Ranki ne Cycle for LNG Vaporization/ Power Ceneration Process Safe and
efficient transfer of natural gas (NG requires that the natural gas be
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at the target |ocation, the natural gas nmust be regasified before it can be
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conponent of the working fluid. In-connection with the above, US-A-3479832

di scl oses generation of power by expansion of the vapor phase of a
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did not disclose use of natural gas as a component of the working fluid.

In connection with the above, US-A-3479832 discloses generation of power by

expansion of the vapor phase of a recirculating nitrogen-containing working fluid that

20 provides indirect heat exchange to vaporize liquid natural gas. The heat exchange is
conducted in a series of modules in each of which working fluid vapor (or fraction) is
partially condensed, removed and phase-separated. The vapor phase fraction of the
partially condensed working fluid exiting the first module (in the direction of liquid natural

gas flow) Iis compressed, the liquid phase fraction from said fluid is pumped and

25 combined with the compressed vapor phase fraction, and the mixture is successively
heated by indirect heat exchange in the first and subsequent modules. The vapor phase
fraction of the partially condensed working fluid exiting each of the subsequent modules
provides the heat duty to the preceding module, the liquid phase fraction is pumped,
heated by indirect heat exchange in-the module from which it was derived, and then

30 mixed with the returning working fluid fractions heated in that module and the preceding
module(s) to be further heated in the next following module. The heated two-phase
mixtures exiting the final module are combined, heated, work expanded to generate

power and recycled to provide heat duty to the last module. In the exemplified process,



provi des the heat duty to the preceding nodule, the liquid phase fraction
is punped, heated by indirect heat exchange in the nodule fromwhich it was
derived, woadotonses4ai xed with the returning working flui ecitmazing/eorssheat ed
in that nodul e and the preceding nodul e(s) to be further heated in the next
foll owi ng nodul e. The heated two-phase_gixtures exiting the final nodule
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i nvention provides a nethod for generating power in a vaporization of
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fluidis ["east "su ah y condensed such that |ess than 10% of the
(a) pressurizing the working fluid;

15 (b) heating and vaporizing the pressurized working fluid;

(c) expanding the heated and vaporized working fluid in one or more
expanders for the generation of power, the working fluid exiting the one or more
expanders comprising (i) 2-11 mol% nitrogen, (ii) methane, (iii) a third component whose
boiling point is greater than or equal to that of propane and (iv) a fourth component

20 comprising ethane or ethylene;

(d) cooling the expanded working fluid by indirect heat exchange with a
pressurized liquefied natural gas stream such that liquefied natural gas is vaporized, the
cooled working fluid is at least substantially condensed such that less than 10% of the
working fluid is a vapor after said at least substantially condensation, and the molar

25 composition of the expanded working fluid does not change during heat exchange

between the working fluid and the natural gas; and

(e) recycling the cooled working fluid into step (a).

Preferably, the working fluid exiting the one or more expanders comprises 6-10.6

30  mol% nitrogen.



working fluid is a vapor after said at |east substantially condensati on,
and the nolar conposition of the expanded working fluid does not change
duri ng hea0 2ewaisasige bet ween the working fluid and the maraBzioy/geEs32 and (e)
recycling the cooled working fluid into step (a). Preferably, the working
fluid exiting the one or nore expanderssconprises 6-10.6 nol %
nitrogen.Usually, the flowrate of the expanded working fluid supplied to
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repressuri zed and then heated in step (b). Usually, the first streamis

further expanded before being cooled in heat exchange with the natural gas.
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15 Power may be generated in two or more expanders with reheating of the

expanded working fluid between the expanders.

The expanded working fluid may be split into a first stream and a second stream,
wherein the first stream is cooled in step (d), and wherein the second stream is
20 repressurized and then heated in step (b). Usually, the first stream is further expanded

before being cooled in heat exchange with the natural gas.

