/ 007332 - 3 - Usual ly, the flow rate of the
expanded working fluid supplied to the direct heat exchange with the
natural gas is equal to the flow rate-@f the expanded working fluid at the
end of said heat exchange.' 5The cooled working fluid preferably is fully
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the one"of rmre@?'rr)' ﬂdéeggpggfr]rprl ses: 2- 11 nol % nitrogen, nethane, a third
conmponent wh{®e bpldSng:Ir}gﬁ\ﬁqurlsn@ﬁ@dI er than or equal to that of propane,
and a fourth,gonp (d) 30 cooling the
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fl W such t{at tkeydogltedcomedivagind fluidiintsstap (d)east partially condensed;
and (e) recycling the at |east partially condensed working fluid into step
(a), wherein the cooling of the expanded working fluid occurs through
i ndi rect heaPrefrablgnte warkihg duip eesisg thez etk dombiecpuphndets caprisds §d8.6st r eam
in a her%a)eéﬁﬁsg er, and wherein the flow rate of the expanded worki ng
fluid at an t of t he heat exchanger is equal to the flow rate of the
expanded working fluid at an outlet of the heat exchanger.
Usual ly, the working fluid conprises nitrogen in excess of the anmpunt of
nitrogen 20 naturally occurring in the natural gas. Usual Iy, the
cooled working fluid is at |east substantially condensed in the direct heat
exchange and preferably is fully condensed. However, the cool ed working
fluid need only be partially condensed in the heat exchange, the partially
condensed working 25 fluid is phase separated, and step (a) conprises
conpression of the resultant vapor phase and punping of the resultant
l'i quid phase. According to yet another enbodinent, a nmethod is
di scl osed for generating power in a vaporization of |iquid natural gas
process, the method conprising the steps of



30 pressurizing a working fluid; heating and vaporizing the pressurized
wor ki ng fluid; expanding the heated and vapori zed working fluid in one or
nore expanders for the generation of power; cooling the expanded wor ki ng
fluid; and recycling the cooled working fluid wherein t ol in of t he
expanded woil BMFF%Pd occurs through indirect heat excﬁgﬁéé?%ﬁ’

pressurized |liquefied natural gas streamin a heat exchanger, - 5 - where
the inprovenment conprises a working fluid-conprising 2-11 nol % ni trogen and
wherein the cooled working fluid is at |east substantially, preferably
fully, condensedUshalyotie figy tagbe yEtheaaxparvied vearbioglifimdriupplied taheudieciheiab
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In accordance with another aspect, there is provided a nethod for
generating power in a vaporization of liquid natural gas process, the
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et hane or ethylene; (d) cooling the expanded working fluid such that 35the
cool ed wor ki ng f lagtetding tatonéeaa&:bdqnaaht iaainle;hodomdisdsmu foalgdne(ret)ngrmmecﬁd ag the
at | east par rkin i n {
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fluid occurs through indirect heat exchange with a pressurized |iquefied
natural gas streamin a heat exchanger, the inprovenent conprises: a
working fluid conprising 2-11 nol %nitrogen and at |east 11 nol %of a
second conponent whose boiling point is greater than or equal to that of ‘15
propane, the flow rate of the expanded working fluid at an inlet of the
heat exchanger is equal to the flow rate of the expanded working fluid at
an outlet of the heat exchanger, and wherein the cooled working fluid is at
| east substantially condensed. In accordance with a further aspect, there



