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METHOD AND APPARATUS FOR PRODUCING A COOLED HYDROCARBON
STREAM

The present invention provides a method of producing
a cooled hydrocarbon stream, comprising cooling of a
hydrocarbon stream. The present invention also provides
an apparatus for producing a cooled hydrocarbon stream
from a hydrocarbon stream.

A common hydrocarbon stream to be cooled is a natural
gas stream. Such a natural gas stream may be cooled to
the extent that it is liquefied, in which case it is
typically referred to as liquefied natural gas (LNG).

It is desirable to liquefy natural gas for a number
of reasons. As an example, natural gas can be stored and
transported over long distances more readily as a ligquid
than in gaseous form, because it occupies a smaller
volume and does not need to be stored at high pressures.
Such liquefied natural gas can be stored at atmospheric
pressure if maintained at cryogenic temperatures, such as
at -160 °C or below.

US Patent No. 6,370,910 discloses a method of
liquefying a stream enriched in methane. A natural gas
stream i1s passed to a scrub column in which heavier
hydrocarbons are removed to provide a gaseous overhead
stream. The gaseous overhead stream from the scrub column
is partly condensed in an auxiliary (pre-cooling) heat
exchanger. A condensate stream is then removed from the
partly condensed overhead gaseous stream to provide a
stream enriched in methane. The stream enriched in
methane is then liquefied in a tube arranged in a main

heat exchanger by indirect heat exchange with a
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multicomponent refrigerant evaporating at low pressure in
the shell side of the main heat exchanger.

The multi-component refrigerant can be withdrawn from
the shell side of the main heat exchanger and compressed.
The compressed multi-component refrigerant can then be
partly condensed at elevated refrigerant pressure in a
tube arranged in an auxiliary (pre-cooling) heat
exchanger by indirect heat exchange with an auxiliary
(pre—-cooling) multi-component refrigerant evaporating at
low pressure in the shell side of the auxiliary heat
exchanger. The partly condensed multi-component
refrigerant can then be returned to the main heat
exchanger.

US Patent No. 6,370,910 discloses an embodiment
wherein the step of partly condensing the compressed
multi-component refrigerant comprises cooling it at
elevated pressure in a tube arranged in a first auxiliary
heat exchanger by indirect heat exchanger with an
auxiliary multi-component refrigerant evaporating at
intermediate pressure in the shell side of the first
auxiliary heat exchanger. The multi-component refrigerant
is then further cooled in a tube arranged in a second
auxiliary heat exchanger by indirect heat exchange with
an auxiliary multicomponent refrigerant evaporating at a
low pressure in the shell side of the second auxiliary
heat exchanger.

One problem associated with the liquefaction process
of US Patent No. 6,370,910 is how this may be optimally
controlled, particularly with regard to a line-up
providing two auxiliary heat exchangers operating at
different pressures of auxiliary multi-component

refrigerant. There is a whole variety of process
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variables which may be selected or manipulated to control
the cooling processes in the auxiliary heat exchangers.
The present invention provides a method of producing
a cooled hydrocarbon stream comprising cooling of a
hydrocarbon stream. The method comprises at least the
steps of:
(a) cooling a first stream and a compressed first
refrigerant stream in a first refrigerant circuit
comprising a first mixed refrigerant, against a first
expanded first refrigerant stream in a first heat
exchanger at a first pressure level, to provide a cooled
first stream, a first cooled first refrigerant stream and
a first warmed first refrigerant stream;
(b) expanding a first portion of the first cooled first
refrigerant stream in a first expansion device to provide
the first expanded first refrigerant stream;
(c) cooling one or more second streams, and a second
portion of the first cooled first refrigerant stream
against a second expanded first refrigerant stream in a
second heat exchanger to provide one or more cooled
second streams, a further cooled first refrigerant
stream, and a second warmed first refrigerant stream,
wherein the one or more second streams comprise at least
the cooled first stream or a dependent stream derived
therefrom, whereby the hydrocarbon stream is comprised in
the one or more second streams in order to provide at
least the cooled hydrocarbon stream;
(d) expanding at least a first portion of the further
cooled first refrigerant stream in a second expansion
device to provide the second expanded first refrigerant
stream, said second expanded first refrigerant stream
being at a lower pressure than said first expanded first

refrigerant stream, and



10

15

20

25

30

WO 2011/000900 - 4 - PCT/EP2010/059341

(e) compressing gaseous fractions of the first warmed
first refrigerant stream and the second warmed first
refrigerant stream in a first compressor and subsequently
cooling the compressed stream from the first compressor,
to provide the compressed first refrigerant stream;

the method further comprising controlling the steps (a)
to (e) using an advanced process controller based on
model predictive control to determine simultaneous
control actions for a set of manipulated variables in
order to optimise at least one of a set of parameters to
be optimized, whilst controlling at least one of a set of
controlled variables, wherein the set of manipulated
variables comprises:

- the composition of the first mixed refrigerant
inventory in the first refrigerant circuit,

- the setting of the first expansion device, and

- the setting of the second expansion device,

wherein the set of controlled variables comprises:

- the temperature of at least one of the one or more
cooled second streams,

- the temperature difference between the first warmed
first refrigerant stream and at least one of (i) the
compressed first refrigerant stream and (ii) the first
Stream,

- the temperature difference between the second warmed
first refrigerant stream and at least one of (i) the
second portion of the first cooled first refrigerant
stream and (i1ii) one of the one or more second streams in
the form of the cooled first stream and/or the dependent
stream derived from the cooled first stream,

- at least one of (i) the temperature difference between
the first cooled first refrigerant stream and the first

expanded first refrigerant stream and (ii) the
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temperature difference between the further cooled first
refrigerant stream and the second expanded first
refrigerant stream, and

- the power being consumed by the first compressor;

and wherein the set of parameters to be optimised
comprises the production rate of the cooled hydrocarbon
stream and/or the cooling efficiency of the first
refrigerant circuit.

In a further aspect, the invention provides an
apparatus for producing a cooled hydrocarbon stream from
a hydrocarbon stream, comprising:

- a first refrigerant circuit comprising an inventory of
a first mixed refrigerant; a first expansion device; a
second expansion device; a first compressor and one or
more first coolers to cool a compressed stream from the
first compressor thereby to provide a compressed first
refrigerant stream;

- a first heat exchanger arranged to cool a first stream
and the compressed first refrigerant stream, against a
first expanded first refrigerant stream at a first
pressure level, to provide a cooled first stream, a first
cooled first refrigerant stream and a first warmed first
refrigerant stream, the first expansion device being
arranged to receive a first portion of the first cooled
first refrigerant stream and to provide the first
expanded first refrigerant stream;

- a second heat exchanger arranged to cool one or more
second streams and a second portion of the first cooled
first refrigerant stream, against a second expanded first
refrigerant stream to provide one or more cooled second
streams, a further cooled first refrigerant stream and a
second warmed first refrigerant stream, the second

expansion device being arranged to receive at least a
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first portion of the further cooled first refrigerant
stream to provide the second expanded first refrigerant
stream, said second expanded first refrigerant stream
being at a lower pressure than said first expanded first
refrigerant stream, said one or more second streams
comprising at least the cooled first stream or a
dependent stream derived therefrom, whereby the
hydrocarbon stream is comprised in the one or more second
streams in order to provide at least the cooled
hydrocarbon stream;