According to one embodiment, a method is disclosed for generating power in a

vaporization of liquid natural gas process, the method comprising the steps of: (a)

25 pressurizing a working fluid; (b) heating and vaporizing the pressurized working fluid; (c)
expanding the heated and vaporized working fluid in one or more expanders for the
generation of power, the working fluid exiting the one or more expanders comprises: 2-

11 mol% nitrogen, methane, a third component whose boiling point is greater than or
equal to that of propane, and a fourth component comprising ethane or ethylene; (d)

30 cooling the expanded working fluid such that the cooled working fluid is at least
substantially, preferably fully, condensed; and (e) recycling the cooled-working fluid into

step (a), wherein the cooling of the expanded working fluid occurs through indirect heat



generation of power, the working fluid exiting the one or nore expanders
conprises: 2- 11 nol % nitrogen, nethane, a third conponent whose boiling
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Usually, the working fluid comprises nitrogen in excess of the amount of nitrogen

20 naturally occurring in the natural gas.

Usually, the cooled working fluid is at least substantially condensed in the direct
heat exchange and preferably is fully condensed. However, the cooled working fluid
need only be partially condensed in the heat exchange, the partially condensed working

25 fluid is phase separated, and step (a) comprises compression of the resultant vapor

phase and pumping of the resultant liquid phase.

According to yet another embodiment, a method is disclosed for generating

power in a vaporization of liquid natural gas process, the method comprising the steps of

30 pressurizing a working fluid; heating and vaporizing the pressurized working fluid,
expanding the heated and vaporized working fluid in one or more expanders for the
generation of power; cooling the expanded working fluid; 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,



fluid is phase separated, and step (a) conprises conpression of the

resul tant vapor phase and punping of the resultant |iquid phase. According
to yet amwohero/sesaedi nent, a nethod is disclosed for gemeraBioogogeser in a
vaporization of liquid natural gas process, the nethod conprising the steps
of 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: coolin he, expanded. wor ki n
(i ds antSTEE MRS e R o Rt oads P 1408 GORRENES 7| hELBATTdes oA he
expanded wimdrkinrtge tooled wordng fuid iBradlgist sutdtantially, besérablydtipn gendainbéd.a
pressurized liquefied natural gas streamin a heat exchanger, where the

i mprovenent conprises a working fluid conprising 2-1 1 nol % nitrogen and
wher ei n the coateeedingriti yey driotiell érdbadimeansdn apparhist isatiisylose &drepaloéry

fully, d d.. A di t t t nbqdi t, i
W sel 5 coBaTeratRg: it Shc SebdsRabds of Rlefied nSlR Gar Sustenhib A Reth A AT trs”
nat Iur al tgasersixaa,tmmd_@paméum_tquﬂism;g: lhhbait;tmreréﬂﬁan?ipm he\ge@mnéﬁsu?n?:oamtmgsi ng:
at eas ne ex nsi,on evice, a as ne earll hg.adevli ce:. a eas one
condonserdeuiERg B KBTI CPRGRISE KR mq waling JA4d Osish SiiEle FRmPBREN S e
wor Ki ng Ierbmhﬂerwbmr@ :liqﬁidllco”mpsﬂsle% ?Emgg&ﬂ% aitrsgfrqnai mrrg@_rtlemponent_ o

t hane r natur as a. . Lnlr CcO nen se oLl.l n ol n | S
ey thabrispenetiant B Heira0gss, £yl SmSRERE RERhe HORAG caiis it Sl i e
et han® orthat by equat tolthat éfqremmiengnd a fountl dongnehtecohdrisinigl etttandadr aithydehe

description of exenplary enbodi nents, is better understood when read in
conjunction with the appended draw ngs. For the purpose of illustrating

enmbodi nents ofthe _jinyentiqgn here.is in.the A.0QS_e
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wth an ‘%m?.%%' tm s;%ccifitcbr?et%o%sa(mjtinétn}fﬁé]ﬁélﬁig's disclosed.. In the drawings:

Figure 1a is a flow diagram illustrating an exemplary power generation system in

accordance with an embodiment of the present invention;

Figure 1b is a flow diagram illustrating an exemplary power generation system in

20 accordance with an embodiment of the present invention;

Figure 2 is a flow diagram illustrating an exemplary use of liquid natural gas as a
component of the working fluid in a power generation system in accordance with an

embodiment of the present invention;

Figure 3 is a flow diagram illustrating an exemplary power generation system

25 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
30 fluid with the net recovered power in accordance with an embodiment of the present

invention;



Figure 2 is a flowdiagramillustrating an exenplary use of liquid natural
gas as a conponent of the working fluid in a power generation systemin
accor danceowntonsasacenbodi nent of the present invention; PETgBze9/80733% a fl ow
diagramillustrating an exenplary power generation systemincorporating a
split streamin accordance with an enbhqgli nent of the present invention;
Figure 4 is graphical illustration conparing the nitrogen content of the
working fluid with the net recovered wer in accordance wiih an enbodi ment
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invention. Figure la is a diagramillustrating an exenplary power
generation system i ncI.udi ng aspects of the present invention. A pressurized
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heat exch r the pressurized working fluid is heated in the
mai n heatﬁ'ggg%téskpgér’ f%%%”ﬁ% pressurized working fluid in

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.



line 208 may be further heated and conpletely vaporized by a heater 210.
The pressurized working fluid may be conpletely vaporized working fluid in
i ne 212.woheloosefbet el y vaporized working fluid in |inec2iRgoomyoBieen be
expanded in the expander 214. The work generated by expander 214 may be
converted into, for exanple, electrical; energy through the use of a
generator 216. The exhaust working fluid fromexpander 214 in |ine 218 nmay

be optionally_further heated in reheat er. 220. e or nore reheaters nmay
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generator 226. The exhaust working fluid fromexpander 224 in |ine 228 may
then be fed ipto the r nd_107 of the i n heat exchanger 106 for .
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exchangers may be of the plate-fin heat exchanger type and neasure 1.2

meters x 1.3 neters x 8 neters, for exanple. Wile expander 214 in Figure 1
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expansi or{f%r F@méﬁ'arjrﬂlsé‘f’h ?h%ce(?ﬁﬁ?’o#?éqangﬁbgﬁ‘gE}ayﬂﬁd?fﬁyd'@osmésgﬁwo{
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par 18 2oprpeniry warkia fulfn 198 655 o< alRa oW acte G o e, 5 X80Pl TUR  he
hi gh power needed to drive pump 204 may be in the range of 2,000 kKW 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, nitrogen, 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. Moreover,

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 mol%.

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 equal to the boiling point of



pressure working fluid in line 206 may be 60 bar to 80 bar (6 - 8 MPa), for
exanpl e. The power needed to drive punp 204 may be in the range of 2,000 kW
to 4000 kwo 20owosessanpl e. Typical tenperatures exiting hearas2@d/007ased t he
optional reheater 220 may be in the range of 400C to 2500C, for exanple.

The working fluid exiting the one or ngge expanders of the power generation
cycle may include the conponents of, for exanple, nitrogen, nethane, and a
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conponentsucMarreiatuee., t he nurrber of conponents of the working fluid in this
enbodi mrent may include nore than three conponents. For exanple, a fourth
conponent nmay be, for exanple, ethylene, ethane, propyl ene, or dinethyl
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formng t
|mport 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 290.

The use of the natural gas as the base for forming the working fluid aiso allows for
25 use of smaller storage tanks for the respective additional components of the working
fiuid. 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 in the power generation cycle may be substantially condensed (i.e., condensed such that



exanpl e, adding nitrogen, ethane, and pentane into the |iquefied natural
gas results in such a mxture. Use of natural gas as a conponent for the
wor ki ng fwoi2diogisgsasf i cant |y saves noney and resources becauBmob/hesszese of
natural gas as a conponent reduces the need to inport and/or store at | east
some of the conponents already present.gn natural gas. The natural gas is
already present on site for use in the vaporization portion of the process.
For exanp| e
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when e exhaust working fluid is fully condensed | eading to cost savings.