35Figure Ibis a flowdiagramillustrating an exenplary power generation

systemin accordancew t hanenbodi nent of t hepr esenti nvention; - 5B -

Figure 2 is a flowdiagramillustrating an exenplary use of l|iquid natural
gas as a cogpo f the working fluid in a power gener emin
accor dance %%?@hzg%odl ment of the present invention; P?I guir])tgg‘l\xi's%’%2 a flow
diagramillustrating an exenplary power generation system 5incorporating a
split streamin accordance with an enbodinent of the present invention;
Figure 4 is graphical illustration conparing the nitrogen content of t he
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in line 212. The conpletely vaporlzed working fluid in line 212 may then be
expanded in the expander 214. The work generated by expander. 214 nay be
converted into, Vel tampypeinadiuiteqmrrises aitreaes exPeieg tihamasd 061‘"”893”
generat 90 2 hbturalip 8cR¥ind s thewitdehingsf | ui d from expander 214 in line 218 may
be optionally further heated in a reheater 220. One or 25 nore reheaters
may be used in between the one O nore expanders, for exanple. The
resul tant workin f;
xpandod i 1 expansii:p SEEE kg MAFie A AT K Rfargly. %‘?“&%Ee’ﬁﬁ%ﬁeat fro
expander 22heatsgxchangecindepretestin isofully @ene@na%l slowgyerc the eegle weiikipg fiuic ough
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and condens plasaingipdgpingWif the reflatant IRuligptabé.qui d working fluid, may then be
recycled back into line 202 for repressurization. The process of the
foregoi ng description is often referred to as a Rankine cycle. - WO
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xpand it
expanding the heated an d wor‘irP Huug if one or more expanders for the
generation of power; cooling the expanded working fiuid; and recycling the cooled
working fluid wherein the cooling of the expanded working fluid occurs through indirect

heat exchange with a pressurized liquefied natural gas stream in a heat exchanger,



shoul d be noted that expander 214 may also be interpreted to represent one
or nore expanders for expansion, for exanple. The optional expander 224 may
al so be one or multiple physical devices;_ 10The liquid natural gas flowto
heat exchanger 106 may be about 10,068 knol /hour, for exanple. In such a
scenari o, Expander 214 may produce 4000 kW - 8000 kW of power, for exanple.
Optional expandgr 224 may produce 15, 000 f wer, for

exanpl e. THE typrcaP yr @égh?oémfrﬁ?s tahﬁ’or 5%%%88@?@'%%?&5&% MUG9s™h andt ne
202 may be wherelsethe topl@bwiraing (Idid & at kaSt svBaipptidilprprefemibdp fidly, chndensepi cal
pressure for the high 15 pressure working fluid in Iine 206 nmay be 60 bar
to 80 bar (6 - 8 MPa), for exanple. The power needed to drive punp 204 may
be in the rangeA‘EHO’dZ”QJGG Yajy anpthenoemRagimenty agx appsiralus Ty pRlizcised efep araedr es
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35 Figure 1b is a flow diagram illustrating an exemplary power generation system in

accordance with an embodiment of the present invention;



Capacity: 3800 netric tons per day (nmTPD) N trogen Heated To: 260C
Expander Capacity: 20,000 W Expander Capacity: 11,235 kWand 6, 641 kW Col d
Conpr essor Capacity: 12,300 kW Punp C3§§city: 3,375 kKW Net Power Produced:
7,700 KW Net Power Produced: 14,501 kW=WD 2010/ 052546PCT/ 1132009/ 007332
The conposition of the working fluid for the exenplary systemwas as
follows: Table Il Corn osition Ml e Fraction N trogen 0.0781 Methane 0. 3409
Et hane 0. 413Figuat2anen Oov @gramTilEt@ting lani éXenyiarptuss didiguidanatinag gebas a

ni trogeRomBBh&EN! ofPfhe! BBy HiLRGin LUbSwd b&%drStion system in accordance with an
embodiment of the present invention;
Figure 3 is a flow diagram illustrating an exemplary power generation system
5 incorporating a split stream in accordance with an embodiment of the present invention;
Figure 4 is graphical illustration comparing the nitrogen content of the working fluid
with the net recovered power in accordance with an embodiment of the present invention;
Figure 5 is graphical illustration comparing the nitrogen content of the working fluid

with the net recovered power in accordance with an embodiment of the present invention;
10



the performance of the energy recovery process when the working fluid
consi sts of nitrogen, nethane, ethane, and pentane. Table IV illustrates
the simlar effects of nitrogen when the working fluid consists 10 of

ni trogen, hyl ene, and n-butane. The results i and 1V
wer e obt ai ned‘b 389/562”?% ng the nitrogen flowrate in the \/{%}1&?2&39 ')332d and

then optimzing the flow rates of the other conponents (i.e., the nethane,
et hane, and pentane from Table |1l and the net hane, ethyl ene and n-but ane
in Table V). That is to say, for a given |level of nitrogen, the

conposi tion of t higuest hisra grepiion dusteatinn of ardpmmf:@o!!aeﬁu@e@f theenaindieakt 15

net power OWPiingerMAen thQWtr‘ag&@EM{t@*t ogﬁ’é vfldrfa\% ﬂéﬁ&@va‘é@?pr@%%té’@ P81 A0, the

