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(57) Abstract: A power plant for combustion of carbonaceous fuels with CO, capture, comprising a pressurized fluidized bed com-
bustion chamber (2), heat pipes (8, 8') for cooling of the combustion gas in the combustion, a direct contact cooler (15), a cleaned
exhaust pipe (18) for withdrawal of the exhaust gas from the direct contact cooler (15) and mtroduction of the cooled exhaust gas
mnto a CO, absorber (19), where a lean exhaust pipe (20) 1s connected to the top of the absorber (19) for withdrawal of lean exhaust
gas from the absorber (20), and a rich absorbent pipe (30) 1s connected to the bottom of the absorber (19) for withdrawal of rich ab -
sorbent and mtroduction of the rich absorbent into a stripping column (32) for regeneration of the absorbent to give a lean absorbent
and a CO, stream that is further treated to give clean CO,, where a water recirculation pipe (16) 1s connected to the bottom of the dir-
ect contact cooler (15) for withdrawal of used cooling water and connected to the top of the direct contact cooler(15) reintroduction
of the cooling water at the top of the direct contact cooler, wherein a heat exchanger (17) connected to water recycle pipes (70, 70")
for delivery and withdrawal, respectively, of cooling water to the heat exchanger, 1s provided in the recirculation pipe (16) for cool -

ing the circulating direct contact cooler cooling water 1n pipe (16).
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Dascription
' Heat Integration In CO. capture

Technlcal Fleld
(0001] The present invention relates to the field of CQ2 capture from CO2
5 contalning gases, such as exhaust gases from combustion of
carbonaceous fuels. More speciﬁcaﬂy, the invention relates to
improvements to CO; capture for reduction of energy requirement for a
plant for CO2 capture.

Background Art
10 [0002] The release of CO; from combustion of carbonaceous fuels, and most

specifically fossil fuels is of great concern due to the greenhouse effect of
CO; in the atmosphere. One approach to obtain reduptlon of CO;
emission into the atmosphere is CO2z capture from the axhaust gases
from combustion of carbonaceous fuels and safe deposition of the

15 captured COa. The last decade or so a plurality of solutions for CO2

capture have been suggested.
[0003] The technologies proposed for CQ2 capture may be categorized in three

main groups.
1. CO2 absorption - where CO; Is reversibly absorbed from the
20 exhaust gas {o leave a CO; lean exhaust gas and the absorbent is

regenerated to give COz that is treated further and deposited.
2. Fuel conversion ~ where hydrocarbon fuels are converted
(reformed) to hydrogen and CQO2. COz is separated from the
hydrogen and deposited safely whereas the hydrogen is used as fuel.
25 3. Oxyfuel - where the carbonaceous fuel is combusted in the presence
of oxygen that has been separated from alr. Substituting oxygen for
air leaves an exhaust gas mainly comprising CO2 and steam which

may be separated by cooling and flashing.
[0004] WO 2004/001301 A (SARGAS AS) 31.12.2003 , describes a plant where

30 carbonaceous fuel is combusted under an elevated pressure, where the
combustion gases are cooled inside the combustion chamber by
generation of steam in steam tubes in the combustion chamber, and
where COz is separated from the combustion gas by absorption /

10 28.11.2012 13:09:38 - 28.11.2012 13:15:53. This page 23 of 46 was complated at 28.11.2012 13:12:49
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desorption to give a lean combustion gas and CO2 for deposition, and
where the lean combustion gas thereafter is expanded over a gas
turbine.

[0005] WO 2006/107209 A (SARGAS AS) 12.10.2008 describes a coal fired

5 pressurized fluidized bed combustion plant including improvements in the
fuel injection and exhaust gas pre-treatment.

[0006] Combustion of the carbonaceous fuel under elevated pressure and
cooling of the pressurized combustion gases from the combustion
chamber reduces tha volume of the flue gas, relative to similar amounts

10 of flue gas at almospheric pressure. Additionally, the elevated pressure
and cooling of the combustion proéess makes a substantlally
stoichlometric combustion possible. A substantially stoichiometric
combustion giving a residual confent of oxygen of < 5% by volume, such
as <4% by volume or <3% by volume, reduces the mass flow of air

15 required for a specified power production. The elevated pressure in
combination with the reduced rnass flow of air results in 3 substantial
reduction of the tofal volume of the exhaust gas to be treated. |
Additionally, this result in substantial increase in the concentration and
partial pressure of COaz in the flue gas, greatly simplifying the apparatus

20 and reducing the energy required to capture COx.
[0007] WO 2010/020684 relates to a plant and method for removing or
substantially reducing the amount of NOx and SOx in the exhaust gas

from a marine diesel engine, Additionally, addition of a unit for CO2
removal in such an installation is ustrated in figure 6 and the

25 corrasponding description. Scrubbers are provided to remove impurities
such as ammonia slip from a SCR unit, from the gas. Additionally,
coalers are provided for cooling the washing solution in the scrubbers.
The application is, however, slient on energy saving measures by
transferring heat boetween the coolers and other processes in the plant.

