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MOTIVATION

» Under the auspices of US DOE’s Carbon Capture
Simulation Initiative (CCSI), government and university
researchers are collaborating to develop computational
models and tools for various post-combustion CO2
capture technologies

» As part of this project, our current focus is on the
development of dynamic models and control systems for
solid-sorbent CO, capture processes.
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Post- Combustion Solid Sorbent CO,
Capture

» Solvent based systems
typically have high energy
cost for regeneration with low
CO, carrying capacity

* Types of Beds

* Fixed Bed :
= Bubbling Fluidized Bed =

(BFB) o
= Moving Bed (MB)
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Post- Combustion Solid Sorbent CO,
Capture

» Solvent based systems
typically have high energy
cost for regeneration with low
CO, carrying capacity

* Types of Beds

* Fixed Bed

= Bubbling Fluidized Bed™
(BFB)

= Moving Bed (MB)
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Model Development for BFB and MB

1-D, two-phase, pressure-driven and non-isothermal
model developed in both ACM and gPROMS

Solid I Model Assumptions
P S— * Vertical shell & tube type reactor
T e e Huayon o Mass balance modeled as plug
ﬁ flow
******************************************************  Particles are uniformly dispersed
’ helel, through the reactor with constant
I NN voidage
ANANE  Particle attrition ignored
oo o lwee  © Temperature is uniform within
L PSP y the particles
SoIidOut
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Components in BFB and MB

Solid In
e + Gaseous species : CO,, Ny, H,0
o ten 10T Tuiwow e S0lid phase components:
bicarbonate, carbamate, and
T physisorbed water.
oottt « Stripping steam is used for
Al e regenerator
e lelelal, « Solid Sorbent: NETL 32D, a
et v mesoporous amine-impregnated
A b rer 2 silica substrate
Solid Out
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KlnethS H;0 gy © H20pnys)

2R,NH + COy,4) < R,NHS 4+ 2R,NCO3
RyNH + €Oy gy + HyOpnys)y © RyNH; + HCO3

0Qmu,0 1
at2 = kHZO [RTsCsurf,HZO - K—pSWHZOI

H,0

d00p; 2PsWear + PsWhi 1 Wear + Wgi
atw = kpic [(1 - ——= - psWHZO(RTsCsurf,COZ) - WBleS = =

n, KBlC ny
aQCar zpsWCar + PsWBic m 1 Wcear + Wpgic
ot =Kkear || 1 — n, (RTsCsurf,COZ) Kogr WCarps n,
ki = A;j(Ts + 273. 15)exp
RT AH; [J/mol]| AS; [J/K/mol] | H,0] 28,200 0.0559
—AS; —AH,; H,0|-52,100 -78.5 Bic | 58,200 2.6167
K; = exp exp /(P x 10°)
R RT; Bic | -36,300 -88.1 Car| 57,700 0.0989
Car | -64,700 -174.6 m 1117

*Lee et al. A model for the Adsorption Kinetics of CO, on Amine-Impregnated Mesoporous Sorbents in the Presence of Water, 28™
r‘ernaﬂonal Pittsburgh Coal Conference 2011, Pittsburgh, PA, USA.
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MB Step Test- Sorbent Temperature

Solid Temperature Profile (gPROMS) Gas CO, Flow (gPROMS)
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Limitations of Gas Throughput in the MB

Limitation in superficial velocity of gas; need to maintain
MB flow regime*

Ue__ 0.463Ar0-145
gD, vy < Ug

As sorbent is regenerated gas is released increasing the
superficial gas velocity, maximizing at the top of the bed
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Two-Stage MB Bed

“precomeresy - Sorbent release of CO, increases
> ﬁ Solid i @ gas flow and velocity at the top of
S Trvpv— reactor
Stage 1 « CO, draw-off between stages
Al dec_reases velocity to stay in MB
T regime
— « Steady-state solution is easily
- downcomer achieved, but creates a moving
<::c02 d{r?vﬁ)ff | boundary problem for dynamic
operation
ji « Control strategy required for
Stage 2 solution
&— il
)
T
E>_;;;L><| H Regenerated solids
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Multi-Stage MB Control Strategy

R

Stage 1

- -

Flow Regulator

Level Regulator

-------

........

