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& (57) Abstract: The invention relates to a process for separating carbon dioxide from combustion or product gas. Part of the CO,
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CO, is evaporated from the said liquid to a vapour phase, thus forming a CO,-enriched separation gas and a CO,-depleted liquid.
A mutual thermal-transfer connection is created between the dissolving and evaporation processes, from the thermal transfer taking

place between them.



10

15

20

25

30

WO 2005/087351 PCT/F12005/050075

1

NEARLY REVERSIBLE PROCESS FOR THE SEPARATION OF CARBON DIOXIDE FROM
COMBUSTION OR PRODUCT GAS

The present invention relates to a process for the separation of
carbon dioxide from combustion or product gas, in which process:
- part of the CO, of the combustion or product gas is dissolved
into a CO,-dissolving liquid, in a nearly reversible dissol-
ving process operating on the counter-flow principle, and
- a corresponding part of the said CO, is evaporated from the

said liquid into a wvapour phase.

In the following description portion and Claims, the words
‘dissolution' and ‘evaporation' are used in place of the more
precise expressions ‘dissolution or absorption' and ‘evaporation

or desorption’.

In the prior art, CO, is usually separated from process gas in a
dissolution process operating on the counter-flow principle. This
process is nearly reversible and produces a liquid phase with a CO,
content corresponding to a partial pressure that is close to the

partial pressure of CO, in the original process gas.

The CO, is generally evaporated from the vapour phase obtained by
heating it (e.g., MEA method, publication DE 606132). The desorpti-
on of the CO, consumes a large amount of heat, in the MEA method
of the order or 1,2 MJ per kilo of CO,. In the heating process,
considerable deviations from reversibility occur and energy is

wasted.

A second solution used in the prior art is expansion evaporation,
which is applied in, for example, publication DE 843545. In it,
compressed blast-furnace gas at 2,5 bar, in which there is 24 %

CO,, is scrubbed with cold methanol and the CO, solution obtained
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is evaporated in two stages at pressures of 0,2 and 0,04 bar. As
this type of expansion evaporation is not a reversible process,
energy is wasted. In addition, large and expensive compressors are

required to compress the CO, obtained at the pressure of 0,04 bar.

Vapour stripping is often used to transfer CO, from a liquid to gas
phase. The publication US 4528811 discloses a ‘chemical processor’',
in which CO, is absorbed from the compressed flue gas of air
combustion into a solution containing a suitable absorption
substance at a pressure of 11 bar and a temperature of 120 - 139
°oc. Part of the CO, is desorbed by expanding the solution to a
pressure of 1,3 bar while the remainder is ‘stripped' using 50-psi
(3,4-bar) steam, when one pound (0,454 kg) of steam separates 3,45
scf (0,098 Nm®) of CO,. 2,32 kg of stripping steam is consumed for
each kilo of CO, separated by stripping, the enthalpy of the steam
consumed being 6,3 MJ for each kilo of CO,.

Using steam stripping, CO, can be separated from the solution
precisely and the CO,-depleted solution obtained can be used to
separate the CO, almost completely from the process gas. By
condensing the mixture of steam and CO, obtained in stripping, the
latter is obtained at the pressure of the stripping steam used,
thus avoiding compression of the low-pressure CO,. The downside is
the high consumption of stripping steam, in this example, 8,5 mols

per mol of separated CO,.

The desorption process can be brought close to reversibility by
maintaining a constant pressure in the gas phase using a second gas
with a pressure that is independent of the temperature of the
column. An example of this is publication FI 111607 (WO 03/035221),
in which CO,, scrubbed from the flue gas to the solution, is
transferred to a CO, concentrate at a lower pressure by using air
scavenging. However, removing the scavenging air from the concent-
rate demands a complex liguidation process and increases energy

consumption. Though the method of the publication is intended to
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achieve a nearly reversible process, the loss due to air scavenging
means that the result remains half-way. On the other hand, if air
scavenging is not used, energy-wasting expansion evaporation must
be used. In addition, at least some of the separated CO, is
obtained at a very low pressure, as in the aforementioned publica-
tion DE 843545, in which some of the CO, is obtained at a pressure
of 0,04 bar, despite the fact that the pressure of the process gas
is 2,5 bar. This problem is further worsened when processing

combustion gas at normal pressure.