30 [0008]) WO 2009/035340 relates to a COz capture unit for a power plant, where

' steam for reducing the reboiler duty is generated by flashing the lean
absorbent withdrawn from the bottom of the sfripper column. The
generated steam may additionally be compressed and additional water
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as condensate from a flash tank in the path for separating steam from
CO, downstream of the stripping column, may be added. There is,
however, no mentioning or indication of using washing water from a
direct contact cooler at the top of the stripping column for generation of
5 steam, or further heating of said washing water in a heat exchanger for a
diract contact cooler for the iIncoming exhaust gas, to lmprove the energy
efficiency of the CO2 capture.
(0009] All methods and pracesses for GOz capture are energy consuming.
Substantial effort has therefore been put into development of less energy
10 consurming methods and processes to reduce the loss of energy, often In
the form of steam at relatively fow temperature and pressure, and caoling
water. Many approaches have been made to heaf integrate severat
process steps to ascertain that heat produced at one stage Is transferred
to a heat demanding process. The goal for these approaches are to get

15 more energy efficient methods, processes and plants for production of
alectrical power from carbonaceous fuels at the same time as CO3 Is

captured.
[0010] There is, however, still a huge demand for solutions improving the energy

efficiency of power plants including CO2 capture. The aim of the present
' 20 invention is fo provide novel an improved solutions for heat integration for |
increasing the energy efficiency, i.e. maximise the output of useful |
energy as heat and / or eleclricity of a given amount of chemical energy

as carbhonaceous fuel. ;

Summary of Inventlon
25 [0011] According to the present invention there is provided a method for powsr -

production by cambustion of carbonaceous fuels and COz capture, where
the carbonaceous fuel is combusted in a combustion chamber under
pressure in presence of gas containing oxygen, where the combustion
gas is cooled in the combustion chamber by generation of steam inside
30 heat pipes provided in the combustion chamber, where the exhaust gas ,

i3 withdrawn from the combustion chamber through an exhaust gas pipe !
via heat exchanger(s) and exhaust gas treatment units , and a direct |

contact cooler connected to a water recycle pipe for recirculation of water
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coflected at the bottom of the direct cantact cooler and reintroduction of

the water at the top of the cooler, in which cooler the partly cooled
exhaust gas is further cooled and humidifled by counter-current flow to
water, where the exhaust gas is withdrawn from the direct contact cooler
5 through a cleaned exhaust plpe and is introduced into a CQ2 absorber,
into which absorber lean absorbent is introduced above an upper contact
zone in the absorber, to cause the exhaust gas to flow counter-current to
a liquid CO, absorbent to give a rich absorbent that is collected at the
bottom of the CO; absorber and Is withdrawn therefrom in a rich I
10 absorbent pipe, and a CO; lean exhaust gas that is withdrawn from the
top of the absorber through a lean exhaust pipe connected to the . ’
absorber, where the lean exhaust gas is washed in a washing section,
heated In a heat exchanger and expanded over a turbine for generation
of electrical power before being released into the atmosphere; where the I
15 rich absorbent pipe i3 connected to introduce the rich absorbent into
stripping column for regenefation of the absorbent to give a lean
absorbent that Is withdrawn through a fean absorbent recycle line in
which the lean absorbent is pumped back to into the absorber, and a
COz stream that is further treated to give clean COz; where the CO-
20 stream [s coolad against cooling fluid flowing through the direct contact i
cooler direct contact cooler provided at the top of the stripping column ; j
and where water is collected at a collecfor plate provided below the

direct contact cooler, and where a water recycle line is arranged to
withdraw the collected water, wherein the circulating direct contact cooler
25 cooling water in the recirculation pipe is cooled in @ heat exchanger
provided in the recirculation pipe, where cooling water is delivered and
withdrawn, respectively, through water recycle pipes connected to the
heat exchanger and where the water withdrawn from the heat exchanger
through recycle line is flashed over a flash valve and a flash ta nk, where
30 water from the flash tank is withdrawn through a line to recycle the water
as washing liquid in the stripping column direct contact coaler: and where
the vapour in the stripping tank is introduced as additional stripping
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vapour in the strpping column through a vapour line connected fo the

flash tank .
Brief description of drawings

[0012]
5 Figure 1 Is a principle drawing of a first embodiment of the invention,

Figure 2 is a principle drawing of a second embodiment of the invention,

Figure 3 is a diagram iliustrating the enthalpy change versus tamperature

for COz / H20 during cooling,

Figure 4 is a diagram lllustrating the enthalpy change versus temperature
10 for flue gas comparing an atmospheric plant to a pressurized plant, and

Figure § is a diagram illustrating temperature versus vapour pressure for

H20 over lean absorbent.

Detailed description of the inventlon
(0013} Figure 1 is an illustration of a plant according fo the present invention.
i5 Fuel which contains carbon, herein also referred to as carbonaceous ;
fuel, is intfroduced through a fuel pipe 1 into a pressurized combustion
chamber 2 at a pressure from 5 to 50 bar gauge, hereinafter abbreviated
as barg. The pressure in the combustion chamber is preferably above 10
barg, such as e.g about 15 barg.
20 [0014] The fuel may be natural gas, oil, coal, biofuel or any other carbon rich |
fuel and the way of introduction and firing of the fuel is dependent on the
type of fuel as Is well known by the skilled man in the art. - 1
[0015]) Air ar a gas containing oxygen is introduced through an air intake 3 into a | ;
compressor 4. The compressor 4 (s driven by a mofor 5 or a gas turbine |
25 6 via @ common shaft 25 as will be further described below. The skilled
man will understand that the compressor 4 may be a representation for
oNe or more comMpressors or compressor stages connected in series, ;
optionally with intercoolers between the individual compressors or |
compressor steps. Parallel compressors may be employed for very large