Because rem xing is not required when the exhaust working fluid is fully
condensed, In Figure 3, elements and fluid streams that correspond to elements and fluid

streams in the embodiment illustrated in Figure 1a and 1b have been identified by the
same number. Referring to the embodiment illustrated in Figure 3, a split stream 300
may be taken from the exhaust working fluid of each expander, except for the lowest
20 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 106. The cooled and condensed split stream in line
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
25 stream may then be reintroduced into the original line 206 for further heating in the main
heat exchanger 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
30 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%,

35 for example. The thermal efficiency is calculated by subtracting the work required for



there is less potential for thernodynam c m xing | osses. Wen the working
fluid is not conpletely condensed through cooling in the heat exchanger
106, a pheeomapas4at or 203, as illustrated in Figure lbpcrap2do®oersgd t o
separate the liquid and vapor fromstream 202. The liquid fraction of the
working fluid may be pressurized by thggpunp 204, for exanple. The vapor
fraction of the working fluid may be conpressed by the conpressor 205, for
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expansi orexpangerriesscthe avorihieputedf tied mldcempgessbrose to 29% for exanple. The
thernmal efficiency is calculated by subtracting the work required
foropération of the punp fromthe work produced by the expander(s) and
di vi di ng the 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 exemplary 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, hqwever, 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 Invention
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




resultant net work by the heat supplied to the process in heaters 210 and
220, for exanple. EXAMPLES A conparison was perfornmed between a Nitrogen

Br ayt on cwol2eioznsels4an exenpl ary power generati on system eCTHRmopr@&@sENt
invention. A Nitrogen Brayton cycle, as used here, operates as foll ows.
Cold nitrogen gas is conpressed froma 44w pressure to a high pressure (in
a cold conpressor and at a tenperature near that of the incomng liquid

nat ur al t hen in chan er exchange t hen expanded
rom a hi g SPEBSHIHE dfafe WRMhER 1 b RE it SsrEl WA BIMs back 1ot he
initial state. The cold fromthe |igulableBdtural gas is used to provide a
fraction of the cooling of the | ow pressure nitrogen. The net work produced
is the work out put dompwsitivar m or hot expander | es#déErastisrk | nput of {he
col d conpressor For tRitegexanple, a liquid natural gaso#gvi ng a conposition
of 0.4 mpl % nitrogen, M8harse Mol % net hane| and 3.3 nol ¥ Mdsane was i ntroguced
at pressure of 76 Dbar gifaffe MPa) absolute. As illustrae7in Table 1 below,
t he power generated DpektARe €EXENpPl ary system of the preegat 1 nvention was
greater than that of the Nitrogen Brayion cycle, even though the
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exenpl ary ngpgée Methar, Lafle! MRy fertaders while the Nitrogen Brayton cycle
used only a Single expander. The expander of the N trogen Brayton cycle,
however, had a nuch hi gher power rating (larger size). The results of

conparison ar eTaaeflvlull@%tesTﬁ@lsmbibﬁe&@spmﬁbgémwwfﬁ tﬁéﬂmmgkﬂdwcédswtg for
t he exerrpl ari{nos ystemwas as follo Table 1] . |'l ustrates how
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flow rates of the other components (i.e., the methane, ethane, and pentane from Table Il

and the methane, ethylene, and n-butane in Table IV). That is to say, for a given level of
nitrogen, the composition of the other components was adjusted to achieve the highest
15  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 I
20
Component
Nitrogen 0 0.40 0.87 215 3.01 4.26 6.35 7.81 8.53 9.83 10.66
(mol%)

Methane 458 436 435 422 41.1 39.2 36.3 341 33.1 326 335
(mol%)

Ethane 336 36.0 35.8 359 36.8 37.8 39.8 41.4 42.3 443 447
(mol%)
Pentane 20.7 20.0 19.9 19.7 19.1 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

