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Talk outline

* |Introduction and scope of the study
= Model
= CAP heuristic optimization for cement plants

= Pilot plant tests of the CO, absorber
= Regression of kinetic parameters

= Conclusions
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ETH:zirich CAP optimization m Model regression

CO, emissions from cement & the CAP

= 5% of global anthropogenic CO, emissions

= ~0.581tCO,/t cement (BAT)

= ~50-60% process-related emissions =» CCS required

= Why the Chilled Ammonia Process (CAP)?

= Low thermal energy for regeneration required
= Limited waste heat available in cement plants

= Stable in the presence of impurities

= Technology demonstrated in various facilities of different scale
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The Chilled Ammonia Process
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The Chilled Ammonia Process
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Pilot tests Model regression

The Chilled Ammonia Process
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The Chilled Ammonia Process
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From power plants to cement plants
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Scope of the study

Equilibrium model : : . Rate-based model
(Aspen Plus) Pilot plant tests Reaction kinetics (Aspen Plus)

Starting point

= Thomsen modell?2!

= Murphree effs. for power
plants from literature(34]

Ultimate goal

% * Thomsen modell*2!
ey = Mass transfer resistance
c = Reaction kinetics
(¢D)
&
(0]
@)
Model-based
optimization
[1] Thomsen and Rasmussen Chem Eng Sci 54 (1999) 1787-1802 [3] Sutter et al. Faraday Discuss 192 (2016) 59-83
[2] Darde et al. Ind Eng Chem Res 49 (2010) 12663-74 [4] Jilvero et al. Ind Eng Chem Res 53 (2014) 6750-6758
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Scope of the study

Equilibrium model
(Aspen Plus)

Pilot plant tests

Reaction kinetics Rate-based model

(Aspen Plus)

&
(:EL‘i
Ca
ch Cu’
= Model validation with = Ljterature research = Thomsen modell%.2!
CSIRO pilot tests = Validated kinetic model

= Ad-hoc Murphree = Definition of test matrix
efficiencies for cement = Cement-like flue gas
plants composition

= Thomsen modell-2]

= Regression of kinetic
parameters

Cement plant

Model-based
optimization

[1] Thomsen and Rasmussen Chem Eng Sci 54 (1999) 1787-1802
[2] Darde et al. Ind Eng Chem Res 49 (2010) 12663-74

Institute of Process Engineering

[3] Sutter et al. Faraday Discuss 192 (2016) 59-83
[4] Jilvero et al. Ind Eng Chem Res 53 (2014) 6750-6758
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I\/Iodel regression

Pllot tests Conclu5|ons

Thermodynamic model: CO,-NH;-H,0 system

Thomsen model to predict the system thermodynamics
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[1] Darde et al. Ind Eng Chem Res 49 (2010) 12663-74
[2] Janecke Z Elektrochem 35 (1929) 9:716-28 from Thomsen group
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Phase diagram: CO,-NH;-H,0 system
H,0
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: NH,COONH,

S: Solid
L: Liquid 02
V. Vapor

0.4

Light blue area:
NN Two-phase region where the solid
N T 04  exists in its mother liquor
= - Red area:
The algorithm does not converge

0.6
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Phase diagram: CO,-NH;-H,0 system
H,O
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[1] Janecke Z Elektrochem 35 (1929) 9:716-728 [2] Sutter et al. Chem Eng Sci 133 (2015) 170-180
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Rate-based model validation with CSIRO tests
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[1] Pinsent et al. Trans Faraday Soc. 52 (1956) 1594-1598
[2] Puxty et al. Chem Eng Sci. 65 (2009) 915-922
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[3] Qi et al. Int J Greenh Gas Con 17 (2013) 450-461
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From the power plant to the cement plant

Equilibrium model
(Aspen Plus)

Rate-based model

(Aspen Plus)
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= Thomsen model
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= Ad-hoc Murphree
efficiencies for cement
plants

= Thomsen model
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First CAP heuristic optimization for cement plants
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CO, absorber profiles for optimum operating conditions

CO,

= HigherL/G
. Lower NH; content 0.32
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Definition of the test matrix for new absorber pilot tests

%vol CO, in the

inlet fluegas
H,O  csIrRo pilot
CSIROM 85-12 testslil
0.08
This work 15 - 35 0.92

