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A LIQUEFACTION SYSTEM USING A TURBOEXPANDER

BACKGROUND

[0001] The subject matter disclosed herein relates to a liquefaction system.
Specifically, the present disclosure relates to systems and methods for generating

liquefied natural gas using one or more turboexpanders.

[0002] Natural gas, when isolated from natural sources (e.g., underground in
naturally occurring reservoirs), generally includes a mixture of hydrocarbons. The
major constituent in these hydrocarbons is methane, which is generally referred to as
natural gas in commerce. Natural gas is useful as a source of energy because, among
other things, it is highly combustible. One particularly desirable characteristic of
natural gas is that it is generally considered to be one of the cleanest hydrocarbons for
combustion. Because of this, natural gas is often used as fuel in a wide variety of
settings, including heaters in residential homes, gas stoves and ovens, dryers, water
heaters, incinerators, glass melting systems, food processing plants, industrial boilers,
electrical generators among numerous others. Generally, natural gas (e.g., untreated
or raw natural gas) removed from reservoirs is processed and cleaned prior to entering
pipelines that eventually feed the gas to homes and industrial plants. For example,
natural gas may be processed to remove oil and condensates, water, sulfur, and carbon
dioxide. During these processes, natural gas may be liquefied, which may facilitate

separation (e.g., purification) and transport.

[0003] Natural gas may be transferred to various destinations via pipelines or, in
certain situations, via storage vessels. Unfortunately, pipeline networks can represent
a significant investment, and are generally used only in situations where the natural
gas is traveling a relatively short distance. When natural gas is extracted far from its
final destination, transportation by way of storage vessels may be more economical.
Indeed, as oil and coal resources become scarcer, the demand for liquefied natural gas
has increased because of its ability to be transported to destinations that do not have

access to a pipeline.
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[0004] In these situations, the natural gas may be liquefied, transported in a vessel
that will keep the gas at cryogenic temperatures, and re-vaporized upon arrival at its
destination. Natural gas condenses to its liquid state at atmospheric pressure at about
-260 °F, or approximately -162 °C. Accordingly, it should be appreciated that
reaching such a low temperature on a large scale, while also maintaining these
temperatures during transport, can be challenging. For example, traditional
refrigeration techniques may be sufficient to reach or maintain these temperatures.
However, these techniques can often involve significant capital investment, such as in
refrigerant, compressors, and so forth. Therefore, typical approaches to liquefying

natural gas may be subject to further improvement.

BRIEF DESCRIPTION

[0005] In one embodiment, a gas feed liquefaction system includes a flow path
configured to convey a working fluid having a vapor in a downstream direction and
an initial cooling phase in a first heat exchange relationship with the flow path, where
the initial cooling phase includes a heat exchanger. The gas feed liquefaction system
also includes a compressor positioned downstream of the initial cooling phase and a
second cooling phase in a second heat exchange relationship with the flow path,
where the second cooling phase is downstream from the compressor and has a first
turboexpander and a second turboexpander, and where the first and second
turboexpanders are configured to condense at least a first portion of the vapor into a
liquid. The gas liquefaction system further includes a separation vessel downstream
of the second turboexpander and configured to separate a second portion of the vapor
from the liquid and a recycle stream configured to direct the second portion of the
vapor through the heat exchanger toward a mixer, where the mixer is configured to
combine the second portion of the vapor with the flow path upstream of the second

cooling phase.

[0006] In another embodiment, a gas feed liquefaction system includes a flow path
configured to convey a working fluid having a vapor in a downstream direction and
an initial cooling phase in a first heat exchange relationship with the flow path, where

the initial cooling phase comprises a heat exchanger. The gas liquefaction system
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also includes a compressor positioned downstream of the initial cooling phase and a
second cooling phase in a second heat exchange relationship with the flow path,
where the second cooling phase is downstream from the compressor and has a first
turboexpander and a second turboexpander, and where the first and second
turboexpanders are configured to condense at least a first portion of the vapor into a
liquid. The gas liquefaction system further includes a splitter positioned downstream
of the first turboexpander and upstream of the second turboexpander, where the
splitter directs a first stream of the flow path through the heat exchanger and a second
stream of the flow path to the second turboexpander, a separation vessel downstream
of the second turboexpander and configured to separate a second portion of the vapor
from the liquid, and a recycle stream configured to direct the second portion through
the heat exchanger to a mixer, wherein the mixer is configured to combine one or
more of the first stream, the second portion, and the flow path upstream of the second

cooling phase.