In the present invention these problems are avoided by transferring
the CO, from a liquid phase to a gaseous phase in a nearly
reversible evaporation process, the energy required for which being
transferred to it from the dissolving process. The reversibility

is better than in any known separation process.

In the following, the present invention is described with reference

to the accompanying figures.

Figure 1 shows the pressure of CO, separated reversibly, without
external energy, from 0,15-bar flue gas containing CO,, as a
function of the partial pressure p' of the remaining CO, of the
flue gas,

Figure 2 shows the cycle process undergone by the ligquid phase used
in the scrubbing of the flue gas,

Figure 3 shows schematically one example of an application of the
invention,

Figure 4 shows a schematically a second example of an application

of the invention.

As is apparent from the following examination, the CO, separated
in such a process is obtained at a substantially higher pressure

than the partial pressure of the CO, remaining in the flue gas.
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If the partial pressure of the CO, of the flue gas entering the
process at normal pressure is p, the thermodynamic work of
separation W(p) of the CO,, per mol of flue gas, at a constant

pressure T, is
(1) W(p) = -RT (p In(p) + (1 -p) 1In(l - p)),

in which R = 8,314 J/(mol K). The term -RT p 1ln(p) is the work
required to compress the separated CO, fraction from the pressure
P to normal pressure, and the term -RT (1 - p) In(l - p) is the
work of compressing the remaining flue gas fraction from the

partial pressure 1 - p back to normal pressure.

In practice, not all of the CO, can be separated, as CO, at the
partial pressure p' will remain in the flue gas. The part of the
work of separation corresponding to this remains undone and reduces

the value W(p) to the value
(2) W(p, p') = W) - (1L -p+ p")W(p').

If the separated CO, is recovered at a pressure g, which is lower
than normal pressure, the work of separation is then reduced to the

value

(3) W(p, Pp', Q@ = W(p, ') - RT (p - p') 1n(q),

in which the last term is the work that is released in the
isothermic compression of the separated CO, fraction from normal

pressure to the pressure Jg.

By selecting g so that W(p, p', q) equals 0, the separation process
can, in principle, be performed without external energy. Figure 1
shows the pressure of CO, separated reversibly, without external
energy, from 0,15-bar flue gas containing CO,, as a function of the

partial pressure p' of the remaining CO, of the flue gas.
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If p = 0,15 bar then g = 0,060 bar, in other woxds, if there is
0,15-bar CO, in the flue gas, it can be separated isothermically,
in a reversible process without external energy, as a CO, fraction,
with a pressure of 0,06 bar. When the partial pressure p' inc-
reases, W (p, p', Q) increases and the pressure q correspondingly
increases. For example, by leaving 0,06 bar of CO, in the flue gas,
the pressure of the separated CO, increases from 0,06 bar to 0,091
bar, i.e. by 52 %. This is a substantial improvement, as the
dimensions of the separation column and the CO, compressor are
correspondingly reduced and the CO, compressor will require less
energy. The price of this advantage is that the theoretical

separation efficiency is reduced, in this example from 100 % to 60

oP

Figure 1 and this example demonstrate how, in this invention, the
separation efficiency of the process and the pressure level of the
separated CO, can be selected to achieve the best result. The
method described below in application example 2, in which the
pressure level of the separated CO, can be increased by utilizing
the vapour evaporated from the scrubbing liquid, can be added to
this. This shows how the conditions of the invention can be

optimized to achieve the best possible economic result.

Tn this invention, the separation of the CO, does not take place
isothermically, but instead in a specific temperature range. The
temperature range in question is, however, small compared to the
absolute temperature, being in the order of 1 - 3 %, so that the

process nearly conforms to the principles described above.

Both the scrubbing of the CO, from the flue gas and its evaporation
from the solution obtained are best performed in a column structure
with a sufficient number of theoretical plates so that the
deviations from reversibility caused by the mixing and heat
exchange between the liquid and gas phases at different heights can

be kept sufficiently small.
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The present invention is described with the aid of the following

examples of applicatioms.

