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to liquefy natural "gas. A typi cal ural gas streamenters a LNG pl ant at
great distances from any commercial markets for the gas. Sometimes a pipeline is

available for transporting produced natural gas to a commercial market. When pipeline
transportation is not feasible, produced natural gas is often processed into liquefied
15  natural gas (which is called “LNG”) for transport to market.

One of the distinguishing features of a LNG plant is the large capital investment
required for the plant. The equipment used to liquefy natural gas is generally quite
expensive. The liquefaction plant is made up of several basic systems, including gas
treatment to remove impurities, liquefaction, refrigeration, power facilities, and storage

20  and ship loading facilities. While the cost of LNG plant can vary widely depending
upon plant location, a typical conventional LNG project can cost from U.S. $5 billion
to U.S. $10 billion, including field development costs. The plant’s refrigeration
systems can account for up to 30 percent of the cost.

In the design of a LNG plant, three of the most important considerations are

25 (1) the selection of the liquefaction cycle, (2) the materials used in the containers, piping,
and other equipment, and (3) the process steps for converting a natural gas feed stream
into LNG.

LNG refrigeration systems are expensive because so much refrigeration is
needed to liquefy natural gas. A typical natural gas stream enters a LNG plant at

30  pressures from about 4,830 kPa (700 psia) to about 7,600 kPa (1,100 psia) and '
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three types most commonly used in LNG plants today are: (1) “expander cycle” which

expands gas from a high pressure to a low pressure with a corresponding reduction in

15 temperature, (2) “multi-component refrigeration cycle” which uses a multi-component
refrigerant in specially designed exchangers, and (3) “cascade cycle” which uses
multiple single component refrigerants in heat exchangers arranged progressively to
reduce the temperature of the gas 1o a liquefaction temperature. Most natural gas
liquefaction cycles use variations or combinations of these three basic types.

20 The cascade system generally uses two or more refrigeration loops in which the
expanded refrigerant from one stage is used to condense the compressed refrigerant in
the next stage. Each successive stage uses a lighter, more volatile refrigerant which,
when expanded, provides a lower level of refrigeration and is therefore able to cool to
a lower temperature. To diminish the power required by the compressors, each

25  refrigeration cycle is typically divided into several pressure stages (three or four stages
is common). The pressure stages have the effect of dividing the work of refrigeration
into several temperature steps. Propane, ethane, ethylene, and methane are commonly
used refrigerants. Since propane can be condensed at a relatively low pressure by air
coolers or water coolers, propane is normally the first-stage refrigerant. Ethane or

30 ethylene can be used as the second-stage refrigerant. Condensing the ethane exiting

the ethane compressor requires a low-temperature coolant. Propane provides this low-



when expanded, provides a |ower level of refrigeration and is therefore
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freeze, causing plugging problems in the process equipment. Other compounds, such

15  asthose containing sulfur, are typically removed to meet sales specifications. In a
conventional LNG plant, gas-treating equipment is required to remove the carbon
dioxide and acid gases. The gas treating equipment typically uses a chemical and/or
physical solvent regenerative process and requires a significant capital investment.
Also, the operating expenses are high. Dry bed dehydrators, such as molecular sieves,

20  are required to remove the water vapor. A scrub column and fractionation equipment
are typically used to remove the hydrocarbons that tend to cause plugging problems.
Mercury is also removed in a conventional LNG plant since it can cause failures in
equipment constructed of aluminum. In addition, a large portion of the nitrogen that
may be present in natural gas is removed after processing since nitrogen will not

25  remain in the liquid phase during transport of conventional LNG and having nitrogen
vapor in LNG containers at the point of delivery is undesirable.

There is a continuing need in the industry for an improved process for
liquefying natural gas which minimizes the amount of refrigeration equipment and the
process horsepower required.

30
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methane and it is desired to remove the heavier hydrocarbons, a fractionation process
may be added to the process.

The method of the present invention can be used both for the initial liquefaction

of a natural gas at the source of supply for storage or transportation, and to re-liquefy

15  natural gas vapor given off during storage and ship loading. Accordingly, an object of
this invention is to provide an improved liquefaction system for the liquefaction or
reliquefaction of natural gas. Another object of this invention is to provide an
improved liquefaction system wherein substantially less compression power is required
than in prior art systems. A still further object of the invention is to provide an

20  improved liquefaction process that is economical and efficient in operation. The very
low temperature refrigeration of conventional LNG process is very expensive

compared to the relatively mild refrigeration needed in the production of PLNG in

accordance with the practice of this invention.