[0007] In another embodiment, a method includes cooling a fluid along a fluid
path using a heat exchanger of an initial cooling phase, compressing the fluid along
the fluid path, and cooling the fluid along the fluid path using at least one
turboexpander of a second cooling phase, wherein the at least one turboexpander is
configured to expand the fluid such that a temperature and pressure of the fluid are
reduced to generate a fluid stream having both a vapor phase and a liquid phase. The
method also includes separating the vapor phase from the liquid phase using a
separator and combining the vapor phase with the fluid upstream of the second

cooling phase.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] These and other features, aspects, and advantages of the present invention
will become better understood when the following detailed description is read with
reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:
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[0009] FIG. 1 is a block diagram of an embodiment for an overall process of
making and utilizing a liquefied gas, in accordance with an aspect of the present

disclosure;

[0010] FIG. 2 is a simplified block diagram of a turboexpander to be used with a

gas liquefaction system, in accordance with an aspect of the present disclosure;

[0011] FIG. 3 is a cross-sectional view of a single-phase turboexpander to be used

with a gas liquefaction system, in accordance with an aspect of the present disclosure;

[0012] FIG. 4 is a cross-sectional view of a multi-phase turboexpander to be used

with a gas liquefaction system, in accordance with an aspect of the present disclosure;

[0013] FIG. 5 is a process flow diagram of an embodiment of a gas liquefaction
system that includes one or more turboexpanders configured to cool and condense
natural gas to produce liquefied natural gas (LNG), in accordance with an aspect of

the present disclosure;

[0014] FIG. 6 is a process flow diagram of the gas liquefaction system of FIG. 5
having a second heat exchanger to pre-cool the working fluid, in accordance with an

aspect of the present disclosure; and

[0015] FIG. 7 is a process flow diagram of the gas liquefaction system of FIGS. 5
and 6 having fewer streams pass through a heat exchanger, in accordance with an

aspect of the present disclosure;

[0016] FIG. 8 is a graphical representation of relative efficiency of the gas
liquefaction system of FIGS. 5, 6, and 7 as a function of pressure, in accordance with

an aspect of the present disclosure.

DETAILED DESCRIPTION

[0017]  One or more specific embodiments will be described below. In an effort to
provide a concise description of these embodiments, all features of an actual

implementation may not be described in the specification. It should be appreciated
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that in the development of any such actual implementation, as in any engineering or
design project, numerous implementation-specific decisions must be made to achieve
the developers’ specific goals, such as compliance with system-related and business-
related constraints, which may vary from one implementation to another. Moreover,
it should be appreciated that such a development effort might be complex and time
consuming, but would nevertheless be a routine undertaking of design, fabrication,

and manufacture for those of ordinary skill having the benefit of this disclosure.

[0018] When introducing elements of various embodiments of the present

Gl 99 CC
a

invention, the articles an,” “the,” and “said™ are intended to mean that there are

one or more of the elements. The terms “comprising,” “including,” and “having” are
intended to be inclusive and mean that there may be additional elements other than the
listed elements. Furthermore, any numerical examples in the following discussion are
intended to be non-limiting, and thus additional numerical values, ranges, and

percentages are within the scope of the disclosed embodiments.

[0019] Natural gas (NG) liquefaction plants may utilize a vapor compression
refrigeration process to cool natural gas to its liquid state (e.g., from natural gas to
liquefied natural gas (LNG)). These processes may include one or more compressors
to compress and increase a pressure of a refrigerant, one or more condensers that may
condense the refrigerant (e.g., using a cooling medium such as water or ambient air)
to a liquid state, one or more expansion valves to further cool the refrigerant, and one
or more heat exchangers (e.g., evaporators). Refrigerant from a vapor compression
refrigeration process may be used to cool natural gas via the one or more heat
exchangers. For example, heat from the natural gas may be transferred to the
refrigerant in the heat exchanger, thereby lowering the temperature of the natural gas
and re-vaporizing the refrigerant. Although heat exchangers are typically sufficient to
liquefy natural gas, energy losses generally occur within a heat exchanger as a result
of heat transfer to surfaces of the heat exchanger and/or to the ambient air.
Accordingly, it is now recognized that using additional cooling devices to form LNG
may result in lower energy requirements, and thus a higher efficiency, for the

liquefaction process.
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[0020] In accordance with present embodiments, one or more turboexpanders may
be used in combination with, or in lieu of, a vapor compression refrigeration cycle to
achieve a condensation temperature of natural gas. Further, it is now recognized that
the integration of these cooling units may enable the liquefaction process to operate
more efficiently, particularly when the supplied natural gas is at a relatively high

pressure.

[0021] Turboexpanders may generate work via expansion of a pressurized (e.g.,
compressed) vapor (e.g., a working fluid). Therefore, a turboexpander may supply
power to a load, such as a compressor or a generator, while simultaneously cooling
(e.g., decreasing the temperature) the pressurized vapor. In some cases, as the
temperature decreases, all or a portion of the vapor may condense into a liquid state.
As the pressure difference between the vapor entering the turboexpander and the
vapor/liquid mixture exiting the turboexpander increases, the more energy is extracted
from the vapor. This increase in extracted energy may enable a liquid fraction of the
vapor/liquid mixture to increase (e.g., more of the vapor is condensed in the
turboexpander). Therefore, turboexpanders may be desirable when a supply of
natural gas to a liquefaction plant is at a relatively high pressure (e.g., above 40
atmosphere) because the turboexpander may extract work from the natural gas while

simultaneously taking advantage of the turboexpander’s cooling ability.

