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Method for removal of carbon dioxide from a gas stream

The present invention relates to the capture of carbon dioxide, CO,, from
exhaust gas using calcium oxide dissolved in a salt melt as an absorption medium.

In a conventional heat power plant, coal is oxidized with air in a ratio >> 1.
The exhaust gas from a conventional fired boiler contains 10 — 15 % CO; and the
temperature is 800 °C at the boiler exit. The hot exhaust gas is heat exchanged
with water and generates superheated steam under high pressure that is used to
drive a turbine which again drives a generator for electrical power. The electrical
efficiency is relatively low, about 40 — 60 %. The heated steam is condensed
before it once again is heat exchanged with the hot exhaust gases from the
combustion process. The condensation process releases considerable heat that
can be used for the purpose of remote heating in so called combined heat and
power plants (CHP). This increases the total efficiency of a plant to about 70 %.

The most current technology for the cleaning of CO, from a heat power
plant is based on the absorption of CO; in amines. After decompression and
cooling in the turbine, the exhaust gases are passed through a large reactor where
CO, is absorbed in an amine based liquid at 30 — 40 °C. The remaining exhaust
gases are released to the atmosphere, but the CO; rich amine liquid is fed into
another chamber where the temperature is increased to 120 — 130 °C and COz is
selectively released. The released gas can then be compressed to a liquid and
disposed of at a suitable location. The amine absorbent is cooled to 30 — 40 °C
and passed into the absorption chamber where the process starts over again. The
temperature exchange of large amounts of absorbent requires a considerable
amount of energy and reduces the electrical output from the plant by about 10 %.

A general thermal power conversion process can be represented by the
diagram in Figure 2. Heat (Qy) flows from a reservoir at a high temperature Ty
through a machine to a reservoir at a low temperature T,. Work W is performed
along the way while heat Q, is added at the low temperature reservoir. The

efficiency of the process is given by equation (1).

Qu (1)



10

15

20

25

30

WO 2012/070954 PCT/NO2011/000334

The theoretical efficiency (Carnot efficiency) for a thermal power conversion
process is generally given in equation (2) where Ty and T, are low and high

temperatures, respectively, in the power conversion process.

Ty -T,

7 Ty @)

This represents a fundamental limit for the efficiency of thermal processes.
In general, it is preferable to have as large temperature differences as possible in
order to increase efficiency.

When recovering energy from the temperature exchange from 130 °C to
40 °C in an amine process, the theoretical output according to equation (4) is
66.9 %. In practice, it is far lower, and energy from the recovery process is
present as relative low quality heat energy which can primarily only be used for
heating. A gas power plant with amine cleaning is presented in Figure 3.

RU2229335 C1 relates to an absorption medium for CO; that is a mixture of
calcium oxide and a eutectic mixture of alkali metal carbonates manufactured in
the form of grains.

JP11028331 A discloses electrochemical separation of CO,, where CO: is
converted to CO; at the cathode by an electrochemical reaction.

JP 10085553 discloses separation of CO; by passing the exhaust gas
through a membrane where the fibres consist of a composite oxide that creates
CO, by a chemical reaction with CO2 and an oxide.

US2005036932 discloses a method for absorbing and removing CO. from
an exhaust gas. The exhaust gas is blown through an agglomerate of solid
particles containing CaO and/or Ca(OH), such that CO. in the exhaust gas is
converted to CaCOs.

Terasaka et al. (Chem. Eng. Technol. 2006, 29 No 9, pages 1118-1121)
has disclosed a process where CO, is absorbed using solid particulate lithium
silicate (LiSiO4) in a slurry of molten salts as the working medium. Li>CO3 and
Li»SiO; are formed and are present as solid particles in the slurry.



10

15

20

25

30

WO 2012/070954 PCT/NO2011/000334
3

Current technology discloses several different methods for the capture of
CO0,. The disadvantages to these include primarily the size of the treatment plants
and low energy efficiency in the power conversion process.

It is an object of the present invention to obtain a method for cleaning CO;
from exhaust gases from combustion plants, where the method will provide
improved efficiency and power quality for energy recovery from the cleaning
process. In addition, it is desirable to improve the efficiency of CO2 cleaning with
using faster chemical reactions so that the physical size of the cleaning plant can
be reduced.

The present invention provides a method for the removal of carbon dioxide
from a gas stream, where the gas stream in a first step is brought in contact with
an absorption medium in molten state wherein the medium comprises 99-50 % by
weight of a mixture of NaF and CaF; and 1-50 % by weight of CaO dissolived in
the mixture, and that reacts with the carbon dioxide to form a soluble calcium
carbonate. The method is performed at a pressure close to atmospheric pressure
above the absorption medium.