25 BRIEF DESCRIPTION OF THE DRAWINGS
The present invention and its advantages will be better understood by referring
to the following detailed description and the attached Figures which are schematic flow
diagrams of representative embodiments of this invention.
Fig. 1 is a schematic flow diagram of one embodiment of the process of this

30 invention showing a two-cycle cascade refrigeration system to produce PLNG.



for the liquid product to be at or below its bubble point. The process of
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pressurized liquid natural gas. |If the natural gas contains hydrocarbons
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The present invention uses a cascade refrigeration system to liquefy natural gas

to produce a methane-rich liquid product having a temperature above about —-112°C
(~170°F) and a pressure sufficient for the liquid product to be at or below its bubble
15  point. This methane-rich product is sometimes referred to in this description as
pressurized liquid natural gas (PLNG). The term “bubble point” is the temperature and
pressure at which a liquid begins to convert to gas. For example, if a certain volume of
PLNG is held at constant pressure, but its temperature is increased, the teniperature at
which bubbles of gas begin to form in the PLNG is the bubble point. Similarly, ifa
20  certain volume of PLNG is held at constant temperature but the pressure is reduced,
the pressure at which gas begins to form defines the bubble point. At the bubble point
the mixture is a saturated liquid.
Using a cascade refrigeration system in accordance with the present invention
requires less power for liquefying the natural gas than cascade refrigeration processes
25  used in the past and the equipment used in the process of this invention can be made of
less expensive materials. By contrast, prior art processes that produce LNG at
atmospheric pressures having temperatures as low as ~160°C (—256°F) require that at
least part of the process equipment be made of expensive materials for safe operation.
The energy needed for liquefying the natural gas in the practice of this
30 invention is greatly reduced over energy requirements of a conventional LNG plant.

The reduction in necessary refrigeration energy required for the process of the present



il lustrating a process for condensing boil-off gas and renovi ng heavi er
hydr ocarbons. Fig. 3 is a schematic flow diagramof a third enbodi nent of
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15  typically also contain ethane (C;), higher hydrocarbons (Cs.), and minor amounts of

contaminants such as water, carbon dioxide, hydrogen sulfide, nitrogen, butane,
hydrocarbons of six or more carbon atoms, dirt, iron sulfide, wax, and crude oil. The
solubilities of these contaminants vary with temperature, pressure, and composition.
At cryogenic temperatures, CO,, water, and other contaminants can form solids, which

20  can plug flow passages in cryogenic heat exchangers. These potential difficuities can
be avoided by removing such contaminants if conditions within their pure component,
solid phase temperature-pressure phase boundaries are anticipated. In the following
description of the invention, it is assumed that the natural gas stream has been suitably
treated to remove sulfides and carbon dioxide and dried to remove water using

25  conventional and well known processes to produce a “sweet, dry” natural gas stream.
If the natural gas stream contains heavy hydrocarbons which could freeze out during
liquefaction or if the heavy hydrocarbons are not desired in the PLNG, the heavy
hydrocarbon may be removed by a fractionation process prior to producing the PLNG
as described in more detail below.

30 One advantage of the present invention is that the warmer operating

temperatures enables the natural gas to have higher concentration levels of freezable
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gas allows, provides significant technical and economic advantages. These and other
advantages of the invention will be better understood by referring to the Figures,

15 Referring to Fig. 1, pressurized natural gas feed stream 10 preferably enters the
liquefaction process at a pressure above about 1,724 kPa (250 psia) and more
preferably above about 4,830 kPa (700 psia) and preferably at temperatures below
about 40°C (104°F); however, different pressures and temperatures can be used, if
desired, and the system can be appropriately modified accordingly by persons skilled in

20  the art taking into account the teachings of this invention. If the gas stream 10 is
below about 1,724 kPa (250 psia), it can be pressurized by a suitable compression
means (not shown), which may comprise one or more compressors.

The feed stream 10 passes through a series of heat exchangers, preferably two
heat exchangers 30 and 31, which are refrigerated by a first refrigeration cycle 32.

25  Refrigeration cycle 32 cools the feed stream 10 in heat exchangers 30 and 31 and cools
refrigerant in a second refrigeration cycle 33 which is downstream in the liquefaction
process. Reﬁ'igefation cycle 33 further cools the natural gas in a series of heat
exchangers, preferably three exchangers 37, 38, and 39 as shown in Fig. 1. The design
and operation of the refrigeration cycles 32 and 33 are well known to those skilled in

30 the art and details of their operation are found in the prior art. The refrigerant in the
first reftigeration cycle 32 is preferably propane and the refrigerant in the second
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removed in the Eno0®Sandd pretiuse sufficient foothe liged pidudtitd bO@I? beloW its/RBBEN | N
the liquid 10 phase with the |iquefied hydrocarbons at the operating
pressures and tBipedhthe pressuss ofisreamy | @ abih exiis Aledatt sigae ofithe segprd fefrigeratiop educe,

Fei ect on vion DRk s M BRI n bR K sl H7R a6 phidh Aftmivol 1 00en
si gni fi cant t echay optionallycbepassadtiraughdment mgesxpahkies meansdsuch ez hydraulic
turbine 40, to produce a PLNG product at a lower pressure but still having a
temperature above about —~112 °C (—170°F) and a pressure sufficient for the liquid
product to be at or below its bubble point. The PLNG is then sent (stream 20) to a
15  suitable transportation or storage means 41 such as a suitable pipeline or carrier such
as a PLNG ship, tank truck, or rail car.