[0022] Turboexpanders may include one or more stages. The number of stages in
a turboexpander may dictate the pressure difference between the vapor entering the
turboexpander and the vapor/liquid mixture exiting the turboexpander. In some
instances, this pressure difference may be quantified as a ratio (e.g., the pressure of
the vapor entering the turboexpander divided by the pressure of the vapor/liquid
mixture exiting the turboexpander). In some embodiments of the present disclosure,
the turboexpanders may include between 7 and 15 stages. In other embodiments, the
turboexpanders may include less than 7 stages (e.g., 6, 5, 4, 3, 2, or 1) or more than 15
stages (e.g., 16, 17, 18, 19, 20, 25, 30, or more) to produce a suitable pressure
difference or pressure ratio. In certain embodiments, the disclosed turboexpanders
may produce a pressure ratio of between 0.5 and 10, between 1 and 5, or between 2

and 4.
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[0023]  Furthermore, embodiments of the present disclosure may include more than
one turboexpander. For example, a working fluid (e.g., natural gas) may be
configured to flow through a first turboexpander and a second turboexpander in
succession (e.g., a series arrangement). In other embodiments, the working fluid may
be split such that a portion of the working fluid flows through a first turboexpander
and a second portion of the working fluid flows though a second turboexpander (e.g.,
a parallel arrangement). In still further embodiments, the liquefaction process may
include more than two turboexpanders (e.g., 3,4, 5, 6, 7, 8, 9, 10, or more) in a series
configuration, in a parallel configuration, or in some combination of series and
parallel arrangements. In yet another embodiment, a portion of the working fluid may
be withdrawn from a turboexpander stage and used (e.g., recycled) as a refrigerant in
other areas of the process, while the rest of the working fluid flows through any

remaining stages.

[0024] As set forth above, in certain embodiments, turboexpanders may be
positioned downstream from one or more vapor compression refrigeration cycles to
provide supplemental cooling to a working fluid. For example, the one or more vapor
compression refrigeration cycles may pre-cool natural gas to a temperature just above
a condensation temperature of the natural gas. The turboexpanders may then extract
work from the vaporous natural gas while simultaneously condensing all or a portion
of the natural gas to LNG via expansion, thereby increasing efficiency. Turning to the
figures, FIG. 1 depicts a process flow diagram of an embodiment of an overall process
10, which includes a number of stages to isolate and use liquefied natural gas. The
process 10 includes extraction of the natural gas at block 12, where natural gas may
be extracted from underground reservoirs using, as an example, drilling techniques,
fracturing, and so forth. The extracted natural gas may be stored above ground,
and/or may be provided (e.g., via a pipeline) to a gasification processing stage at
block 14. By way of example, in the gasification processing stage, the natural gas
may enter a processing device to remove certain substances, such as water, carbon
dioxide, and sulfur (e.g., via molecular sieves). Removal of these components may

enable the gas to burn more efficiently and cleanly.
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[0025]  After the natural gas undergoes the gasification processing stage at block
14, or simultaneously during block 14, the natural gas may undergo liquefaction at
block 16. At block 16, the natural gas may be cooled to a temperature of -162 °C,
where it condenses to a liquid state. In accordance with present embodiments, the
natural gas may be cooled by a system including both vapor compression refrigeration

and one or more turboexpanders.

[0026] Because of its decreased volume and relatively high cost associated with
pipeline transport, the liquid natural gas may be more desirable to transport compared
to gaseous natural gas. Accordingly, in some embodiments, the liquid natural gas
may undergo transportation at block 18, which may include transporting the liquid
natural gas to customers in transportation vessels that keep the liquefied natural gas at
the cryogenic temperatures necessary for the liquefied natural gas to remain in a
liquid state. Finally, upon reaching its destination, the liquefied natural gas may
undergo re-vaporization at block 20, where the natural gas is converted back into a
gaseous state. In its gaseous state, the natural gas may be used as an energy source

(e.g., via combustion).

[0027]  As discussed above, one or more turboexpanders may be utilized to
condense a working fluid (e.g., natural gas) to a liquid state. FIG. 2 illustrates a
simplified block diagram of a turboexpander 30 that may be utilized in a process to
liquefy the working fluid. Although in certain embodiments, the turboexpander 30
may include a single stage (e.g., as shown in FIG. 3), the turboexpander may also
include multiple stages (e.g., as shown in FIG. 4). The turboexpander 30 may include
an inlet 32 for the working fluid as well as an outlet 34. The inlet 32 receives the
working fluid (e.g., natural gas in a vaporous state) and the outlet 34 may direct the
working fluid (e.g., a mixture of natural gas in a vaporous state and LNG) to
additional cooling devices. In certain embodiments, the turboexpander 30 may
include a second outlet 36 and may also act as a separator. For example, the
turboexpander 30 may separate the vaporous working fluid from any condensed
working fluid (e.g., LNG) formed as a result of the expansion process. Therefore,
vaporous natural gas may exit the turboexpander 30 from outlet 36 and be directed

toward a recycle flow path so that it may eventually be returned to the turboexpander
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30 and condensed into LNG. Additionally, the LNG formed in the turboexpander 30,
or a mixture of vapor and LNG, may exit from outlet 34 and be directed downstream
for further processing and/or transportation. In other embodiments, the LNG may
exit the turboexpander 30 from the outlet 36, and subsequently be separated from any
vaporous working fluid. The separated vaporous working fluid may then undergo

additional expansion and cooling to form more LNG.