Further the invention relates to the use of an absorption medium comprising
99-50 % by weight of a molten salt being a mixture of NaF and CaF, and 1-50 %
by weight of CaO dissolved in the mixture for the removal of carbon dioxide from a
gas stream.

The invention also provides an absorption medium for the removal of
carbon dioxide from a gas stream, where the absorption medium comprising 99-50
% by weight of a molten salt being a mixture of NaF and CaF; and 1-50 % by
weight of CaO dissolved in the mixture.

Figures:

Figure 1 is a schematic illustration of a conventional heating power plant (B.
Sarensen).

Figure 2 is a schematic illustration of a general power conversion process.
Figure 3 is a schematic illustration of a gas power plant with an amine cleaning
plant from SINTEF.

Figure 4 is a graph illustrating the Gibbs free energy for reaction (5). Positive
values indicate that the reaction progresses toward the left. Negative values
indicate that the reaction progresses toward the right.



10

15

20

25

30

WO 2012/070954 PCT/NO2011/000334
4

Figure 5 is a schematic diagram of high temperature molten salt absorption of CO;
from a gas power plant.

Figure 6. Phase diagram CaF; — NaF

Figure 7: Sketch of experimental apparatus (cell)

Figure 8: Presentation of results from absorption of CO; by use of the inventive
method.

Figure 9: Presentation of results from the desorption process

Figure 10: Diagram showing absorption and subsequent desorption of CO; in a
molten salt '

Molten salts are used in the chemical process industry in different
applications. Worth mentioning are electrolytes in electrolytic processes, as
catalytic media in pyrolytic processes and as electrolytes in batteries and
photoelectrochemical solar panels. In general, molten salts consist of metal-anion
compounds with varying compositions. These in themselves are
thermodynamically very stabile, while also being efficient solvents for other
compounds and elements. Some molten salts have a degree of solvency for
carbon in the form of CO,. This is particularly applicable for chlorides such as M-
Cly, fluorides such as M-F, and nitrates such as M-(NOs), , where M is a metal with
a valency of x or y/2.

In general, oxides will be soluble in molten salts with opposite Lewis acid-
base characteristics so that acidic melts dissolve basic oxides and vice versa. A
good example of this is CaCl, which in itself has a weakly acidic character. This
results in basic oxides (CaO, MgO) and to a certain extent amphoteric oxides
being easily dissolved, while acidic oxides (SiO5, TiOy) are only minimally
dissolved. Basic oxides have an affinity for CO; during the formation of

carbonates according to the equation (3)

Cal + C03 & Cacoz AG03OOK='1 30 kJ/mol (3)

Similarly to calcium oxide, calcium carbonate has basic properties and will
generally dissolve in acidic melts. This is, however, not universally valid since
both CaO and CaCO3 will also dissolve in fluorides such as CaF, which exhibit

basic properties. Calcium carbonate is very stable at room temperature, but will
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decompose to CaO and CO, according to the equation (4) at temperatures above
850 — 900 °C. Table 1 shows AG for reaction (3) as a function of temperature.
This is the opposite reaction of (4) so that the same numbers apply for (4), but with
opposite sign.

CaCO, = Ca0 +CO, (4)
Table 1: Gibbs free energy for reaction (5) as a function of temperature.

Temp (°C) AG (kJ/mol)

500.000 -56.640
600.000 -41.695
700.000 -26.945
800.000 -12.385
900.000 1.986

1000.000 16.169
1100.000 30.164
1200.000 43.973
1300.000 57.595
1400.000 69.429
1500.000 80.317

By taking advantage of the affinity CaO has for CO;, the reaction (3) and (4)
can be used for capture of said gas from a diluted gas mixture, e.g. from a coal
power plant, by passing the gas mixture through molten salts with dissolved CaO
which then will draw carbon dioxide from the gas mixture and form CaCOs. The
temperature of molten salts is normally in the area of 600 — 1500 °C and the high
temperature, combined with the catalytic properties of the molten salts, provides
for very efficient capture.

The Gibbs free energy AG of reaction (3) and (4) for the other earth alkali
metal oxides is calculated using HSC Thermodynamic Software Tool, Outotech
2008.