30 ~ Systems. |
[0016) The air or gas containing oxygen from compressor 4 is led through a . i

compressed air pipe 7 into the combustion chamber 2 as a source for
oxygen for the combustion in the combustion chamber. The air and fue!
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infroduced into the combustion chamber are controlled to give residual
oxygen content in the exhaust gas lower than b % by volume, such as
lower than 4 % by volume or fower than 3 % by volume, Low residual
oxygen content results in a flue gas with high GOz content, Accordingly,
the CO2 cantent in the exhaust gas is from about 8 % to about 18% by
volume when air is used and the values for residual oxygen are as
indicated.

Heat pipes 8, 8' are arranged inside the combustion chamber to cool the
combustion gases by generation of steam and superheated steam inside
the heat pipes 8, 8' , respectively. The combustion gases are cooled by
the heat pipes 8, 8° . s0 that the exit temperature of the exhaust gas is
300 to 900 deg C. ' _
Dependent on the intended fuel, the internal arrangement in the
combustion chamber may differ. When using coal as fuel air is introduced

to give a fluidized bed of fuel for the combustion and the heat pipes 8, &'
are arranged in the fluidized bed. When using oil or gas as fuel, two or

more stages of ojl burners or gas burners, respectively, are arranged in
the combustion chamber and the heat pipes 8, @' are arranged between
the stages to cool the combustion gases between each stage. The skilled
will also understand that it is possible to use cormbination of the

mentioned fuels or other carbon rich fuels.
The above identified WO 2004001301 and WO 2006107209 describe

examples of configurations for different fuels.
Exhaust gas is withdrawn from the combustion chamber through an
exhaust gas pipe 9 and is cooled in a heat exchanger 10 fo a

temperature between 250 and 450 deg C.
One or more units for exhaust gas pre-treatment is/are arranged

downstream of the heat exchanger 10. Preferably, a filter unit 11 is
arranged immediately downstream to the heat exchanger 10 to remove
particles from the combustion gas. The filter unit may be omitted for.
exhaust gas having low particle content, such as exhaust gas from
combustion of il or gas as fuel. The filter unit is, however, obligatory
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when using coal as coal gives rise to particles that may he detrimental for
steps downstream of the gas treatment unit.

[0022] Combustion of carbonaceous fuel in the presence of air generates NOXx.
Besides its environmental effects, NOx may also be detrimental to the

5 COz capture. A Selective Catalytic Reduction (SCR) unit 12 Is therefore
arranged downstream of the heat exchanger 10 and the optional filter
unit 11. Urea or NHa is introduced into the SCR unit and reacted with
NOXx over a catalyst for remaval of NOx accoraing to well known
technology. The temperature in the SCR unit is preferably between 250

10 and 450 deg C. Preferred operation temperature for a SCR unit is about
350 deg C.

[0023] Downslream of the SCR unit one or more heat exchangers and
scrubbing units are arranged. The first heat exchanger 13 is a flue gas
cooling unit for cooling of the exhaust gas to below 250 deg C. The

15 second illustrated unit 14 may be a co-gurrent scrubber, Depending on
gas composition and operating conditions, the scrubber may also

contribute to the cooling of the gas.
[0024] Downstream for the cooling units 13, 14 a counter-current scrubber or

direct contact cooler 15 is arranged. Cooling water is introduced through
20 recirculation pipe 16 into the cooler 15 above a contact zone 15’ and
brought in counter-current flow to exhaust gas that is infroduced into the
cooier 15 below the contact zone. Water is coliected at the hottom of the
cooler 15, cooled in a heat exchanger 17 and recyclad through the

recirculation pipe 16.
25 [0025] The units 11, 12, 13, 14, and 16 may collectively be referred o as pre-
treatment units as their purpose is to prepare the exhaust gas for GOz

capture.
[0026] Cooled exhaust gas is withdrawn from the cooler 15 through a cleaned
exhaust gas line 18 and is introduced into the lower part of an absorber

30 column 19 where the exhaust gas is brought in counter-current flow with

an absorbent in one or more contact zone(s) 194, 19" * , 19" ' °
inside the absorber. The absorbent, a fiuld which captures COz and may

subsequently be regenerated by applying low CQO2 partial pressure in the
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gas phase, relative to the partial pressu're of COz immediately above the
fluid surface, is introduced into the absorber above the upper contact

zone through a lean absorbent line 36.
[0027] CO:2in the exhaust gas is absorbed by the absorbent Inside the absorber
5 to give a CO2 laden, or rich, absorbent that is withdrawn form the bottom
of the absorber through a rich absorbent fine 30. A lean exhaust gas,
from which more than 80%, more preferred more than 95%, of the CQOz in
the exhaust gas introduced into the absorber is removed, is withdrawn
through a lean exhaust gas line 20.

10 [0028] The pressure in the absorber is slightly iower than the pressure in the
combustion chamber, such as 0,5 to 1 bar lower than the pressure in the
combustion chamber, which corresponds to a pressure in the absorber
from 4.0 t0 49.5 barg.

