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Reirigeration duty in a carbon dioxide purification unit
(CPU) operating at elevated pressure and sub-ambient tem-
perature can be provided 1n at least a first part by indirect heat
exchange against at least latent heat of at least one liquud first
(21) Appl. No.: 13/289,363 refrigerant, preferably carbon dioxide liquid(s) produced in
the CPU, thereby typically evaporating the liquid(s), and a
second part by indirect heat exchange with sensible heat
energy alone of a second refrigerant. The second refrigerant
may be nitrogen gas imported from an integrated cryogenic
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Publication Classification air separation unit (ASU) or carbon dioxide liqud exported
from the CPU, cooled and returned to the CPU. One advan-
(51) Int.Cl. tage 1s that total power consumption of the CPU and an
F25J 3/08 (2006.01) integrated ASU 1s reduced.
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Figure 1 (Prior Art)
@ @ @@ o G2 OO

@ oy
(7%,
(8 ’ (2
w (154
NIRRT

o &
i o 5™ s, 2
(1054 (108 (1088 T108) (T8 17021772




Patent Application Publication May 9, 2013 Sheet 2 of 10 US 2013/0111948 Al




Patent Application Publication May 9, 2013 Sheet 3 of 10 US 2013/0111948 Al

Figure 2a
(0,




Patent Application Publication May 9, 2013 Sheet 4 of 10 US 2013/0111948 Al

Figure 2b
®
@ % )

(122




Patent Application Publication May 9, 2013 Sheet 5 of 10 US 2013/0111948 Al




Patent Application Publication May 9, 2013 Sheet 6 of 10 US 2013/0111948 Al

Figure 3a
@ @ @ 160 @




Patent Application Publication May 9, 2013 Sheet 7 of 10 US 2013/0111948 Al

400



Patent Application Publication May 9, 2013 Sheet 8 of 10 US 2013/0111948 Al

Figure 4a

11_06 1104 @ 1112
~el,)

panay




Patent Application Publication May 9, 2013 Sheet 9 of 10 US 2013/0111948 Al




US 2013/0111948 Al

May 9, 2013 Sheet 10 of 10

Patent Application Publication

122

Figure 5a

(08




US 2013/0111948 Al

PURIFICATION OF CARBON DIOXIDE

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a method of purity-
ing crude carbon dioxide gas using a low temperature carbon
dioxide purification process. Specifically, the present mnven-
tion resides 1n the manner in which the refrigeration duty for
such a method may be provided 1n order to reduce overall
energy consumption. The present invention has particular
application in processes that capture carbon dioxide from flue
gas produced 1n an oxyluel combustion process to raise steam
for electric power generation, in which oxygen for the com-
bustion 1s produced 1n a cryogenic air separation unit (ASU).

[0002] It has been asserted that one of the main causes of
global warming 1s the rise in greenhouse gas contamination 1n
the atmosphere due to anthropological effects. The main
greenhouse gas which 1s being emitted, carbon dioxide
(CO2), has risen 1n concentration 1n the atmosphere from 270
ppm belore the industrial revolution to the current figure of
about 378 ppm. Further rises in CO2 concentration are 1nevi-
table until CO2 emissions are curbed. The main sources of
CO2 emission are fossil fuel fired electric power stations and
from petroleum fuelled vehicles.

[0003] The use of fossil fuels 1s necessary in order to con-
tinue to produce the quantities of electric power that nations
require to sustain their economies and lifestyles. There 1s,
therefore, aneed to devise efficient means by which CO2 may
be captured from power stations burming fossil fuel so that it
can be stored rather than being vented 1nto the atmosphere.
Storage may be deep undersea; in a geological formation such
as a saline aquifer; or a depleted o1l or natural gas formation.
Alternatively, the CO2 could be used for enhanced o1l recov-
ery (EOR).

[0004] Oxyiuel combustion seeks to mitigate the harmiul
elfects of CO2 emissions by producing a net combustion
product gas consisting of CO2 and water vapour, by combus-
ting fuels such as carbonaceous fuels, hydrocarbonaceous
tuels and biomass, 1n an oxygen-rich (e.g. more than 20 wt %)
atmosphere. An oxyluel process for CO2 capture from a
pulverised coal-fired power boiler 1s described 1n a paper
entitled “Oxy-combustion processes for CO2 capture from
advanced supercritical PF and NGCC power plants” (Dillon
et al; presented at GHG'T-7, Vancouver, September 2004 ), the
disclosure of which 1s incorporated herein by reference.

[0005] Oxygen for the combustion 1s typically supplied
from an ASU. However, using pure oxygen for the combus-
tion would result 1s a very high combustion temperature
which would not be practical in a furnace or boiler. Therefore,
in order to moderate the combustion temperature, part of the
total flue gas generated 1n the combustion 1s recycled, usually
alter cooling, back to the burner. The net flue gas 1s then
processed to produce carbon dioxide for storage or use.

[0006] Oxyiuel combustion produces raw flue gas contain-
ing primarily CO2, together with contaminants such as water
vapour; “non-condensable” gases, 1.e. gases from chemical
processes which are not easily condensed by cooling, such as
excess combustion oxygen (O2), and/or O2, N2 and argon
(Ar) denived from any air leakage into the system; and acid
gases such as SO3, SO2, hydrogen chloride (HCI1), NO and
NO2 produced as oxidation products from components 1n the
tuel or by combination of N2 and O2 at high temperature. The
precise concentrations of the gaseous impurities present in
the flue gas depend on factors such as on the fuel composition;
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the level of N2 1n the combustor; the combustion temperature;
and the design of the burner and furnace.

[0007] Water and the acid gases are removed from the flue
gas which 1s compressed to elevated pressure. The gas 1s then
purified to produce pure carbon dioxide 1n a sub-ambient or
low temperature carbon dioxide purification unit (CPU). The
carbon dioxide may be purified by distillation or by partial
condensation and phase separation.

[0008] In general, the final, purified, CO2 product should
ideally be produced as a high pressure tluid stream for deliv-
ery 1nto a pipeline for transportation to storage or to site of
use, e.g. in EFOR. The CO2 must be dry to avoid corrosion of,
for example, a carbon steel pipeline. The CO2 impunity levels
must not jeopardise the integrity of the geological storage
site, particularly 11 the CO2 1s to be used for EOR, and the
transportation and storage must not infringe international and
national treaties and regulations governing the transport and
disposal of gas streams.

[0009] FIG. 1 depicts separate prior art CPU and ASU
processes that may be integrated with an oxyfuel combustion
unit. In the CPU, a stream 100 of CO2 rich flue gas from an
oxyluel combustion unit (not shown) 1s compressed 1n a com-
pressor 102 to about 30 bar (3 MPa) to produce a stream 104
of compressed flue gas. Stream 104 1s dried 1n drier unit 106
and fed as stream 108 to the main heat exchanger 162 where
it 1s cooled to about -32° C. by indirect heat exchange to
produce partially condensed stream 110. A stream 110 1s fed
to a first phase separator 112 for separation into a vapour
stream 114 and a stream 116 of carbon dioxide liquid.

[0010] The vapour stream 114 from this first separator 1s
ted to the main heat exchanger 162 where 1t 1s further cooled
to about —54° C. and partially condensed. The partially con-
densed stream 124 i1s fed to a second phase separator 126
where 1t 1s a separated into a vapour stream 128 and a stream
132 of carbon dioxide liquid. Stream 128 containing the
non-condensible gases 1s warmed 1n the main heat exchanger
to produce stream 130 and may be vented at pressure, heated
and expanded for power recovery, or expanded within the
process to provide refrigeration.

[0011] Stream 116 of carbon dioxide liquid from the first
separator 112 1s split into two streams. The first stream 154 1s
pumped to the final CO2 pressure of 110 bar (11 MPa) in
pump 156 and fed as stream 158 to the main heat exchanger
162 where 1t 1s vaporized and warmed by indirect heat
exchange to produce stream 160 of carbon dioxide gas. The
second stream 117 1s reduced 1n pressure i valve 118 to
produce a stream 120 of reduced pressure carbon dioxide
liquid at about 18 bar (1.8 MPa) which 1s then fed to the main
heat exchanger 162 where it 1s vaporized and warmed to
produce a stream 122 of carbon dioxide gas.

[0012] Stream 132 of carbon dioxide liquid 1s warmed to
produced a stream 134 of warmed carbon dioxide liquid
which 1s then reduced in pressure in valve 136 to produce a
stream 138 of reduced pressure carbon dioxide liquid at about
8 bar (0.8 MPa). Stream 138 1s fed to the main heat exchanger
162 where it1s vaporized and warmed to produce a stream 140
of warmed carbon dioxide gas.

[0013] Stream 140 1s compressed 1n a first CO2 product
compressor 142 to produce a stream 144 of compressed car-
bon dioxide gas at about 18 bar (1.8 MPa). Streams 144 and
122 of carbon dioxide gas are combined, and the combined
stream 146 1s compressed 1n a second CO2 product compres-
sor 148 to produce a stream 150 of compressed carbon diox-
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ide gas at about 110 bar (11 MPa). Streams 150 and 160 are
combined to form product stream 1352.

[0014] The reirigeration duty in the CPU 1s provided pri-
marily by indirect heat exchange with carbon dioxide liquids
produced from the flue gas, with about 6% of the cooling duty
being provided by indirect heat exchange with stream 128
comprising non-condensible gases.

