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or recrnorocy Goncept of Dry Sorbent Fluidized Bed

Schematic Diagram

Treated Flue Gas

— Gas-Solid /

Gravity Separator ~ CO2+H20 Sorption Section \
(Atmospheric Pressure)

@ = CO, sorption reaction:
Vacuum Fan
Na,CO;, (s) + CO,(g) + H,0(g) <> 2NaHCO,(s)

Spent = CO, absorption is exothermic;
Rotary Valve SOF:bent = Sorption inlet temperature = 62 °C
Q Sorption outlet temperature = 66 °C/
Fluidized
Bed Sorber
I Inlet 62°C
Outlet 66°C
101 kPa / : : \
Desorption Section
(Reduced Pressure)
= Sorbent regeneration:
2NaHCO;(s) <> Na,CO4(s) + CO,(g) + H,0(9)
T_gj Rotary Valve = CO2 desorption is endothermic;
Flue Gas Regener:ted Sorbent =>» Desorption temperature = 62-66 °C
A}G => Desorption Pressure = 1 kPa
Blower k /

Compact Fluidized Bed Sorber With Reduced Pressure Downer Regenerator
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RS Fluidized Bed Sorber
Sorber Riser Simulation Conditions

Treated gas

+
Solid sorbent Conditions
T Gas phase
-Ug 1.0 m/s
Solids phase
-Dp 500 um
- Density 500 kg/m3
- Gs 48 kg/m2s
Inlet conditions
- CO, mole fraction 0.15
_ £ - H,O mole fraction 0.15
Riser N - Air mole fraction (0,+N,) 0.7
Operating Temperature 335K
<_1 m_> - - -
Kinetic rate expression
Na2CO03 (s) + CO2(g) + H20(g) <> 2NaHCO3(s)
I I 4
T T T r-sorption = kreaction (CCOZ,eq _CCOZ) (CHZO,eq _CHZO)
Flue gas
+
Sorbent

Riser eliminating undesirable core annular
regime occurred in the CFB

Geometry, sorption rate and inlet conditions for CO2 removal from flue gases
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CO2+H20 (Reduced Pressure)

4 Conditions
/Yy Gas phase
-Ug -0.2 m/s
-Us -0.2 m/s
g 2.0m. > Solids phase
-Dp 500 Im
W] W] - Density 500 kg/m3
- Gs 48 kg/m2s

Spent Sorbent

Inlet conditions (Sorbent)
Downer - NaHCO3 mole fraction (from riser outlet)
- Na2CO3 mole fraction (from riser outlet)

Regenerator
Operating Temperature 335-338 K
Operating Pressure 1 kPa
Kinetic Rate Expression
| 2NaHCO3(s) <> Na2CO3(s) + CO2(g) + H20(g)

rregen = kreaction (CCOZ,eq _CCOZ) (CHZO,eq _CHZO)

3.5m.

Regen Sorbent
Gas
Reduced Pressure
Downer Sorbent Regenerator

Geometry, sorption rate and inlet conditions for CO2 removal from flue gases
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Equilibrium For Sodium & Potassium Carbonates
CO2 + H20 Pressure VS Temperature

100000.0 | T B . -
N N2,CO, (5) - CO,(9) + H,0(9) < 2NaHCO, )] Sorption Reaction
d In(/KP) _ _AHy, Na2CO3(s) + CO2(g) + H20(g) <> 2NaHCO3(s)
10000.0 - d(17) R
) \ T
Ié \ ‘A"* = —1‘32 kj / 9‘ . molCO, Vsorption = _kreaction (CCO2 eq CCOZ ) (CHZO,eq - CHZO)
E \ Heat of reaction liberated in the
S idi i - -7.83893x10°
AN 1000.0 \ fluidized bed sorber is recovered in - _ 12
8| ; the regenerator section. Il PCOZ,eq =1.0785x10 |:€Xp( ):|
% \ Rate of Regeneration of KHCO; ] 3 6 O 9
o) — d NaHCOj3 = k(Pegq,co2-Pco l L= _
EI 100.0 \_' N an?ar to :A. Oy:nekan(an;G.'l?. Rochze)lle d kreactlon 55 ) O exp( RT )
9_- ‘\* (2006) i
: \
N = rorasezeT s Desorption Reaction
% ly= 2.7471E+1ze*3-38915+00x§§ 2NaHCO3(s) <> Na2CO3(s) + CO2(g) + H20(g)
T 10y R? = 9.9997E-01
BEn X rregen = kreaction (CCOZ,eq o CCOZ) (CHZO,eq o CHZO)
L mNa \\
B« ;
o1 LTTT | \ - LI -7.83893x10
20 25 3.0 35 40 45 PCOZ,eq =1.0785x10 {eXp( )
1/T x10e3 [1/K]
) 3609
277 177 127 77 60 ! C%? -23 -51 kfeaC“O” = 55.0exp( )
mom e Te 2 ; , RT
500 450 400 350 333 300 250 222