Fig. 2 illustrates another embodiment of the invention and in this and the
embodiments illustrated in Figs. 1 and 3, the parts having like numerals have the same
process functions. Those skilled in the art will recognize, however, that the process

20  equipment from one embodiment to another may vary in size and capacity to handle
different fluid flow rates, temperatures, and compositions. Referring to Fig. 2, a
natural gas feed stream enters the system through line 10 and is passed through heat
exchangers 30 and 31 which are refrigerated by a first refrigeration cycle 32,
Refrigeration cycle 32 cools the feed stream 10 and cools refrigerant in a second

25  refrigeration cycle 33 which is further downstream in the liquefaction process.

After exiting the last heat exchanger 31, the feed gas stream 10 enters a
conventional phase separator 34. A liquid stream 11 exits the bottom of the separator
and is passed to a conventional demethanizer 35. The demethanizer produces an
overhead vapor stream 12 which is rich in methane and a bottom liquid stream 13

30  which is predominantly natural gas liquids (NGL), primarily ethane, propane, butane,

pentane, and heavier hydrocarbons. The demethanizer bottoms stream 13 is passed to



advant ages of the invention will be better understood by referring to the
Figures. 15 Referring to Fig. 1, pressurized natural gas feed
stream 10 preferably enters the |iquefaction process at a pressure above
about 1,724 kPa (250 psia) and nore preferably above about 4,830 kPa (700
psi a) and preveowskizyr at t enperat ures bel ow about 40[ err] C ( Pethusosrizigs;
however, different pressures and tenperatures can be used, if desired, and
the system can be appropriately nodified accordingly by persons skilled in
20 the art taking into account the teachiggs of this invention. If the
gas stream 10 is bel ow ahqut 1,724 kPa (250 psia), it can be pressurized by

a suitabl e conpraeareton faciongtinn planbdp)the gaapralonseaiiop ghyyhich is ksgwn & thess e
conpressors. Th a | ngers,
oo er ably two RELEE B RESThe EhchaREER gl HiCk) Arplle & & mon BheBRalead) o1
refrigeration cymwhensZnot 23kown iRFig: Rywhish separatslnjuid ®Romstkam 1hété eed stream
10 in heat exchan s 30,and 31 d cools refrigerant in,,a secqnd
refrigeration cfé?%{eﬁ?% ?"Bﬂunl%ss(’%g}m%'tpf%nﬁﬁ?’ ?’H{a{‘% gerﬁfﬂ&ugfda}??f‘frﬁn Wecess.
Refrigerati o Cyiguids @ ithdiadherfrano e Srattihatic plid B6 gocondensatepesduets, Whickeat

exchangers, preferahly three exghan%ers 37, 38, and 39 as shown 1n Fig. 1.
The design and dsesdieftivslysiepicted 1 toe Figgd anstiean 14y Hvedieabsiteams fomdihe el |

known to those sigclileton @ﬁg@reea{éﬁmﬁfé{haﬁé‘ﬂm%ﬁ}eeﬁ%hﬁ gféro Jgﬁnﬁ. PR&E Qthgar €

found in the prior art. rigerant int re geration cycle 32
i s preferably prstpamsaranalictinelysbdwin inelig asistreann &5. sEitedfragtionativDpRsy 59207

PCT/ US98/ 12743 -8-. refrigeration cycle 33 is. preferably .ethyl eng.  Exanples
of cascade refri%‘&@ﬁ?’&?ﬁg%f E‘H@’F’%Fﬁ”%? P17 g0l Sr‘“%.sg‘."xlaaﬂl e a?%@é’,“ﬁefz
Pl ant Procesmi ngoRimn'¥Bitpretucésisthant, aSdeprbpiiizer bEtume tHabpURESEPasd, @id Her Vi ce,
The University of Texas at Austin, TX (1974); and Harper, A et. al.,

. ( ) E. {
Troubl e Free LNdcbwtagizar calumpthat aeoduces Sutpne; ginichsan be used/as makerup nefigerppts
(1975). for the cascade refrigeration system (first and second refrigeration cycles 32 and 33) or

any other suitable refrigeration system. The refrigerant make-up streams are
collectively illustrated in Fig. 2 by line 16. Although not shown in Fig. 2, if feed

15  stream 10 contains high concentrations of CO,, one or more of the refrigerant make up
streams may need to be treated to remove CO; to avoid potential plugging problems in
the refrigeration equipment. If the CO; concentration in the feed stream exceeds about
3 mole percent, the fractionation plant 36 will preferably include a CO; removal
process.