- the first compressor being arranged to compress gaseous
fractions of the first warmed first refrigerant stream
and the second warmed first refrigerant stream;

- an advanced process controller comprising computer-
executable coded based on model predictive control to
determine simultaneous control actions for a set of
manipulated variables in order to optimise at least one
of a set of parameters to be optimized, whilst
controlling at least one of a set of controlled
variables, wherein the set of manipulated variables
comprises:

- the composition of the first mixed refrigerant
inventory in the first refrigerant circuit,

- the setting of the first expansion device, and

- the setting of the second expansion device,

wherein the set of controlled variables comprises:

- the temperature of at least one of the one or more
cooled second streams,

- the temperature difference between the first warmed
first refrigerant stream and at least one of (i) the
compressed first refrigerant stream and (ii) the first

Stream,
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- the temperature difference between the second warmed
first refrigerant stream and at least one of (i) the
second portion of the first cooled first refrigerant
stream and (i1ii) one of the one or more second streams in
the form of the cooled first stream and/or the dependent
stream derived from the cooled first stream,

- at least one of (i) the temperature difference between
the first cooled first refrigerant stream and the first
expanded first refrigerant stream and (ii) the
temperature difference between the further cooled first
refrigerant stream and the second expanded first
refrigerant stream; and

- the power being consumed by the first compressor;

and wherein the set of parameters to be optimised
comprises the production rate of the cooled hydrocarbon
stream and/or the cooling efficiency of the first
refrigerant circuit.

The cooling efficiency may reflect the power consumed
in the first compressor in relation to the mass of cooled
hydrocarbon stream produced over time.

Embodiments of the present invention will now be
described by way of example only and with reference to
the accompanying non-limited drawings in which:

Figure 1 is a diagrammatic scheme of a method of and
apparatus for cooling a hydrocarbon stream according to a
first embodiment; and

Figure 2 is a diagrammatic scheme of a method of and
apparatus for cooling and liquefying a hydrocarbon stream
according to a second embodiment.

For the purpose of this description, a single
reference number will be assigned to a line as well as a

stream carried in that line. The same reference numbers
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used in different Figures represent identical lines and
streams.

Whenever reference is made to “low pressure’”;
“intermediate pressure’”; and “high pressure”; this is
meant to refer to relative pressure levels relative to
the other pressure levels in the first refrigerant
circuit, 1in this order.

As used herein, the term “setting” is intended to
represent a measure of the opening of a device, such as a
valve. The term “controlling a controlled variable” means
keeping the controlled variable at a pre-determined value
(set point) or within a pre-determined range (set range).
As used herein, the term “optimizing a parameter” is
intended to refer to maximizing or minimizing the
parameter and to maintaining the parameter at a
predetermined wvalue.

The methods and apparatuses disclosed herein cool a
hydrocarbon steam, preferably as part of a liquefaction
process for the hydrocarbon. The cooling process is
controlled using an advanced process controller based on
model predictive control, to optimise the production rate
of the cooled hydrocarbon stream and/or the efficiency of
the refrigeration process. The settting of the expansion
devices are manipulated wvariables.

Manipulating the setting of the expansion devices
delivering the first mixed refrigerant to the first and
second heat exchangers allows the optimisation of the
cooling method. By altering the setting of the expansion
devices, the change in pressure of the first mixed
refrigerant across the expansion devices can be
manipulated. This in turn adjusts the change in
temperature of the first refrigerant across the expansion

devices, allowing the temperature at which the expanded
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first refrigerant streams cool the first and second
streams to be manipulated.

Model predictive control or model based predictive
control in itself is a known technique, as disclosed, for
example, in Perry’s Chemical Engineers’ Handbook, 7"
Edition, pages 8-25 to 8-27. In US Patent No. 6,272,882
it has been applied in a process of liquefying a gaseous,
methane-rich feed to obtain a liquefied product and mass
flow rates of refrigerant fractions and stream to be
cooled were utilized as manipulated variables. The
temperature difference at the warm end and midpoint of
the main heat exchanger as controlled variables in order
to optimise the production of a liquefied product.

US Patent No. 6,272,882 is primarily concerned with
the operation of the main heat exchanger, rather than the
pre—-cooling heat exchanger(s). Application of the
advanced process control principles disclosed in US
Patent No. 6,272,882, which utilises different
compositions and flow rates of light and heavy mixed
refrigerant fractions at a single pressure level is
unsuitable for the control of a mixed refrigerant at
different pressure levels as is the case in the present
invention.

In particular, US Patent No. 6,272,882 uses as the
manipulated variables the mass flow rates of light and
heavy fractions of the mixed refrigerant. Applying this
to the cooling of the first and second streams in the
present case would have lead to the manipulation of the
mass flow of the first mixed refrigerant. It has been
found that manipulation of the mass flow of the first
mixed refrigerant does not allow an acceptable
optimisation of the production of the cooled hydrocarbon

stream. The method of the present invention utilizes
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control of temperature differential across at least one
of the first and second expansion devices, rather than
mass flow control of the refrigerant streams.

An advantage of the present invention is the ease
with which the cooling curve of the first mixed
refrigerant can be matched with the cooling curves of the
first and second streams. US Patent No. 6,272,882 teaches
the use of two mixed refrigerant compositions, namely a
light gaseous and a heavy liquid fraction, which are
controlled by the separation of a partly condensed
refrigerant stream in a separation vessel. It is
difficult and time consuming to vary the overall
composition of such a mixed refrigerant in order to
modify the individual compositions of the light and heavy
refrigerant fractions.

In contrast, the present invention allows the cooling
curve of the first mixed refrigerant to be changed by
controlling the temperature differences of the first
mixed refrigerant. The cooling curve of a single mixed
refrigerant composition can be optimised to closely match
those of the first and second streams.

Figure 1 shows a first embodiment an apparatus 1 for
carrying out the method of cooling a hydrocarbon stream
50 to provide a cooled second stream in the form of a
cooled hydrocarbon stream 60. The apparatus comprises a
first refrigerant circuit 100 comprising an inventory of
a first mixed refrigerant. The first refrigerant circuit
100 comprises a first compressor 105 and one or more
first coolers 115a to 115c, to cool a compressed effluent
stream 110 from the first compressor 105. The effluent
stream from the last one of the first coolers (here:

115¢) is a compressed first refrigerant stream 120.
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The apparatus of Figure 1 further comprises a first
heat exchanger 125. The first heat exchanger 125 is
arranged to cool a first stream (e.g. in the form of
second refrigerant stream 220) as well as the compressed
first refrigerant stream 120, each stream in a tube side
221 respectively 121. The cooling medium is formed by a
first expanded first refrigerant stream 140 in the shell
side of the first heat exchanger 125. At the cold end of
the first heat exchanger 125 there are outlets to provide
at least one cooled first stream, e.g. in the form of
cooled second refrigerant stream 230, and a first cooled
first refrigerant stream 130. At or near the warm end
there is an outlet for a first warmed first refrigerant
stream 150. A first expansion device 135 is arranged to
receive a first portion 130a of the first cooled first
refrigerant stream 130 and to provide the first expanded
first refrigerant stream 140 to the shell side of the
firt heat exchanger 125.