Application example 1

Figure 2 shows the cycle process undergone by the liquid phase used
in the scrubbing of the flue gas. The abscigsa is the CO, content
% of the liquid and the ordinate the temperature T of the liquid.
At point 1, the ligquid has undergone the flue-gas CO, dissolving
process in the counter-flow column and its CO, content corresponds
to the partial pressure of the CO, entering the dissolving process
at the final temperature T, of the solution. The ligquid is then
cooled in part 1 - 2 to the temperature T, after which some of the
CO, is evaporated at a constant pressure on the isobar 2 - 3 as the
temperature rises to T,. Next, the liquid is cooled back to the
temperature T, in part 3 - 4, the liquid then dissolving the CO,

from the flue gas, as its temperature rises to T, (part 4 - 1).

In practice, the evaporation process must be performed at a
slightly lower temperature than the dissolving, to allow the heat
released in the dissolving to be transferred to the evaporation.
The evaporation thus takes place in practice in the range(T, -AT)
- (T1L - aT), in which AT is in the order of 1...3 °C. The amount
of energy transferred from the dissolving to the evaporation, per
kilo of CO, separated is 1,2 MJ when using MEA and 0,6 MJ when

using carbonate.

Figure 3 shows a diagram of the separation process. The flue gas
flows upwards in a dissolving column 11 while the scrubbing liguid
flows against it, until the scrubbed flue gas exhausts from the top
of the column. The CO, enriched scrubbing liquid flows £first
through a heat-exchanging coil 15 in the bottom of the evaporation
column 12 and then through a heat exchanger 14, which transfers
most of the heat released in the dissolving to the evaporation. The

liquid that has been further cooled in the cooler 17 is sprayed to
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the top of the evaporation column 12, where it flows downwards and
warms while part of its CO, is simultaneously evaporated. The
depleted scrubbing liquid is led from the bottom of the column 12
to the heat exchanger 13 and from there to the top of the dissol-
ving column 11. The evaporation of a CO flow of 1 mol/s requires
a heat flux of 26 kW when using a carbonate solution. If this CO,
flow is separated from a solution flow, the thermal capacity flow
of which corresponds to 1 kg/s of water, the heat flux in gquestion
can then be transferred entirely £rom the dissolving to the
evaporation in the heat exchangers 14 and 15, ifT, - T, =6,2 °C.
Part of the heat flux can also be transferred, for example, by
circulating the scrubbing liquid, collected in the base of the
dissolving column 11, in a heat exchanger (not shown) located in
the evaporation column 12, or by constructing the columns 11 and

12 with a heat-transfer connection with each other (Figure 4).

Nearly reversible evaporation of CO, requires the partial pressure
of the CO, in the gas phase in the evaporation column to remain,
at each height, in equilibrium with the CO, content of the liquid
phase. In addition, the total pressure of the vapour phase must be
the same at all points in the column. In this example, this is
realized by the vapour phase congisting of only CO,, the pressure

of which remains constant during evaporation.

Application example 2

Tn this example, part 2 - 3 of the cycle process of Figure 2 1is
performed in such a way that the partial pressure of the CO, drops
as the evaporation progresses, but the pressure of the water vapour
evaporating from the solution correspondingly increases as the
solution heats. In this example, the solvent used is a 5 N solution
of MEA in water and the process is performed in the double column
of Figure 4. The mixture of CO; and water vapour leaving the

process at a temperature of T, - AT (Figure 2) 1is led to an
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additional column 16, in which the water vapour condenses and from
which the CO, exhausts.