TI°K
[°K] 5
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OF TECHNOLOGY Energy of Separation
Thermodynamics

From Availability Balance on the system®

TdSmixture = VmixturedP = work of separation (By Vacuum Fan)
n
S iture = —RZ X. Inx, = Entropy changes due to composition

i=1
Energy of Combustion N\ / \
=>» Combustion Energy = 372 kJ/ g-mol-CO2 =>Sorber consumes about 7% of combustion
= The minimum energy for separation of CO2 energy / g-mol-CO2.

from flue gases, 7.3 KJ/g-mol-CO2(2)
=>Amine Solvent consumes about 11% of

Energy Consumption for Dry Sorbent System combustion energy / g-mol-CO2.
=>»Blower (Parasitic loss) = 2 kJ/ g-mol-CO2 >
=>»Vacuum Fan (Separation work) = 23 kJ/ g-mol-CO2 - Sorber consumes only 62% of energy
=> Total Energy = 27 kJ/g-mol-CO2 required by Amine Solvent technology.
Energy Consumption for Amine Solvent ()
=>Energy for separation of CO2 = 43 kJ/ g-mol-CO2 ) K /

References: 1.) Babatunde A. O. and Rochelle, G.T., Ind. Eng. Chem., 2006, 45, 2457-2464
2.) Oyenekan, B.A. Modeling of Strippers for CO2 Capture by Aqueous Amines, University of Texas at Austin Ph.D, 2007.
3.) Rochelle, G.T., Amine scrubbing for CO2 capture, SCIENCE 325 (2009) 1652-1654

4.) R.E. Fitzmorris and R. S. H. MAH, AIChE Journal, Vol. 26, No. 2, March, 1980, 265-273
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Temperature VS. Availability(H-ToS) for Gas-Solid Mixture

0 | | |

] — B — Riser Outlet prinlet
800 1— — & — Riser Inlet M

] —— Downer Inlet
750 1 —— Downer Outlet

. Riser-outlet
700 1

] Downer-outlet
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-
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\
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Temperature [K]
Availability analysis for the Sorber and Regenerator CO, capture process
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TECHNOLOGY

CO2 Capture Process

Sorber —Regenerator CO, Capture fluidized bed process.

Temperature and partial pressure equilibrium curve for Sodium
Carbonate/Bicarbonate

50 ¢ . .
+ 2NaHCO3 <-> Na2C03 +C02 +H20 /
45 —+ /
40 + /
35 E 1 Riser-inlet /
€ 30 § ,\ /
= I P
N 25 T o,
R \6
2 T
o 15 § -
T Downer-outlet @ Riser-outlet
10 £
° ;__.__——‘—*"’A % Downer-inlet Equilibrium curve
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Temperature [C]
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CO2 Mole Fraction Scale

High CO2

1.47e-01
1.43e-01
1.3%e-01
1.3%e-01
1.31e-01
1.26e-01
1.22e-01
1.18e-01
1.14e-01
1.10e-01
. 1.08e-01
1.02e-01
9.78e-02
9.37e-02
8.96e-02
8.55e-02
8.14e-02
7.73e-02
7.32e-02
6.91e-02
6.50e-02

Low CO2

Flue gas

+Sorbent

Riser sorber with no
core-annular flow

The red color in the figure on the left represents the inlet CO, concentration of 23.7 wt %.

CO02 Mole Fraction

0.13

Simulation Results
CO2 Removal Efficiency

Treated gas
+Sorbent

C0O2 Mole Fraction and Percent Removal in Riser

70

0.12 1

0.11 1

0.10

0.09 -

0.08 -

0.07 -

0.06

—e— C0O2 Mole Fraction
—m— % CO2 Removal

- 60

- 50

- 40

- 30

% C02 Removal

- 20

- 10

0 1 2 3 4 5

Riser Height [m]

CO, absorption in the riser.

The figure of the right shows that nearly 60% of the CO, is removed in the 3 m. high riser compared with a 55% removal for the 3 m height.
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RS Fluidized Bed Sorber
Solid Volume Fraction - Riser

Treated gas

+Sorbent
Dense AR
5 00e-01
4-228‘31 Solid Sorbent Volume Fraction
4.65e-01
0.4
4 47e-01
2 4 30e-01 0.39 -
®  412e-01 038 -
15 3 95e-01 '
j 3.77e-01 € 0.37 -
o 3 60e-01 B
£ 3 43e-01 g 0361
3 3.25e-01 © 035 - *
> 3.08e-01 £
T =
= | 2.90e-01 o 0.34 1
2 55e-01 3
2 38e-01 N 0.32 -
2.20e-01 031 -
2.03e-01 '
1.85e-01 03 T T T T
1.68e-01 0 0.2 0.4 0.6 0.8 1
1.50e-01 9IRAd Radial Positions [m]
Dilute rA 1
Flue gas
+Sorbent
(A) Solid sorbent volume fractions for the (B) Time-averaged Solid sorbent volume
riser with no core annular regime fractions for the riser at 6m height
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LN NETTTE Fluidized Bed Sorber
Velocity Profile and Solid Temperature

