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ENERGY EFFI Cl ENT PRODUCTI ON OF Q02 USI NG SI NGLE STAGE
EXPANSI ON  AND PUMPS FOR ELEVATED EVAPORATI ON

Speci fication

The invention relates to a nmethod and a device for the
i quefaction of the CO, contained in the flue gases. The
i quefaction of CO, out of flue gases has been known for
quite a long tine.

Most cryogenic nethods for the production of CO, out of
combustion flue gases use conventional separation schenes
having two or nore separation stages. In figure 1 such a
prior art installation is shown as block diagram

In the figures of this application the tenperature and the
pressure at various points of the flue gas stream as well as
of the CO, are indicated by so-called flags. The
tenperatures and the pressures belonging to each flag are
conpiled in a chart in the following. It is obvious for a
man skilled in the art that these tenperatures and pressures
are neant as an exanple. They can vary depending on the
conposition of the flue gas, the “anbi ent tenperature and the
requested purity of the liquid CO,.

In a first conpressor 1 the flue gas is conpressed. This
conpression can be a multi-stage conpression process wth
coolers and water separators between .each conpression stage
(not shown) separating nost of the water vapour resp. water
from the flue gas.

In figure 1 the flue gas stream is designated with ref erence
nurmeral 3. When being emtted by the first conpressor 1 the
flue gas has a tenperature significantly higher than the

anbi ent tenperature and then is cooled to approxi mately 13°C
by a first cooler 5. The pressure is approximately 35.7 bar.

The npoisture still contained in the flue gas stream 3 is
freed from water by a suitable drying process e.g.

adsorption dried in a drier 7 and subsequently conveyed to a
first separation stage 9. This first separation stage 9

1
CONFIRMATION COPY
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conprises a first heat exchanger 11 and an internediate
separation drum 13. The first heat exchanger 11 serves for
cooling the flue gas stream 3. As a result of this cooling a
partial condensation of the CO, contained in the flue gas
stream 3 takes place. Consequently, the flue gas stream 3
enters the internmediate separation drum 13 as a two-phase

m xture. There the liquid phase and the gaseous phase of the
flue gas stream are separated by nmeans of gravitation. In
the first separation drum the pressure is approximately 34,7
bar and the tenperature is -19°C (cf. flag no. 5).

At the bottom of the internediate separation drum 13 liquid
CO, is extracted and via a first pressure reducing valve
15.1 expanded to a pressure of approximately 18.4 bar (cf.
ref. No. 3.1). This results in a tenperature of the Cc®
between -22°C and -29°C (cf. flag no. 10) . The partial CO,
stream 3.1 of the flue gas is heated and evaporated in the
first heat exchanger 11 by the flue gas stream 3. At the
exit of the first heat exchanger 11 the partial stream 3.1
has a tenperature of approximately 25°C and a pressure of
approximately 18 bar (cf. flag no. 11).

Followi ng the second partial stream 3.2 being extract ed at
the head of the internediate separation drum 13 it becones
clear that this partial stream 3.2 being extracted from the
intermedi ate separation drum 13 in a gaseous state is cooled
in a second heat exchanger 17 and partially condensed.
Afterwards this partial stream 3.2 being also present as
two- phase mxture is conveyed to a second separation drum
19. The second heat exchanger 17 and the second separation
drum 19 are the main conponents of the second separation

stage 21.

In the second separation drum 19 again a gravity-supported
separation between the liquid phase and the gaseous phase of
the partial stream 3.2 takes place. In the second separation
drum 19 there is a pressure of approximately 34,3 bar and a
tenperature of approximately -50°C (cf. flag no. 6).

The gaseous phase in the second separation drum 19, the so-
called offgas 23, is extracted at the head of the second
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separation drum 19, expanded to approximately 27 bar in a
second pressure reducing valve 15.2, so that it cools down
to approximately -54°C (cf. flag no. 7).