20 The methane-rich stream 17 from the separator 34, the methane-rich stream 12
from the demethanizer 35, and stream 15 from the fractionation plant 36 are combined
and passed as stream 18 to a series of heat exchangers 37, 38, and 39 to liquefy the
natural gas. Refrigeration to heat exchangers 37, 38, and 39 are provided by the
second refrigeration cycle 33 described above. Although the refrigerants in the first

25  and second refrigeration cycles 32 and 33 circulate in a closed-loop system, if
refrigerants are lost from the system through leaks, make up refrigerants can be
obtained from the fractionation plant 36 (line 16). In the liquefaction process
illustrated in Fig. 2, only two cycles of a cascade system are needed to refrigerate the
natural gas stream 10 in accordance with the practice of this invention.

30 Liquefied natural gas stream 19 exiting the last heat exchanger 39 is passed

through one or more expansion means, such as hydraulic turbine 40, to produce PLNG



Li quefied natural gas stream 19 exiting the | ast heat exchanger 39 in
accordance with the practice of this invention has a tenperature above -112
[err]C (-170[err]F) and a pressure sufficient for the liquid product to be
at or belowits bubble point. If the pressure of stream 10 as it exits the
| ast st age of wolvssssezond refrigeration 10 cycl e is higher gdiassos/ivdss
pressure needed to keep stream 10 in a |liquid phase, stream 10 may
optionally be passed through one or nore expansi on neans, such as a
hydraulic turbine 40, to produce a PLNG prgduct at a | ower pressure but
still having a tenperature above about -11 éerr C (-170[err]F) and a
pressure sufficipraduct éta temperaiggabgvertoytict 126 (DO 2nd 2 peeswe sufficiant fiis) e

poi nt. The PLNG ghg {i&?ﬁ@{@ﬁ&% (,g;gqqggypg,f%ib%g?lgﬁ&ﬁt Th%%k%?fs?hehggﬂzag‘ﬁgé%ii on

or storage neans as ‘a sui € or carrier su NG
shi p, tank truckto asuitatde storage mednsgl. 2 il | ustrates anot her enbodi nent of the

i nvention and in thi nd the enbodi nents .illystrated.in Figs. and 3, the
parts having like nui’ﬂ_ S{OTRER, Fapspartationang lggo?lmeﬁngrﬁg{rﬁmé@rgm | ed
in the art wiil geramEdéable RAYERYOF “bolllbat” the Qapdk REEIEAg ROm evAfdHitdARRL from
one enbodi nent to another nmay vary in size and _capaci t%/fto handl e different

fluid flow rat esliquefednatusel ga sThinigventionisparticnlary welusited far iguefying-bejl-off, g
natural gas fee : L |

Fhrough hoat - exchRbEREEEbERENG] TR o Michitanh B R o RlPes
refrigeration cyldileofBZapofeRefergiag o Figr, byi-bff vagbr amglbs itfoduded eol tivtpremess df0 and
cools refrigerant in a, second 25 ref.rigeration cycle whj ch_jis further
downst ream It e HVGRORABOEHIE Abc LoDy ckor i o Sighn ALmPH BT witediews o
exchanger 3110 t hireh@ed af@ Sirsctdd@Riduda Rédt BicharkeCANRRDbI VAPSY stlRRAS8 aRERAT at Or
34. Aliquid stream 11 exits the bottom of the separator and is passed to a

convent i onal denweneihe #ithdrawn baikeff ganfor laten nsess finl futhediquefactinnalans aihes apor

SLr e L2, v bR AR eI L 1y "

but ane, pent ane, comptiesh ée\biod+offwaplorac apiroximatelfithe pressetelvd vapoe stréamt 12ami ist r eam

13 i's passed to then combined with stream 18.

15 Fig. 3 illustrates another embodiment of the present invention. The process
illustrated in Fig. 3 is similar to the process described above with respect to Fig. 2
except that as shown in Fig. 3 stream 18 is passed through a compressor 44 and the
compressed vapor stream 18 is then passed through heat exchangers 45 and 46 which
are cooled by refrigerant of the first refrigeration cycle 32.

20 As illustrated in Fig. 3, boil-off gas may optionally be introduced to stream 18
after stream 18 has been cooled by the first refrigeration cycle 32 and before being

‘cooled by the second refrigeration cycle 33. At least a portion of boil-off vapor stream
21 is compressed by a conventional compressor 43 and the compressed gas (stream
23) is cooled by a heat exchanger 42 which is cooled by stream 22 which has been

25  drawn off from stream 21. Stream 22 after being heated by heat exchanger 42 may be
used as fuel in the liquefaction plant.

Although Figs. 2 and 3 show the boil-off vapor being introduced to the
liquefaction process at a point after fractionation stages and before the cooling stages
of the second refrigeration cycle, in the practice of this invention the boil-off vapor can

30  beintroduced to the gas stream to be liquefied at any point in the process from before

exchanger 30 to after exchanger 39 and before expander 40.