[0028]  FIG. 3 illustrates a cross-sectional view of a single stage turboexpander 50.
As shown in the illustrated embodiment, the turboexpander 50 includes a housing 52
that includes several components that operate to expand the working fluid (e.g.,
natural gas). For example, the turboexpander 50 may have a rotating component 54
(e.g., arotor) as well as a stationary component 56 (e.g., a stator or a nozzle) disposed
in the housing 52. The turboexpander 50 may also include one or more blades 58
configured to direct the working fluid through the turboexpander 50, while
simultaneously converting the pressure drop of the working fluid to work that may
ultimately power a load (e.g., a compressor). Additionally, the turboexpander 50 may

include a seal 60 to prevent or minimize leakage of the working fluid.

[0029]  As shown in the illustrated embodiment, the turboexpander 50 may include
an inlet 61, a first outlet 62, and a second outlet 64. In certain embodiments, the
working fluid (e.g., natural gas) may be directed to enter the turboexpander 50 in a
vapor state through the inlet 61. As the working fluid expands, a temperature of the
working fluid decreases, thereby causing at least a portion of the working fluid to
condense to a liquid form. The working fluid that remains in a vapor state may be
directed to exit the turboexpander 50 via the first outlet 62, whereas the working fluid
that condenses to a liquid state may exit the turboexpander 50 via the second outlet
64. In certain embodiments, the working fluid exiting the turboexpander 50 through

the second outlet 64 may be a mixture of vapor and liquid.

[0030] Similarly, FIG. 4 illustrates a cross-sectional view of a turboexpander 70
having a first phase 72 and a second phase 74. It should be noted that while the

turboexpander 70 is illustrated as having two phases, the turboexpander may include
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more than two phases (e.g., 3,4, 5, 6, 7, 8, 9, 10, or more phases). For example, the

turboexpander 70 may include between 7 and 15 phases, or between 9 and 12 phases.

[0031] As shown in the illustrated embodiment of FIG. 4, the turboexpander 70
may include the inlet 61, the first outlet 62, the second outlet 64, a third outlet 76,
and/or a fourth outlet 78. Additionally, the turboexpander may include the stationary
component 56, a second stationary component 80, the rotating component 54, a
second rotating component 82, and the blades 58. Again, the working fluid may enter
the turboexpander 70 through the inlet 61. The working fluid may be directed
through the first phase 72, where a pressure of the working fluid drops (e.g., from a
first pressure to a second pressure, less than the first pressure). Accordingly, a
temperature of the working fluid may also decrease as a result of the pressure drop
causing some or all of the working fluid to condense from a vapor state to a liquid
state. In certain embodiments, a portion of the working fluid in the vapor state may
exit the turboexpander 70 through the first outlet 62. In certain embodiments,
vaporous working fluid exiting the first outlet 62 may be recycled with working fluid
upstream of the turboexpander 70. Further, the vaporous working fluid directed
through the first outlet 62 may be in a heat exchange relationship with working fluid
upstream of the turboexpander 70 to pre-cool the working fluid that enters the
turboexpander 70. Such a heat exchange relationship will be described in more detail

herein with reference to FIG. 5.

[0032] The remaining working fluid that does not exit through the first outlet 62
(e.g., a mixture of vapor and liquid) may continue through the turboexpander 70 to the
second phase 74 or it may exit the turboexpander 70 via the second outlet 64 between
the first phase 72 and the second phase 74. In certain embodiments, working fluid
exiting the second outlet 64 may be recycled with working fluid upstream of the
turboexpander 70. Further, the working fluid directed through the second outlet 64
may also be in a heat exchange relationship with working fluid upstream of the

turboexpander 70 to pre-cool the working fluid that enters the turboexpander 70.

[0033] The working fluid may be directed through the second phase 74 by the

second stationary component 80 and the second rotating component 82. Again, the

10
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pressure of the working fluid may drop (e.g., from the second pressure to a third
pressure, less than the second pressure) and the temperature of the working fluid may
also decrease. In certain embodiments, the working fluid that flows through the
second phase 74 may contain a fraction of vaporous working fluid. Accordingly,
some of the vaporous working fluid may condense as a result of the decreasing
temperature. Any remaining vaporous working fluid may exit the turboexpander 70
through the third outlet 76. In certain embodiments, vaporous working fluid exiting
through the third outlet 76 may be recycled with working fluid upstream of the
turboexpander 70. Further, the vaporous working fluid directed through the third
outlet 76 may be in a heat exchange relationship with working fluid upstream of the
turboexpander 70 to pre-cool the working fluid that enters the turboexpander 70.
Such a heat exchange relationship will be described in more detail herein with
reference to FIG. 5. In other embodiments, the working fluid in the second phase 74
may contain no vapor, such that the liquid working fluid is further cooled to cryogenic
temperatures. In any event, the working fluid that does not exit through the third
outlet 76 may be directed through the fourth outlet 78, where it may be further
processed (e.g., cooled by another turboexpander or other cooling device) or prepared

for transportation.