{ECOZ Draw-off O
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Regulation- Steam Ramp

Response to a 30 second, 22% increase ramp and 10
second, 22% decrease ramp in inlet regeneration steam

131 132

13

—o— Set Point

=0== Stage 2 outlet pressure (bar)
1.29

T 1.I28 T

Y
,\

—— Set Point kmol/hr
85.0 90.0 95.0 100.0 105.0 110.0 115.0

=0== |nlet flow to stage 1 kmol/hr

Lo
~F
Lo
g /\-\—
=W
O NN
o
(@)
()
>
(0]
>LO
%1\'
<
0.0 250 75.0 1000 1250 1500 175.0

CCS|

Carbon Capture Simulation Initiative

Time Seconds

NETL o)

EEEEEEEEEEE

|||‘ LLd

Lawrence Livermore
National Laboratory

=== \/alve Opening %
45.0 50.0 55.0 60.0 65.0 70.0 75.0

25.0 50.0 75.0 100.0 125.0 150.0 175.0 200.
Time Seconds

o
o

Pacific
h?ﬁ.ﬁ'ﬂ[ﬂg% Northwest

xxxxxxx



Limitations of MB for Adsorber

Limitation in superficial velocity of gas; need to maintain

MB flow regime*
U. _

gDy vy < Ug

» Because of the high amount of N, in the flue gas, a
prohibitively large bed diameter or a very high number of
parallel beds would be required for a MB adsorber

« Given an adsorber that is treating 2000 mol/s with 12% CO,
and 90% capture rate, 27 MB in parallel with a diameter of
9 m each would be required.
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Bubbling Fluidized Bed

Outet Gas Similar assumptions as the
CoolingWater_lI rrrrrrrerrerent moving bed
Feed .
Flexible steady-state and
— Solids Inlet
dynamic models that can be
Sold Outet _ used for both adsorber or
udediel — regenerator, with
underflow/overflow-type
Cooling Water COnflgUrathnS
rrrerrrrrrrororant Oulet
Inlet Gas
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Dynamic Results — Increase Inlet Gas
Flow by 20.6%

, Gas H,0O Concentration (ACM)
Gas CO, Concentration (ACM)
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Applications of the BFB and MB Models
Other than CO, Capture

« Any adsorption (or gas separation) process can be applied,
especially for processes for heat input/removal and different
flow configurations.

— Moisture removal

— Natural gas processing

— Hydrogen purification

— Novel solid sorbent processes
— efc.

 These models can be adapted to other applications by:
— Define new components and update physical properties
— Input new reaction kinetic model/data
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CO, Compression Model

Dynamic model of multi-stage integral-gear compression system with inter-
stage coolers and flash vessels, recycle valves for surge control, and TEG
absorber and regenerator

LP CO, rich stream

J - J ‘ - J from regenerator
:
h—1 —1 ﬁ%@% S
Wet CO,
S, Q
Dry
co £
CO, for » z s T
sequestration QL galr\rl]ent -
— o
Compressor stages 7-8 o P =
5| | Make-up = Water
. 3 | TEG 7
MP CO, rich 2 ]
stream
S
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Performance Curves
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t Step Response