[0015] The ASU exemplified 1in FIG. 1 has three columns,
viZ. a higher pressure column 1050, an intermediate pressure
column 1022, and a lower pressure column 1110. A stream
1000 of ambient air 1s compressed 1n a first part 1002 of a
main air compressor to produce a stream 1004 of compressed
air which 1s then cooled and cleaned of impurities in front-end
purification unit 1006 to produce a stream 1008 which 1s split
into two parts, streams 1010 and 1040. The first part 1010
flows directly to the main heat exchanger 1012, and the sec-
ond part 1040 1s further compressed 1n a second part 1042 of
the main air compressor and 1s then fed as stream 1044 to the
main exchanger.

[0016] Intermediate pressure stream 1010 1s cooled to an
intermediate temperature and split into two parts. The first
part 1014 1s expanded in expander 1016 to form expanded
stream 1018 and fed to the lower pressure column 1110. The
second part 1s further cooled 1n the main exchanger 1012 and
ted as stream 1020 to the intermediate pressure column 1022.
[0017] The higher pressure stream 1044 1s cooled 1n the
main exchanger 1012 to close to 1ts dew point to form stream
1046 which 1s then split into two further streams, 1048 and
1060. Stream 1048 feeds the higher pressure column 1050.
Stream 1060 1s condensed 1n an oxygen product reboiler 1062
to form stream 1064 which 1s split to form streams 1068 and
1072. Stream 1068 1s reduced 1n pressure in valve 1070 and
fed to the higher pressure column 1050. Stream 1072 1is
reduced 1n pressure 1n valve 1074 to form stream 1076 which
1s Ted to the intermediate pressure column 1022.

[0018] In both the higher pressure column 1050 and the
intermediate pressure column 1022, a vapour air feed 1s sepa-
rated nto a nitrogen-enriched overhead vapour and an oxy-
gen-enriched bottoms hiquad.

[0019] A stream 1052 of oxygen-rich liquid from the higher
pressure column 1050 1s reduced 1n pressure 1n valve 10354
and then fed to the bottom of the imntermediate pressure col-
umn as stream 1056. A stream 1024 of oxygen-rich liquid 1s
removed from the bottom of the intermediate pressure col-
umn 1022, reduced in pressure 1 valve 1026 and fed as
stream 1028 to a condenser 1030 for the intermediate pres-
sure column 1022. The reduced pressure oxygen-rich liquid 1s
partially boiled by indirect heat exchange to produce liquid
and vapour parts which are fed as streams 1032 and 1034
respectively to the lower pressure column 1110.

[0020] Nitrogen-rich overhead vapour from the top of the
higher pressure column 1s condensed by indirect heat
exchange in the main reboiler-condenser 1120, and part of the
resulting liquid 1s returned to the higher pressure column
1050 as reflux. The rest of the nitrogen-rich liquid (stream
1100) 1s subcooled by indirect heat exchange to produce
stream 1102, reduced 1n pressure 1n valve 1104 and fed as
stream 1106 to the top of the lower pressure column 1110 as
reflux.

[0021] A partofthenitrogen-rich overhead vapour from the
top of the intermediate pressure column 1022 1s fed as stream
1080 to the main heat exchanger 1012 where 1t 15 1s warmed
to produce a stream 200 of gaseous nitrogen. The rest of this
vapour 1s condensed in reboiler-condenser 1030. Part of the
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resulting liquid 1s returned to the mtermediate pressure col-
umn 1022 as retlux. The remaining part, stream 1084, 1s
reduced in pressure 1n valve 1086 and fed as stream 1088 to
the top of the lower pressure column 1110.

[0022] A liquid stream 1090 having a composition similar
to air 1s taken from an intermediate location 1n the higher
pressure column 1050, subcooled by indirect heat exchange
to form stream 1092, reduced 1n pressure in valve 1094 to
form stream 1096 and fed to an intermediate location in the
lower pressure column 1110.

[0023] Thelowerpressure column 1110 separates the feeds
into nitrogen overhead vapour and oxygen bottoms liquid.
Liquid oxygen 1s withdrawn as stream 1122 from the bottom
of the lower pressure column 1110, adjusted 1n pressure 1n
valve 1124 to form stream 1126 and boiled 1n oxygen product
reboiler 1062. A liquid oxygen product stream 1128 may be
taken from this reboiler, but most of the oxygen product 1s
taken as vapour in stream 1130, and warmed 1n the main
exchanger 1012 to form stream 1132 of gaseous oxygen.
Stream 1132 can be used for combustion of coal 1n the boiler.
[0024] A stream 1112 of nitrogen 1s taken from the top of
the lower pressure column 1112, warmed by indirect heat
exchange, first 1n the subcooler to produce stream 1114 and
then 1n the main heat exchanger 1012, to produce stream 1116
which 1s then used 1n the front-end cooling and purification
system 1006 before being vented to the atmosphere as stream
1118.

[0025] A report by Allam & Spilsbury enfitled “A study of
the extraction of CO2 from the flue gas of a S00 MW pulver-
ized coal fired boiler” (Energy Conyers. Mgmt. Vol. 33; No.
5-8; pp 373-378, 1992) discloses an oxytuel combustion pro-
cess for power generation 1n which oxygen 1s supplied from
an integrated ASU, and in which carbon dioxide from the flue
gas 1s purified by low temperature distillation under elevated
pressure. Refrigeration duty for the process 1s provided by
indirect heat exchange with individually expanded streams
containing non-condensible components from the flue gas
itself, and oxygen gas and waste nitrogen gas from the ASU.
All of the carbon dioxide product 1s 1n liquid form.

[0026] EP 0 965 564 A discloses a process for the low

temperature purification of carbon dioxide by distillation
under elevated pressure. Refrigeration duty for the process 1s
provided by evaporation of liquid ammonia 1n a closed loop
refrigeration cycle and a small portion of the carbon dioxide
liquid produced 1n the process.

[0027] WO 2010/017968 A discloses a process for the
cryogenic distillation of air to supply oxygen to an oxyiuel
power plant. Refrigeration duty for the process 1s provided by
indirect heat exchange with product streams from the distil-
lation, mncluding a nitrogen gas stream which 1s taken from
the higher pressure column, and 1s warmed and expanded. A
key feature of this process 1s that additional pressurized nitro-
gen 1s warmed above ambient temperature, expanded, re-
warmed and re-expanded to recover power.

[0028] FR 2 934 170 A discloses a CPU process 1n which
refrigeration duty 1s provided primarily by evaporating car-
bon dioxide product liquid at different pressure levels.

[0029] In an oxyiuel power plant with CO2 capture, both
the ASU and CPU consume power and reduce the power
available for export. For example, in a report by Fu & Gun-
dersen entitled “Heat integration of an oxy-combustion pro-
cess for coal-fired power plants with CO2 capture by pinch
analysis” (Chemical Engineering Transactions, Vol. 21,
2010, pp 181-186), there 1s disclosed an exergy analysis for an
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oxy-combustion process for a supercritical pulverized coal
power plant with CO2 capture. The results indicate that the
compression processes in the ASU and CPU are responsible
for the largest exergy losses related to CO2 capture. The
report speculates that these losses can be reduced by by heat
integration between the ASU and CPU. However, no further
details of how the heat integration might be achieved are
provided.

BRIEF SUMMARY OF THE INVENTION

[0030] It 1s an object of the present invention to provide a
method of puniying crude carbon dioxide gas in which the
total parasitic power consumption of the CPU can be reduced.

[0031] It 1s an object of preferred embodiments of the
present 1nvention to provide a method of generating power
using an oxyiuel combustion process with CO2 capture, in

which the total parasitic energy consumption of the ASU and
CPU 1s reduced.

[0032] It 1s an object of preferred embodiments of the
present mvention to provide a method of purifying crude
carbon dioxide gas, or of generating power, in which carbon
dioxide liquid may be withdrawn as a product and optionally
stored or pumped to line pressure prior to vaporisation.

[0033] It 1s an object of preferred embodiments of the
present invention to provide a method of purifying crude
carbon dioxide gas, or of generating power, 1n which the
energy required to compress gaseous carbon dioxide product
1s reduced.

[0034] The Inventor has discovered that the total parasitic
power consumption ol a carbon dioxide purification plant
purifying a crude carbon dioxide gas can be reduced signifi-
cantly provided that the refrigeration duty for cooling the feed
to the plant 1s provided 1n part by evaporating at least one first
liqguid refrigerant (e.g. carbon dioxide liquid derived from the
teed and/or recirculating ammonia), and 1n another part by
heating (without evaporation) at least one further refrigerant
fluid, preferably a fluid that 1s independent of, 1.e. not dertved
from, the crude carbon dioxide gas.

[0035] Thus, according to afirst aspect of the present mnven-
tion, there 1s provided a method of purifying crude carbon
dioxide gas containing at least one non-condensible gas con-
taminant, under elevated pressure in a CPU, said method
comprising:

[0036] {feeding crude carbon dioxide gas to the CPU;
[0037] cooling and condensing carbon dioxide gas from the
crude carbon dioxide gas; and

[0038] separating condensed carbon dioxide gas from said
non-condensible gas contaminant(s) to produce at least one
carbon dioxide liquid and a tail gas comprising said non-
condensible gas contaminant(s),

wherein the method requires refrigeration duty for cooling
and condensing carbon dioxide gas, said refrigeration duty
being provided 1n at least a first part by indirect heat exchange
against at least one liquid first refrigerant thereby evaporating
said first refrigerant(s), and a second part by indirect heat
exchange against sensible heat energy alone of at least one
second refrigerant.