[0034]  Although the turboexpanders 30, 50, and/or 70 may be utilized to condense
a vapor into a liquid state, the turboexpander 30, 50, and/or 70 may be one component

of an overall process used to condense working fluid (e.g., natural gas) to a liquid

state (e.g., LNG).

[0035] FIG. 5 is an illustration of a process flow diagram of an overall process 100
that may be used to liquefy a working fluid (e.g., natural gas), in accordance with
aspects of the present disclosure. For example, unprocessed or raw working fluid 102
(e.g., natural gas) may be directed to a pre-treatment process 104 where the working
fluid 102 may undergo moisture removal or another form of pre-treatment prior to
beginning liquefaction. Other forms of pre-treatment may include carbon dioxide
(CO2) and mercury (Hg) removal from the working fluid. In certain embodiments,
the unprocessed or raw working fluid 102 may be pressurized (e.g., at a pressure

above 40 atmosphere). Pressurized working fluid 102 may be liquefied more

11
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efficiently by utilizing one or more turboexpanders because a larger pressure drop
may be established between the working fluid entering a turboexpander and the

working fluid (e.g., a vapor/liquid mixture) exiting the turboexpander.

[0036]  After the pretreatment process 104 the working fluid 102 may be directed
towards a heat exchanger 106. The heat exchanger 106 may contain a variety of
passages enabling multiple streams (e.g., the working fluid 102 or a recycle stream) to
undergo heat transfer at any given moment. For example, the heat exchanger 106
may be configured to direct 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more streams through
various passages to undergo heat transfer. As the working fluid 102 passes through
the heat exchanger, a temperature of the working fluid 102 (e.g., natural gas) may
decrease. The heat exchanger 106 may be any suitable heat exchanger capable of
enabling the transfer of thermal energy between passages, such as a shell and tube
heat exchanger, plate heat exchanger, plate and shell heat exchanger, adiabatic wheel
heat exchanger, plate fin heat exchanger, pillow plate heat exchanger, brazed

aluminum heat exchanger, and the like.

[0037] However, as described above, using a heat exchanger to condense all the
working fluid 102 may result in energy losses in the heat exchanger, thus increasing
energy requirements to liquefy the working fluid, and decreasing efficiency.
Therefore, some liquefaction of the working fluid may occur in a turboexpander that
serves as an additional cooling device. For example, the heat exchanger 106 may cool
the working fluid to a temperature just above a condensation temperature of the
working fluid. The turboexpander may then extract work through expansion of the
cooled, vaporous working fluid, while simultaneously condensing the working fluid,

thereby enhancing efficiency of the liquefaction process.

[0038] After making a first pass through the heat exchanger 106, heavy
hydrocarbons (e.g., substances containing more than two carbon atoms) in the
working fluid 102 may partially condense. Heavy hydrocarbons may be removed
prior to liquefaction to prevent any formation of solids that may plug the equipment.
As shown in the illustrated embodiment, the separation of heavy hydrocarbons from

natural gas may take place in a separator 112. However, a pressure of the working

12
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fluid maybe reduced upstream of the separator 112 using an expansion valve 110. In
certain embodiments, the expansion valve 110 may decrease an amount of methane
dissolved in heavy hydrocarbons, which may reduce methane losses during the

separation process.

[0039] The working fluid 102 may then enter the separator 112 after exiting the
expansion valve 110. The separator 112 may split the working fluid 102 into a
decontaminated stream 114 and a heavy hydrocarbons and/or contaminants stream
116. The decontaminated stream 114 may then enter a splitter 118 that again splits
the decontaminated stream 114 into a primary cold stream 120 and a bypass stream
122. The bypass stream 122 again flows through the heat exchanger 106, where a
temperature of the bypass stream 122 may decrease. However, the bypass stream 122
may not be directed through any turboexpanders. Rather, the bypass stream 122 may
again pass through the heat exchanger 106 and subsequently undergo expansion in a
second expansion valve 123. Both the heat exchanger 106 and the second expansion
valve 123 may enable a temperature of the bypass stream 122 to decrease. In certain
embodiments, the bypass stream 122 is the working fluid 102 already in liquid form
(e.g.., LNQ) after exiting the heat exchanger 106. Therefore, to enhance efficiency of
the process, the bypass stream 122 may not be directed through any turboexpanders.
Rather, the bypass stream 122 may be directed further downstream where it may be

prepared for transportation.