(kW)

Figure 4 is a graphical illustration 400 comparing the nitrogen content of the

working fluid with the net recovered power (kW) in Table lll.



ni trogen, nethane, ethane, and pentane. Table IVillustrates the simlar
effects of nitrogen when the working fluid consists of nitrogen, nethane,

et hyl ene,weandiwmskusane. The results in Tables |11 and | YcoaB®moghizasned by
varying the nitrogen flowrate in the working fluid and then optim zing the
flow rates of the other conponents (i.gp,. the nethane, ethane, and pentane
fromTable Il and the nethane, ethylene, and n-butane in Table IV). That
is to say, for a given |level of nitr(k)’g%{z?I t he conposition of the other
conponents was adjusted to achieve t ghest net power output. The liquid
nat ur al gas—fttow ratewas—4600mHRPB—Also—the UA—ofthe—rmatn—heat
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keepi ng tqgﬁ)’;ﬁ%‘her three conponents i{n the sang rel ative|rati ¢gs afflects |the
per for rgncewpf [ he enerqgy|recovery process when the working filluid[consi|sts
of nitrogen, nethane, ethane, and pentane. Table V The exarrpl es above

tor exanpl 6, _or SMReP Erkgept el YNSiuler S5 BoinPatlf i il cotlef Bng ™

nmol % @vewoﬂdrrgflwmmﬂv\mehwmgedok/emed powvef (KW)inJahlgdNsed i n the povver
generation process cycle. Because nitrogen gas has a very |ow boiling point
of approxi mately -195.80C,

Table V illustrates how removal of the nitrogen content of the working fluid in an

exemplary case while keeping the other three components in the same relative ratios
affects the performance of the energy recovery process when the working fluid consists

10  of nitrogen, methane, ethane, and pentane.

Table V
Component

Nitrogen (moi%) 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 fluid was first partially condensed, removed from the exchanger, sent to



which is far below the tenperature range of |iquid natural gas
vapori zation, working fluids that contained significant anmounts of nitrogen
wer e tradwoizormalsksgenot used in a vaporizing of |iquid nacunpiooges3gr ocess
in conjunction with a Rankine cycle for power generation. Furthernore, and
traditionally, when nitrogen was used_gg_a conponent of the working fluid,
the working fluid was first partially condensed, renoved fromthe
exchanger, sent toa va g*id seﬁarator resul t ant vap
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2) it is beneficial to do so. The explanation for why this is foIIovvs.
Figure 6 is a graphical illustration 600 of the cooling curve of the main
heat exchangerinlgpweé Ifnevm'fduhdglem d())meemtorpbratnhueoﬂ\ﬁgkifimtidvelsdwim‘@gm into

appr oxi ely 7.8 % Fi ure i) u tio t he
061 1 ng alF werpd BREiad of e rudund nBefl G BT uai Sk D AP Lis' {he
wor ki1og fhemeficialets dafspr The extiaiafion fetQvhythikis foliewswor ki ng fluid in the study
for obtaining Figures 6-7 conprised nitrogen, nethane, ethane, and pentane
i n accordance with the exanples shown in Table 11l (and Figure 4). Figures
6-7 can be st udgerd 6 ds angmpbicainitdustiatiob808f ofcthel coading | dunaf ofathzlai mgire heat

|’ nor RISy vfeadhe DREEE) emp L e d R mpBRaBa Bl €0 B ehor i g
s':] r e?m ag*;dgl}tmﬁrmsr]g ?]?prh::muustmmh I7©0| cdirthey cad»linghlnénlr\leobfdtherldain 'Heet exc@lahgen'r ggeof
t he

t errpe?’g?uvly ||trgﬁ @wgg enévoﬁé m%cwgngl &ao ?M&?A’ndﬁlégt [ ge
of a nor eum‘klhgcﬂueinh thoer stoéysfpr obtairtilgeFigores,6-1 hempmigdmmgbrf mwaglepethmee,t each
that the femDetdUhGcdbbfletenBeluRpRs ThoRA T TSN N GrdFidilian Eodlt the

col der
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
20 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