[0039] The method has particular application where the
CPU 1s puritying flue gas from an oxytuel combustion pro-
cess, or where the CPU 1s integrated with a cryogenic ASU. In
preferred embodiments, the CPU 1s purnifying flue gas from an
oxyiuel combustion process to which oxygen 1s supplied
from an ASU that 1s integrated with the CPU.
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[0040] Inanoxyiuel power plant that includes both an ASU
for supplying oxygen for the combustion, and a CPU for
purifying the flue gas, the power consumption of the com-
bined system may be reduced by providing part of the refrig-
eration duty for the CPU by expanding nitrogen from the
ASU. Even though the power consumption of the CPU 1s not
reduced by as much as the energy required to compress nitro-
gen from atmospheric pressure to its supply pressure, the
power ol the carbon dioxide compression can be still be
reduced by more than the ASU power increases when 1t
produces the pressurized nitrogen, resulting in a net power
reduction. Thus, in preferred embodiments, the CPU and
ASU are thermally integrated.

[0041] The second refrigerant is preferably nitrogen gas
imported from the ASU or carbon dioxide liquid exported
from the CPU, subcooled in the ASU and imported back to the
CPU. In such embodiments, the total energy consumption of

the ASU and CPU can be reduced significantly.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] FIG. 1 depicts flowsheets for a prior art CPU and
ASU known for use with an oxyfuel combustion process.

[0043] FIG. 2 depicts a CPU flowsheet according to a first
embodiment of the present invention.

[0044] FIG. 2a depicts the CPU tlowsheet of FIG. 2 1n
which the second refrigerant circulates 1n a closed loop refrig-
eration cycle.

[0045] FIG. 26 depicts the CPU flowsheet of FIG. 2 1n
which the second refrigerant 1s expanded nitrogen gas
imported into the CPU at elevated pressure from an ASU.

[0046] FIG. 3 depicts a CPU flowsheet according to a sec-
ond embodiment of the present invention.

[0047] FIG. 3a depicts the CPU flowsheet of FIG. 3 1n

which the second refrigerant 1s expanded nitrogen gas
imported into the CPU at elevated pressure from an ASU.

[0048] FIG. 4 depicts a CPU flowsheet according to a third
embodiments of the present invention.

[0049] FIG. 4a depicts the CPU tlowsheet of FIG. 4 1n
which the second refrigerant 1s expanded nitrogen gas
imported into the CPU from the ASU.

[0050] FIG. 5 depicts a CPU flowsheet according to a
fourth embodiment of the present invention.

[0051] FIG. 5a depicts the CPU flowsheet of FIG. 5§ 1n
which the second refrigerant 1s subcooled carbon dioxide
liquid produced by the CPU and subcooled in the ASU.

DETAILED DESCRIPTION OF THE INVENTION

[0052] The mvention concerns a method of purifying dry
crude carbon dioxide gas containing at least one non-conden-
sible gas contaminant, under elevated pressure in a CPU. The
method comprises feeding crude carbon dioxide gas to the
CPU; cooling and condensing carbon dioxide gas from the
crude carbon dioxide gas; and separating condensed carbon
dioxide gas from said non-condensible gas contaminant(s) to
produce at least one carbon dioxide liqud and a tail gas
comprising the non-condensible gas contaminant(s). The
method requires refrigeration duty for cooling and condens-
ing carbon dioxide gas. The refrigeration duty 1s provided 1n
at least a first part by indirect heat exchange against at least
one liquid first refrigerant thereby evaporating said first
refrigerant(s), and a second part by indirect heat exchange
against sensible heat energy alone of at least one second
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refrigerant. It should be noted that, while the second refrig-
erant grves up sensible heat alone, the crude carbon dioxide
gas still condenses.

[0053] The carbon dioxide purification process in the CPU
takes place at sub-ambient temperature, for example at a
temperature below 0° C., e.g. from about -20° C. to about
-60° C.

[0054] The crude carbon dioxide gas 1s dry, 1.e. the vapour
pressure of water in the crude carbon dioxide gas 1s less than
the vapour pressure of ice at the lowest temperature. For
example, there should be less than 0.4 ppm water 11 the crude
carbon dioxide gas 1s at —60° C. and 30 bar, or less than 0.2
ppm water 1f the crude carbon dioxide gas 1s at —60° C. and 60
bar, or less than 1.4 ppm water 11 the crude carbon dioxide gas
1s at —=50° C. and 30 bar.

[0055] The crude carbon dioxide gas to be purified 1n the
CPU usually contains at least 40% carbon dioxide, e.g. from
about 40% to about 90%, or from about 60% to about 90%, or
from about 65% to about 85%, carbon dioxide. Flue gas from
an oxyluel combustion process typically contains such
amounts of carbon dioxide and the method has particular
application 1n the purification of flue gas generated by oxy-
tuel combustion of a fuel selected from the group consisting
ol carbonaceous tuel, such as coal; hydrocarbonaceous fuel,
such as methane or natural gas; and biomass.

[0056] The term “elevated pressure” 1s intended to mean a
pressure that 1s significantly greater than atmospheric pres-
sure. For example, the term 1s intended to exclude minor
clevations 1n pressure over atmospheric pressure, such as
those elevations provided by a blower or fan 1n order to force
a gas through apparatus operating at about atmospheric pres-
sure. Such minor pressure elevations are considered to be
insignificant 1n the context of the present invention.

[0057] The elevated pressure 1n the CPU 1s usually at least
2 bar (0.2 MPa), e.g. at least 3 bar (0.3 MPa), or at least 5 bar
(0.5 MPa). The elevated pressure 1s usually no more than
about 100 bar (10 MPa) and preferably no more than about 50
bar (5 MPa). The elevated pressure may be from about 10 bar
to about 50 bar (0.5 MPa to 5 MPa), or from about 20 bar to
about 40 bar (1 MPa to 4 MPa), e.g. about 30 bar (3 MPa).

[0058] The CPU comprises at least one heat exchanger
within which the carbon dioxide gas 1s cooled and condensed
by indirect heat exchange against the refrigerants.

[0059] The crude carbon dioxide gas may be purified 1n the
CPU by distillation to produce carbon dioxide bottoms liquid
and an overhead vapour (or tail gas) comprising the non-
condensible gas contaminant(s). In such embodiments, the
CPU comprises a distillation column system.

[0060] However, 1n preferred embodiments, the crude car-
bon dioxide gas 1s purified by cooling and condensing the
carbon dioxide gas by indirect heat exchange, thereby leaving
the non-condensible gas contaminant(s) as vapour. The con-
densed carbon dioxide gas 1s then separated from the non-
condensible gas contaminant(s) 1n a phase separator to pro-
duce a carbon dioxide liquid and an overhead vapour. If this
overhead vapour should contain a suificiently low concentra-
tion of carbon dioxide gas, then 1t can provide the tail gas. On
the other hand, if the overhead vapour should still contain
significant quantities ol carbon dioxide, then the overhead
vapour may be further cooled to condense further carbon
dioxide gas by indirect heat exchange, thereby leaving the
non-condensible contaminant(s) as vapour. The condensed
turther carbon dioxide gas i1s then separated from the non-
condensible gas contaminants 1n a further phase separator to
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produce a further carbon dioxide liquid and a further over-
head vapour (or tail gas). Additional stages of cooling and
phase separation can be used as required.

[0061] The refrigeration duty of the purnification method 1s
the heat that needs to be removed from the crude carbon
dioxide gas to cool and condense carbon dioxide in the gas. In
the present invention, this duty 1s provided in at least a first
part by indirect heat exchange against at least one liquid first
refrigerant thereby evaporating the first refrigerant(s), and a
second part by indirect heat exchange against sensible heat
energy alone of a second refrigerant. The second refrigerant
can also remove latent heat from the crude carbon dioxide gas
feed as the feed will be condensing as it 1s being cooled once
it 1s below its dew point.

[0062] The terms “first part” and “second part” 1n the con-
text of the refrigeration duty are intended as general terms
meaning first and second portions respectively of the total
refrigeration duty required for cooling and condensing the
carbon dioxide. These terms do not necessarily refer to the
duty required above and below the carbon dioxide dew point.
[0063] The indirect heat exchange usually takes place
within the main heat exchanger within the CPU.

[0064] Evaporation ofthe liquid first refrigerant(s) involves
an exchange of thermal energy in the form of latent heat
energy to the liquid first refrigerants(s) from the crude carbon
dioxide gas. In embodiments involving a liquid first refriger-
ant under supercritical conditions, that liquid first refrigerant
“pseudo-evaporates”. The term “evaporation’ 1s intended to
embrace pseudoevaporation in embodiments where the liquid
first refrigerant 1s a supercritical liquid.

[0065] “‘Pseudoevaporation” 1s the rapid reduction 1in den-
sity with increasing temperature that occurs (with a relatively
large heat mput 1n a narrow temperature range) 1 a super-
critical fluid as it 1s heated from below a pseudo-saturation
temperature (point of inflection on the temperature versus
enthalpy curve) to above 1t. Therefore, the supercritical fluid
goes from a denser, liquid-like state to a less dense, gas-like
state over a temperature range but without a definitive phase
change.

[0066] Sensible heat energy may also be transferred prior
to, and/or after, transfer of the latent heat energy resulting, for
example, in warming of the resultant vaporized first refriger-
ant.

[0067] Sensible heat energy 1s the energy exchanged by a
thermodynamic system that has, as 1ts sole effect, a change of
temperature, 1.€. there 1s no change 1n the phase of the system.
The second part of the refrigeration duty in the present inven-
tion 1s provided by indirect heat exchange of sensible heat
energy alone. Thus, where the second refrigerant 1s a subcriti-
cal liquid, there 1s no evaporation of the second refrigerant
when providing the second part of the refrigeration duty.
[0068] The first part of the refrigeration duty may be pro-
vided by a single liqud first refrigerant, or by more than one
liquad first refrigerant.