[0040] Conversely, the primary cold stream 120 may contain substantially
vaporous working fluid. Therefore, the primary, cold working fluid stream 120 may
be directed through a compression and an expansion process to further cool the
primary cold stream 120 to a temperature just above a condensation temperature of
the fluid, for example. Accordingly, the primary cold stream 120 may be re-directed
through the heat exchanger 106 where it may be used as a refrigerant. As a result, the
primary cold stream 120 temperature may increase prior to entering a compressor
124. In other embodiments, the primary cold stream 120 may be directed toward the
compressor 124 and bypass the heat exchanger 106 altogether (e.g., as shown in FIG.
7). The compressor 124 may cause the working fluid in the primary cold stream 120

to increase in pressure (e.g., to above 40 atmosphere). Increasing the pressure of the
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working fluid in the primary cold stream 120 may enable a larger pressure drop in a
turboexpander, thereby enhancing an efficiency of the overall process 100 (e.g., as a
result of more work being extracted in the turboexpander). After compression in the
compressor 124, the primary cold stream 120 may again flow through the heat
exchanger 106 where the temperature of the primary cold stream 120 may decrease
(e.g.. to a temperature just above the condensation temperature of the fluid).
Directing the primary cold stream 120 through the heat exchanger 106 after
compression may be desirable because the primary cold stream 120 may incur an
increase in temperature as a result of compression. Therefore, the efficiency of the
process 100 may be enhanced by pre-cooling the primary cold stream 120 before
directing the primary cold stream 120 to a first turboexpander 126.

[0041] The primary cold stream 120 may then be directed to one or more
turboexpanders. As shown in the illustrated embodiment of FIG. 5, the primary cold
stream 120 is directed to flow through the first turboexpander 126 where the working
fluid may decrease in pressure and temperature. In certain embodiments, the
turboexpander 126 may be mechanically coupled to the compressor 124 and
configured to power the compressor 124 via work generated during expansion of the
primary cold stream 120. In other embodiments, the turboexpander 126 may be
connected to another load (e.g., a compressor of the vapor compression refrigeration

cycle 108, a compressor along a recycle stream flow path, or another device that uses

energy).

[0042]  In certain embodiments, the primary cold stream 120 may then be directed
toward a second splitter 127. The second splitter 127 may divide the primary cold
stream 120 into a first recycle stream 128 and a secondary stream 130. The secondary
stream 130 may include a mixture of vapor and liquid, whereas the first recycle
stream 128 may include substantially vaporous working fluid. In certain
embodiments, the first recycle stream 128 may be directed to the heat exchanger 106
where it is configured to absorb heat from the working fluid 102, the primary cold
stream 120, and/or the bypass stream 122. Additionally, the first recycle stream 128
may be directed toward a second compressor 132 and a mixer 134, where it combines

with a second recycle stream 136. In other embodiments, the working fluid in the
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first recycle stream 128 may include sufficient pressurization, such that the second

compressor 132 may not be included in the process 100.

[0043] The secondary stream 130 may enter a second turboexpander 138
downstream from the splitter 127. The second turboexpander 138 may decrease a
pressure of the working fluid in the secondary stream 130, thereby decreasing a
temperature of the working fluid in the secondary stream 130 and causing some or all
of the working fluid in the secondary stream 130 to condense to a liquid. In certain
embodiments, the second turboexpander 138 may be connected to the compressor 124
and configured to power the compressor 124 via work created and captured during
expansion of the primary cold stream 120. In other embodiments, the second
turboexpander 138 may be connected to another load (e.g., a compressor of the vapor
compression refrigeration cycle 108, a compressor along a recycle stream flow path,
or another device that uses energy). Although the illustrated embodiment of FIG. 5
shows two turboexpanders 126 and 138 in a series configuration, it should be noted
that the process 100 may include any suitable number of turboexpanders, in either a
series or parallel arrangement, to condense the working fluid to its liquid state. For
example, the process 100 may include a single turboexpander where the stream 128 is
withdrawn from the turboexpander after undergoing a portion of stages in the
turboexpander, while the stream 130 exits the turboexpander after undergoing all

compression stages.

[0044]  In certain embodiments, the secondary stream 130 is mixed with the bypass
stream 122 in a second mixer 140 to form a mixed stream 142. The mixed stream 142
may then flow through a second separator 144 where any remaining vapor is
separated from liquid working fluid 146 (e.g., LNG) to form the second recycle
stream 136. The second recycle stream 136 may be directed through the heat
exchanger 106 where it absorbs heat from the working fluid 102, the primary cold
stream 120, and/or the bypass stream 122. The second recycle stream 136 may also
be directed through a third compressor 148 and into the mixer 134 where it may be
combined with the first recycle stream 128 to form a combined recycle stream 150.
The combined recycle stream 150 may then be directed toward the heat exchanger

106 where it absorbs heat from the working fluid 102, the primary cold stream 120,
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and/or the bypass stream 122. The combined recycle stream 150 may also flow
toward a third mixer 152 to combine with the primary cold stream 120 upstream of
the first turboexpander 126. It should be noted that while the illustrated embodiments
shows the first recycle stream 128 and the second recycle stream 136 being mixed to
form the combined recycle stream 150, the first recycle stream 128 and/or the second
recycle stream 136 may be mixed with the primary cold stream 120 and/or the

working fluid 102 at any location upstream of the first turboexpander 126.

[0045]  As discussed previously, the heat exchanger 106 utilizes the primary stream
120, the first recycle stream 128, and the second recycle stream 136 as coolants that
may be configured to absorb heat from the working fluid 102, the bypass stream 122,
and/or the combined recycle stream 150. Additionally, the heat exchanger 106 may
also be configured to utilize a refrigerant of the vapor compression refrigeration cycle
108 as an additional coolant for the working fluid 102, the primary cold stream 120,
and/or the bypass stream 122.