UA of the main heat exchanger pr oduct transfer coefficient
of the heat '%ﬁ%&ﬁ@%?wmﬁn abe 'fﬁ@ntwéﬁle Pé%@@ﬁ%ﬂ AEYOR8d (A)) and the

efficiencies of ander s yer e fixed. Table | 20_..S; onent
Ni t rogen (nol % lgHre4€g@ @?p}yca?alugt?%@ﬁ A 3 exempiary cgtihng curve o% the main 'heat
5 exchanger when the nitrogen content of the working fluid was approximately 0.40 mol%

in accordance with an embodiment of the present invention.

Figure fa is a diagram illustrating an exemplary power generation system

including aspects of the present invention. A pressurized liquefied natural gas (LNG)

10  stream may be fed through line 102 through the cold end 104 of the main heat

exchanger 106 to generate pressurized natural gas (NG) in line 108 of the liquid natural

gas vaporization loop 100. The delivery pressure of the natural gas may be 76 bar (7.6
MPa) absolute, for exarhple.

15 With respect to the bower generation loop 200, working fluid in line 202 may be
pressurized by the pump 204 and the pressurized working fluid in line 206 may then be
sent through the cold end 104 of the main heat exchanger 106. After the pressurized
working fluid is heated in the main heat exchanger 106, the pressurized working fluid in
line 208 may be further heated and completely vaporized by a heater 210, The

20  pressurized working fluid may be completely vaporized working fluid in line 212. The
completely vaporized working fluid in line 212 may then be expanded in the expander
214. The work generated by expander 214 may be converted into, for example,
electrical energy through the use of a generator 216. The exhaust working fluid from
expander 214 in line 218 may be optionally further heated in a reheater 220. One or

25  more reheaters may be used in between the one or more expanders, for example. The
resultant working fluid stream in line 222 may be optionally further expanded in expander
224, Similar to expander 214, the work generated from expander 224 may be converted
into, for example, electrical energy through the use of a generator 226. The exhaust
working fluid from expander 224 in line 228 may then be fed into the warm end 107 of

30 the main heat exchanger 106 for cooling and condensing of the working fluid. The
cooled and condensed working'fluid, that is now liquid working fluid, may then be
recycled back into line 202 for repressurization. The process of the foregoing description

is often referred to as a Rankine cycle,
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The main heat exchanger 106 may be, for example, one or more physical heat
exchangers. The one or more heat exchangers may be of the plate-fin heat exchanger
type and measure 1.2 meters x 1.3 meters x 8 meters, for example.

5 While expander 214 in Figure 1 may be interpreted as being a single expander, it
should be noted that expander 214 may also be interpreted to represent one or more
expanders for expansion, for examplie. The optional expander 224 may also be one or
multipte physical devices.

10 The liquid natural gas flow to heat exchanger 106 may be about 10,068 kmol/hour,
for example. In such a scenario, Expander 214 may produce 4000 kW - 8000 kW of
power, for example. Optional expander 224 may produce 7,000 kW — 15,000 kKW of
power, for example. The typical pressure for the low pressure working fluid in Iine 202
may be 10 bar to 25 bar (1.0 - 2.5 MPa), for example. The typical pressure for the high

15  pressure working fluid in line 206 may be 60 bar to 80 bar (6 ~ 8 MPa), for example. The
power needed to drive pump 204 may be in the range of 2,000 kW to 4000 kW, for
example. Typical temperatures exiting heater 210 and the optional reheater 220 may be
in the range of 40°C to 250°C, for example.

20 The working fluid exiting the one or more expanders of the power generation
cycle may include the components of, for example, nitfogen, methane, and a third
component whose boiling point is greater than or equal to propane. The third component
may be, for example, any normal alkane, their respective isomers, -(e.g., propane,
isobutane, butane, pentane, isopentane, hexane) or any combination thereof. Mareover,

25 the number of components of the working fluid may include more than three
components. For example, a fourth component may be, for example, ethylene, ethane,
propylene, or dimethyl ether (DME).

The nitrogen content of the working fluid may be greater than 2 mol%. For
30 example, the nitrogen content of the working fluid may be between 2-11 mol%, and more
preferably, between 6-10.6 moi%.