[0069] The liquid first refrigerant or, where there 1s more
than one, at least one of the liquid refrigerants may be an
external refrigerant, that 1s a liquid refrigerant that 1s inde-
pendent of, 1.e. not dertved from, the crude carbon dioxide
gas. A suitable example of such a refrigerant 1s liquid ammo-
nia. In preferred embodiments, such a refrigerant circulates in
a closed loop refrigeration cycle.

[0070] The liquad first refrigerant or, where there 1s more
than one, at least one of the liquid refrigerants may be lique-
fied carbon dioxide, e.g. the carbon dioxide liquid, or where
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there 1s more than one, at least one (and preferably each) of
the carbon dioxide liquids produced in the CPU. In embodi-
ments 1n which more than one carbon dioxide liquid 1s pro-
duced in the CPU, at least a portion of each of the carbon
dioxide liquids 1s usually used to provide the first part of the
refrigeration duty as the liquid first refrigerants.

[0071] The or each liquid first refrigerant 1s typically
evaporated by the indirect heat exchange against the cooling
and condensing crude carbon dioxide gas. Where the liquid
first refrigerant 1s supercritical, 1t typically “pseudo-evapo-
rates”.

[0072] In preferred embodiments, a further part of the
refrigeration duty 1s provided by indirect heat exchange
against the tail gas. The turther part 1s usually no more than
10%, preferably from about 5% to 7%, e.g. about 6%, of the
refrigeration duty. The remainder of the refrigeration duty 1s
usually composed of the first and second parts.

[0073] Providing refrigeration by expansion of a gas 1n a
reverse Brayton cycle 1s less efficient that evaporating liquid
in a reverse Rankine cycle 1 the temperature range encoun-
tered 1n a CPU. Theretore, the Inventor has determined that
the second refrigerant 1s preferably used as cold as possible so
that the reverse Brayton cycle 1s as ellicient as possible,
thereby maximizing the overall benefit. In this connection,
the second refrigerant preferably has a temperature that 1s
suificiently low to cool the crude carbon dioxide gas to below
the CO2 dew point temperature, and preferably to close to the
CO2 triple point temperature. For example, the crude carbon
dioxide gas 1s cooled to a temperature from about -56° C. to
about 10° C. As would be readily appreciated by the skilled
person, the CO2 dew point temperature depends on the com-
position and pressure of the gas. In addition, the skilled per-
son would appreciate that the temperature of the second
refrigerant could be lower than -56° C. provided that the heat
exchanger 1s designed to avoid freezing on its surface, for
example by using co-current tlow at the cold end.

[0074] The refrigeration duty generally has a colder part
that both cools and condenses said crude carbon dioxide gas,
and a warmer part that cools the carbon dioxide gas with no
condensation. In these embodiments, the point at which the
colder part of the refrigeration duty becomes the warmer part
1s the CO2 dew point of the crude carbon dioxide gas. Since
it 1s preferably used as cold as possible, the second refrigerant
usually provides at least a portion of the colder part of the
refrigeration duty.

[0075] Since a reverse Brayton cycle tends to be less effi-
cient that a reverse Rankine cycle for providing refrigeration,
the second refrigerant 1s preferably used in a quantity that 1s
no more than that suilicient to optimize power consumption.
Generally, the second refrigerant provides no more than 30%,
preferably no more than 25%, of the refrigeration duty. For
example, for nitrogen extraction from an ASU, typically a
molar mitrogen tlow between 0.5 and 1.5 times the oxygen
flow optimizes power consumption and this provides a net
cooling duty below the feed dew point between about 7% and
21% of the total feed cooling duty in the CPU. The second

refrigerant usually provides more than 1% of the refrigeration
duty.

[0076] The second refrigerant is preferably independent of,
1.¢. not dertved from, the crude carbon dioxide gas. The sec-
ond refrigerant may be derived from said crude carbon diox-

ide gas and exported from the CPU for cooling. In some
preferred embodiments, the second refrigerant 1s imported

into the CPU.
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[0077] The second refrigerant may be a liquid, preferably a
subcritical liquid (which i1s not vaporized during heat
exchange). However, in preferred embodiments, the second
refrigerant 1s a gas, preferably nitrogen gas.

[0078] The CPU 1s preferably integrated with a cryogenic

ASU and the second refrigerant 1s nitrogen gas imported from
the ASU.

[0079] In preferred embodiments, the method comprises
importing a pressurized gas into the CPU; and expanding the
pressurized gas 1n said CPU after optionally cooling said gas,
to produce the second refrigerant. In these embodiments, the
method may comprise separating compressed air by cryo-
genic distillation 1 an ASU to produce nitrogen gas under
pressure and gaseous oxygen; importing at least a portion of
the nitrogen gas 1nto the CPU; cooling the imported nitrogen
gas by indirect heat exchange to form cooled nitrogen gas;
expanding the cooled nitrogen gas 1n the CPU to produce
expanded nitrogen gas; and using said expanded nitrogen gas
as said second refrigerant to produce warmed nitrogen gas.
The cooled nitrogen gas may be expanded 1n a first expander,
warmed and then further expanded 1n a second expander, and
optionally re-warmed.

[0080] The temperature of the imported nitrogen gas will
vary according to the ambient conditions as the ASU design.
For example, the imported nitrogen gas may have a tempera-
ture 1n the range from about 0° C. to about 50° C.

[0081] The imported nitrogen gas may then be cooled by
indirect heat exchange against the first liquid refrigerant(s),
the second refrigerant and/or another stream such as the tail
gas comprising non-condensible gases to a temperature in the
range from about —100° C. to about 10° C. and preferably to
below the CO2 dew point of the crude carbon dioxide gas.

[0082] Thecoolednitrogen may be expanded over amodest
pressure ratio, say less 5 and preferably less than 3. For
example, the cooled nitrogen may be expanded from a first
pressure in the range from about 1.5 to about 8 bar to a second
pressure in the range from about 1 bar to about 4 bar, e.g. from
about 5.5 bar to about 1.1 bar.

[0083] A portion of the carbon dioxide liquid may be
removed as a liquid product, and optionally pumped and
warmed to ambient temperature.

[0084] Since the air 1s separated 1n the ASU at cryogenic
temperatures, water and carbon dioxide are removed before
the air 1s cooled and fed to the distillation column system of
the ASU. The ASU may comprise a single distillation column
operating at elevated pressure, or more than one distillation
column, each column operating at different elevated pres-
sures. In preferred embodiments, the ASU comprises either a
dual column arrangement comprising a higher pressure col-
umn and a lower pressure column in which the columns are
thermally integrated by a reboiler/condenser, or a tri-column
arrangement comprising a higher pressure column, an inter-
mediate pressure column and a lower pressure column in
which the higher pressure column 1s thermally integrated
with the lower pressure column by a first reboiler/condenser,
and the intermediate pressure column 1s thermally integrated
with the lower pressure column via a second reboiler con-
denser. The operating pressure of the higher pressure column
1s usually from about 3 bar to about 12 bar (0.3 to 1.2 MPa).
The operating pressure of the lower pressure column 1s usu-
ally from about 1.1 bar to about 5 bar (0.11 to 0.5 MPa). The
operating pressure of an intermediate pressure column 1s
usually from about (1.8 bar to about 8 bar (0.18 to 0.8 MPa).




US 2013/0111948 Al

[0085] In other preferred embodiments, the method com-
prises 1mporting the second refrigerant into the CPU and
using the second refrigerant directly, 1.e. without further pro-
cessing, to provide the second part of the refrigeration duty. In
these embodiments, the method may comprise separating,
compressed air by cryogenic distillation 1n an ASU to pro-
duce nitrogen gas under pressure and gaseous oxygen;
expanding at least a portion of the nitrogen gas to produce
expanded nitrogen gas; importing the expanded nitrogen gas
into the CPU; and using said expanded nitrogen gas as said
second refrigerant to produce warmed nitrogen gas. Water
and carbon dioxide are usually removed from compressed atr,
typically 1n a purification unit having at least one sorbent bed,
to produce the compressed air feed for the ASU. In such
embodiments, the sorbent bed(s) may be regenerated using at
least a portion of the warmed nitrogen gas. Expanded nitro-
gen gas could also be used to regenerate CPU feed drier beds.

[0086] The second refrigerant may be liquefied carbon
dioxide, for example, at least a portion of the carbon dioxide
liquid(s) produced in the CPU. The method of these embodi-
ments comprises cooling and partially condensing carbon
dioxide gas 1n the crude carbon dioxide gas; separating the
condensed carbon dioxide gas from said non-condensible gas
contaminant(s) 1n a first phase separator to produce a first
carbon dioxide liquid and a first overhead vapour comprising
said non-condensible gas contaminant(s); dividing said first
carbon dioxide liquid into three portions; pumping a first
portion of said first carbon dioxide liqmd to produce a
pumped {irst portion; reducing the pressure of a second por-
tion of said first carbon dioxide liquid to produce a reduced
pressure second portion; pumping a third portion of said first
carbon dioxide liquid to produce a pumped third portion, and
cooling the pumped third portion to produce a cooled third
portion; cooling and condensing carbon dioxide gas 1n said
first overhead vapour; separating the condensed carbon diox-
ide gas from said non-condensible gas contaminant(s) in a
second phase separator to produce a second carbon dioxide
liquid and said tail gas comprising said non-condensible gas
contaminant(s); warming said tail gas by indirect heat
exchange to produce warmed tail gas; and reducing the pres-
sure of said second carbon dioxide liquid after optionally
warming said liquid, to produce reduced pressure second
carbon dioxide liquid. In these embodiments, the liquid first
refrigerant(s) providing the first part of the refrigeration duty
are the pumped {irst portion of first carbon dioxide liquid, the
reduced pressure second portion of first carbon dioxide liquid
and the reduced pressure second carbon dioxide liquid, and
the second refrigerant 1s the cooled third portion of the first
carbon dioxide liquid. The pumped third portion of the first
carbon dioxide liquid may be cooled by indirect heat

exchange against expanded nitrogen gas 1n an integrated
ASU.