[0046] A vapor compression refrigeration cycle generally includes a compressor, a
condenser, an evaporator, and an expansion device. The refrigerant enters the
compressor as a vapor and is compressed to increase a pressure of the refrigerant. As
a result of compression, the refrigerant increases in temperature. Therefore, the
refrigerant may be directed toward a condenser to decrease the temperature of the
refrigerant. The refrigerant then may enter an expansion device where a pressure of
the refrigerant decreases and the temperature also decreases. The refrigerant is now
cool and may be absorb heat from another fluid (e.g., the working fluid 102, the
primary cold stream 120, and/or the bypass stream 122). The refrigerant may flow
through a heat exchanger (e.g., an evaporator) where the refrigerant absorbs heat from
a fluid to be cooled and consequently evaporates into a vapor state. The vaporous
refrigerant may then be cycled back to the compressor where the vapor compression
refrigeration cycle continues. A vapor compression refrigerant cycle may include a
variety of refrigerants. For example, embodiments of the present disclosure may
utilize a refrigerant having propane, methane, butane, ethane, water, carbon dioxide,
ammonia based compounds, Freon, R-11, R-12, R-410A, R-744, or any combination

thereof.
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[0047]  While the illustrated embodiment of FIG. 5 shows the vapor compression
refrigeration cycle 108 flowing through the heat exchanger 106, in other
embodiments, a second heat exchanger may be included in the process 100. For
example, as illustrated in FIG. 6, a second heat exchanger 180 may be positioned
upstream of the heat exchanger 106. The second heat exchanger 180 may utilize the
vapor compression refrigeration cycle 108 to provide additional cooling to the
process. Accordingly, the heat exchanger 106 may utilize the primary stream 120, the
first recycle stream 128 and the second recycle stream 136 as coolant (e.g., not
include a vapor compression refrigeration cycle). In other embodiments, the heat
exchanger 106 may utilize the vapor compression refrigeration cycle 108 as a coolant,
and the heat exchanger 180 may utilize a second vapor compression refrigeration
cycle. In certain embodiments, the heat exchanger 180 may utilize any suitable
refrigerant such as propane, methane, butane, ethane, water, carbon dioxide, ammonia
based compounds, Freon, R-11, R-12, R-410A, R-744, or any combination thereof, to
pre-cool the working fluid stream 102. It should be noted that the process 100 may
include any suitable number of heat exchangers and vapor compression refrigeration

cycles to maximize the efficiency of the process 100.

[0048] FIG. 7 is an illustration of another embodiment of process 100. In the
illustrated embodiment of FIG. 7, the primary cold stream 120 may be compressed in
the compressor 124 prior to entering the heat exchanger 106. Accordingly, one less
stream of working fluid passes through the heat exchanger 106, which may enable a
smaller, less expensive heat exchanger to be utilized. Additionally, the illustrated
embodiment of FIG. 7 includes the heat exchanger 180. In addition to cooling the
working fluid 102 using the vapor compression refrigeration cycle 108, the heat

exchanger 180 may also be configured to cool the combined recycle stream 150.

[0049]  The process 100 described in FIGS. 5, 6, and 7 may enable more efficient
production of liquefied product (e.g., LNG). FIG. 8 is a graphical representation 200
of the relative efficiency 202 of a process in accordance with present embodiments as
a function of pressure 204 of the working fluid supplied to the process. Although
FIG. 8 shows the relative efficiency 202 of the process as it pertains to natural gas, it

should be recognized that the process is not limited to the liquefaction of natural gas,
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but may be utilized to liquefy other substances as well (e.g., carbon dioxide).
Additionally, FIG. 8 is meant to be representative of what can be achieved by the
disclosed embodiments, and therefore, it is not meant to limit the presently disclosed

embodiments to only such results.

[0050] FIG. 8 illustrates that as the pressure of the supplied working fluid
increases the more efficient the process becomes. The efficiency 202 is measured in
terms of specific power, or the power input to the system divided by the gallons of
liquefied product (e.g., LNG) produced. Therefore, the smaller the quantity of
specific power, the more efficient the process (e.g., less power generates more
liquefied product). As can be seen in FIG. 8, as the pressure 204 of the supplied
working fluid increases, the specific power decreases, meaning the process becomes
more efficient. Therefore, the process operates most efficiently when the supplied
working fluid is introduced to the process at a relatively high pressure. Again, the
process increases in efficiency 202 as the pressure 204 of the supplied working fluid
increases because the pressure drop in the turboexpanders may become greater,
thereby generating more power and decreasing the temperature of the working fluid

substantially.

[0051] Technical effects include a liquefaction process that includes one or more
turboexpanders to generate a liquefied product with more efficiency than processes

using only vapor compression refrigeration or other traditional cooling techniques.