Figure 4 shows that the free energy according to (4) for the different earth
alkali metal oxides changes its sign at higher temperatures as we move further
down the periodic system. This can be taken advantage of by using the heavier
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oxides for absorption in combustion processes where the exhaust gas temperature
is high. It is advantageous to have a large driving force (large, negative AG) to
ensure a fast processes. Meanwhile, the speed of the processes normally
increases with increasing temperature. This leads to opposite effects for the
absorption of CO; in molten salts, so optimal working conditions must be found
experimentally in each case. When oxide and corresponding carbonate are
present and dissolved in the molten salts, they will constitute a different medium
and environment than when they are present in free form in unit activity as
predicted in (4), but qualitatively the behavior will be similar for the different
cations. Similar calculations for the alkali metal oxides show that these are more
stable so that the sign in reaction (4) will not change at the given operating
temperature. This applies to the conditions that the calculations are performed at
(STP, unit activity, solid phase) and is not necessarily representative when the
reactants are dissolved in the molten salts. Under these conditions, the stability of
the compounds will be lower so that alkali metal oxides/carbonates also function
as active compounds in the invention.

The CO,-solubility in the gaseous state in molten salts is a function of
temperature in that the solubility decreases with increasing temperature T. This is
disclosed to a certain extent in E. Saido, et al., J Chem Eng, Data, 25, (1), 1980,
pages 45-47. The solubility of the gaseous CO; is in the area of 0.1 - 1 % and
can lead to a reduction in process efficiency during the formation and
decomposition of CaCOs.

Solid phase reactions are not included in the present invention since the
reactants are present as dissolved complex ions in the stated molten salts. This
results in significantly faster kinetics than in the prior art and there is therefore no
need for a slurry as the solution can be held in a liquid state. Instead of absorbing
CO, from the combustion gases in the low temperature zone after heat exchange
with steam, this can be conducted prior to cooling of the combustion gases.
Immediately after combustion, the gases have a temperature in the area of 800 —
1400 °C. In a coal power plant the gases are present at approximately
atmospheric pressure and withdrawal of energy occurs in a conventional steam
boiler where water is heated to approximately the same temperature as the

exhaust gases for driving the steam turbine which in turn drives the electric
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generator (Figure 1). There is no reason for CO; to not be absorbed from the
exhaust gases in a hot and/or pressurized condition. Molten salts, such as those
presented above, have a melting point generally in the area of 600 — 1412 °C,
which falls within the temperature range of the combustion process. Such an
absorption process can in principle be carried out as an amine process, but at
higher process temperatures. The absorption temperature will be in the range of
600 - 1600 °C. Itis assumed that the increased temperature will result in faster
process kinetics so that a plant of this type can be made physically smaller than an
amine absorption plant which is physically very large. A plant of this type is
presented in Figure 5. In a gas power plant, the combustion gases will be highly
pressurized before the turbine, which provides an additional increase in the
efficiency of this process if it is placed here, since the partial pressure of CO; in
the gas mixture will be significantly higher than at atmospheric pressure (10-20
atm).

According to the invention hot exhaust gases are passed through molten
salts consisting of NaF and CaF at approximately 850 °C, where CO; is absorbed
by the dissolved CaO in the molten salts in a chamber during the formation of
CaCOs;. The melt, which has a high CaCOj; content, is then passed to a
desorption chamber and heated to approximately 950°C in order to release the
gas. This can be explained theoretically by equation (5) which moves toward the
left at T > 850 °C when AG > 0 (see Table 1).

CaOWdiss,CaClp+ €O, (g)= CalCO, diss,CaCl) (5)

The treated exhaust gases and CO; then undergo heat exchange with
water in separate circuits in order to generate high temperature steam to drive a
steam turbine which, in turn, drives an electric generator. The molten saits
containing dissolved and regenerated CaO, are cooled to 800 °C prior to
reintroduction to the absorption chamber. In this process the melt undergoes heat
exchange with steam which again will drive a turbine for the generation of electric
power — preferably the same that is powered by steam generated from the hot
exhaust gases. The advantage of cleaning the gas while it is at a high
temperature is that it will provide a higher electrical efficiency from the total power
conversion process. The theoretical Carnot efficiency (see equation 2) in such a

process for the recovery of process heat from the cooling of molten salts from
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950 °C to 800 °C in the absorption plant, is 95 %, if we assume that T is about 40
°C after extraction of power from the cooling medium (and condensation in the
case of steam) to electrical power, along with a Ty of about 800 °C. In addition,
this will generate high quality electrical power instead of low quality water borne
heat.