[0029] The combination of high pressure and high COz content of the exhaust

15 gas introduced into the absorber makes it possible to reduce the volume
of the ahsorber and the volumse of circulating absorbent at the same time
as high efficiency CO2 capture s obtained. |

[0030] The absorbent used in the absarber is preferably based on a hot
aqueous potassium carbonate solution. Preferably the absorbent

20 comprises from 15 to 35 % by weight of K2CO3 dissoived in water.

[0031] [n hot potassium carbonate sysiems COg; is absorbed according to the

following overall equation:
(1) K2CO3 + CO2 + HO <--» 2KHCO3 - A Hre =-32.29 kdJ/mol .

C02)

25 [0032] Lean exhaust gas is withdrawn at the top of the absorber 19 through a
loan exhaust gas line and is Introduced into a washing section 21 where
the lean exhaust gas is brought in counter-current flow against washing
water in a contact section 21’ . Washing water collected at the bottom of
the washing sectiop through a washing water recycle line 22 and Is re-

30 | introduced info the washing section above the contact section 21"
Washed lean exhaust gas is withdrawn from the top of the washing
section through a treated exhaust pipe 23.
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[0033] The gas in the treated exhaust plpe 23 Is introduced into the heat
exchanger 10 where the treated exhaust gas is heatad against the hot,
untreated exhaust gas leaving the combustion chamber 2.
[0034] The thus heated and treated exhaust gas is then introduced into a gas
5 turbine 6 where the gas is expanded to produce electrical power in a
generator 24. Expanded gas is withdrawn through an expanded exhaust
gas pipe 26 which is cooled in a heat exchanger 27 before the as is
released into the atmosphere through exhaust gas exit 28.
[0035] The compressor 4 and gas turbine 6 may be arranged on a common
10 shaft 25 so that the compressor 4 is at least partly operated by the
rotational energy from the gas turbine 8. It is, however, presently
prefeired that the compressor is operated by the electrical motor 5, and
that the gas turbine operates the generator 24 to provide electrical
power, Separation of the compressor 4 and gas turbine 6 gives more ‘

15 flexibllity In the operation of the plant.
[0036] Rich absorbent, i.e. absorbent laden with COa Is collected at the bottom '

of the absorber 19 and is withdrawn there from through a rich absorbent
pipe 30. The rich absorbent In pipe 30 Is flashad over a flash valve 31 {o
a pressure slightly above 1 (0 bar ahsolute, such as 1.2 bar absolute, i
20 hereinafter abbreviated bara, before being introduced into a stripping
column 32. In line 30, not shown in Figure 1, there may be a fiash tank
or stnpping unit to remove unwanted volatile components absorbed from i
the flue gas into the absorbent, such as oxygen.

[0037] One or more contact section(s) 32' ,32' ' ,32" ' ' isfare amanged
25 in the stripping column 32. The rich absorbent is introaduced above the

upper contact section of the stripper, and counter-current to vapour

introduced below the lowest contact section, Low partial pressure of CO»

in the stripper, which is the result of lower pressure and dflution of CO:z in

the stripper, causes the equilibrium in the equatlon (1) above to be |
30 shifted towards left and CO2 to be released from the absorbent. |

[0038] Lean absorbent is collected at the bottom of the stripping cotumn 32 and '
is withdrawn through a lean absorbent pipe 33. The lean absorbent pipe
33 is split in two, a first lean absorbent reboiler pipe 34 that is heated in a
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reboiler 36 to create evaporation from the itquid which is introduced as
stripping gas into the stripping column through a steam line 37, and a
lean absorbent recycle line 35 in which lean absorbent is pumped back
into the absorbar 19. A pump 38 and a cooler 39 are provided In line 35
5 to pump and thus increase the pressure of the absorbent, and fo cool the
absorbent, respectively, before the absorbent is introduced into the
absorber.
[0039] CO: and steam are coilected at the top of the stripping column through a
CO2 withdrawal pipe 40. A desorber direct contact cooler 66 is arranged
10 above the contact zones 32' , 32" ' ,32° ' and abovs the point
where the rich absorbent is introduced into the stripper column 32
through pipe 30 to cool the vapour and CO2 gas mixture leaving the
upper comtact zone, Cooling fluid is introduced above the direct contact
cooler section and atlowed to flow through the direct contact cooler
15 seclion 66. A colieclor plate 635 is arranged below the direct cooler
contact section to allow vapour to pass through on the way upwards in
the stripping column 32, and to prevent the cooling fluid from flowing into
the contact zones 32°' ,32' ' , 32" ' ' . Fluid collected at the
collector plate 65 is withdrawn through a water recycle pipe 70 and used