The apparatus further comprises a second heat
exchanger 145 arranged to cool the cooled first stream,
which may be the cooled second refrigerant stream 230,
the hydrocarbon stream 50 and a second portion 130b of
the first cooled first refrigerant stream 130, each
stream in a tube side 231 respectively 51 respectively
131. The cooling medium is formed by a second expanded
first refrigerant stream 170 in the shell side of the
second heat exchanger 145. At the cold end of the second
heat exchanger 145 there are outlets to provide at least
a cooled hydrocarbon stream 60, a further cooled first
stream (for instance in the form of further cooled second
main refrigerant stream 240), and a further cooled first
refrigerant stream 160. At or near the warm end there is

an outlet for a second warmed first refrigerant stream
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180. A second expansion device 165 is arranged to receive
at least a first portion of the further cooled first
refrigerant stream 160 and to provide the second expanded
first refrigerant stream 170 to the shell side of the
second heat exchanger 145.

The compressor 105 is arranged to compress gaseous
fractions of the first warmed first refrigerant stream
150 and the second warmed first refrigerant stream 180.
It has a low pressure suction inlet arranged to receive
the gaseous fraction 180’ of the second warmed first
refrigerant stream 180 and an intermediate pressure
suction inlet arranged to receive the gaseous fraction
150’ of the first warmed first refrigerant stream 150.
Alternatively, a plurality of compressors may be used.

The hydrocarbon stream 50 is a (first) of one or more
second streams passed to one or more second heat
exchangers 145. The hydrocarbon stream 50 is supplied to
a second heat exchanger hydrocarbon stream tube 51 in the
second heat exchanger 145, where it is cooled by
indirectly heat exchanging with the first mixed
refrigerant evaporating a low pressure in the shell side
of the second heat exchanger 145. It is preferred that
the hydrocarbon stream 50 is partly condensed in the
second heat exchanger 145.

The cooled, preferably partly condensed, hydrocarbon
exits the second heat exchanger 145 as a cooled
hydrocarbon stream 60, which is a cooled second stream.
The operation of the first mixed refrigerant, which may
be a pre-cooling refrigerant in a pre-cooling refrigerant
circuit, is discussed in greater detail below.

The line-up of Figure 1 further discloses the cooling
of a further second stream, e.g. in the form of cooled

second refrigerant stream 230, and one or more first
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streams (e.g. comprising second refrigerant stream 220).
The method disclosed herein is particularly advantageous
for the cooling of a second mixed refrigerant, which can
be used in the further cooling and preferably
liquefaction of cooled hydrocarbon stream 60 in a second
cooling stage (not shown). Such a second cooling stage is
described in more detail in relation to the embodiment of
Figure 2.

The second mixed refrigerant is preferably cooled,
and more preferably partially condensed in two stages.
The second mixed refrigerant can be passed through one or
both of the first and second heat exchangers 125, 145 in
the first cooling stage.

The first mixed refrigerant can be passed to second
heat exchanger 125 as a (first) first stream in the form
of second refrigerant stream 220. In the second
refrigerant tube 221 of the first heat exchanger 125, the
second second mixed refrigerant is cooled at elevated
pressure by indirect heat exchange with the first mixed
refrigerant evaporating at intermediate pressure in the
shell side of the first heat exchanger 125. Cooled second
mixed refrigerant exits the first heat exchanger 125 as
cooled first stream in the form of a cooled second
refrigerant stream 230.

Cooled second refrigerant stream 230 may be passed to
second heat exchanger 145 as (second) second stream 230.
In the second second refrigerant tube 231 of the second
heat exchanger 145, the cooled second mixed refrigerant
stream is further cooled, and preferably partly
condensed, at elevated pressure by indirect heat exchange
with first refrigerant evaporating a low pressure in the
shell side of the second heat exchanger 145. The further

cooled second refrigerant exits the second heat exchanger
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145 as a (second) cooled second stream which may be in
the form of a further cooled second main refrigerant
stream 240. The further cooled second refrigerant stream
240 may then be passed to a main heat exchanger (not
shown) to provide cooling.

Turning to the first refrigerant circuit, the first
mixed refrigerant evaporated at intermediate pressure in
the shell side of the first heat exchanger 125 is removed
therefrom as first warmed first refrigerant stream 150 at
approximately the intermediate pressure level. The first
warmed first refrigerant stream 150 may be passed to a
first knock out drum 155 to remove any ligquid phase,
prior to passing the gaseous components of the first
warmed first refrigerant stream 150 to first compressor
105 as gaseous first warmed first refrigerant stream
1507.

The first compressor 105 may be a two-stage
compressor. The first compressor may be provided in the
form of one or more first compressors (e.g. in serial
configuration where one of the one or more first
compressors perform one or more stages of compression and
a subsequent one of the one or more first compressors
perform one or more subsequent stages of compression; or
in parallel arrangement where each of the parallel
arranged compressors compress a portion of the total
gaseous first warmed first refrigerant stream 1507)
together acting as first compressor. First compressor 105
may be driven by a first driver D1, such as a gas
turbine, a steam turbine, an electric motor or
combinations thereof. In the second stage of the first
compressor 105, the mixed gaseous first warmed first
refrigerant stream 150’ is compressed to elevated

pressure to provide compressed stream 110.
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Heat of compression together with at least a part of
the heat absorbed from the first and second streams (for
which can be used any of 120, 50, 130b, 230) and the
compressed first refrigerant stream 120 is removed using
one or more first cooling devices 115, such as ambient
air coolers 115a, 115b to provide (first) and (second)
cooled compressed first refrigerant streams 114a, 114b
regpectively. The majority of the heat present in the
compressed stream 110 is absorbed from the second
refrigerant stream 220 as a first stream and the cooled
second refrigerant stream 230 as a second stream.

(Second) cooled compressed first refrigerant stream
114b is shown being passed to a first refrigerant
accumulator 117. First refrigerant accumulator 117 may
also be fed by one or more first refrigerant component
make-up streams 116. Figure 1 shows first and second
first refrigerant component make-up streams 116a, 116Db
which may replenish components that have been removed
from or leaked from the first refrigerant inventory in
the first refrigerant circuit 100. Selective addition of
first and second components may alter the composition of
the first mixed refrigerant. In order to maintain a
steady mass balance of first mixed refrigerant in the
first refrigerant circuit, a first refrigerant drain
stream may be provided. As an example in the embodiment
shown in Figure 1 the first refrigerant can be removed
from the (first) cooled compressed first refrigerant
stream 114a via first refrigerant drain stream 119. This
is preferred if it is desired to remove both light and
heavy components from the inventory of the first mixed
refrigerant in the first refrigerant circuit 100.

In an alternative embodiment (not shown in Figure 1),

one or more first refrigerant drain streams may be
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removed from first refrigerant accumulator 117. If the
first refrigerant drain stream is overhead from
accumulator 117, light, vaporous components of the first
mixed refrigerant may be preferentially removed. If the
first refrigerant drain stream is at or near the bottom
of accumulator 117, heavy, liquid components of the first
mixed refrigerant may be preferentially removed. In this
way, 1t is possible to adjust the composition of the
first mixed refrigerant.