Pilot tests — This work
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0.68 25°C
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’/
/
/
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| BesscrL 20°C
15°C
LA 10°C
O 2 ‘ /é;k 5°C
7 7 7 7 7 7 7 7 7
0.08 0.16 0.24 0.32 NH 3
[1] Yu et al. Chem Eng Res Des 89 (2011) 1204-1215
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Systematic treatment of pilot raw data
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Systematic treatment of pilot raw data
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Systematic treatment of pilot raw data

CO, mass balance

NH; mass balance

Raw data
35 +10% A 60 - +10%
< s
'_O' (=) 50 - // ) i
Steady-state £ E oF . 10%
detection o o5 a0l é
50 ST o
1] oZ 7
\) g = ,
— - 30- f
Average values A L
& st.devs 8S CERR P4
g k 7
10 ,’
f/g
4] .‘1) 1 ‘0 1-5 £0 2‘5 3‘0 35 © 0/ 1‘0 2‘0 3‘0 4‘0 5‘0 60
Gas{p, — Ligfp,, kmol/h Gasjy, — Ligiy,, kmol/h
Total mass balance Energy balance
‘ D‘xm" ‘ : ‘ i :
450+ +10%." )
< 05+
i 400+ -///D/._-, /./3
° ol = S | E | el
g / 0% o e
- . . = // -
Ertad R - o . o
?E‘: 2501 /d/d@ . 5 o
— | s
l st om0
20 200 s 1 =14} - Og/ -
gS . e T : i
@ sof e i <q 2s5- B
< ///— . | /// .
R & ] 207 110%
50 ?'/ 4 g .
50 100 150 200 250 300 350 400 450 -3 -2.5 -2 -1.5 -1 -0.5
. . ; : % 10%
Gasio. — Ligia;, kmol/h AHE — AH{", kW
José-Francisco Pérez-Calvo, francisco.perezcalvo@ipe.mavt.ethz.ch | 06-Sep-17 | 23

Institute of Process Engineering



ETHzurich Introduction CAP optimization Pilot tests Model regression

Systematic treatment of pilot raw data

CO, mass balance

NH; mass balance
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Systematic treatment of pilot raw data

Thomsen model = Data reconciliation!!!
MB’s & EB Raw data

Steady-state
detection
3 Reconciled Measured
Average values value value
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Pilot test
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[1] Martinez-Maradiaga et al. App/ Therm Eng. 51 (2013) 1170-1180
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Systematic treatment of pilot raw data
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Analysis of pilot test results — CO, absorption rate
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Model regression — Carbamate ion reaction kinetics

PV [PIEITE (10 CETEITEE Rate-based modelling

capture tests for ion reaction i
P in Aspen Plus

cement plant kinetics?

Experimental value _ *
<—| Nco, = AintKc,co,(Pco, — Pco,)

from pilot tests

hydrodynamics . N :
Aine = f (transport properties) (Pco, — P¢o,) = f(thermodynamics)
Rochelle model'!! to compute Thomsen thermodynamic model to
the effective G-L interfacial area compute the driving force

k .
9,002 _ f( hydrodynamics ) Heo, = f(thermodynamics)

ki co, transport properties

Rochelle model™! to compute the G-film

and L-film mass-transfer coefficients
E = f(L — phase reaction kinetics )

[1] Wang et al. Ind Eng Chem Res 55 (2016) 5357-5384

Partition coefficient computed by
Thomsen model
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Model regression — Carbamate ion reaction kinetics
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[1] Jilvero et al. Ind Eng Chem Res. 53 (2014) 6750-6758
[2] Ahn et al. IntJ Greenh Gas Control.5 (2011) 1606-1613
[3] van Swaaij and Versteeg. Chem Eng Sci. 47 (1992) 3181-9195
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Conclusions

= The Chilled Ammonia Process can be applied for CO, capture to cement plants

= The adaptation of the operating conditions in the CO, absorber is required

= (CO, absorption pilot tests have been performed successfully, using:
= Synthetic flue gases mimicking cement-like flue gas compositions

= Liquid compositions and operating conditions derived from the CAP heuristic
optimization, which has been done based on:

= Assessment of the energy requirements

= Equilibrium model with ad-hoc Murphree efficiencies for cement plant flue gas compositions

= A kinetic model for the formation of the carbamate ion has been regressed in
order to be used with engineering purposes
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