25 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

30 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 content 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



tenperatures (the lost work is proportional to 1/ T, where T is absolute
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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.



recovery. Qur results show, in contrast to the common belief that any
significant anount of nitrogen in the working fluid would warrant the use
of a phaswogepersai4ér, a j udici ous anount of nitrogen i npCmaBroy/mki7asp fl ui d
can be conpletely condensed and still provide a very desirable perfornmance
benefit. This allows us to greatly sinplgfy the process, thereby reducing
the cost of the system Wile aspects of the present invention has been
described in connection with the prengpﬂgg enbodi nents of the various
figures, it is to be understood t hat simlar enbodinents nay be used

or nodifications an | mad £9 the crl nb for
perform ng theqsameg‘f g} r?r &e”?yﬁgg%rpeogvgﬁt ﬁw%‘?ﬂr\ i ofﬁgﬂ' aag ?%g

t her ef r onprotess asiag aeecincolatng working fluid, ¢fieomethodompisingtthdsteps of: t ed to any
si ngl e enbodi nent, but rather should be construed in breadth and scope in
accordance w t fa)t he pegspenuirerthe ivairkieg @uidl M5 1. A net hod for generating power
in a vaporization of liquid natural gas process using a recirculating

wor ki g f 1 ui d, (mhe hestmgandomporizng thetgressiriegdworking(fadd;pr essuri zi ng t he
working fluid; (b) heating and vaporizing the pressurized working fluid,
(c) expanding {de hemmir@ndﬁa/etpeta'dzaddv\xaﬂo'ringi fwarkiggi fiuidnie one nayr enore
expanders essener f f g ne or
ot o oxpandardeisGTRE! iR, of Bifier, Wi Rl il Bl chBton "2

thi rd conpxpanderspossarisingi (1)i2at mi%mltrogeg.r(ehmethanaaéul)@rthwgannpomﬁrtt oS f
propane a 0 i haei

cooling t g""‘%ﬁﬁgé{j%& i ngﬁ}a %g5|b§o fnr%glofg%aﬁ%at e&@h%ﬁ%%mw &ﬁpor(eq}
presslﬁl z eomptisingethade auethylahe;gas stream such that |iquefied natural gas is

vapori zed, the cooled working fluid is at |east substantially condensed
such that | ess(d)han cpolindthe pypangeri wWerkingufluid j by mdve@tolneaéf% argg withta| east

substant| gdsy, FRRGRNSRH PihraPGal L u&nhsprqgeﬁéa heftrdfgab REvspER2EE aRe
wor ki ng flul oes not change during eat exc

cooled working fluid is at least substantlally condensed such that less than 10% of the

working fluid is a vapor after said at least substantially condensation, and the molar

15 composition of the expanded working fluid does not change during heat exchange

between the working fluid and the natural gas; and

(e) recycling the cooled working fluid into step (a).

2. A method according to Claim 1, wherein the working fluid exiting the one

20 or more expanders comprises 6-10.6 mol% nitrogen.

3. A method according to Claim 1 or Claim 2, wherein the flow rate of the
expanded working fluid supplied to the direct heat exchange with the natural gas is equal

to the flow rate of the expanded working fluid at the end of said heat exchange.
25

4. A method according to any one of Claims 1 to 3, wherein the cooled

working fluid is fully condensed.