WO 98/ 59207

PCT/ US98/ 12743 -9- a conventional fractionation plant 36, the general
operation of which is known to those skilled in the art. The fractionation
pl ant 36 nmay conprise one or nore fractionation colums (not shown in Fig.
2) whi ch sepawetsgisdoqui d bott om stream 13 i nto predet er m negcgiigvgifasof

et hane, propane, butane, pentane, and hexane. These 5 liquids are w thdrawn
fromthe fractionation plant 36 as condensate products, which are
collectively depicted in the Fig. 2 as strgam 14. Overhead streams fromthe
fractionation plant 36 are rich in ethane and other |ight hydrocarbons.
These overhead st r earfisdpeentesn is aetlimited yo anydype ofibentiegchapgescbus becansn of 5. The

fractionation pl ' ' ' gﬁgé 0p; col utms
(not shown) suc he%géongf:sgégg an%gga?lg% hﬁf@é{ﬁ&#ﬂﬁe@%ﬁcﬂ%ﬁ%&% S et hane, a
depr opani zer colRreferablyall streambcostainmpdpthrguidend vapatebaseatharare sanotaimeat t hat
produces but ane, I C

h can.b sed.as jake- refrigerants.for the cascade
refrigeration sySPRAMYFI bog’_ﬂge E%‘gﬂiﬁl VARYTRUAES 5‘@"}%%3‘6@‘51"‘8‘3 a%’?“éﬂ%l“@@% or
any ot her suigt aljegidnGiréa cfehcPabsApesINSieater. THacdofiphishathis,dfts preléfed4b pidvidea s
are collectively illustrated in Fig. 2 by line 16. Al though not shown in

Fig. 2, if feed digtribution eppasetifor individualyaparage liguid steasms o Sensrators cardey added | one
or nore of the r ' . r o I renove
a2 o avoi d ot e SiBhec T ling o AR B AE R o Srleto BB Wbk
the CJ err] concereimat$uwh separdtdre chudibe aided tmnthe proeesdss ibistrated | Figd. @ apéBcent ,

the fractionatiqn_plant 36 will__pr rably include a CJerr] renoval
process. 20 ci’ef‘geg?‘?é Ff’é’-srai“g%gst ream 17 from the separator 34, the

net hane-ri chyst regimple fromthe demet hani zer 35, and stream 15 fromthe
fractionation plant 36 are conbi ned and passed as stream 18 to a series of
heat exchangers 37, 38simulateddmss and|energpbslanch wvapmeartiedgut failustiggthegeration to

R L LS L L
second refrigeréelomn cycles 32 and 33 circulate in a closed-loop system if
The data were obtained using a commercially available process simulation
15  program called HYSYS™, however, other commercially available process simulation
programs can be used to develop the data, including for example HY SIM™, PROII™,
and ASPEN PLUS™, which are all familiar to those of ordinary skill in the art. The
data presented in Table 1 are offered to provide a better understanding of the
embodiment shown in Fig. 1, but the invention is not to be construed as unnecessarily
20  limited thereto. The temperatures and flow rates are not to be considered as
limitations upon the invention which can have many variations in temperatures and
flow rates in view of the teachings herein. In this embodiment, the first refrigeration
cycle 32 is a propane system, and the second refrigeration cycle 33 is an ethylene
system.
25 The data in Table 2 are offered to provide a better understanding of the
embodiment shown in Fig. 2. In this embodiment, the first refrigeration cycle 32 is a
propane system, and the second refrigeration cycle 33 is an ethane system.
Using the basic process flow scheme shown in Fig. 1 and using the same feed
stream composition and temperature, the required total installed power to produce
30 conventional LNG (at near atmospheric pressure and a temperature of —160°C

(—256°F) was more than twice the total installed power requirement to produce PLNG



refrigerants are lost fromthe systemthrough | eaks, nake up refrigerants
can be obtained fromthe fractionation plant 36 (line 16). In the

| i quefaction process illustrated in Fig. 2, only two cycles of a cascade
system are needed to refrigerate the natural gas stream 10 in accordance
with the pracv®essd? this invention. 30 Li quefi ed naepigdsnadas
stream 19 exiting the | ast heat exchanger 39 is passed through one or nore
expansi on neans, such as hydraulic turbine 40, to produce PLNG WO

98/ 59207 PCT/ US98/ 12743

-12-
-10- product at a. tenperature above abqut_ - =170l err and a _pressure
sufficient for tHfi88 ﬁ?ecfmbﬂélm%td@'ﬁmteg f’g@ga}t' léig%eé‘g\]d?%good{?ﬂﬂ FopwetNG The
PLNG i s then seRkrshy79 8396w 01012708 hp)olRbdiRe PLRGA TR BRADBrishR wak Perfdtfhed
storage, transportation, a handl1'ng of l|iquefied natural gas, there can 5

be a consi der abMEngHEIRYSYS  prasess-sgmilator.t he vapor resulting from

evaporation of a liq L -Thi & | i [ S icul,arly well
suited for |iquefyi né egsl?) ﬂg@%‘“@@ﬁ&?@?‘%ﬁ@f”@ﬁﬁ%gbéi‘ﬁgp%‘:%%@é%m‘zﬁﬁ this
invention caf opfthisyakény, wikk rdcognieeiiany neddifications aid vaviathsis to Befspédifiong to Fig.
2, boil-off vapor ma roduclgd to the J)ar.oce s of the invention through

e.in
line 21. Opti oné’f"?"ﬁsg%l ’f%‘ist"ii hove Frexample Avarely obleMRETRPSARA PERSSUTeS maYst r eam