[0087] In other embodiments, the second refrigerant may
circulate 1n a closed loop refrigeration cycle withuin the CPU.
In such embodiments, where the second refrigerant 1s nitro-
gen gas, make up nitrogen gas may be imported from an
integrated ASU as required.

[0088] Since providing refrigeration by expansion of a gas
in a reverse Brayton cycle 1s less eflicient that evaporating
liquid 1n a reverse Rankine cycle in the temperature range
encountered 1n a CPU, the refrigerant of choice for an 1nde-
pendent CPU 1s the carbon dioxide itself. Only at colder
temperatures would the reverse Brayton cycle become more
efficient.
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[0089] Therefore, to maximize the overall benefit, the
refrigeration provided to the CPU by expanding nitrogen
from the ASU should be as cold as possible (so that the reverse
Brayton cycle 1s as efficient as possible) and use only the
quantity of nitrogen necessary to optimize the ASU design (to
minimize the impact of the lower elliciency refrigeration
cycle). This refrigeration 1s particularly suited to the colder
part of the feed condensation. The provision of external
refrigeration allows part of the carbon dioxide to be produced
as liquid that may be stored, pumped to the final product
pressure (and optionally reheated), or as a cold gas that may
be compressed with reduced power input. The balance of the
cooling of the CPU feed 1s provided by evaporating carbon
dioxide 1n an open cycle or reverse Rankine cycle.

[0090] The liquid first refrigerant(s)1s usually at a tempera-
ture 1n the range from about -56° C. to about 10° C., prefer-
ably from about —40° C. to about —10° C. The second relrig-
crant 1s usually at a temperature in the range from —100° C. to
10° C., preferably from about -70° C. to about -10° C.
Suitable pressures for the first and second refrigerants will
depend on the fluid used. For carbon dioxide as the liquid first
refrigerant, the pressure 1s usually 1n the range from about 5.2
bar to 42 bar, and for nitrogen as the second refrigerant, the
pressure 1s usually 1n the range from about 1 to about 4 bar.

[0091] One advantage of preferred embodiments of the
present invention 1s that at least a portion of the carbon diox-
ide liquid(s) may be removed from the CPU and stored as a
liquid. In the prior art depicted 1n FIG. 1, almost the entire
inventory of carbon dioxide liquid has to be used to provide
refrigeration as typically no more than 3% of the carbon

dioxide liquid produced may be withdrawn as a liquid prod-
uct.

[0092] Incontrast, the present invention enables removal of
significantly more of the carbon dioxide liquid from the CPU
as product for storage. In this connection, without an external
refrigerant, up to about 50%, e.g. from more than 5% to about
50% or from about 10% to about 30%, of the carbon dioxide
liquid can be removed as a liquid product, depending on the
proportion of the refrigeration duty provided by the carbon
dioxide liquid. If the evaporating refrigerant 1s from an exter-
nal source, e.g. an external ammonia refrigeration cycle, then
all of the carbon dioxide liquid could be withdrawn as prod-
uct. The removed liquid may be pumped to line pressure, for
example at least 50 bar (5 MPa), e.g. from about 100 bar to
about 200 bar (10 MPa to 20 MPa), and optionally heated to

ambient temperature.

[0093] The purification method can be used 1n a method for
generating power using an oxyfuel combustion process. In
oxyluel combustion, the fuel 1s combusted 1n an oxygen-rich
atmosphere comprising at least 20 wt % oxygen and recycled
flue gas from the combustion process to moderate the tem-
perature of combustion and control heat flux. Oxygen 1s usu-
ally supplied as pure oxygen, or as an oxygen-rich gas, €.g. a
gas comprising at least 80% 02, and 1s usually supplied from
a cryogenic ASU.

[0094] The method may be used to purily crude carbon
dioxide gas having a flow rate from 200 kmol/h to 40,000
kmol/h which tlow rates are typical for net flue gas generated
in a “standard” single unit oxyfuel combustion process.
Higher tlows are possible, e.g. from about 40000 kmol/h to
about 150000 kmol/h, for example if the crude gas 1s provided
from very large power stations, or from multiple “standard”
oxyluel combustion units.
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[0095] Flue gas from an oxyiuel combustion process usu-
ally contains carbon dioxide as the major component,

together with SOx, NOx and the non-condensable gases O2,
N2, Ar, Kr and Xe. SOx 1s produced by the combustion of

clemental sulfur and/or sulfur-containing compounds present
in the fuel. 02 1s present 1n the flue gas from excess O2 used
in the combustion and from air 1ngress into the combustion
unit which 1s also responsible for the presence of N2, Ar, Kr
and Xe 1n the flue gas. NOx 1s produced by reaction N2 with
O2 1n the combustion unit.

[0096] Further components in the flue gas include solid
particulates such as tly ash and soot; water; CO; HCI; CS2;
H2S; HCN; HF; volatile organic compounds (VOCs) such as
CHCI3; metals including mercury, arsenic, 1ron, nickel, tin,
lead, cadmium, vanadium, molybdenum and selenium; and
compounds of these metals.

[0097] Flue gas from the combustor i1s typically washed
with water to remove particulates (such as soot and/or fly ash)
and water soluble components (such as HE, HC] and/or SO3).
Additionally, the flue gas may be filtered, using equipment
such as a baghouse or electrostatic precipitator, to enhance
particulate removal. Flue gas may also be desulturized, e.g. in
a tlue gas desulfurization unit (FGD), before being fed to the
CPU for purification.

[0098] Since the flue gas 1s typically at atmospheric pres-
sure, 1t 1s then compressed after washing to the elevated
pressure to form the carbon dioxide feed gas to be purified by
the method. However, if the feed gas originates from a source,
such as a pressurized oxyfuel combustion system, that 1s
already at the required elevated pressure, then compression 1s
not required.

[0099] SOx and/or NOx may be removed as sulfuric acid
and nitric acid respectively by providing suificient “hold up”
at elevated pressure 1n the presence of water and oxygen.

[0100] The power generation methods according to the
present invention comprise combusting a fuel selected from
the group consisting of carbonaceous fuels, hydrocarbon-
aceous luels and biomass, in an oxygen-rich atmosphere
within an oxyfuel combustion unit to produce heat and flue
gas; recovering at least a portion of the heat to generate the
power; dividing the tlue gas after optionally desulfurizing the
flue gas, 1nto recycle flue gas and net tlue gas; recycling the
recycle flue gas to the oxyiuel combustion unit; and com-
pressing and drying the net flue gas to produce dry flue gas
under elevated pressure contaiming at least one non-conden-
sible contaminant.

[0101] Inafirst embodiment, the power generation method
comprises cooling and condensing carbon dioxide gas from
said dry flue gas, and separating condensed carbon dioxide
gas from said non-condensible gas contaminant(s) to produce
at least one carbon dioxide liquid and a tail gas comprising
said non-condensible gas contaminant(s); separating com-
pressed air by cryogenic distillation 1n an ASU to produce
nitrogen gas under elevated pressure and gaseous oxygen;
teeding at least a portion of the gaseous oxygen to the oxytuel
combustion unit; and feeding at least a portion of the nitrogen
gas to the CPU wherein the nitrogen gas 1s cooled by indirect
heat exchange to produce cooled nitrogen gas which 1s then
expanded to produce expanded nitrogen gas. The refrigera-
tion duty in the CPU is provided 1n at least a first part by
indirect heat exchange against at least a portion of the carbon
dioxide liquid(s) thereby evaporating the liquid(s), and a sec-
ond part by indirect heat exchange of sensible heat alone
against the expanded nitrogen gas. The cooled nitrogen gas
may be expanded 1n a first expander, warmed and then further
expanded in a second expander to produce the expanded
nitrogen gas.
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[0102] In a second embodiment, the power generation
method comprises feeding the dry flue gas to a CPU wherein
carbon dioxide gas from said dry flue gas 1s cooled and
condensed, and separated from said non-condensible gas
contaminant(s) to produce at least one carbon dioxide liquid
and a tail gas comprising said non-condensible gas contami-
nants; separating compressed air by cryogenic distillation in
an ASU to produce nitrogen gas under elevated pressure and
gaseous oxygen; feeding at least a portion of the gaseous
oxygen to the oxyiuel combustion unit; expanding in the ASU
at least a portion of the nitrogen gas to produce expanded
nitrogen gas; and feeding the expanded nitrogen gas to the
CPU. The refrigeration duty in the CPU 1s provided 1n at least
a {irst part by indirect heat exchange against at least a portion
of said carbon dioxide liquid(s) thereby evaporating said lig-
uid(s), and a second part by indirect heat exchange against
sensible heat energy alone of said expanded nitrogen gas.

[0103] The imported nitrogen gas may be cooled to below
the dew point of the carbon dioxide in the feed, e.g. to a
temperature 1n the range from about —40° C. to about 10° C.

[0104] The cooled nitrogen gas may be expanded over a
modest pressure ratio, for example less than 35, and preferably
less than 3.

[0105] A portion of the carbon dioxide liquid may be
removed as a product liquid, and optionally pumped and
warmed to ambient temperature.