5. A method according to any one of the preceding claims, wherein the third

30 component (iii) is an alkane.



bet ween the working fluid and the natural gas; and (e) recycling the cool ed
working fluid into step (a). 2 . A nethod according to aim1l1, wherein the
wor ki ng fwoi2diogeseissng t he one or nore expanders conpri SesTAB09/607a3d %
nitrogen. 3. A nmethod according to Claiml1 or Claim2, wherein the flow
rate of the expanded working fluid suppgied to the direct heat exchange
with the natural gas is equal to the flowrate of the expanded working
fluid at the end of said heat exchange. 4. A nethod according to any one of
Clains 1 to 3, wherein the cooled working fluid is fully condensed. 5. A
met hod according to, any, one of the precedi ng clains, erei.n, t t b
conponent (iii) is lér{“%tm%ﬁ’@c%r.dmﬂ We{:ﬁﬁﬁdéac‘g%‘?’rﬁwn@%t %&%gapﬂﬁnts,opﬁr/}]equ{dg t he
boi | i ng psimyoneht (i leks than tleatpbhe@ne(iii) is | ess than that of hexane. 7 .
A nmet hod according to any one of the preceding clains, wherein the fourth
conponent conprises propylene or dinethyl ether. 8. A nethod according to
any one of the preceding clains wherein the working fluid conprises natural
gas. % A net hbd ackonethod) acoording tnanyone haé the gueckding claansiswheveer then
power is er. i ols - ith reheating of the expanded
wor ki ng ffﬁﬁi dci}éﬁ(\g\%@eggc§ﬁ§”%§§3§fgﬁﬁn§ww&hﬁr§& fod accor di ng to any one of
the preceding clains, further conprising splitting expanded working fluid
into a first streamand a second stream wherein the first streamis cool ed
in step (d), d wher el n [ i e i en heat ed
in step (b). ié; A'ﬁe %tggl&g%gg@g@n% taéy %I%g: ér’rﬁs%{,&\rf?ﬁgéig{’ n@gﬁsgwg?'%@t {hs?tream
i s furt heworkivpflndespnipsises patuedl g9gs.cool ed i n heat exchange with the natural
gas. 1%2 A nmet hod for generating power in a vaporization of |iquid natural
gas

9. A method according to any one of the preceding claims, wherein power is
generated in two or more expanders with reheating of the expanded working fluid

between the expanders.

15 10. A method according to any one of the preceding claims, further
comprising splitting expanded working fluid into a first stream and a second stream,
wherein the first stream is cooled in step (d), and wherein the second stream is

repressurized and then heated in step (b).

20 11. A method according to Claim 10, wherein said first stream is further

expanded before being cooled in heat exchange with the natural gas.

12 A method for generating power in a vaporization of liquid natural gas

process, the method comprising the steps of:
25 (a) pressurizing a working fluid;
(b) heating and vaporizing the pressurized working fluid;

(c) ex-panding the heated and vaporized working fluid in one or more
expanders for the generation of power, the working fluid exiting the one or more

expanders comprises 2-11 mol% nitrogen, methane, a third component whose boiliﬁg



process, the nethod conprising the steps of: (a) pressurizing a working
fluid; (b) heating and vaporizing the pressurized working fluid; (c)
expandi ngwvohelonsai4ed and vapori zed working fluid i n onepror/IBBOZI@sFander s
for the generation of power, the working fluid exiting the one or nore
expanders conprises 2-1 1 nol % nitrogemn,; methane, a third conponent whose
boi lingpoint is greater than or equal to that of propane, and a fourth

CoTPONEN SATH! L3l T A1Eeh SR 8ot . 0% B R S phBR

condensedethand of ethyleaeycl i ng the cool ed working fluid into step (a),
wherein the cooling of the expanded working fluid occurs through indirect
heat exchange )t h aoplirestharexpantedi wprkihg ddidrsaich tredt thgasooddd wenkingrilual ibait

exchanger, and erejn the flow rate of the expanded working fluid at an
inlet of {eﬁépﬂ‘@\égngélcyhcgﬁgﬁqsepsa (i]ual to the flowrate of the expanded

wor Ki fluid at anrec():%lln tthé’]::oélggvs}agﬁ%q ﬁﬁgl}gﬂ]ﬁgp&?)w. A met hod for