In the figures the offgas is designated with reference
nuneral 23. The offgas 23 streans through the second heat
exchanger 17 thereby cooling the flue gas 3.2 in the counter
stream

At the bottom of the second separation drum 19 liquid CO,
(c. f. ref. num 3.3) is extracted and expanded to
approximately 17 bar in a third pressure reducing valve
15.3, so that it reaches a tenperature of -54°C as well (cf.
flag no. 7a). This stream 3.3 as well is conveyed to the
second heat exchanger 17. In the second heat exchanger 17 a
part of the liquid C®2 evaporates and stream 3.3 is expanded
to approximately 5 to 10 bar in a fourth pressure reducing
valve 15.4, so that at this point a tenperature of -54°C is
reached (cf. flag no. 7b) and the stream 3.3 is again
conveyed to the second heat exchanger 17.

After the stream 3.3 streaned through the second heat
exchanger 17, it again is conveyed to the first heat
exchanger 11. At the entrance of the first heat exchanger 11
this stream has a pressure of approximately 5 to 10 bar wth
a tenperature of -22 to -29°C (cf. flag no. 14).

This stream 3.3 takes up heat in the first heat exchanger

11, so that at the exit of sane it has a tenperature of
approximately -7°C with a pressure of approximately 5 to 10
bar. The third stream 3.3 is conveyed to a second conpressor
25 at the first conpressor stage, whereas the stream 3.1
having a pressure of approximately 18 bar is conveyed to the
second conpressor stage at the three-stage conpressor 25
shown in figure 1.

Intercooler between the various stages of the second
conpressor 25 and an aftercooler for the conpressed CX®2 are
not shown in figure 1.

At the exit of the second conpressor 25 the conpressed CO,
has a pressure of between 60 bar and 110 bar wth
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tenperatures of 80°C to 130°C. In the aftercooler, which is
not shown, the co2 is cooled down to anbient tenperature.

~If necessary the co2 can be either fed directly into the

pipeline or liquefied and conveyed from a first co2 punp 27
e.g.b into a pipeline (not shown). The first CO, punmp 27
raises the pressure of the liquid CO, to the pressure given
in the pipeline.

Going back to the offgas 23 it can be seen that the offgas
streans through the second heat exchanger 17 and the first
heat exchanger 11, thereby taking up heat from the flue gas
stream 3. At the exit of the first heat exchanger 11 the
offgas 23 has a tenperature of approximately 26°C to 30°C
and a pressure of approximately 26 bars (cf. flag no. 16) .

For maxi msing the energy recovery it is known to overheat
the offgas 23 with an offgas superheater 29 and then convey
it to a expansion turbine 31 or any other expansion machine.
Wherein nmechanical energy is recycled and afterwards the
offgas is emtted into the surroundings with a |ow pressure
approxi mtely corresponding to the surrounding pressure.

This installation described by nmeans of figure 1 for
liquefying coz is relatively sinple and works without
problens. The disadvantage of this prior art production of
l[iquid co2 out of flue gas of power plants e.g. fuelled wth
fossils is its high energy demand having negative effects on
the net efficiency degree of the power plant.

Thus the invention has the object to provide a nethod and an
installation for liquefying the CO, contained in the flue
gas operating with a reduced energy demand and thus
increasing the net efficiency degree of the power plant.

At the sane tine the nethod should be as sinple as possible
and the operation technique favourably controllable in order
to guarantee a robust and trouble-free operation.

According to the invention this object is solved with a

met hod for producing liquid C02 out of combustion flue gases
wherein the flue gas is partially condensed in a single
stage phase separation, the single stage phase separation
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conprising at |east one heat exchanger and a separation
drum wherein the at |east one heat exchanger is cooled by
expanded offgas and expanded liquid CO2 and wherein a part
of the Cc®2 is expanded to a first pressure level and is
separated after having passed the at |east one heat
exchanger into liquid C02 and gaseous (C02 in an additional
separation drum wherein the gaseous Q02 and the liquid C02
of the additional separation drum are expanded to a second
pressure level. A second part of the liquid C02 of the
separation drum is expanded to a third pressure |evel for
cooling the Q2 in the at |east one heat exchanger.

Due to the reduced volune flow resulting from evaporation of
the CO, at a higher pressure level the result is a
considerable reduction of the required power for the second
conpressor 25 having the direct effect of an inproved net
efficiency degree of the upstream power plant.

A further advantageous enbodinent of the clained invention
conprises the step that the pressure of a third part of the
liquid C2 of the first separation drumis raised to a
fourth pressure level for cooling the C2 in the at |east
one heat exchanger.