20 as described below.
[0040] The vapour in pipe 40 is cooled in a cooler 41 and Introduced Into a flash

tank 42. Liquid formed by cooling in cooler 41 is collected in the bottom
of the flash tank 42 through a liguid return pipe 43 and is intreduced into
the stripping column 32, Alternatively, not shown in Figure 1, the liquid
25 may be routed to the top of the absorber column 19. A liquid balance
pipe 44 may be provided to add liquid to pipe 43, or remove liquid from
pipe 43 to balance the circulating amount of water.
[0041] The gaseous phase In the flash tank 42 Is withdrawn trough a CO:2
withdrawal pipe 45, is compressed by means of a compressor 47 and is
30 cooled in a heat exchanger 48 before the gas is further treated to give |
dry and compressed COz that is exported through a CQ; export pipe 46.
[0042]) The cooling fluid collected at the collector plate 65 and withdrawn
through pipe 70, is introduced into the above mentioned heat exchanger
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17 to cool the recycling cooling water in recirculation pipe 16. A pump 71
could be arranged preferably in line 70 to circulate the water. As will be
described later, the heated fluid is withdrawn from heat exchanger 17
through a pipe 70° and is introduced Into the above Identified heat
exchanger 48 to be further heated against compressed CO; and steam
therein. Further heated fluid is then withdrawn from the heat exchanger
48 through a water pipe 72, is flashed over a flash valve 73 before the
flashed fluid is introduced into a flash tank 74 to give water that is |
collected at the bottom thereof, and vapour that is collected at the top of
the flash tank 74 and is withdrawn through a vapodr pipe 77. A
compressor 79 is arranged in the vapour pipe 77, followed by an optional
trim cooler 76. The vapour in vapour line 77 is then introduced as

stripping vapour through line 37 into the stripping column 32. Not shown
in Figure 1, the fluid in line 70 may be routed directly to flash valve 73, or

may be heated in low temperature energy sources additional to or other
than heat exchangers 17 and 48. Examples of such heat sources are
scrubber 14, cdmpressor 4 Intercoolers, or residual heat in lines 26
and/or 28. More heat reduces power requirements in compressor 75 and
may increase the overall system thermal efficiency.

The liquid from flash tank 74 is withdrawn through line 78 and introduced
as washing liquid into the stripping column direct contact cooler through
pipe 43. A pump 79 is preferably arranged in line 78 to provide sufficient
pressure therefore.

Cooling water for the combustion chamber is infroduced into the heat
pipe 8 from a water pipe 50. Steam generated in the heat pipe 8 is
withdrawn through a steam pipe 51 and is expanded over a high
pressure stearn turbine 52. The steam from the high pressure turbine
section Is introduced through line 53 into the steam reheater 8° and the
resulting steam is withdrawn through steam pipe 54. The superheated
steam In plpe 54 is expanded over the intermediate and low pressure
sactions of the steam turbine 55, Fully expanded steam Is withdrawn
from the steam {urbine section 55 through an expanded steam pipe 56
and is cooled in & cooler 57 to give water that is settled in a water
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collection tank 58. Water collected in the tank 68 is withdrawn through
line 50 via the heat exchanger 27 where the water Is heated against
purified exhaust gas, before the water is reintroduced into heat pipe B.
[0045] The first 52 and second 55 eteam turbine sections are preferably
5 arranged on a common shaft 80 together with a generator 81 for
generation of electrical power. The steam cycle and optimization thereof
is well known for people skilled in the art.
[0046]) Partly expanded steam is withdrawn from the second intermeadiate
pressure steam turbine section 55 through a partly expanded steam pipe
10 59. The partly expanded steam in pipe 59 is introduced into a humidifier
where the steam IS cooled by means of water spray introduced from a
water pipe 61. The cooled steam is withdrawn from the humidifier 60
through a reboiler steam pipe 62 and is used for indirect heating of lean ul
absorbent In the reboller 36 to produce vapour from the lean ahsorbent. !

15 Water from condensation of steam introduced into reboiler 36 through
pipe 62 is withdrawn through a condensate line 83 and is introduced into |

the tank 58.

[0047] The skilled man will understand that the contact sections mentioned in |
the present description, such as contact sections 16' , 15" ' |

20 15 " ' 19 19 19 0 21 21 L2132
J2' ' 32" 7 ', are contact sections preferably comprising a

structured and/or unstructured packing to increase the internal surface [

area and thus the contact area betwaen liquid and gas in the contact

seclions,
25 [0048] Figure 2 illustrates a specific embodiment of the present invention giving

even higher energy efficlency than the embodiment described with
reference to figure 1. The only difference between the embodiment of
figure 2 compared with figure 1 relates to flashing of lean absorbent as
will be described below. Flashing of lean absorbent as a means for
30 ‘improving energy efficiency is well know per se but not in connestion with

the heat conservation features as described with reference ta figure 1.

[0043] Tha part of the Iean absorbent leaving the stripper column through line
33 that is to be refumed to the absorber 19, is introduced inta a flashing
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valve 90 and then refeased into a flash tank 91. The gas phase in the
flash tank 91 Is withdrawn through a steam line 92 and compressed by
means of a vapour compressor 93 to compress and thereby heat the
vapour. The compressed and heated vapour is then introduced as

5 stripping gas info the stripping column through a compressed steam line
94. The liquid phase collected at the bottom of the flash tank 92 is

withdrawn therefrom and pumped into the lean absorbent line 35 by
means of a pump 95. In this embodiment, cooler 39 is not used.

Exampie 1
{0 [0050] As mentioned above CO2 is absorbed according to equation 1):
(1) K203 + COz + Ha0 <> 2KHCO3 - A Hre = -32.29 kd/mol

CO2)
Equilibrium for the equation is given by the equation 2):
(2) Keq= (HCOa7)2/ [(COs2) PCQO7)
16 Saturation of the absorbent Is defined by the eaquation ):
(3) s= 2x#tmol (KHCO3) / [#mol/K2COs)+ 2x# mol (KHCO4)].