[0106] In a third embodiment, the power generation
method comprises feeding the dry flue gas to a CPU for
purification, said purification comprising cooling and con-
densing carbon dioxide gas in the dry flue gas; separating the
condensed carbon dioxide gas from said non-condensible gas
contaminant(s) in a first phase separator to produce a {first
carbon dioxide liquid and a first overhead vapour comprising
said non-condensible gas contaminant(s); dividing said first
carbon dioxide liquid into three portions; pumping a first
portion of said first carbon dioxide liquid to produce a
pumped {irst portion; reducing the pressure of a second por-
tion of said first carbon dioxide liquid to produce a reduced
pressure second portion; pumping a third portion of said first
carbon dioxide liquid to produce a pumped third portion, and
cooling the pumped third portion to produce a cooled third
portion; cooling and condensing carbon dioxide gas in said
first overhead vapour; separating the condensed carbon diox-
ide gas from said non-condensible gas contaminant(s) in a
second phase separator to produce a second carbon dioxide
liquid and said tail gas comprising said non-condensible gas
contaminant(s); warming said tail gas by indirect heat
exchange to produce warmed tail gas; and reducing the pres-
sure ol said second carbon dioxide liquid after optionally
warming said liquid, to produce reduced pressure second
carbon dioxide liquid. The method comprises also separating
compressed air by cryogenic distillation 1n an ASU to pro-
duce nitrogen gas under elevated pressure and gaseous oxy-
gen; feeding at least a portion of the gaseous oxygen to said
oxyluel combustion unit; and expanding 1n the ASU at least a
portion of the nitrogen gas to produce expanded nitrogen gas.
The refrigeration duty 1n the CPU 1s provided 1n at least a first
part by indirect heat exchange with the pumped first portion
of first carbon dioxide liquid, the reduced pressure second
portion of first carbon dioxide liquid and the reduced pressure
second carbon dioxide liquid, and a second part by indirect
heat exchange of with sensible heat energy alone of the
cooled third portion of the first carbon dioxide liquid. The
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pumped third portion of the first carbon dioxide liquid may be
cooled 1n the ASU by indirect heat exchange against the
expanded nitrogen gas.

[0107] FIG. 2 depicts the CPU process of FIG. 1 to which
an expander 204 has been added. An external vapour stream
200 1s cooled to an intermediate temperature 1n the main heat
exchanger 162 to produce cooled stream 202 which 1s
expanded 1n expander 204 to produce expanded stream 206.
The expanded stream 206 1s warmed in the main heat
exchanger 162 to produce an exhaust stream 208 of warmed
refrigerant gas which may be vented to atmosphere, or used
for some other purpose, for example evaporative chilling of
water.

[0108] FIG. 2a depicts the same process as FI1G. 2 1n which
the exhaust stream 208 1s recirculated 1n a compressor 210
where 1t 1s compressed to form stream 200 1n a closed loop
refrigeration cycle. Only a very small make-up stream 1s
required to replace any losses from the system.

[0109] FIG. 26 depicts the ASU of FIG. 1 integrated with
the CPU of FIG. 2 through a pressurised nitrogen stream 200
from the intermediate pressure column 1022 of the ASU.
[0110] FIG. 3 depicts the process of FIG. 2 to which a
second expander 302 has been added. The exhaust stream 206
of the first expander 204 1s warmed 1n the main exchanger 162
to produce a warmed stream 300 which 1s then further
expanded 1n the second expander 302 to form a further
expanded stream 304. Stream 304 1s warmed 1n the main heat
exchanger 162 to produce exhaust stream 208 which 1s then
and vented, recycled or used 1n another process. This process
1s usetul 1f the pressure of the second refrigerant 1s higher than
about 3 bar (0.3 MPa), as the refrigeration from a single
expander would otherwise be provided less efficiently over
too wide a temperature range.

[0111] FIG. 3a depicts the process of FIG. 3 integrated with
an alternative dual column ASU process 1n which nitrogen 1s
taken from the higher pressure column 1050 operating at
around 4 bar (0.4 MPa). Since the intermediate pressure col-
umn 1022 has been omitted, the entire air feed goes to the
higher pressure column 1050; stream 1056 of oxygen-rich
bottoms liquid 1s fed from the higher pressure column 1050 to
an intermediate location of the lower pressure column 1110,
and the entire nitrogen reflux to the lower pressure column

1110 1s condensed overhead vapour from the higher pressure
column 1050. Additional refrigeration duty in the ASU 1s
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provided by expanding a stream 1082 of nitrogen gas in
expander 1084 to produce expanded stream 1086 which 1s
then fed to the main heat exchanger 1012 where 1t 1s com-
bined with waste nitrogen from stream 1114 and heated to
produce stream 1116.

[0112] FIG. 4 depicts the prior art process of F1G. 1 with the
addition of external refrigeration from a stream 400 that 1s
heated (without changing phase) and 1s then vented or
returned to an external process.

[0113] FIG. 4adepictsthe process of FIG. 4 integrated with
the ASU of FIG. 3a in which the stream 400 that 1s fed to the
CPU 1s the exhaust of expander 1088 that operates at a
warmer temperature than the main ASU expander 1084.
Stream 400 1s heated 1n the CPU and returned to the ASU as
stream 402 where 1t 1s mixed with waste nitrogen from stream
1114 1n the main heat exchanger 1012 to be fully reheated to
ambient conditions as stream 1116. Stream 1116 1s then used

to regenerate the sorbent bed(s) of the front end purification
unit 1006.

[0114] FIG. 5 depicts the process of FIG. 1 with the addi-
tion of external refrigeration provided to recirculating carbon
dioxide liquid. A part 500 of the carbon dioxide liquid
removed from the first phase separator 112 1s pumped in
pump 3502 to produce pumped stream 504 which leaves the
CPU. The stream returns as cooled stream 506, which 1s
reheated 1n the main exchanger 162 and returned to separator

112.

[0115] FIG. 5adepicts the process of FIG. S integrated with
the ASU of FIG. 4a. Additional refrigeration 1s provided at the
warm end of the ASU by expanding a part 1087 of the pres-
surised nitrogen in a warm expander 1088. This additional
refrigeration 1s used to cool stream 504 from the CPU before
returning it as cooled stream 506.

COMPARAITIVE EXAMPLE 1

[0116] Computer simulations using the ASPEN™ Plus
software (version 7.2; (@ Aspen Technology, Inc.) have been
carried out to calculate key heat and mass balance and power
consumption data for both CPU and ASU depicted 1n FIG. 1.
The simulations were based on an oxyiuel coal fired power
station with a nominal net electrical output of 500 MW.

[0117] As indicated in Table 1, the total ASU and CPU
power consumption for these arrangements 1s 134400 kKW.

TABLE 1
CPU line No.
108 110 122 124 130 140 150 152 160
Temperature ° C. 20.0 -31.5 18.5 -53.5 18.5 18.5 20.0 19.9 18.5
Pressure Bar (MPa) 30.0(3) 29.93) 17.6(1.8) 29.8(3) 29.7(3) 7.9(0.8) 110.0(11) 110.0(11) 110.0(11)
Molar Flow kmol/s 4.058 4.058 2.015 1.915  1.180 0.735 2.751 2.879 0.128
Vapour Fraction 1.0 0.5 1.0 0.6 1.0 1.0 0.0 0.0 0.0
Mole fraction (CO-) 0.760 0.760 0.970 0.524  0.253 0.959 0.967 0.967 0.970
Mole fraction (O,) 0.063 0.063 0.009 0.123 0.193 0.011 0.009 0.009 0.009
Mole fraction (N,) 0.153 0.153 0.018 0.304 0478 0.025 0.020 0.020 0.018
Mole fraction (Ar) 0.025 0.025 0.003 0.048  0.076 0.005 0.004 0.004 0.003
ASU line No.
200 1008 1044 1116 1132
Temperature 5.1 10.0 10.0 5.1
Pressure 2.1 2.6 4.4 1.1
(MPa) (0.2) (0.3) (0.4) (0.1) (0.1
Molar Flow kmol/s 0.000 18.391 8.822 14.442 3.949
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TABLE 1-continued