This CO, stream then can be fed to the conpressor 25 at an
even higher conpression stage resulting in a further reduced
power consunpti on.

It is preferred that the second part of the liquid C02 of
this separation drum is expanded to a pressure of
approximately 15 bar to 25 bar, preferably to 20 bar. This
pressure range matches with the common conpression ratios
usually applied for centrifugal conpressors.

A further advantageous enbodinent of the clained nethod
conprises that the third part of the liquid C2 of the first
separation drum is raised to a pressure of approximtely 40
bar to 50 bar, preferably to 45 bar.

These pressure levels allow an energy efficient operation of
the plant on the one hand while keeping comercially
avai l abl e conpression ratios and allow to run the plant at
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different operating points depending for exanple on the
required quality of Q02 and/or anbient tenperature.

It is also advantageous to use the parti al streams of C02
from the separation drunms for cooling purposes in the at
| east one heat exchanger.

By using these Q02 streans for cooling purposes it can be

avoided to use flanmable cooling media, which results in a
reduced danger of fire and mninmzes the costs for security
systens .

By feeding the Q02 streans to different stages of a second
conpressor depending on their pressure level a reduction of
the energy consunption is achieved.

Conpressing the flue gas (3) in a first conpressor and then
cooling it in a first cooler and/or drying it in a drier
before entering the at |east one heat exchanger reduces the
volune of the flue gas, since nost of the water vapour has
been separated. This neans that the size of the drier and
the plant for producing liquid CO, can be smaller resulting
in reduced energy |osses and reduced costs.

By expanding the offgas from the |ast separation stage to
approximately 27 bar and resulting in a tenperature of
approximately -54 °C before entering the at |east one heat
exchanger the pressure level after expansion is as high as
possi ble thus maxim zing the energy recovery in the
expander .

A further reduction of the energy consunption can be
achieved by expanding the offgas after having passed the at
| east heat exchanger in at |east one expansion machine and
subsequently feeding it again to the at |east one heat
exchanger.

Optionally the offgas 23 can be superheated after having
passed the at |east heat exchanger and before entering the
at | east one expansion machine. |f waste heat can be used
for superheating, the output of the expansion machine can be
increased resulting in an better overall efficiency of the
pl ant .
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Preferably two expansion stages are to be used (c. f. fig.

3) thus nmaximzing the anobunt of CO, that can be directed to

the third and fourth pressure |evel.

Further advantages of the clained invention are explained in

connection with figures 2 and 3 in the follow ng.

Dr awi ngs
Shown are in:

Figure 1 an installation for CO, liquefaction out of flue
gases according to the prior art and

Figures 2 and 3 enbodi nents of installations for CO,
I iquefaction according to the invention.

Description of the Draw ngs

In figure 2 identical conponents are designated wth
identical reference nunerals. The statenments concerning
figure 1 correspondingly apply.

The treatnent of the flue gas stream 3 in the first
conpressor 1, the first cooler 5, the drier 7, the first
heat exchanger 11 takes place as described by neans of
figure 1. The flue gas stream 3 flows from the first heat
exchanger 11 directly to the second heat exchanger 17 and i
then conveyed to the now first separation druml 9. The two
phases (liquid and gaseous) of the flue gas stream 3 are
divided in the first separation drum 19 into the offgas
stream 23 and a partial stream of liquid c®. At the bottom
of the first separation drum 19 this partial stream is
extracted and has the reference nuneral 3.3 such as in
figure 1.

As already explained in the description of figure 1, the
partial stream 3.3 is expanded to a pressure of 17,5 bar in
a third pressure reducing valve 15.3, thereby cooling down
to -54°Cc. The partial stream 3.3 streans through the second
heat exchanger 17, thereby taking up heat from the flue gas

S
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stream 3 and enters with a tenperature of approximtely -
47°C (cf. flag no. 8) into a second separation drum 33.

There the partially liquid and partially gaseous CX® has a
pressure of approximately 16,5 bar and a tenperature of -47
°C (cf. flag no. 9').

In the head of the second separation drum 33 the gaseous
phase is extracted and expanded in a fourth pressure
reduci ng valve 15.4. The gaseous partial stream being
extracted at the head of the second separation drum 33 is
designated with reference nuneral 3.4 in figure 2.