The first mixed refrigerant can be drawn from first
refrigerant accumulator 117 as first refrigerant feed
stream 118, which may be cooled in cooling device 115c,
such as an ambient cooler, to provide the compressed
first refrigerant stream 120.

The compressed first refrigerant stream 120 is passed
to first heat exchanger 125 as a (second) first stream.
The compressed first refrigerant stream 120 is passed
through a (second) first stream tube 121 in the first
heat exchanger 125, in which it is cooled to provide a
first cooled first refrigerant stream 130.

The first cooled first refrigerant stream 130 is
divided into first portion 130a and second portion 130b,
for instance using a splitter such as a T-piece,
maintaining the composition of the first and second
portions the same as the composition of the first cooled
first refrigerant stream 130. The first portion 130a of
the first cooled first refrigerant stream 130 is passed
through the first expansion device 135, e.g. in the form
of a Joule-Thomson valve, to the cold end of the shell
side of the first heat exchanger 125, in which it is
allowed to evaporate at an intermediate pressure level.
The evaporating first refrigerant extracts heat from the

two first streams (compressed first refrigerant stream
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120 and second refrigerant stream 220) flowing through
the tubes 121 and 221.

The remainder of the first cooled first refrigerant
stream 130, i.e. second portion 130b of the first cooled
first refrigerant stream 130 is passed to the second heat
exchanger 145. The second portion 130b is passed to a
second first refrigerant tube 131 arranged in the second
heat exchanger 145, in which it is cooled to provide a
further cooled first refrigerant stream 160.

The further cooled first refrigerant stream 160 is
passed to the second expansion device 165, such as a
Joule-Thomson valve, to provide second expanded first
refrigerant stream 170. The second expanded first
refrigerant stream 170 is at a lower pressure than the
first expanded first refrigerant stream 140. The second
expanded first refrigerant stream 170 is passed to the
cold end of the shell side of the second heat exchanger
145, in which it is allowed to evaporate at low pressure.
The evaporating first refrigerant extracts heat from the
second streams (e.g. hydrocarbon stream 50 and/or cooled
second refrigerant stream 230) flowing through the tubes
51 and 231, and from the second portion 130b of the first
cooled first refrigerant stream 130 in tube 131.

Evaporated first mixed refrigerant at low refrigerant
pressure is removed from the shell side of the second
heat exchanger 145 as second warmed first refrigerant
stream 180. The second warmed first refrigerant stream
180 may be passed to second knock out drum 185 to remove
any liquid phase prior to passing the gaswous components
of the second warmed first refrigerant stream 180 to
first compressor 105 in the form of gaseous second warmed

first refrigerant stream 180’. In the two-stage
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compressor 105, the first mixed refrigerant is compressed
to elevated pressure to provide compressed stream 110.

It will be apparent that the one or more first
coolers 115 may be water coolers, rather than air coolers
and, i1f required, can be supplemented by heat exchangers
in which a further coolant is used. The first and/or
second expansion devices 135, 165 can be replaced or
supplemented by expansion turbines. The first and second
heat exchangers 125, resp. 145, can be independently
selected from spool wound or plate-fin heat exchangers,
although the above description has been made with
specific reference to spool wound type heat exchangers.

In an alternative embodiment, the hydrocarbon stream
may be cooled in both first and second heat exchangers.
Figure 2, for instance, discloses a line-up comprising
two, 1.e. first and second, first heat exchangers 125a,
125b, both operating at intermediate pressure, and one
second heat exchanger 145 operating at low pressure.

A hydrocarbon feed stream 20 is provided and passed
to the second first heat exchanger 125b, where it is
cooled. The hydrocarbon feed stream 20 has preferably
been pre-treated to remove undesirable components such as
acid gases, as will be discussed further below. In a
preferred embodiment, the second first heat exchanger
125b can be used to knock out any (remaining) HpO present
in the hydrocarbon feed stream 20.

The hydrocarbon feed stream 20 may be present in a
first heat exchanger hydrocarbon stream tube 21, and
cooled against the first mixed refrigerant in the shell
side of the second first heat exchanger 125b an
intermediate pressure level. The second first heat
exchanger 125b can be a kettle heat exchanger, a

spoolwound or a fin plate type heat exchanger as desired.
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The first mixed refrigerant is allowed to evaporate as it
cools the hydrocarbon feed stream 20, to provide a second
first warmed first refrigerant stream 150b, and a cooled
hydrocarbon feed stream 30 as a cooled first stream.

The second first warmed first refrigerant stream 150b
is provided by a second first expanded first refrigerant
stream 140b, by passing a third portion 130c of the first
cooled first refrigerant stream 130 through a (second)
first expansion device 135b, such as a Joule-Thomson
valve or turbine expander.

The first cooled first refrigerant stream 130 is
provided as a first cooled stream from a different heat
exchanger, in this case first first heat exchanger 125a,
which may be a coil wound heat exchanger or fin plate
type heat exchanger.

The first first heat exchanger 125a cools one first
stream (in the form of a second refrigerant stream 220)
as well as the compressed first refrigerant stream 120,
in a similar manner to the embodiment of Figure 1.

Thus, in the line-up shown in Figure 2, two first
streams are provided, the hydrocarbon feed stream 20 and
the second refrigerant stream 220, and are cooled in
separate first heat exchangers 125a, 125b.

In this case, after cooling, a first first warmed
first refrigerant stream 150a is provided from the shell
side of the first first heat exchanger 125a. This can be
combined with the (second) first warmed first refrigerant
stream 150b from the second first heat exchanger, and
passed to the intermediate pressure stage suction inlet
of the first compressor 105.

The first compressor 105 provides a compressed stream
110, which can be passed to one or more first coolers

115, such as ambient air or water coolers which remove
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heat of compression together with at least a part of the
heat absorbed form the first and second streams (e.g.
streams represented by 120, 50, 130b, 230) and the self
cooling of the first mixed refrigerant. The first coolers
115 provide a cooled first compressed refrigerant stream
114 which can be passed to first accumulator 117. The
composition of the first mixed refrigerant inventory can
be adjusted in the first accumulator 117 in a similar
manner to the embodiment of Figure 1. The first
accumulator 117 provides the compressed first refrigerant
stream 120 to the first first heat exchanger 125a.

Returning to the cooled hydrocarbon feed stream 30
provided by the second first refrigerant heat exchanger
125b, this may be passed to a natural gas ligquids (NGL)
recovery column 45, such as a fractionation column or
scrub column, e.g. in the form of a demethanizer, which
provides a ligquid bottoms stream such as a natural gas
liquids stream 40 from at or near the bottom of the
column, and an overhead gaseous stream, which is the
hydrocarbon stream 50.

The hydrocarbon stream 50 is cooled in the second
heat exchanger 145 as a second stream, together with the
cooled second refrigerant stream 230 as a further second
stream, and the second portion 130b of the first cooled
first refrigerant stream 130 in a similar manner to the
embodiment of Figure 1.