In another embodiment, the working fluid exiting the expanders of the power
generation cycle may include the components of, for example, natural gas, nitrogen, and
35 a third component whose boiling point is greater than or equai to the boiling point of
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propane. The third component, for example, may be any normal alkane, their respective
isomers, (e.g., propane, isobutene, butane, pentane, isopentane, hexane), or any
combination thereof. Because the naturally occurring amounts of nitrogen in the natural
gas may be low, nitrogen may be added to this mixture of natural gas and the third
5 component. Moreover, the number of components of the working fluid in this
embodiment may include more than three components. For example, a fourth
component may be, for example, ethylene, ethane, propylene, or dimethyl ether (DME)

Liquefied natural gas, which typically already contains methane, ethane, and
10  sometimes nitrogen, may be used as the base for forming the working fluid. For
example, adding nitrogen, ethane, and pentane into the liquefied natural gas results in

such a mixture,

Use of natural gas as a component for the working fluid significantly saves money
15 and resources because the use of natural gas as a compenent reduces the need to
import and/or store at least some of the components already present in natural gas. The
natural gas is already present on site for use in the vaporization portion of the process.
For example, as illustrated in Figure 2, three small tanks 250, 255, and 260 may be used
to store the working fluid components. The liquid natural gas supply 270 is already
20  present at the site for vaporization 280. The liquid natural gas supply 270 may be used,
therefore, not only for vaporization 280, but also for use as a component of the working

fluid in the power generation cycle 280.

The use of the natural gas as the base for forming the working fluid also allows for
25 use of smaller storage tanks for the respective additional components of the working
fluid. Moreover, use of the natural gas may eliminate the need to store methane -

typically one of the largest components of working_ fluid.

In one embodiment, the exhaust working fluid from the last expander in the power

30 generation cycle may be partially condensed after being cooled in the main heat
exchanger 106 (as in Figure 1b, for example). In another embodiment, the exhaust
working fluid from the last expander in the power generation cycle may be fully
condensed after being cooled in the main heat exchanger 106 (as in Figure 1a, for
example). In yet another embodiment, the exhaust working fluid from the last expander

35  inthe power generation cycle may be substantially condensed (j.e., condensed such that
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less than 10% of the working fluid is a vapor) after being cooled in the main heat
exchanger 106 (also as in Figure 1b, for example). Fully condensing the exhaust
working fluid in heat exchanger 106 may be advantageous because a phase separator is
not required when the exhaust working fluid is fully condensed ieading to cost savings.
Because remixing is not required when the exhaust working fluid is fully condensed,
there is less potential for thermodynamic mixing losses.

When the working fluid is not completely condensed through cooling in the heat
exchanger 106, a phase separator 203, as illustrated in Figure 1b, may be used to
separate the liquid and vapor from stream 202. The liquid fraction of the working fluid
may be pressurized by the pump 204, for example. The vapor fraction of the working
fluid may be compressed by the compressor 205, for exampie. The resultant streams
from pump 204 and compressor 205 may then be combined in line 206 to be sent
through the cold end 104 of the main heat exchanger 106.

In Figure 3, elements and fluid streams that correspond to elements and fluid
streams in the embodiment iliustrated in Figure 1a and 1b have been identified by the
same number. Referring to the embodiment illustrated in Figure 3, a spiit stream 300
may be taken from the exhaust working fluid of each expander, except for the lowest
pressure expander. In the exemplary embodiment illustrated in Figure 3, a split stream
300 may be first cooled and condensed by passing the split stream 300 through a
section of the main heat exchanger 108. The cooled and condensed split stream in fine
302 may then be pressurized by a pump 304. The pressurized split stream in line 306
may be reintroduced into the main heat exchanger 106 for heating. The heated split
stream may then be reintroduced into the original line 206 for further heating in the main
heat eichanger 106. Use of split streams 300 may allow, for example, for more efficient
matching of heat supply and heat demand.

As an alternative, split stream 306 may be reheated in heat exchanger 106
separately from stream 206. In such an event, both warmed streams would be

combined at the warm-end of the heat exchanger to form stream 208.