22 and direct ed bk REQUN RecBrdaf@iwili O RP&RTon Adbpériling Rl the/ Klepdil &bip#8ftd 8 and to
warm the wi thdrawn boil-off gas for later use as fuel for thé I'1quefaction

pl ant. The remaisyftengansiche pampogition of the feed ay. SAlpn shedeed: gas oeqling srainonayaet i onal
conpressor 43 t P ls- Ly 1 i mat.el € _pressure
of vapor st reamgli@?égl;%é%lﬁ?r E%g%@@%eﬁbd?%%‘gﬁ%% ktlhﬂs(i?'r"3 %gﬁ”ﬁ@. r@%gren}én&'%o NG, 3
i |1 ustrat es lanooptmueaiwbelficien heqfexihangereqsiemients NXe dis¢ussed abbee, fHeoCesS
illustrated in Fig, i imlar to the, process described abgve with,
respect to Fig. S&e%@sébfdﬁwfbﬁ%ﬂe"ﬁ@d%wnﬁ ﬁxaﬂpff.s should nat heqised to gmﬁé’é Sesfyict
through a conpr efseépe’dt tidifivenfiéh, which is to be determined by the claims below and their

equivalents.



conpressed vapor stream 18 is then passed through heat exchangers 45 and 46

whi ch are cooled by refrigerant of the first

refrigera

tion cycle 32. 20

As illustrated in Fig. 3, boil-off gas nay optionally be introduced to
stream 18 after stream 18 has been cooled by the first
32 and bef or ewpagmseror o0l ed by the second refrigeration cycl @cgdisogiz74scast a
portion of boil-off vapor stream 21 is conpressed by a conventi onal

conpressor 43 and the conpressed gas (stream 23)
exchanger 42 which is cooled by stream 22 )\
fromstream 21. Stream 22 after being heate
in the |iquefaction plant.
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A sinul ated mass and energy bal ance was carried out to illustrate the
enbodi nents illustrated in the Figures, and the results are set forth in
the Tabl es bel ow. The data were obtained using a commercially avail abl e
process sinmulation 15 program cal | ed HYSYS[err], however, other

commer ci al | ywowsishmbl e process sinul ation prograns can be uavusognxievel op
the data, including for exanple HYSMerr], PROI[err], and ASPEN PLUS[err],
which are all famliar to those of ordinary skill in the. art. The data
presented in Table 1 are offered to providg.a better understanding of the
enbodi mrent shown in Fig. 1, but the invention is not to be construed as
unnecessarily 20 limted thereto. The tenperatures and flow rates are not
to be considered as limtations upon the invention which can have many
variations in tenperatures and flow rates in view of the teachings herein.
In this enbodinment, the first refrigeration cycle 32 is a propane system
and the second refrigeration cycle 33 is an ethyl ene system 25 The
data in Table 2 are offered to provide a better understanding of the

enbodi nent shown in Fig. 2. In this enbodinment, the first refrigeration
cycle 32 is a propane system and the second refrigeration cycle 33 is an
et hane system Using the basic process flow schene shown in Fig. 1 and

using the sane feed $treh g@)g R r@an(g;te @fure, the required total
install ed power to ptq@duge % L ¥, gpyvent i o ﬁg &t near at nospheric
pressure and a tenpef gt e%ufb@err]C( 256[6 F) was nore than tw ce
the total installed qﬁwﬁr requi rement to produge PLNG WO 98/ 59207
PCT/ US98/ 12743 -12- using the enbodinment illustirated in Fig. 1. 177,927 kW
(238,600 hp) to prodpee— NG eESHSS7E-E3dWH235700 hp) to produce PLNG
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using the HYSYS[err] process sinulator. A person skilled in the art,
particularly one having the benefit of the teachings 5 of this patent,
will recognize many nodifications and variations to the specific processes
di scl osed above. For exanple, a variety of tenperatures and pressures may
be used in aewysgasee Wi th the invention, dependi ng on the myguskh2desi gn
of the system and the conposition of the feed gas. Al so, the feed gas
cooling train nmay be supplenented or reconfigured dependi ng on the overal
design requirenents to achieve 10 opti num.and efficient heat exchange
requi renents. As di scussed above, the specifically disclosed enbodi nents
and exanpl es should not be used to limt or restrict the scope of the

i nvention, which is-—to he determned by the clains.below and their
equil val ent s. WO 98/§9 g-?o.—. vggg:sz
PCT/ US98/ 12743 -13-| [[&r]|S © P BAERE S S S s o o
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WO 98/ 59207