At the bottom of the second separation drum 33 a liquid
stream 3.5 is extracted and expanded in a fifth pressure
reduci ng valve 15.5. Subsequently the partial streans 3.4
and 3.5 are brought together again. Then they have a
pressure of approximately 5 to 10 bar and a tenperature of -
54°C (cf . flag no. 7d ).

A second portion 3.6 of the CO, fromthe first separation
drum 19 i s expanded via a sixth pressure reducing valve 15.6

to a pressure of ~ 23 bar (c. f. flag 7e' ) and returned to
t he exchanger 17 at an intermediate entry point.

Wth this partially liquid, partially gaseous C® the flue
gas stream 3 in the second heat exchanger 17 is cool ed.

As the entrance tenperature of the partial stream 3.6 is
hi gher than the entrance tenperatures of the of f gas 23 as
well as the partial stream 3.3, the flue das stream 3 first
is cooled with the partial stream 3.6. Thus it is possible
to take up heat fromthe flue gas stream 3 even with this
hi gher tenperature of -45°C. In figure 2 this fact is
illustrated by the position of the heat exchanging area of
the partial stream 3.6.

The partial stream 3.6 |eaves the second heat exchanger 17
with a tenperature of approximately -22°C to -29°C (cf. flag
no. 13') and is then conveyed directly the first heat
exchanger 11. In the first heat exchanger 11 the parti al
stream 3.6 takes up heat from the flue gas stream 3. The
partial stream 3.6 |eaves the first heat exchanger (cf. flag
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no. 11') with a tenperature of approximately 25°C and a
pressure of approximately 18 bar and can thus be conveyed to
the second conpression stage of the second conpressor 25.

As the partial stream 3.6 can be conveyed to the second
conpression stage of the second conpressor 25 the partial
stream 3.3, which has to be conveyed to the first
conpression stage of the second conpressor 25, is
correspondi ngly reduced. Consequently the power required by
the second conpressor 25 is snaller. This has positive
effects on the energy demand of the installation accordi ng
to the invention.

Qccasionally the remainder 3.7 of the liquid Cc® from the
first separation drum 19 is punped (c. f. ref. nunber 37) to
a pressure of =~ 45 bar (c. f. flag 790 with the c®2 punp 37
and returned to exchanger 17 also at an internmediate entry
poi nt .

Parallel to the partial stream 3.6 a further partial stream
3.7 flows through the second heat exchanger 17 and the first
heat exchanger 11. The partial stream 3.7 is driven by a C02
punp 37 and brought to an increased pressure |evel of
approx. 45 bar (cf. flag no. 7g) . An eighth valve 15.8
serves to control the anpunt of C02 that is punped by the
Co2 punp 37.

As the entrance tenperatures of the partial streanms 3.6 and
3.7 are higher than the entrance tenperatures of the off gas
23 as well as the partial stream 3.3, the flue gas stream 3
first is cooled with the partial streans 3.6 and 3.7. Thus
it is possible to take up heat from the flue gas stream 3
even with the a. m. higher tenperature. |In figure 2 this
fact is illustrated by the position of the heat exchanging
area of the partial stream 3.7.

The partial stream 3.7 |eaves the second heat exchanger 17
with a tenperature of approximately -22°C to -29°C (cf. flag
no. 20) and is then conveyed directly the first heat
exchanger 11. In the first heat exchanger 11 the parti al
stream 3.7 takes up heat from the flue gas stream 3. The
partial stream 3.7 leaves the first heat exchanger (cf. flag
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no. 21) wth a tenperature of approximtely 25°C and a
pressure of approximately 44 bar and can thus be conveyed
after the second and before the third conpression stage of
the second conpressor 25.

As the partial stream 3.7 can be conveyed to the third
conpression stage of the second conpressor 25, the partia
stream 3.3, which has to be conveyed to the first
conpression stage of the second conpressor 25, s
correspondingly reduced. Consequently the power required by
the second conpressor 25 is smaller. This has positive
effects on the energy demand of the installation according
to the invention.

Extraction of partial stream 3.7 is possible when the off-
gas energy is used by at |east double expansion via
expanders 31 and 39 as shown in figure 3. This maxim zes the
cold recovery fromthe off-gas as described later.