Use of one of the exemplary embodiments, where the working fluid is heated to a
temperature of 110°C prior to expansion, may reach a thermal efficiency close to 29%,
for example. The thermal efficiency is calculated by subtracting the work required for
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operation of the pump from the work produced by the expander(s) and dividing the
resultant net work by the heat supplied to the process in heaters 210 and 220, for
example. ‘

EXAMPLES

A comparison was performed between a Nitrogen Brayton cycle and an
exemplary power generation system of the present invention. A Nitrogen Brayton cycle,
as used here, operates as follows. Cold nitrogen gas is compressed from a low pressure
to a high pressure (in a cold compressor and at a temperature near that of the incoming

10 liquid natural gas) then warmed in a heat exchanger (or exchangers), then expanded
from a high pressure to low pressure, then returned and cooled back to the initial state.
The cold from the liquid natural gas is used to provide a fraction of the cooling of the low
pressure nitrogen. The net work produced is the work output of the warm or hot

expander less the work input of the cold compressor

16

For this example, a liquid natural gas having a composition of 0.4 mol% nitrogen,
 96.3 mol% methane, and 3.3 mol% ethane was introduced at pressure of 76 bar (7.6
MPa) absolute. As illustrated in Table 1 below, the power generated by the exemplary
system of the present invention was greater than that of the Nitrogen Brayton cycle, even
20  though the temperature level into the expander was hotter for the Nitrogen Brayton cycle.

The process of the exempiary system used a pump that consumes less power
than the cold compressor used by the Nitrogen Brayton cycle. The exemplary system
also used two expanders while the Nitrogen Brayton cycle used only a single expander.

25  The expander of the Nitrogen Brayton cycle, however, had a much higher power rating
(larger size). The results of comparison are as follows:

Table |
Nitrogen (N.) Brayton System | Exemplary System of the Present [nvention
Capacity: 3800 metric tons per day Capacity: 4000 metric tons per day
{mTPD) (mTPD)
Nitrogen Heated To: 260°C Working Fluid Heated To: 110°C
Expander Capacity: 20,000 W Expander Capacity: 11,235 kW and 6,641
kW
Cold Compressor Capacity: 12,300 kW Pump Capacity: 3,375 kW
Net Power Produced: 7,700 kW Net Power Produced: 14,501 kw
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The composition of the working fluid for the exemplary system was as follows:

Tablell .
Composition Mole Fraction
Nitrogen 0.0781
Methane 0.3408
Ethane 0.4137
Pentane 0.1673
5 Table ili illustrates how varying the nitrogen content of the working fiuid affects

the performance of the energy recovery process when the working fluid consists of

nitrogen, methane, ethane, and pentane.

Table 1V illustrates the similar effects of nitrogen when the working fluid consists
10 of nitrogen, methane, ethylene, and n-butane. The results in Tables i{ll and |V were
obtained by varying the nitrogen flow rate in the working fluid and then optimizing the
flow rates of the other components (i.e., the methane, ethane, and pentane from Table llf
and the methane, ethylene, and n-butane in Table V). That is to say, for a given level of
nitrogen, the composition of the other components was adjusted to achieve the highest
16 net power output. The liquid natural gas flow rate was 4000 mTPD. Also, the UA of the
main heat exchanger (the product of the heat transfer coefficient of the heat exchanger
(U) and the heat exchanger area (A)) and the efficiencies of the expanders and pump

were fixed.

Table 11|
20

. Component
Nifrogen 0 0.40 0.87 215 3.01 4.26 6.35 781 8.53 983 | 10.66
{mol%)
Methane 45.8 436 435 422 41.1 392 36.3 341 331 32.6 335
{moi%5)

Ethane 3386 36.0 35.8 359 368 378 39.8 41.4 423 44.3 447
{mal%)
Pentane 207 20.0 18.9 19.7 18.1 18.8 17.5 16.7 16.1 13.3 111
{mol%}
Net 12,710 | 13,315 | 13,421 | 13,761 | 13,915 | 14,118 | 14,400 | 14,501 | 14,481 | 14,203 ; 13,477
Recovered
Power

{xW)

Figure 4 is a graphical Hlustration 400 comparing the nitrogen content of the
working fluid with the net recovered power (kW) in Table HI.