[0051] [n operation of the absorption / desorption plant the targeted saturations
are: §=0.30 for lean absorbent (min 0.1) as a higher degree of K2CO3
regeneration requires extra energy and is normally not required for the

20 COz process described above, and s= 0.60 (max 0.7) for rich absorbent,
as a higher concentration of KHCOj results in a higher absorbent
loading, but may resuit in the undesirable increase in the crystallization

~ temperature.

(0052) The absorber is typically operated at 80 to 110 deq C, whereas the

25 desorber (stripper) is operated at 90 to 120 deg C dependent on the
pressure, typically the temperature in the desorber is 92 deg C in the top,
and 110 deg C in the bottom due to higher pressure and higher
concentration of K2COs. |

[0083] Energy supplied to the desorber for desorption / stripping 6f CO;

30 primarily as vapour, is used for:
1. heating of absarbent
2. heating of liquid recycle
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3. heat of reaction, even though heat of reaction is very low for some
absorbents such as those based on hot potassium carbonate
systems.

4. production of stripping vapour (about 0.8 to 1.2 times the mass of
CQO3 in the top of the desorber, depending on the absorbent
properties).

For a coal fired power plant of the pressurized fluldized bed type, coal is

fed together with SOX sorbent and typically 25% water to form a paste
that Is Injected Into the fluidized bed of the combustion chamber. At a

firing rate of 275 LHV lower heating value (LHV), and 282 MW higher
heating value (HHV) steam is produced in the heat tubes in the

combustion chamber, Typically 86 kg/s steam at about 165 bara and 565

deg C is generated in the tube 8 and is expanded over steam turbine 52.
The expanded steam is reheated to about 585 deg C at about 40 bara in
heal tube 8' and is expanded over steam turbine 55. Typically, about 18
kg/s steam Is withdrawn from the steam turbine stages at various
pressures and used for boiler pre-heating. This is not shown in figure 1
and 2 for clarity. In addition, the steam is withdrawn from the steam
turbine in line 59 at about 4 bara. The amount of such withdrawal should
be minimized. Based on this, the amount of steam that is fully expanded
over the steam turbine 13 86 kg/s minus about 18 kg/s minus steam flow

in line 59. This coresponds 1o 68 kg/s minus any steam in line 59. The
fully expanded steam is withdrawn from turbine 55 through line 56 and

recycled as boiler feed water into the heat tube 8, whereas some 12 kg/s
steam is partly expanded and withdrawn through pipe 59. The steam
withdrawn through pipe 58 has typically a temperature of about 258 dag
C and a pressure of 4 bara, but the temperature and pressure may vary
depending on the steam turbine system. This steam is cooled in the
humidifier 60 to give steam at about 4 bara and 144 deg C that is
introduced into the reboiler of the desorber 36 for indirect heating to
produce vapour therein.

The steam withdrawn through fine 53 at 4 bara and 258 deg C could
alternatively be expanded to about 0.035 bara at about 27 deg C, to give
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about 0.7 MJ eleclrical power per kg expanded steam, assuming steam
turbine adiabatic efficiency of 90%. For a 120 MW steam turbine, the
steam flow from the 4 bara stage o the condenser Is about 68 kg/seg, if
the flow in line 69 is zero. The combustor produces about 24.5 kg/s CO»,
of which about 22 kqg/s Is captured (90% capture). When the latent heat
required to run the desorber is 3.8 MJ/kg CO2 captured, about 80 MW
latent heat is required. The heat content of the 4 bara and 258 deg C
steam, when cooled to saturation temperature at 4 hara and the
condensed at 4 bara, is about 2.4 MJ/kq. The required amount of steam
from the steam turbine is therefore about 80/2.4 kg/s, or about 34 kg/s.
The loss of power from the steam turbine ia then 34 * 0.7 MW or about

24 M.
On the cold side of the stripper reboiler 36, the pressure is slightly above

atmospheric. Thereiore, the product produced from the steam extracted
from the steam turbine is now steam at, for example 1.2 bara at a
temperature of about 110 deqg C which Is the bolling point of the lean

absorbent at this pressure.
Under the same assumption as above, i.e. that 22 kg/s COz is stripped

off of the absorbent, the energy required is 3.6 MJ / kg CO2 or about 80
MW latent and sensible heat. This corresponds to about 34 kg/h steam
flow to the bottom of the desorber, produced in the reboiler.

Of this, about 12 kg/s is condensed to supply heat to items 1) to 3)
above. The rest, about 22 kg/s, is used as slripping steam, item 4). This
steam exits the top of the desorber packings together with the recovered
COa.. This means that the energy used for stripping is essentially the
energy lost by diluting the stripping steam with CO2. 22 kg/s CO2z mixed
with 22 kg/s H20 means that there is about 70 mole% HzQ. So the H20
partial pressure is reduced from slightly above 1 bara in the bottom of the
desorber to about 0.7 bara in the top (corresponding to H20 dew point of
about 90 deg C whan the total pressurs is 1.0 bara). In practice, this
steam is condensed to obtain the CQ2, and the latent heat of the

stripping steam is therefore lost, which is a much larger loss than the loss
associated with the reduction in partial pressure of the stripping steam by
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dilution with recovered COx. It i3 desirable to preserva this latent heat,
and only supply energy to compsensate for the loss of stripping steam

partial pressure. _
[0060] The enthalpy change from the condensation of stripping gas vs
5 condensation temperature is shown in figure 3. As water is condensed,

the partial pressure of water vapour is reduced, and a lower temperature

is required for further condensation. Therefore, to recover additional heat

in the direct contact cooler section 66 of the stripper, cooling water from
. fiash tank 74 via line 78 and pump 79 needs to be colder. This reduces

10 the pressure in flash tank 74 and therefore the work required by
compressor 75. if less heat Is recovered from the direct contact cooler
section 66 and the difference Is supplied by a higher temperature
separate heat source, then the temperature in flash tank may be higher.
This also gives a higher pressure and jess work required by compressor

15 75.