Al liquid or two phase co2 streans (3.3, 3.6., 3.7) are
evaporated in exchanger 17 and 11 before being sent to co2
reconpressor or second conpressor 25. Depending on the
pressure level the coz2 streans are fed at different
conpression stages of the second conpressor 25.

Using different pressure levels for the evaporation of the
co2 has several advantages: It gives better control over the
flue gas condensation. Furthernore the overall conpression
requi renents can be mnimzed having co2 at el evated
pressures readily avail able.

A further possibility of reducing the energy demand of the
co2 |iquefaction plant can be seen in not only overheating
the offgas 23 in the offgas superheater 19 after the exit
fromthe first heat exchanger 11, but also reconvey it to
the second heat exchanger 17 after the expansion in the
expansion turbine 31. After the overheating the offgas has a
tenperature of approximately 80°C to approximately 100°C
wWith a pressure of approximately 26 bar (cf. flag no. 17)
By the expansion in the first expansion machine 31 the
pressure drops to 2.3 bar and the offgas 23 reaches a
tenperature of -54°c. Thus the offgas 23 can once nore

10
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contribute to the cooling of the flue gas stream 3 resp. the
partial stream 3.2. Afterwards the offgas 23 can be emtted
to the surroundings with a |low pressure and approxi mately
surroundi ng tenperature.

It is also possible to carry out a nulti-stage expansion and
overheating of the offgas 23 as is shown in figure 3.

In the enbodi ment shown in figure 3 the offgas 23 is but
sent directly after the exit fromthe first heat exchanger
11 to the first expansion turbine 31 and further to the
second heat exchanger 17. From the second heat exchanger- 17
the offgas flows through the first heat exchanger 11. Before
entering the first expansion turbine 31 the offgas has a
tenperature of approximately 30°C with a pressure of
approximately 26 bar (cf. flag no. 16). Due to the expansion
in the first expansion machine 31 the pressure drops to 8
bar and the offgas reaches a tenperature of -54°C

The second stage of expansion conprises a second expansion
turbine 39. Before entering the second expansion machine 39
the offgas 23 has tenperature of approximately 30 °C (cf.
flag 22) . Due to the expansion in the second expansion

machi ne 39 the pressure drops to 2 bar and the offgas
reaches a tenperature of -47°C (cf. flag 23).

Thus the offgas 23 can once nore contribute to the cooling
of the flue gas stream 3 resp. the partial stream 3.2.
Afterwards the offgas 23 can be emitted to the surroundings
with a | ow pressure and approxi mately surrounding

t enperature .

The single or nulti-stage expansion as well results in a
consi derabl e ‘reduction of the energy demand of the
installation according to the invention, as on the one hand
the offgas 23 contributes to a greater anobunt to the cooling
of the flue gas stream 3 resp. the partial stream 3.2 and

t he expansion nmachine 31 and/or 39 generate nechanical work,
which e. g. can be used for driving the first conpressor 1
or the second conmpressor 25. Al in all it can be stated
that the nethod according to the invention and the
installation for CO, |liquefaction required for carrying out

11
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the nethod according to the invention are still relatively
sinple in their design in spite of the considerable
advant ages .

Furthernore, this setup clearly inproves the control over
the flue gas condensation. Wth adjustnent of the flow rate
over the CO, punp 37 and the valves 15. 6 and 15.3 the
driving force for heat transfer, the Logarithm c Mean
Tenperature Difference (LMD), is varied. In this way the
performance of the separation stage can be adjusted. This is
especially inportant, when operating at condensation
tenperatures near the sublimation and freezing point of oo2.

In order to maxim ze the described effect, the heat recovery
out of the offgas from separation can be increased by having
the vent gas/offgas 23 recirculated to the cold box after
expansion, at |east once before releasing it to the

at nosphere .

Tabl e of flags, pressures and tenperatures.