A good heat-transfer connection is built between the dissolving
part 11 and the evaporating part 12 of the double column 10. The
final temperature of the dissolving is\50 °C, at which the degree
of saturation of the MEA solution in equilibrium with the partial
pressure of the 0,15-bar CO, is 50 % (Ullmanns Encyklopddie der
technische Chemie, 3. Aufl., 9. Band, s. 766). Evaporation begins
at 42,5 °C, at which the partial pressure of the CO, of the
solution is 0,075 bar and the partial pressure of tﬁe water §apour
is 0,082 bar. The CO, content of the solution flowing downwards in
the evaporating part 12 decreases simultaneously with an increase
in the partial pressure of the water vapour evaporating from it,
until at the bottom of the evaporating part it is 0,115 bar at a
temperature of 48,50 °C. These values make no allowance for the
fact that the vapour pressure of the MEA solution is slightly lower
than that of pure water. A distillation column, in which the
upwards flowing mixture of CO, and water vapour cools, while part
of the water vapour simultaneously condenses, acts as the evapora-
ting part. The mixture flow then rises in the additional column 16,
in which a dephlegmator 18 condenses most of the water vapour. The
energy for this distillation process is obtained form the flue gas
entering the separation in a saturated state, which arrives at the
process at a temperature of more than 50 °C and leaves it at about
45 °C. The total pressure of the CO, exhausting from the top of the
additional column at 15 °C is 0,157 bar, of which 0,015 bar is
water vapour. The partial pressure of the CO, of the CO,~depleted
solution transferring from the evaporation part to the dissolving
part is 0,021 bar, so that the theoretical separation efficiency
of the CO, is 86 %. Heat leaves the process in the coolers 17 and

18. Part of the condensate water created must also be removed.

As is apparent from the above description and the examples of

applications disclosed, the implementation wvariations of this
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invention are extremely diverse and are thus not restricted to the

" examples depicted above.

10

15

Compared to the prior art, the nearly reversible separation process

of this invention offers the following advantages:

the energy consumption of the process is close to the
minimum value characteristic to thermodynamically reversible
processes,

even though the CO, is condensed using the energy obtained
from its dissolving, it is obtained at a pressure substan-
tially higher than the partial pressure of the CO, remaining
in the flue gas,

it is possible to utilize the thermal energy of the flue gas
to increase the pressure level of the separated CO, (example
2).
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1. Process for separating carbon dioxide from combustion or product

gas,

in which process:

part of the CO, of the combustion or product gas is dissolved
in a CO,~dissolving liquid, in a nearly reversible dissolving
process operating on the counter-flow principle, thus
forming a CO,-depleted exhaust gas and a CO,-enriched liquid,
and

a corresponding portion of the said CO, is evaporated from
the said liquid to a gas phase, thus forming a CO,-enriched
separation gas and a CO,-depleted liquid, and

a mutual thermal-transfer connection is created between the
dissolving and evaporation processes so that the main part
of the heat transfer takes place between them, characterized
in that

the said CO,-dissolving ligquid undergoes a nearly reversible
cycle process, in which cycle process:

the CO,-enriched liquid exiting from and heated in the said
dissolving process 1is cooled before evaporation, in part
with the aid of external cooling, to a temperature slightly
lower than the initial temperature of the said dissolving
process, in order to create the gradation AT required by the
said mutual thermal transfer, and

the said CO,-enriched liquid is caused to flow downwards and
evaporated in a thermodynamic equilibrium with an upward-
flowing gas phase that is at a lower pressure than the
pressure of the said combustion or product gas,

the said downward-flowing CO,~enriched liquid is heated as
a result of the heat obtained from the said dissolving
process, so that part of the CO, of the heating ligquid
transfers to the gas phase, until the temperature of the
said liquid has increased to a value slightly lower than the

final temperature of the said dissolving process, and
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- the said depleted liquid is cooled to a temperature slightly
lower than the initial temperature of the said dissolving
process, and

- the said CO,~depleted liquid is returned to the said nearly
reversible dissolving process, and

- the said gas phase exhausts from the evaporation column as

the said CO, separation gas.

2. Process according to Claim 1, characterized in that, in cases

where the gas phase evaporating in the sald evaporation process
contains a substantial amount of vapour evaporated from the said
solution, the said wvapour phase undergoes a nearly reversible
distillation process, in which most of the said wvapour condenses
and from which the CO, is obtained in a nearly pure form, at the

total pressure of the said vapour phase.

3. Process according to either of Claims 1 - 2, characterized in

that the said dissolving and evaporation processes are performed

‘in a double column, the dissolving and evaporation portions of

which are in an efficient mutual thermal-transfer connection.

4. Process according to any of Claims 1 - 3, characterized in that

the height, flow cross-sectional surfaces, and flow connections of
the columns used in the process are matched to each other in such
a way that the mass and thermal transfer between the vapour and
liguid flows at different heights in them remains sufficiently
small to preserve the nearly reversible nature of the separation

process.
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