22.7 21.7 21.7 20.4 20.3 19.6 19.4 17.8 13.8 Net Recovered 13,571 13, 858
14,117 14,373 14,430 14,640 14,786 14,788 14,636 14,330 13, 667 Power

WO 2010/052546 PCT/IB2009/007332
12 -
Table IV
Component
Nitrogen 0.37 2.3 4.35 5.75 8.17 7.88 9.2 9.8 10.6 11.2 12.2
{mol%)
Methane 42.4 41.6 42.2 366 36.2 322 31.0 29.0 28.1 29.1 30.3
{mol%)
Ethylene 348 34.2 359 36.0 359 39.5 39.5 417 41.9 41.9 437
{mol%)
n-bufane 22.0 220 227 .7 217 | 204 20.3 19.6 19.4 17.8 13.8
(mel%)
Net 13,571 | 13,858 | 14,117 | 14,373 | 14,430 | 14,640 | 14,786 | 14,788 | 14,636 | 14,330 | 13,667
Recovered
Power
(kW)

Figure 5 is a graphical illustration 500 comparing the nitrogen content of the
5  working fluid with the net recovered power (kW) in Table IV.

Table V illustrates how removal of the nitrogen content of the working fiuid in an
exemplary case while keeping the other three components in the same relative ratios
affects the performance of the energy recovery brocess when the working fluid consists

10 of nitrogen, methane, ethane, and pentane.

Table V
Component

Nitrogen (mol%) 7.81 0
Methane (mol%) 341 37.0

Ethane {(mol%) 41.4 44.9
Pentane (mol%) 16.7 18.1

Net Recovered Power 14,501 12,351
{kW)

The examples above indicate an optimal content of the nitrogen in the working

15  fluid may be, for example, greater than 2 mol%, and may preferably be greater than 6

mol%, even when the working fluid is fully condensed in the power generation process
cycle.

Because nitrogen gas has a very low boiling point of approximately -195.8°C,

20  which is far below the temperature range of liquid natural gas vaporization, working fluids
that contained significant amounts of nitrogen were traditionally not used in a vaporizing

of liquid natural gas process in conjunction with a Rankine cycle for power generation.
Furthermore, and traditionally, when nitrogen was used as a component of the working

fluid, the working fiuid was first partially condensed, removed from the exchanger, sent to
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a vapor-liquid separator, and the resultant vapor returned to the exchanger and totally
condensed - the use of the phase separator, in effect, creates several working fluids of
different composition in the same process. The aversion to the use of nitrogen in the
working fluid was most likely driven by the presumption that it would be difficult (or
inefficient) to condense a component that was more volatile than methane (the major

component of liquid natural gas).

in fact, we have found that: 1) the incorporation of significant levels nitrogen into
the working fluid can be accomplished when the fluid is totally condensed, and 2) it is
beneficial to do so. The explanation for why this is follows.

Figure 6 is a graphical illustration 600 of the cooling curve of the main heat
exchanger when the nitrogen content of the warking fluid was approximately 7.89 mol%.
Figure 7 is a graphical illustration 700 of the cooling curve of the main heat exchanger
when the nitrogen content of the working fluid was approximately 0.40 mol%. The
working fluid in the study for obtaining Figures 6-7 comprised nitrogen, methane, ethane,
and pentane in accordance with the examples shown in Table Ill (and Figure 4). Figures
6-7 can be studied to understand the beneficial result of adding a judicious amount of
nitrogen. Essentially, the addition of nitrogen results in a more uniform heat transfer
temperature difference between the cooling stream and warming stream — particularly at
the cold-end. The tightening of the temperature difference between streams in Figure 6
(a smaller average temperature difference between the heat exchanging streams) is
indicative of a more efficient process. Furthermore, thermodynamic fundamentals teach
that the temperature difference between streams should be minimized at the colder
temperatures (the lost work is proportional to 1/T, where T is absolute temperature).

As illustrated in Figure 6, when the nitrogen content in the working fluid was 7.81
mol%, the largest temperature difference between the cooling stream (indicated by T-
Hot) and the warming stream {indicated by T-Cold) in the main heat exchanger was no
greater than 15°C. In contrast, and as illustrated in Figure 7, the largest temperature
difference between the cooling stream and the warming stream in the main heat
exchanger was more than 50°C near the cold end of the main heat exchanger when the

* nitrogen conterit in the working fluid was reduced to 0.40 mol%. Thus, in this range, as

~ the nitrogen content of the working fluid was decreased, the temperature difference
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why this is pfu(r)nlpI is consnderabiy less than the cost of a compressor.