Flag no. Temperature, approx. ; Pressure; approx.
[°C] [bar]

1 13 35,7

2 13 35

5 -19 _ 34,7

57 -19 34,7

6 -51 34,3

6’ -51 34,3

7" -54 °C 27

7a o4 17

Ta’ —o4 27

7b -4 5 to 10

Tb’ -48 44

1c -54 17,5

1 1st das Ofgas 23 in Figur 1

12
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7c' -54 17, 5

7d -54 5to 10
7d -54 5to 10
7e -45 ~20 to 23
79 -47 45

7h 47 44

8 - 47 16, 5

8' -47 16,5

9 -47 16, 5

9' - 47 16, 5

10 - 22 to - 29 20,5

11 25 20

11 26 to 30 19

12 -7 5-10

12 -7 5to 10
i3 -22 to -29 20

14 -22 to -29 5-10

16 26 to 30 26

17 80 to 100 25,8

18 -54 2,3

19 80 to 130 60 to 110
20 -22 to -29 43,5

21 26 to 30 43

22 26 to 30 | 7

The tol erances for
the tenperatures are
+ 5°C

The tol erances for
the pressures are #*
5 bar

13
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Cl ai ns

Met hod for producing liquid CO, out of conbustion flue
gases wherein the flue gas is partially condensed in a
singl e stage phase separation, the single stage phase
separation conprising at |east one heat exchanger (11,
17) and a separation drum (19), wherein the at |east
one heat exchanger (11, 17) is cooled by expanded
offgas (23) and expanded liquid CO, (3.3) and wherein
the expanded co2 (3.3) is separated after having passed
the at |east one heat exchanger (17) into liquid co2
and gaseous CO, in an additional separation drum (33),
wherein the gaseous co2 (3.4) and a first part of the
l[iquid co2 (3.5 of the additional separation drum (33)
are expanded to a first pressure level (flag 7d )
wherein the pressure of a second part of the liquid co2
(3.6) of the additional separation drum (33) is
expanded to a second pressure level (flag 7e ) for
cooling the co2 in the at |east one heat exchanger

(17) .

Met hod according to claim 1, characterized in, that the
pressure of a fourth part of the liquid co2z (3.7) of
the first separation drum (33) is raised to a fourth
pressure level (flag 79) and expanded (flag 7h) for
cooling the co2 in the at |east one heat exchanger

(17) .

Met hod according to claim 2, characterized in, that the
fourth part of the liquid co2 (3.7) of the additional
separation drum (33) is raised to a pressure of
approximately 40 bar to 50 bar, preferably to 47 bar
(flags 7h and 20) .

Met hod according to one of the foregoing clains,
characterized in, that the partial streams of co2 (3.3,
3.6. 3.7) fromthe separation druns (19, 33) are used
for cooling purposes in the at |east one heat exchanger
(17, 11).

14
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10.

11.

Met hod according to one of the foregoing clains,
characterized in, that the CO, streams (3.3, 3.6, 3.7)
are fed to different stages of a second conpressor (25)
depending on the pressure of the CO, streans (3.3, 3.6,
3.7) .

Met hod according to one of the foregoing clains,
characterized in, that the flue gas (3 is conpressed
in a first conpressor (1), cooled in a first cooler (5)
and/or dried in a drier (7) before entering the at

| east one heat exchanger (11, 17).

Met hod according to one of the foregoing clains,
characterized in, that offgas (23) from the |ast
separation stage (21) is expanded to approximtely 27
bar and resulting in a tenperature of approximtely -
54 °C before entering the at |east one heat exchanger
(17) .

Met hod according to one of the foregoing clainms ()
characterized in, that the offgas (23) after having
passed the at |east heat exchanger (11, 17) is expanded
in at |east one expansion machine (31, 39) and
subsequently fed again to the at |east one heat
exchanger (17, 11)

Met hod according to one of the foregoing clainms ()
characterized in, that the offgas (23) is superheated
in a superheater (29) after having passed the at | east
heat exchanger (11, 17) and before entering the at

| east one expansion machine (31, 39)

Plant for producing liquid CO, out of conbustion flue
gases wherein the flue gas (3 is partially condensed
in at one heat exchanger (11, 17), separation druns
(19, 33), several pressure reducing valves (150 and a
second nulti-stage conpressor (25)

Plant according to claim 10, characterized in, that it
conprises at |east one CO, punp (37)

15
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12.

13.

14.

Pl ant according to claim 10 or 11, characterized in
that it conprises at |east one expansion machine (31,

39)

Plant according to clains 10 to 12, characterized in

that it conprises at |east one offgas superheater (29) .

Plant according to clainms 10 to 13, characterized in
that it conprises a first conpressor (1), a first
cooler (5 and a drier (7).

16
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