The cooled hydrocarbon stream 60, which is a cooled
second stream provided by the second heat exchanger 145,
can be passed to a first separator 65. First separator 65
provides a fraction of the cooled hydrocarbon stream 60
in the form of methane rich stream 70 overhead and a
methane-depleted bottoms stream 80. The methane-depleted

bottoms stream 80 can be passed to the NGL recovery
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column 45 as a reflux stream. The methane-depleted
bottoms stream 80 can be sent first to a reflux knock-out
vessel (not shown) to remove the gaseous fraction. The
ligquid portion of the methane-depleted bottoms stream can
then be pressurised by reflux stream pump 75, to provide
(pressurised) methane-depleted bottoms stream 80a which
can be fed to NGL recovery column 45 at or slightly above
the column operating pressure.

The methane depleted bottoms stream 80 can be
returned to the upper part of fractionating column 45. By
cooling the cooled hydrocarbon stream 50 in the second
heat exchanger 145 prior to separation in the first
separator 65, the reflux stream can be provided at a
lower temperature compared to a line-up where this pre-
cooling is not carried out. The temperature of this
reflux determines the upper limit of the temperature of
the cooled hydrocarbon stream 60 supplied to the NGL
recovery column 45. This allows the provision of a more
efficient process, because the methane rich stream 70
withdrawn from the top of NGL recovery column 45 can be
cooled, and preferably partly condensed, at a much lower
temperature. As a result the temperature at the cold end
of the second heat exchanger 145 can be much lower. Thus
the temperature to which the first mixed refrigerant is
cooled is much lower and this results in a lower
circulation rate of the refrigerant.

The methane rich stream 70 can then be passed to one
or more main heat exchangers 85, in which it can be
cooled and at least partially, preferably fully,
liquefied in a main heat exchanger methane rich stream
tube 71, against the second refrigerant in the shell side
of the main heat exchanger 85. The operation of the

second refrigerant, which can be a second mixed
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refrigerant in a second refrigerant circuit, is known to
those skilled in the art. An example of the operation of
the second refrigerant can be found in US Patent No.
6,370,910.

The main heat exchanger 85 may be a main cryogenic
heat exchanger. The main heat exchanger 85 provides an at
least partially, preferably fully, liguefied stream in
the form of partially, preferably fully, liquefied
hydrocarbon stream 90.

The pressure of the at least partially, preferably
fully, liquefied hydrocarbon stream 90 can be reduced in
an end flash expansion device 87, such as a Joule-Thomson
valve and/or an expander, to provide an expanded
hydrocarbon stream 91.

The expanded hydrocarbon stream 91 can be passed to
an end flash separation vessel 95, to provide an end
flash stream 97 and a ligquefied hydrocarbon product
stream 99.

In a preferred embodiment, when the hydrocarbon feed
stream 20 is a natural gas stream, the liquefied
hydrocarbon product stream 99 will be an LNG stream.

The methods and apparatuses of cooling described
herein are controlled using an advanced process
controller. The model used in the controller is based
upon predictive control to determine simultaneously
control actions for a set of manipulated variables in
order to optimise at least one of a set of parameters to
be optimized whilst controlling at least one or a set of
controlled variables.

The set of manipulated variables comprises:

— the composition of the inventory of the first mixed
refrigerant in the first refrigerant circuit 100,

- the setting of the first expansion device 135, and
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- the setting of the second expansion device 165.

Of the first and second expansion devices 135, 165,
the advanced process controller may advantageously give
more weight to the device which has the lowest pressure
change across it, such that it provides the lowest
temperature reduction of the first mixed refrigerant.

The setting of the first and second expansion devices
135, 165 can be changed by an actuator operated by a
control signal from the advanced process controller. Such
a controller may also instruct actuators on one or more
of the first drain stream and one or more first
refrigerant component make-up streams, via a control
signal, to adjust the composition of the first mixed
refrigerant inventory in the first refrigerant circuit
100.

As discussed above, any manipulation of the
composition of the first mixed refrigerant inventory can
be carried out via first refrigerant accumulator 117.
However, it is important to note that, although the
composition of the first mixed refrigerant inventory in
the first refrigerant circuit 100 can be varied, the
composition of the first mixed refrigerant in the
compressed first refrigerant stream 120 and one or
preferably both of the first warmed first refrigerant
stream 150 and the second warmed first refrigerant stream
180 are identical. Preferably, the composition of the
first refrigerant stream passing through the first
expansion device 135 is identical to the composition of
the first refrigerant stream passing through the second
expansion device 165.

The set of controlled variables comprises one or more

of the group:
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- the temperature of at least one of the one or more
cooled second streams (e.g. in the form of cooled
hydrocarbon stream 60 and/or further cooled second main
refrigerant stream 240), preferably the temperature of
the cooled hydrocarbon stream 60,

- the temperature difference between the first warmed
first refrigerant stream 150 and at least one of (i) the
compressed first refrigerant stream 120 and (ii) the
first stream (e.g. in the form of the hydrocarbon feed
stream 20 and/or second refrigerant stream 220),

- the temperature difference between the second warmed
first refrigerant stream 180 and at least one of (i) the
second portion 130b of the first cooled first refrigerant
stream 130 and (ii) one of the one or more second streams
(e.g. in the form of any of 30,50,230) in the form of the
cooled first stream (cooled hydrocarbon feed stream 30
and/or cooled second refrigerant stream 230) and/or a
stream derived from the cooled first stream 30 which will
be referred to as *“dependent stream”,

- at least one of (i) the temperature difference between
the first cooled first refrigerant stream 130 and the
first expanded first refrigerant stream 140 and (ii) the
temperature difference between the further cooled first
refrigerant stream 160 and the second expanded first
refrigerant stream 170, and

- the power consumed by the one or more first compressors
105.

The second and third controlled variables listed
above seek to define the change in temperature between
the warmed first refrigerant exiting the first or second
heat exchanger and at least one of the streams entering

the warm end of that exchanger.
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With regard to the second controlled wvariable listed
above, the difference in temperature between the first
warmed first refrigerant stream 150 and the temperature
of at least one of the streams at the warm end of the
first heat exchanger 125 is determined. Said stream at
the warm end of the first heat exchanger 125 can be
selected from the group consisting of the first stream
and the compressed first refrigerant stream 120. The
first stream may be preferably selected from the group
consisting of the hydrocarbon feed stream 20 (as
discussed in relation to Figure 2) and the second
refrigerant stream 220 in a second refrigerant circuit
(not shown). It is preferred that the combination of
streams giving rise to the lowest temperature difference
is given relatively more weight as controlled variable.

With regard to the third controlled variable listed
above, the difference in temperature between the second
warmed first refrigerant stream 180 and the temperature
of at least one of the streams at the warm end of the
second heat exchanger 145 is determined. Said stream at
the warm end of the second heat exchanger 145 can be
selected from the group consisting of the second portion
130b of the first cooled first refrigerant stream 130 and
one of the one or more second streams (for which can be
used one or more of streams 30,50,230) in the form of the
cooled first stream 30,230 and/or the dependent stream
derived from the cooled first stream. It is preferred
that the temperature difference of the combination of
streams giving rise to the lowest temperature difference
is given relatively more weight as controlled variable.

The temperatures and temperature differences required
to determine the first four controlled variables listed

above can be measured by temperature sensors monitoring
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the temperatures in the relevant streams. The temperature
sensors can transmit temperature sensor signals to the
advanced process controller, which operates the control
method described herein. In response to the temperature
signals, control signals can be sent to, for instance,
actuators for the expansion devices and/or first
refrigerant drain and component make-up streams, in order
to change one or more of the manipulated variables.
Similarly, the power requirements of the first
compressor (s) can be measured by sensors in the
compressor (s) or corresponding first compressor
driver(s), and transmitted to the advanced process
controller.