Vapour Fraction 1 1 1 1 1
Mole fraction (O,) 0.016 0.210 0.210 0.007 0.950
Mole fraction (N-) 0.980 0.781 0.781 0.989 0.020
Mole fraction (Ar) 0.004 0.009 0.009 0.004 0.030
CPU power 63300 kW
ASU Power 71100 kW
Total ASU + CPU power 134400 kW
COMPARATIVE EXAMPLE 2 [0119] As indicated in Table 2, the total ASU and CPU
power consumption for this arrangement 1s 137150kW which
[0118] Similar computer simulations have been carried out represents a 2% increase 1n total consumption over the prior
to calculate key heat and mass balance and power consump- art process of FIG. 1. This comparative example demon-
tion data for the unintegrated system depicted in FIG. 2a. The strates that the reverse Brayton refrigeration cycle 1s less
simulations were again based on an oxyluel coal fired power cificient than the reverse Rankine cycle in which all the refrig-
station with a nominal net output of 500 MW. eration 1s provided by evaporating carbon dioxide.
TABLE 2
CPU Line No.
108 110 122 124 130 140 150 152 160 200 202 208
Temper- = C. 20.0 —-37.1 11.7 -53.5 11.7 11.7 20.0 18.2 11.7 0.8 —-20.5 11.7
ature
Pressure  Bar 30.0 3) 29.9(3) 184 (2) 29.8(3) 29.7(3) 13.1(1) 110.0(11) 110.0(11) 110.0(11) 2.6(0.3) 2.5(03) 1.0 (0.1)
(MPa)
Molar kmol/s 4.1 4.1 1.8 1.6 1.2 0.4 2.3 2.9 0.6 4.5 4.5 4.5
Flow
Vapour 1.0 0.4 1.0 0.7 1.0 1.0 0.0 0.0 0.0 1.0 1.0 1.0
Fraction
Mol. 0.760 0.760  0.966 0.442  0.253 0.959 0.965 0.965 0.966 0.000 0.000 0.000
fraction
(CO5)
Mole 0.063 0.063 0.010 0.145 0.193 0.011 0.010 0.010 0.010 0.012 0.012 0.012
fraction
(O,)
Mole 0.153 0.153  0.021 0.357 0.478 0.025 0.021 0.021 0.021 0.983 0.983 0.983
fraction
(N>)
Mole 0.025 0.025 0.004 0.057  0.075 0.005 0.004 0.004 0.004 0.004 0.004 0.004
fraction
(Ar)
ASU Line No.
200 1008 1044 1116 1132
Temperature °C. 5.1 10.0 10.0 5.1 5.1
Pressure Bar 2.1 2.6 4.4 1.1 1.1
(MPa)
Molar Flow kmol/s 0.0000 18.3911 8.8224 14.4419 3.9492
Vapour Fraction 1 1 1 1 1
Mole fraction (O-) 0.016 0.210 0.210 0.007 0.950
Mole fraction (N-) 0.980 0.781 0.781 0.9%9 0.020
Mole fraction (Ar) 0.004 0.009 0.009 0.004 0.030
CO2 compressor and pump power 58380 kW
Nitrogen compressor power 13370 kW
Nitrogen expander power -5700 kW
Total CPU power 66050 kW
ASU Power 71100 kW

Total ASU + CPU power 137150 kW
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EXAMPLE 1

[0120] Similar computer simulations have been carried out
to calculate key heat and mass balance and power consump-
tion data for the integrated system depicted i FIG. 2b. The
simulations were again based on an oxyluel coal fired power
station with a nominal net output of 500 MW.

[0121] As i1ndicated in Table 3, the total ASU and CPU
power consumption for this arrangementis 132540 kW which
represents a significant reduction of 1.4% in total consump-
tion over the prior art process of FIG. 1. This example dem-
onstrates that efficiency of the ASU process 1s increased by
withdrawing pressurised nitrogen from the ASU, and this
more than offsets the lower efficiency of the refrigeration
system 1n the CPU.
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feeding crude carbon dioxide gas to the CPU;

cooling and condensing carbon dioxide gas from the crude
carbon dioxide gas; and

separating condensed carbon dioxide gas from said non-
condensible gas contaminant(s) to produce at least one
carbon dioxide liquid and a tail gas comprising said
non-condensible gas contaminant(s),

wherein the method requires refrigeration duty for cooling
and condensing carbon dioxide gas, said refrigeration duty
being provided 1n at least a first part by indirect heat exchange
against at least one liquid first refrigerant thereby evaporating
said first refrigerant(s), and a second part by indirect heat
exchange against sensible heat energy alone of at least one
second refrigerant.

TABLE 3
CPU line No.
108 110 122 124 130 140 150 152 160 200 202 208
Temper-  ° C. 20.0 -37.1 11.7 -53.5 11.7 11.7 20.0 18.2 11.7 6.8 -20.5 11.7
ature
Pressure  Bar 30.,0(3) 29.93) 184 (2) 29.8(3) 29.7(3) 13.1(1) 110.0(11) 110.0(11) 110.0(11) 2.6(0.3) 25(0.3) 1.0(0.1)
(MPa)
Molar kmol/s 4.058 4.058 1.834 1.598 1.171 0.427 2.261 2.887 0.626 4.493 4.493 4.493
Flow
Vapour 1.00 0.39 1.00 0.73 1.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00
Fraction
Mole 0.760 0.760  0.966 0.442  0.253 0.959 0.965 0.965 0.966 0.000 0.000 0.000
fraction
(CO,)
Mole 0.063 0.063  0.010 0.145 0.193 0.011 0.010 0.010 0.010 0.012 0.012 0.012
fraction
(0,)
Mole 0.153 0.153 0.021 0.357 0478 0.025 0.021 0.021 0.021 0.983 0.983 0.983
fraction
(N>)
Mole 0.025 0.025 0.004 0.057 0.075 0.005 0.004 0.004 0.004 0.004 0.004 0.004
fraction
(Ar)
ASU line No.
200 1008 1044 1116 1132
Temperature ° C. 0.8 10.0 10.0 0.8 0.8
Pressure Bar 2.7 (0.3) 3.0(0.3) 4.4 (0.4) 1.1 (0.1) 1.1 (0.1)
(MPa)
Molar Flow kmol/s 4.493 19.329 8.642 10.882 3.953
Vapour Fraction 1 1 1 1
Mole fraction (O,) 0.012 0.210 0.210 0.022 0.950
Mole fraction (N,) 0.983 0.781 0.781 0.973 0.023
Mole fraction (Ar) 0.004 0.009 0.009 0.005 0.027
CO2 compressor and pump power 58380 kW
Nitrogen expander power -5700 kW
Total CPU power 52680
ASU Power 79860 kW
Total ASU + CPU power 132540 kW
[0122] It will be appreciated that the mvention 1s not 2. The method according to claim 1, wherein at least a

restricted to the details described above with reference to the
preferred embodiments but that numerous modifications and
variations can be made without departing form the spirit or
scope of the invention as defined in the following claims.

1. A method of purilying crude carbon dioxide gas con-
taining at least one non-condensible gas contaminant, under
clevated pressure 1 a carbon dioxide purification unit
(“CPU”), said method comprising:

portion of said first part of the refrigeration duty 1s provided
by at least one of said carbon dioxide liquid(s) as said liquid
first refrigerant(s).

3. The method according to claim 1, wherein a further part
of said refrigeration duty 1s provided by indirect heat
exchange against said tail gas.

4. The method according to claim 3, wherein said further
part 1s no more than 10% of said refrigeration duty.
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5. The method according to claim 3, wherein said first and
second parts provide the remainder of said refrigeration duty.

6. The method according to claim 1, wherein the second
refrigerant has a temperature that 1s suificiently low to cool
said crude carbon dioxide gas to below the CO, dew point
temperature, and preferably close to the CO, triple point
temperature.

7. The method according to claim 1, wherein the second
refrigerant has a temperature that 1s suificiently low to cool
said crude carbon dioxide gas to a temperature from about
-56° C. to about 10° C.

8. The method according to claim 1, wherein said refrig-
cration duty has a colder part that both cools and condenses
said crude carbon dioxide gas and a warmer part that cools the
crude carbon dioxide gas with no condensation, said second
refrigerant providing at least a portion of said colder part.

9. The method according to claim 1, wherein said second
refrigerant 1s used 1 a quantity that 1s no more than that
suificient to optimize power consumption.

10. The method according to claim 1, wherein said second
refrigerant provides no more than 30%, preferably no more
than 20%, of the refrigeration duty.

11. The method according to claim 1, wherein said second
refrigerant 1s independent of said crude carbon dioxide gas.

12. The method according to claim 1, wherein the second
refrigerant 1s dertved from said crude carbon dioxide gas and
exported from the CPU for cooling.

13. The method according to claim 1, wherein said second
refrigerant 1s imported 1nto the CPU.

14. The method according to claim 1, wherein said second
refrigerant 1s a gas.

15. The method according to claim 1, wherein said second
refrigerant 1s mitrogen gas.

16. The method according to claim 1, wherein the CPU 1s
integrated with a cryogenic air separation unit (“ASU”’) and
the second refrigerant 1s nitrogen gas imported from the ASU.

17. The method according to claim 1, comprising:

importing a pressurized gas into the CPU; and

expanding said pressurized gas 1n said CPU after option-
ally cooling said gas, to produce said second refrigerant.

18. The method according to claim 1, comprising:

separating compressed air feed by cryogenic distillation 1n
an ASU to produce nitrogen gas under pressure and
gaseous oXygen;

importing at least a portion of said nitrogen gas into the
CPU;

cooling said imported nitrogen gas by indirect heat
exchange to form cooled mitrogen gas;

expanding said cooled nitrogen gas 1n the CPU to produce
expanded nitrogen gas; and

using said expanded nitrogen gas as said second refrigerant
to produce warmed nitrogen gas.

19. The method according to claam 18, wherein said
imported nitrogen gas 1s cooled by indirect heat exchange
against said liquid first refrigerant(s) and/or said second
refrigerant and/or said tail gas, to form said cooled nitrogen
gas.

20. The method according to claim 18, wherein the
imported nitrogen gas 1s cooled to a temperature 1n the range
from about —40° C. to about 10° C.

21. The method according to claim 18, wherein the cooled
nitrogen gas 1s expanded to a pressure from about 1 bar to
about 4 bar.
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22. The method according to claim 18, wherein a portion of
the carbon dioxide liquid(s) 1s removed from the CPU as a
liquid product and optionally pumped and warmed to ambient
temperature.

23. The method according to claim 18, wherein said cooled
nitrogen gas 1s expanded 1n a first expander, warmed and then
further expanded 1n a second expander.

24. The method according to claim 1, comprising import-
ing said second refrigerant into the CPU and using said sec-
ond refrigerant directly to provide said second part of the
refrigeration duty.

25. The method according to claim 1, comprising:

separating compressed air feed by cryogenic distillation in

an ASU to produce nitrogen gas under pressure and
gaseous oxXygen;

expanding at least a portion of said nitrogen gas 1n the ASU

to produce expanded nitrogen gas;

importing said expanded nitrogen gas 1nto the CPU; and

using said expanded nitrogen gas as said second refrigerant

to produce warmed nmitrogen gas.
26. The method according to claim 25, comprising:
removing water and carbon dioxide from compressed air 1n
a purification unit having at least one sorbent bed to
produce said compressed air feed for the ASU; and

regenerating said sorbent bed(s) using at least a portion of
said warmed nitrogen gas.