[0052]  This written description uses examples to disclose the invention, including
the best mode, and also to enable any person skilled in the art to practice the
invention, including making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention is defined by the claims,
and may include other examples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims if they have structural
elements that do not differ from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences from the literal languages

of the claims.
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CLAIMS:

1. A gas feed liquefaction system, comprising:

a flow path configured to convey a working fluid comprising a vapor in a
downstream direction;

an initial cooling phase in a first heat exchange relationship with the flow path,
wherein the initial cooling phase comprises a heat exchanger;

a compressor positioned downstream of the initial cooling phase;

a second cooling phase in a second heat exchange relationship with the flow
path, wherein the second cooling phase is downstream from the compressor and
comprises a first turboexpander and a second turboexpander, and wherein the first and
second turboexpanders are configured to condense at least a first portion of the vapor
into a liquid;

a separation vessel downstream of the second turboexpander and configured to
separate a second portion of the vapor from the liquid; and

a recycle stream configured to direct the second portion of the vapor through
the heat exchanger toward a mixer, wherein the mixer is configured to combine the

second portion of the vapor with the flow path upstream of the second cooling phase.

2. The gas feed liquefaction system of claim 1, wherein one or both of the

first turboexpander and the second turboexpander comprises between 7 and 15 stages.

3. The gas feed liquefaction system of claim 1, wherein the second

cooling phase comprises a third turboexpander.
4, The gas feed liquefaction system of claim 1, wherein the heat
exchanger is configured to transfer thermal energy from the flow path to a refrigerant

of a vapor compression refrigeration cycle.

5. The gas feed liquefaction system of claim 1, comprising an additional

separation vessel along the flow path upstream of the compressor and downstream of
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the initial cooling phase, wherein the additional separation vessel is configured to

remove heavy hydrocarbons or contaminants from the flow path.

6. The gas feed liquefaction system of claim 1, wherein at least one of the
first turboexpander and the second turboexpander are configured to provide power to

the compressor.

7. The gas feed liquefaction system of claim 1, wherein a pressure ratio
across at least one of the first turboexpander and the second turboexpander is between

1 and 5.

8. The gas feed liquefaction system of claim 1, wherein a pressure of the

flow path upstream of the initial cooling phase is greater than 40 atmosphere.

9. The gas feed liquefaction system of claim 1, comprising a moisture

removal device upstream of the initial cooling phase.

10.  The gas feed liquefaction system of claim 1, comprising a third cooling
phase upstream of the initial cooling phase, wherein the third cooling phase comprises

a vapor compression refrigeration cycle.

11.  The gas feed liquefaction system of claim 10, wherein the recycle

stream is configured to pass through the third cooling phase before entering the mixer.
12. The gas feed liquefaction system of claim 1, wherein the first

turboexpander is configured to separate the vapor from the liquid and configured to

direct the vapor or the liquid to the second turboexpander.
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13. A gas feed liquefaction system, comprising:

a flow path configured to convey a working fluid comprising a vapor in a
downstream direction;

an initial cooling phase in a first heat exchange relationship with the flow path,
wherein the initial cooling phase comprises a heat exchanger;

a compressor positioned downstream of the initial cooling phase;

a second cooling phase in a second heat exchange relationship with the flow
path, wherein the second cooling phase is downstream from the compressor and
comprises a first turboexpander and a second turboexpander, and wherein the first and
second turboexpanders are configured to condense at least a portion of the vapor into
aliquid;

a splitter positioned downstream of the first turboexpander and upstream of
the second turboexpander, wherein the splitter directs a first stream of the flow path
through the heat exchanger and a second stream of the flow path to the second
turboexpander;

a separation vessel downstream of the second turboexpander and configured to
separate a second portion of the vapor from the liquid; and

a recycle stream configured to direct the second portion through the heat
exchanger to a mixer, wherein the mixer is configured to combine one or more of the
first stream, the second portion, and the flow path upstream of the second cooling

phase.

14. The gas feed liquefaction system of claim 13, wherein one or both of
the first turboexpander and the second turboexpander comprises between 7 and 15

stages.
15.  The gas feed liquefaction system of claim 13, wherein an additional

compressor is configured to compress the first stream and direct the first stream

towards the mixer.

21



WO 2016/209835 PCT/US2016/038565

16. The gas feed liquefaction system of claim 13, wherein a pressure ratio
across at least one of the first turboexpander and the second turboexpander is between

1 and 5.

17. A method, comprising:

cooling a fluid along a fluid path using a heat exchanger of an initial cooling
phase;

compressing the fluid along the fluid path;

cooling the fluid along the fluid path using at least one turboexpander of a
second cooling phase, wherein the at least one turboexpander is configured to expand
the fluid such that a temperature and pressure of the fluid are reduced to generate a
fluid stream having both a vapor phase and a liquid phase;

separating the vapor phase from the liquid phase using a separator; and

combining the vapor phase with the fluid upstream of the second cooling

phase.

18. The method of claim 17, wherein the at least one turboexpander

comprises between 7 and 15 stages.

19. The method of claim 17, wherein a pressure ratio across at least one of

the first turboexpander and the second turboexpander is between 1 and 5.

20. The method of claim 17, wherein a pressure of the fluid upstream of

the initial cooling phase is greater than 40 atmosphere.
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