Alternately, the change in pressure between the absorption and desorption
chambers can, in principle, function in the same way as a change in temperature.
In a gas power plant, a greater proportion of the power in the fuel is related to the
hydrogen content of the gas and therefore a third method exists for the removal of
CO; released to the atmosphere, that is electrochemically removal of the carbon
from the dissolved carbonate in the molten salts in the desorption chamber. In this
case, elementary carbon is generated which can be removed from the process
path and be disposed of. This is an alternative to the precombustion reformation
of natural gas to carbon (carbon black) and hydrogen prior to combustion of the
hydrogen.

An immediate challenge with the concept presented above, is that any
water that is present in the combustion gas to be cleaned, can lead to hydrolysis of
some molten salts, primarily chlorides, to oxyhydrochlorides. This can be avoided
by using melts that are not subject to this problem, preferably basic fluorides, or a
continuous regeneration process can be run where some of the melt is
continuously withdrawn for treatment.

The salt melt used in the method according to present invention comprises
NaF and CaF; wherein the content of NaF preferably is within the range of from 45
to 95 % by mole, preferred from 55 to 85 % by mole, more preferred from 60-75 %
by mole.

The amount of CaO dissolved in the salt mixture is preferably within the
range from 1-50 % by weight, preferred from 5-35 % by weight, more preferred
from 10-25 % by weight.

The melting point for the absorption medium (the mixture of salt +
oxide/carbonate) must be below the temperature where metal oxide and metal
carbonate alternate being the stable phases. This appears from Table 1 and
Figure 4. It is important controlling the melting point of the mixture. In the present
method, the temperature in the reaction chamber will preferably be in the range
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from 700 to 1200°C. The absolute pressure in the reaction chamber will be in the
range from 0.5 to 200 bar.

Experimental and results

A salt mixture consisting of 65 % by mole of NaF and 35 % by mole of CaF,
was prepared by melting together substances of chemical grade (Merck) at 900°C
in a Ni-crucible. This is close to the eutectic minimum of the system NaF-CaF,
shown in Figure 6. The mixture was after solidification crushed into smaller pieces
for preparation for the electrolyte. Subsequently, 850 grams of the salt mixture
were added 150 grams of CaO and filled in a Ni-crucible. The mixture was melted
at 850°C in a closed cell shown in Figure 7. The column height of the molten
phase was ca. 20 cm. First a simulated flue gas consisting of 22 % by weight of
CO; + 78 % by weight of N2 (200 ml/min) was fed into the area above the molten
phase through a tube of nickel centrally placed, and then out through a feed tube
made of stainless steel. The gas composition was monitored using a high
sensitivity FTIR gas analyzer (Thermo Nicolet 6700) suitable for very accurate
measurements of CO,. Because the cell had a volume for analysis of ca. 200 m,
and together with the volume above the molten salt , stable analysis were obtain
after a certain time when the total volume was filled with the gas from the cell.
Consequently, the pressure in the cell will be approximately atmospheric pressure
above the molten mixture, but a certain overpressure will exist in the bottom of the
cell where gas is bubbled through the melt. The overpressure can be estimated to
ca. 0.03 atm and is due to the weight of the 20 cm column of molten salts
containing CaO having a density of ca. 2.2 g/cm®. When stable values
corresponding to the specifications of the gas mixture were obtained (22 % by
weight CO,) the central gas feed tube was immersed into the molten mixture to 1
cm above the bottom, while gas continuously was supplied. The gas composition
was monitored and after a short time it was observed that the content of CO,
decreased. The content of CO, was decreased to ca. 500 ppm. Then the Ni-tube
was raised above the molten mixture again and the gas composition was
increasing until stabilizing at 22 % by weight of CO,. The cell was left in hot
condition over night without gas stream.

The next day the gas supply was switched to argon (Ar 5.0) and 250 ml/min
was supplied through the Ni tube again immersed into the molten mixture. A
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certain initial content of CO, was measured, -something which probably was due
to residues from the day before, which still were present in pipes/tubes and
analysis volume. However, this decreased rapidly and when the content of CO,
was measured below 100 ppm, the temperature of the furnace control was
increased to 950°C. The temperature in the area above the molten mixture was
monitored and when this raised above ca. 900 °C CO, was again observed in the
gas stream now consisting of Ar. When the temperature increased to 950°C, the
content of CO, increased and reached a maximum at ca. 0.3% for then again
decreasing. This was explained in that CO, now was released, the reaction [9]
went towards left due to changed thermodynamics according to Table 1 and
Figure 4.