[0061] According to figure 3, recoverable heat in the range 80 to 90 deg C
amounts to about 28 MW that may be recovered from the desorber direct
contact cooler section 66 in the washing water withdrawn through pipe
70.

20 [0062] The heat energy recovered in the desorber diract contact cooler 66 is an
important source tor recovering heat in the present process. The CO;/
steam to be withdrawn from the desorber / stripper is cooled by direct
contact cooling against water. Due to the cooling, steam in the steam
saturated gas is condensed, and thus separating water vapour from the

25 desired product which is CQz.

[0063] Another important source for recoverable heat is the flue gas direct
contact cooler 15. Flue gas enters the flue gas direct contact cooler 15 at
a temperature of about 115 to 120 deg C. It contains water vapour from
the combustion process, either from combustion of hydrogen which is

30 part of the gas, oll, coal or bio fuel, or from the fuel feed system such as
coal which may be fed into the combustor 2 as a water paste. Tha water
vapour saturation temperature depends on the amount of water vapour
and on the pressure. With coal fuel fed into the combustor as paste and
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pressura about 12 to 13 bara, the flue gas saturation temperature Is
about 115 deg C. If natural gas fuel is used, the amount of water vapour
s higher and the saturation tomperature will be higher. [f the pressure is
lower, the saturation temperature will be lower. Due to the fact that the

5 flue gas is at an elevated prassure and contains significant amounts of
steam, the condensation of the steam will start at the saturation
temperature which is relatively high, resulting in a substantial amount of
racoverable high temperature energy in the form of heat. Figure 4 is an
iflustration on the effect of pressure on the amount of high temperature

10 recoverable heat wheh flue gas is cooled. The curve is made under the
assumptions of a flue gas flow of 111 kg/s whera the flue gas inlet |
temperature of 115 deg C, and fiue gas outlet temperature of 100 deg C, g
and a flue gas waler content of 14.5%.

[0064]) The 'dlﬂ’erence between atmospherlc (fraditional) systems and the system

18 according to the present invention, is the water vapour condensation in
the pressurized system. An atmospheric system has much lower H20 |
partial pressure even though the amount of Hz0 vapour might be the ‘.
same, and therefore the cooling of the flue gasses produce no |
condensate, resulting in far less energy recuperation.

20 [0065] According to the present invention, the flue gas is cooled to ahout 100
deg C in the condenser, which is preferably implemented as a direct
contact cooler where the flue gas flows over a packing in counter-current
to circulating water, This water captures the energy in the gas and is
cooled in the heat exchanger 17 which receives cooling water from the

25 desorber direct contact cooler, further heating this water and supplying

T VW NG L e ST Syl & Wy w ae a -

- - - —

more energy.
[0066] The dotted curve in figure 4 is for comparison only, showing one |

advantage with this system, over more traditional atmospheric CO2 |
capture systems where very little useful enargy (energy above 100 deg C |
30 in this case) would be obtained from the sams flue gas. |
{0067] A third source of heat energy recovery is COz compressor cooler(s) 48. ‘
The amount of available energy in the compression cooler(s) is lower |
than in the coolers mentioned above but the temperature is higher.

- ey B ey e e
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[0068) Table 1 illustrates the net power generated by the present power plant
with CO2 capture as a function of steam produced by means of the
present heat regeneration in the flue gas direct contact cooler 15 (in the
table identified by "Condenser” ), in the desorber direct contact cooler

5 section 66 (in the table identified by “ Desorber” , and the compressor
intercooler(s) 48 (in the table identified by “ Compressors” ).

Table 1
Heat source for steam 4 bar
production stearn*

S5er

Steam

produce
d{flash
tank 74)

kg/s

cooler

* Steam turbine side draw. With zero side draw, the steam turbine output is

about 120 MW.
[0069] Tabls 1 cleatly illustrates the increase in net power from the steam
10 urbine as a result of increasing heat recovery from said three elements
of the plant, and illustrates the most important advantages of the present

invention.
{0070] The net power, steam turbine output minus flash compressor power,

Increases by more than 10 MW when 20 kg/s steam is produced and
15 compressed by the invention and routed to the bottom of the desorber,
replacing the same amount of 4 bara steam from the steam turbine.
00711 Further increase in the steam production by flash and compression, to for
example 25 kg/s, requires large increase in the flash compressor duty,
and the increase in net power is much smaller. Production beyond 25
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kg/s gives na or negative contribution to the net steam turbine output
minus flash compressor duiy.