generating po er) i na’vaportZation iqui al gas process, the

thod o _ e . =S
A s e L
heat ed anexchapge iwithda vavessuniged lliguefiednnatnel @as nadrearme ip anhiat extbangeneand

generatio . i i fd i LI - %, ;
it rogen, T B Tpu MREOFLS, SREndl ibithd i g BTG H e Redt ScBNdd s
t han or eqqudl ta thetflomtratef of piheo pxpanded morking thuid aharcoutied nbthe heehgchangry. et hane
or ethylene; (d) cooling the expanded working fluid such that the cool ed
workif® fluid is at least partially condensed; and (e) recycling the at

| east partially condensed working fluid into step (a%, wherein the cooling
of the expanded3wor Ri mgthodfod geperating tremeridi a vritarigatiorhehdiquid natural gas

process, the method comprising the steps of:
(a) pressurizing a working fiuid;
(b) heating and vaporizing the pressurized working fluid,;

15 (c) expanding the heated and vaporized working fluid in one or more
expanders for the generation of power, wherein the working fluid comprises 2-11 mol%
nitrogen, natural gas, a third component whose boiling point is greater than or equal to

that of propane, and a fourth component comprising ethane or ethylene;

(d) cooling the expanded working fluid such that the cooled working fluid is at

20 least partially condensed; and
(e) recycling the at least partially condensed working fluid into step (a),

wherein the cooling of the expanded working fluid occurs through indirect heat
exchange with a pressurized liquefied natural gas stream in a heat exchanger, and
wherein the flow rate of the expanded working fluid at an inlet of the heat exchanger is

25 equal to the flow rate of the expanded working fluid at an outlet of the heat exchanger.

14. In a method for generating power in a vaporization of liquid natural gas

process, the method comprising the steps of:
(a) pressurizing a working fluid,;

30 (b) heating and vaporizing the pressurized working fluid;



exchange with a pressurized liquefied natural gas streamin a heat
exchanger, and wherein the flowrate of the expanded working fluid at an
i nl et of wbeotveabs4sexchanger is equal to the flow rate ofcrhBoewpemsed
working fluid at an outlet of the heat exchanger. 14. In a nethod for
generating power in a vaporization of _l4gquid natural gas process, the
nmet hod conprising the steps of: (a) pressurizing a working fluid; (b)
heati ng and vapori zing the pressurized working fluid;( expandi ng t he
hoat 60 and vapty | - EEBRREn T PR, AbrERorELotas Sl TP o more
gener at i ogxpahd@eVibr the gdherafion ofbwiene expanded working fluid; and (e)
recycling the cooled working fluid into step (a), wherein the cooling of
the expanded wa)ki ngodiihgititk @panded wbikinggtuid; addr ect heat exchange with a
pressurized liquefied natural gas streamin a heat exchanger, the

i nprovenent co@ri sewyéingthd couled Warkthgcfluigintssteg (8; 1 1 nol % ni trogen and
wherein the cooled working fluid is at |east substantially condensed. 15.
An apfar at us fwhepowihe gelieg af thenedpanded evarking fluidporcusathraughoihdireat) ineit ed
natural gas,syste t he ar at.us .c [,i sing; | east. pne expansio
dovico; S9nands et HafRBQudhaE Mol 48 Sleant3h o fEd SRR B i ng
| i qui d haimpnovemert icpinerisesng aoekirigs fluidMcemerising 2e1 oAb nigrogen and whengn thses
2-1 1 nol % nitrogen, . t ri,sing net hane or natural gas,
athird c%or%%c}n‘g%?m\%%’?eé%g%??tnsgj%g%lgﬁs&cs?%gg;gsaetd‘er than or equal to that of
propane, and a fourth conmponent conprising ethane or ethyl ene.

10 15. An apparatus for power generation for use in a vaporization of liquefied
natural gas system, the apparatus comprising:
at least one expansion device;
at least one heating device,
at least one condenser; and

15 a working liquid having muitiple 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,

and a fourth component comprising ethane or ethylene.