The experimental parameters are summarized below.
Melt: 35% CaF,/65% NaF added 15% CaO.
Absorption temperature: 850°C, Desorption temperature: 950°C.
Pressure: Close to atmospheric pressure, estimated overpressure inlet 0.03 bar.
Gas composition: Absorption — 22% CO; residue Na,
Desorption 100% Ar (5.0). Purity >99.995%.

Further tests have been performed using simulated flue gas with different
contents of CO; in N, (0-100%). Figure 8 shows the absorption of CO, from a
simulated flue gas (35% CO,) in the reactor depicted in Figure 4. The N; flow rate
is ca. 0.5 L/min and the CO; flow rate is ca. 0.13 L/min. The composition of the
absorption medium is the same as described above. The absorption starts after
ca. 40 minutes. The absorption is extremely rapid reaching 99.98% efficiency. The
temperature increase observed is due to the exothermic reaction. Figure 9 shows
the desorption of CO; into a flow of pure N (0.11 Ni/min) from CaCQO; dissolved in
the molten salt contained in the reactor. It is observed that the desorption at first is
very rapid, and then slows down. In Figure 10, both the absorption and the
subsequent desorption of CO, are shown. In this case, the N, gas flow is 0,5
NI/min and the CO; flow rate is ca. 0.13 L/min. Lower content in the gas during
desorption compared with Figure 9 is due to higher flow (5 times) of Na.

Further tests have been made with different content of CaO, varying from 5

to 20 % by weight. The absorption of CO; increases with increasing content of
CaO.
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CLAIMS

1. A method for the removal of carbon dioxide from a gas stream,
characterized in that the gas stream in a first step is brought in contact with an
absorption medium in molted state, wherein said medium comprises 99-50 % by
weight of a mixture of NaF and CaF; and 1-50 % by weight of CaO dissolved in
the mixture, and that reacts with the carbon dioxide to form a soluble calcium
carbonate, the method is performed at a pressure close to atmospheric pressure

above the absorption medium.

2. The method according to claim 1, wherein the mixture of NaF and CaF;
comprises 45-95 % by mole of NaF.

3. The method according to any of the claims 1 to 2, wherein the absorption
medium in the next step is heated above the melting point and releases CaO and
CO..

4, The method according to any of the claims 1 to 3, wherein the absolute
pressure in the reaction chamber is within the range 0.5 to 200 bar.

5. The method according to any of claims 1 to 4, wherein the temperature in
the reaction chamber is within the range 700 to 1200°C.

6. Use of an absorption medium comprising 99-50 % by weight of a mixture of
NaF and CaF; and 1-50 % by weight of CaO dissolved in the mixture for the

removal of carbon dioxide from a gas stream.

7. Absorption medium for the removal of carbon dioxide from a gas stream,
characterized in that it comprises 99-50 % by weight of a mixture of NaF and
CaF; and 1-50 % by weight of CaO dissolved in the mixture.

8. Absorption medium according to claim 7, where the mixture of NaF and
CaF, comprises 45-95 % by mole of NaF.
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AMENDED CLAIMS
received by the International Bureau on 20 March 2012 (20.03.2012)

1. A method for the removal of carbon dioxide from a gas stream,
characterized in that the gas stream in a first step is brought in contact with an
absorption medium in molten state, wherein said medium comprises 99-50 % by
weight of a mixture of NaF and CaF;, and 1-50 % by weight of CaO dissolved in
the mixture, and that reacts with the carbon dioxide to form a soluble calcium
carbonate, the method is performed at a pressure close to atmospheric pressure

above the absorption medium.

2. The method according to claim 1, wherein the mixture of NaF and CaF
comprises 45-95 % by mole of NaF.

3. The method according to any of the claims 1 to 2, wherein the absorption
medium in the next step is heated above the melting point and releases CaO and
COs.

4. The method according to any of the claims 1 to 3, wherein the absolute
pressure in the reaction chamber is within the range 0.5 to 200 bar.

5. The method according to any of claims 1 to 4, wherein the temperature in

the reaction chamber is within the range 700 to 1200°C.

6. Use of an absorption medium in molten state, comprising 99-50 % by
weight of a mixture of NaF and CaF, and 1-50 % by weight of CaO dissolved in

the mixture for the removal of carbon dioxide from a gas stream.
7. Absorption medium in molten state for the removal of carbon dioxide from a
gas stream, characterized in that it comprises 99-50 % by weight of a mixture of

NaF and CaF; and 1-50 % by weight of CaO dissolved in the mixture.

8. Absorption medium according to claim 7, where the mixture of NaF and
CaF, comprises 45-95 % by mole of NaF.

AMENDED SHEET (ARTICLE 19)
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