PCT/ US98/ 12743 [err] -16- WD 98/ 59207

PCT/ US98/ 12743 -17- What is clainmed is: 1. A process for liquefying a
pressuri zed nethane-rich gas stream conprising the steps of: (a)

i ntroduci ng tWR98§W07st ream i nto heat exchange contact W th pefissdaiizras
refrigerant 5 cycle conprising at |east one refrigeration stage
whereby the tenperature of the gas streamis reduced by heat exchange with
a first portion of a first refrigerant to _gpgoduce a cool ed gas stream (b)

i ntroduci ng the cooled gas streaminto heat exchange contact wth a second
refrigerant cycle conprising at |east one refrigeration stage whereby the
10 tenperature of the cooled gas streamis further reduced by
heat exchange with a second refrigerant to produce a |iquefied methane-rich
stream said second refrigerant having a boiling point |ower than the
boiling point of the first refrigerant and the second refrigerant being
partially cool ed and condensed by heat exchange with a second portion of
the first refrigerant to produce a liquid 15 product at a
tenperature above about -112[err]C (-170[err]F) and a pressure sufficient
for the liquefied streamto be at or below its bubble point; and (c)

introducing the liquefied strgand ¢ & K Qrgoe wwanyd @l storage at a
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t enperature above about -112[err]C (-170[err]F). 20 2. The process
of claim1 further conprises passing to said process boil-off gas resulting
from evaporation of liquefied natural gas having a tenperature above about
-112[err]C (-170[err]F) and a pressure sufficient for the liquid product to
be at or bel owopdstse20bubbl e point, the boil-off gas being at pepGdospiiaii al ly
| i quefied by the Iiquefaction process. 25 3. The process of claim1l
further conprises separating the boil-off gas into a first streamand a
second stream conpressing the first stregm and passing the conpressed
first streamto_the |iquefaction process prior to at |least the |ast cooling
stage of the sedBRbiscBimMeddsrati on cycle, said second stream being passed to

a heat exchangeg to : ok | : b tural
30 Gas st r e PRc or Ry Pplohid SUREBIGR R SRaianph B8,
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PCT/ US98/ 12743 -18- 4. . The,process of cl ai 3 conmpri,ses introguci ng the
first streamof the %2)?’1“98?%‘388?505%??{8 uﬁ%geagf%%eﬁg&ﬁtémw@gé %?ﬁge of
the second refrigerati gpl€stipeising at ledst one reftiperafiédegsesvieleby i tingerhtufd drer
conprises separating the boil-of U‘gas into a first stream and a second

stream conpressing t hihergas sreagyis eegpuced by heat exchapge; with 2 fissoprtienef Ffirts ¢
streamto a heat exchapgﬁ%mgp% lﬁ&etark‘gofw%%e&ﬁf eam t hrough t he heat
exchanger to heat the second stream and to cool the conpressed first
stream and i ntr oducbhinttodacingthé eebledgns steeaseidtof Heatsaxcliange eomtaco withe secndr al
gas 10 stream bef.ore at .| east. the |ast stage of the second
refrigeration cycle. Gy&gerﬁg%q@ggggm%]at Igarsg?r}ﬁr %&P‘é‘f W&o e@‘g’gﬂéet ream
contai ns megbane and hydpReaaird 6fithe eoReNE stieddEi Yirther fedaded 9 hBaRRchaWgH With

further conprises renoving a predom nant portion of the heavier
hydr ocar bons to produc@ seeond refrigerant to produce a liquefied methane-rich stream, said second

refrigerant having a boiling point lower than the boiling point of the first
refrigerant and the second refrigerant being partially cooled and condensed by
heat exchange with a second portion of the first refrigerant to produce a liquid
15 product at a temperature above about —112°C (-170°F) and a pressure
sufficient for the liquefied stream to be at or below its bubble point; and
(c) introducing the liquefied stream to a storage means for storage at a

temperature above about —112°C (-170°F).

20 2. The process of claim 1 further comprises passing to said process boil-off gas
resulting from evaporation of liquefied natural gas having a temperature above
about —112°C (-170°F) and a pressure sufficient for the liquid product to be at or
below its bubble point, the boil-off gas being at least partially liquefied by the

liquefaction process.

25 3. -The process of claim 1 further comprises separating the boil-off gas into a first
stream and a second stream, compressing the first stream and passing the
compressed first stream to the liquefaction process prior to at least the last
cooling stage of the second refrigeration cycle, said second stream being passed
to a heat exchanger to warm the second boil-off stream and to cool the natural

30 gas stream, using the warmed second boil-off stream as fuel.

AR



vapor streamrich in nethane and a liquid streamrich in the heavier 15
hydr ocar bons, the vapor streamthen being |iquefied by the process of claim
1. 7. The process of claim6 wherein the liquid streamrich in the

heavi er hydrocarbons is further fractionated producing vapor rich in ethane
whi ch i s contwoesisogert h t he net hane-rich streamof claim 1. B8rMBsesnzraihe
process of claim1 wherein the |iquefaction of the gas streamis perforned
using only two closed refrigeration cycles in cascade arrangenent. 9.