Treated gas Treated gas
+Sorbent +Sorbent

O] trrt

2 00e+00 [JORMEEEE 3.39e+02 . . .
I mpagets I bt Solid Sorbent Axial Velocity
1.806+00 3.30e+02 0.8
1.70e+00 3.39e+02
1.60e+00 3.38e+02 0.6 -
_ 1.50e+00 T 3.38e+02
» 1.40e+00 ©  3.38e+02 0.4 1
% 1.30e+00 § 3.38e+02
§ 1.20e+00 o 3 386402 @ 0.2 4
"; 1.10e+00 ..E 3 372402 E,
g [ 1-00e+00 @ | 3.37e402 g 041 .
21 9.00e-01 E | 3.37e402 3
E 8.00e-01 5 || 3.37e402 >-0.2 1
o | 7.00e-01 S || 3.36e+02
6.00e-01 i @ 3366402 -0.4 -
5.00e-01 .|.|||I 3 36e+02
4.00e-01 "I:I'Ir I|||||||I 3 360402 06 , : ‘ ‘
3.00e-01 : 3 36e402 0 02 04 06 08 1
2.00e-01 3 350402 Radial Positions [m]
1.00e-01 3 356402
0.00e+00 s B

Flue gas +Sorbent Flue gas +Sorbent
(A) Gas velocity vector and Solid temperture (B) Time-averaged axial solid velocity in the riser.
for the riser with no core annular regime
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Sorbent Regeneration Downer

CO2+H20

6.00e-01 0.18
. 0.70e-01 NaHCO3 Mole Fracti
- =—t==Na ole rraction

5.40e-01 0.035 017
° 5 10e-01 —&@— NaHCO3 Molar Concentration cg
® 4 80e-01 =
& 4 506-01 S 0.033 - 0169
s 4.20e-01 5 =
‘g 3.90e-01 E e -§
i 3.60e-01 o 0.031 4 ©
¢ 3.30e-01 2 - 0.14 €
3 | 300e01 3 / o
S 2 70e-01 O 0.029 - { 013 8
T 2 40e-01 = ! / ©
3 2.10e-01 Z \’-*—0~.\ J 012 @

1.80e-01 0.027 - ~. / 5

1.50e-01 . N o1 %

1.20e-01 =

i 0.025 ‘ : : ‘ —L 0.10

6.00e-02 0 0.5 1 1.5 2 25

3.00e-02

0.00e+00 \:\ & f Bottom Column Downer Height [m] Top Column

Regenerated Sorbent+ gas Time average Concentration of CO, and NaHCO3 mass
fraction during desorption at the center line of reduced
Sorbent Volume Fraction pressure downer regenerator.
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OF TECHNOLOGY Simulation Results
Sorbent Regeneration Downer

CO2+H20 CO2+H20

3.37e+02 3.23e-02
. 3.36e+02 . 3.07e-02

3.35e+02 2 91e-02

g ' 3.34e+02 2.75e-02

o 3.33+02 2 2 59-02

3 3.32e+02 A 2.42¢-02

P 3.31e+02 5 2 266-02

3 3.30e+02 5 2.10e-02

S 3.296+02 s 1.94e-02

g— 3.28e+02 @ 1.78e-02

) 3.27e+02 © 1.62e-02

5 o ..o = B

S 3.25e+02 S 1.29e-02

» 3.24e+02 I 1.18e-02
3.23e+02 r 9.70e-03
3.22e+02 8.08e-03
3.20e+02 6.47e-03 * 7
3.19e+02 4.85e-03 R 4
3.18e+02 3.23e-03
3.17e+02 : 1.620-03 7
3.18e+02 T 1 20e-08 A m

Regenerated Sorbent+ gas Regenerated Sorbent+ gas
Solid Temperature (K) Mass Fraction of NaHCO,
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FECHNOLOGY Conclusions
Dry Sorbent Riser-Downer System

A fluidized bed riser and reduced pressure regeneration downer process was
designed using multiphase CFD for removing CO, from flue gas. 60% of the
CO, is removed in a 7m high sorber. A second stage is needed for higher CO,
removal.

88% of the heat liberated in the sorber is recovered in the downer regenerator.
The loss in thermodynamic availability is only 1.5 kd/gmol-CO,.

The work input for the flue gas blower is 2.1 kdJ/gmol-CO, and 23.3 kd/gmol-
CO, for the vacuum fan which operated at 1 kPa suction pressure versus the
combustion energy for carbon of 372 kJ/gmol-CO,. Operating the vacuum fan
at 5 kPa will reduce the energy input to 12.2 kd/gmol-CO..

500 micron sorbent particles were used rather than the 75 micron sorbent
manufactured by RTI. The large sorbent particle size allows better settling in
the downer.

The multiple jet inlets and the large sorbent particles in the riser eliminate the
undesirable core-annular regime.
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