With respect to the traditional processes, where the working fluid was partially
15 condensed, phase separated, then fully condensed, the present invention has been
simplified. Systems with multiple phase separation stages are clearly more complex due
to additional equipment pieces such as phase separators, pumps, and pipelines, as weil
as penetrations in heat exchanger(s). Additionally, when these separated streams
recombine, there are thermodynamic mixing losses that result from mixing streams of
20  different composition — these mixing losses manifest themselves as reduce power
recovery. Our results show, in contrast to the common belief that any significant amount
of nitrogen in the working fluid would warrant the use of a phase separator, a judicious
amount of nitrogen in the working fluid can be completely condensed and still provide a
very desirable performance benefit. This allows us to greatly simplify the process,

25  thereby reducing the cost of the system.

While aspects of the present invention has been described in connection with the
preferred embodiments of the various figures, it is to be understood that other similar
embodiments may be used or modifications and additions may be made to the described

30  embodiment for performing the same function of the present invention without deviating
therefrom. The claimed invention, therefore, should not be limited to any single
embodiment, but rather should be construed in breadth and scope in accordance with
the appended claims.



Figure 6 is a graphical illustration 600 of the cooling curve of the main
heat exchanger when the nitrogen conteq of the working fluid was
approximately 7.81 nol% Figure 7 is a Iar'aphi cal illustration 700 of the
cooling curve of the main heat exchanger 15 when the nitrogen content of

t he worl%ﬂg | uid was approximtely 0.40 nor% The working fluid in the
study for olglt aining Figures 6-7 conprised nitrogen, nethane, ethane, and
pentane in accordance with the exanples shown in Table Il (and Figure 4).
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clainms. -15- CLAIMS 1. A nethod for generating power in a vaporization of
|l iquid natural gas process, the nmethod conprising the steps of: 5(a)
pressurizing a working fluid; (b) heating and vaporizing the pressurized
working fluid; (c) expanding the heated and vaporized working fluid in two
or nore expanders in series for the generation of power, the working fluid



102- 11 nol % nitrogen, nethane, a third conponent whose boiling point is
greater than or equal to that of propane, wherein the third conponent
conprises at least 11 nol % of the mofﬁgﬁg fluid; and a fourth conponent
conprising ethane or ethylene; 15(d) cooling the expanded working fluid
such that the cooled working fluid is at |east substantially condensed; and
(e) recycling the cooled working fluid into step (a), wherein the cooling
of the éxpandecetmdkomgericrating poeenins tdpooistion ofdignid cbtunaajas exedmsgeewi th a

pressuri i fied. natural gas streamin a heat exchanger, and 20wherein
the fl ovﬁéﬁ?‘gecgﬁ&t'%@d@?ﬁ;‘?ﬁeo& working fluid at an inlet of the heat

exchanger i s (eppraksuriaingteewbikiony fiuat e of t he expanded working fluid at an

outlet of th , anger.. The nmethod of ¢laim1, wherein the cool ed
vor kEng 11 ui qol 08 B 9B nline P TBeltaRbaihBh "o o' m 1 furt her
conpri si ng rdbeatpanding e wegbecharetivaparikedgrofking ftliciimdwb lve mare exgatdraig t he
wor ki ng fl ui %efrit% P werﬁ{%? er%ii 8n'r 4}1 The. met pod I01‘ cl ai .mel, wherein the
wor ki ng f1l ui eX|{| ﬁbeq BIRE SPWeh & 85&5’5 Ty @858%%@5 B-10.6 nol %
nitrogen. 5.2-Theoh¥trioehert cl ai m 1, wherein the boiling point of the third
conponent is l3?‘ﬁ§"¢?§an t hat of hexane. 356. The nethod of claim1, further
It

conpri si ng spﬂ "the expanded working fluid into a first stream and a
secand str eam thiMheompondrt@hbse boilied paains igseaterdhadon enued thétd)f ppdpatieai m 1,

of claim 1 wrerdf RS LOERET HRBHRSRANAT T AR PR WORT 1l i ot
| i qui d nat ur & fogiis cpmparests compesimgethade ooetpyieséng t he steps of: (a)