The process of claim1l wherein the gas stream contains nethane and 25

hydr ocar bon conponents heavi er than nmethane, which further conprising after
step (a) the additional steps of renoving a predom nant portion of the
heavi er hydrocarbons QU 1&3?@ f _

hydr ocar bons haV| ng t’ﬂ&ég&%r m}agnggrsggﬁgeg@ gﬂr?g Cotﬂng?%esg}ét%e\éréu{fﬁgeﬁ&gpoggas
stream agai n cool i ngottheegag atseam baferetherash stageefibe senend refrigergtiomeyiclen st age
with a third portion of WO 98/ 59207

PCT/ US98/ 12743 -19- the refrigerant of the first refrigerant cycle, and

t hereaf ter c@ntisnui nThapiiobess be¢laifnP fuftheromprited sepafiting thihﬁll-btﬂg@@ﬁﬁo ofirse! ai m
1 wherein the pressurized rret hane ri ch gas stream has a pressure
above. 3,103 kPa (450Stramand aggcond ss&eamseréergssmsﬁ qﬁramqewﬁgd paspiEg theal gas

stream whi ch conpri 5 ﬁr@&e&;ﬁ Ps?re%toﬁfléat%: rp’a#} faghd $tE&d s@%&n?ﬁr&‘?@{“ by
one or nore heat exc angers by neans efrirgeration cycle 0

cascade refrigerati otheézyateachahgarnmgeatﬂmsmpoﬂ stse,anﬂahd to cool the o(ohyprqssedsﬁmg t he
cooled natural 025 t g P g SRR Heooled oBHSLER ok LidhRlo YPRRur o oM 2N

10 stream before at least the last stage of the second refrigeration cycle.

6. The process of claim 1 wherein the gas stream contains methane and
hydrocarbon components heavier than methane, which further comprises
removing a predominant portion of the heavier hydrocarbons to produce a
vapor stream rich in methane and a liquid stream rich in the heavier

15 hydrocarbons, the vapor stream then being liquefied by the process of claim 1.

7. The process of claim 6 wherein the liquid stream rich in the heavier
hydrocarbons is further fractionated producing vapor rich in ethane which is

combined with the methane-rich stream of claim 1.

20
8. The process of claim 1 wherein the liquefaction of the gas stream is performed
using only two closed refrigeration cycles in cascade arrangement.
9. The process of claim 1 wherein the gas stream contains methane and
25 hydrocarbon components heavier than methane, which further comprising after

step (a) the additional steps of removing a predominant portion of the heavier
hydrocarbons to produce a gas stream substantially free of hydrocarbons
having three or more carbon atoms, compressing the vapor stream, again

cooling the gas stream in at least one refrigeration stage with a third portion of

(L



(c) passing the liquid natural gas streamto a denethanizer to produce a
second vapor stream and a second liquid stream (d) passing the second
liquid streamto a fractionation plant to produce 15 condensat e
product, nake-up refrigerant and a third vapor stream (e) conbining the
first vapor swoesmsort he second vapor stream and the third pepgsesabigam and
passi-ng the conbi ned vapor streamto one or nore heat exchangers cool ed by
a second refrigeration cycle of the cascade refrigeration systemto at

| east partially |liquefy the conbined vapor,gstream 20 and (f)
Passi ng the conbi ned vapor streamof step (e) to an expansi on neans to
produce |iquefied nathgreffigesan of theifisy refriges éYQh»GF‘Etha‘[%&g CaRiming vitiogten r | C
(-170[err]F) and a p@%ﬂimﬁufficient for the liquid product to be at or
bel ow i ts bubbl e point. )

10.  The process of claim 1 wherein the pressurized methane-rich gas stream has a
5 pressure above 3,103 kPa (450 psia).

11. A process for liquefying a natural gas stream which comprises the steps of:

(a) cooling the natural gas stream by one or more heat exchangers by means of

a first refrigeration cycle of cascade refrigeration system having two cycles;

10 (b) passing the cooled natural gas to a phase separator to produce a first vapor

stream and a liquid stream;

(c) passing the liquid natural gas stream to a demethanizer to produce a second

vapor stream and a second liquid stream;

(d) passing the second liquid stream to a fractionation plant to produce

15 condensate product, make-up refrigerant and a third vapor stream;

(e) combining the first vapor stream, the second vapor stream, and the third
vapor stream and passing the combined vapor stream to one or more heat
exchangers cooled by a second refrigeration cycle of the cascade
refrigeration system to at least partially liquefy the combined vapor stream;

20 and

(f) Passing the combined vapor stream of step (e) to an expansion means to
produce liquefied natural gas having a temperature above about ~112°C
(~170°F) and a pressure sufficient for the liquid product to be at or below
its bubble point.
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