The set of parameters to be optimised comprises the
production rate of the cooled hydrocarbon stream and/or
the cooling efficiency of the first refrigerant circuit.

The production rate of the cooled hydrocarbon stream
may be determined by measuring the mass flow, or a
related property, for instance using a flow sensor. The
cooling efficiency of the first refrigerant circuit can
be calculated by known technigues based upon the power
requirements of the first compressors in relation to the
mass of cooled hydrocarbon stream 60 produced over time.

An important feature of model predictive control is
that future behaviour is predicted using a model and
available measurements of the controlled variables. As is
further explained in Perry’s Chemical Engineers’
Handbook, 77" Edition, pages 8-25 to 8-27, which is
herein incorporated by reference, the controller outputs
are calculated so as to optimize a performance index,
which can be a linear or quadratic function of the
predicted errors and the calculated future control moves.

At each sampling instant, the control calculations are
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repeated and the predictions updated based upon current
measurements. A suitable model is one which comprises a
set of empirical step-response models expressing the
effects of a step-response of a manipulated wvariable on
the controlled variables.

An optimum value of the parameter to be optimised can
be obtained from a separate optimization step, or the
variable to be optimized can be included in the
performance function.

Before model predictive control can be applied, the
effect of step changes of the manipulated variables on
the variable to be optimised and on the controlled
variables is first determined. This operation provides a
set of step-response coefficients. The set of step
response coefficients forms the basis of the model
predictive control of the cooling process.

During normal operation, the predicted values of the
controlled variables are regularly calculated for a
number of future control moves. A performance index can
then be calculated for these future control moves. The
performance index can include two terms, a first term
representing the sum over the future control moves of the
predicted error for each control move and a second term
representing the sum over the future control moves of the
change in the manipulated variables for each control
move.

For each controlled variable, the predicted error is
the difference between the predicted value of the
controlled variable and a reference value of the
controlled variable. The predicted errors are multiplied
with a weighting factor, and the changes in the
manipulated variables for a control move are multiplied

with a move suppression factor. In such a case the
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performance index would be linear. Alternatively, the
terms may be a sum of squared terms, in which case the
performance index is quadratic.

Constraints can be set on the manipulated variables,
the change in manipulated variables and on controlled
variables. This results in a separate set of equations
that are solved simultaneously with the minimization of
the performance index.

When optimization is performed separately, the
parameters to be optimized are included as controlled
variables in the predicted error for each control move
and the optimization gives a reference value for the
controlled variables.

Alternatively, optimization is done within the
calculation of the performance index, and this gives a
third term in the performance index with an appropriate
weighting factor. In this case, the reference values of
the controlled variables are pre-determined steady state
values which remain constant.

The performance index is minimized taking into
account the constraints to give the wvalues of the
manipulated variables for the future control moves.
However, only the next control move is executed. Then the
calculation of the performance index for future moves
starts again.

The models with the step response coefficients and
the equations for model predictive control can be part of
a computer program which is executed in order to control
the cooling process. A computer loaded with such a
program which can handle model predictive control is
called an advanced process controller. Basic program
packages, absent of the particular model predictive

control disclosed herein, are commercially available and
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will be known to the skilled person. The methods and
apparatuses described herein benefit from the
advantageous selection of the sets of the manipulated and
controlled variables.

For example, in one embodiment when the first mixed
refrigerant comprises at least methane, ethane and
propane, the manipulated variable comprising the
composition of the inventory of the first mixed
refrigerant in the first refrigerant circuit 100 can
comprise manipulating one or more of the methane, ethane
and propane content in the first refrigerant inventory.

The methods and apparatuses described herein may be
used for liquefying any hycrocarbon stream, but are
expected to be particularly useful in the ligquefaction of
natural gas, to provide liquefied natural gas (LNG).

The hydrocarbon stream may thus be any suitable gas
stream to be cooled and optionally liquefied, but is
suitably a natural gas stream obtained from natural gas
or petroleum reservoirs. As an alternative the natural
gas stream may also be obtained from another source, also
including a synthetic source such as a Fischer-Tropsch
process.

Usually a natural gas stream is a hydrocarbon
composition comprised substantially of methane.
Preferably the hydrocarbon feed stream comprises at least
50 mol% methane, more preferably at least 80 mol%
methane.

Hydrocarbon compositions such as natural gas may also
contain non-hydrocarbons such as H»0, Ny, CO», Hg, H»S
and other sulphur compounds, and the like. If desired,
the natural gas may be pre-treated before cooling and any
liquefying. This pre-treatment may comprise reduction

and/or removal of undesired components such as CO, and
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HoS or other steps such as early cooling, pre-
pressurizing or the like. As these steps are well known
to the person skilled in the art, their mechanisms are
not further discussed here.

Thus, the term “hydrocarbon stream” may also include
a composition prior to any treatment, such treatment
including cleaning, dehydration and/or scrubbing, as well
as any composition having been partly, substantially or
wholly treated for the reduction and/or removal of one or
more compounds or substances, including but not limited
to sulphur, sulphur compounds, carbon dioxide, water, Hg,
and one or more Cp+ hydrocarbons.

Depending on the source, natural gas may contain
varying amounts of hydrocarbons heavier than methane such
as 1in particular ethane, propane and the butanes, and
possibly lesser amounts of pentanes and aromatic
hydrocarbons. The composition varies depending upon the
type and location of the gas.

Conventionally, the hydrocarbons heavier than butane
are removed as far as efficiently possible from the
hydrocarbon stream prior to any significant cooling for
several reasons, such as having different freezing or
liquefaction temperatures that may cause them to block
parts of a methane liquefaction plant. Cop+ hydrocarbons
can be separated from, or their content reduced in a
hydrocarbon feed stream by a demethaniser, which will
provide an overhead hydrocarbon stream which is methane-
rich and a bottoms methane-lean stream comprising most of
the Co+ hydrocarbons. The bottoms methane-lean stream can
then be passed to further separators to provide Liquefied
Petroleum Gas (LPG) and condensate streams.

After separation, the hydrocarbon stream so produced

can be cooled. This is shown e.g. by line 50 in Figure 2
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above. The cooling could be provided by a number of
methods known in the art, including so-called double
mixed refrigerant (DMR) processes, such as but not
limited to the processes explained above and in e.g. US
Pat. 5,826,444; US Pat. 6,041,619; US Pat. 6,105,389; US
Pat. 7,096,688; US pat. 6,370,910; WO 2008/009721; WO
2008/019999; WO 2008/043806; WO 2009/007435 and including
so-called single mixed refrigerant (SMR) processes such
as but not limited to the processes explained in e.g. US
Pat. 6,041,619; US Pat. 6658891; US Pat. 5832745. The
hydrocarbon stream is passed against one or more
refrigerant streams in one or more refrigerant circuits.
Such a refrigerant circuit can comprise one or more
compressors to compress an at least partly evaporated
refrigerant stream to provide a compressed refrigerant
stream. The compressed refrigerant stream can then be
cooled in a cooler, such as an air or water cooler, to
provide the refrigerant stream. The compressors can be
driven by one or more turbines.