277. The method according to claim 1 wherein the second
refrigerant 1s a liquid.

28. The method according to claim 1, wherein the second
refrigerant 1s carbon dioxide liquid.

29. The method according to claim 1, wherein the second
refrigerant 1s at least a portion of said carbon dioxide liquid
(8).

30. The method according to claim 1, wherein said CPU
comprises two phase separators, said method comprising:

cooling and condensing carbon dioxide gas in the crude

carbon dioxide gas;

separating the condensed carbon dioxide gas from said

non-condensible gas contaminant(s) in a first phase
separator to produce a first carbon dioxide liquid and a
first overhead vapour comprising said non-condensible
gas contaminant(s);

dividing said first carbon dioxide liquid into three portions;

pumping a first portion of said first carbon dioxide liquid to
produce a pumped first portion;

reducing the pressure of a second portion of said first
carbon dioxide liquid to produce a reduced pressure
second portion;

pumping a third portion of said first carbon dioxide liquid
to produce a pumped third portion, and cooling the
pumped third portion to produce a cooled third portion;

cooling and condensing carbon dioxide gas in said first
overhead vapour;

separating the condensed carbon dioxide gas from said
non-condensible gas contaminant(s) in a second phase
separator to produce a second carbon dioxide liquid and
said tail gas comprising said non-condensible gas con-
taminant(s);

warming said tail gas by indirect heat exchange to produce
warmed tail gas; and

reducing the pressure of said second carbon dioxide liquid
after optionally warming said liquid, to produce reduced
pressure second carbon dioxide liquid, wherein the 1i1g-
wd first refrigerant(s) providing the first part of the
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refrigeration duty are the pumped first portion of first
carbon dioxide liquid, the reduced pressure second por-
tion of first carbon dioxide liquid and the reduced pres-
sure second carbon dioxide liquid, and wherein the sec-
ond refrigerant 1s the cooled third portion of the first
carbon dioxide liquid.
31. The method according to claim 30, wherein the pumped
third portion of the first carbon dioxide liquid 1s cooled by
indirect heat exchange against expanded nitrogen gas 1n an
integrated ASU.
32. The method according to claim 1, wherein the CPU 1s
integrated with an oxyfuel combustion unit producing a net
flue gas that 1s compressed and dried to produce said crude
carbon dioxide gas.
33. The method according to claim 30, wherein oxygen for
the oxyiuel combustion umt 1s supplied from an ASU inte-
grated with the CPU.
34. The method according to claim 1, wherein at least a
portion of the carbon dioxide liquid(s) 1s removed from the
CPU and stored as a liquid.
35. The method according to claim 1, wherein at least a
portion of the carbon dioxide liquid(s) 1s removed from the
CPU, pumped and optionally heated to ambient temperature.
36. A method for generating power, said method compris-
ng:
combusting a fuel selected from the group consisting of
carbonaceous fuels, hydrocarbonaceous fuels and bio-
mass, 1 an oxygen-rich atmosphere within an oxyiuel
combustion unit to produce heat and flue gas;

recovering at least a portion of said heat to generate said
pPOWEr;

dividing said flue gas aiter optionally desulfurizing said

flue gas, into recycle flue gas and net flue gas;
recycling said recycle flue gas to the oxyfuel combustion
unit;

compressing and drying said net flue gas to produce dry

flue gas under elevated pressure containing at least one
non-condensible contaminant;
feeding said dry flue gas to a CPU wherein carbon dioxide
gas from said dry flue gas 1s cooled and condensed, and
separated from said non-condensible gas contaminant
(s)to produce at least one carbon dioxide liquid and a tail
gas comprising said non-condensible gas contaminants;

separating compressed air by cryogenic distillation 1n an
ASU to produce nitrogen gas under elevated pressure
and gaseous oxygen;

feeding at least a portion of said gaseous oxygen to said

oxytuel combustion unit;

teeding at least a portion of said nitrogen gas to the CPU

wherein the nitrogen gas 1s cooled by indirect heat

exchange to produce cooled nitrogen gas which 1s then

expanded to produce expanded nitrogen gas;
wherein the method 1n the CPU requires refrigeration duty,
said refrigeration duty being provided 1n at least a first part by
indirect heat exchange against at least a portion of said carbon
dioxide liquid(s) thereby evaporating said liquid(s), and a
second part by indirect heat exchange against sensible heat
energy alone of said expanded nitrogen gas.

37. The method according to claim 36, wherein the
imported nitrogen gas 1s cooled to a temperature in the range

from about —40° C. to about 10° C.

38. The method according to claim 36, wherein the cooled
nitrogen gas 1s expanded to a pressure 1n the range from about
1 bar to about 4 bar.
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39. The method according to claim 36, wherein a portion of
the carbon dioxide liquid(s) 1s removed from the CPU as a
liquid product and optionally pumped and warmed to ambient
temperature.
40. The method according to claim 36, wherein said cooled
nitrogen gas 1s expanded 1n a first expander, warmed and then
further expanded 1 a second expander to produce said
expanded nitrogen gas.
41. A method for generating power, said method compris-
ng:
combusting a fuel selected from the group consisting of
carbonaceous fuels, hydrocarbonaceous fuels and bio-
mass, 1 an oxygen-rich atmosphere within an oxyfuel
combustion unit to produce heat and flue gas;

recovering at least a portion of said heat to generate said
pPOWEr;

dividing said flue gas after optionally desulfurizing said

flue gas, mto recycle flue gas and net flue gas;
recycling said recycle flue gas to the oxyfuel combustion
unit;

compressing and drying said net flue gas to produce dry

flue gas under elevated pressure containing at least one
non-condensible contaminant:;
feeding said dry flue gas to a CPU wherein carbon dioxide
gas from said dry flue gas 1s cooled and condensed, and
separated from said non-condensible gas contaminant
(s)to produce at least one carbon dioxide liquid and a tail
gas comprising said non-condensible gas contaminants;

separating compressed air by cryogenic distillation 1n an
ASU to produce nitrogen gas under elevated pressure
and gaseous oxygen;

feeding at least a portion of said gaseous oxygen to said

oxyluel combustion unit;

expanding 1n the ASU at least a portion of said nitrogen gas

to produce expanded nitrogen gas; and

teeding said expanded mitrogen gas to said CPU:;

wherein the method 1n the CPU requires refrigeration duty,
said refrigeration duty being provided 1n at least a first part by
indirect heat exchange against at least a portion of said carbon
dioxide liqud(s) thereby evaporating said liquid(s), and a
second part by indirect heat exchange against sensible heat
energy alone of said expanded nitrogen gas.

42. A method for generating power, said method compris-
ng:
combusting a fuel selected from the group consisting of
carbonaceous fuels, hydrocarbonaceous fuels and bio-
mass, 1n an oxygen-rich atmosphere within an oxyfuel
combustion unit to produce heat and flue gas;

recovering at least a portion of said heat to generate said
pPOWEr;

dividing said flue gas after optionally desulfurizing said
flue gas, 1into recycle flue gas and net flue gas;

recycling said recycle flue gas to the oxytuel combustion
unit;

compressing and drying said net flue gas to produce dry

flue gas under elevated pressure containing at least one
non-condensible contaminant:;

teeding said dry flue gas to a CPU for punfication, said
purification comprising:
cooling and condensing carbon dioxide gas in the dry
flue gas;
separating the condensed carbon dioxide gas from said
non-condensible gas contaminant(s) 1n a first phase
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separator to produce a first carbon dioxide liquid and
a first overhead vapour comprising said non-conden-
sible gas contaminant(s);

dividing said first carbon dioxide liquid into three por-
tions;

pumping a first portion of said first carbon dioxide liquud
to produce a pumped first portion;

reducing the pressure of a second portion of said first
carbon dioxide liquid to produce a reduced pressure
second portion;

pumping a third portion of said first carbon dioxide
l1iquid to produce a pumped third portion, and cooling,
the pumped third portion to produce a cooled third
portion;

cooling and condensing carbon dioxide gas in said first
overhead vapour;

separating the condensed carbon dioxide gas from said
non-condensible gas contaminant(s) mm a second
phase separator to produce a second carbon dioxide
liquid and said tail gas comprising said non-conden-
sible gas contaminant(s);

warming said tail gas by indirect heat exchange to pro-
duce warmed tail gas; and
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reducing the pressure of said second carbon dioxide
liguid after optionally warming said liquid, to pro-
duce reduced pressure second carbon dioxide liquid,
separating compressed air by cryogenic distillation in
an ASU to produce nitrogen gas under elevated pres-
sure and gaseous oxygen;

feeding at least a portion of said gaseous oxygen to said
oxyluel combustion unit; and

expanding at least a portion of said nitrogen gas to produce
expanded nitrogen gas;

wherein the method 1n the CPU requires refrigeration duty,
said refrigeration duty being provided 1n at least a first part by
indirect heat exchange with the pumped first portion of first
carbon dioxide liquid, the reduced pressure second portion of
first carbon dioxide liquid and the reduced pressure second
carbon dioxide liquid, and a second part by indirect heat
exchange with sensible heat energy alone of the cooled third
portion of the first carbon dioxide liquid.

43 . The method according to claim 42, wherein the pumped
third portion of the first carbon dioxide liquid 1s cooled by
indirect heat exchange against said expanded nitrogen gas.
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