Transien

PRESSURE

0.0 5.010.015.020.025.030.035.040.045.050.0

0'Z0D 100007066086 06096 _
reqduod ozabes dwo) =

0°290'990'990190°€90°¢90T90°09

Tv 0'0v 0'6E 08 0°Z€ 00€
leq 4'uod o'gabels dwo) >~

€2 062 22 02 61z 012
leq duod o'pyabels dwo) <~

5T 0et ST 01T
leqg duod ogabers dwo) <~

S
0 -

29 09 &S 5SS
eqduod ogabes d

w
Tl 9 GBS ere
reqduod otTabers dwo) o

Transient response in pressure as
a result of 10% ramp increase in

flowrate

Time Hours

60.0

400

Time Hours

20.0

VAV

0089T 00997 _00r9T
M mod 29jp-galiels dwo) ——

Q
o

0'09ZT 00¢ZT 0089T 00V9T
M mod 29" zabe1s dwo) —i—

00062 00082 0002 00092

0'00ZZ 00092 00052 0002
M mod ™ 29j9°Ggabers dwo) —P—

0'00%E€ 0'00EE 0'002E 0°00TE 0°0008
M mod 299 abers dwo) —<—

0'000F 00085 00098 000%E
MW mod 29jp galbels dwo) ==

0°000S 0°008% 0°009% 0°00+¥ 0°002
M mod 29 zabels dwo) -

0'000S 0008V 0009V 000%t
MW mod 29 Tabels dwo) =o—

a result of 10% ramp increase in

Transient response in power as
flowrate

U.S. DEPARTMENT OF

@ ENERGY |,

2

- Los Alamos

A

&
‘@,

%

Pacific

Lawrence Livermore

t
0
]
3

£

t
(<]}

Z

National Laboratory

LABORATORY
T.ase1

NATIONAL
es

LLg

NSTL et
-—"—

CCS|

BERKELEY LAaB

Carbon Capture Simulation Initiative

§



Integrated Model

» Adsorber
« Bubbling Fluidized Bed (BFB)
* Regenerator
 Moving Bed (MB) ‘
* CO, Compression
« Balance of Plant <O
Compression
Lean ‘
Sorbent
Flue Adsorber Balance Solid Sorbent
Gas | (CO, Capture) __ |of Plant | | Regenerator
Rich
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Integrated Process Model

Compressor Train: 8 Stages

I

TEG Absorber and Stripper Sorbent BFB Adsorber and
MB Regenerator
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Combined System Model (Smg;_le Train)

-----

i
CO2 out [><]
Clean Gas Out J
<] o o
|7Pre Heat HX steam
Exchangtﬁ}

. 4 ]
| §|_|—|\—|7
_____ L S =
ST
Post Heat
¥ Fiuecas Exchanger
O |
ot U
Regenerated Solids Regeneration J—M—‘
Steam

‘ ’ C C S I N=TL "/’m Lawrence Livermore 2~ 7

( .
\ ’ L:l National Laboratory ‘Los Alamos  Pacitie
’ Carbon Capture Simulation Initiative 7P EErrEesaen

AAAAAAAAAAAAAAA
.......




Inputs and Conditions

BFB Variable Base Value Units

Stage diameter 6 m

Stage height 2.5 m

Steam flue gas rate 400 kmol/hr

Solids inlet flow rate 658000 kg/hr

Solids inlet temperature 60 °C

Loading of bicarbonate 0.25 mol/kg sorbent
Loading of carbamate 1.23 mol/kg sorbent
Loading of water 0.56 mol/kg sorbent
MB Variable Base Value Units

Stage Diameter 7 m

Stage Height 2.5 m

Steam inlet flow rate 400 kmol/hr

Solids inlet flow rate 658000 kg/hr

Solids inlet temperature 110 °C

Loading of bicarbonate 0.62 mol/kg sorbent
Loading of carbamate 1.8 mol/kg sorbent
Loading of water 1.03 mol/kg sorbent
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Ramp In Flue Gas Example
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Ramp Iin Regeneration Steam
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Conclusions

« Developed flexible, high-fidelity, first principle, dynamic
bubbling fluidized bed and moving bed solid sorbent
models for CO, capture and CO, compression

 Multi-stage moving bed model requires reduced gas
velocity, resulting in a moving boundary problem

* Model can handle common disturbances

» Work still to be done

* Process needs optimization for increase in CO,
removal

» Develop MB model that has several CO,, draw-off
points with advanced process controller

* Develop Reduced order model
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