The cooling of the hydrocarbon stream can be carried
out in one or more stages. Initial cooling, also called
pre-cooling or auxiliary cooling, can be carried out
using a pre-cooling mixed refrigerant of a pre-cooling
refrigerant circuit, in two or more pre-—-cooling heat
exchangers, to provide a cooled hydrocarbon stream. The
cooled hydrocarbon stream us preferably partially
liquefied, such as at a temperature below 0°C.

Preferably, such pre-cooling heat exchangers could
comprise a pre-cooling stage, with any subsequent cooling
being carried out in one or more main heat exchangers to
liquefy a fraction of the hydrocarbon stream in one or

more main and/or sub-cooling cooling stages.



10

15

20

25

30

WO 2011/000900 - 32 - PCT/EP2010/059341

The first and second heat exchangers discussed in the
embodiments above may be such pre-cooling heat exchangers
in a pre-cooling stage, and the first mixed refrigerant
may be a pre-cooling mixed refrigerant.

In this way, the method disclosed herein may involve
two or more cooling stages, each stage having one or more
steps, parts etc. For example, each cooling stage may
comprise one to five heat exchangers. The or a fraction
of a hydrocarbon stream and/or the mixed refrigerant may
not pass through all, and/or all the same, the heat
exchangers of a cooling stage.

In one embodiment, the hydrocarbon cooling process
may comprise a single cooling stage. In a further
embodiment, the hydrocarbon may be cooled and liquefied
in a method comprising two or three cooling stages. A
pre-cooling stage is preferably intended to reduce the
temperature of a hydrocarbon feed stream to below 0°C,
usually in the range -20°C to -70°C.

A main cooling stage 1s preferably separate from the
pre—-cooling stage. That 1is, the main cooling stage
comprises one or more separate main heat exchangers. The
main cooling stage may be refrigerated using the second
refrigerant stream discussed hereinabove.

A main cooling stage i1s preferably intended to reduce
the temperature of a hydrocarbon stream, usually at least
a fraction of a hydrocarbon stream cooled by a pre-
cooling stage, to below -100°C.

Heat exchangers for use as the two or more pre-
cooling or any main heat exchangers are well known in the
art. The pre-cooling heat exchangers are preferably shell
and tube heat exchangers.

At least one of any of the main heat exchangers is

preferably a spool-wound cryogenic heat exchanger known
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in the art. Optionally, a heat exchanger could comprise
one or more cooling sections within its shell, and each
cooling section could be considered as a cooling stage or
as a separate ‘heat exchanger’ to the other cooling
locations.

In another embodiment described herein, one or both
of the mixed pre-cooling refrigerant stream and any mixed
main refrigerant stream can be passed through one or more
heat exchangers, preferably two or more of the pre-
cooling and main heat exchangers described hereinabove,
to provide cooled mixed refrigerant streams.

The mixed refrigerant in a mixed refrigerant
circuit, such as the first (e.g. pre-cooling) refrigerant
circuit or any main refrigerant circuit, may be formed
from a mixture of two or more components selected from
the group comprising: nitrogen, methane, ethane,
ethylene, propane, propylene, butanes, pentanes, etc. The
present invention may involve the use of one or more
other refrigerants, in separate or overlapping
refrigerant circuits or other cooling circuits.

A mixed refrigerant or a mixed refrigerant stream as
referred to herein comprises at least 5 mol$% of two
different components. More preferably, the mixed
refrigerant comprises two or more of the group
comprising: methane, ethane, ethylene, propane,
propylene, butanes and pentanes. A common composition for

a mixed refrigerant can be:

Methane (C1l) 0-20 mol%
Ethane (C2) 5-80 mol%
Propane (C3) 5-80 mol%

Butanes (C4) 0-15 mol%
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The total composition comprises 100 mol%.

In another embodiment, the cooled hydrocarbon stream,
such as a cooled natural gas stream can be further cooled
to provide a ligquefied hydrocarbon stream, such as an LNG
stream.

Preferably, the cooled hydrocarbon stream provided by
the method and apparatus described herein can be used to
provide a liquefied hydrocarbon stream which can be
stored in one or more storage tanks.

After ligquefaction, the liquefied hydrocarbon stream
may be further processed, if desired. As an example, the
obtained liquefied hydrocarbon may be depressurized by
means of a Joule-Thomson valve or by means of a cryogenic
turbo-expander.

In another embodiment disclosed herein, the liquefied
hydrocarbon stream is passed through an end gas/liquid
separator such as an end-flash vessel to provide an end-
flash gas stream overhead and a liquid bottom stream, the
latter optionally for storage in a storage tank as the
liquefied product, such as LNG. The end-flash gas can be
compressed in an end-flash gas compressor to provide a
compressed end-flash gas stream and cooled to provide a
cooled end-flash gas stream, which can be passed to one
or more fuel gas headers, or for export as fuel gas.

The person skilled in the art will understand that
the present invention can be carried out in many various
ways without departing from the scope of the appended

claims.
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CLATIMS

1. Method of producing a cooled hydrocarbon stream
comprising cooling of a hydrocarbon stream, the method
comprising at least the steps of:

(a) cooling a first stream and a compressed first
refrigerant stream in a first refrigerant circuit
comprising a first compressor and a first mixed
refrigerant, against a first expanded first refrigerant
stream in a first heat exchanger at a first pressure
level, to provide a cooled first stream, a first cooled
first refrigerant stream and a first warmed first
refrigerant stream;

(b) expanding a first portion of the first cooled first
refrigerant stream in a first expansion device to provide
the first expanded first refrigerant stream;

(c) cooling one or more second streams, and a second
portion of the first cooled first refrigerant stream
against a second expanded first refrigerant stream in a
second heat exchanger to provide one or more cooled
second streams, a further cooled first refrigerant
stream, and a second warmed first refrigerant stream,
wherein the one or more second streams comprise at least
the cooled first stream or a dependent stream derived
therefrom, whereby the hydrocarbon stream is comprised in
the one or more second streams in order to provide at
least the cooled hydrocarbon stream;

(d) expanding at least a first portion of the further
cooled first refrigerant stream in a second expansion
device to provide the second expanded first refrigerant
stream, said second expanded first refrigerant stream
being at a lower pressure than said first expanded first

refrigerant stream, and
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(e) compressing gaseous fractions of the first warmed
first refrigerant stream and the second warmed first
refrigerant stream in the first compressor and
subsequently cooling the compressed stream from the first
compressor, to provide the compressed first refrigerant
Stream;

the method further comprising controlling the steps (a)
to (e) using an advanced process controller based on
model predictive control to determine simultaneous
control actions for a set of manipulated variables in
order to optimise at least one of a set of parameters to
be optimized, whilst controlling at least one of a set of
controlled variables, wherein the set of manipulated
variables comprises:

- the composition of the first mixed refrigerant
inventory in the first refrigerant circuit,

- the setting of the first expansion device, and

- the setting of the second expansion device,

wherein the set of controlled variables comprises:

- the temperature of at least one of the one or more
cooled second streams,

- the temperature difference between the first warmed
first refrigerant stream and at least one of (i) the
compressed first refrigerant stream and (ii) the first
Stream,