pressuri zi ng rKi fluid: ) i v 4] the pressurized
horking 11 urd A2H55 8% by PhBhedEREY RS R BRTEL Bl BT 1t wo
or nore expampddiadly condemsedsaridor t he generation of power, wherein the
working fluid_ c Lises: .2-1 | % nitrogen, natural S Oa third
coné(%nent V\hg%)er%gﬁihpgﬁbe ?)tﬁ??# p?&’a@f %‘%{{&SPS%‘QW*‘B}Q @élcﬁagfogﬁgp{ at of propane,
wherein the Wheren tengmlieg bf the eparsies vedrkingdisid detursdhrotgloindirbet heat Ki ng
fluid, and aeg(glligntgg vﬁ%@&%@%riz@g rﬁgﬂéf%'dnr%t&ta &a%estz%gmqtn r%\yhle(f"a g);(changer, and

wherein the flow rate of the expanded working fluid at an inlet of the heat exchanger

is equal to the flow rate of the expanded working fluid at an outlet of the heat

20 exchanger.

8. The method of claim 7, wherein the working fluid comprises nitrogen in excess of the
amount of nitrogen naturally occurring in the natural gas.

25 9 The method of claim 7, further comprising reheating the expanded working fluid and
then reexpanding the working fluid for power generation.

10.  The method of claim 7, further comprising splitting the expanded working fluid into a
first stream and a second stream, wherein the first stream is cooled in step (d) of claim 7,
30 and wherein the second stream is repressurized and then heated in step (b) of claim 7.

11. The method of claim 7, wherein the working fluid comprises 6-10.6 mol % nitrogen.

12. The method of claim 7, wherein the boiling point of the third component is less than
35 that of hexane.



(d) cooling the expanded working fluid such that the cooled working fluid
is at least partially condensed; and 1%\2) recycling the at least partially
condensed working fluid into step (a), erein the cooling of the expanded
wor king fluid occurs through indirect heat exchange with a pressurized
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an inlet of the heat exchanger is equal to the 15flow rate of the expanded
wor ki ng 18] ui Thametmodoft dlain 1, whieeeimtretwakinh dngids fullgmdndensed.

20 15 An apparatus for power generation for use in a vaporization of liquefied natural gas
system, the apparatus comprising:
at least two expansion devices in series;
at ieast one heating device;
at least one condenser; and
25 a working liquid having multiple components, wherein the working liquid comprises:
2-11 mol % nitrogen,
a second component comprising methane or natural gas,
a third component whose boiling point is greater than or equal to that of propane,
wherein the third component comprises at least 11 mo! % of the working fluid; and a

30 fourth component comprising ethane or ethylene.

16. The apparatus of claim 15, wherein the working fluid is at least partially condensed
by the at least one condenser.

35 17. The apparatus of claim 15, wherein the working fluid is at least substantially
condensed by the at least one condenser.



wherein the cooled working fluid is at |east substantially condensed.
14. The nmethod of claim 13, wherein the working fluid is fully condensed.
2015. An apparatus for power generatioh1§0r use in a vaporization of
| i quefied natural gas system the apparatus conprising: at |east two
expansi g} devices in.serdes; at |east, one heati. vice: at |east one
condensel “anderbral e B rh SR rRgorife Re Y bikiendte bifE 2" he
wor ki ng léadjohe comdgpseses: 2-11 nol % nitrogen, a second conponent
conpri sing methane or natural gas, a third conponent whose boiling
point is greater than or equal to that of propane, wherein the third
conponernt9. corihei apparadils dfedeimn 151 wiveteirdthefwdrking Woidlcomgritésb-dD.6and %4 30f ourt h
conpgpeqﬁwégggprising et hane or ethyl ene. 16. The apparatus of claim 15,

in

wher working fluid is at |least partially condensed by the at |east
one condenser. 3517. The apparatus of claim 15, wherein the working fluid is

at | east,substantially condensed by.the . at. | eas e.condenser... -18- 18.
The app@®at v BRRALAR T, erRrer B8 Bhie 77 p{RS 1 TR ot s ed by
t he at Iteasthabofdhezamelenser. 19. The apparatus of claim 15, wherein the

wor ki ng fluid conprises 6-10.6 nol % 5nitrogen. 20. The apparatus of claim
15, wherein the boiling point of the third conponent is |less than that of
hexane.