Example 2
[0072] This example illustrates the additional effect of the flashing and

5 compression and injection of the steam from flash tank 81 into the
regenerator column as stripping gas, as illustrated with reference to
figure 2. |

[0073] Figure b illustrates the vapour pressure of the lean absorbent as a
function of temperature at about 100 deg C. The heat capacity of the lean
10 absorbent is about 3.0 kd/kg-K With lean absorbent flow of 1000 kg/s
and cooling from about 112 deg C (the approximate temperature at the
bottom of the desorber) to about 98.6 deg C (the approximate lean
absorbent feed temperature to the top of the absorber), about
1000* 3.0 * (112 - 98.6) kW = 40000 kW is produced
15 [0074]) With CO2 production of 22 kg/s and total desarber heat requireament, In
the form of [atent heat in steam, of 3.6 MJ/kg CO2, the total heat
requirement is about 80 MW. Hence the lean flash can produce about
50% of this heat,
[0075] With steam latent heat of about 2250 kJ/kg (at about 1.2 bara) this
20 corresponds to about 17.8 ka/s steam. This must be compressed from
about 0.75 bara to about 1.2 bara. The compressor duty is then about

2.0 MW, assuming an adiabatic efficiency of 80%.
[0076] Table 2 summarizes the effect on flashing the lean absorbent on the totat

output from the steam turbine.

25 Table 2
Flash Steam Net
steam turb power
compress power MW
MW

120 115
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Lean 17.8
flash
* Steam turbine side draw. With zero side draw, the steam turbine output is

apout 120 MW,
[0077]) Table 2 clearly lllustrates that the flash of the lean absorbent on the total

output from the steam turbine, Combination of the energy features of
example 1, the net power may be increased from 96 MW to 115 MW
compared to 120 MW without carbon capture.

§ [0078] The factthatthe heat of reaction for equation 1) is relatively low is an
advantage for potassium carbonale systems as the corresponding
exothermal heat of reaction in the absorber is low and thus the heating of
the absorbent in the absorber. Heating of the absorbent in the absorber
can shift the reaction to the left and thus reduce the absorption capacity

10 of the absorbent.
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Claims:

[. A method for power production by combustion of carbonaceous fuels and CO,; capture, where
the carbonaceous fuel is combusted in a combustion chamber (2) under pressure In presence of
oas containing oxygen, where the combustion gas is cooled in the combustion chamber by
generation of steam inside heat pipes provided in the combustion chamber, where the exhaust
gas is withdrawn from the combustion chamber through an cxhaust gas pipe (9) via heat
exchanger(s) (10) and exhaust gas treatment units (11, 12), and a dircct contact cooler (15)
connected to a water recycle pipe (16) for recirculation of water collected at a bottom of the
direct contact cooler and reintroduction of the water at a top of the cooler, in which cooler the
partly cooled exhaust gas is further cooled and humidified by counter-current flow to water,
where the exhaust gas is withdrawn from the direct contact cooler through a cleaned exhaust pipe
(18) and is introduced into a CO; absorber (19), into which absorber lean absorbent 1s introduced
above an upper contact zone (19) in the absorber, to cause the exhaust gas to tlow counter-
current to a liquid CO, absorbent to give a rich absorbent that is collected at a bottom of the CO;
absorber and is withdrawn therefrom in a rich absorbent pipe (30), and a CO; lean exhaust gas
that is withdrawn from a top of the absorber through a lean exhaust pipe (20) connected to the
absorber (19). where the lean exhaust gas is washed in a washing section, heated 1n a heat
exchanger and expanded over a turbine for generation of electrical power before being released
into the atmosphere; where the rich absorbent pipe (30) is connected to introduce the rich
absorbent into a stripping column (32) for regeneration of the absorbent to give a lean absorbent
that is withdrawn through a lean absorbent recycle line (35) in which the lean absorbent 1S
pumped back to into the absorber (19), and a CO2 stream that 1s further treated to give clean
CO,: where the CO, stream is cooled against cooling fluid flowing through a direct contact
cooler (66) provided at a top of the stripping column (32) and where water 1s collected at a
collector plate (65) provided below the direct contact cooler (66), and where a water recycle line
(70) is arranged to withdraw the collected water, characterised in that the circulating direct
contact cooler cooling water in a recirculation pipe (16) is cooled in the heat exchanger (17)
provided in the recirculation pipe (16) , where cooling water is delivered and withdrawn,
respectively, through water recycle pipes (70, 70") connected to the heat exchanger (17), and
where the water withdrawn from the heat exchanger (17) through a recycle line (70" ) is flashed

over a flash valve (73) and a flash tank (74) , where water from the flash tank (74) 1s withdrawn
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through a line (78) to recycle the water as washing liquid 1n a stripping column direct contact
cooler (66); and where the vapour 1n a stripping tank 1s introduced as additional stripping vapour

in the stripping column through a vapour line (77) connected to the flash tank (74).

2. The method according to claim 1, wherein the fluid in the water recycle pipe (70" ) 1s heated
in a second heat exchanger (46) provided to cool compressed CO, and steam, before the fluid in

the water recycle pipe (70') 1s introduction of flashed over the flash valve (73).

CA 2816412 2017-12-07



v}A HHTHHE Y

7
=117 (Lo
¥
61 X 22 —
/ £C
om

4 C

CA 2816412 2017-09-27



CA 2816412 2017-09-27

Fig. 2
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