- the temperature difference between the second warmed
first refrigerant stream and at least one of (i) the
second portion of the first cooled first refrigerant
stream and (i1ii) one of the one or more second streams in
the form of the cooled first stream and/or the dependent
stream derived from the cooled first stream,

- at least one of (i) the temperature difference between

the first cooled first refrigerant stream and the first
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expanded first refrigerant stream and (ii) the
temperature difference between the further cooled first
refrigerant stream and the second expanded first
refrigerant stream, and

- the power being consumed by the first compressor;

and wherein the set of parameters to be optimised
comprises the production rate of the cooled hydrocarbon
stream and/or the cooling efficiency of the first
refrigerant circuit, said cooling efficiency reflecting
the power consumed in the first compressor in relation to
the mass of cooled hydrocarbon stream produced over time.
2. The method according to claim 1, wherein the first
mixed refrigerant comprises at least methane, ethane and
propane and wherein manipulating the composition of the
first mixed refrigerant comprises manipulating one or
more of the methane, ethane and propane inventory of the
first mixed refrigerant in the first refrigerant circuit.
3. The method according to any of the preceding claims,
wherein the first stream comprises a hydrocarbon feed
stream, whereby the cooled first stream comprises a
cooled hydrocarbon feed stream, and wherein the one or
more second streams comprises the cooled hydrocarbon feed
stream or the dependent stream derived from the cooled
first stream.

4. The method according to claim 3, further comprising,
prior to step (c¢), deriving the hydrocarbon from the
cooled first stream by fractionating the cooled
hydrocarbon feed stream in a natural gas liquids recovery
column to provide the hydrocarbon stream and a liquid
bottoms stream.

5. The method according to any of the preceding claims,
wherein the first stream comprises a second refrigerant

stream of a second mixed refrigerant in a second
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refrigerant circuit, whereby the cooled first stream
comprises a cooled second refrigerant stream, and wherein
the one or more second streams comprises the cooled
second refrigerant stream as well as the hydrocarbon
stream, and the one or more cooled second streams
comprises a further cooled second refrigerant stream and
the cooled hydrocarbon stream.

6. The method according to any of the preceding claims,
wherein cooling the first stream comprises cooling two or
more first streams in the same first heat exchanger or
each in a separate high pressure first heat exchanger.
7. The method according to any of the preceding claims,
wherein cooling the one or more second streams comprises
cooling two or more second streams in the same second
heat exchanger or each in a separate second heat
exchanger.

8. The method according to any of the preceding claims,
further comprising the step of:

(h) at least partially, preferably fully, liquefying at
least a fraction of the cooled hydrocarbon stream in a
main heat exchanger.

9. The method according to claim 8, further comprising
the step of:

(f) separating the cooled hydrocarbon stream in a first
separator to provide the fraction in the form of a
methane-rich stream overhead and a methane-depleted
bottoms stream; and optionally

(g) pressurising the methane-depleted bottoms stream to
provide a (pressurised) methane-depleted bottoms stream
and passing said (pressurised) methane-depleted bottoms
stream to the natural gas liguids recovery column as

reflux.
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10. The method according to claim 8 or 9, wherein the at
least partially, preferably fully, liguefying the
fraction of the cooled hydrocarbon stream comprises heat
exchanging the methane-rich stream against the second
refrigerant to provide an at least partially, preferably
fully, liquefied hydrocarbon stream.
11. The method according to claim 8 or 9, wherein the at
least partially, preferably fully, liguefying the
fraction of the cooled hydrocarbon stream comprises heat
exchanging the fraction against a second portion of the
further cooled first refrigerant stream, to provide an at
least partially, preferably fully, liguefied hydrocarbon
stream.
12. The method according to any one of claims 8 to 11,
further comprising the step of:
(1) reducing the pressure of the at least partially,
preferably fully, liquefied stream to provide a liquefied
hydrocarbon product stream and an end flash gas stream.
13. The method according to any one of the preceding
claims, wherein the hydrocarbon stream is a natural gas
stream.
14. The method according to any of the preceding claims
wherein the composition of the first portion being
expanded in step (b) is the substantially the same as the
composition of the at least the portion of the further
cooled first refrigerant stream being expanded in step
(d) .
15. Apparatus for producing a cooled hydrocarbon stream
from a hydrocarbon stream, comprising:

- a first refrigerant circuit comprising an inventory
of a first mixed refrigerant; a first expansion device; a
second expansion device; a first compressor and one or

more first coolers to cool a compressed stream from the
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first compressor thereby to provide a compressed first
refrigerant stream;

- a first heat exchanger arranged to cool a first
stream and the compressed first refrigerant stream,
against a first expanded first refrigerant stream at a
first pressure level, to provide a cooled first stream, a
first cooled first refrigerant stream and a first warmed
first refrigerant stream, the first expansion device
being arranged to receive a first portion of the first
cooled first refrigerant stream and to provide the first
expanded first refrigerant stream;

- a second heat exchanger arranged to cool one or
more second streams and a second portion of the first
cooled first refrigerant stream, against a second
expanded first refrigerant stream to provide one or more
cooled second streams, a further cooled first refrigerant
stream and a second warmed first refrigerant stream, the
second expansion device being arranged to receive at
least a first portion of the further cooled first
refrigerant stream to provide the second expanded first
refrigerant stream, said second expanded first
refrigerant stream being at a lower pressure than said
first expanded first refrigerant stream, said one or more
second streams comprising at least the cooled first
stream or a dependent stream derived therefrom, whereby
the hydrocarbon stream is comprised in the one or more
second streams in order to provide at least the cooled
hydrocarbon stream;

- the first compressor being arranged to compress
gaseous fractions of the first warmed first refrigerant
stream and the second warmed first refrigerant stream;

- an advanced process controller comprising computer-

executable coded based on model predictive control to
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determine simultaneous control actions for a set of
manipulated variables in order to optimise at least one
of a set of parameters to be optimized, whilst
controlling at least one of a set of controlled
variables, wherein the set of manipulated variables
comprises:

- the composition of the first mixed refrigerant
inventory in the first refrigerant circuit,

- the setting of the first expansion device, and

- the setting of the second expansion device,

wherein the set of controlled variables comprises:

- the temperature of at least one of the one or more
cooled second streams,

- the temperature difference between the first warmed
first refrigerant stream and at least one of (i) the
compressed first refrigerant stream and (ii) the first
Stream,

- the temperature difference between the second warmed
first refrigerant stream and at least one of (i) the
second portion of the first cooled first refrigerant
stream and (i1ii) one of the one or more second streams in
the form of the cooled first stream and/or the dependent
stream derived from the cooled first stream,

- at least one of (i) the temperature difference between
the first cooled first refrigerant stream and the first
expanded first refrigerant stream and (ii) the
temperature difference between the further cooled first
refrigerant stream and the second expanded first
refrigerant stream, and

- the power being consumed by the first compressor;

and wherein the set of parameters to be optimised
comprises the production rate of the cooled hydrocarbon

stream and/or the cooling efficiency of the first
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refrigerant circuit said cooling efficiency reflecting
the power consumed in the first compressor in relation to

the mass of cooled hydrocarbon stream produced over time.
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